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PREFACE

This volume contains the complete manuscripts of all
lectures given by numerous leading scientists and engineers
from many countries at the Conference on

"OXIDATION TECHNIQUES IN DRINKING WATER TREATMENT"

held in Karlsruhe, Federal Republic of Germany, in September
1978..

This conference was the tenth event in the series of lectures
on special problems of water technology, held annually in
turn at Berlin, Munich and Karlsruhe. It was also a meeting
of the NATO~CCMS Study (CCMS: Committee on the Challenges of
Modern Society) on Modern Problems of Drinking Water Supply.

Due to the participation of so many experts from different
countries, these reports present a complete survey of all
modern problems in the application of oxidation techniques
in drinking water treatment. They also contain the latest .
results of practical and basic research as well as an out-
look on future developments.

The editors wish to thank

- the German Federal Ministry of the Interior for the
financial support

-  the lecturers, discussion-leaders and -participants for
the accurate preparation of their papers and for their
valuable contribution to the conference

— the members of our Institute and of the DVGW Research
Department who helped in organizing the conference, and

- Mrs. Ilse Hein and Mr, Bernd Frick for their help in
compiling these reports for publication.

Karlsruhe, 1979

W. Kiihn H. Sontheimer






INTRODUCTION

Many of the industrialized Nations today face problems such
as population, energy, and protection of the environment.
In order to optimise use of the scientific and technical
expertise from different countries, the Committee on the
Challenges of Modern Society (CCMS) was created between the’
Allied nations of the North Atlantic Treaty Organization.
This international society of scientists strengthens ties
among members of the North Atlantic Alliance and permits
NATO to fill a broader soclal role with non-member
countries. CCMS has been responding to the increasingly
complex, technological problems facing modern society.

A particular problem concerning many Nations is organic
chemical contamination in finished drinking water supplies.
This contamination results from industrial and municipal
discharges, urban and agricultural run-off, degradation of
naturally occurring organic material, and probably primarily
in many cases from the reaction of disinfectants such as
chlorine ozone or chlorine dioxide with these substances
during the treatment process. Some of these chemicals, even
in the low concentrations found in drinking water,.may be a
human health risk. In order to address this problem and
benefit from international collaboration, the United States
Environmental Protection Agency initiated the Drinking Water
Pilot Project. The pilot study is evaluating the problems
and their solutions in the following six areas of drinking
water supply science and technology:

I. Analytical Chemistry
II. Advanced Treatment Technology
III. Microbiology '
IV. Toxicology
V. BReuse of Water Resources
VI. Ground Water Protection

Two major components of the NATO~-CCMS Drinking Water Pilot
Project were two international conferences entitled Oxida-
tion Techniques in Drinking Water Treatment and Practical
Application of Adsorption Techniques 1in Drinking Water.
These Conferences were held in Karlsruhe, Federal Republic
of Germany, between September 9-13, 1978, and in Reston,
Virginia, on April 30, May 1 and 2, 1979, respectively. The
Reston conference, sponsored by EPA, included presentations
on the toxicology of organic chemicals, the analytical
chemistry of monitoring for organics, and advanced adsorp-
tion treatment technology. The Karlsruhe conference was the
tenth of a series on the special problems of water technolo-
gy held annually in turn at Berlin, Munich, and Karlsruhe.:
This -conference was -supported by the Federal Republic¢ of




Germany and was arranged by the DVGW Research Department at
the Engler-Bunte Institute of the University of Karlsruhe,
FRG. Experts from more than ten countries presented papers
giving a survey of oxidation processes, reports on recent
results of research, and operational experience gained at
water treatment plants.-

Treatment of surface waters for use as drinking water should
include flocculacvion, sedimentation, filtration, and disin-
fection in order to ensure microbiological quality and low
turbidity. These two conferences, however, were concerned
primarily with treatment steps that could remove.organic
chemicals. Speakers at the Karlsruhe conference discussed
five different methods of organics removal by the use of
oxidation techniques. First, tests with different waters
have shown that preozonation can improve flocculation
efficiency. Secondly, as a result of biological oxidation,
pretreatment of water by the use of storage basins can
increase the removal efficiency of suspended solids. Third,
the formation of halogenated organic compounds can be
avoided if chlorine dosages are controlled so that there is
no free chlorine residual. Next, riverbank filtration can
result in a 50-75 percent reduction of dissolved organic
carbon (DOC). Finally, the advantages of increased ‘
biological oxidation in sand or carbon filters by treating
water before filtration with ozone was also discussed.

This first of two reports from the Drinking Water Pilot
Project, Group II, Advanced Treatment Technology, is a
tribute to the efforts of Professor Dr. Heinrich Sontheimer
and Dr. Wolfgang Kﬁhn, who conceived and produced it, the
FRG that sponsored it, and to the spirit of international
cooperation for mutual benefit that has been a keynote of
the entire Pilot Project. We look forward to continuing the
ties that have developed as a result, and to the remaining
reports of this series developed by the Drinking Water Pilot
Project participants. '

Joseph A. Cotruvo
U.S. Environmental Protectlon Agency
Project Chairman
Washington, D.C., USA.
1979
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DEVELOPMENT, PROBLEMS, AIMS, AND SIGNIFICANCE OF THE OXIDATION
PROCESS IN THE TREATMENT OF DRINKING WATER

H. Sontheimer

Introduction

Ever since it was found, first in the Netherlands and some-
what later in the USA (1,2), that in the chlorination of
water - a disinfection and oxidation process used both then
and now in nearly all waterworks - chloroform and other halo-
form compounds can be formed in large quantities, increasing
attention has been paid both in practice and research to the
oxidation processes in the treatment of drinking water. This
trend became even more marked after studies on the total
amount of organically bound chlorine, particularly those in
Karlsruhe, had shown that as a rule the amount of this is
greater by a factor of 5 - 10 than the amount of haloforms
or chloroform (3). A typical result of such work is illus-

trated in Fig. 1.

The figure shows the results from the chlorination of pure
humic acid solutions of various concentrations with the same
amount of chlorine (20 mg/l) after a reaction time of almost
24 h.

It can be seen that only about one-sixtieth of the chlorine
added has been converted into chloroform, while the greater
part of it is bound in polar compounds which can be gas-
chromatographed only with difficulty. Some of the latter
compounds were only formed by the likewise very considerable

purely oxidative action of chlorine.

From these and many other results, more detailed reports on
which are given in other lectures, it has become evident

that even a process like chlorination, which has important
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advantages for water treatment, can have clear limitations
as: regards its applicability, and that it is impossible to
solve all problems of water quality just by adding more
chlorine.

As with chlorination and its beneficial and adverse effects,
we are concerned today, induced by the developments just
discussed, with other similar treatment processes and with
the aims of drinking-water treatment in general.

An attempt to summarize briefly the experience; and conse-
quences that have emerged in the last few years can in my
view be reduced to the following points:



TABLE 1 BASIC PRINCIPLES ON DRINKING-WATER TREATMENT

. The aim of all measures in drinking-water treatment
is to obtain a

"naturally pure drinking water"

An optimum drinking-water treatment requires the
use of suitable processes in a sensible combination,
with observation of the following requirements:

- Reliable and extensivé removal
of all harmful substances

- Avoidance of new formation or

enrichment of harmful substances

- Adaptability to changed properties

of raw water

Processes for drinking-water treatment may also have
undesired effects. on the quality of drinking water

1) ° The aim of all measures in the treatment of drinking
water is to obtain a "naturally pure drinking water".

2) An optimal treatment of drinking water requires the
use of suitable processes in a sensible combination,

with observation of the following demands:

a) reliable and far-reaching removal of all.anthro-

pogenic and naturally formed perturbing materials,

b) avoidance of new formation or enrichment of
perturbing materials in the course of the treat-

ment itself,



c) reliable effectiveness: éven'when the properties

of the raw water are changed,
d) simple and effective control of the operation.

3) The processes used for treating drinking water can also
have undesirable effects on the water quality if they

are mis-applied.

In this admittedly incomplete list the last point has gained
particular significance in recent years on the basis of the
experience with chlorination, and has certainly contributed
to the fact that the aims of the treatment of drinking water,
i.e. the quality requirements for a given drinking water, are
an object of increasing consideration. Although we cannot go
into closer details of this problem within the framework of
this lecture, it seems necessary to make some further state-
ments on this guestion and on the first point in the above

list.

"Naturally pure™ or only "safe" drinking water

In all countries there are laws and decrees ensuring the
supply of "safe" drinking water, i.e. ensuring that the use
and consumption of drinking water has no undesirable effects
on health. To illustrate this point, we may gquote the Safe
Drinking Water Act in the United States (4), or the Drinking
Water Act of the German Federal Republic (5). In general,
regulations of this kind lay down limiting values for a
series of different parameters, which must be complied with

in the drinking water.

What we must ask, however, is whether a drinking water is
really safe when the threshold values are strictly adhered
to. Do we have a sufficiently reliable and safe basis for
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laying down the limitingVValues and do, we possess the necéss- :
‘ary methods of fooiproof COntrol, especially when a large
nunber of individual limiting values has been fixed? The
answers to these questions are relatively easy and affirma-
tive in the case of the undesirable inorganic materials, e.g.
heavy metals, but it is almost impossible to specify any
limiting values when we turn to the wide range of unwanted
organics. The number of individual substances so far de-
tected analytically in drinkihg waters now pomprises almost
1000 separate compounds, and as our analytical expertise
increases new compounds are found practically every day and
their béhaviour is checked with various treatment procedures.
Aithough they are important and useful in individual cases,
limiting values alone are not enough. We neither know exactly
which individual organic compounds are present in a particular
water, nor can we establish by simple methods what toxico-
logical effects these substances may exert, especially when

it comes to cumulative effects.

On the other hand, we do need rules for the treatment of
water, we need information on the treatment plant required.
for each raw water, on the purification effects that must

be achieved, and on how the efficacy of these can be estab-
lished independently of the variations in the raw water
quality. From this point of view it is understandable that
attempts are made from time to time to lay down rules on the
selection of treatment processes. In the formulation of the
laws and decrees it must be borne in mind, as already mentioned
earlier, that the processes used for the drinking—water treat-
ment can have not only beneficial but also undesirable effects
on the quality of the drinking water. The following summary
shows the cause of the difficulties on some especially import-
ant examples. (Table 2)



TABLE 2 UNDESIRABLE EFFECTS OF IMPERFECT USE OF PROCESSES FOR
DRINKING-WATER TREATMENT

Process used

Possible undesirable effects of process if:

Efficiency too low Treatment too extensive
Chlorination insufficient disinfection - formation of organo-
- chloro compounds
Removal of organics | residual amount of harmful increased tendency to
by adsorption substances is too high corrosion
- Flocculation insufficient removal of high concentration of
colloids neutral salts
Oxidation with insufficient effect = - germ formation in
ozone network
Softening interference by preci- - increased tendency to
pitation of CaCo, corrosion

increased tendency to
myocardial infarction

.= .8l -
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The table indicates above all that the correct dosage, e.g.
‘in oxidation processes, is of great significance if the final
aim is not only the achievement of the process advantages but

also the avoidance of its disadvantages.
The conclusions emerging from the summary are only examples.

In reality the situation is considerably more complicated, as

can be seen from Table 3.

TABLE 3 GRANULAR ACTIVATED CARBON FILTERS

ADVANTAGES DISADVANTAGES

Specific removal of
dangerous organics

Not very effective for
THM removal

Chromatographic ef -
fects after longer run-
ning times

Good efficiency at
peak concentrations

High loadings at the Long working zone

top layer and partial break-
through of organics -
Partial regeneration High bacteria counts
through biological deg- in the effluent
radation of adsorbed .
organics :

Additional filtration
and turbidity removal

small carbon particles
inthoeﬂluoqt

Easy handling and

Difficult breakthrough

operation control

In this table both the many advantages and the disadvantages
of activated carbon filtration have been compiled for a report
in the USA. Here it was intended to prescribe the details of

the use of activated carbon filters for the treatment of
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chemically polluted river waters,; together with the basic
dimensioning and mode of operation.

While the details of this table will not be discussed further
here, it can be seen that the correct layout and operation of
a filtration plant of this kind are determined by a whole
series of quantities and their relationships. Only if these
are suitably taken into account will the use of activated
carbon filters be truly advantageous for the water quality.
These aspects, here only briefly outlined, are very difficult
to incorporate in a single law. Moreover, it is not merely -
a question of the raw water quality but also of the process
scheme of the treatment pldnf. This applies especially to
oxidation processes. ‘ ’

Before going into greater detail another proposal should be
discussed, which is of particular significance for an evalu-
ation of drinking-water quality and which is formulated
particularly clearly in the German DIN 2000 standard (6).

TABLE 4 GENERAL CRITERIA FOR
DRINKING WATER QUALITY

DIN 2000 (Germany)

Drinking water quality should be similar to a -

water from the natural cycle,
without anthropogenic impurities,
taken from safe depth,

after a long retention time,

as an oxygen-containing ground water.
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According to this, all-measurable parameters of drinking=. ,
water quality should be oriented at the properties of a water
extracted from the natural water cycle as oxygen-containing
ground water without any anthropogenic constituents and which
can be used directly as high-quality drinking water without
additional treatment, i.e. without additional chlorination.
This type of positive characterization and orientation at a
"naturally pure"” drinking water enables us to draw specific
| conclusions about the optimal kind of treatment in each
individual case. This.is bécause, even today, there are still
a number of ground water sources with favourable properties
of this kind. In addition, we know the connections, processes,
and natural laws that determine the composition of natural
water of this kind, and anthropogenic influences can be

analysed well by measuring group parameters.

Viewed in this way, theevaluation of the water quality
provides appropriate criteria for the evaluation and the

adoption of oxidation processes.

Aims and effects of oxidation processes

From the commencement of centraliied drinking-water supply the
oxidation processes have been among the most important treat-
ment steps, since - if performed correctly - they guarantee
reliable disinfection and so contribute decisively to safety
of the water. It is therefore no surprise that this aim has
very often been in the foreground of interest in the evalu-
ation of various oxidizing agents and oxidation processes,

as is still the case today. Within the framework of this
conference, too,many reports were concerned with the problems
connected with oxidation.

However, the great significance of the disinfecting action of
oxidation processes should not obscure the fact that dis-
infection is only one of the aims in which success can be
achieved with these processes.
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TABLE 5. OBJECTIVES OF OXIDATION PROCESSES

1) Disinfection
2) Removal of organic constituents of water

A) Complete oxidation:

4CnHqu + (4n + m - 2q) O2 = 4n CO2 + 2m HZO

B) Partial oxidation
with subsequent more comprehensive purification

3) Transformation of organic constituents of water e.qg.
improvement of corrosion behaviour :

4) Oxidation of inorganic undesirable materials e.g. Fe,l

Mn, NH,* . :
5) Combination of objectives 1 - 4

As can be seen from the table, oxidation processes play an
important part both in the removal and in the transformation
of undesirable organic and inorganic constituents of. the
water, and are now us~d successfully in many waterworks to

achieve these objectives.

In those cases where the complete removal of unoxidized sub-
stances is achieved in a subsequent process,'it is of no im-
portanée concerning the final quality of the final water whether
the oxidation taking place is complete, té CO2 and HZO - as is
generally the case in biological oxidation processes and with
biologically degradable substances - or whether the oxidation

is only partial - such as is the case with chemical oxidation,
especially with the use of ozone. Many such combined processes
are known today. On account of their major importance, they will
be discussed in more detail later in connection with the placing
of oxidation processes within the overall sector of drinking-

water treatment.



At this point it seems -appropriate to consdider in greater.::
detail an aspect to which insufficient attention is often
paid in the performance and evaluation of oxidation processes.
This is the transformatlon of organlc water constituents by
ox1datlon, mentioned under point 3 in Table 5. In the

practice of drinking water treatment two important effects
are at work here,

In the first place, the molecular-weight distribution of the

organic water constituents is modified by oxidation treatment,
here discussed on the example of ozone. The following figure
shows some results of such studies on the basis ef'experiments

with biologically purified domestic waste water.
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Fig. 2 Change of DOC- and UV-values upon ozonation and
precipitation in biologically pretreated waste-
water (Berghausen)

unbehandelt = untreated; F&llung = precipitation;

Fdllung + Ozonung = precipitation + ozonation
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The figure gives results obtaiﬁed'within the framework of a
project sponsored by the Federal Department for Research and
Technology on the optimizatipn of the use of ozone, the DOC
and UV values, divided into molecular-weight fractions. From
the values given at the extreme right and left of the figure
.for the raw water it can be seen that the greater part of the
organic material in this purified waste water has a molecular
weight of under 1000. Of course, the substances of higher
molecular weight have a higher specific UV extinction. For
this reason, as the lower parf ofifhe_figure shows, they
account for the greater proportion of the measured UV values.
Since it is precisely the materials with good UV absorption
and high molecular weight that are also very readily preci-
pitated in the form of insoluble calcium salts, precipitation
causes a strong reduction of the UV extinction, while the
effect of precipitation on the concentration of organicall&
bound carbon is much weaker.

The ozone treatment, in which comparatiyely large quantities
of ozone were used here, in effect diminishes only the con-
centration of the lower-molecular substances. It is mani-

fested only slightly in the UV extinction after precipitation.

The situation with the direct action of ozone, represented

on the right-hand side, is quite different. In this case the
decrease of the DOC is much sméller than after pretreatment
by precipitation, while the UV extihction undergees a greater
reduction. This effect can only be explained if it is |
assumed that in direct oxidation apart from the partial
oxidation to CO2 and Hzo, transformation of the oxrganic water

constituents is the main process.

The relationships in the ozonization of raw water in drinking-
water treatment are very similar. Here too we can observe,
as the following figure shows on'the example of water from

Lake Constance,
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Fig. 3 Influence of o0zone on molecular-weight distribution
of humic acid from Lake Constance

a certain redubtion of the molecular weight. The smaller
proporﬁions of thé higher-molecular fractions and the shift
towards somewhat lower molecular substances are particularly
evident. The molecular-weight fraction between 1000 and

10 000 increases particularly clearly, while the low-

molecular materials below 1000 undergo only a slight increase.
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The practical effect of this type of shift in the molecular
weight is that only a small increase of the biologically
readily degradable substances as a result of ozonization
treatment can be established, since only a few low-molecular
materials are newly formed. On the other hand, a clear
enhancement of the adsorption of these substances on polar
surfaces is brought about by the change'in the structure -
here too linked to the oxidation process - and in this case
especially by a change in the polarity of the organic water
constituents. This is shown in the following figure on the

example of calcium carbonate.
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Fig. 4 Adsorption isotherms (Freundlich) of substances
in Lake Constance water on calcium carbonate
after different dosages of ozone



Fig.' 4 presents. isotherms plotted for the UV-absorbing
substances in Lake Constance water. The isotherms are

- clearly shifted to the left as the addition of ozone is
increased, i.e. in the direction of better adsorption. The
same cannot be said for the non-polar activated carbon
surface, where sometimes exactly the opposite effect is
observed. However, it is true for polar surfaces such as

are found in the case of CaCO3 or of iron oxides.

The fact that this enhancement of adsorption as a result of
oxidation procedures is not only of academic interest but
also of practical significance is demonstrated by the
following considerations and experimental results from the

Karlsruhe Institute.

TABLE 6 INFLUENCE OF HUMIC ACID ON THE PRECIPITATION
OF CacCoO ’ '

3

Humic Acid DOC K Main components Acid Number

o /1 of molecular-

in mg weight distrib.
Lake Constance 0.5 0.24 | 20.000 - 50.000 8.0
Zurich 0.5 0.32 | 30.000 - 50.000 _

- 1.000 - 10.000 :
Haltern ' 1.0 0.53 500 - 10.000 | 8.0
Schwib.-Hall 2.5 | 0.67 500 - 10.000 5.5
Hann.-Fuhrberg 4.0 ] 0.71 500 - 10.000 4.6
. —ZF

Without diCa _ 2+ 2-y L
Humic Acid | o] | 0.90 ~5F = K.0(|Ca“"| }co3 ]'fl)
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Among other things, the change in the precipitation rate of-
CaCO5 was studied for humic acids from various raw waters of
practical interest(7).After the addition of powdered limestone
the pH was artificially increased with a solution of caustic
soda. CaCO3 was precipitated from the now supersaturated
solution, the precipitation rate being dependent on the
CacCo, supersaturation as shown in the formula in the lower
right of the table. . The smaller the constant K, which

can be determined experimentally, the more does the humic
acid hinder the precipitation of CaCO,. From the numerical
values of K it can be seen that the humic acids of Lake
Constance and Lake Zirich are most effective. However, they
have the highest mean molecular weight and as a rule higher-

molecular substances are also better adsorbed.

There are also other differences between the other three humic
ac%ds, in spite of their approximately equal mean molecular
weight. The acid numbers are different here. The higher the
acid number, the lower is the polarity of the organic
material, and the better is it adsorbed. However, the extent
of the adsorption determines the inhibition of the CaCog4

precipitation rate and hence also the magnitude of K.

On the one hand oxidation with ozone increases the polarity
of the organic material, thereby improving its adsorbability,
but on the other hand it reduces the molecular weight and
this leads to a deterioration of the adsorbability and so to

a smaller inhibition of the CaCO3 precipitation rate.

Nevertheless, with the ozone doses normally used in the
treatment of drinking water, the beneficial effects predom-
inate in most cases, as the results of the following table

show on .one example.



TABLE 7 KLQdeeS’OE'CéCOB-precipitation and action numbers
Wz g as a function of 0, concentration in water

from the river Danube (W% = action number humic

"HS
acid)
) . . i EQ -1
7 Treatment step . 1 i - K

of raw water of poc K lnmol.min.mg.» WZHS DOC
rivér Danube mg/1l
Flocculation 2.75 , 0.37 0.4
Ozonation
(2.5 mg/03) 2.32 0.20 . 1.3
+ flocculation
Ozonation
(5.7 mg/1 0O3) 1.91 , 0.23 1.3
+ flocculation
Flocculation
and C-removal by | -0.20 0.80 ' 0.0
activated carbon .
(F 400)

Here the K-values were obtained after flocculation and after
the addition of two different amounts of ozone, the DOC also
having been reduced by this treatment. The K-values were
compared with those of a water from which the organic
material had been removed almost completely by flocculation

and adsorption.

Both from the K-values themselves and from the action number
referred to the DOC it can be seen that after the ozone treat-
ment the organic material remaining after flocculation assumes
considerably more favourable properties as regards its action
on the inhibition of the CaCO3 precipitation rate. Increasing
ozone additions cause no further improvement. It may be
deduced from this that the values of the action number will

decrease again when the amount of ozone is increased further.
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For the practical significance of these results:;t‘;s import-
ant that completely analogous effects can be meaéﬁfe& for the
oxidation kinetics of bivalent iron and that this result can
also be extended to the corrosion behaviour of steel pipes.
Although it is impossible to go into details at this point,

a result from field trials with Lake Constance water can be

shown here, from which this connection may be discerned.

© Bodenseewasser, vz =1,5m/s (Lake Constance water)
NE & Bodenseewasser nach Ozonung, (Lake Constance water

:; 400} ve=15m/s after ozonation)
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Fig. 5 TIron content of surface layer in Lake Constance
water before and after ozonation

The figure gives the amount of iron in the corrosion products
of a steel pipe at a flow rate of 1.5 m/sec for the almost

solids-free Lake Constance water before and after ozonization



and Filtration. ' Since the amourt of thé'corébSiéﬂléroéuéts>'
constitutes a méasure of the corrosion rate, these results
reveal that after ozonization a transformation had taken
place in the organicvmaterial dissolved in the water of

Lake Gonstance, such that the corrosion rate under the given
conditions fell to a fraction of the corrosion rate with the

raw water.

If the significance of the possible beneficial transformation
of the water constituents by oxidation is to be clearly and
appropriately demonstrated,the results obtained in these
tests, close to actual practice, - are most suitable. However,
when it is considered that this effect is in no way bound to
occur in a water with differently combined constituents, and
that the opposite effect can occur even with the water of
L.ake Constance if the amount of ozone is too high, it becomes
evident how difficult it can be to asses in particular test
results of oxidation processes. Care is therefore needed
when making general statements on the use of such procedures
in drinkiﬁg—water treatment. This '‘is why so many authors

and reporters are to be found at this conference, for it is
only when the problems are viewed from various sides that it
becomes possible to deal with them fairly completely. For
this reason the rest of this papet can only be regarded as

an introduction to the problems in question, with particular
emphasis on some aspects that to me seem of special import-

ance.

Survey of oxidation processes

The difficulties in obtaining a reliable and generally valid
survey of the advéntages, disadvantages, and the signifi-
cance of individual oxidation processes in the treatment of
drinking water are not only due to the fact that with these
processes we are attempting to achieve a wide and varied
range of aims but alsc to the,Variety of possible processes,
a summary of which is provided in the following table.
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TABLE 8 OXIDATION PROCESSES USED FOR THE*TREATMEﬁT' B
OF DRINKING WATER :

CHEMICAL OXIDATION with
Chlorine
Chlorine dioxide
Ozone
Permanganate

PHYSTICO-CHEMICAL OXIDATION with

UV irradiation
vy-radiation

BIOLOGICAL OXIDATION with

Slow filtration
Soil passage
Biologically working filters

Accordingly, oxidation processes can be carried out in such
a way that the oxidizing agent is added to the water,
chlorine and ozone being used most often. The physico—’
chemical processes are of much smaller importance, only UV
irradiation being used in a few rare cases in the practiCe

of drinking-water treatment.

In contrast to this, biological oxidation is the mostly used.
oxidation process in Central Europe. The technologies used
here, listed in the table, are some of the oldest methods

in the treatment of drinking water.

In the course of the conference more detailed information
will be given on the individual processes, so that in this
introductory péper only some especially important aspects of
three of them will be considered, namely chlorination,

ozonization, and biological oxidation.

In connection with the various objectives of oxidation

processes already mentioned, it must first be said that

¢



nearly allfthese‘proceéses can be used both for the oxid-
ation of organic and inorganic water constituents and for
disinfection, The two aims areloften combined. However, in
recent years experiencé has shown that it 'is particularly
useful to separate these aims by the combined use of diff-
erent oxidation methods. Moreover, rather than using two
oxidation processes simultaneously, e.g. ozone and UV
irradiation, it is preferable to apply two procésées in
succession. The best known and by far the most important
example of this is the combination of chemical and biological
oxidation, the particular aim of which is to convert bio-
logically resistant materials into degradable ones by chem-
ical oxidation and so to achieve a more extensive and
efficient biological oxidation (8). The importance of this
procedure was first realized after it had become known that
by means of high chlorination, normally used previously, com-
‘pounds can be formed that resist biological oxidation (9). An
example of this is given by the following studies in the
Dohne Waterworks of Rheinisch-Westffilischen Wasserwerke in
Miilheim.

ESSS mit Hochchlorung ohne Hochchlorung
SSS vor der Flockung [: vor der Flockung

Fig. 6
Ruhr Comparison of change of
or UV- and DOC-values at
ol Flockung b o Dohne waterworks (RWW)
e Tgmmlig:""g with and without break~
€ el T : point chlorination
£ \\Q\\ nach .
3 4l N §§ Aktivkohle mit/ohne Hochchlorung =
2 Q\ }c 3 with/without breakpoint
2l ) N \g iﬁ chlorination;
N \ .
D ) vor der Flockung =
before flocculation;
sl — Ruhr = river Ruhr;
oL nach Flockung =
- T after flocculation
E 3l nach Ozonung u. Filtration
g Ll = after ozonation and
e filtration;
1t nach Aktivkohle = after
activated carbon




This diagram shows the mean values with their” standard: . =
deviations, over a longer observation period, of the dissolved
organic carbon (DOC) and,the>UV extinction (254 nm) for a
method with and without break-point chlorination; Further
treatment was in both cases the same and consisted of
flocculation with sedimentation, treatment with ozone, and
‘both gravel and a subsequent activated-carbon filtration.

The DOC values in particular show clearly that the high
chlorination performed before the flocculation énd sediment-
ation reduces the activity of the flocculation plant and of
the activated-carbon filter. The same is true for the

subsequent soil filtration.

These results explain, as do many other findings, why more
detailed attention has been paid to the processes involved

in the chlorination of water in recent years.

Advantages and disadvantages of chlorination

The oxidation with chlorine started to be introduced into
drinking water treatment roughly around the middle of the last
century though even then it was a controversial subject, and
in the last 50 years became the most commonly used oxidation
method. This is because chlorination has some important
advantages, which are contrasted with its disadvantages in
the following table. (Table 9)

With chlorine used in the correct quantities reliable dis-
infection is always achieved. - It is simple to meter out the
chlorine and the investment costs are reasonable. Chlorin-
ation also allows the preservation of a residual chlorine
content in the distribution network. With the oxidation of
ammonia to gaseous nitrogen, which is possible even at low
temperatures, high chlorination also effects the removal of
unwanted material, the concentration of which has risen

strongly in the last 25 years in many effluent-loaded



TABLE 97  ADVANTAGES ‘AND DISADVANTAGES OF CHLORINATION

Advantages

Oxidation with Chlorine

Disadvantages

Reliable disinfection

Low investment costs

Easy to meter out,
simple to control

Occassionally large
additional amounts
required

Danger of chlorine
gas in case of
accidents

NH+—oxidation up to
ni%rogen at breakpoint-
chlorination

Formation of organo-
chloro compounds
which may be health

Residual amount in hazards

distribution network

surface waters. When we look at the historical development
of the process we find, surprisingly, that the first works
and patents on chlorination were concerned above all with
the oxidizing action of chlorlne and with the possibility of
removing organic 1mpur1t1es in drinking-water treatment.

From this point of view we can see why already before the
turn of the century the question was asked whether it was
right to use such a strong oxidizing agent as hypochlorite
for drinking water treatment. It was thought that it might
be better to do without strongly contaminated raw water than
to treat it with very large amounts of chlorine and supply
this to the consumer.

This cry for "naturally pure" water would certainly have been
much more urgent. if what we know today as a result of our

considerably improver analytical possibilities had been known



then. When chlorination is appliéd' to organically lodded

water, especially by reaction with humic acids, large quanti-

ties of organic chlorine compounds are formed, the best
known of which are the haloforms, whose distribution in
drinking water in Canada according to a recent publication

is shown in the following figure (10).
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Fig. 7 Frequency distribution of trihalomethane
concentrations in treated water
(from: National survey for halomethanes in
drinking water, Canada 1977)

The frequency distributions of the measured conceéntrations
shown in the figure are somewhat more favourable than the
corresponding values for the United States. However, the
values are rather higher thanithe ones measured by our
Institute in Central Europe, i.e. in the German Federal
Republic and Switzerland. Relevant information on this is

contained in the following figure.



10" ™ 2 ¥
L -
..5 ’:‘ L
—~ 10’ R
~ I * o .
o x " L] ‘:.
=1 R . -
v
'E:' i L L] -
. T o
o .
g % code g
o - LR o
o - *x e v ’ --
4_, ; = ® v -.
‘U L)
H b ] - »
+) 161 - o - ‘e
3 C * CHClg
o] - . szaf
g -
(o) | M CHCI B’z
¢} 162 I *CH &3
st - .
= -
E..‘ -
10° : ,
1 X 5.0 ‘99.9
o4 10 50 10.0 s0.0 90.0 s 99.0

Frequency distribution in %
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What is particularly important, and it makes a general state-
ment very difficult, is that even in the case of approki-
mately similar waters the values show very large scatter,
though the causal connéétioﬁs Eannot be clearlylexplained.
This is also shown by the results reproduced in the following
figure, which comeé from the above-mentioned work of the
Canadian Ministry of Health. ,

This figure shows the trihalomethane concentrations of
various waters in Canada in depéendence on the chlorine

demand, i.e. in dependence on' the chlorine consumption. The
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Fig.9 Dependence of trihalomethane formation on the
chlorine demand, according to measurements
made in Canada and the United States

large scatter range of the data can be clearly seen, and it
is clear why similar measurements in the USA lead to a

different best—-fit line than the Canadian studies.

As already mentioned at the beginning of this paper, the
volatile chlorine compounds constitute only a small part of
the total organic material formed during chlorination, as

shown in the following table.

These results were obtained with Neckar water in the Technical
Works in Stuttgart within the framework of a BMFT research
programme . It can be seen that the values of the dissolved
organic chlorine (DOCl) are greater by a factorlof 10 - 20
than the trihalomethane concentrations, and furthermore,

that it is extremely difficult and expensive to remove the
chlorine compounds from the water, e.g. by activated carbon,

once they have been formed.



- 39 -

TABLE 10 EFFECTS OF CLASSICAL TREATMENT FOR A RIVER WATER
: (NECKAR, STUTTGART) WITH BREAKPOINT CHLORINATION
AND ACTIVATED CARBON FILTERS

River After breakpoint. After GAC  After GAC

water  chlorinationfloccu  Carbon Carbon
lation,sedimen LSS - - F 300

tation and filtration

Dissolved organic 5.0 , 4.1 3.1 1.6
carbon (DOC) mgll

UV absorbance 7 109 8.6 5.0 3.6
at254nm m' ' v

Sum of haloforms g/l 0.4 ' 50 16 25

Total organic 33 524 364 296
chlorine(TOCI) g/l .

However, such measurements must not automatically lead to the’
conclusion that chlo;;ne should in general be abandoned as

an oxidizing agent. If stepwise chlorine oxidation is used,
in place of the break-point chlorination common up to now,
then from the beginning much lower concentrations of chlorine
compouhds are formed and a -considerably better purification
effect is obtained, particularly with activated~carbon treat-

ment.

Stepwise chlorination means that before the flocculation and
activated-carbon filter only so much chlorine is added, and
even then intermittently if possible, that no free chlorine
is present over a longer period. For this purpose the
amount of chlorine must be kept well below the break -point,

as shown in the next flgure.

For every gram of chlorine introduced considerably lower halo-
form and DOC1l concentrations are then produced, the reactlon

time also being significant.



¢ Qg0
{ ToCt
1
500-
1 DOC : Smgft
400- NH;: 23 mg/t
3001 )
Fig. 10
Chiorotorm Concentrations of
200- chloroform and TOC1
as a function of the
breakpoint 'initial concentrations
100 " of chlorine after a
reaction period of 20 h
0 T v T — T —-—
0 10 20 30 chlorine: V\‘Cmg/o
‘addition

This is an impressive example of the féct that the undesir-
able effects of this oxidation stem not from the type of the
oxidizing agent itself but from the conditions of its appli-~
cation. In oxidation processes in particular there are
nearly always certain optimal doses of the oxidizing agent,
and doses exceeding this optimumfafefSﬁre to have unwanted
results.

From the point of view of naturally pure waters it is also
incorrect to attempt to eliminate the disadvantages of a
water containing too much organic material simply by adding
larger amounts of chlorine. If the relationships are prop-
erly considered and the right.combinéfidn of purification
methods is chosen, then in spiteidf the apparently great
advantages of ozonization, chlbrination can and will continue
to be used successfully for the oxidation and disinfection in

drinking water treatment.



Advantages and disadvantages of oxidation with ozone

The preceding outline of oxidation with chlorine has shown
that the principal disadvantages 6f this oxidizing agent
appear when the chlorine is added to the raw water before
flocculation and when the amount added is so large that a
concentration of free chlorine is maintained for a longer
time. This type of procedure is called break-point chlor-
ination and it is most frequently used in the classical
process scheme for the treatment of drinking water. This is

shown in the next figure on the extreme left.

breakpointchlorination breakpointchlorination breakpointchlorination ozon‘ation
'
flocculation flocculation flocculation flocculation
'
sedimentation sedimentation - sedimentation sedimentation
' .
" ozonation . ozonation
filtration filtration ) " filtration . filtration
activated carbon ozone activated carbon - activated carbon
filter treatment - . filter filter
safety safety i o
safetychlorination chlorination  chlorination safetychlorination safetychiorination

Fig.11 Process scheme development for river-water
o treatment in Europe (without underground
passage)

In Europe this simple scheme began to be supplemented 10 -
20 years ago, in such a way that the excess chlorine and

part of the chlorine compounds formed were removed in an
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activated—-carbon filter (11). The disadvantage of this is the
rapid exhaustion of the carbon filter as regards adsorption
but not as regards dechlorination. Therefore processes have
been favoured, especially in France, in which instead of
adsorption another oxidation is carried out, But thisvtime
with ozone in place of the chlorine (12). This procedure is
particularly effective in the removal of undesirable odours.
However, with many waters relatively large amounts of
chlorine are required for the subsequent safety chlorination
if a repopulation of the water with bacteria in the distri-
bution network is to be avoided.

This disadvantage is not observed in the last but one cited
process scheme, which was first used successfully in

Langenau waterworks of the Stuttgart water supply (13). Here
ozonization is carried out after flocculation and sediment-
ation and before filtration. This type of process has the
advantage, 1f the initial amount of chlorine is not too large,
that biological processes are set up in the activated-carbon

filter, leading to a longer filter running time.

Because of the otherwise too  great disadvantages due to
break-point chlorination, this process is limited to waters
whose organic loading is not too high. For this type of water,
e.g. as is found in the lower Ruhr in Mulheim, the use of
ozone treatment alone is more suitable, with a preliminary
Ozonization before flocculation and a main ozonization

stage after sedimentation and before filtration. A detailed

plan of this plant is given in the next figure.

The initial addition of ozone takes place in a mixing chamber
together with the addition of the flocculation agént, with
very high turbulence and a short reaction time. This type
of pre~treatment promotes the subsequent flocculation, which
in this case is performed in a pulsator. Then follows the

main ozonization stage and the gravel and activated—-carbon
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filtration.. The mechanical, biological,.and.adsorptive o
ourification in the filters, enhanced by the ozone, is

concluded in a soil passage - more of which later on.

This complicated but nonetheless very effective procedure
for the use of ozone as an oxidizing agent is necessary

because ozone has one disadvantage that must be considered.
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Fig.13 Decrease of DOC and COD in dependence
on the ozone amount '
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Both theﬁcODHénd”the*6TQanié‘CArboh are dﬁérégéed'ﬁy it.
However, even with large amounts of ozone'the'efficiéndy is
low, which is undesirable from the economic point of view.
Ozone only transforms the organic materials and by itself
cannot remove them completely.

Therefore, an ozone oxidation within the framework of
drinking-water treatment can only be successful when one of

the effects compiled in the following table is aimed at.

TABLE 11 EFFECTS OF OZONE TREATMENT

Disinfection;
Virus inactivation;

Microflocculation;
Formation of precipitable organics;

Transformation of resistent into
biodegradable substances;
Promotion of bacterial growth;

Decrease of molecular weight of organics;
Increase of polarity of organics;

- Destruction of aromatic substances;
Removal of hetero-atoms;

Disinfection and virus inactivation are among these effects.
Microflocculation and an improved precipitation of the organic
substances can also be attained.

Essentially more important is the improvemént of biological
degradation by ozonization, described by many authors, which
is due jointly to the decrease in the molecular weight and
the increase in the polarity of the organic substances. As
already stated, the latter also has a beneficial effect on

the corrosion behaviour.



In contrast to these advantages of the action mechaqism'thgre

are also the following disadvantages, shown here together’

with other positive factors.

TABLE 12 ADVANTAGES AND DISADVANTAGES OF OZONE
IN DRINKING-WATER TREATMENT

Oxidation with Ozone

Advantages , Disadvantages
Rapid disinfection High ozone consumption
and virus inactivation by organic substances

No commercial chemicals High investment- and
required operating costs

Microflocculation After-treatment step
Formation of degradable and installation required
organic substances

Increase of polarity Decrease of molecular weight

Transformation of Increased germ formation in

resistant into bio- distribution network

degradable substances

No formation of Biological after-treatment

harmful substances and safety chlorination
required

Numerous processes Difficult to control

and installations for Mass transfer often determines

ozone input ozonation efficiency

There are therefore cases in which particularly the raw water
has a high ozone consumption. In such cases the already
high costs of investment and operation become really dis-
advantageous, even when no commercial chemicals are required
and no residual substances from the ozone are left over at

the end of the oxidation.
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Furthermore;, ozone can dﬁly:be used in a few waters without
some after-treatment, and here the problem of what processes
and installations should be used to bring about the necessary
contact between the ozone and the water constituents is much
more compliCated than in the case of the other oxidizing
agents. The mass transfer and the associated relationships

determine to a very large extent the ozonization efficiency.

4

Since this prcblem often receives insufficient attention,
although it is of great significance for optimizing the use
of ozone, there are some further points that should not go

unmentioned.

First, selection of:the correct dosage in a much more
significant factor for ozone than for the other oxidizing
agents. This is illustrated by the following figure from
a work by Dr. Kurz of our Tnstitute (14).

This shows the change in a hymatomelanic acid, i.e. a humic
acid of medium molecular weight, as a function of the ozone

addition in mg of ozone per mg of the acid. The flocculation

effectiveness was studied.

It can be seen that small additions will primarily impair
. the flocculation efficiency, which is ascribed, among 6ther

causes, to the decrease of the molecular weight.

With larger ozone additions the increase in polarity due to
the increased number of carboxyl groups is the predominant
factor. The humic acid as a polycarboxylic acid is thus
converted into an anionic pblyelectrolyte, causing a clear
improvement of the flocculation. This reaches its maximﬁm
at a certain dose of ozone, since from this point on the
"decrease of the molecular weight, which continues as the
amount of ozone added is increased/becomes the predominant

factor.
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The flocculation optimum is fairly clearly marked in this
case. However, it is not easy to achieve this optimum for
every composition of the organic water constituents.Also,the
magnitude of the ozone addition is not the only important
factor, but also the nature of the addition, as has been
clearly demonstrated by Lienhard in recent studies at our
Institute. To clarify these relationships some of the

results thus obtained are shown in the next figures.

In this representation the experimental results are plotted
on the decrease ©of UV extinction of humic acid from Lake
Constance with various doses of ozone. The ozone was added
to the water in the .form of a concentrated solution, either
all at once or gradually in five portions. It is clear that
the stepwise addition has a better effect in lowering UV
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extinction if larger amounts of ozone .are added, while the

opposite is true for very small additions.

=T

o Humic acid: Lake of Constance
o intermittent input
o singular ozoneinput

at 254 nm inm™!
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This effect is even more marked in the case of humic acid

from Ruhr raw water, as can be seen from the following

figure.
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The reason for these differences lies in the somewhat Qiff- ,
erent molecular-weight distributions for the two natural

humic acids.

The same effect becomes even clearer when after the ozon-
ization a flocculation is carried out, where with rela-
tively high initial concentrations a more than 30% better

effect can be obtained in the case of the stepwise addition.

j+4
I

Humic acid: River Ruhr

o singular ozone input
o intermittent ozone input

Fig. 17 .
Spectral absorption

coefficient after

ozonation and floccu-

lation in dependence
on the ozone amount,

Spectral Adsorptioncoelficient ot 254 nm in m™!

1 with various doses

L L 1 1 I 1 i J 1 _L [ d o ]
0 0z 0¢ 05 08 10 12 & 15 18 20 22 24 25 28 of ozone .
mg Ozon/mg acid

The changes that occur in both cases can also be seen when
the molecular-weight distribution is considered. They are

reproduced in the next figure.

The reduction of the mean molecular weight in

‘both cases is apparent, together with the fact that the
effect is somewhat greater in the case of the stepwiée
addition. It may therefore be assumed that the relative
number of carboxylic gwups is also more stfongly increased by.
the stepwise addition of ozone, and that this is the reason

for the better efficiency.
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This supposition is supported by the adsorption isotherms on
polar CaCO3, on which more strongly polar compounds are
better adsorbed. The corresponding results for two different

_amounts of ozone are shown in the following figure.

It can be seen that the isotherms for the stepwise or inter-
mittent treatment are further to the left and therefore in a
more advantageous position. As was discussed in detail in
the earlier part of the paper, this has an effect on the
precipitation kinetics of CaCO3 and on the oxidation rate of
Fe ions, improving the corrosion behaviour. This impro-

vement was :clearly demonstrated for Lake Constance Water.

However, the beneficial effect 6f the stepwise or slow
addition of ozone, when a low concentration is maintained

over a longer time, is not beneficial for the whole range of
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applications and actions of ozone. For example, as can be
deduced from the following figure, (see Fig. 20),

the situation for an effective virus inactivation is more
favorable when comparatively high ozone concentrations are
maintained over a relatively short time, i.e. when the ozone

is added not in stages but all at once.
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In this context it should also be noted that not all types
of addition devices are suitable for maintaining certain
concentration rélationships desired in individual cases.
Precise examination of the discussed relationships is there-
fore very important for optimal utilization of the ozone.

In the comparative analysis of literature reports on ozone
activity too these relations mﬁst be borne in mind. Some

of the contradictory résuiés of.érials carried oﬁt at
various places are due less to the different composition of
the organic water constituents than to the different methods

of introducing the ozone.

The fact that the influence of the material transport con-
ditions, and hence of the mode of addition, is strongly

expressed particularly in the case of ozone is due not only
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to the very low ozone concentration in the gas, i.e. in the
oxygen or air before the passage through the ozone input system
but is also connected with the chemical reaction mechanisms
known for the ozone conversion, the rates of which are
influenced by the ozone concentration in the water to
different extents. Insofar as this is true, studies on the
reaction mechanism in the use of oxidation processes are of

major practical significance.

While in the oxidation with chlorine the true oxidation
reactions compete with reactions 1eéding to the formation of
organic chlorine compounds, in ozonization we distinguish
between the radical reaction on the one hand and ozonolysis
on the other (15). Since these two different mechanisms are also
dependent on pH, on some inorganic water constituents such

as bicarbonate ions, and of course also on the structure of
the organic water constituents, it ‘is not surprising that
very different effects of ozone treatment are observed with

different waters (16).

Although general regularities are difficult to formulate,
both in the case of chlorination and in ozonization a rapid
addition of the oxidizing agent promotes disinfecfiqn,
because high concentrations over a short period are required
for this purpose. On the other hand, a slow additionvover

a longer time has a beneficial effect as regards the desired
oxidation reactions. This fact and the appropriate incor-
poration of the oxidation process into the total scheme of
treatment should be considered if the oxidizing agent is to

be used to optimal effect in the treatment of drinkin; water.

Biological oxidation processes

The complex relationships in the use of chemical oxidizing
agents indicate why biological oxidation procesSes always

were, and still are, preferred in drinking-water treatment
wherever they are feasible. Here passage through soil has

the greatest practical significance; as the next figure shows,
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a soil passage can be included in various ways into thé over-"
"all treatment scheme. One possibility is the use of river
bank filtration as the biological step in the process (shown
on the left in the figure), combined simuitaneously ﬁith the
removal of suspended particles as well as colloids, and

‘hence also the elimination of bacteria and viruses. The-

other possibility
been practised in
In
sary for the more

many decades.

is ground water enrichment, such as has

the Ruhr or in the dunes in Holland for
this case a preliminary treatment is neces-
severely polluted waters, a whole series

- of possibilities being available, only two examples of which

are shown in the diagram.

The excellent efficiency of these processes is shown in the

following table on the example of bank filtration in the

Lower Rhine.

Here the values averaged over 2 years are shown, as measured

in the Hamborn waterworks of NGW. The good purification



TABLE 13 Removal efficiency of riverbank filtration

in Duisburg (values for 1975-1976)

Mean concentration - Removal efficiency

in the River Rhine in percent

(dissolved compounds)
Dissolved organic carbon (DOC) 7.0 mg/I 60 — 75
Adsorbable organics 4.5 30 — 50
Organic chlorine (DOCI) © 012 ¢ 30 — 40
Organic sulfur (DOS) 011 ¢ 20 — 30
Chromium (Cr) 6 — 12 ugil 90 — 95
Copper {Cu) 15 — 35 70 — 80
Zinc (Zn) 90.— 250 » 40 — 60
Nickel (Ni) 10 =15 - 40 — 60
Lead (Pb) 9 — 20 ¢ 40 — 60
Arsenic (As) 4 - —.8 30 — 60
Mercury (Ha) 01— 06 * . 30 — 60
Cadmium (Cd) 05— 2 20 - 50
Selen (Se) , 05-- 2, ~ . 0 - 20

effect on the dissolved organié substances can be seen by the.
high efficiency of DOC reductidn.; The greater part of the
heavy metals is also well retained, the data given referring
only to the dissolved metal ioﬁs.' The'purificatibn action

of bank filtration on the adsorbable organic materials is
much less favourable. Particularly poor effects are as a-
rule observed for the organic chlorine and sulfur compounds,
and it is among these that many anthropogenic unwanted com-
pounds are found, which should not be allowed to remain in

drinking water.

The limits of purification effectiveness of biological
processes can also be seen by considering the situation in
Holland and the infiltration .into the dunes, widely practised
there. The following figure shows diagrammatically a plant
of this kind in the Amsterdam.waterworks.
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Fig.22 Process scheme of dune waterworks Amsterdam

(1) Rhine canal ' (11) Collecting basin

(2) FeCly dosing (12) NaOH dosing

(3) NaOH dosing o - (13)  Aeration

(4) Flocculation basin o (14) Activéted carbon dosage
(5) Sedimentation basin ' (15) Rapid filter

(6) Rapid filter - (16) silt deposit

(7)  Chlorine dosing , (17) wash water reservoir
(8) Distribution basin‘ (18) slow sand filiter ?
(9)+ Percolation gullies +  (19) . Chlorine dosing
(10) - Collection canals . (20). Chlorine contéct{basin

According to this figure, in the
the Rhine water in Holland it is
flocculation, sedimentation, and
tration; the water also needs an
the infiltration, which will not
greater detail. |

case of heavy pollution of
necessary to perform a
filtration before the infil-
additional treatment after

be considered here in
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The effectiveness of the infiltration is satisfactory as =
regards the heavy metals and the ammonium but this cannot be
said of the total organic matter present-in the water.

TABLE 14 ANALYTICAL DATA FOR THE DUNE-WATER TREATMENT,
AMSTERDAM 1976

river water before after | drinking
Rhine - Dune -filtration water
DOC mgll 7.1 54 41 3.6
Colour mgPt/i 28.0 15.0 11.0 8.
Threshold number 32.0 50 — 0
Hydrocarbons mgli 026 003 - o
(oil) S ‘

Chioride mall 215.0 227.0 1780 174.0
Bicarbonate 162.0 158.0 1940 2010
Ammonia “ 1.5 0.2 <0.05 <0.05
Nitrate- " 17.0 200 5.5 58
Phosphatg " 1.2 0.2 01 0.1
Iron pall 1600.0 100.0 500 200
Chromium 35.0 <10 . <10 <10
Copper " 22,0 80 50 50
Zinc H 150.0 250 150 100
Cadmium  .¥ 2.9 0.2 01 ‘ 01
Mercury " 0.5 2.1 <01 <0.1
Lead " 28.0 30 30 20

This is in part due to the fact that the fraction of materials
that are difficult to degrade biologically is relatively high
in the Rhine in Holland. However, it is also due to the fact

that the conditions for biological degradation as regards

the residence time and the medium are not quite as good in

the dunes as on the river banks used for filtration.
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From this point of view it is also understandable that the -
processes in which the biological purification is not carried
out underground but in industrial installétions have a limited
efficiency. This is true above all when slow filters are used
by themselves. In this process, although really good results
,are obtained in the uppermost layer, the residence period in
the subsequent 1 - 2 m thick layers of sand is too short for
further extensive burification. The following figure is a
good example of this phenomenon, showing the results obtainéd
in the infiltration of pre-purified waste water in the Dan
region in Tel Avia, Israel (17).
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Fig.23 Expected and measured concentrations of organics -
in pretreated wastewater after 3 months' residence
time underground (Dan Region Sewage Reclamation
Project, Tel Aviv, Israel) :



The upper part of the figure gives the purification effects
of the upper 2 m of sand as regards the COD and the perman-
ganate consumption. It can be seen that about 25% of the

dissolved impurities areremoved.

The lower figure contains the values after 3 months' residence time

underground. In addition to the mean values of the raw water
before infiltration and the ground water wvalues, the figure
gives the effective numerical values measured after the soil
passage and the data that would be expected if no degradation

had taken place.

This clearly demonstrates the great advantages of a long

residence time underground. The over-all efficiency is about
75% and the residual contents of organic substances are quite
acceptable. It can also be seen that for part of the material
the biological degradation requires a relatively long time or

that it is incomplete.

This process is also the key to the special effectiveness of
activated-carbon filters in the biological purification of
water. As a result of their adsorption on the activated
carbon the organic materials remain in the filter for the
long time required for the biological oxidation of a number
of substances. The materials must of course be adsorbable,
and subsequently they have to be available for degradation,
i.e. they must be desorbable again.

The last example shows that really astonishing results can be

obtained in such filters.

This refers to trials carried out by BASF in collaboration
with our institute. The figure shows the experimental plant,
which consisted of an activated-carbon filter through which
was circulated waste watér from the BASF bidlogical purifi-

cation plant with intermediate aeration. As a result of this
process, the next figure shows, surprising pqrification effects
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Fig.24 Biological purification plant of BASF
(Badische Anilin- und Soda-~Fabrik,
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of over 90% are produced with respect to the organic carbon.
The filter has been running for about 18 months without any

~apparent reduction of this purification efficiency.

For the evaluation of the treatability of this waste water
in drinking~-water treatment this result means that nearly
all the organic material still present in the discharge of

the BASF clarification plant is removed without major
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problems in the waters and in the drinking-water treatment,

and that consequently the risk to the drinking water supply

due to wastewater is negligible.

It would be desirable if a similar testing of the waste water
constituents for the risk they present to drinking water were
also carried out in other clarification plants, and if the
results were applied to intra-works purification and waste
water treatment measures in works where there are high
proportions of organic substances which are difficult to

degrade biologically and which impede biological'purification.

For the sake of completeness it should further be mentioned
that with the low loading chosen here quite similar effects
can be obtained, so that the use of activated carbon is only
advantageous here at higher loadings or still lower initial

concentrations.



In any event, the example illustrates the outstanding puri-
fication capacity of natural bioclogical processes, and the
results explain why such value is placed on processes of
this kind in Central Europe?and especially here in the Rhine

catchment basin.

Nevértheléss, these methods also have their disadvantages,

as can be seen from the next table.

TABLE 15 ADVANTAGES AND DISADVANTAGES OF BIOLOGICAL
PROCESSES FOR DRINKING-WATER TREATMENT

Advantages Disadvantages

Low operating costs - Large space requirement

Simple operation ' Small possibilities of
intervention

High efficiency , Susceptible to toxic
substances

Automatic adaptation Adaptation is very slow

to changed conditions in many cases

In this respect special mention should be made of the large
space requirement, the small possibilities of intervention
in cases of pe:turbétions and their disadvantageous effects.
For this reason the drinking water supply is compelled to
‘make appropriate demands on the water protection. From this
point - of view I personally consider continuous monitorihg
of waste-water purification with the aid of a biological
process such as the BASF operate to be more important than

e.g. the performance of fish tests in which acutely toxic



waste-water constituents in greater concentrations,.at the
most, have been found. These normally inhibit the bio-
logical purification so strongly that they can be recognized.

With these details'on the significance and application of
biological purification processes this introductory report

comes to an end. The considerations and results presented

in it will be amplified in many respects in the course of
the conference by means of detailed reports on individual
problems from the sphere of the applicaﬁion of oxidation
processes to the treatment of drinking water. The essential
points, which may already be inferred from the examples and

discussion, may be summarized as follows:

Summary

1. Oxidation processes constitute an important and often
indispensable measure in the reliable production of safe

drinking water.

2. A factor common to all oxidation processes‘is that in
spite of their beneficial action they may also exert édverse
effects on the quality of drinking water, especially when
inappropriately applied. |

3. In this connection the formation of organic chlorine
compounds is of particular importance. However, these dis-
advantages can be avoided if the chlorine is used suitably,

e.g. by stepwise addition.

4, Process-technological aspects must be considered above
all if the oxidation methods are to be used to optimal effect.
This applies both to the type of the oxidizing agent addition
and to the appropriate inclusion of the process in the over-

all treatment scheme.



5. """ THe hatural biological purification processes are
currently of particular importance in obtaining unimpeachable
drinking water by the treatment of surface waters.- Their use
places certain requirements on the composition of the raw
water. These aspects should be particularly considered in
the future treatment of waste water and be checked by suit-
able test methods. '

6.  Optimal introduction of oxidation processes into the
treatment of drinking water requires an exact knowledge of
the reactions taking place and of their interrelationships.
It is the aim of this conference to review the necessary

knowledge in summarized form.
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HYGIENIC SIGNIFICANCE OF CHLORINATION AN THE REQUIREMENTS
THEREFROM AR )

G. Miller

More than 200 years have now passed since the discovery of
chlorine in 1774, and during'ail this time it has lost none
of its importance. In earlier days attempts were often made
to bind "foul effluvium" called miasma, by fumigation and so
render it harmless, and shortly after its discovery chlorine
gas was used in France as a fumigating agent for this purpose
(1). Suitable means of disinfection were only developed
after the discovery of pathbgéhsyand after the infection
chain typical or specific for the*épréad of infections

became known. In ignorance'bf the faéts, the spread of
epidemics, e.g. of cholera and typhus, via drinking water

was allowed to continue up to the end of the nineteenth
century. This was due to drinking untreated surfacelwater
contaminated by human and animal waste and, after the dis-
covery of sewerage, by effluents. In the United States
chlorination of drinking water was used as a means of epidemic
control as early as the beginning of this century, and there-
after a sudden fall e.g. in the mortality from typhus was
achieved.

In Germany, on the other hand, in the middle of the nineteenth
century, following Lindley's example in Great Britain, the
biological method of purification ofvimpure river‘water had
been adopted and slow sand-filters were built, also bringing
about an abrupt reduction in the incidence of typhus. The
efficacy of this measure was made particularly clear during
the great Hamburg cholera epidemic in 1892. As is well known,
within 2 months 17,000 people were taken ill in Hamburg,

which was supplied by unpurified water from the Elbe, and

8000 of them died. 1In neighboﬁriﬁé“Altona, where the Elbe
likewise supplied the drinking water, the slow sand-filters



built there kept the number of viétims down to about 200, and
these beéame ill not by drinking the water but by direct
contact with the sick (Fig. 1l). When the news of the
successful use of chlorinated drinking water in the~“control
of epidemics first reached Germany from the USA in 1910 (2),
the progess met Wﬂm.oppositionr - Strong objections were
voiced against chemical treaﬁment:of water and an "arti-
ficially performed, simplified disinfection" of this kind.
Attempts were made to hang on to the old principle that
"prevention is better than cure";_and raw water of unim-
peachable origin was demanded,:which would then be treated
to become drinking water. vFoilbwing the discovery of patho-
- genic microorganisms and;#he realization of the connection
bétween drinking water from,river water and drinking water
epidemics, the use of ground water as a drinking water
supply was started early on, since,when the upper soil’
layers are intact and the soil is of sufficient depth, the

biological purification processes taking place in the ground
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Fig. 1 1Incidence of disease and deaths in the supply regions
of Hamburg and Altona during the cholera epidemic:
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eﬂéﬁfe‘é'reliable protection égéinst-epiéémiéétéVeh:Qifﬁoﬁt
chlorination. Today this development strikes us as being
retrograde. The way forced upon us = a return to surface
water ~ 1is in most cases, when we consider the purifying
action of the soil, taken as a short-cut, since the surface
water after passing through soil, serves to enrich ground
water. In this way it is still possible in Germany to draw
over 90% of the water used for public supplies from genuine
or enriched ground water. The direct fight with the patho-
gens present in unpurified surface water ceases to exist,
these pathogens being further introduced via waste water,
since regrettably even a well-dimensioned, mechanical and
biologically working purification plant is not capable of
eliminating pathogens in the purification of waste water,
with the result that bacteria are still found in the treated
water (3 = 5). A biological purification of waste water is
therefore not a disinfection process per se. While cholera
epidemics connected with drinking water no longer occur in
Germany, it is only because the necessar: bacteria are
absent; it has so far proved impossible to prevent the
incidence of typhus and paratyphus B epidemics related to
the water. After the use of untreated river water as ‘
drinking water had been discontinued towards the end of the
nineteenth century, these epidemics were caused exclusively
by short-circuits between drinking water and waste water or

between drinking water and effluent-contaminated river water.

However, in contrast to the epidemic outbreaks of the
previous century, as a result of a technically faultless
drinking water supply and its careful monitoring and control,
short-circuits of this kind are genuine "accidents". Cases
of typhus, paratyphus B, or Salmonella infections caused by
such short-circuits arise very rarely directly from drinking
the polluted water; an enrichment of the few bacteria present
in the water must first take place’ in' the food for the
numbers necessary for infection to be reached. This was the



case in the typhus epidemic in Hagen in 1955 (infection from
milk cans) and the epldemlc on a ship in Hamburg harbour in
1969, where water from the Elbe was used to wash dishes (7).
Even within the framework of legal spe01flcatlons chlorinated
drinking water cannot as a rule guarantee true disinfection
in the case of cross-connections with waste water or surface
water, i.e. "putting an object into such a state that it can
no -longer infect" (8), since the organic substance introauced
together‘with the impure water.is usually sufficient to con-
sume the chlorine before the latter can expect its dis-

infecting action.

Chlorine can be used in the disinfection of drinking water
for the prevention and control of hygienically undesirable
states, but it must be clearly understood that although the
chlorination performed as so-called safety chlorination can
achieve the cosmetic effect of decreaeing the colony count,
it hardly ever destroys pathogens after the penetration of
waste water or river water into the supply system. For use
as a true disinfection agent, essentially higher concentrations
of chlorine are necessary than are laid down in the laws on
drinking water and drinking water treatment. This is put
into practice, for example, in the disinfection of new parts
of the distributien network, es was also done during the
1962 Hamburg flood disaster (9),; when it was only the almed
use of large quantities of chlorine that made it ‘possible
for about 1 million m3 of Elbe water that had broken into

the dietribution network, and also for the pipeline system

so contaminated, to be made bacteriologically safe. As a
result of these aimed disinfection measures, no increase in
the incidence of typhus, paratyphus B, and other salmonelloses

was recorded (10).

In Germany there are many public water supply systems in
which the drinking water. entering the network is not chlor-

inated, and yet the danger: of epidemics is no greater-than



there is from chlorinated drinkiﬁé water. 'The chlorination
of drinking water in‘Germany is practised for other reasons --
either to destroy the odour and taste of organic substances
during the treatment or to prevent the proliferation of auto-
chthonous aguatic flora when thé'appropfiate nutrient media
are present in the distribution network, especially in the
case of long-distance pipelines, to keep to the legally
prescribed limiting colony counts.

In spite of the relatively restricted use of chlorine in
German public water supplies, the incidence of typhus and para-
typhus B has fallen in the last 15 years, while, independently
of this, the incidencg of salﬁoﬁelloSes has risen (6). The
cause of this does not lie in chlorinated or unchlorinated
water but in the sector of food and veterinary hygiene

(Fig. 2).
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Whereas up to the end of the last century epidemics in a.
popﬁlafion were mostly of infectious origiﬁ, today diseases
of noninfectious genesis are in the foreground, the most
frequent being diabetes, rheumatism, cardiovascular disorders,
hypertension, and cancer. In the search for the primary
causes, the environmental faqtqrs must not be dismissed.
Besides the air and foodstuffs, water should also play a part
in this. The causal connection between water and disease was
established in the majority of cases on the basis of stat-
istics. A connection between the constituents of drinking
water and cardiovascular diseases (11) , and between these

constituents and cancer, has therefore been obtained on the
basis of statistical evidence,:and certain carcinogenic
substances have been identified (12). Thus, some chlorinated
6rganic compounds (halogenated hydrocarbons), some of which
had only been formed in the waterras a result of chlorin-
ation, have been indicated as potentially carcinogenic.

This is a recent finding and interferes with the fact that
chlorine maintained its preferred position as a drinking
water disinfection agent precisely ‘because it was cheap,

easy to meter out, easy to;detect, and up to now regarded as
harmless (13). |

In contrast to other countries, in which even the waste water
has been chlorinated for Yéars, this measure has not been

adopted in Germany.

The occurrence of haloéenated?hydrocarbons in water is there-
fore due in Germany to‘thé}iﬂpqt,of industrial effluents
rather than, as is the rulegianmerica, to chlorinated domes-
tic sewage. Since in Aﬁérica:thé cycle: (input of chlorin-
‘ated sewage-into the rivér/rémSVal'for the production of
drinking water with preliminary chlorination, active carbon
filtration, and post-chlorination before distribution into
the network/productionvdf waste water/waste water chlorin-

ation etc.) is relatively short and the accumulation of the
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halogenated hydrocarbons takes place relatively gquickly, ‘the
findings there are orders of magnitude different than in '
Germany, especially since here the probability of fhe form-
ation of chlorinated substances in high concentrations by
chlorination of drinking water within the legal limits during
the water distribution is relatively low.

According to American investigations (14), some of the incidence
of cancer of the stomach, intestine, and liver may be related to
trihalomethane exposure, especially chloroform. According to
German mortality statisties (15) on the number of déaths from
cancer of the stomach and of the intestinal tract (Fig. 3), a
rise in the general cancer mortality rate is found from 1932

to 1974, however, a fall in the death rate from cancer of the
stomach is observed, and the number of terminal cases of cancer
of the intestinal tract is fairly constant. 1In a comparison of
the numbers of death from cancer of the liver, stomach, and the

urinary tract, types of cancer which, in animal experiments
can be induced by chloroform, it can be seen that,within a
period of 10 years (1956 - 1967) (Fig. 4),the deaths from
stomach cancer have decreased, those from cancer of the
liver have remained fairly constant, while those from cancer
of the urinary tract have risen by about 25%. Epidemio-

logical enquiries on this are not yet available in Germany.

The example of chlorination of drinking water shows clearly
how problems of hygiene can shift in the course of a century.
A measure that contributed essentially to the control and
prevention of epidemically occurring, infectious diseases

may now be a contributory cause of the occurrence of non-
infectious diseases. The long years of success must now of
necessity be weighed against considerations of a completely
different kind, particularly since very little is still known
about the causes of cancer due to exogenous noxae. The

fact that we now possess mature and almost complete knowledge
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of the epidemic pathogens stands in opposition to' the: diffie ¢
cult work necessary before we can make equally precise state-
ments on the aetiology of cancer. This will be an essential
task for the twentieth and twenty-first century, inductive
epidemiology, i.e. purely empirical collection of facts and
observations, playing at first a leading role.

On the basis of this inductive aetiological comprehension of
environmental noxae,a series of carcinogenically acting
substances has already been established. Since water is
drunk every day, it is obvious that its constituents should
also be included in these inductive—epidemiological investi- .
gations. However, it muSt be understood that an evaluation
of such correlatidns, which have only been established
statistically, is extremely difficult, since there is no
doubt that cancer is rarely due to a sihgle factor. On the
contrary, many factors should be included in the evaluation,
e.g. the nature and action of the carcinogen, dose, cumu-
lation, metabolism, synergistic effects, intervention or
co-carcinogenesis. The social situétion of the patient also
plays a part as an exogenous factor, e.g. occupation,
nutrition, place of residenée, living habits, dispositipn,
and the nature and duration of the exposﬁre to the carcinogen.
Moreover, it is difficult to say whether, and under what
conditions, an experimentally determined or suspected carcino-
genesis becomes relevant for the whole‘popﬁlatioh or for a
section of the population (16), especially as the list of

the known environmental carcinogens is already very long and
is certainly still growing. Attention should also be paid-
to the ratio of the amount occurring in the environment,
established by modern trace analysié, to the relatively high
doses used in experiments on animals. In spite of this, it
cannot be safely excluded that life-long exposure of people
to one or more carcinogens may lead to a cumulation of sub-
threshold doses, or that an additi&e effect can occur,

leading to a carcinoma.
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As lbng'aSJthe’relationship between chlorinated organic
compounds and potential carcinogenesis, decisive for human
health, remains unexplained, it seems expedient and necessary,
in consideration of the present-day state of science and
knowledge, to follow the ancient medical principle that
prevention is better than cure and to use and perform chlor-

ination of drinking water only when absolutely necessary..
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REACTION OF CHLORINE WITH INORGANIC CONSTITUENTS OF WATER

K.-E. Quentin and D. Weil

Although chlorination is performed in water treatment for
bacteriological and hygienic reasons, the oxidizing prop-
erties of chlorine are also of process¥£echnological signi-
ficance, for example for the precipitation of iron and
manganese and for,the removal of sulphide sulphur. Other
elements, in contraSt, can pass into their stable oxidation
states and remain ih the water. An example of this is.
selenium, for which,on account of its toxicity, a low per-
missible level in drinking water, in the micfogram range,
has been laid down in most countries. The oxidation
potential of oxygen-containing water is about 600 - 800 mV,
and the selenium is then present in the neutral pH region as
selenite or hydrogeh selenite. The oxidation potential is
raised by chlorine to about 1100 - 1200 mV, i.e. into the
stability region of ;he selenate (Fig. 1). Thé relation~
ships for surface waters which are low in oxygen oOr organ-
ically loaded are even more remarkable. According to our
own work on nine rivers and lakes in West Germany, selenium
is present partly in themelementary form, and this increases
with increasing content of organic matter in the water. At
total selenium contents of 0.6 - 2.4'ug/l the elementary
selenium ranges between 0.25 and 1.9 ug/l, corresponding to
ratios of elementary Se to SeO%‘ of between 1:1 and 4:1

(cf. Table 1). While the elementary selenium may be elimin-
ated by flocculation, this is no% so effective in the case
of the selenite or selenate. Arsenic, on the other hand,
with consideration pf the usual oxidation poteﬁtiéls of raw
waters, 1is from'thevoutset present predominanfly as arsenite
or arsenate (Fig. 2). It also appears necessary to pay
greater attention to these effects of chlorination in the
future, since we have no detailed information on the occurr-

ence and the behaviour of individual inorganic species of
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such elements, especially as regards the course and the conse-

quences of oxidative water-treatment processes.

TABLE 1 Selenium content in West German waters ug/l Se (1977)
Waters Collection Total Selenite Elementary
site selenium ' selenium
Leipheim 1,40 0,25 1,15
Danube
Passau 1,10 0,50 0,60
Basel 1,20 0,65 0,55
Cologhe 1,90 0,60 1,30
Rhine
Duisburg 2,00 0,70 1,30
Karlsruhe 1,20 0,70 0,50
Lake
Constance Sipplingen 0,60 0,35 0,25
Main Frankfurt 2,40 0,50 1,90
Ruhr Milheim 1,90 0,50 1,40
Fulda Kassel 1,45 0,45 1,00
Weser Bremen 1,60 0;35 1,25
Elbe Hamburg 2,20 0,75 1,45
Neckar Ludwigsburg 2,30 0,50 1,80
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More important by far for the treatment of wafer, however,

are the reactions between chlorine and ammonia or ammonium
ions. These reactions are at the basis of technologies .
whose application and further development are of topical
significance. The technological aim is on the one hand the
degradation of nitrogen by a so-called break-point chlorin-
ation in which elementary nitrogen is formed as the main
product; organic nitrogen compounds are also partly involved
in these processes. In the second place the formation.of

. monochloroamine is intentionally brought about, to maintain

a long-term germicidal action in extensive water-distribution
systems. Chloramine is- also preferred when certain substances
in the water, such as phenol (1), fofm with the chlorine
substances having undesirable odours and tastes (chlorophenols).
The formation of these is substantially retarded by the pres-
ence of ammonia in the water, owing to the latter's fast
reaction with chlorine.

When chlorine is added to water, hypochlorous acid is produced
by hydrolysis, which dissociates to the hypochlorite ion
according to the pH and the buffer capacity of the water. If
ammonia is present, mono-, di-, and trichloroamine are then
formed:

NH, + HOCl ——= NH2C1 + H,O

3 2
NH2C1 + HOCl —/—= NH012 + HzO
1 —_— .
NHC o + HOC1 NCL. 3 + H20

Monochloroamine is produced first in a second-ordér reaction
(2), i.e. in dependence on the concentrations of both re-
action partners. On the basis of kinetic investigations a
molecular mechanism is assumed for this reaction, i.e. the
reaction is dependent on the pH and hence on the dissociation

equilibria of ammonia and hypochlorous acid. In contrast to.
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the case of monochloroamine formation, the rate constant for

the chlorination to dichloroamine as a non-catalysed reaction

of second ofder is lower byva factor of 104, because NH2C1

is less nucleophilic in :comparison with NH3.

In various studies it wés further established that the
formation of dichloroamine is associated with acid catalysis
via the pH and that disproportionation bf monochloroamine
alsé plays a part in this reaction. In addition to direct
chlorination of the monochloréamine at the nitrogen by a

second molecule:

NH, + NHC1,

2NH2C1 3

another two-stage mechanism can also take place:

= HOC1
NHZCTI + HZO = NH3 +

NH2C1 + H0C1=§=NH012 + H20

This compriseg‘a slow first-order hydrolysis followed by a
fast formation of dichlorocamine. Any ammonia or ammonium
present competes with the monochlorocamine and exerts a
stabilizing effect both on the monochloroamine and the
dichloroamine. '

Little information is available on the kinetics of the tri-
chloroamine formation, but it may be assumed that the uncat-
alysed chlorination proceeds very slowly to the third stage.
The optimal pH is below 4; at higher pH the chlorine must

be used in excess. To illuétrate the course 6f the reactions
of chlqrine with ammonia, knowledge of which is of consider-
able interest to the treatment of drinking water, univérsal
break-point diagrams were constructed in three-dimensional _
representation (3) (Fig. 3). The formation and degradation

of chloroamimes in dependence on the chlorine addition can be
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seen from the diagrams; the break-point formation after
various action times at pH 4 - 9 is shown in addition. The
stability regions for hypochlorous acid and hypochlorite and
for the individual chloroamines;can be represénted, as for
selenium and arsenic (3,4) (Fig. 4). |

Yok
_ ’/ /HOC! oct~/ 4.
N—- .
-
1IN AT, 1.3
Hoct //// '
& —& o
T 12 s—
S N
* - m: :
l NH. = Cl ¢| ' Fig. 4
» \Fl > Stability regions for HOCl/0C1”
) !$.' and chloroamines;
! Concentgation range
5 x 10 M~ 0.36 mg/l Cl,
10—~ - 110
4 5 6 7 8 9"
PH

Following the addition of chlorine to a water containing
ammonia or ammonium ions -(or the other way round), the
following pattern is 6bserVedr at a pH of about 7 and
higher monochloroamine is formed; below this pH the form-

ation of dichloroamine and trichlorocamine is preferred.
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Break-point formation is also impaired, because the éxcess
of HOCl contributes to a stabilization of trichloroamine;
the presence of trichloroamine in water is undesirable on
account of its irritating action. The monochloroamine-—-
dichloroamine ratio is determined‘mainly by the pH and less
by the excess of ammonia. However} an excessvof ammonia

slows down the degradation of mono- and dichloroamine.

The degradation reactions of‘the nifrogen compounds proceed

most rapidly in the region of pH 7. 'Monochloroamine, which

is relatively stable in the presence ‘of ammonia, is degfaded
by an excess of chlorine: o

+ Hy0 + 3 H + 3 €17

2 NHzcl + HOCl-*—Nz,

However, this over-all equation does not provide any insight
into the mechanism. It has been found (5) that the break-
point formation is essentially influenced by the inter-
mediate occurrence of dichloroamine, which is in turn
decomposed via nitroxyl radicals with an increase of free
chlorine to nitrogen as the main product (partly also to
nitrate). '

2 NHCl, + H,0 N, + 3 H' + 3 c17 + HOC1

2

The chlorine-nitrogen ratio is most favourable in the region
of pH 7; at 0.5 mg/l1 N as NH3
ratio is 8.2:1 by weight or 1.64 moles per mole. This ratio

or NH4+ in the water this

changes slightly to the chlorine side at higher pH but
strongly at lower pH, i.e. more chlorine is used'up; more-
over, a lower pH is also undesirable because the desired
break-point formation is then.not attained; only a partial
degradation of nitrogen compounds occurs. The nitrogen
remains in the water for a longer time, largely as dichloro-

amine and trichloroamine.
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Since most natural waters have a neutral pPH, reactions of
this kind.are not immediately expected. HoweVer,'during
water treatment,the situation can change. Relatively small
shifts of pH in the course of the treatment, e.g. due to |
loss of'CO2 as a result of a low and concentration-determined
‘buffer capacity of the HCO3_/CO32— system, affect the form-
ation and degradation of chloroamines and thus the break-
point development. The temperature of the water is also
amoﬁg such effects, because these reactions proceed more
slowly at lower temperatures. However, a concentration

shift also occurs in the chlorine-nitrogen compounds formed.
The amount of chlorine for the oxidation of ammonia becomes
somewhat smaller; also, an increase in ammonia (e.g. from

1 to 1.5 mg/l N) leads to a lower relative chlorine con-
sumption for the oxidation; the reason for this lies in an
intensified nitrate formation at lower ammonia concentrations

in the water (5).

All this indicates that, like other oxidizing wéter;treat—
ments, chlorination can exert certain effects on the inor-
ganic water constituents, effects that must be investigated
in greater detail in the light of present-day water loadings
and the legal specifications. The principles,of chloréamine
formation,which is both an essential reaction of ¢hldrine
‘with ammonia and an important Water—treatmeht process, -
should also be established. Since it is precisely here that
we find that the course of the reaction can differ according
to the type of the water, appropriate preliminary'studies’on
the practical performance of -the process must be carried out

in each individual case. = , /
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CHLORINATION - PRACTICAL REQUIREMENTS FOR ITS" APPLICATION

Y. Richard

Introduction

The main reason why chlorine is used in the treatment of
drinking water is to allow adequate disinfection. Origin-
ally, this disinfection(was carried out at the end of the
treatment line, just before pumping of the water into the

distribution network.

It is the aim of this réport‘to,examine not disinfection
proper but the phenomena that occur in disinfection when,
chlorine is introduced into the water, and during the contact
" time corresponding to paSsage*of'the water'through the dis-

tribution network.

On the other hand, only the case‘of chlorine will be con-
sidered, the other oxidizing agehts having been studied
elsewhere, though the possible interference of these diff- .
erent oxidants will be alluded to.

Once the water has entered the network, there is theoret-
ically no further chance for the pathogenic bacteria elim-
inated in the disiﬁfection treatment to develop.  Neverthe-
less, experience shows that there is a risk of contamination
in various parts of the network, namely in pipe couplings,

valves, and reservoirs.

' The disinfeééant will therefore need to reduce the risk of
poss;b}e contamination, andtthe application method will
eithé}:have to lead to an effect of persistent disinfection,
'of cause a residual amount of disinfectant to be maintained
in the network. It is the latter requirement that is applied

in chlorination.
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We shall therefore try to determine the conditions of the -

use of chlorine allowing a residual amount of chlorine to be
maintained . in the distribution network. The concentration

of the residual chlorine should furthermore be as constant
as possible, so that it can be the same whatevér the con=-
sumption situation in the distribution network.

I. Determination of the chlorine demand of a water

Two tests are needed to obtain an idea'of the éhloéine demaﬁd
of a water. The first of these is the'absorption curve of
chlorine,which allows a determination of the amount needed
to obtain a residue of free active chlorine (critical point);
the second is a behaviour test allowing a determination of

the evolution of the chlorine as a function of time.

I.1 Absorption curve of chlorine

Since this problem has already been dealt with elsewhere,we
shall simply point out in Fig. 1 the various parts of the
curve allowing different principlesbof application. It
should be remembered that this curve, which giVes the concen-
tration of residual chlorine asra function of the amount'of
chlorine introduced, is plotted for a constant‘contact.time.
This contact time is generally made equal to the time of
transit through the treatment installation.

Point A corresponds to ‘the appearance of the residual
chlorine in the water. - The residual chlorine iszthen in the
form of chloramine, and treatment‘at this dose will be
characterized by:

- persistence of ammonia,

- no improvement in clarification (decantation,
filtration) if the treatment is applied at the
head of the treatment line,



- .. slight intensification. of unpleasant taste,
- slow action on microorganisms,

- no formation of haloform compounds.

Residual chlorine
b mg/2

Determination of critical point

Chlorine dose introduced
— -

8 9§ m97|

Fig. 1 Chlorine absorption curve

Point C represents the critical point} it corresponds to the
appearance of free chlorine, and a prechlorination treatment
at this dose will have the following effects:

- elimination of the ammonia,

- improvement of unpleasant taste,

- considerable improvement of clarification,
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- effective .and rapid-action on microorganisms

(phytoplankton and zooplankton),

- formation of haloforms.

Treatment in zone B will lead to the formation of chloramine-
type compounds, with absence of free chlorine and the appear—
ance of haloforms, while treatment in zone D will be charac-
terized by the presence of a considerable amount of free

chlorine.

I.2 Behaviour test

The behaviour test consists of introducing a certain amount
of chlorine into the water, and following the residual con-
centration of chlorine as a function of time. One then plots
against time either the concentration of residual chlorine

or the amount of absorbed chlorine. The resulting curve
illustrates the kinetics of the reaction of chlorine with the
compounds present in the raw water. It répresents the
variation of the value of Cla, shown in Fig. 1, as a function

of time.

A‘\blo:bed Chlorine Cl,
7_ =g/1

Contact time (h)

T T < T U T ——

138 £ 48 I4 144

Fig. 2 Behaviour test: raw Seine water
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By way of example, Fig. 2 ‘Shows- the behaviour ‘teést ‘carried

out on a raw water. It was. ascertained that the amount of
chlorine absorbed after 2 h of contact (time of .the passage
through the installation) is 3.5 mg/l. After a contact time
of 24 h the amount of chlorine absorbed increases to 5.3 mg/1,
and after 144 h to 7.0 mg/l. A raw water directed into a net-

work therefore consumes a large quantity of chlorine.

I.3 Consequences

It is therefore necessary to find a solution that will allow
the production of a water that is as stable as possible,
whose behaviour test gives the flattest possible:curve,

thereby indicating slight absorption of chlorine.

The first technique used was to situate the first part of
the curve, where the chlorine consumption is both fastest

-and greatest, as early as possible in the treatment line.

This is the so—called‘"prechlorination" techniqué, in which
the chlorine is introduced at entry into the treatment
installation. Under these conditions the chlorine reacts
more or less rapidly with all the substances dissolved or
suspended in the raw water and with the reagents used during
the treatment.

Prechlorination also has the advantage of a considerable

improvement in the processes of coagulation, decantation,and
even filtration.

Incidentally, we do not intend to consider here the technique
of prechlorination with a contact time of over 24 h, which

can be used when the raw water is to be stored.

In the above case, it need only be indicated that this tech-
nique can result both in certain advantages (reduction in

the treatment concentration of the coagulant) and in serious:
disadvantages, favouring the conditions for the: formation of

chlorine compounds (e.g. haloforms).



IT. Factors influencing the absorption curve of chlorine

These factors can be due to the water itself or to the prac-

tical conditions of application of the chlorine.

IT.1 Composition of the water

The reaction of chlorine with the inorganic substances
present in the water has been studied elsewhere. It is
necessary to consider the possible reactions with the organic

constituents of the water.

IT.l1.1 Nitrogen compounds and the TOC

It is found that for one part of ammoniacal nitxogen it is
necessary to add 7.6 parts of chlorine in order to obtain
chlorination at the critical point. However, these_proporl
tions are not constant. Thus, while they apply to waters
containing ammonia and only a small amount of organic matter,
the ratio can rise to 15 for organically‘poliuted water.
Fig. 3 gives two examples for Seine waters containing
0.6 mg/1l of NH3, one of these coming from upstream of Paris
(permanganate oxidizability measured in an acid medium

4.3 mg/l), the other from downstream of Paris (permanganate
oxidizability 8.1 mg/1l).

It would obviously be ideal to f£ind a formula allowing a
calculation of the critical point as a function of the con-
centrations of various elements X, ¥, and Z present in the
water of the form: |

Treatment concentration for the ceritical point
= xf [X]1 + yv£f [Y] + z£ [Z2]+ ...

Various examples demonstrate the difficulty of finding such
a formula. “



Residual Cl, - Seine upstream (A) Seine downstream (B)

ng/1 ‘ N-NH, measured, mg/l . 0.5 0.5
Organic matter KMnO‘ (H') mg 02/1 4.3 8.1
Critical point value Cl, mg/1 7.2
6_ Critical point concn.
N-NH3 9.2 14.7
- Temperature 15°C
- Contact time 2 h
7/
3- J/
. 4
7/
4
Z | 7
,/
'd
‘,l
14 ‘
Cl, introduced mg/l ’
T T T T T T . a y - =
. A
G 1 ¢ 3 A 6 7 8 ¢ 0

Fig. 3 Chlorine absorption curve

a) Example of glutamic acid
Glutamic acid is an amino acid with the following formula:
COOH-CHNH,~ (CH, ) ,~COOH,

containing 5 atoms of carbon, which gives a TOC value of 60 g

per mole.

Its molecular weight is 147. 1In addition, one mole contains
14 g of nitrogen, i.e. for 1 g of nitrogen there are 4.26 g
of total organic carbon, this corresponding to 10.5 g of

glutamic acid.

Incidentally, glutamic acid does not correspond to the
‘amount of ammonia in water, at the very most a very slow

hydrolysis beinglobserved. Fig. 4 shows the amount of



Y (g/0)

L]
g Co = 10 mg/l of glutamic acid

50-! or about 0.95 mg/l of nitrogen .
or 1.22 mg/l of nitrogen expressed as NH,

SHPRIUINEY DU

Contact time, days

0 § 10 5 20

Fig. 4 Hydrolysis of glumatic acid as a function of time

nitrogen responding to an ammonia nitrogen determination as.

a function of time.

The formula of glutamic acid leads one toexpect a certain
reactivity of this subsgstance with chlorine. Fig. 5 shows
several curves for the absorption of chlorine by a solution

containing glutamic acid.

The dilution water was first saturated with chlorine, then
dechlorinated by means of ultraviolet radiation. The absence
of chlorine absorption by the dilution water was then checked.
Solutions with various concentrations of glutamic acid were
used. Fig. 5 shows the results of two experiments. It can
be seen that the ratio between the value at the critical ’
point and the amount of nitrogen introduced is 10.7 (as
opposed to 7.6 for ammoniacal nitrogen).

In addition, the general form of the curve is flatter than

that for a substance containing ammoniacal nitrogen....
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Solution of glutamic acid
1) (2)
Combined nitrogen mg/l 0.5 1
Organic carbon mg/l 2.13 4.26

Lritical point value mg/l 5.3 10.7
- Temperature 20°C . :
- Contact time 2 h

“Relidual chlorine
»g/1

Chlorine introduced, mg/l

0 5 S 20

Fig. 5 Chlorine absorption curve

b) | Example of amyl alcohol’

This compound, CH3—(CH2)3—CH20H, was chosen because it too
contains 5 atoms of carbon per molecule.

The chlorine absorption curve shows negligible absorption of
chlorine. One can find many examples of substances having

various TOC and not giving rise to any absorption of chlorine.

c) Example of pyridine

This compound, CGHSN}has a high TOC and contains one nitrogen.
It too does not lead to any absorption of chlorine (see
Fig. 6).

a) In conclusion, it must be accepted that, while the
ratio of chlorine introduced at the critical point to the

nitrogen increases with increasing organic contamination of
the water, it is not at present possible to link this factor

with the over-all composition of the organic contamination,
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whatever method is used: TOC, permanganate oxidizability,

UV absorption, etc.

4 rontdual chlorine, Influence of molecular, structure
ng/1
15- Iscamyl alcohol
5,97 mg /|
The organic carbon content
of cach compaund is
4 mg/l
10-
L] 1
Pyridine 5,36 mg /|
Glutamic acid
a 0 mg /|
Chlorine introduced, l:qll
. . ; -
0 5 10 15 20

Fig. 6 Chlorine absorption curve

II.1.2 Phenols

Fig. 7 shows the results of a study into the elimination of
phenol products by chlorination of a water that also had a
high level of industrial pollution, the untreated mixture
containing various dimethylphenols and o-cresol. Chlorination
of these compounds results in the appearance of a critical
point., Below the critical point the formation of chloro-
phenols causes an intensification of unpleasant flavour,
while above the critical point addition compounds saturated
with chlorine no longer correspond to the amount of phenol,
and the unpleasant flavour is almost non-existent. |



’ . ' - " Residual chlorine
‘l Phenol mg/l oo/l 4

-20

Phenol

Chlorine

-10

Chlorine introduced,

0 10 . 0 mg/l

Fig. 7 Elimination of phenolic compounds by chlorination
of an industrial water

Thus , phencl too;participatesin the absorption of chlorine in
water, and chlorination at the critical point allows the

organoleptic properties of water to be improved.

IT.1.3 Conclusions

It would seem at present that it is not possible to determine
the value of the critical point of a water from contamination
analyses habitually carried out on water. At the most, one
can assume that.the ratio chlorine introduced at the critical
point/ammoniacal nitrogen increases as a function of organic
pollution, even though it is nét possible to pinpoint this
value Within the range between 7.6 and 15.
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I1.2 Variation of the chlorine absorption curve

Several factors may cause theebsorption curve of chlorine in
water to vary. Some of these may increase the chlorine
demand of a water, while others may mask it.

Ir.2.1 Increase of the absorption of chlorine by water

This concerns all reagents that may cause a suppleméntary
absorption of chlorine. A typical case is the use of silica

activated with ammonium sulphate. Fig. 8 shows its effect:

Residual chlorine,
* »g/1
- Raw Seine water
6 2 Contact time, 2 h
5' (1) R4 + AS
(2) RW + a8 + 1 mg/l Sj.o2 (0.13 mg/1 N) ,
E 7
4‘ (3) RW + AS + 3 mg/l 810, (0.40 mg/1 N) /{
7
V4
Vd
3- Ve
7/

Chlorine introducedd\gll
T _—

0 1 2 3 4 5 6§ 7 8 9 1

Fig. 8 Effect of the use of silica activated with
ammonium sulphate o

for treatment concentrations of activated silica (Si02) of
between 1 and 3 mg/l, i.e. for amounts of nitrogen (expressed
as N) introduced into the watér equal respectively to 0.13
ana 0.40 mg/l, one observes ahvincréase in the value of the
critical point, which rises from‘3.é to 4.2 and 6.2 mg/1l of
chlorine. At the same time, the form bf the absorption
curve changes, tending towards the typical form obtained with

a pure solution of ammoniacal nitrogen.
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IT.2.2 Effect of powdered activated carbon

In the face of the degfadation of the organoleptic properties
of raw water, activated carbon has been used more and more
often. The powdered form is now used most. frequently, at
least at the start,‘whén the’ﬁse of the activated carbon may
be periodic. The carbon is introduced during coagulation-
flocculation, in order to profit from the time of contact

required for the flocculation.

The use of powdered activated.carbon in diffuse flocculation
units, situated upstream of static or plate decantation
units, does not involve any appreciable change in the methods

of application of prechlorination.

In contrast, in the cése of sludge-bed decantation units
(Accélator or Pulsator types), some. changes in the observed

phenomena do occur.

Thus, the use of a treatment‘coﬁgentration of 15 mg/1l of
powdered activated carbon allows a concentration effect to be
obtained in the sludge bed, where the concentration of acti-
vated carbon can reéch 1l g/1l. This has a favourable effect

on adsorptién, and it is impSrtant to determine more precisely

the effect on prechlorination.: -

Fig. 9 shows chlorine absorption curves obtained in an instal-

lation with and without activated carbon.

A very flat curve is found in the case of the treatment using
powdered activated carbon, which is advantageous for oper-
ation: a sudden variation of the critical point will not
disturb the residual concentration of chlorine in the treated
water. It is important, on the other hand, to determine its
effect on the treatment‘bfAthe'water itself. To this end,

the installation, which included a Pulsator decantation unit,
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Rpaidual chlorine,
R
Raw Seine water
5_4 Temperature 20°C
(1) RW + AS

(2) RW + AS + AC (15 mg/1)

3- ]

2 .

h @
‘//_—-C—hlorine intriduced, mg/L

00 1 243 4

5 4 7 8 9
C

Fig. 9 Absorption of chlorine with or without
powdered activated carbon

was operated with prechlorination treatments at points A
(2.5 mg/1l, i.e. below theicritical point), B (4.25 mg/l, at
the critical point itself), and C (6 mg/l, i.e. above the
critical point). '

The water, industrially filtered through sand, was sampled
after each of these treatments, and the chlorine absorption

curve was plotted for each sample.

The results (Fig. 10), lead to the following observations:

- in water C there is no secondary consumption of
chlorine,
- in water B the absorption curve develops normally

without any significant'secondary.consumption)
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in water A, a secondary absorption of chlorine and
the appéarance of a’critical point at artreatment
concentration of 1.8 mg/l are observed. If one
adds together theltreétment concentration and the
concentration used previously durind'decantation
with powdered activated carbon (2.5 mg/l), one
obtains a total of 4.3 mg/1, while'thé treatment

concentration without activated carbon is.4.1 mg/l.

Residual chlorine, ' ’ Tests carried out on water prechlorinated
4 / | with a treatment concentration ;

() above

{B) equal to the criticql point

&) below’

Chlorine introduced, mg/1

Fig. 10 Chlorine absorption curve for a water
vtreated with powdered activated carbon

The excess chlorine absorption is thus only 0.2 mg/l for the
installation under consideration, the introduction of acti-
vated carbon being carried out 30 sec after the introduction

of the chlorine, for the same quality of raw water. .

The use of powdered activgted carbon under these conditions
has hardly any effect on the prechlorination treatment,apart

from a very slight excess absorption.
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Incidentally, Yeceht studies’ have shown "that it was futile, '
from the bacteriological point of view, to provide a raw
water-chlorine contact time of the order of 15 min before

the introduction of the powdered carbon.

Prechlorination can therefore be carriéd'out without any
drawbacks, in a decantation unit usiﬁg pOwdered active carbon,
the carboq not impeding the oxidiziﬁéiaction of chlorine on
products that contain nitrogen in the form of ammonia, but
allowing the adsorption of certain precursors of the form-

ation of haloforms.

III. Factors influencing the behaviour of the test

In certain cases the chlorine demand of water varies without
the chlorine absorption curve showing a proper critical point.
The action of ozone interferes with the chlorine, and it has
proved possible to demonstrate a relationship between the
humic acid index and the chlorine demand of a water.

Numerous tests have been carried out on this interference,

which can be summarized in the following experiment.

Raw river water is subjected to the following treatment:

- prechlorination with a dose higher than the
critical point (or break-point),

- coagulation—flocculétion-decantation,

- adsorption treatment with powdered activated
carbon added to the decantation unit,

- filtration. I o

e
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This produces a treated water of excellent quality, whose

characteristics are as follows:

= PH A : 7.4
- - Colour (mg/l of Pt Co) : 5
- Suspended matter (mg/l) : 0.3
- Turbidity (JU) : 0.1
- KMnO4 oxidizability. ‘
(acid medium, mg Qz/l)  : 1.25
- ~ CAT (°F) S : 16
- HT (°F) R : 25
- Anionic detergents (mg/1) : 0.10
- Phenols | : not detected

This treated water (water T) was subjected to a chlorine
absorption test as a function of time, the results of which

are given in Fig. 11.

Residual chlorine,
A mg/1

06
071

\X\x\ water T + 0.8 mg/l of chlorine

X —_— L%

" wdter T + 0.3 mg/l of chlorine
2

013'\‘.,.—.,-.—_-'- -t +—h + §r +

Time, min

T U T v T T T

0 T 2 30 40 50 6 .70 8 S 100

Fig. 11 Chlorine absorption curve for water T
as a function of time
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It can be seen that the water absorbs practically no'more
chlorine; which would seem obvious a priori, since the water
was previously treated with a treatment concentration higher
than the critical point value. This applies to the two treat—
ment concentrations tried: 0.3 mg/l and 0.8 mg/l, and the
chlorine absorbed in 100 min was respectively 0.03 and

0.06 mg/l, which is of the order of the experimental error.

Fig. 12 shows the same water T treated again with 0.3 mg/1l
of chlorine to check the absorption of chlorine in this

sample; the absorption is virtuallymnon—existent.

oS

0 5_ Y‘hlorine
?

e oy L\ |

Residual Introduction of Introduction of ozone Introduction of chlorine
°:’g:::23 agentl  Cpiorine 0.3 mg/l | Treatment : 1.15 mg/l 0.75 mg/1
P wg/l of Residue : 0.52 mg/1l
# chlorine +
08. Chlorine absorbed
! 0.3 mg/1
07 ' %
v \ \
0'6- \+\+ .
Ozone + —t

0 3' + + : '
i \ Chloxine absorbed
021 l \ { BT
¢ \
(11' . +
- Water T | ,!: : : . : ﬁL—_’ — Tim‘e, min >
0 0 10 20 3/ 0 W 30 40°SGp 1 20

Fig. 12 Effect of ozonization on the absorption
of chlorine

Ozonization of the water was carried out after 30 min of
contact. The treatment concentration was 0.8 mg/l1 (or 1.15 mg
if this dose is expressed as a chlorine equivalent, as on the
graph) which ensures an ozone residué‘bf b.35 mg/l (or 0.52
expressed as the chlorine equivalent).: The total contact

time in two contact columns was 8 min: 4 min plus 4 min,
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The water was then left to stand and the total residual
oxidizing agent and the total residual chlorine were measured.
The difference between the resulting curves represents the
evolution of the residual ozone, expressed as chloriné. A
reduction in the amount of residual ozone is found, which is
normal, but there is also a reduction in the residual
chlorine: consumption of chlorine does, therefore, take
place, in this case in an amount of 0.2 mg/l after 50 min of
contact. To confirm this finding, a new chlorine absorption
test was carried out: 0.75 mg/1 of ch}orine was introduced into
the water,and the residual chlorine was checked as a function
of time: a sudden fall in the residual chlorine was found:

0.25 mg/l was absorbed in 10 min and 0.30 mg/l in 30 min.

In all, the ozone treatment thus caused a secondary con-
sumption of chlorine, amounting to 0.5 mg/l in the case in

guestion.

In an attempt to define more accurately this secondary absorp-
tion of chlorine, trials were carried out in another install-
ation treating a Loire water. Fig.l13 shows the variation of
the chlorine demand of this water as a function of time for
‘up to 24 h of contact. The demand varies according to the
stage of the treatment, and we have compared it to the amount
of humic acid present. Fig. 14 shows the relationship

obtained between these two factors.

It can be seen that the reduction in the amount of humic
substances allows the chlorine demand of a water to be con-
‘siderably reduced. This elimination will at the same time
reduce the quantity of certain haloform precursors during

chlorination.
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IV. Conclusion

Taken together, these observations allow a determination of
. the procedure to follow in the application of a chlorination
technique:

- Avoid chlorination in conjunction with prolonged

storage of raw water, -

- As far as possible, eliminate organic and humic
material by regulating the clarification treatment
more precisely. 1In particular, it will be necessary
to adjust suitably the treatment concentration of
the ébagulant, for the sake of a better elimination
of colloids and organic matter, and to avoid insuff-
icient treatment by seeking an acceptable turbidity
while allowing organic matter capable of being

eliminated at this stage to remain.

- It is possible to use a small dose of powdered
activated carbon at the coagulation-flocculation=-
decantation stage. The sludge-circulation or

sludge-bed decantation units favour this effect.

- In the case of prechlorination, treat at the
critical point, but avoid treatment too far

above it.

- Again in the case of prechlorination, adopt
sufficiently high rates of decantation and
filtration to avoid conditions favouring the

( formation of haloforms.

In all these cases a complete and well applied treatment, as
regards both clarification and adsorption on granulated
activated carbon, should allow the potential of chlorination
to be utilized as far as possible, while avoiding the adverse
effects that chlorination can provoke if it is incorrectly

carried out.
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CHARACTERIZATION OF ORGANIC WATER CONSTITUENTS BY THE
KINETICS OF CHLORINE CONSUMPTION

H. Bernhardt and O. Hoyer

1. Introduction

With increasing eutrophication of the Wahnbach dam in recent
years the chlorine demand for the disinfection of treated
drinking water increased as well. Only with the aid of

repeated post-chlorination in the distribution network

could it be ensured that the water in the towns and communities
supplied still contained some chlorine. In spite of this increase
in post-chlorination, in recent years sudden bacterial growth has
been occurring more and more often in some parts of the pipelines
and overhead tanks. This growth pointed to a reduced safety 1
af the drinking water supply and was the reason why we started

a detailed study into the extent and the course of the chlorine
consumption in water. 1In the 'course of this work we discovered
that the dam water consumes different amounts of chlorine at |
different times of the year. Fig. 1 shows that the chlorine
consumption of the dam-water to be treated is essentially lower
during winter than during the summer, when intensive growth of
algae takes place and algal organic compounds are released into the
water. These changes in the quality of the dam wateb, however,
cannot be-detected by determining the content of dissolved .
organic compounds (DOC), since the concentration change of the
DOC is relatively small.

Detailed investigations, carried out because it had been
shown that the flocculation process in the treatment of

the dam water with aluminium salts is affected by the compo-
sition of the biogenic organic substances in the water, have
demonstrated the influence of algal substances on water
treatment (1).
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Determination of the chlorine consumption as an analytical
procedure for characteriiing'water with respect to its
organic substance content has been performed for years, but
has lost ground in recent years. A report on the various
procedures used for the determination of the chlorine con-
sumption of water will be found in an earlier paper (2).
Since the latter work also contained a detailed bibliography,

this will be omitted here.

2. Investigations of chlorination kinetics

If a certain amount of chlorine is added to a water sample
and the fall of the chlorine concentration is followed con-
tinually as a functibn of time, statements can be made about
the kinetics of the chlorine consumption. For this purpose
it is useful to plot the logarithm of the chlorine concen-
tration measured in the sample against time. Fig. 2 shows

the course of the chlorine consumption for two different
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Fig. 2 Chlorine consumption in water samples from the
Wahnbach auxiliary dam (inlet) and from the
filtrate of the P-ellmlnatlon plant (outlet)
(27 July 1978)

waters in such semi-logarithmic representation. One of the
samples was water from the Wahnbach auxiliary dam, considered
as strongly eutrophic, and the other the filtrate from a
phosphorus—-elimination plant by the Wahnbach dam, in which
the content of organic substances is diminished by 50 - 70%
by the treatment step, depending on which parameﬁers are
used to evaluate the organic substances. From these curves,
which are reproduced schematically in Fig. 3, it can‘be seen

that the chlorine consumption can be resolved into:

a) a spontaneous consumption that takes place extremely
rapidly and cannot be followed as a function of time with

our measuring procedures,

b) a rapid chlorine consumption within the first 3 h (in

the shaded region) and
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c) a slowly progressing chlorine consumption, which can

be observed over the subsequent longer period of time.

6t = €y + off = P Dt 4 (P kOt

cft) = Cft) = Cia000min) ~Co-e ™

1 f0r120min st s 600min

¥ Measured values

’é ® Calculated values
PN T T | S
- Cisomin ™ §
_\\ it=1000ciia

0.2 ct |
N
0-1 [ § ] J ) [] l\ i
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Fig. 3 Diagram for the calculaticn of magnitudes from
the course of the Cl,;-concentration against
reaction time. The spontaneous consumption is
not included in the Cl,-concentration at time t = O

The semi-logarithmic repfesentation shows ' that the slow
consumption of chlorine takes place linearly with time, so
that this slow consumption phase can be described by a first-
order rate equation whose rate constant K2 is calculated

from:

K= 1n C/C, . 1 (min71)

To obtain the rate constant Kl‘of the fast reaction, the
fraction of the chlorine concentration corresponding to the
slow consumption rate is extrapoléted to £t = 0.. By sub-

tracting this fraction of the concentration from the total
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chlorine concentration present at the time, the fraction of
chlorine concentration corresponding to the fast reaction is
obtained. Plotted semi-logarithmically against time, this
fraction of the concentration also gives a'straight line, and
thus also corresponds to a first-order reaction. It is
remarkable that the complex chlorine-consumption reaction
can be represented empirically by two superimposed first-
order reactions with rate constants differing in nearly all
‘cases by two powers of ten. As Fig. 2 shows, for the water

sample from the auxiliary dam (inlet):

Kl = 0.4 - 10-2 (mi"-l) and

K2 = 6,45+ 1077 (min1y,

while in the case of the chlorine consumption'by the filtrate
from the phosphorus-elimination plant no value for Kl was
found and K2 was only'2.12-10—4 (min~1).
The higher the rate constant measured, the faster does the
chlorine consumption take place in the respective water
sample. The rate of this chlorine consumption is determined
solely by the nature and the amount of the organic substances

present in the water. It was found that ammonium ions are not

1 and K2. With the aid of

continual measurements of the chlorine consumption and the

included by the rate constants K

determination of the rate constaﬁts, it is also possible to
characterize a water with respect to its content of organic
material. Continual measurements of the course of the
chlorine consumption therefore constitute a further sum
parameter for the evaluation of water, with particular
reference to the chlorine-consuming organic substances.
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3. Performance of the chlorine-consumption measurements

The measurement of the chlorine consumption as a function of
time is carried out on 5-litre samples in brown glass bottles.
This volume size eliminates the possibility of a wall-effect
(cf. Maier and Mackle) (3), which can simulate a high and
unrealistic chlorine consumption. We have already reported

on this point (2).

The fall in the chlorine concentration against time is

measured continuously with an automatic analyzer. For this

we set up the Autoanalyzer 2 (Technicon) in‘accordance with the
German unit process G4 (DEV G4), in such a way that during a
measurement over 24 h the water volume of the sample decreases by
~only 20% at the most. The measurement region was between

<-0.05 and 10 mg/l of chlorine. To be able to measure the
sample'with the Autoanalyzer the sample must be free from
particular substances, and it is therefore necessary to filter
the test sample through a membrane filter with pore diameters
of 0.45 ym. The method for the determination of active and
free chlorine for the Autoanalyzer input according to the

DEV G 4 is described elsewhere (4).

4. Influence of the chlorine-carbon ratio on the chlorine

consumption kinetics

The chlorine reaction here under discussion is a complex
reaction of many organic compounds, not known individually,
with only one reaction partner, chlorine. Since the differ-
ent materials react with the chlorine at different rates, a
sufficient amount of chlorine is necessary, so that the

fast reactions are not preferred to the simultaneously
occurring slow reactions. If this were allowed to happen,
the fast reactions would use up the available chlorine too
quickly, so that not enough chlorine would be left for the
slow reactions, and the course of the over-all consumption

would be falsified. Therefore, the chlorine-carbon ratio

~



- 116 -

established at the outset of the kinetic measurements is of

decisive importance.

Our detailed investigations were concerned with the influence

of the chlorine-carbon ratio on the raté constants. For

these experiments we used as typical water constituents high-
molecular weight organic acids ‘(humic acids) isolated from the water
of the Wahnbach dam in April 1978. We obtained these humic

acids by alamine extraction and molecular weight separation

with an Amicon UM-2 membrane, exclusion’limit MW 1000 (5,6).

The procedure was to add a suitable amount of DOC to a 5~

litre sample with a specified chlorine content. Blank con-

sumption of chlorine could thus be eliminated.

(mnll‘ ° J
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Fig. 4 Initial concentration C£:>and rate constant Ké:>for
the fast partial reactionl:Dof the chlorine con-
sumption in dependence of the DOC with various
Cl,/C ratios



- 117 -

The results of these experiments have been,compiled in
Figs. 4 and 5. Fig. 4 shows that the rate constants of the
first fast chlorine consumption (Kl) for chlorine-carbon
ratios (weight concentration gatios) of 2 or 3 in the region
of 1 - 4 mg DOC/1’are approximately constant. With a
chlorine-carbon ratio of more than 2, on the basis of the
chlorine excess then present, the initial chlorine concen-
trations Cé obtained by extrapolation (see Fig. 3) are pro-
portional to the concentrations of dissolved organic carbon
(DOC) present in the water (see, the ﬁpper part of Fig. 4).
This shows that above a chlorine-carbon ratio of 2 the
chlorine concentration provided is sufficient for the fast

chlorine-consumption reactions. . .

For the slow chlorine-consumption reaction the.situation is
not so favourable. Fig. 5 shows that rate constants are not
independent of the DOC until the chlorine-carbon ratio
-reaches or exceeds 3, and then remain constant. At a chlorine-
carbon ratio of‘2 there is still a slight variation of the
rate constants with the DOC. A chlorine-carbon ratio 1 means
in all cases an insufficiency of chlorine. This can also be
derived from the dependence of the initial chlorine concen-—
trations Cg obtained by extrapolation (cf. Fig. 3). Not
until a chlorine-carbon ratio of more than 2 has been reached
is the chlorine excess provided sufficient for an optimal -
chlorine-consumption reaction and the Cg values calculated

are proportional to the DOC.
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Fig. 5 1Initial concentration Cé:>and rate constant K<:>for
the slow partial reaction (:) of the chlorine con-
sumption in dependence of the DOC with various
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An attempt was also made, by forming differences, to calcu-
late a rate constant independent of the actual chlorine con-
centration in the samples and thus independent of the chlorine-
carbon ratio. For this purpose the chlorine concentration
after 1000 min of reaction time (C1000 min) was subtracted
from the chlorine concentration C obtained and plotted as a
separate curve in semi-logarithmic coordinates in Fig. 3
(curve C). Extrapolation of the middle, linear part (125 -
600 min) of this relative chlorine consump-ion curve to

t = 0 gives the calculated initial chlorine concentration Co'
From Fig. 6 it can be seen that for chlorine-carbon ratios of

1 to 3 the initial chlorine concentrations so obtained
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increase in proportion to the DOC content and independently
of the chlorine-carbon ratio. Unfortunately, however, the
rate constants K calculated in this way (the lower partvof
Fig. 6) for the DOC~concentration range of 1 - 4 mg/l are not
as independent as was hoped. The scatter of the iﬁdividual
values for the different chlorine-carbon ratios is so unsys-
tematic that no curve must be drawn through these poiﬁts. The
same unsystematic variation of the results was observed in
the evaluation of the kinetic chlorine consumption experi-
ments on different waters. These relative rate constants
were therefore not introduced as a means of characterizing

waters.
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Fig. 6 1Initial concentration Cé:) and rate constant K(:)
for the chlorine consumption obtained from the
difference in the chlorine concentration after

1000 min of consumption in dependence on the DOC
with various C1l,/C ratios '
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5. Formation of organochlorine compounds during a 20 h’

chlorine action period

Both the high-molecular and low-molecular weight organochlorine
compounds are formed in the reaction of chlorine with a
mixture of organic substances in water. In this respect it
is interesting to ask whether there is a connection between
the chlorine consumption and the amount of organochlorine
compounds formed. Therefore, at the end of a chlorine
reaction' time of 20 h the total content of organic chlorine
compounds formed (TOCl) and the content of haloforms were
calculated and related to the concentration of organic carbon
compounds (DOC), with an allowance for the chlorine-carbon
ratios in each case. The results obtained for our model
substance (humic acid as auxiliary dam water) are collected
in Fig. 7, according to which both the formation of halo-
forms and of the total organic chlorine (TOCl) takes place
in proportion to the concentration of organic compounds in
the water samples, irrespective of the selected chlorine-
carbon ratio. Thus, above a certain minimum chlorine amount
it does not matter for the formation of TOCl and haloforms
how high the concentration of chlorine is in relation to the
DOC concentration present, provided that a sufficiently long
reaction time is allowed. The experiments have shown that a
period of 20 h is sufficient. This finding is decisive for
the practice of water treatment in respect to the chlorin-
ation and the transport timeslof'thé water to the consumer.
It shows that, independently of @hether the water has been
subjected to preliminary chlorinétion; high chlorination, or
break-point chlorination, increaSiﬁg‘cdnéentrations of organo-
chlorine compounds in the water must be reckoned with when-
ever increasing concentrations of dissolved organic compounds
are present in the water to be treated if the compounds are
capable of reacting with chlorine (precursors). Further
trials (see Fig. 12) have shown that this proportionality is
also observed for natural water with an unknown mixture of

organic compounds.
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The practicability of this method of continual chlorine-

consumption measurements was checked in the period of June

to August 1978 on numerogs water samples from the eutrophic

Wahnbach auxiliary dam, on the filtrate from the phosphorus-

- elimination plant, and‘on.wafer samples from the mesotrophic

Wahnbach dam itself.

In éddition, during the same period

corresponding trials were performed on water samples from
the Rhine at Bonn to determine whether this process is also

applicable to surface waters polluted not only by domestic
sewage but also by industrial effluents.
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Fig. 8 shows the rate constants from the chlorine consumption
measurements on water samples from the Wahnbach auxiligry dam
for the investigation period. They are compared with the UV
extinctions at 280 nm and with the DOC contents in these
water samples. A really good correspondence of the course

L and K2 and the sum parameters of UV

extinction and the DOC can be seen. In both cases the rate

of the rate constants K

constants obtained were plotted on the diagram as they
resulted from the concentration changes in free active and
total active chlorine. With the exception of two measured
points, these K-values hardly differ from one another. It
should be noted in this context that in June 1978 there were
still analytical difficulties in the performance of continual
chlorine-consumption measurements, and for this reason only
one value was available for June. ‘ ;
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1 ana x? values obtained in this period for the

If all the K
three waters are pldtted against the UV extinction at 280 nm
(see Fig. 9), a clear dependence on the concentration of the
dissolved organic substances responsible for the UV extinc-
“tion is observed, especially in the case of the constant K2
of the slow reaction. The values for the auxiliary dam water
to the right of the broken line in Fig. 9 approximately
continue the course of the measurements from the other
samples. However, no straight regression line can be drawn
through these points, since at present there are still not

enough measurements for extinctions greater than 6 m_l.

On the other hand, the connection between the rate constant

of the fast reaction Kl and the content of organic substances
in the water, that cause the UV extinction at 280 nm, is not
so .clear. A dependence appears to exist for the auxiliary
dam water (to the right of the broken line) but not for the
water samples from the filtrate of the phosphorus-elimination
plant and the Wahnbach dam itself (left of the broken line).
A possible explanation may be that during the treatment of
the auxiliary dam water, rich in algae and humic materials,

a selection of the organic substances takes place, in which
the high-molecular materials are preferentially removed from
the water, causing a proportional increase of the low-
molecular organic compounds in the filtrate of the elimin-
ation plant and therefore also in the Wahnbach dam (7).
Further studies will show to what extent there is a dependence
of the chlorine reaction rate on thg molecular weight range

of the organic substances present in the water.
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Rate constants of the fast (K®) and slow (K@)
chlorine consumption reaction plotted against the
UV extinction of water samples from the Wahnbach

auxiliary dam,

from the filtrate of the P-elimination

plant, and from the Wahnbach dam (June-August 1978)

10 gives the results of experiments on Rhine water
Changes in the

rate constants for the slow (Kl) and fast (K2) chlorine-

consumption reactions are plotted, obtained from the concen-

tration changes of free active and total active éhlorine, as

well as the UV extinction at 280 nm and the DOC content.

To

facilitate an interpretatioﬁ of the results, the river flow

of the Rhine during this period has also been plotted.

Here

too a relatively good parallel is evident between the indi-

vidual quantities, but most of all between the UV wvalues and

the Kl.
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Fig. 10 Time variation of the usual quantities in comparison
with the chlorine consumption rate constants K(:)and
K(:)in water samples from the Rhine at Bonn

If the K1 or K2 values of these Rhine water samples are

plotted against the UV extinction at 280 nm (Fig. 1l1l), a
connection also appeérs. Increasing céncentrations of
organic substances, which cause UV extinction, lead to an
increase of the rate constants of the chlorine consumption.
Remarkably, in the Rhine water samples at the same extinctions
the Kl values are about twice‘those ih the water samples from
the Wahnbach dam system.
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Fig. 11 Rate constants of the fast K@and the slow K@
chlorine consumption reaction plotted against the
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7. Connection between the rate constants and the form-

ation potential for organochlorine compounds

In Fig. 7 the proportionality between the formation potential
of organochlorine compounds and the content of organic solved
compounds was clarified in the light of experiments with the
prepared humic acid from auxiliary dam water. Similar experi-
ments were performed on water samples from the Wahnbach
auxiliary dam, the Wahnbach dam itself,‘and the filtrate of
the phosphorus—elimination plant. The results are reproduced
in Fig. 12. Here too, like in Fig.7, there is a really good
correlation between the amount of TOCl or haloforms formed

after a reaction time of 20 h and the content of organic
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substances causing UV extinction in the water samples (values
to the right of the broken line : Wahnbach auxiliary dam).
Such a connection is also found for water samples from the
Rhine. It is noticeable that in the water samples from the

Wahnbach dam itself (ieft of the broken line) the essential
part of the TOCl is due to haloforms

200 -
{past}
_ 150+
3
:
§
% 100+
s
S Fig. 12
g TOCl and haloform formation
5 ~ potential in dependence on
? 5o UV extinction in water samples
g from the auxiliary dam, main
5 dam, and filtrate from the
P-elimination plant
0

Extinction 280 nm

If the rate constan-.. K2 for the slow reaction are plotted

against the correspounding concentrations of organochlorine
compounds (TOClL and haloforms) formed by the chlorine-
consumption reaction, a clear dependence—is again observed.
The amount of TOCl formed and of haloforms increases with

. increasing reaction rate, but not without limit, as can be

seen from the exponential course of the curve for the
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K2

ection is not so clear for the fast reacction, expressed by

- TOCl system in Fig. 13. On the other hand, this conn-

the constant Kl (see Fig. 14).
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Fig. 13 Connectioh between the slow chlorine-consumption
reaction@ (rai:e constant K@) and the formation
of organic chlorine compoundsA(TOCl) and haloforms
in water samples from the Wahnbach auxiliary dam,
the filtrate of the P-elimination plant, and the
Wahnbach dam (June~August 1978)
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reaction @ (rate constant K@)' and the formation
of organic chlorine compounds (TOCl) and haloforms
in water samples from the Wahnbach auxiliary dam,
the filtrate from the P-elimination plant and the

main Wahnbach dam (June-~August 1978)

From these results the over-all conclusion can be drawn

that within certain limits when the extent of the formation of
organochlorine compounds is gdgreater, the faster is the
chlorine consumption reaction in a water sample. Detailed

investigations on this entire complex are, however, still

outstanding.

8. Experiments on chlorine consumption with algal
suspensions and algal culture filtrates

The organic substances released by algae, insofar as they
have a saccharide structure, respond only inadequately to
the DOC determination used by us with UV oxidation (8).
Depending on the algal species, DOC values that are essen-
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tially too low are obtained under certain circumstances, so
that the chlorine-carbon ratio for the continual chlorine
consumption measurement cannot be sufficiently securely
established, for which reason preliminary experiments té
obtain the expected chlorine consumption are advised. On.
account of the associated uncertainty of the values obtained
we have as yet made no statements on the evaluation of the
chlorine consumption rate, although differences dependent on
the algal type can be discerned. A comparison of the chlorine-
consumption kinetics for algal suspensions and algal membrane
filtrates shows differences that may well be connected with
the stability of the algal particles, although the course of
the consumption is essentially similar. Further investi-
gations on this are envisaged, which should also take into

account the age and the stage of the algal culture.

Formation of organochlorine compounds by chlorination of

algal cultures and algal culture filtrates

Fig. 15 shows the course of the TOCl formation plotted against
the reaction time of the chlorine consumption, for suspensions
of some algal species*. The particulate organic carbon (POC)
content in these trials was approximately 60 mg/1l; the
Pseudanabaena suspension contained only 40 mg POC/l. The

TOCl formation with this alga was very pronounced and,
referred to particulate organic carbon, nearly double that
with the green algae Carteria and Pandorina which were also
studied. The siliceous alga Fragilaria, on the other hand,
has the lowest TOCl-formation potential. A corresponding
series of measurements with water from the Wahnbach auxiliary
dam of 6.7.1978 fits in well with these data. At that time

*The strains used came from the collection in the Biological
Laboratory of the WTV, isolated by Dr. Clasen:

Fragilaria crotonensis C 68/6
Carteria radiosa C 69/15
Pandorina morum cC 72/2
Pseudanabaena galeata C 67/2
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the algal population had risen to 200,000 individuals/ml,
consisting chiefly of microalgae and flagellates. It is
typical for all algal species that the bulk of the TOCl --

nearly 90% -- is formed in the first 5 h of the chlorine
reaction.
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If, however, the haloform formation is plotted against the
reaction time of the chlorine consumption (Fig. 16), it is
noted that, with the exception of the Fragilaria suspension
and the auxiliary dam water, the amounts of haloforms pro-
duced in this series of experiments are only small and even
begin to decrease with longer reaction times. This could be
due to the fact that the haloforms formed are bound to  the
algal particles and to the cell fragments (detritus) produced
by the chlorination, and are therefore not susceptible to the
pentane extraction used for the determination of the halo-
forms. This explanation is supported by the fact that no
decrease of the haloforms is observed in the case of the
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siliceous alga Fragilaria, which is-very readily attacked by.‘
chlorination, and in the case of the microalgae predomin-
ating in the auxiliary dam water ddringbthe investigation
period. This could yield indications on the treatment of
water for drinking water with respect to the removal of halo-
forms by particulate organic substances (detritus) that can
be flocculated and filtered off.
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To give a general view of the situation, we compared (see
Table 1) the production of organic chlorine compounds in
unfiltered algal samples with the production of organic
chlorine compounds in similar algal samples that had under-
gone membrane filtration. The last ‘two columns on the right of
this table contain the percentage TOCl and the proportion of halo-
forms after 20 h of chlorine reaction time in the filtered
samples, referred to the TOCl and haloform content in the
corresponding unfiltered samples. While the TOCl-formation
potential in the membrane-filtered samples is lowered .y

about 50%, the haloform—-formation potential in the membrane-
filtered samples is several times that in the unfiltered
samples. Fragilaria is again an exception; here there is a
decrease to about 30%.
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TABLE 1 TOCl and haloform-formation potential (20 h reaction .
time) in algal suspensions in comparison with the
corresponding membrane filtrates (0.45 um)

7
unfiltered membrane-filtered
Species

ampie ‘ or 1 DOC | TOC! | Halof,{TOC | [Halof.
samet alga 155;0/? T"Ogﬁl 'Hpaqlﬂf Dmg/l polt | pali {ofunt. {*nunt

Fragilaria (14.6) | Siliceous alga | 57 255 1174 | (1.7)] 165 30} 62 36

Fragilaria ( 3.7) .Siliceous alga 62 165 192 2.1 87 32 52 27

Pseudanabaena Blue alga 40 | 400 | 22 § {11)| 173 | 106 ; 43 | 480
Carteria Green alga 53 300 18 50 155 92 52 510
Pandorina Green alga 57 ‘ 290 6 6.5 165 4’4 57 730 ‘

Auxiliary dam Mikroalgae = 292 106 2-9 151 197 52 i 186

(6.7.78) b - [

These figures show how different the effects of chlorination
on the production of organic chlorine compounds can be Wi?hl‘
different algal species. About 0.5 - 1% of TOCl was produced
with respect to the particulate organic carbon, and about 10%
with respect to the DOC. The proportion of haloforms in the
TOCl in the membrane-filtered alga waters varied quite con-
siderably from alga to alga‘(abodf 20 - 60%), and in these
experiments had a mean value of 40%. This high proportion

of haloforms in the TOCl, produced by chlorination of
membrane-filtered alga waters, is in accord with the .
relevant results for water samples from the Wahnbach auxil-
iafy dam, the dam itself, and the filtrate from the phos-

phorus elimination plant..
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Summary2

From the time variation of the residual content of total and
free active chlorine conclusions may be drawn about.the
content of organic chlorine-consuming substances in a water.
To the water sample to be evaluated a sufficient amount of
chlorine is added, appropriate to the content of organic
substances present in the sample, expressed as the DOC. With
the aid of an automatic analyzer the concentrations of total
and free active chlorine were determined over a period of

20 - 24 h by continual measurements using the DPD method.

If the chlorine content so obtained is plotted semi-
logarithmically against time, the chlorine consumption
course can be represented by two superimposed first?order
reactions whose rate constants Kl and X2 are in the ranges
of 1072 and 1074 min~t. The spontaneous chlorine con-
sumption, which takes place immediately after the chlorine
has been added, and the time variation of which cannot be

measured by the procedure used, is not considered here.

The rate constants Kl and K2 obtained in this way describe
the course of the chlorine consumption by the water concerned
and permit a characterization of its loading with organic
chlorine-consuming substances. Inorganic chlorine-consuming
substances, and in particular ammonium ions, did not inter-
fere in the concentration ranges normally encountered in
surface waters. With the aid of continual measurements of
the chlorine consumption, unloaded waters, for example, can
be clearly distinguished from anthropogenically or bio-
genically loaded surface waters, the algal substances present
in these waters as a result of widely occurring bioprocesses

also being covered.

Experiments were carried out to establish to what extent the
rate constants change in dependence on the fixed Cl2 : C ratio
in the range of 1 - 3 with increasing DOC concentrations. It

was found that the rate constant of the first fast reaction
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(Kl) for Cl2 : C ratios (cohcentration ratios) of 2 or 3 .in ..
the region 1 - 4 mg DOC/1 is more or less constant, while

the rate constants for the subsequent slow chlorine con-
sumption (K2) is‘very strongly dependent on the initial

Cl2 : C ratio and is only constant for Cl2 : C. ratios greater
than 2.

In the light of this knowledge reaction rate constants

Kl and K2

were obtained for water from the auxiliary dam of
the Wahnbach dam, for the filtrate from the phosphorus—
elimination plant, for water from the Wahnbach dam, and for
Rhine water (period of June to August 1978). Clear differ-
ences were found between the constants Kl and K2 in these

1 and K2 ‘

extinction at 280 nm measured in each case, showing that

cases. The constants K are proportional to the UV
the chlorine consumption is due above all to the substances
responsible for the UV absorption. From the proportionality -
between UV extinction as a parameter for the description of
the "precursor concentration” on the one hand and the rate

constants g1 and K2

on the other it follows that a propor-
tionality must also exist with the organic chlorine compounds
formed as the final reaction products -- TOCl and haloforms.
This relationship could be established both for humic acids
isolated from the auxiliary dam and for the various waters

of our‘dam system. In exactly the same way, a connection
exists between the rate of the chlorine-consumption reaction

and the concentration of organic chlorine compounds formed.

If chlorine is allowed to réact in the described manner with
unfiltered algal suspensions of Fragilaria as a represent-
ative of siliceous algae, Carteria as a representative of
the green algae, and Pseudanabaena as a represéntative.of
the blue algae, then over a period of a few hours a very
rapid increase of - the TOCl concentration is observed, which
approaches a limiting value in 12 - 24 h., Particularly

Fragilaria, which as a siliceous alga is sensitive to chlorine,
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shows a very rapid rise in the T6C1§éoncéntration within the
first few hours of reaction. If, on the other hand, the algal
suspensions are membrane—filtered before the chlorine has been
introduced, the final TOCl concentrations are only half as |
high. Accordingly, in the practice of water treatment it
must be considered that treatment of a faw water rich in

algae with large amounts of chloriné (preliminary and break-
point chlorination) leads to higher TOCl concentrations than
the treatment of a surface water that has already.undergone
flocculation and filtration, in which the concentration of
algae has thereby been markedly reduced. The formation of
haloforms during the treatment of various algal suspensions
with chlorine proceeds with vafyihg degrées of intensity,

and it should be particularly indicated that in the analyt-
ical determination of haloforms interference is caused by
cellular fat and oil substances, so that the héloform concen-

trations as measured appear to be lbW.'

It has been shown that the extent of the formation of organic
chlorine compounds abové a certain minimum chlorine addition
is independent of the Cl, : C#ratio’if,a sufficiently long
reaction time is allowed. 1In practice this time is usually
provided by the transport of the water to the consumer.
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THE PRACTICE OF CHLCRINATION OF DRINKING WATER

H. Lamblin

“In connection with the lectures during this session I should
like, in the following to make some remarks on the selection
of the chlorination agents and on the moment of the addition

of these agents during the treatment.

1. Chlorination as a stage in the treatment of drinking

water has been valued highly for a considerable time.

2, However, in more recent times analytical advances have
directed the attention to by-products possibly exerting
harmful effects.

3. A new philosophy is now arising in connection with

chlorination.

~ One alternative to chlorination is a method that has
already been very extensively investigated, i.e. the
use of a new or already familiar éﬁémical treatment
agent that has sufficiently strong oxidizing and dis-
infecting properties, an effect that does not dim-
inish with time and that eliminates ammoniacal
nitrogen while at the same time giving harmless by—

products.

- A second way consists in first chlorinating actively
pre-clarified water, i.e. water that essentially
contains no further substances that could leéd to the
formation of undesirable by-products. A biological
treatment prior to the chlorination can aid the puri-
fication of the water still further.

- There is, however, a third way, which represents a
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compromise. This consists in establishing what are
the most suitable points for the addition and which
chlorination agents are most suitable for the existing
treatment plants. The merit of this third variant

lies in its possible rapid realization.

A number of external requirements that the water-

treatment engineer must satisfy are already familiar:

a) - the chemical elimination of the ammonia nitrogen
may only take place after the elimination of the

halomethane precursors,

b) the bactericidal action and the oxidation of the
organic substances are clearly stronger when the

water has been clarified beforehand,

c) certain organic substances not oxidized by chlor-
ination can be made oxidizable either by an ozone
treatment or by biological modification by passage
through activated carbon filters or through other

materials.

d) An after-chlorination may ke necessary to maintain
a good biological stability of the water in the
distribution network, particularly in the case of

large networks.

It can be assumed that good adaptation of the chlorination by
one or more of the available chlorine derivatives, depending
on the specific features of each case, and a careful choice

of the time of addition in the individual stages of the treat-
ment plant, largely make it possible to limit the formation
of already known by-products and to ensure a high quality of
the product water.
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USE OF CHLORINE BY THE NETHERLANDS WATERWORKS oy

A.P. Meijers

In practice chlorine is used at different places in the
purification system:

1. transport chlorination of raw water or partially
treated water;

2. safety chlorination at the end of the purification
process in order to avoid bacterial growth in the

distribution system;

3. breakpoint chlorination, most often the first puri-
fication step, used for the oxidation of ammonia,
some organics and finally disinfection;

4. process chlorination in order to avoid disturbances
during the purification processes by biological

activity; ~

5. finally, chlorine is used for the oxidation of
iron II to iron III as a coagulant. '

Except in the last application, chlorine is always used for
disinfection, which process must indeed be considered as the
most important step in drinking water purification.

In order to be informed about the use of chlorine, a
questionnaire was sent to a number of selected Dutch water-
works in April of last year. (Ref.(I) Problematiek haloformen
Meded., nr. 57, KIWA, mei 1978) From the results of the
questionnaire it was concluded that all surface-water pro-

cessing waterworks use chlorine to some extent. The ground-
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waterworks (60 %) only use chlorine, incidentally. Transport
chlorination was used by three big waterworks serving
Amsterdam, Rotterdam, The Hague and North Holland.

In these cases the water is chlorinated after partial
purification with 2 to 4 g/m3 of chlorine and trans-
ported for about 40 kilometers for additional purifi-
cation. In fhe summer more chlorine is needed for this
purpose than in the winter.

Breakpoint chlorination is used by several waterworks,
for instance in the Berenplaat works at Rotterdam.

As the surface-water processing waterworks have safety
chlorination at the end at a level of 0.5 g/m3, not only
chlorine gas is used but also sodium chlorite, and at

some places chlorine dioxide.

Furthermore, it was clear that surface-water processing
waterworks, which include artificial recharge in the dunes

as a purification step, do not use breakpoint chlorination.

However, before artificial recharge in the dunes, transport
chlorination took place.

Nevertheless, there are still four waterworké procéssing
surféce water not taken from the river Rhine nor the river
Maés, which do not add chlorine for transportation nor for
breakpoint chlorination.

In summdry, in one third of the produced water in the
Netherlands transport chlorination was included (800 tons),

10 % to 15 % was treated by breakpoint chlorination (650 tons).
For iron oxidation 430 tons of chlorine were used, and for

safety chlorination for all waterworks only 200 tons wWas used.
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Thus most of the chlorine is used for transport- and for
breakpoint chlorination at only a limited number of large
waterworks. Therefore, the aim in the Netherlands, in order
to limit the use of chlorine, is to search for possible

alternatives in these cases.

This includes especially a better treatment before trans-
portation so that the use 0of chlorine will not be necessary,
removal of ammonia by biological‘filtration in order to
avoid breakpoint chlorination, no use of Fe II as a coagu-
lant, and finally the use of an alternative disinfectant.

However, all of these measures will involve considerable
consequences for the waterworks in question.
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THE PRACTICE OF CHLORINATION OF DRINKING WATER

G. Uhlig

The practical‘enginger often comes across an apparently sur-
priging phenoména concerning the chlorine requirement and the
chlorine consumption, of raw waters, when the treatment consists
of a biologically working activated carbon filtration. This
effects the so-called nitrification process, i.e. a micro-
biological oxidation of the ammonia nitrogen to nitrate
nitrogen. Stoichiometrically, 2 1/2 moles of oxygen per mole

of ammonium or 3.6 mg of oxygen per mg of ammonium are necessary
for this purpose. This has the following consequences in

chlorination practice:

1. If the oxygen content of the raw water is insufficient,
the nitrification is not completed, proceeding ohly to the
stage of nitrite, which (in addition to the breakthrough of
ammonium) gives rise'ﬂzziparticularly high chlorine consump-

tion in accordance with the reaction

No; + HOCl — Nog + HCL.

2.  Even when the oxygen content of the raw.water remains
the same, an activated carbon filter must sometimes be -
temporarily shut down for operational reasons. After a
few hours the biology of the filter is upset owing to the
lack of oxygen and the result is a sudden rise in ammonium
and nitrite when the filter resumes operation. After the
shutdown of an activated carbon filter for only 48 h we
measured a nitrite content of 1.3 mg/l.

On account of the potential danger of the production of
the extremely carcinogenic nitrosamines, it is advisabl.
- in such cases to reconnect the filter to the drinking
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water supply only under laboratory control after back-washing
and drainage of a suitable amount of first filtrate. This
situation is otherwise signalled by a sudden rise in the
chlorine consumption resulting in disturbed chlorine measure-

ments with the same infeed.

Special problems inevitably arise when, for example, the shut-
down of a whole activated carbon filter plant consisting of
many units becomes necessary for operational reasons. Con-
siderable amounts of first filtrate may have to be discarded
if it is not possible to continue operating the filter at
least with a minimum throughput of okygen-rich water in for-

ward oxr back motion.

3. Even after the filters have been recharged with fresh or
reactivated carbon, it can take many days before the biology
on the carbon develops its full adtivity. Here too the out-
come is a strongly elevated chlorine consumption of the water
if such filters are prematurely connected to the drinking
water network.

4. In addition,the function of some of fhe equipment for
continuous chlorine indication is strongly pH-dependent, and
at pH above about 7.5 free chlorine can no longer be indicated
unless an acid or buffer solution is added continuously to the

water.

However, before filters freshly charged with reactivated

carbon are put in operation, initial pH levels of 10-12 can
still be measured, presumably caused by oxides and carbonates
formed during reactivation of the carbon, depending. on the
salt content of the water with which the carbon was previously

wetted, from the cations of these salts.
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FORMATION OF NON-POLAR ORGANO-CHLORO COMPOUNDS AS
- BYPRODUCTS OF CHLORINATION

A.A. Stevens

The Conference Committee has assigned to me the task
of reviewing the formation of "non-polar" byproducts
of chlorination of drinking water. For the purposes

of this paper, the term "non-polar" applies to that
group of individual compounds that can be separated
from dilute aqueous solution by solvent extraction or
gas stripping, i.e. compounds of relatively low water
solubility. The final method of analysis is always gas
pha;e chromotography, further restricting this dis-

cussion to compounds volatile at those temperatures.
I. Early experience

Before the 1970's little was known about the formation
of individual halogen substituted organic compounds
during chlorination for drinking water disinfection.
Knowledge and consideration of byproducts was limited
to the recognition of halogen substitution on nitro-
genous compounds as possible contributors to "com-
bined chlorine" (chloramines) and chlorophenolic by-
products ‘as causes of tastes and odors in some problem

supplies.
II. Trihalomethanes

Not untii modern analytical techniques were applied to
finished drinking water and companion raw water samples
did the list of known byproducts of chlorinatioh begin
to grow. In December of 1974, independently, Rook (1)
and Bellar, et al. (2) reported the formation of chloro-
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form and other chlorine- and bromine-substituded tri-
halomethanes during drinking water treatment as a
direct result of the chlorination-disinfection practice.
Partly because of these discoveries, the United States
Environmental Protection Agency (USEPA) undertook a
survey of 80 selected cities to measure the concentra-
tions of six halogenated compounds in raw and finished
water (3). Those six included the four trihalomethanes
(chloroform, bromodichloromethane, dibromochloromethane,
bromoform) suspected of being formed during chlorination,
plus carbon tetrachloride and 1,2-dichloroethane, known
contaminants at some locations, but not necessarily
formed on chlorination. During this National Organics
Reconnaissance Survey (NORS) the occurrence of trihalo-
methanes in finished drinking water was demonstrated to
be widespread and a direct result of the chlorination
oractice. No hard evidence was found in this regard
vith fespect to 1,2-dichloroethane or carbon tetra-
chloride. More recent surveys conducted by USEPA and
others have not resulted in a change of this conclusion
regarding the haloforms, although CCl4 has since been
found to be an occasional significant contaminant of
Clz. |

Based on the survey results, a theoretical finished
water with the median concentration of each compound
would contain about 21 ug/1 of chloroform, 6 ugsl of
bromodichloromethane, 1.2 ug/lL of dibromochloromethane,
and an amount less than the detection limit for the
method used of bromoform (Fig. 71). Although most of

the finished waters tested demonstrated this decreasing
order of concentration, this was not always the case.
The finished water at one location had a chloroform
concentration of only 12 ug/l, but a bromoform concen-
tration of 92 ug/1l. This high concentration of bromo-
form was suspected to reflect a relatively high bromide
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concentration in the raw water (see below). Even.though
more recent information indicates a preponderance of yet
unidentified organic-substituted halogen, measured as
"organic halogen" in some form (4), the trihalomethanes are
present in the highest concentrations of non-polar species
‘"resulting from chlorination of drinking.water individual-

ly identified to date (September 1978).
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Because of fiﬁdings concerning the carcinogenicity (5)

of chloroform the USEPA has proposed an interim Primary
Regulation for trihalomethanes in consumers' drinking
water of 0.10 mg/l total trihalomethanes (CHC13, CHClZBr,
CHBrZCl, and CHBr3). At many water utilities, specific
new or improved treatments will be required to reduce
existing concentrations of trihalomethanes to meet this

standard. Indeed, the continued heavy use of chlorine
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for drinking watar disinfection is now'being guestioned
in the USA. '

Factors influencing trihalomethane formation

The formation of trihalomethanes during chlorination of
drinking water now seems to be well accepted to result
from a complicated mechanism of attack by aqueous halo-
gen species on natural aquatic humic substances (humic
and fulvic acids) and not usually significant from

sources of industrial watér pollution (1,6,7,8).

Design of the most effective treatment strategy depends
on a good knowledge of factors influencing trihalo-
methane formation. Two factors; hoﬁéver, that haQe a
strong influence on trihalomethans :oncentrations over
which the water treatment plant ~...rator has little or
no control under most circumstancas are temperature and

Br or I concentration.

Temperature

Figure 2 clearly demonstrates the positive effect of
increasing temperature on trihalomethane formation upon
chlorination of Ohio River water in the laboratory (7).
A corresponding seasonal-vafiation is noticed at a water
utility using that same source and has been shown to

be largely a temperature effect (10) . Thus treatment
problems become more acute during seasons of higher
ambient temperature causing higher water temperatures

during treatment and distribution.
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Bromide and iodide conceniration

Bromidé'and iodide ions are oxidized by aqueous chlorine
to species capable of parﬁicipating in organic substitu-
tion reactions resulting in the formation of pure-and
mixed halogen trihalomethanes. Bunn et al. (10) first
confirmed one of the suspicions of Rook (1) that this
could occur in aqueous systémé when they chlorinated
Missouri River water in the presence of added fluoride,
bromide, and iodide and observed the formation of all
ten possible chlorine, brdmine,’and jodine c¢ontaining
_pure- and mixed halogen'trihaiométhanes. On a theoreti—
cal basis, fluorine subsfitution was not expected and
was not observed. To date, at least six of these 
species haverbeen found in finished drinking water
(chloroform, bromodichloromethane, dibromochlofomethane,
bromoform, dichloroiodomethane, and bromochloroiodo-
methane) (11).
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Figure 3 illustrates the results of work conducted in
our laboratory on the effect of addéd bromide on the
ratio of trihalomethanes produced during reaction of
agueous chlorine with humic acids. Note that bromine
substitution is favored over chlorine even though
chlorine is in large excess compared with the initial
bromide. Additionally, the total molar yield of tri-
halomethanes increases with increasing bromine substitu-
tion. This was also observed when pure aqueous bromine
was reacted with the humic acid under the same condi-
tions as aqueous chlorine. Thus, bromine competes more
effectively than chlorine for active sites on the humic
acid precursor molecule, perhaps mechanistically by way
of faster substitution reaction rate. This effect is

so pronounced as to dramatically increase total haloform
yields where bromide is present. Indeed, similar in-—

creases in total haloform yield have been reported to
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occur on chlorination of-a bromide spiked natural water
(11) and more importantly at a water treatment plant in
the USA where sea water intfusion was temporarily respons-
ible for increases in bromides (12) (Fig. 4). Thus, much
more complete control of trihalomethane precursor, as

one method of meeting proposed USEPA drinking water
standards, is necessary when significant concentrations

of bromide are present in the source water.

LEGEND
180 * ETHM
c CHCI3
> CHCIBr2
+ CHCI2B8r

160

21 1
50 100 150 200 -2%0
CHLORIDE IN RAW WATER. mg/|

.

Fig. 4 Effect of salt water intrusion on THM formation
potential (from Lange, 1978) .

Effect of pH

Increasing the pH of the water being treated has been
shown by numerous workers to dramatically influence rates
of formation of haloforms during water treatment (Fig 5)
(7). Control of pH during treatment before chlorination,
such as recarbonation in a lime softening system, has

been used in attempts to control haloform formation (13).
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The increase of trihalomethane formation rate with
pPH was expected because the classical haloform reac-
tion is base catalyzed; however, this explanation is
likely to be an oversimplification where rather complex
humic acid structures are involved. Simple‘methyl ketones,
models for the haloform reactidn, have been shown to
react too slowly to account for trihalomethane formation
under most drinking water conditions, suggesting a
different reaction mechanism (7). Christman once suggested
a simple "opening up" of the humic acid molecule because
of mutual charge repulsion at high pH increasing the
availability of more'reactivé sites on that molecule as
a possible cause of the influence of high pH on reaction
rate (Personal communication):.*



Characteristics and Concentration of Precursors

In artificial systems, increasing the concéntration of
humic acid precursor in the presence of excess chlorine
with therwise constant reaction conditions causes halo-
form yieldé to ipcrease:in direct proportion to the
humic acid dose (Fig. 6) (7). From supply to supply, how-
ever, only crude relationships have been found between
organic carbon concentrafionsaand trihalomethane yields
(3). Similar effects have been noted upon treatment.
Further, rate curves seem to take on distinctly different
" shapes depending on the source of precursor substances.
The work of Rook (8) shows the reaction of fulvic acid
solutions to be characteristic of m-dihydroxyphenyl
moieties (e.g. resorcinol) in that the reaction is near-
ly complete at near neutral pH in less than two hours
(Fig. 7). '
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oy
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o 4 + + +— e + 1
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. TIME (hrs)
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Fig. 6 Effect of humic acid cgncentration on trihalomethane
production, pH 6.7; 25°C; 10 mg/l chlorine dose
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Quite a different characteristic curve is observed with
‘Ohio River water precursor and a different source of

- humic acid under similar conditions where the reaction
takes place relatively slowly over a period of many
days (Fig{ 8) (7). The,probable differences in pre-
cursors at different locationsrhas been further demon-
strated in wbrk at the EPA Cincinnati leboratory where,
as expected, treatment with permanganate at low dosages
was nearly 100 percent effective in preventing the for-
mation of trihalomethanes on chlorination of resorcinol
and m—dlhydroxyben201c acid solutions, yet oermanganate
was only marglnally (10-20%) effective in reducing the
ability of Ohio River precursors to form trihalome-

thanes upon subsequent chlorination.

Additionally, work at the Cincinnati laboratory has
shown thereée to be only a slight influence on trihalo-
methane formation rate (or yield) of increasing chlorine
dose (beyond demand) where "precursor" is kept con-
stant (Fig. 9). Both similar and contrary results have
been reported by others while working with different
sources of precursors (6, personal communication).

The above serves only to indicate that although pre=--
cursor materials from various snpplies may be of large-
ly natural origin, the composition of that material is
likely to be different, depending on the type of supply
involved and the source of precur rsors in the water shed.
Considerably more work is needed, therefore, to under-
stand the complex mechanisms of trihalomethene forma-
tion during water chlorination and to determine whether .
water treatment strategies for control of THM's could

vary 51gn1flcantly among these various supplies.
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III. Other identified apparent products of chlorina-
tion/treatment

As mentioned earlier, trihalomethanes répresent the most
important group of individual identified halogenated
species from a concentration standpoint identified in
finished drinking water and resulting from chlorina-
tion practice. Although the mechanisms for trihalome-
thane formation are not well understood, many of the
conditions favoring or inhibiting trihalomethane for-
mation have been established. Other non-polar‘compounds
have been detected in finished water at the ng-ug/1
level that were not detectable in the source water or
present in lower concentrations. Most of the sources of
these are even less well understood.

At least 19 non—-trihalomethane halogenated volatile
compounds have been shown by Rook (8) (Rotterdam Sto-
rage Reservoir)  and more by Stieglitz, et al., (14)
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(Rhine River Bank Filtrate) to be formed at low con-
centrations upon chlorination. Rook speculates on a
possible pathway to explain the formation of some of
the observed byproducts in a way related to his pro-
posed mechanism for haloform formation from m-dihydroxy-
phenyl moieties. Stieglitz suggests no mechanism.
Coleman et al. (15) reported the co-presence of chloro-
picrin, chlorobenzene, a chlorotoluene isoﬁer and a
chloroxylene isomer with their respective logical pre-
éursors, nitromethane, benzene, toluene, and m-xylene,
in finished chlorinated tap water. All of the above pre-
cursors but benzene were shown to be reactive with
aqueous chlorine to form the expected products. More
recently, chloroacetonitrile derivatives have been ob-
served in a finished tap water as a result of work at
the Cincinnati laboratory. Milligram perlliter concen-—
trations of acetonitrile could not be made to react
with chlorine under realistic reaction conditions to
form detectable chlorinated derivatives, however.
Further, even simple aromatic hydrocarbons have been
observed in some studies to be more prevalent or in
higher concentrations in finished tap water than in the
respective raw source water (16,17). v

Considerable effort lies ahead to determine mechanisms
for formation of these apparent byproducts of chlorina-
tion (or possibly other treatment in the latter cases)
that in most cases seem to defy straightforward explana-

tions.
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IVv. Summary

Modern analytical technigues have expanded our knowledge
of the formation of unwanted by-products during chlori-
nation of drinking water. Of the non-polar fraction, tri-
halomethanes typically are formed in the highest concen-
trations, and much is now known about factors influencing
their formation. Other chlorinated and non-chlorinated
non-polar apparent by-products have been observed, but
little is known about their sources.
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FORMATIbN AND BEHAVIOUR OF POLAR ORGANIC CHLORINE COMPOUNDS

W. Kiihn and R. Sander

In the‘previous report, Dr. Stevens reported on non-polar
organic chlorine compounds which can be formed in the chlori-
nation of waters. The resolution of this subject into two
components, i.e. into non-polar and polar chlorinated products,
is not founded on their_poésible hygienic or toxicological
differences but rather on the very different methods used

for their analytical detection (1,2).

This class of compounds has recently attracted considerable
interest not only because of its toxicity but because its

study was first made possible by‘mbdern analytical methods.
The phrase "a water is only as good as analysis permits" is

particularly appropriate to the analysis of organics in water.

For this reason I should like to start with a careful con-
sideration of the analytical treatment of this class of

compounds.

As shown in Table 1, the treatment of organic chlorine com-
pounds, which as a rule are present in microgram amounts,

can be divided into an enrichment stage, separation into
individual substances, and the actual determination. In
practice, all polar organic chlorine compounds present analy-
tical difficﬁlties. In contrast to the usually low-molecular,
non-polar, volatile compounds, on which the previous speaker
reported, polar compounds are usually high-molecular, less
volatile, and therefore more difficult to deal with. However,
if a group of substances resists individual substance analysis,
it is’legitimate and sensible, and not bnly in water chemistry,
to treat these substances by a general or group method. The
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method developed at the Engler—Bunte—Instltute for the treat—
ment of all the organic chlorine compounds: (TOCl total
organic chlorine) begins with an adsorptive enrichment,
followed by mineralization in pyrohydrolysis and subse-
gquent detection of the now easily analysed chlorine (3-5).

TABLE 1 Treatment of halogen compounds in water
Enrichment: Liguid-liquid extraction
(preliminary . .-
separation) discontinuous

continuous (stages)

Blowing out
static (headspace)
dynamic (concentration)
Adsorption (elution)

batch test
column

Separation: Gas chromatography

packed columns
capillary columns

Determination: Mass spectrometer
Conductivity detector
Microcoulometer . : ,
Electron capture detector (ECD)
Plasma detector
Neutron activation
Pyrohydrolysis

(+ chloride determination)

As shown in the next table, the enrichment can be divided
into the following steps:
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TABLE 2 Experiméntal’conditions Of the combination
~ of adsorption and flocculation for TOCL
treatment

ADSORPTION: solution : 1-20 litres

pH ' : <3 .

powdered carbon : 100 mg/1 < 60 um

NaNO5 : 0.01 N

time. : 30 min
FLOCCULATION : pH : 6.5-7

N : 5 mg/l

polymer : 0.4 mg/l

time : ca. 5 min
FILTRATION: blue~band : (pressure filter)
WASHING: Na-NO3 : 0.05 N (200 ml)

time : 30 min
FILTRATION: blue-band (pressure filter)

With this enrichment process practically all

tuents of the water that can be adsorbed and

enriched.

The water to be analysed is first

with solid sodium nitrate to obtain a 0.0l N

organic consti-
flocculated are
of all treated

nitrate solution.

This reduces the undesirable adsorption of chloride. After

the addition of the active carbon in powder form, the pH is

adjusted to < 3 with sulphuric acid.

If the carbon suspen-

sion is thoroughly stirred, the adsorption process is as a

rule completed in half an hour. Most of the supernatant water

can be easily siphoned off from the powdered carbon if the

carbon is previously flocculated.

The flocculating agent is
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5 mg Al3+

For the flocculation the water must be adjusted to pH 6.5-7

per litre, added-in‘theuform;of;aluminium sulphate...

with sodium carbonate. To assist the floccu%@tion, 0.4 mg/1
of partly saponified polyacrylamide is added to the water and
is subsequently decanted off. This process can be repeated
if a more complete treatment is desired. After filtration

of the combined sludges through filter paper, the filter

cake is suspended in 200 ml of ©0.05 N sodium nitrate and
stirred for half an hour. This removes nearly all inorganic
chloride.

The filter cake is then subjected to pyrohydrolysis, the
organically bound chlorine being thus converted into inor-
ganic chloride, as is shown in the following diagram.

PiANh-PT Thermocoupie PIRh-Pt Thermocoupie

I SWW\fT_v } :~ | /Ti;jmmw

Furnace 1 Furnace 2

\

Condenser

Water

Beaker

Pyrohydrolysis Apparatus
Fig.1

This mineralization takes place' in a current of steam and
oxygen at 900°C in a tubular furnace. The chloride is then
determined titrimetrically or microcoulometrically.

By means of this pyrohydrolysis technique,the organic chlor-

ine materials can be treated as a group. As preliminary
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individual investigations. have shown, the majority of the
polar compounds are high-molecular, chlorinated lignic and

humic acids.

In order to investigate on a laboratory scale all the pro-
cesses taking place during_ the chlorination of ‘water,
model waters containing humic acid were treated with
chlorine water, since humic acid can be used as a starting
substance for haloforms. An example of the results of this

work is given in the following figure.

c(ug/0O U
A/ T

2500+
:
2000 -
1500 -
| 2——& TOCl
e¢——¢ Chloroform
1000 - a—a Free chlorine
] x 1071
500 -
4
0+ ,

T T T . amndl
0 10 20 30 40 50 Cl(mg/O

Fig. 2 Chloroform formation, course of TOCl and final
chlorine content as'a function of the initial
chlorine content at a constant reaction time
of 23 h
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Here the concentrations of chloroform and TOCl are plotted
together with the chlorine content in'dependence on the
dose of chlorine; the amount of humic acid weighed in was
20 mg/1l and the pH was 6.9. It is clear that the chlorine
content of the chloroform corresponds only to a small part
of the total organically bound chlorine. Therefore, the
effect of a chlorination cannot be evaluated solely on the
basis of the measured haloform concentrations; the TOC1
must likewise be considered (6). ‘

c(Cug/0
.

——a TOCI

1500 - |
1 ﬁ———‘Chbmmxm
. &—B Free -1
1 chlorine x 10
1000
500 -

1] 1

{ T T A . o
0O 10 20 30 40 50 HS-Na(mg/D

Fig. 3 Chloroform formation, course of TOCl, and

~— final chlorine ccntent as a function of the
amount of humic acid weighed in, with a
constant reaction.time of 23 h
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'As can be seen from Fig. 3, at a constant amount of chlor-
ine‘ahd increasing humic acid'concehtration,similar rela-
tionships are obtained for the formation of 6rganic
chlorine compounds. : o

To obtain information on further'parameters influenéing
the formation of chlorine compounds, in‘addition to vary-
ing the reaction time, we varied the amount of chlorine,
the initial humic acid concéntration, and the pH." The
relationships represented in the following illﬁstration

were obtained.
cml:l, Grg/ 0

2504 - N o
/rJ 20 C';/ZO HS-Na

200+

10 Ct. /20 HS-Na
150 ‘/ 0

o—o pH 9.2
 e—e priQ

1001

3 200, /1.5 HS-Na

Y

30 Time (K)

Fig. 4 Chloroform concentrations as a function.of the

reaction time with various 'starting conditions
(numerical data in mg/1)

PN . N L A T P [
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In agreement with the relationships reportéd in the previous
lecture by Dr. Stevens, more chloroform is produced at

pPH 9.2 than in the neutral range.

In contrast to this, the formation of TOCl is enhanced at

lower pH, as shown in the next figure.

TOfl Cpg/ )

o3 pH 9.2

i m—= pH 6.9

20 C1,/20 HS-Na
10 C1,/20 HS-Na
20 C1,/20 HS-Na
3 10 C1,/20 HS-Na

Ho w 20 Cl,/1.5 Hs- Na

——

0 ' 10 ) 20 » ijime‘Cﬁ)l

Fig. 5. TOCl as a function of the reaction time‘with

various starting conditions (numerical data in mg/1)

In the experiments performed here, the haloform reaction
ended after about 24 h.

At pH 6.9 there was a clear increase in the amount of TOCl
formed. The influence of the pH on the chlorine consumption
or the TOCl formation can bekexﬁlained by the increase in
the electrophilic character of hypochibrous acid in the acid
medium. o '
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In addition to thésgN:elat;onsh;ps, it was also of interest. .
how the formation of the organic chlorine substances is
influenced by suitable pre-ﬁreatment methods (7). Since
ozonization is regarded in waterworks operation as a prac-
tical possible solution, further experiments were performed
after a preliminary ozonization. The results on the form-
ation of polar and higher-molecular halogen compounds after

ozonization, measured as TOCl, are shown in the next illus-
tration.

TOCt (g /1)

2000-
1500 T
~/'/_‘_'
- »—= 20 CL,/20 HS-Na
100014 o—e 6mg 0, /mg C

] o+ 25
_*

0 0. 20 Time (H)

—

i

Fig. 6 Course of TOCl1l as. a function of the reaction
- time with various ozone consumptions (20 mg/1l
chlorine + 20 mg/l1 HS-Na)

The diagram demonstrates’tﬂaf even small additions of ozone 1
noticeably reduce the forﬁétioh“of organic chlorine compounds.
In the present case an ozone addition of 2.5 mg/l water re-

duces the TOCl formation to one-quarter of that formed in the

absence of ozone.
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Similar results were obtained for chloroform formation,

as shown in Fig. 7.

iﬁqgQﬁ;
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Fig. 7 Chloroform formation as a function of the reaction
time with various ozone consumptions (20 mg/1 of
chlorine + 20 mg/l HS-Na)

In this respect,however, different authors have obtained
different results.

In practical watere-works operation other effects on the
formation and behaviour of the organochlorine compounds are
of interest. Chlorine is used in large quantities especially
for the removal of ammonia in so-called break-point chlor-
ination. For this reason the TOCl formation in the presence

of ammonia was studied. The results are summarized in Fig. 8.
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. TOCL
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400. NHJ:L3”¥VI
Chioroform
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0 ' 10 20 30 chlorine 6“9@
: addition
Fig. 8 Chloroform and TOC1l concentrations as a function

of the initial chlorine concentration after a
reaction time of 20 h

It can be seen clearly that below the break-point, where for
a short time until the formation of chloramines still rela-
tively little free chloiine is present, the formation of
chloroform and of TOCl is wvery low.
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After the break-point has been reached, however, -a small
addition of chlorine is sufficient to form large amounts
of these constituents.

These results are in accord with trials in an experimental
plant in Stuttgart municipal works, where good results

were obtained with stepwise chlorination just up to the
break~point. In comparison with the conventional practice,
this reduced the formation of chlorine compounds by a factor
of 10.

The data on the conventional procedure, obtained from the

same experimental plant, are compiled in Table 3.

TABLE 3 Effects of classical treatment for a river water
(Neckar, Stuttgart) with break-point chlorination
and activated carbon filters

River Aﬁerbmakpoum After GAC  After GAC
water mmﬂfm Carbon Carbon
tation and filtration LSS F 300
Dissolved organic 5.0 4.1 3.1 1.6
carbon (DOC) mgll
UV absorbance 10.9 8.6 5.0 3.6
at254nm m'
Sum of hatoforms g/l 0.4 50 16 25
Total organic 33 524 364 296
chiorine(TOCI) pgll
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‘After ‘'chlorination with 20 mg of chlorine per litre, both
the haloform concentration and the TOCl concentration
rise. sharply. The quantity of trihalomethanes accounts
for only 10% of the totai chlorine compounds formed. This
large proportion of polar chlorine compounds, which essen-
tially still resist individual analysis, is serious, espec-
ially in view of the fact that, as can be seen from the
last two columns of the table, these compounds are also
adsorbed only with difficulty in the subsequent active
carbon filter (8). A selectivity of the active carbon
filters is evident, since the carbon, which removes the
TOC1l 1less efficiently,'adsorbs the trihalomethanes better

and vice-versa.

These statements are confirmed by measurements made in a

water treatment plant at the Rhine. The results are collected

in the following table.

TABLE 4 Course of the concentration of trihalomethanes
and of the total organically bound chlorines
during the treatment of drinking water in a
Rhine waterworks

CHCT X CHBrCl, | CHSr,C1 | CHBry . L THM Toclf
River bank filtrate 2.3 non. an. | e 2.3 35
?zgtggze?zaigeélzai?r" 7.3 16,5 E 15,5 3,0 42,3 -
After filtration 5.1 lo.7 11,1 2,4 29,3 195
After actiVe carbon
filter . 0,5 1,0 0,6 0,2 2,7 55

x) All data in mg/m3 n.n. = no trace
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Here .too, large amounts of organic chlorine compounds other .
than the haloforms are produced in chlorination with 2 mg
Clz/l. However, the variation of the conceptration of these
compounds in the course of thce treatment is interesting.

The chloroform, which in comparison with the other trihalo-
methanes is more soluble in water, is also less efficiently
removed by adsorption in the active carbon filter, but in general
the total amount of haloforms is better removed by adsorption
than the polar organic chlorine compounds here grouped as
TOCl. The difficulty that these substances also present
from the point of view of treatment technology, means that
greater attention should be paid to them in water quality
control.

Summing up, it can be said that,in addition to the trihalo-
methanes, far greater amounts of highrmolecular chlorine
compounds can be produced. The compounds that can be deter-
mined by individual substance analysis represent only the
tip of the iceberg. The aim of further research must be to
learn more about the structure of these polar compounds and
about their formation reactions.



(1).

(2)

(3)

(4)

(5)

(6)

(7)

(8)
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REDUCTION OF THE' CONTENT OF CHLORINE COMPOUNDS BY A  TREATMENT =

COMBINING PHYSICO-CHEMICAL AND BIOLOGICAL PROCESSES

J. Chedal and P. Schulhof

INTRODUCTION

The waterworks which supply Paris with drinking water, and
notably the largest one, all treat surface water.

These plants were built about twenty years ago, following the
classical pattern of'physico—chemical treatment:

- chemical pre-treatment comprising oxidizing agents,
in this case chlorine and chlorine dioxide, and an
adsorbing agent: powdered activated carbon;

- coagulation;
- flocculation, decantation, rapid sand filtration;

- final addition of chlorine before injection into the
distribution network.

Several years later a further treatment was added: ozonization
of the filtered water with a residual content of 0.4 mg/1l
maintained for over 10 minutes. Lastly, treatment aimed at
protecting the distribution network was instituted by means

of a combined treatment with chlorine and chlorine dioxide.

Precautions were taken at each stage of the plant construction
to ensure that the process could be adapted as time went by
with a minimum of labour, to keep pace with technical advances,
degree of river pollution, and gquality objectives for the
treated water.
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.;Foggy,;pese precautions have proved very valuable, for. many
changes have taken place in the course of the last twenty
years.

In the first place, the poliution of the Seine has greatly
increased. Although the water to be treated is collected
upstream of Paris, the built-up area has spread and there
has been a great deal of urban growth upstream of the |
water-collection point. The water has become increasingly

charged with ammonia (see Fig. 1). .

NH,
Pppm —
2 |
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. /\/ '
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_Fig. 1 Content of ammonia in Seine water

It is above all extremely rich in organic matter. During the

second half of 1977, for example, the mean amount of non-
mvolatile organic carbon was greater than 5 mg/l, with a

maximum of 9.6 and a minimum of 2.8. On the other hand,

the water contains a relatively small amount of organo-

chlorine compounds and trihalomethanes. In the course of

1977, for example, the amount of chloroform varied between

O and 28 ug/l, with a mean content of 6.5 ug/l.

In parallel with this, during the last twenty years the
‘requirements on the quality of the treated water have

&eveloped in a way that we all know.
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In connection with this development, one of the first ob- ...~
jectives to reach is discontinuation of the pre-treatment

with chlorine at the breakpoint. This is a process that
certainly eliminates ammonia, but it also leads to the
formation of a substantial amount of haloforms.

Another objective is to obtain treated water containing a
minimum of organic substances.

DESCRIPTION OF THE TESTS

A pilot plant was built to test the efficiency of the wvarious
improvements. It comprises two lines of treatment, each capable
of processing 10 m3/h, and in which the stages of pre-treatment,
flocculation, decantation, filtration, and ozonization are
exactly the same as those in the full-size plant (Figs. 2-4).

Fig. 2
Flocculation and
decantation units

in the pilot plant
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 Fig. 3

Filters of the
pilot plant

- Pig. 4

Post-ozonization
“columns in the

pilot plant

¢

During the various tests undertaken one line waé equipped for
specific treatments, consisting of modifications or additions

as compared with the reference line. This enabled the effects

of these modifications onrthe water quality at all the different
stages to'be determined.

The aim of the tests, whose results are feported below, was

to examine the effects of two modifications:

- preliminary ozonization of the raw water as an oxidation
process before coagulation and, in conjunction with this,

discontinuation of the chlorine pre-treatment;
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- filtration through activated carbon instead of sand.

Several of the filters, with a specific surface of 117

2
m ,

were filled with activated carbon., The qualities of carbon

and the gradings most suitable for satisfactory filtratiom

were subsequently tested, and the optimum treatment parameters
were determined. It was found, in this respect, that the life

of the activated carbon filters between two treatments
longer than that of sand filters. We were also able to
as others have done before us, the rapid disappearance
adsorptive properties of the carbon, except in matters
flavour. However, during these tests in the full-scale

chlorine-oxidized water was passed through the filters.

was

verify,
of the
of

plant,
It

was therefore interesting to judge the effect of a carbon

filter on water oxidized by ozone used in pre-ozonization.

Consequently, the following genergl_scheme wad adopted in

the pilot tests (see Fig. 5):

Pre-ozonie resi=

setion  yue carbon - dualo,oappmqcl,
1 -, - _J'
L Fo T P - ]
P T T
n 4" - S N P
e . tint i
2 ) L
WAC "resie
CIONa CIO, . sand . 'dual Oy0,4ppm-Cly
1 ve e T ‘}'
: LR =
a el 0 -
Jf —
. Chemical Flocculation

treatment Post-

FILTRATION ozonization RESERVOIR Minienetwodki

DECANTATION

Fig. 5 General scheme of the experimental lines
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- In the control line (ref. No; 1) the treatment corres
ponds to that in the plant, whose characteristics are
as follows:

1) At the pre-treatment stage}.chlorination at the break-
o point with Javel water;

e

addition of chlorine dioxide
to eliminate phenols, man-
ganese, and certain flavours;

coagulation by means of
poly-aluminium chloride.

2) After the 0.4 g/m3 residual post-ozonization treatment:

post -chlorination.

- In the experimental line (ref. No. 2), the treatments
differ from the control line as follows:

pre-ozonization carried out with semi-industrial
emulsifier—-type equipment. The total contact time
is about 2 min, but the characteristic feature of
the treatment is the time of contact of a bubble
of ozonized air with the water, which is about

20 sec. '

Omission of the Chloriqe’pfélfreatment.

Filtration through‘activated carbon instead of filtration
through sand as used in the control line.

The purpose of the experimental scheme for this line was to
favour bacterial development: -6xygenation of the raw water,
omission of the chlorine pre-treatment, and suitable filtration
material. In the rest of this report, this will be known as

the biological scheme.

The tests were conducted with a view to determining the
effects of the‘pre—ozonizatioﬁ conditions on the quality

of the water at different stages of treatment. Consequently,
the following operations were carried out during the essen-
tial phases of the tests:
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Operation for several months with constant pre-
ozonization conditions: treatment dose of 0.25 g/m3
and an air concentration of 1.5 g of ozone per m3,

or an air/water ratio of 17 %.

Operation with pre-ozonization treatment dose vary-
ing between 0.20 and 4 g/m3, but with a constant

air/water ratio of about 16 %.

Variation of the two characteristics of pre-—-ozonization,
i.e. the treatment dose and the air/water ratio. This
phase of the trials is currently in progress, and we

can only give the initial results.

During all these experiments the treatments common to both

lines were applied under the same conditions. The treatment

dose of coagulant was determined by the jar test, and the

post-ozonization was chosen with a view to obtaining a resi-

dual virulicidal content of 0.4 mg/l after 10 min of contact.

We shall discuss the quality of the water tested at different

stages of treatment during the various phases outlined above.

EFFECT OF PRE-OZONIZATION ON RAW WATER

As regards the raw water, the results obtained over a period

of three months (trial with pre-ozonization at a constant

strength of 0.25 ppm) enable us to draw the following basic

conclusions (see Fig. 6).

The pre-ozonized water is richer in suspended matter, it is

more turbid and more clogging. This developmenf is due to

the decomplexing and coagulating properties of ozone.
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p onizati Turbidity |Suspended | Beaudrey |N.V.T.0.C. | UV absorp-
TEe-0ZOHLZALION | (gyops of matter clogging (mg/1) tion at
mastic) (mg/1) power 250 nm
(271) (0.D.
. 10=3 em~l)
rd R
Before 400 54 T T 148
After 430 72 9.4 7 139
Fig. 6 Quality of the raw water before and after

re—-ozonization
P

As regards organié'matter, the smaller value of UV absorp-

tion in the pre-ozonized line certainly confirms the &action

of ozone on organic molecules - the total amount of organic

matter remains unchanged, as indicated by the values of non-

volatile organic carbon.

When the intensity of the pre-ozonization treatment is in-

creased, the difference in UV absorption between the two

treatment lines also increases, as long as the pre-ozonization

treatment dose does not exceed about 1 mg/l. Beyond this

threshold level the difference between the UV absorptions

remains essentially constant (see Fig. 7).

This result shows that pre-ozonization does not eliminate

organic matter but modifies their structure. This action

increases with increasing doses of ozone until about 1 mg/1

is reached.

The results obtained with an air/water ratio of 16r%‘for the

pre-ozonization seem to be fairly analogous regardless of the
air/water ratio, ‘as shown by the first results of the most

recent tests still in progress.
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uv
Absorption  at 250 nm
et

[+ ° o

‘Fig. 7
‘Reduction of UV absorption

+ - as a function of the
pre-ozonization dose

\
1 s 2 Pre~oz nizatlon
dose ?

The amount of oxygen dissolved in the water increases sig-
nificantly as a result of pre-ozonization. During the last
tests, carried out in August 1978, pre-ozonization enabled
the amount of dissolved oxygen to be increased from a satur-
ation level of 75 to 85 % in relation to the atmosphere.

AMMONIA CONTENT IN THE TWO TREATMENT LINES

Ozone has no direct effect on' the 'elimination of ammonia.
There is therefore no dlfference between the ammonia concen-
trations in pre-ozonized raw water and initial raw water.

At the stage where the water is decanted, the experimental
results show that after a period‘of one month there is a
very marked reduction of the ammonia level in the pre-
ozonized line. The values obtained are of the same order as
those in the control line, in-which the breakpoint pre-
treatment was kept up during the first five months of the
tests (see Fig. 8).
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NAF'
ppm ‘ raw water

1 *— decanted water 1

) N == decanted water 2

o———— filtered water 2
'\-‘w/

0 m— x v . —>
Noxr  Dec.?? Jan. 18 Feb, March April

Fig. 8 Ammonia contents

In the pre-ozonized line biological elimination took place

in the layer of sludge formed in the flocculators.

During the subsequent filtration the same test -shows that the
ammonia remaining after decantation is easily eliminated. A
delay in inoculation was, however, necessary for the new

activated carbon introduced into the filter.

Nitrification seems to occur principally in the upper layer
of the filter, as evidenced by the counts of nitrite and

nitrate germs at different depths.

From the beginning of June 1975 Ehe treatment at the break-
point was discontinued in the control line. It was ascertained -
(see Fig. 8) that nltrlflcatlon was just as effective in the
decantation unit without pre—ozonlzatlon Under these con-
ditions, this treatment;contrlbu;ed nothing to the bio-
logical elimination of emmpnie. B |

For the amounts of ammonia of the order of 2 ppm that can be
encountered in the river,. the dissolved oxygen will, however,
be 1nsuff1c1ent Pre-ozonization then will provide enough

oxygen to brlng about nitrification.



- 186 -

Thus, although pre-ozonization has no direct effect on the
elimination of ammonia, it does seem to be useful in this
respect for bringing about biological nitrification when

the amount of ammonia present exceeds a certain limit.
However, the essential advantage of replacing chlorine by
ozone in the pre-oxidation is that no halogenated compounds

are formed during the pre-treatment.
The content of chloroform in the treated water after the
‘f%pal protective chlorination treatment was markedly smaller
in the biological line (Fig. 9). This infers a significant

elimination of precursors by a biological route.

raw water
T treated water,
reeoaas control line
o—e— treated water,

biological line
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Fig. 9

Chloroform content

ELIMINATION OF ORGANIC MATTER FROM DECANTED WATER

The effect of pre-ozonization in the pre-treatment on
coagulation -~ flocculation - is very marked. The flocculate

in the treatment line, where pre-ozonization had been used,
10.

was far coarser, as can be seen from Fig.
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Flocculate in the - Flocculate in the

pre-ozonized line non-preozonized line
Fig. 10

The effects of the pre—onnization’éan be naoticed from a
dose of about 0.2 ppm onwards . Pre-ozonization is therefore
more effective as an‘oxidizing pre-treatment for coagulation
than is pre-chlorination. This advantage indicates an im-
proved elimination of the organic matter in the line with

pre-ozonization.

What is the situation with reépect_to the organic. carbon
parameter? The results obtained wifh uv absorption of the
raw Water have shown that it might be useful to proceed

to pre-ozonization with relatively high doses (about 1 ppm).
This supposition was confirmed for the decanted water, where
it had been found that the difference between the organic
carbon contents in the two treatment lines increases in
favour of ﬁhe bioiogical line, with an increasing pre-
ozonization dose of up to about 0.6 mg/1l (cf.vFig. 11) .
Above this dose the difference between the organic carbon
contents is 0.7 ppm.

When the treatment at breakpoint in the control line is
discontinued, it seems that this difference is not altered
to any significant degree. The results obtained so far

indicate a mean difference of 0.6 ppm.
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Fig. 11 Reduction of the content of non-volatile organic
carbon in decanted water as a function of pre-
ozonization dose

Thus, pre-ozonization is certainly the reason for the better
results obtained with decanted water in the biological line.

ELIMINATION OF ORGANIC MATTER IN THE FILTERED WATER

The first measurements in filtered water showed very low
contents of organic carbon in the biological line. This was
in no way due to the biological activity of the filter, but
to adsorption on the activated carbon, which had only just
been placed in the filter,

At the end of several months of operation at the rate of

4 volumes per hour the findings corroborated earlier ex-
perience and the results reported by many other investi-
gators: the effects of adsorption are then very much reduced
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and essentially constant. Any improvements observed in
the filtered water are thus a result of biological activity.

The measurements taken in the course of the test with vary-
ing pre-ozonization doses show differences betwe€n the organic
carbon contents in the two lines which are much the same for
the filtered water and for the decanted water.

However, the results obtaihed are certainly not wholly in-
contestable. Thus, the time after every change in the pre-
ozonization conditions, about a week, was perhaps too short
to have allowed the bacterial population of the filter to
adapt itself to each new situation.

In order to evaluate the biological activity of the filter
with respect to organic matter, we also measured the content
of detergents, compounds that are easily biodegradable. The
results obtained show that during filtration throughractivated
carbon this parameter was only reduced to about 70 % (cf.

Fig. 12). |

AP%

100+

50+ ‘ \'J ’_
L 4

Q »
Nev. $95.77  In.78 Feb  Msrbh April  May "June Juty’
Fig. 12 " Reduction of the amount of detergent by -

filtration through carbon (biological line)
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It is interesting to compare this finding with those obtained
in a test on filtration through carbon, carried out with
filtered and ozonized water produced in a large plant. It was
noted at the time that the amount of detergentS‘was totally
and constantly reduced, even though the water had been pre-
treated at the breakpoint. However, this total elimination

was obtained only when the flow rate had been reduced to

12 m/h, which corresponded to 4 volumes per hour (see Fig. 13).

% ¢ Y=12a/b
V=1 m/h . _ ¥=sn2mnw_____ .
100 — " ™
r
50, ¢
e—— q L ]
L]
"nmonths
v T My Y . e d
0 1 2 3 4 5 6 7 8 9 10 11

Fig. 13 Reduction of the amount of detergents by

secondary filtration after post-ozonization

Subject to the speed of filtration through activated carbon
not being too great, these results lead us to the conclusion
that far more efficient biological activity as regards
organic matter can be obtained on a filter after secondary
ozonization (ozonization after complete clarification) than
on a filter placed in first filtration, even preceded'by
pre-ozonization. It is highly probable that the lower bio-
logical yield with respect to organic materials observed
with the latter type of filter is due to the periodical
washing to which the filter is subjected.
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We are therefore continuing with the pilot tests, studying
the efficiehcy of filtration after secondary ozonization
to complete the éliminatioﬁ of organic substances already
achieved in the biological line that we have been testing.
The initial results of these trials have been fairly en-

couraging.

EFFECT OF PRE-OZONIZATION ON VIRULICIDAL POST-OZONIZATION

Another very ihportant action of pre—ozonizatioh is the
effect that it has on the behaviour of water during post-
ozonization. This treatment was tried out in a pilot line
with a view to obfaining,a residual virulicidal content
of O.'4,g/m3 in the water for a time of 10 min.

It was found that, in order to arrive at this result, the
treatment doses required should be 40 % to 50 % lower in
the biological line than in the chemical line. This saving
on ozone in post-treatment remainsrfairly constant for all
pre-ozonizations above 0.25 ppm (cf. Fig. 14).

‘Reduction of
7 poste=ozonization
:dose,
60
50} ‘ ) R X
40 | ) AR - .
30
*
*
20 -
10 Pre~ozonization
] dose,
m
- v T — T pp"
0 05 R | 15 2

Fig. 14 Reduction of the poSt—ozonization treatment dose

as a function of the pre-ozonization dose
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Since the mean post-ozonization dose in the treatment of
Seine water is 2..5 ppm, the application of pre-ozonization
at 1T ppm will not necessitate the installation of supple-
mentary ozone-—generation equipment. All that will be re-
quired for pre-ozonization is a different distribution of
the existing production. Thus, pre-ozonization can be

considered to be '"gratis".

REHAVIOUR OF TREATED WATER IN THE DISTRIBUTION NETWORK

To compete the appraisal of the treatment lines tested, the
pilot line was equipped with two mini-networks made of un-
lined cast-~iron pipes 100 mm in diameter. The water moved
very slowly in these pipes, to obtain a residence time of

4 days (see Fig. 15). Sampling points were provided to allow
the water to be collected after residence times of 1, 2,

3 and 4 days.

Fig. 15
Mini-network in
the pilot plant

The counts of the banal bacteria present in these samples
enabled the risk of bacterial re-growth in the water '
produced to be calculated. The figures obtained for the
water produced in the tests show that in the biological
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line the maximum count reached was about 200 bacteria/ml,

and in the control line only 150/ml. This difference is of

little significance, and it can be assumed that bacterial

re-growth will be identical for the two types of water

(cf. Fig. 16).

AN/l
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N

e— control
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Days

CONCLUSION

Fig. 16

Banal bacteria counts

in the mini-network

The results of the tests indicate that the pre-ozonization

treatment of Seine water before coagulation presents many

advantages over the chlorine pre-oxidation practised so far.

- 1t enables the pre-chlorination treatment at the breakpoint

to be discontinued, for it constitutes the first link of a
chain in which ammonia is eliminated in a biological way.



- 194 -

This solution to the problem entails a reduction of the amount
of organochlorine compounds in the water produced, and in
particular of haloforms, this being due to the elimination

of precursors in the course of the biological clarification

process.

- Pre-ozonization leads to an appreciable improvement in
the elimination of organic matter, essentially in the

decantation units.

It does not appear, however, that this improved elimination
occurs by the biological route during filtration through
activated carbon.

The use of a second filtration after secondary ozonization
is undoubtedly necessary to obtain a complementary increase
of elimination of orgénic substances by a biological route.

- Lastly, it must be pointed out that pre-ozonization does
not entail any supplementary use of ozone, bearing in
mind the economies that such treatment would bring to

post-ozonization.
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PHYSICAL~CHEMICAL- PRETREATMENT FOR THE REMOVAL
OF PRECURSORS

J.M. Symons and A.A. Stevens

INTRODUCTION

The reaction of chlorine and precursors to yield
chlorinated organics, as represented by Figure 1,
would indicate three possible ways exist to attack the
trihalomethane problem: ' 1) is the removal of the pre-
cursors by some treatment technique; 2) 'is to replace
chlorine with some alternate disinfectant, or 3) is to
remove the chlorinated organics once they are formed.
This paper will‘review what is known about removal of
precursor as a trihalomethane control procedure.
Discussion of the other two techniques can be found
elsewhere (1,2,3). : '

CHLORINATED

CHLORINE + PRECURSORS — ORGANICS

Fig. 1
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REMOVAL OF PRECURSORS"

For removal of precursors, three possible techniqﬁes
have been explored: precipitation, oxidation, and ad-
sorption, precipitation being either during lime soften-
ing or during turbidity and color removal with a co-
agulant, oxidation either ‘with ozone, chlorine dioxide,
or potassium permanganate, and adsorption either with

powdered or granular activated carbon.
Precipitation

Pilot plant data would indicate that the amount of
chloroform that is formed during treatment can be
.changed depending on the point of application of the
chlorine (see Figure 2), either ahead of the flocculation
basin, ahead of the filter, or after filtration. This .

RAW WATER TERM
CHCI3 CONC
125¢ i -
RELATIVE
TERMINAL
CHLOROFORM 10 W
CONCENTRATION
IN FINISHED 1 L
WATER AFTER 75|
2 DAYS AT
GIVEN POINT OF 1
CHLORINATION 4|
COMPARED TU N aLuminum
CHLOROFORM A SULFATE |
FORMATION — og| l o (FERRIC (coaGuLANT
POTENTIAL IN : SULFATE
RAW WATER COAGULA;lT
4 L 4
RIVER [ - \\&{ [ DISTRIBUTION
\ -[fi of } T " svsTem
\ 0 @,
2 DAYS RAW 'COAGULATION. FILTRATION
\ WATER FLOCCULATION,
STORAGE  SETTLING

Fig. 2 Chloroform in finished water relative to
point of chlorination (pilot plant studies).
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¢

indicates that precursors are being'removed -during treat- !
ment, and the later in treatment that chlorine is
applied, the less chloroform is produced.. In this par-
ticular waﬁer from the Ohio .River, ferric sulfate was

a more effective coagulant and.so.the solid part of the
bars in Figure 2 indicates the.ferric sulfate data,

the total bar the aluminium sulfate data.

Raw water data are also indicated in Figure 2 for the
terminal trihalomethane concentratlon and a cuestlon
frequently arises as to why the raw water termlnal
trihalomethane concentration is higher than the amount
of trihalomethane produced when raw water is chlorinated
in a treatment plant. The explanatioa is that determi-
nation of terminal trihalOmétHanés is a test that is
done in a bottle in which raw water and chlorine are
mixed and held for some time and the resultant trihalo-
methane measured. In the ‘treatment plant the chlorine
is added, and as the water is passing through the co-
agulation and sedimentation basin the precursor and the
chlorine are being separated by the settling process.
Less trihalomethane is produced under these conditions
than would be produced if the raw water was chlorinated
in a bottle with precursors and chlorine in contact

for the duration of the holding period. Therefore, the
raw water terminal trihalomethane is used to indicate
the potential in the water, but this potential is not
realized even when the‘raw'Watef is chlorinated during
treatment. o '

Precursor removal by coagulation and settling was first
(1975) demonstrated on a full scale at Cincinnati,Ohio,
U.S.A. Figure 3 is a diagram éf fhe Cincinnati Watef
Works. Formerly they added chlorine at point A, where
chlorine and coagulant were both added. Then they moved
the point of chlorlnatlon from poeint A to point B, the
head‘end of the treatment plant; Because alum was added

before presettling (point A);'sﬁmé particulate removal
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occurred in these basins so the water quality at point
B is considerably better than it would be at point A.
The results of this change of chlorination practice
are shown in Figure 4. After the point of application
of chlorine was moved from point A to point B, the

chloroform level dropped very dramatically.

In order to demonstrate that this was really caused by
the moving of the point of application of the chlorine,
and not because of a change ih the river quality, the

wraw water trihalomethane formation potential was
measured at various timés throughout this period to
show that precursors still did remain in the raw water.
Even though a slight downward trend in concentration
may have occurred through the winter months (Figure 4),
it was certainly not equivalent to the dramatic drop
in chloroform concentration that occurred when the
point of chlorination was moved. Note that the bromin-
ated compounds did not change nearly as much in con-

centration on a percentage basis as did the chloroform.

OFF-STREAM STORAGE RESERVOIRS

/\(Rrav, 3 DAYS)

POINT B

SAAAAAA AAAAAA
FLOC, SETT. \ 1
WATER :
TREATMENT FILTERS CHLORINE, ALUM™]| o/ voin
PLANT ~———— POINT C POINT A STATION™

QCLEAR WELL
DISTRIBUTION SYSTEM ‘
"OHIO RIVER

Fig.!3 Schematic of Cincinnati‘Waterworks
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Another trial was conducted in the late summer of 1977. .
In this case, the point of application of chlorine was
moved from the rapid mix (hydraulic jump) to a point
following sedimentation and before the rapid sand
filters.‘Tabie I shows the trihalomethane concentration
in the distributed water for 1976 during mid-September
and early October and contrasts these data to those
collected during the 1977 study. The generally 1ower‘
concentrations during the 9/28/77-10/7/77 test agaihﬂ
show the. advantages of chlorinating as high a quélity
wéter as possible.

Figure 5 is a schematic diagram of the Daytona Béach,
Florida, U.S.A., treatment plant. This utility did a
study in which they chlorinated at three different
points, 1) chlorinating the raw water, 2) adding chlorine
at the recarbonation basin, and 3) adding chlorine at the
.clearwell. All of the trihélomethane concentrations were
measured at sample point No. 5, which was several hours

flow time following the clearwell.
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TABLE I INFLUENCE OF MOVING POINT OF APPLICATION OF

CHLORINE AT THE CINCINNATI WATERWORKS

Control Year ITHM in ’ Experimental Year ZTﬁM in
Point of Application Distributed Point of Application Distributed
Date of Chlorine Water Date of Chlorine Water
ug/L . ug/L
9/13/77 Rapid Mix 140.8
9/16/76 Rapid Mix 120.1
21 " 117.5 21 " 107.4
23 " 117.8
28 " 119.7 28 Settled Water 81.5
29 " 108.9 29 " " 102.4
30 n 115.8 . ") - 76.0
© L -10/1 " 89.2
2 " 87.4
3 " 116.0
4 " 78.1
10/5 " 109.7 5 " 77.7
6 " - 77.7
7 " 114.0 7 " 81.0
" 10 Rapid Mix 112.9
1 " 89.9
12 " 92.1
14 " 109.0
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The first two bars in Figure 6 are weekly average data
resulting from chlorinating the raw water; the second pair
from chlorination of the settled water; and the third pair
from chlorination of the filtered water. The cross-hatched
section of the bars shows the instantaneous values that
were measured at sample point 5 and the open section addi- .
tional trihalomethane formation potential that would be
exerted out in the distribution system.

The series of studies were conducted both with and without
recarbonation, and recarbonation had some effect on the
instantaneous trihalomethane concentration because of
stripping. In summary, Figure 6 shows two important points:
one, the raw water has essentially the same formation poten-
tial or precursor concentration throughout the study and,
secondly, the benefits of moving the point of application of
chlorine are shown. The removal of precursor through coagu-
lation and sedimentation was again demonstrated. The project
is continuing in Daytona Beach attempfing to demonstrate
whether or not this effect can be improved even further
through the use of the addition of polyelectrolytes.

Oxidation
- Ozone

Table II shows the effect of ozonation as an oxidant on
pilot plant filtered water in Cincinnati, Ohio, U.S.A.
Ozone alone does not produce any trihalomethanes.

For the first study without ozone and with chlorine,

20 ug/L of trihalomethane was produced. With 0.7 mg/L
of ozone plus chlorine, 23 ug/L of trihalomethane was
produced. The effect of ozonation was negligible. The
same occurred with a dose of 18.6 mg/L of ozone. When

a very high dose of ozone was used, 227 mg/L, some
oxidation of precursor occurred. Therefore, ozone can

be effective in certain circumstances, but in the
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Ohio River water it certainly was not particularly

effective for precursor oxidation at this time.

Table II EFFECT OF OZONATION OF DUAL MEDIA EFFLUENT

Contact Time - 5-6 min.
Applied Og Chlorine Summation Trihalomethane
Dose Dose Conc. after 6 days
mg/L . mg/L vg/L
0.7 0 < 0.2
0] 8 20
0.7 8 ' 23
18.6 0 < 0.2
0] 8 | 23
18.6 8 | 30
0 | 8 123
227 8 70

Figure 7 presents the results of another study per-
formed with Ohio River water dquring a different time
period showing that in this case a big decline in
precursor occurred. This study also included an
evaluation of the effects of ultraviolet radiation
which further enhanced the effects of ozone on re-
moval of precursors. The test system was a 22 liter

batch reactor receiving 20 mg of applied ozone per.
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minute. Although this study was also conducted on
Ohio River water, the results were quite different

from those shown in Table I.

The variability in the observed effect of ozone on
trihalomethane precursor removed is further shown
by Table III as compiled by Trussel. (4) These data
from the independent work of several investigators
range from negative removal to 90 percent. Several
variables undoubtedly account for the observed wide
range of results: nature of precursor, ozone dose,
contact time, contactor design, including the dis-
persion system, and possibly other water quality
factors. |
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Fig. 7 Ozone and ozone-UV destruction of THM precursors

Ohio river water (5/77)
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Table IITI PRECURSOR REDUCTION WITH OZONE X)

J

[=3

K

TﬂM Precursor

Location Dose, mg/L Reduction
Owens River 1.0 78
Lake Casitas 2.0 6
Columbia River 0.5 8

" 1.0 14
" 2.0 16
" 4.0 16
Ohio River 1.0 6
(Louisville) 2.0 22
v 4.0 30
" 6.0 46
" 8.0 46
Bay Bull's Big Pond 1.0 13
‘ 2.0 19
3.0 27

Ohio River - v
( Cincinnati) 18.6 -31
227 43
| Mokelumne 2.0 62
3.4 59
4.5 -59
6.0 53
Middle River 2.6 ~-13
2.8 -3
5.5 32
10 7
11 22
Rotterdam T2 60
8 50
Orange County 1.0 7
Caddo Lake, Texas 0-72 0-90
Ohio River O~ 109 0-80

X) from R. Trussel,

1978 (4)
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- Chlorine Dioxide

The data presented in Figure 8 show some removal of
precursor by application of chlorine dioxide. The
upper curve is the trihalomethane formation with
chlorine alone, the middle curve is similar data
with chlorine dioxide and the same amount of chlo-
rine. The chlorine dioxide has some effect on the
precursor such that it is changed so that it will
not react with the chlorine to form trihalomethanes.
The lower curve shows that chlorine dioxide alone
does not produce trihalomethanes.

F.A. Cl = FREE AVAILABLE CHLORINE
0.5} pH =7.4
T = 24°C

0.4}

-

0.3 4 1.5 mg/l FACI

o

04hK ~+—1.3 mg/I Cl02 + 1.5 mg/l F.A. CI
w/ Cloz ALONE

0 10 20 30 40 50 60 70 80
CONTACT TIME, HOURS

TOTAL TRIHALOMETHANE CONCENTRATION, umol/i

Fig. 8 Trihalomethane formation by Cl0; and excess free
available chlorine, ERC Pilot Plant settled
water (6)
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- Potassium Permanganate

Table IV presents the results of some preliminary
studies investigating the effects of potassium
permanganate on natural precursors from the Ohio
River. In these experiments, the percent removals
of precursor are relatively small, the highest is
19 percent, the lowest is 3 percent. Thus, potassium
permanganate does not have large influence on the
precursors that are in the Ohio River, although it
does do some good. As mentioned in a previous paper
(5), permanganate may have a more dramatic effect
on precursors in some waters where precursors were
observed to react more 1like m-dihydroxy phenyl
moieties. ‘

Table IV PRELIMINARY DATA ON PRECURSOR REMOVAL FROM
OHIO RIVER WATER BY POTASSIUM PERMANGANATE

KMnO4 Reaction
Chlorine
Amount Reaction pH Reaction LTHM % Removal
Added Time Time
(mg/L) (hours) (hours) ug/L
0 1.5 7.1 2 30.5
5 1.5 7.1 2 25.7 15.4
0] 1.5 9.3 2 52.3
5 1.5 9.3 2 50.9 2.7
0 1.5 10.2 2 57.2
5 1.5 10.2 , 2 54.0 5.6
O 0.5 Neutral 7.0 30 120.5
5 0.5 Neutral 7.0 30 97.6 19.0
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- Powdered Activated Carbon

Figure 9 presents some typical data on the performance

of powdered activated carbon (PAC) for precursor

removal. In this experiment chloroform formation

potential declined some initially, and then decreased

more slowly as a 100 mg/L dose was approached. These

data would
dose would
a finished
just above
completely

tend to indicate that a 5 or 10 mg/L PAC
give an effect that might be favorable if
water had a trihalomethane concentration
the proposed regulation, but PAC could not

eliminate precursor even with an uneconomical-

ly high dose.
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Fig. 9 Influence of powdered activated carbon on
chloroform formation potential
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- Granular Activated Carbon

Figure 10 shows data from a treatment plant in
Huntington, West Virginia, U.S.A. The precursof is’
nearly completely removed initially and then the
concentration steadily rises in the adsorber effluent,
reaching the proposed maximum contaminant level (MCL)
after about four weeks. Notice that the empty bed
contact time here is only 6-1/2 minutes, which is a
short empty bed contact time. Nevertheless, when the
granular activated cafbén is fresh, it will remove pre-
cursor well, but then a slow steady break-through ‘
»occuré. Other data with deeper beds {longer empty bed
contact time) tend to show that the time period for
break-through to the proposed MCL is longer, Figure 11.
Figure 12, data from the granular activated carbon
treatment of water with a very high concentration of
trihalomethane precursor again demonstrates the in-

fluence of empty bed contact time.
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" "0Zoné Enhanced Biologically Active Carbon Filters

A study on the utility'of preceding granulér activated
carbon by ozone treatment on the removal of trihalo-,
methane precursor was conducted in a pilot plant |
treating settled Ohio River water. The data in Figure 13
show that preceding the adsorption system by an ozone
dose of about 1 mg/L, contact time 20 minutes, did re-

sult in a reduction in trihalomethane precursor in the
adsorber effluent at any given service time when

compared to conventional dgranular activated carbon.
Both adsorption systems had a 9 to 10 minute empty
bed contact time. The mechaniém for this improved
performance is thought to be related to an enhance-
ment of biological activity in the activated carbon

adsorber brought on by the ozone pretreatment.

0.1 T T T T T T T T T ]
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—_ L i 1 1 —
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Fig. 13 1Influence of ozonation prior to adsbrption
on trihalomethane formation potential removal



SUMMARY

Precipitation, oxidation, and-adsorption are all
methods of removing trihalomethane precursor. Of
these various techniques; only adsorption on fresh
granular activated carbon is completely effective,
although the capacity of the activated carbon is
finite. The other techniques, alum or iron coagula-
tion, oxidation with ozone, chlorine dioxide or
potassium permanganate, or adsorption with powdered
activated carbon, are only.partially effective but
may still have a role in-controlling trihalomethane

concentrations in some cicumstances.
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UNWANTED BY-PRODUCTS OF CHLORINATION

B. Josefsson

It is a challenge for an analytical chemist to determine
the diirferent organic compounds (in the nanogram per
litre level) which are present in drinking water. For
practical reasons I think it is meaningless to analyse
all of them.

A hierarchic analytical system for the analysis of
chlorinated compounds should begin with the determina-
tion of elemental chlorine for rapid screening of many
samples. In this way it is possible to locate sources

of organic chlorine compounds to the raw water or

during water treatment processes. :When this procedure
reveals a source, a more laborious analytical determina-
tion of specific compounds caﬁ be performed. Dr. W. Kihn
showed in his lecture that elemencal chlorine analyses
can be carried out with the DOCl (dissolved organic
chlorine measured by pyrohydrolysis) method and DOCIN
(dissolved organic chlorine-nonpolar, measured with
microcoulometry on a nonpolar solvent extract) (1).
Other methods in this respect include non-destructive
neutron activation analysis (NNAA) on elemental chlorine
and bromine (2). When NNAA techniques are used it is
possible to distinguish between chlorine and bromine,

which cannot be done by coulometric methods, for example.

Liguid—-liquid extraction with a nonpolar solvent is
very practical for the determination of lipophilic
organic)halogens which can easily bioaccumulate. By
using this method organohalogenated compounds can be
tested for possible persistence by treating the extract
with conc. sulphuric acid, UV light etc. Biocaccumula-

tion and persistence are important in view of chronic
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or long-term effects, aspects which have not been dis-

cussed here.

In water treatment processes chlorine is widely used;
howeve , chlorine dioxide has gained popularity eSpecially
when ti:s = and odour problems occur upon chVentional
chlorinat.on. Chlorine and chlorine dioxide have also
been extensively used in pulp bleaching processes and
much of the experience gained from these processes may.
be of great value for water chemists. Bleaching ofbpulp
to eliminate miscoloring substances, e.g. lignin, are

to some extent similar to oxidation of humic substances
in water with different chlorine species. However, there
is a pronounced difference in the concentrations of .

organic materials in the two processes.

Recent studies on by—products‘formed upon pulp bleach-
ing with chlorine species have revealed great numbers
of chlorinated organic compounds of both polar and
nonpolar character in effluent water. The total amount
of chlorinated compounds exceeds 1 ppm, expressed as
chlorine in both polar and nonpolar solvent extracts of
the effluent water (3). Only about a tenth of the to£al
amount of lipophilic chlorine has been characterized,
e.g. chloro-cymenes, chlorinated terpenes etc. (3) (4).
The specific non—voiatile compounds which cannot be
separated gaschromatographically are still not-vefy
well studied. This deficiency may be.partly overcome by
use of chlorine detectors in liquid chromatography. The'
waste effluents from bleaching exhibit mutagenicity
with the Ames test (5).Throu§h the polar character. of
chlorophenols (from lignin breakdown), these substances
have been found accumulated in fishes caught near thé
bleaching waste outlet (6).

Chloroform concentrations are about a hundred times 7
higher in chlorine bleaching effluents,than in drinking

water (7). Hypothetically, some.of the other chlorina-
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ted compounds found in pulp bleaching effluents may
also be present in drinking water at a two-or three-
order of magnitude lower concentration. If they are
present in drinking water, do they have a long-term

effect?
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OCCURRENCE OF VOLATILE ORGANOHALOGEN COMPOUNDS IN THE OPER-
ATION OF WATERWORKS WITH VARIOUS TYPES OF WATER AND AMOUNTS
OF CHLORINE

S. Normann

Since the occurrence of low-boiling organic halogen compounds
in drinking water became known their formation in the water-
works as a function of the operating conditions has been of
particular interest, Detailed investigations on this problem
were also started at. the municipél works in Wiesbaden. The
following contains a brief report on the most important

resultsf

Use of chlorine in the Wiesbaden water supply

In Wiesbaden chlorine is added at several points:

1) In WI-Schierstein Rhine water is treated by flocculation,
filtration, and activated carbon filtration and then by

seepage for the purpose of artificial ground water enrichment.
The first measure is to chlorinate the raw water from the

Rhine for the purpose of oxidizing ammonia and for disinfection.
The amount of chlorine addediis'éuch that after a few minutes

0.5 mg/l of free chlorine is still detectable.

2) The drinking water obtained from the artificially en=-
riched ground water - containiné a considerable proportion of
bank filtrate from the Main - after a further treatment by
aeration and slow sand filtration, is chlorinated to maintain
hygienic safety to the extent that it leaves the works with
0.4 to 0.5 mg/l of free chlorine. PAC filtration will be added
to the treatment. : . t

3) A ground water charged with a small amount of anthropo-
genic material from the,Heésisches Ried, transported over

50 km to the supply arééwof‘wieSbaden, must be chlorinated

several times on the way so that bacteriological safety is
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ensured for the various smaller consumer communities situated

along the transport route, and on the other hand so that the

limiting chlorine level is not exceeded at any point.

Halomethane formation in the chlorination of raw water and

drinking water

It is worthwhile to compare the action of raw water chlori-
mation and drinking water chlorination in Schierstein as
regards the formation of organic chlorine compounds, and
also to compare the two drinking waters that come from very

different sources.

The three waters were studied gas-chromatographically for at
least 6 months for the content of organohalogen compounds
(after enrichment by pentane extraction and using an elecfron—
capture detector)and the low-boiling fractions were determined
quantitatively. 1In addition to this, the DOC and the UV
absorption at 254 nm were measured as sum parameters for the
organic loading. The mean values from about 20 samples for
halomethanes, the sum parameters, and the amounts of chlorine
added are listed in Table 1.

As regards the concentrations of halomethanes, it is note-
worthy that these may be affected by an error resulting from
the unreliability of the determination of the partition co-
efficients. With an enrichment factor of 200, a recovery
rate of 10% for chloroform and 33% for the other halomethanes

was calculated.

The interpretation of the results shall +thus be restricted
to the relationship of the individual values to one another.

Some interesting statements can then be made:



Table 1 Mean values for halomethane formation in Wiesbaden waters

Halomethane concentration Rhine water Ground water from -

in ug/1 Hessisches Ried .

Raw water Drinking water I |Drinking water II -

not chlor-| not chlor-

chlarinated| inated | chlorinated| inated chlorinated

Chloroform 1.0 3.0 2.5 2.5 4.0 "
Carbon tetrachloride 0.3 1.2 0.15 0.15 0.1
Bromodichloromethane 0.06 4.5 1.2 5.0 4.5
Dibromochloromethane gzgected 1.2 0.15 10.0 0.3

Bromoform rare 'I}‘C???%Ct' g(e)zected 5.0 not detected,, . p.1
Chlorine addition, g/m3 5.5 0.75 1.4
DOC, .g/m3 4.5 1. 2.0
UV absorption at 254 nm, mm:L 9.8 3. 3.6

- o6l -
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The halomethane formation during the chlorination of raw
water from the Rhine is only of the same order of mag-
nitude as that during the chlorination of drinking

water. This is surprising, because the organic loading
and also the chlorine consumption in the raw water is
much greater than those in drinking water. It must
therefore be assumed that Rhine water contains relatively

few halomethane precursors.

Each compound shows different behaviour in different

waters.

The relatively sharp increase in the bromine compounds

is striking in all three waters.

Comparison of the two drinking waters clearly shows

that even in the safety chlorination of a natural,
organically weakiy loaded ground water halomethanes are
formed in low concentrations. In respect of the chlorine
compounds listed the two drinking waters show approxi-
mately the same loading. The formation of dibromo-
chloromethane and bromoform in drinking water I can be
explained by the higher bromide contents in the enriched
Schierstein ground water.

Formation of organohalogen compounds in chlorination of raw

water with variation of the amounts of chlorine added.

The effect of various chlorine additions and of various
excesses of chlorine in the chlorination of raw water was
investigated in a series of operational trials at the Rhine
water treatment works lasting several weeks. The chlorine
was added directly before the addition of the flocculation
agent. The effect of the chlorination was studied after

flocculation and filtration and a mean action time of 8 h.



Table 2 Quality parameters

(mean values)

in the four chlorination trials

Experimental Mean chlorine | Chlorine concen- Water PH NH 4t DOC CSB UV25 4
pericd addition tration in floccu- temp. KMnO
lation inflow e ] -1
g/m3 g/m o ng/l | mg/l! ng/l m
12.12.77 to 8.0 1.1 4.4 6.97 0.62 4.9 21,7 10.7
11.01.78
17.01.78 to 6.5 0.5 3.8 7.1} 0.76 | 5.0 | 21.1 | 10.4
18.02.78
21.02.78 to 4.0 0,1 5.5 7.20 ] 0.45 4.8 .| 20.3 10.1
11.03.78
21.03.78 to 0 0 9.6 7.44 | 0.11 4.2 17.3 9.1
25.04.78

(A4
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In Table 2 are listed the quality parameters. of the raw
waters as mean values for the experimental period for the
four different additions of chlorine in the range between O
and 8 g/m3. The lower concentration of free chlorine in the
flocculation inflow shows that the bulk of the chlorine is
consumed after only a few minutes. Not until a dose of

8 g/m3 can appreciable residual concentrations of free
chlorine be measured, which act further during the subsequent
treatment.

The gas—chromatographic measurements were performed at three

temperatures, namely at 60°, 180°, and 230°C. Fig. 1 shows

101 ’
/
I3 /,
0.5-‘ ’A CHC[J
’/
-
famm
0 T T r - CHCIZBI'
2 4 S 8 19 ;

o ¢
£ 1,0 z 0
g / ;
%0.5' / C, HCl, %
s / =
2 w_-____:-_—’f 2
£ g CHCIBr
g 2 4 6 8 1 K
E: ) 10
i £
§
N v
£ &
¢ 0 S — g R
5 2 4 6 8 1 S 2 4 6 8 W

Chlorine addition, q/m"l —— Chlorine addition, g/m3_’

— Mean values ==- Maximum values —=- Mean values === Maximum values

Fig. 1 Formation of low-boiling organohalogen compounds
in the chlorination of raw water in dependence on
the amount of chlorine added.
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the concentration’ increase for 6 different readily volafiie-‘
organochalogen comRounds with. increasing doses of chlorine.
In addition to the mean values, the maximum concentrations
found are also indicated, since they exhibit trends still

more clearly.

The concentration data refer here to values measured in
pentane, recalculated to the amount of water used but not yet
taking into consideration the partition coefficients for the

pentane-water system.

The different courses of the curves show clearly that the
formation of the individual compounds is strongly dependent on
the amount of chlorine: while some compounds are only formed
with larger chlorine amounts, or when the chlorine is in
excess (e.qg. trichlorbethylene), in the majority of compounds
elevated concentrations can be detected after only small
chlorine additions. The strongest dependence is given for
bromodichloromethane. For the remaining compounds appreciable
concentration increases are only measured when the chlorine
addition exceeds 6 g/m3, i.e. in the range where an excess of

free chlorine is already present.

Most of the substances formed during chlorination are already
present in low concentrations in Rhine water. Only very few
new compounds are formed, and these only at high doses. These
are low-boiling substances. In addition to dichlorobromo-
methane, seven new compounds were detected at a column temper-
ature of 60°C; at 180°C only two were found in low concen-

trations.

As regards the higher-boiling substances (column temperature
180°C), the concentrations of the first four were increased by
the addition of chlorine - these were probably dichlorobenzene,

hexachloroethane, trichlorobenzene, and hexachlorobutadiene.
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The concentration of the higher-boiling compounds is some-

times decreased by the flocculation (by up'to 50%). Even
with high chlorine additions an increase was never observed.

An important factor for the evaluation of the effects of the
concentration increase of organic halogen compounds is the
ease of their removal during the subsequent activated carbon

filtration.

This was also studied, and in addition longer operational
experience is already available in this case. The types of
carbon used (F 300 and F 400) are very effective as regards
the elimination of the DOC and the removal of high-boiling
nonpolar chlorine compounds. The highly-volatile halogen
compounds formed mainly by the chlorination, however, are
only partially adsorbed even by fresh carbon (e.g. chloroform
and carbon tetrachloride), or pass through the filter already
after a loading of only 10 1/g carbon (e.g. bromodichloro-
methane and dibromochloromethane). With increasing loading
of the carbon these compounds can be found in the filtrate
long after they can no longer be detected in the raw water.
The high—~boiling compounds (starting with bromoform) occur

only sporadically in the filtrate, in low concentrations.

sSummary

The operational trials on the chlorination of raw water with
various amounts of chlorine, performed on moderately polluted
Rhine water (with average outflow), show clearly as regards
the gas—-chromatographic substances that low-boiling organo-
halogen compounds are formed first. The dependence on the
chlorine dose is very different for different compounds.

With low-dosage chlorination of the raw water with doses
below 6 g/m3 - as in the Rhine water treatment works at
Schierstein = the concentrations of readily volatile organo-

halogen compounds formed are kept within permissible limits.
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They are approximately in the same range as in the chlorin-

ation of drinking water.

If up to now chloroform formed the centre of interest, in the
c;se of the chlorination of bromide-containing waters the
bromine-containing halogen compounds must receive more
attention than previously, because these compounds too are
insufficiently eliminated by the activated carbon filtration
and form in appreciable concentrations even under the con-
ditions of low-dosage chlorination of drinking water. In
this connection the bromide content of the water also gains

in importance.

On the example of a marsh water (Hessisches Ried) it was
demonstrated that the safety chlorination necessary when
water is transported over a long distance:requires relatively
high doses of chlorine, and so can give rise to appreciable

halomethane concentrations.
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THM FORMATION IN TWO DIFFERENT WATER TREATMENT SYSTEMS
AT ROTTERDAM ’

J.J. Rook

1) Rotterdam Waterworks owns two treatment plants, i.e.

the Berenplaat Plant, dating from 1966, with a production
capacity of 12.000 m3/h, and the new Kralingen Plant, ca-
pacity 5.000 m3/h, which started production in July 1977.

Both plants treat the same type of raw water, which is

stored river Maas water. In the Berenplaat Plant conven-
tional chemical treatment is applied; breakpoint chlori-
nation, dosage of PAC, coagulation with Fe (III), sedi-

mentation, rapid filtration, post chlorination.

The new Kralingen .Plant consists of primary coagulation,
floc removal by means of lamella separators, ozonation,
dual media filtration and filtration through granular

activated carbon, post chlorination.

The raw water has been stabilized by self-purification.
Algae control measures have proved to be very effective,
the average chlorophyll content being 5 ppb, with inciden-
tal peaks of 40 ppb. The TOC value averages 5,5 ppm, mainly
caused by natural yellow acids which are:-identical with
fulvic acids. The raw water is transported through 28 -
30 km pipelines. During the summer period of 1977 the raw
water was pre—-chlorinated (dosage circa 5 ppm) before
transport in order to keep pipe walls clean from bacterial
growth. During the winter season no chlorination was app-
lied. Transportation to Berenplaat takes 6 h, to Kralingen

15 h. With the given amount of fulvic acids the pre-chlori-
nation resulted in THM formation:
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Plant ’* ‘' -**Contact time
Berenplaat 6 h
Kralingen 15 h

Temp.

12-22% "

12-22°

TTHM at
plant i

68 p

ntake

pb

103 ppb

During the winter season of 1977-78 pre-chlorination was

interrupted. Consequently,

Results of conventional treatment

Table I summarizes the THM contents in the finished water of

no THM formation occurred.

the conventional treatment at Berenplaat, both with and without

pre—-chlorination.

TABLE I THM in Berenplaat Plant
Conventional: Breakpoint-PAC-coag.-filtr.

CHCl3 CHC1,Br CHClBr2 CHBr., |Total
O Raw water | .
0 pre-chlorinated 30 22 14 1.5 68
N (5 ppm' 7 h)
I
N | Finished water 40 28 14.5 1.5 84
Raw water
o not chlorinated <1 © © © <1
O.| Finished water 18 13 6 1 38
i1 (4 ppm breakpt.chlor.)

This data shows that post-chlorination (0.8 ppm)

caused an

increase of TTHM from 68 ppb to 84 ppb during the summer

season.

The formation potential of the raw water was 160 ppb after
48 h at 20 °c.
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TABLE II THM in Kralingen Plant’

Coag. 2.5 ppm ozone-filtr. (GAC)
CHCl3 CHC12Br CHClBr2 CHBr3 Total
Raw water
pre-chlorinated 50 32.5 18 2.5 103
(5 ppm 15 h) ‘
after Floc Separation 32 22 13 1.5 68
O .
%3 after Ozonation 32 23 12 2 69
!
Q| Finished water
(without GAC) .
(0.8 ppm 6 h post—chlorin.)] 49 35 16.5 1.5 102
Raw water )
not chlorinated 1 0 0 0 1
o after Coag.+ Ozone 1 ] 0 0 1
(o]
N leluted from GAC
T (7-10 months in use) > 3 1.5 0 9.5
Finished water 6.5 6.5 9.5 6.5 29
(post~chlorinated)
TABLE III THM in Kralingen Plant
Influence GAC
CHC13 CHC12Br CHClBr2 CHBr3 Total
after GAC (first month) 1.2 - 0.8 e} e} 2
after GAC post-chlorin. .
(0.8 ppm 6 h) 3.2 ‘ 3.7 5.4 5.7 18
after GAC $2—5 months 17 11 4 o 32
in use)
after GAC post-chlorin. 18 12.5 13.5 8.5 52
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In the winter period when only breakpoint chlorination
with a chlorine dosage of 4 ppm at a contact timé of

30 min. was applied, the finished water contained 38 ppb
TTHM. | '

It is interesting to compafe this figure with the results

of the ozone-GAC treatmenttin the Kralingen plant.
Results of new treatment plant

In the Kralingen plant the reservoir water is coagulated
with iron, followed by ozonation (3 ppm), dual media fil-
tration and final filtration through activated carbon
(GAC, contact time 12.5 min.).

The plant was started in July 1977, when the raw water was
pre—-chlorinated. During 15}h transportation TTHM went up
"to 103 ppb. In the first‘mdnth of operation the carbon
filters could not be used, because they were in the pro-

cess of being filled.

The effects of this treatmént'coégulation and ozonation
without carbon are shown in Table II. It is seen that the
THM once formed by pre-chlorination is only partly removed
by the coagulation and ozonation steps. An interesting ob—v
servation is that post chlorination of 0,8 ppm gave rise
to renewed THM production, i.e. an increase from 69 to

102 ppb. The TOC value after .coagulation ozonation was

2.8 - 3 ppm.

The advantageous effect of thé adsorption of both pre-
cursor and THM onto fresh carbon may be seen from the
data in Table III, upper lines. The TTHM in the raw water
still amounted to 100 -~ 103 ppb. Adsorption reduced this
to 2 ppb. The observation that post-chlorination (mea-
sured after 6 h) produced 18 ppb TTHM, as compared to

33 ppb without GAC, indicates that precursors remaining
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after ozonation were partly reduced. During:this- first
month of operation the carbon filter treatment lowered
TOC from 3 ppm to 0.9 ppm. In the next three months, how-
ever, the TOC of the effluent gradually rose to 1.5 ppm.

During this period THM breakthrough started to become
significant for CHCl3 (Table III, lower case). The more

brominated THM were withheld longer..

Precursor removal was still performed at a slightly di-
minished level. Post-chlorination now caused a 20 ppb
increase of TTHM (32 to 52 ppb).

During the following winter season the pre-chlorination
was interrupted and consequently THM formation did not
occur. The results of the ozone - GAC - post-chlorination

treatment are given in the lower case of Table IT.

Two conclusions may be drawn. First, the TH& ofginally
adsorbed was slowly eluted, resulting in average values
over the 4 winter months of 9.5 ppb TTHM. Secondly, pre-
cursor removal appears to remain at about the same level
as indicated by the 20 ppk increase caused by post chlo-
rination.

However, the effect of lower temperature on the overall

reaction rates have to be taken into account.

Table IV summarizes the observations reported here.

The data clearly show that pre-chlorination of raw water

is deleterious to any further conventional or advanced
treatment. Starting with non-chlorinated raw water in the
conventional treatment resulted in 38 ppb TTEM, as compared
to 20 ppb TTHM increase during 6 h post chlorination. In
this case the total effect was negatively influenced by
the elution of 9 ppb TTHM resulting from the preceding
period during which the raw water had been chlorinated.
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A final.observation is that ozone treatment resulted in a
shift towards brominated THM in post chlorination,  as shown
by the data of the finished waters of the conventional

treatment (Table I, last line) vs. new treatment Tables II-

and III.
TABLE IV
TTHM ) TTHM
PLANT I - | PLANT II
Conventional : Ozone GAC
ppb , ppb
Raw water i Raw water 1
not chlorinated not zhlorinated
Coag.-0Ozone-GAC 9
(6-10 months)
Finished water 38 Finished water ' 29
Raw water 68 Faw water r 163
prechlorinated prechlorinated
Coagulation-0Ozone 69
Finished water 84 Coag.-0zone-GAC . 32
l Finished water
(O.8ppm post chlorinated) 52
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CHEMICAL CHANGES AND ‘REACTION PRODUCTS .IN -THE OZONLZATION
OF ORGANIC WATER CONSTITUENTS

E. Gilbert

The growing interest in the use of ozone for the treatment
of drinking water and waste Wa?et has led not only to

studies on the process techqiqueérfor the ozone input (1-10),
the mass transfer from gas- to waﬁer phase (11-13), and the
behaviour of ozone in water (14-20), but also to a large
number of publications on the‘chemical effect involved. The
following is a survey of the reactlons of ozone with the
organic constituents of water and of the oxidation products

produced in this way.

Disinfectant effect

Until the nineteen-fifties ozone was used mainly for its
disinfectant effect; it had been used in the treatment of
drinking water as early as the turn of the century (21), and
therefore the majority of publications have concentrated on
this partial aspect. In addition to more recent results on
its disinfectant action and on viral inactivation by ozone
(22-27), attention 1s particularly drawn to the proceedings
of the 1976 Chicago conference "Forum on Ozone Disinfection"
(28) .

Since the analysis methods are extremely complicated, very
little can be said about the mechanism of disinfection or
the inactivation of viruses, which can often take place in

a matter of seconds with a dosé of 1 mg 03/1. The first
insight into the chemistry of the disinfection processes was
provided by trials on amino acids, the building blocks of
proteins, in pure solutions. Mudd et al.(29), Menzel (30),
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Shuval KBlYﬁréﬁbftéd'thét’tﬁé“ﬁnsaﬁurated'ahind'aCidS~sﬁch:”53
as tryptophan, tyrosine, histidine, and the sulphur-containing
amino acids such as methionine, gluthathione, cystine, and
cysteine are readily attacked by ozone. Shuval (31) found
that viruses react with ozone at much the same rate as the
above-mentioned amino acids (Fig. 1, ozonization of trypto-
phan). This is an indication that the inactivation of
viruses may be due to an atiack'of ozone on these amino

acids and that as a rééulﬁ of oxidation the acids lose

their structural charactéristipslimportant for biological
activity. In the case of the unsaturated amino acids, such
as tryptophan, the double bond.is attacked and the molecular
structure is destroyedh(Fig. 2). In the sulphur-containing
amino acids the sulphur ié-okidized to sulphoxide, sulphone
or to sulphonic acid, wheféby'thé acids can no longer act

as oxygen carriers in redox processes. It is not known
whether the oxidation products themselves have any disinfec-—

- tant action, since their identification has been only partial

and qualitative.

0'3 =1.8-20 wm mole/ sample

Sample volumes = 5,0 mi

Temperature =0 °C

Fig. 1

Tryptophan in umole

PH:G,Q PH‘ ‘*‘4

1 1

1530 60 S0 120
Time [S] ’

, Reaction of tryptophan with
@ pH=2.0 ozone; dependence on the pH

i
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Amino acids Oxidation products
Tryptophan Kynurenine .
_COOH Q ,COOH
—C~CHsCH ~C-CH5CH
! \NHZ \NHZ
H N-Formylkynurenine NH3
7 COOH
—C—CH2—CH
NH»
“NH-CHO
Methionine Methionine sulphoxide
CH3~S = CHy-CHyCHINHL)COOH CH{ $~CH5 CH5 CHINH,)COOH
0
Cystine Cysteic acid
S—CHy~CHINH)COOH HO3S-CH,~CHINH)COOH

S—CHo—CHINH,)COOH

Fig. 2 Ozonization of amino acids; oxidation products

Effect on the sum parameters

Besides the disinfectant effect of ozone which, as already
explained, may be associated with the ready oxidizability of
amino acids, its other beneficial effects have been utilized
for a considerable time. These‘are‘an improvement of the
water's odour and taste (32-36), removal of any colour or a -
reduction of UV-extinction (32, 37-45), as well as a
reduction in the molecular weight-of high-molecular sub-
stances (46-50). Fig. 3 shows as an example the effect of
ozonizing humic acid from Hohlohsee (Northern Black Forest)
on the size of its molecule. | After a dose of only

1.5 mg 03/mg C, half of the carbon is present in the form

of molecules with molecular weights below 1000 (50).
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The DOC and the COD are also decreased by oxidation processes.
It is found that the DOC decreases much more slowly than the
COD and that with.longer ozonization times both approach
asymptotically to a final value. To illustrate this point
the results obtained in the ozonization of 2-nitro-p-cresol
in.water are shown in Fig. 4. An unbuffered 1 mmol solution
at pH 5 was used. The greatest decrease in the two par-
ameters occﬁrs after degradation of the cresol, i.e. the
products formed are present in a higher oxidation state

and - at least in the acid range - react further with

ozone only very slowly.

70

1

MW > 30000
MW 40 000-30000

N

MW  4000-40 000

20 MW < 400C

T

—+ DOC ImgCN]
W
o
1

10t

A

YN\
NN

7
///

- I

031 0.6 147 2,
Ozone consumption,mg/mg starting DOC

Fig. 3 Ozonization of humic acid (Northern Black Forest)
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L3O
1007 2,6mgCymgC @mgOy/mgC 6.5mgCy/mgC
- ! : !
801
5 -
(=]
E
4 404
—a
204 | X
n \\ Cresol
O.
Il \\ ! A 1 1
60 120 180

Ozonization time (min)  dose 10 mg O3/min-

Fig. 4 Ozonization of 2-nitro-p-cresol (c = 1 mmole/1)
TOC and .COD decrease in dependence on the
ozonization time

In a further example, which is representative of many (38,
39, 43-45, 48, 51-69, 120, 134) a paper pulp waste water
was studied (51). As Fig. 5 shows, with a limited ozonization
time a total degradation to CO, and H,O0 is not achieved.

The extent of the COD reduction naturally varies from one
substance class to another, and in the case of a given waste
water reacts according to its composition. After the COD
has been decreased by 50-70% further ozonization brings

about only a negligible reduction of this parameter.

According to the present data, a reduction of the COD value
by 1 kg is attained by the consumption of 1-4 kg of ozone
(Table 1), and in extreme cases even 6-10 kg of ozone may

be necessary.
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@ ~ Tol, of effluent used-: 10 | Fig. 5 |
a ©zone dose 1,63 g/l Ozonization of paper mill
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time
=
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TABLE 1 COD degradation and ozone consumption
CoD .. COD i
Solution used o t Ozone consumption | Ref.
mg 02/1 A CoD
Ca ligninsulphonate 1130 — 890 1 51
Paper mill effluent 4950 — 2500 1,8
Efflient 225 — 198 1,5 38
Industrial effluent 3340 — 1930° " 0,8
3340 —» 314 1,8 57
2140 —> 1620 2,5
910 — 150 5,0
Effiuvent from a sauerkraut factory 14000 — 3000 2,0 62
Industrial effluent 156 — 94 0,7 66
Paper mill effluent 1480 —> 1150 1,4 44
Discharge from clarification plant 59 —» 49 1.4
59 —» 35 2.0 48
58 ~—> 50 1,5
Discharge from clarification plant 48 —> 24 2.5 60
Discharge from clarification plant 43 — 42 5.6 58 -
56 —> 32 1,7
Discharge from clarification plant 80 ~> 16 2,5 63
20 — 10 2.5
Humic ecid soluticn 240 —> 60 2,7 52
Nsphtbol 26— 19 1 6
Phenol 70 — 24 1.6 !
Chlorophenols 216 —> 106 1,5 - 2,3 72
Hephtnalene-2,7-disulphonic ecid 265 —> &0 2.5 54
p-Toluenesulphcnic acid 250 —> 60 3.7 --
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With small ozone doses an increase of the-COD has actually
been observed in some cases (43, 61, 64, 68, 69). In the
first phase of the ozonization some substances are made
accessible to the COD analysis by the oxidation, thus pro-
ducing an increase in COD which then decreases again as the

ozonization continues.

The biological degradability is often improved by the attack
of ozone, as has been reported in many recent papers. Data
on the rise of the BOD5/CCD ratio after ozone treatment are
found particularly in (38, 44, 45, 54, 65, 70-72).

The change in the molecules after ozonization also in-
fluences the chlorination processes in the treatment

of drinkihg water. Preliminary ozonization reduces the
formation of chloroform during the subsequent chlori-
nation (73-77). Maier (75) observed that as the chloro-
form decreased an equivalent increase of bromodichloro-
methane and dibromochloromethane took place in ozonized
Lake Constance water. Lawrence (77) was able to establish
that in the ozonization of ligninsulphonic acid and aspartic
acid the concentration of "chloroform precursors" increased
at the start of the reaction and only fell again as the
oxidation progressed. Rook (73) found in addition that the
ozonization effect contributing to the reduction of chloro-
form formation becomes the smaller, the longer is the

interval between ozonization and chlorination.

In the large-scale plant at Lengg (Switzerland) (78) increase
in the concentrations of two halogen compounds, dichloro-
butanone and iododichloromethane, could be observed after
ozonization. Block and Buydens found an increase of the
chlorine demand after ozonization of raw water (79, 80).
Maier (75) showed that after ozonization of Lake Constance

water the chlorine consumption proceeded essentially more
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slowly than in non-ozonized water. In addition, several
authors have described an increased repopulation with

bacteria due to ozonization (75, 78).

Finally, the ozonization of raw water or river bank filtrate
can lead to the formation of non-polar chlorine compounds
(81).

The effects mentioned depend of course on the type of the
raw water or on the composition of its constituents. The
latter, however, are so numerous that so far the complex
systems of raw water and waste water can in effect only be
characterized with the aid of sum parameters. Therefore,
the data concentrate on the action of ozone on such measur-

able parameters.

Ozonization of pure compounds

To explain and thereby also to control these phenomena, a
knowledge of the exact compositon of the aqueous solutions
would naturally be necessary. This is the first basic pre-
requisite for informative results. It also seenms useful,
as 1n the case of viral inactivation, to resort first to
model substances and to study the ozone-oxidation on simple

systems. This approach has been described in recent years
by several working groups.

Quinoline

Naimie (82) ozonized 200 ml of a 0.25 - 0.5 mM guinoline
solution (pH 6.9), which after 60 min (30 mg 03/min) con-

tained less than 10% of the initial guinoline content.

Cyclohexanol, cyclohexene

Cyclohexanol and cyclohex-l-ene-3-ol (2 g/1) in the presence
of 10.5 g of Ca(OH)2 were eliminated with 4 g/1 or 1.5 g/1

of ozone. Malonic acid, glutaric acid, adipic acid, and
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succinic acid were identified qualitatively among the oxid-
ation products, but amounted only to an estimated 5% of the
total amount of the oxidate (83). ‘

Urea

Eichelsd8rfer (84) was able to determine quantitatively the
oxidation products of the ozonization of urea, CO2 and nitric

acid.

Malonic acid

The ozonization of malonic acid (85, 54) produced tartronic
acid, mesoxalic acid, oxalic acid, CO, and Hy0,. A mass
balance was set up. In this process 192 ppm of ozone are

consumed in 100% elimination of 104 ppm of malonic acid.

Maleic acid

Black (86) ozonized 40 g of maleic acid in 100 ml of water
with the stoichiometric quantity of ozone for the prepar-

ation of glyoxylic acid.

Caffeine

Shapiro (87) found in the ozonization of caffeine (660 ppm)
that 4.2 moles of ozone were necessary to eliminate 1 mole of
caffeine. Dimethylparabanic acid was identified in addition

to several other oxidation products.

Dichlorobenzene

The ozonization of dichlorobenzene in pure aqueous solutions
(88) proceeded most efficiently at pH 8.4. 60 mg of ozone
are needed to oxidize 30 mg of the substance/l.

Glucose

Walter (89) described the reduction in the COD after ozon-
ization of 6 litres of 0.1% glucose solution. After a maxi-
mal dose of 1.6 g of ozone the COD fell by 10-15%.
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Ethylenediaminetetraacetic acid .

Krause (90) studied the decomposition of ethylenediamine-
tetraacetic acid chelates with ozone. To release 90% of the
metals (Ca, 2Zn, Ni) from the chelate complexes in 1 litre

of 0.01M solution an ozone amount of 1.7 - 3.4 g 03/1 was
used. The reaction proceeds from pH 7 in the basic region

twice as rapidly as in the acidic region.

Aliphatic alcohols

The ozonization of methanol (91, 91a, 92), ethanol, butanol,

and octanol (92) proceeds via the aldehydes to carboxylic
acids. 88% of isopropane is transformed into acetone (93).

| In the ozonization of ethanol, Gilbert (94) found in addition

H, o short-lived peroxides, and formic acid (Table 2).

Alkylbenzenesulphonic acids

Buescher and Ryckman (95) investigated the behaviour of
tert.alkylbenzenesulphonates (ABS) with respect to ozone.

12 mg of ozone were consumed to oxidize 4.5 mg of ABS. Evans
(96) found that the removal of 15.6 mg of ABS in 1 litre of
discharge from a biological clarification plant requires an
ozone dose of 75 mg/l, and that the oxidation products are
utilized better biologically. Kandzas (97) reports that at
pH 11 90 mg of ABS are eliminated by 190 mg of O5. Small

quantities of formaldehyde and formic acid were found as

oxidation products. Joy (98) studied the ozonization of
nonyl- and decylbenzenesulphonates. 720 mg of O3 were
needed at pH 6 to degrade 160 mg of sulphonate and only
240 mg at pH 12. 70% of the sulphonic acid was converted
into sulphate. Formic and oxalic acids were determined
quantitatively and nonylglyoxal qualitatively as organic
cxidation products (Table 3).
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TABLE 2 Ozonization of alcohols

Compounds Concentration |Ozone Degrad- pH Ref.
consumpton/ ation
Methanol 140 mg/150*m1 30 mg 29 % 5,5 - 5,8
Ethanol 210 mg/150 ml 360 mg 71 % 5.4 - 3,8
Butano] 330 mg/159 ml 380 mg 64 % 6,2 - 3,7 | 92
Ethanol 92 mg/1 211 mg 90 % 6,3 - 3,8 94
Isopropanol 192 mg/1 bmount added] 100 % 7 93
2,6 g

TABLE 3 Ozonization of alkylbenzenesulphonates

Compounds Concen- Ozone Degra- pH Ref.
tration consumption dation
Alkylbenzenesulphonate 4,5 mg 12 mg 100 ¢ 82
" 15,6 mg 75 mg 100 % - 83
" 80 mg 190 mg. 100 % 11 84
Nonyl- and decyl- 160 mg 720 mg 100 % 6 85
benzenesulphonate 160 mg 240 mg 100 & 12

Polycyclic aromatics

Reichert (99) and Gomella (100) studied the degradation of
3,4-benzpyrene. 0.7 ppm of ozone are required to remove
1l ppb of benzpyrene from water.

Chlorine-containing pesticides

The ozonization of pesticides has been studied by several
authors (Table 4). Up to now the toxic dieldrin has been
identified qualitatively as the oxidation product from
aldrin and heptachloroepoxide from heptachlor (101).

Brower (1l05) established in the fish test that the oxidation
products of aldrin are less toxic.
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TABLE 4 Ozonization of chlorine-containing pesticides

: ) Ozone
Pesticide Concentration Ozone con- Degra-| pH Ref.
dose sumption dation_

Lindane 2 ppm 17 ppm 0

Endosulfan 1 " oo ] 0

Endosulfan II " oo 12 %

Dieldrin . " “ 26 % 101

Heptachloreepaxicy " " 26 %

DDT " 78 %

Aldrin » " 86 %

Heptachlor # L 100 %

Lindane 40-100 ppb 0,4-3 ppm| 0 102

Lindane 1C ppb 11 ppm 10 # 103

Lindane 50 ppb 149 ppm| 97 ppm | 100 %1 9,8/6,81104

Aldrin 20 ppb 23,8 ppm _ 100 % 105
- Aldrin Os’gggeffsion 2.85 g 100 % | 7.5-4,4 112

DDT 7 ppp . . 100 £ 1'7,9-4,5

Phosphorus-containing pesticides

In contrast to the chlorine-containing pesticides; the
phosphorus-containing ones are more readily oxidized.
Richard and Laplanche (106—108)‘found that after an ozone
dose of 3 ppm 80 ppb oflpaféthion~were oxidized;‘toxic para-
oxon is formed among other products, and is degraded only
after 5 ppm of ozone has been added. 2,4-Dinitrophenol,
picric acid, sulphuric acid were identified qualitatively
and phosphoric acid quantitatively as the oxidation products
(Table 5). |

Waste water constituents

For a better control of the ozonization of waste waters from
photographic processing laboratories, the individual consti-
tuents have also been studied (59,109), such as acetic acid, '
glycine, diethylene glycoel, benzyl alcohol, and various

colour developers. The concentrations amounted to 1 g/l and
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TABLE 5 Ozonization of phosphorus-containing pesticides

. . o De i‘a—

Pesticide Concentration a;gait daé&on pH Ref.
Malathion 100 ppb 5 ppm 88 % 8 106-108
Parathion 87 ppb " 33 % Y
Methylparathion 125 ppb " 84 % "
Fenitrothion 120 -ppb " 93 % "
Parathion 2500 ppb 149 ppm | 100 % 9.8/6,5

: . 104
Fenthion 2450 ppb 149 ppm 100 % | 9.8/7,2

the ozone dose to 0.5 g 03/h. Ozonization was performed
for 8 h and the COD decrease was measured. Glycine and
acetic acid were the only substances tested that exhibited

no change.

Bauch and Burchard (110)

stances and determined only the degiee of degradation.

studied a series of organic sub-
The
concentrations used were 1 - 2 g/l for methanol, ethanol,
glycerol, ethyl acetate, acetic acid, caprylic acid, sugar,
and glucose and 0.1 - 0.5 g/1' for hydrazine, phenol, o-
cresol, hydroquinone, o—sélquIicvacid, pyridine, benzine,
chloroform, benzene, and toluene. Acetic acid, ethyl acetate,
caprylic acid, pyridine, and chloroform were shown to be

stable to ozone.

Caulfield (111) established by the Ames test that the muta-
genic action of various policyclic aromatic hydrocarbons,
aromatic amines, and some pesticides can be eliminated by
oxidative degradation with ozone. However, the primary
oxidation products of benzidine had stronger mutagenic
action (111,112), '

degraded to inactive products.

though on further ozonization they were

Spanggord (112) studied the ozonization of 30 organic com-

pounds in high concentrations to obtain large concentrationé
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of intermediate products. ‘Thé mutagenicity of these was
then investigated in the Ames test (113).

The compounds in question were 2,4-dinitrotoluene, diphenyl-
hydrazine, acetic acid, ar§clor 1254, glucose, urea, chol-
esterol, benzidine, glycine, cysteine, benzene, thymine,
caffeine, diethylamine, phenol, hydroquinone, glycerol, and
nitrilotriacetic acid in up to 1% solutions. Only the
ozonized solutions of phenol, 1,l1-diphenylhydrazine, nitrilo-
triacetic acid, benzidine, and ethanol were shown to be
mutagenic after oZonization. A selection of the compounds

used is listed in Table 6.

TABLE 6 Ozonization of organic substances
after Spanggord (112) and Simmons (113)

’ Mutagen-| Mutagen-
Compounds Concen- Ozone ?egl_:a— g;%gze _ i;:ity
trat1/on 7 »amot»;xnt dation 01 after 03
2,4-dinitrotoluene - 80 -ppm 1.7 g 55 % -- --
Oleic acid 99 ppm. | 2,55 g} 100 % -- -~
Acetic acid 1263 ppm 37,2 g|3,5 % -- --
Glycine 11909 ppm ' 9,8 g 22 % -- --
Ethanol , 7759 ppom | 55,8 g| 74 % --
Ben21g%§grgé2ydro— 4830 ppn 2,25 9| 64 % -- +
Phenol z 9140 ppm 6,97 g 41 % +

Salicylic acid

Mallevialie (52) established in the ozonization of salicylic
acid (100 - 200 mg/l) with degradation of the starting com-
pound an increase of the extinction at 420 nm; which, after
reaching a maximum fell to zero with the elimination of the
salicylic acid. Thin-layer chroﬁatography revealed the
presence of other phenolic oxidation products not identified

more closely.



- 246 - ..

Phenols

Hillis (6l) investigated the degradation of various substi-
tuted phenols (30 mg/l) at pH 4-10. It was found that not
until pH 10 did the degradation proceed twice as rapidly as
at pii 4 and 7. To achieve a degradation below 0.1 mg/1l the

same ozonization time was necessary 1n all cases.

Dorc (114) found that dﬁring the ozonization of aminophenols,
nitrophenols, and halophenols and of dichlorophenoxyacetic
acid (25 mg/l) UV-active oxidation products were formed in
the first phase of the reaction. The extinctions of the

new absorption bands pass through a maximum and finally fall

to zero after 100% degradation of the starting compound.

Bauch (115) was able to identify qualitatively the following
oxidation products in the ozonization of cresol, chlorophenol,
and xylenol (3.8 g/200 ml):glyoxylic acid, acetic acid,
propionic acid, maleic acid, glycolic acid, oxalic acid, CO,,

and HCl. The degradation rate was independent of the pH.

2,4,5-Trichlorophenoxyacetic acid (¢=lO_4M) was oxidized by
ozone to chloride, glycolic acid, oxalic acid, glyoxylic.
acid, and dichloromaleic acid (116). The oxidation products

were determined gquantitatively.

The unidentified oxidation products of nitrophenols and
phenol were shown in the mouse test to be non-toxic (117,
118).

The reactions of phenol with :czone have so far been studied
in the greatest detail. Several working groups have deter-
mined the decrease of the phenol in the course of ozonization
(119-122). The results on the pH-dependence reveal that the
oxidation takes place more rapidly at pH 10-11 and the ozone
consunption is only half of that in the acid region (119)
(Table 7). Eisenhauer (123-125), in the ozonization of
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TABLE 7 Ozonization of phéths

Compounds Ozone consumption until the Ref.

phenols fall below the detection
level i ‘
Salicylic acid 3 molesOB/l mole acid ' ' 52

Phenolsulphonic acid
Chlorophenols

Aminophenols 4.9 moles O5/mole phenol ‘ 61

Nitrophenols (mean value) .
Cresol
Xylenol

Naphthol

Amino, nitro, and i
halophencls "5 moles 03/mole phenol 114

Cresol, chlorophenol,

xylenol 5.5 moles 03/mole phenol 115
Chlorophenols 3-4.5 moles OB/mole phenol (pH 5). 72
Dichlorobenzene 6 moles OB/mole‘benzene o 88
Phenol 4 moles 03/mole phenol (pH 7) 119

2 moles Oj/mole phenol (pH 12)

Phenol 6 moles Os/mole phenol 122
4-6 moles 03/mole phenol 127

phenol solutions (50 mg/l), obtained practically the same
rate of degradation until pH 9. Only at pH 1l was the

degradation rate doubled. Pyrocatechol quantitatively and
o-quinone gualitatively were identified as the first oxi-

dation products.

Reissaus (35) identified oxalic acid qualitatively as one of
the oxidation products. Casalini (126) ozonized phenol
solutions with 500, 1400, and 5000 mg/l in a 3.75-litre ‘
container (ozone doses 23/26 mg 03/min) for 40 h at pH 3-11.

Pyrocatechol and hydroguinone were determined together
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gquantitatively as'the oxidation products and maleic acid,
formic acid, glyoxdl, formaldehyde,‘and oxalic acid were
found to be present. Gould (127) studied phenol solutions
(90 mg/1l, pH 7.7) ozonized for perio&s of up to 30 min

(ozone dose 72 mg 03/min). Pyrocatechol, hydrogquinone,
glyoxylic acid, and oxalic acid were recorded quantitatively
as oxidation products during the dionization. On the basis
of the carbon balance these are the only reaction products.
On the other hand, Niki (128) found formic acid to be one of
the main products of the ozonization of phenol. In-this
case 57 mg of phenol in 100 ml of water were treated with
only 5.8 mg 03/min for 180 min. Muconic acid, muconaldehyde,
maleic aldehyde, glyoxylic acid, glyoxal, and oxalic acid
were identified quantitatively as further oxidation products,
making up 100% of the TOC.

Substituted aromatics and their oxidation products

The different results obtained by the various working groups
can be explained by their use of different reaction condi-
tions such as the initial concentration, dose of ozone,
ozonization time, pH, and reaction volumes or reaction
vessels. Furthermore, the different rate constants are
responsible for the formation and concentration distribution
of the oxidation products. fig. 6 shows that the unsatu-
rated aliphatic carboxylic acids are degraded more rapidly
than the substituted aromatics. Therefore, after their
formation, they can be immediately oxidized further in

competitive reactions with the starting compounds.

For example, with low ozone doses and high initial concen-
trations the chances of being ablé to isolate unsaturated
aliphatic carboxylic acids such ég fumaric or muconic as

the oxidation products are highef.fhan in the case of large
ozone doses and low initial concentrations; this can be seen
on the example of the ozonization bf phenol under various

conditions (126-128). For a better understanding of the
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course of the reaction during ozonization it is necessary

to know the rate constaﬁts. ﬁoigné has contributed much to
this problem (129,130). It appears that in the acid range
the ozone molecule is directly fesponsible for the oxidation
reactions, while in the basic rgnge the decompoéition product
of ozone formed by OH ions, the OH radical, initiates the

oxidation by addition and abstraction reactions.

In the light of the work presented, the ozonization of sub-
stituted aromatic substances‘¢an be represented as follows.
2-6 moles of ozone are necesséry for the elimination of

1 mole of the aromatic initialiy present (Table 7). In the
initial phase of the reaction;(up to about 50% degradation)

an increasing coloration {(pink or yellow) of the solution
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is observed or a new UV extinction is measured. The colour
intensity and/or the UV extinction reaches a maximum on
elimination of the starting compound and then falls to zero
(52, 114, 116, 119, 128, 133, 134). ‘These observations
indicate that the first step in the ozonization 6% substi-
éuted aromatic substances need not be the spontaneous ring
openihg but that the primary oxidation products - it is not
known to what extent they are formed - have an aromatic
character or a six-membered ring structure. These primary
oxidation products could be, for example; hydroxylated or
quinoid compounds, such as have so far only been identified
in the ozonization of phenol (as guinone, hydroquinone, and
pyrocatechol) (123, 126-128).

If ring cleavage then occurs by further attack of ozone or
OH radicals, muconic acid derivatives can be formed, which
are transformed via maleic or fumaric acid derivatives into
carbonyl and/or carboxyl compounds with one to three carbon

atomns.

The course of these subsequent reactions has been studied on
model compounds such as muconic, maleic, and fumaric acids
and their oxidation products (54, 131, 132). All the com=
pounds {(Table 8) could be followed guantitatively, so that

reaction mechanisms may be proposed.

The oxidation products of the aliphatic model substances
were also found in the ozonization of substituted aromatics
and phenols (Fig. 7). This indicates that after ring
cleavage further oxidation takes place via muconic or

fumaric acid derivatives.

After ring cleavage the substituents are converted into their
mineralized form (54, 72). The detection of dichloromaleic

acid (Fig. 7) (116) shows that the hetero-groups do not



- 251 -

TABLE 8 Ozonization of aliphatic carbbnyl”and
carboxylic compounds.

Initial conéentration 1 mmole/l; ozone dose
10 mg O3/min 1; ozonization time 20-180 min; pH 3

Compounds Oxidation products Ref.

trans, trans~-Muconic acid Fumaraldehyde, glyoxal, glyoxylicj 132
acid, oxalic acid, formic acid,

COZ’ H202
Formic acid ‘ C02, H20
Glyoxylic acid ‘ Oxalic acid, co,
Maleic acid Formic acid, glyoxylic acid,
oxalic acid, C02 131
Fumaric acid Formic acid, glyoxylic acid,

oxalic acid, mesoxalic acid
aldehyde, mesoxalic acid Co,

Glyoxal Glyoxylic acid, oxalic acid,

COo v 54
Tartronic acid Mesoxalic_acid "
Malonic dcid Tartronic acid, mesoxalic acid, "
CO2 , H202
Dihydroxyfumaric acid Oxalic acid, hydroxytartaric "
acid, CO2
Oxaloacetic acid | Formic acid, glyoxylic acid, "
oxalic acid, mesoxalic acid,
CQ2

always hydrolyse spontaneously after ring cleavage and are
not always converted completely into the inorganic form.
Depending on the substituent, many further aliphatic oxi-
dation products that contain hetero-groups are possible, but
so far they have not been identified. Even in the case of
p-toluenesulphonic acid (135), 2-nitro-p-cresol (135), and
4-chloro-o-cresol (54) so far only the oxidation products
given in Fig. 7 could sometimes be followed quantitatively

in the course of the ozonization (Table 9).
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By comparing the TOC calculated from the measured products
with the directly determined TOC (Figs. 8-10), it can be
seen that at the beginning of the ozonization only a small
part of the oxidation products (24-60%) was included. The
maximum of the deficit lies at 90-100% elimination of the
starting compounds. At this time 1.5 - 5 mg of O3 are used
up per mg of the initial C-value. Only after higher ozone
consumption can 60 - 80% of the oxidation products be
detected quantitatively. As mentioned previously, the still
unidentified products after 90% elimination of the starting

compound may be compounds with a 6-membered ring structure.

The first attempts to characterize these products showed
that up to 90% degradation of the initial compounds the
BODs/COD ratio was 0.1 and lower (134). The ozonization of
aniline may be quoted as an example (Fig. 11). After 90%
degradation the solution has a reddish colour. The BODS/COD
of 0.64 for the non-ozonized solution falls to 0.01 after



Ozonization of substituted aromatic substances (pH 5 - 2.5).

TABLE 9

Initial concentration 1 mmole/l; ozone dose 24 mg O3 min 1

for the p-toluenesulphonic acid; 10 mg O3/min 1 in all

other cases.

4
Fraction of products in TOC, %,
after 90% degradation
Compounds Oxidation products

for the starting
compound

after higher
ozone dose

p-Toluenesulphonic acid

Methylglyoxal, acetic acid,
pyruvic acid, formic acid,
oxalic acid, C02, H202,

H2804

64%
after 5.7 mg 03/mg C
9.9 moleu03/mole PTA

79%
after 8 mg 03/mg c

2-Nitro~p-cresol

Methylglyoxal, glyoxylic
acid, acetic acid, pyruvic
acid, formic acid, oxalic

acid, COZ’ H202, HNO3

38%
after 2.5 mg 03/mg C-
4.4 mole 03/mole NC

68%
after 6.9 mg 03/mg C

4~Chloro-o=-cresol

Methylglyoxal, acetic acid,
pyruvic acid, formic acid,
oxalic acid, CO,, HCI,

H202

24% :
after 1.3 mg 03/mg C

12.3 mole 03/mole cC

165%

after 3 mg 03/mg c

€9¢C
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Fig. 10 Ozonization of 4-chloro-o-cresol, carbon balance

¢ = 1 mmole/l; ozone dose 10 mg Oz/min 1; pH 5.5

10 min of ozonization (Fig. 11). After larger additions of
ozone (6 mg 03/mg C) the solution again becomes colourless.
In this region the oxidation products formed are also better

degradable biologically.

It can be seen from the example of phenols and substituted
aromatics that some of the reaction mechanisms postulated for
ozonization could only be confirmed by clarifying the oxi-
dation products and particularly by their guantitative deter-
mination. In the light of the material balances obtained

the existence of primary oxidation products may also be
proved, though up to now little is known about their identity
and their properties. Of the remaining classes of substances
it may be said that so far only the reactions of ozone with

unsaturated aliphatic carboxylic acids and aliphatic alcohols
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and carbonyl compounds have been studied in any detail. As
regards the compounds of other substance classes, so far there
are only indications of their possible degradability. Even

if the determination of the oxidation products is problematic.
because of the complicated composition of the ozonized sol-
utions, one property should be checked, namely the toxicity.
Little is yet known about this and more detailed work is

required.
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OZONE REQUIREMENT AND OXIDATION COMPETITION VALUES OF
VARIOUS TYPES OF WATER FOR THE OXIDATION OF TRACE
IMPURITIES

J. Hoigné and H. Bader

Many water constituents are oxidized in ozonization pro-
cesses. In the last paper Gilbert showed corresponding
case studies (1). The following fundamental questions thus
arise: How complete are such oxidation reactions after a
certain ozonization time ? Which materials are concen-

trated in the water as intermediate daughter products ?

The action of an ozonization process on the water consti-
tuents is essentially determined by two types of over-
lapping oxidation-initiating reactions (2-5):

- Direct reaction of the ozone
- Reactions of secondary oxidants formed in
decomposition of the ozone (OH®° radical reaction).

Following a detailed outline of the parts played by the
two types of reaction in earlier works (see e.g. (5)), the
rest of the paper will be devoted mainly to a method of
vcharacterizing'a water type with respect to the action of
secondary oxidants. To this end we introduce the concepts
"oxidation competition value of a water type" and "oxida-

tion competition coefficient of a constituent".

1. Direct reaction of ozone
Ozone can react with many water constituents in direct

reactions:
-ko,

My + (1/'0‘1)03‘_’ Moxide

M+ O3

My + ...
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Here M represents a specific water impurity and M, 'an
intermediate daughter product formed from it. Within
the duration of the ozonization M  reacts with further
ozone molecules to form the daughter product Moxide'
Therefore, for the entire course of the reaction, 1/n
molecules of O3 are used up per converted material, i.e.

n is a yield factor, A[M]/A[O3]. The rate~determining
step of the above reactions is by definition only the
first step. Such direct reactions of ozone are of first
order with respect to the ozone concentration and of first
order with respect to the concentration of M (4-6), and

the rate of elimination of a material M is:

dalo,]
d[M] — . ° ______.3 = . M
ot el n it n k03 [03][ 1

If the ozonization takes place in a batch-type or a plug-
type reactor, it can be inferred from the above reaction
scheme that the concentration of an individual water con-
stituent decreases with increasing time of ozonization
according to: -

t/Ty

[M]t [ [M]o =€

(1)

with Tty = T]-kog ' [6;] | (2)

where [M]t’[M]o are the concentrations of the water
constituent M at time t and at the
beginning of the reaction,
t is the time of ozonization,
is the time constant of the reaction with respect
to [M], and
k is the rate constant for the reaction of the ozone.
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Ty corresponds to the time of ozonization necessary in

the presence of an ozone concentration [03] for an elim-
ination of [M] to 37% (l1/e), see Fig. 1. l/TM is a
reaction rate. In a description of the disinfection pro-
cess this is often denoted by u. If M is an individual
substance, i.e. not a sum parameter, T becomes independent
of the extent of the ozonization reaction, i.e.‘the log-
arithmic elimination curve shown in Fig. 1 becomes a

straight line,.

We measured the rate constants (ko3) for about 60 different
substances, e.g. on the basis of the rate of decrease of
the 03 concentration as a function of the M concentration
(6) . With the measurement methods so tested the constants
for further substances are easily determined if required.
Fig. 2 gives some examples of these measurements. The
results show that ozone is also an extremely selective
oxidation agent in water: the k-values of even chemically

similar materials can vary by orders of magnitude.

in M), /M4 ], /] 4

Of------- 1.00
0.50
| 0.37
_2 _______________ -
0.10
-3f------ -005

ozonation time

Fig. 1 Effect of the "direct O, reaction -
Logarithmic decrease of the relative concentration of
a specified trace impurity M, plotted against the
reaction time at a constant ozone concentration
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107" (C;i>=<ccll ‘tetrachnllorethylene | 106
CH Hg* oxalic acid ion
methylmercury T
sec
Fig. 2 Left scale: Examples of rate constants kg, (5,6)

Right scale: Time constants t of the reac%ion,
calculated according to equation 2 for [03] = lO'SM
(ca. 0.5 g/m3), n = 1.0

On the basis of the rate constants measured the time con-

stant t,, for the reaction of a constituent M can be calcu-

M
lated for a given ozone concentration. A corresponding
.time scale is set out in Fig. 2 on the right ordinate. It
> mole 03/1

(ca. 0.5 g/m3) and to the assumption that the reaction

refers to a mean ozone concentration of 10

yield is n = 1.0. At an ozone concentration 1O times as

high this time scale would be compressed by a factor of 10.
The illustration shows that cresol enters the reaction essen-
tially within 10 sec. The concentration of phenol is reduced
within about 100 sec to 37% of its starting value. (Other
compounds too, known for the fact that they are easily
chlorinated in chlorination of water, are readily degraded

by ozone (6)).
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In contrast to these readily oxidized substances, aldehydes,
for example, which are concéntrated in sea water as inter-
mediate ozonization products, require really long ozoniza-
tion times for further oxidation (5, 7, 8). Acids such

as oxalic acids, which are also formed as oxidation pro-
ducts, have no chance of being mineralized further by the
direct ozone reaction, even when the ozonization is con-
tinued for hours. Compoundé such as methylmercury and
tetrachlorqethylene (9, 10) also hardly react by the "direct

ozone reaction".

2. Oxidations via secondarily formed oxidants

In the ozonization of water the decomposition products of
ozone, i.e. secondarily formed oxidants, are also available
for oxidation of any trace.impurities: depending on the
water, a part of the ozone, O3,A’ is decomposed. This part
increases with increasing pH: at pH 8, depending on the
water constituent, it corresponds to about half of the
available ozone within 10 min (11). The OH" radicals
formed react very rapidly with many substances (for liter-
ature data see ref. 3), initiating known oxidations. The
radicals are significantly more reactive than ozone and
therefore less selective. Correspondingly, they are rapidly
consumed by many of the available water constituents (S).
Thus, the oxidation of specific impurities is strongly
competed against by the presence of other constituents in
the water (10, 11):

where: O is the guantity of ozone decomposed,
n' is the yield with which OH® radicals were

formed from decomposed ozone,
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n" 1is the yield with which OH® radicals, consumed

by M, oxidize M,

k'M, k'i are the rate constants with which OH-®
radicals react with M or scavengers Si’
and Si are scavengers, including M, 03, etc.

The elimination rate for this reaction is:

do k, '[M]
_d[M]= 3'A epten o ——-——————M e
dt dt - 5 (ki Si)
2.1. Oxidation competition value of a water type (QM)

For a batch or plug-type reactor the relative residual

concentration of M at time t 1is:

On the basis of equation 3, the‘relative residual concen-
tration of M plotted on a logarithmic scale against the
quantity of decomposed ozone‘gives an elimination curve of
slope 1/9M (see Fig. 3). ?QM'is a normalization value de-
pendent on the water composition. It increases with in-
creasing loading of the water with substances Si that con-
sume OH® radicals (see eguation 4). If QM does not essen-
tially alter with ozonization, as happens in a large number
of practical situations (cf. Section 2.4), and if M is an.
individual compound (not a sum parameter), the elimination
curve is a straight line:(ééé Fig. 3). In this case the
residual concentration of M ié 37% (= 1/e) of the initial
value after the amount of the decomposed ozone has reached

the value Q.
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0zone decomposed, O3 A

Fig. 3 Oxidation initiated by OH® radicals

Fig. 4

Logarithmic fall of the relative concentration of
an individual trace impurity M with increasing
amount of ozone decomposed in water. Assumption:
the f-value of the water is independent of ozoni-
zation

CH3 HgOH
(%A ™
100 \ .

fay

0
5.-10°9M CH3HgOH
5.108 « v
5-10°7 -

| o

15 (g/m3)

ozone added

Measured logarithmic fall of the relative con-
centration of methylmercury plotted against the
amount of ozone added (mineralization of the
methylmercury by OH® radical initiated reactions).
Water loaded with 5 g/m3 of octanol. pH 10.5;

0.05 M phosphate (9) -
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We suggest the followind terms for the g-value:

......

German : "Oxidationskonkurrier-Wert" (des Wassers)
English: *Oxidation-competition value"
French : "valeur de compétition & l'oxidation"

In principle, it is possible to calculate Qy for a specific
compound M and a specific water composition according to
equation 4 on the basis of relative rate constants well
known for OH® reactions (11). However, with such estimations
some uncertainties regarding the yield factors n' and n"
always remain, and likewise regarding insufficiently charac-
terized water constituents which are generally given only

by sum parameters such as the DOC. It therefore seems
better in practice to determine the Q-~value of a water

experimentally with a suitable reference solute (12).

In the following it is shown on some examples that the con-
centration decreases found experimentally can be described

by eguation 3 and the QM—value of eyuation 4.

Fig. 4 shows the measured oxidation of methylmercury to
inorganic mercury(II) during ozonization (9). The water
was "loaded" with a model substance (octanol). The observed
oxidation of the methylmercury cannot be attributed to a
"direct ozonization reaction" (9) (c¢f. Fig. 2), but the
expected logarithmic decrease of the methylmercury concen-
tration is obtained when the relative residual concentra-
tion is plotted against the quantity of ozone added (and
decomposed) according to eguation 3. As expected on the
basis of equation 3, the course of the relative concentra-
tion lines does not change even when the initial concentra-
tion of the trace impurity is increased by some powers of 10.
This means that the reaction is exactly of first order
with respect to the trace impurity concentration. In addi-
tion, the slope of the relative concentration lines over

the measured ozonization region remains constant. This
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M
tion of the water. We obtained similar, but for analytical

means that @, does not alter significantly with:pzonéggrw

?

reasons somewhat more restricted, results for several

other model substances, as well as for trace impurities

detectable in lake water by gas chromatography (5, 8, 12).

The mineralization of methylmercury can be determined

analytically particularly simply, exactiy, and oVerka wide
dynamic range. However, methylmércury forms complexes with
many possible water constituents. Large complex-formation
constants are already known for chloride, carbonate, phos-
phate, etc. However, since the reactivity of a coméouﬁd is
strongly affected by such complex formation (9), for char-

acterizing a given water we recommend the use of inert

£

reference solutes M, such as benzene or tetrachloroethylene;

Fig. 5 shows a Q-value determination in a lake water that

is (measured under Swiss conditions) strongly loaded. Here

Q only becomes constant after a "spontaneous ozone consump-

tion" of about 0.5 g ozone/m3. The "spontaneous ozone
consumption" produces only a parallel displacement of the
elimination lines. Even a preliminary ozonization with

10 g 03/m3 has only a limited influence on the ;esidual

slope of the elimination line- (12).

(In waste water previously purified biologically the resi-
dual slope of the curves also changes only slightly with
the degree of preliminary ozonization in the region. of

0-10 g 03/m3 (1¢)). Constant @-values, i.e. constancy

of the residual slopes of the logarithmic elimination lines,

were observed in all the Swiss lake and ground water samples

tested by us.
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Fig. 5 Logarithmic decrease of the relative concentra-

tion of trace impurities plotted against the
amount of gzone added. Water from Lac de Bret
(DOC 4 g/m3, 53 CO» ~1.6-M, pH ~ 8.3). Compounds
added: a) 80 mg/m3 benzene, b) 130 mg/m3 toluene,
c) 500 mg/m3 tetrachloroethylene (12)
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Fig. 6 Oxidation competition value Qv plotted against the

DOC model loading (S = octanol). pH 10.5 (0.05 M
rhosphate) . Compounds added: [Benzene], = 80 mg/m3
[HgCH,O0H] | = 10 mg/m3, [C,C1,1 = 15 mg/m3 (9)

~
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The Q@-values of various water types are compared in

Table 1, benzene and tetrachloroethylene being used as
the reference solutes. In water of Lake Zurich the
Q-value for benzene at‘éHlé-Qas ébout 0.8 g of "ozone
decomposed" (03,A) per;m3 of water. This means that 0.8 g
of decomposed ozone is sufficient to reduce the eoncen-
tration of a compound such as behzene by a factor of e.
An elimination to 5% of the initial concentration would
necessitate 3 x @ = 2.4 g of'"ozone-decomposed" per m3
(cf. Fig. 3). At pH 10.5 -the @-value rises to 4lg/m3.

For tetrachloroethylene, which reacts exceptionally slowly
with OH® radicals, the corresponding values are abdut 5

times as large (cf. also Section 2.3).

Oxidation effects of similar extents were measured in

other drinking waters (11, 12) .

Table 1 Examples of @-values for various water types
i . 3.
| ' <L (g O3/m™)
pH ‘
Benzene |(Tetrachloroethylene
w ... Db)
Lake Zurich 7,7 0,6 3,0
10,5 4,0 ~26
. c)
pubendorf 7,6 1,0 6
ground water
9,0) 3,0 ~12

a) pH increased by addition of NaOH

b) © (CO2) = 1.2 mM ~ ° " DOC =°1.2 mg/1
c) = (C02) = 2.6 mM DOC = 1.6 mg/1l
2.2. The oxidation competition coefficient w of various

water constituents .

QM-values can be treated as composite magnitudes. The contri-
bution of each constituent Si can be calculated as the pro-

duct of its concentration and a coefficient Wag 32
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1 1 ) - |
Sl=ﬁrﬁr“ﬂq'z@ﬂsﬁ)"z(wd5J)

or:

Q= afs,lru, S, ¢ wi(si]

(5)
+wj [S5]

An experimental example of the calculation of the coeffi-
cientsw is given in Fig. 6, which shows the measured in-
crease of @ with increasing octanol content of a model
water. We carried out similar measurements for water con-
taining additions of bicarbonate ions, carbonate ions,

free NH3, and fulvic acids. The linear increase of the
Q-values observed with loading of a water corresponds
formally to equation 5. The coefficients w can be read off

from the slope of the curves.

We propose the following terms for w:

German : "Oxidaticnskonkurrier—Koeffizient"
English: "oxidaticn—-competition coefficient"
French : "coefficient de compétition & l'oxidation"

Table 2 gives some examples of measured coefficients w.

It can be seen that the OB,A requirement 3that decreases
the benzene value to 37% rises by 0.5 g/m” per g of octanol
loading. The other values are given in mole/mole units.

For bicarbonate the oxidation competition coefficient is
about 1/10 as large as that for carbonate. That is, an
elevation of the pH without elimination of carbonate leads
to a strong increase of the ozone requirement. Even the
effect of NH3 (as an oxidation inhibitor) can be significant
in the case of the oxidation of trace impurities in communal
waste water pre-purified biologically if we work in the pH

region in which ammonium ions are dissociated to free NH3.
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Table 2 .. Examples of coefficients w for different water
constituents (values from ref. 12)

S pH Benzene Ch%etrachloroethylene
Cctanol 8-10 0,5 g/g 2,3 g/g
Fulvic materialg) 8-9 0,2 g/g
(HCO3 + Coz‘) 8,0 0,1 ¢mole 0,6 g/mole
c_o32'_' b) | 10,5 3,0 g/ole 13 g/mole
NH4+ 0,0 gfole G,0 g/mole
NH, 10,5 2,0 gfole 10 g/wole

-a) Soil fraction, soluble at pH 7 and at pH 1

b) Corrected for the proportion of bicarbonate

It is remarkable that the coefficients w for NH3 are
higher than would have been expected on the basis of the
low rate constants of the reaction of NH3 with OH® radi-
cals (4). The reason is that the primary daughter products
M., formed from NH3 very rapldly consume further oxidants,
themselves becoming oxidized to nitrate. Only a part of
the oxidation stages in this process is controlled by the
oxygen molecules present; experience shows that the con-
sumption of ozone for the oxidation of NH, to nitrate is
really large (n' . n" < 0.25).

2.3. Ratios of the QM*values for different trace

impurities (M) in a water
As can be seen from equation 4, the QM—values of a given
water for different reference solutes M vary in inverse
proportion to the rate constants, and a correction is still

needed for different vield factors n". For the ratio of
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»

the Q@-value of a reference solute A to that bffreferéhce*”'-‘“

QA/QB « le/klA x (nuB/nnA) (6)

For the oxidations that are only initiated by secondarily
formed oxidants only the reaction of the OH® radicals is
significant in the systems investigated here by us. There-
fore, in equation 6 only the relative reaction rate of the
OH® radicals need be considered. Our earlier measurements
on other model solutions led to a similar result (3). The
special findings that in the systems tested here the hydro-
peroxide radicals (HOé or O;) do not initiate oxidation of
the reference solutes was specially checked, the OH® radi-
cals being converted into HO, radicals by the addition of
H202: in the case of benzene and tetrachloroethylene the
H202 additions caused a positive contribution to the @

value, which was, however, not yet constant.

Fig. 7 shows the ratios expected on the basis of the con-
stants cited in the literature. The rate constants kM' with
which the OH® radicals react with the corresponding trace
impurity M are given on the left ordinate (see ref. 3 for
literature). The scale on the right gives a reference
point for the expected QM—values. This scale is calculated
with the aid of equations 3 and 4 and is normalized for the

case in which the water has a @ -value of 1 g/m3

benzene
(the waters of Lake Zurich, Lake Constance, ground water

in Zurich, etc. have somewhat lower normalization values

(@ ~ 0.8 g O3 A/m3)). In addition, it is assumed thatthe yield
14

factor n" is in all cases the same as for benzene. This
assumption is justified on the basis of our present exper-
ience, provided that only an estimation of the ratios is
required. From Fig. 7 it is not sufficiently clear that for
the usual organic compounds k' values of comparable magni-
tude are obtained, since substances that display an excep-

tionally low reactivity were used on purpose.

solute B, equation 4 gives:’ ' ' ‘ : BT

v

ot

;
o
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Consultation of more detailed tabulated values shows,., ' . .
however, that the rate constants k' of the majority of
organic compounds of average molecular weight are situ-
ated in a region that extends from tetrachloroethylene to

a little above benzene.

(M~sec)
109
e
[_ ________________ @ 3‘\“____}_1.0
l oestarrsmorrnas ,."CH3 CH2 CH2 CHO.‘_"
“CH3CHp CHy OH+
109___ _ ql (.:l .............
a-¢=¢-al
-----
1084+ NH3 e
; 33i7?7-~-----coo-
10°4 ¢oo- Om

Fig. 7. Left-hand scale: Examples of rate constants with
which OH- radicals react with trace im-
purities (for literature see ref. 3),
Note that substances with k < 10 M~
sec™l are taken to be special exceptions

Right-hand scale: Oxidation competition value QM'

Scale normalized to Qb = 1.0

(average value found ENZeNee,r swiss

lake water, pH ~ 8). It is assumed that

n n
Ty =T benzene

It follows from Fig. 7 that in a type of drinking water
expected for Swiss conditions (provided pH < 8.5) at a
decomposition of 1-10 g of ozone per m~ a reduction of many

of the possible trace impurities by a factor of "e" can be
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reckoned with. A reduction to 5% would requlre about 3

times this f-value of ozone (cf Flg. 3).

Measurements of the behaviour of the organié trace impur-

ities present in the water of Lake Zlirich in concentra-

tions of only ug/m3, such as toluene, xylene, chlorobenzene,
etc. show that these eliminations too correspond quantitatively
to the principles outlined here (5,6).

2.4. Phenomenon of constant Q-values

In principle the QM—value is given by the slope of the
products' elimination graphs plotted on a logarithmic scale
according to equation 3. These curves are mostly repre-
sented by a straight line for reference solutes in natural
water and even in waste water that has previously been bio-
logically purified. In some waters a correction must how-
ever be made for an initial spontaneous ozone consumption
manifested by a straight line not passing through zero.
However, the residual élope even in these cases depends only
slightly on the preliminary ozonization, so long as this
occurs with only a small quantity of ozone which is usual in
the treatment of drinking water. The phenomenon that £ is
almost independent of ozonization (the slope of the elimin-
ation curve is constant) simplifies many estimations, but
should not be regarded as a matter of course. The fact

that Q@-~values frequently remain constant after a small

spontaneous ozone consumption can be explained as follows:

a) An essential proportion of the Q-value is based on
the contribution of bicarbonate and of the content
of carbonate ions in the water (11). If the pH
of the water does not change, this contribution

hardly changes during the ozonization.

b) Another essential proportion of the Q-value is based
on the OH® -consuming action of "humic substances"

and other refractory organic compounds, mostly of
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highéf'ﬁoiééﬁi;f Weigﬂt. oxidation of tﬂesé“‘ii ;
scavengers changes the degree of oxidation and
perhaps also the molecular weight of these
compounds. However, the reactivity of the wholé
organic material with respect to the OH® radicals
is scarcely affected by this. Even water in which
a DOC loading is simulated only by the addition
of octanol displays a o value independent of
ozonization. In this case the constancy of g is
based on the use of a DOC model compound in which
the sum of the oxidation products formed and the
starting substance consume the OH'radicals at
similar rates (for a detailed discussion see

ref. 12).

c) Even the effect of a substance such as NH3 changes
only slowly with advancing ozonization: the free
NH3 reacts really sluggishly (4), and, if the pH
is considerably less than 9, the water contains
a large reservoir of unreactive ammonium ions from
which NH3 can always be released in accordance with

the equilibrium conditions.

Many other water constituents, however, lose their radical
scavenger effect as the ozonization progresses. In water

in which such constituents become decisive the Q-value
changes in accordance withythe ozonization. Such substances
seem to have only a subordinate significance in our drinking

waters.

In principle, OH® radicals can also be consumed by ozone
molecules themselves (12), in which case the Q-value would
be expected to change with the nature of the ozone input.
The proportion of ozone in the over-all Q@ decreases with
increasing instantaneous ozone concentration and inereasing
cleanliness of the water. However, an experimental deter-

mination of the m03 coefficient may prove really difficult.
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The substance to be measured M also gives a contribution .
mM[M] to the @ value. If the sum of the oxidation pro-
ducts formed from M gives a’contribution different from

the starting substance, the over-all Q-value of the water
will change with progressing ozonization. This only de-
creases in weight if M is not a true trace but a strong
impurity. In such cases the ozonization effect is more
simply described on the basis of the ozone yield (AM/OB,A)O’
as is obtained for low conversions (start of tle ozoniza-
tion). The kinetics of such systems have been :reated in
earliex papers (9). The characterization of an ozonization
system with the aid of the @ values as suggested in the
present work is, however, generally more informative and
always suitable when the water properties with respect to
indirect oxidation effects of the ozonization are to be

characterized.

In the cases investigated the same coefficients w were
found in model phosphate buffer solutions as in lake
water or ground water. When using a borate buffer (0.05 M)
however, we observed an increase of all w—values,:which at
the moment we can only explain by an alteration of the n'

value caused by the borate.

3. Cooperation of the direct reaction of ozone and

the radical mechanism
Since ozone has a very high substrate selectivity, very few
substances are included by chance in a region in which they
are simultaneously oxidized essentially by the ozone and
by the ozone-decomposition products. In the treatment of
drinking water with a pH of about 8, i.e. a water in which
half of the ozone decomposes within about 10 min, this may
be just the case for xylene (cf. Fig. 2). For a compound
such as benzene the "direct O2 reaction" already plays a
part about 100 times smaller. On the other hand, phenol-
like trace impurities are degraded 100 times faster directly

by ozone than the ozone can decompose at pH 8.
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There is an important difference between the two types of
reaction: the two types of oxidation lead to different
intermediate products, i.e. different daughter products,
which can become concentrated in the water, and they are
~governed by different ozonization process pafameters. The
"direct O3 reaction" can be improved by increasing the
ozone stability. The indirect reaction, however, the "OH~
radical reaction", is based on a decomposition of ozone,ad
in = contrast to the "direct 03 reaction" it is inhibited
by constituents such as bicarbonate or carbonate. This
property of the OH® radical reaction allows the extent of
the reaction to be ascertained experimentally, by deter-
mining the effect of the addition of relatively inert
substances such as bicarbonate (5, 11) or butanol, octanol,

etc.
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TRANSFORMATION OF HUMIC ACIDS BY OZONE

J. Mallevialle

It is no longer necessary to stress the advantage of following
the course of humic-type natural organic materials through
the different stages of water treatment with a particular
mention of the use of oxidizing agents. The action of
chlorine on the humic and fulvic acids of water, in particular
with the formation of haiomethanes, has been described in
many publications (1, 2). In our laboratory we are working
on the action of ozone, which is often described as being
very effective in decolorizing natural water, but we are not
confining ourselves to strongly coloured water, since we
believe that a large part of the organic material in water

can be compared to humic and fulvic acids - referred to as
"HA" hereafter (3).

1. THE DECOMPLEXING ACTION OF OZONE

The structure scheme proposed by Gjessing (Fig. 1) (4) illus-
trates one of the first consequences of the ozonization of
humic acids. These acids have a "core" at the periphery of
which mineral elements may be found in addition to organic
compounds such as pesticides. (Lindane or D.D.T.). When
ozonization takes place, these various elements are released
into the water;the iron precipitates in the form of ferric
hydroxide, the manganese may be converted into Mnoz ions
giving a violet tinge to the water; and the organic compounds
little attacked by'ozone may be. found in the water, as happens
for example in the case of Lindane. We have already des-
cribed this type of phenomenon in previous publications
(5,6) .
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Fig. 1 Schematic structure of humic acids (after Gjessing)

2. STUDY OF THE OZONIZATION BY-PRODUCTS
2.1. Compound-identification tests
If one considers the example‘of the humic acid core structure

put forward by Schnitzer and Khan (Fig. 2) (7), two important

observations may be made:

a) v During the ozonization of natural organic substances
a large quantity of by-products is formed, the number and
nature of which will depend on the type of the water and the
amount of ozone used. Detailed analysis of these by-products
is complicated because of their diversity and the difficulty
of obtaining reference compounds. With small quantities of
ozone we observe depolymerization with liberation of phenolic
or quinonic "monomers"; this is what we observed, for example,
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Fig. 2 Suggested structure of the hamic acid "core"
(after Khan and Schnitzer)

by thin-layer chromatography. With larger quantities of
ozone we observed the opening of benzene rings and the form-
ation of aliphatic aldehydes and acids, as has been shown by

many authors working on the ozonization of phenols (8,9).

b) Humic acids are not well-defined compounds but
complex mixtures of organic compounds in constant evolution,
for which it would be difficult to determine characteristics

other than by over-all techniques.

2.2. Search for parameters permitting the transformation
of the HA by ozone to be studied

Curves 3.and 4 represent the variation of various parameters
in the course of ozonization of a strongly coloured water
free of any industrial pollution (little-mineralized water
containing 20-40 mg/l1 of dissolved organic carbon) (10).

We preferred to select a real'case rather than a solution of
HA extracted from a given soil. Fig. 3 is an example of the

results we obtained, confirming the comments in the preceding
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2lgo Elimination of humic acids
: "as a function of ozonization
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—
120 min

section. The colour disappears very rapidly, while the con-
centration of COOH groups goes through a maximum and dimin-
ishes more or less rapidly. The HA content, measured by the
reduction of phosphotungstic and phosphomolybdic acids
(polyhydroxy arcmatics dosage (11)) decreases much

more slowly than the colour.

2.2.1. Over—-all parameters of the type of the TOC, COD,
TOD, and BOD5

Fig. 4 shows the variation of several over-all parameters
currently used in this field as a function 0of the time of
ozonization. Here again it is found that the colour dis-
appears very rapidly. The COD and TOD folilow approximately
the same course. For low amounts of ozone we observed an
increase in the BODg, which goes through a maximum before
falling off markedly. The conclusion from this type of
results is that we have transformed the organic materials
present into more bio-degradable compounds containing more

and more oxygen without reaching total oxidation.
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2.2.2. :Othér parameters

Since the determinations pf.BODS'and TOD are difficult in the
case of low concentrations, we felt it important to look for
other characteristic parameters sufficiently sensitive to be
applied in the sector of the production of drinking water.

We have thus been led to use the absorption at 254 nm
currently applied in certain countries (12), and iﬁ parti-
cular the fluorescence intensity in ultra-violet light.

The latter in fact provides two elements of characterization
(Fig. 5), the fluorescence intensity, which is proportional
to the concentration, and the maximum emission wavelength

Aem which, on the basis of our experience, is determined by
the degree of polymerization or size of the molecule. The
larger is the molecule, the more is Aem displaced towards
longer wavelengths. For example, Seine water upstream of
Paris has a Aem of 415 nm, while downstream of Paris its Ae
is only 405 nm (13).

m

o 1 T T T ) T . L T T T T

- -~ - licmosulphonate
- M. Evées

A excitation : 320 am T

i
i
!
i
|
|
|
|
\
|
i
\
\
\

340 380 : _ :
1 | 1 1 1 It 1 1 1 1 'l 1

Fig. 5 Fluorescence spectra of a solution of lignosulphonates
and of a solution of humic materials
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While working oh a contract for the Ministry of the Environ-
ment we established significant correlations between the
fluorescence intensity and .the various over-all parameters
described in Section 2.2.1l.- These correlations were based
on 500 water samples divided. into different types according
to their nature or origin.‘ Ry way of example, Table 1 shows
the values obtained for the pair of parameters "“fluorescence"
and "organic carbon”. The correlations are significant in
all cases where it is not desired to carry out an oxidation
treatment by ozone. This result can be easily understood if
one considers the results in Fig. 6, showing the variation

of these parameters as a function of the time of ozonization.

L T T T T 1 ! T
% Elimination
-

—— TOC i
$—2% Color
©0=——o Tannins . . . _ 9

~N - UV 254
3 ~N -~=- Fluorescence

Fig. 6
Ozonization of
natural waters




Tests of the correlation fluorescence = f (TOC)

TABLE 1
for various waters

All Classes Raw Water Decanted Filtered zonization [Chlorination
Water Water

Correlaticn N - -

ICoefficient 0,887 0,911 0,502 0,528 0,177 0,973
Ecuation (F)=0,670(C) (F)=0,676(C) | (F)=0,995(C) | (F)=0,684(C) (F)=-0,136(CY (F)=0,626(C)
o + 1,038 + 1,415 + 0,268 + 0,686 + 0,10 + 1,654
No. of Degrees !
lof Frecdom 515 212 83 211 27 68
Sianificance {0,113 £0,1% £0,1% £0,1% > 10% £0,1%
Level € 25%

Morsang - Viry Suresnes Crolssy Bubergenville [Mare aux Evées Various
Correlation
Cocfficient - 0,713 C,363 0,000 0,200 0,225 0,543 0,417
Equation {(F)=0,746 (C) { (F}=0,502(Cj{ (F)=-0,01(C) |{F)=0,12(C) (F)=0,248(C) }|(F)=0,267(C) (F)=0,637(C)
+ 0,37 + 1,06 + 3,96 + 3,46 + 3,3 + 19,2 + 0,868
No. of Degrecs
of Froodom 132 84 50 66 87 18 61
Significance <0,1% <0,1% not > 5% D> 1 >20,1% £0,1%
Level significant <10% <2,5% < 1%

86¢
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. Thus, :we have just seen.that:the:over-all parameters used

by us vary in a noticeably different manner in the course of
an oxidation treatment. While the TOC gives the absolute
value of the number of atoms of dissolved organic carbon, it
gives no ihdication of the chemical nature'cf the organic
compounds present. Oon the other hand, fluorescence, for
example, indicates the presence of cyclic compounds without
giving their content in absolute value, Sincélwe have here

a mixture of compounds; The parameters we have described
are thus in fact complementary, and we believe it is essen-
tial not to calculate the elimination yields of the organic
materials in relation to just one of these parameters, in

view of the risk of grave errors.

2.2.3. Techniques of separation on membranes

As has been demonstrated by certain authors (4), natural
waters containing HA are complicated solutions of organic
compounds with widely different molecular weights. The
technique of ultrafiltration through Diaflo-Amicon membranes
makes it possible to fractionate the organic compounds
according to different ranges of molecular weight. Here
again we believe that it is necessary to use several par-
ameters for characterizing the organic material. (We have
retained the TOC, absorption at 254 nm, and fluorescence) .
The ultrafiltration technique has also enabled us to verify
that the HA emission maxima are a function of their degree
of polymerization. Fig. 7 shows an example of this type of
separétion with a water described in Section 2.2. After
ozonization that eliminated 80% of the colour, '30% of the
fluorescence and of the 254-nm absorption, and finallyka
certain percentage of the organic carbon, we find an increased
homogeneity of the distribution, explained by transformation.

of the HA into compounds of lower molecular weight.



- 300 -

oF . -
L?ﬁinane XM 300 - XM50.pM30." " PMI0T PM 5.t -, UM 2 UMOS ;j{ CTr
FECULAR | 300 000 5000030000 30000 5000 1000 500 oy
i — ¥ i i i ‘
1
f i ] : H 1 : Colour
! ' P r seene
757+ d t 1 ! Ty
{ | 1 [ | I 1 1
1 1 i ] ] I_ i
0% { b 1 ! I
0% " : : ] ] 1 1 : 0.8,
! - ‘o i
I 1 i L}
25%~ I r
t l ] P‘"" L |
l//’/l"’4l¢lllll"'”"‘ r"""“q l ‘ L’IM"""”/
-D , ' m l Lljﬂllljf’f‘y""'l ”“l
o | SO 1 k T ]

Fracticoation of HA into different ranges of molscular weight

e T0C before ozonization eveeeee TOC after czonizatiop,

Fig. 7
3. VARIATION OF THE OVER-ALL PARAMETERS FOR SOME
APPLICATIONS OF OZONE
3.1. Effect of preliminary ozonization on the effective-

ness of coagulation

We ran laboratory tests on the effect of preliminary ozon-
ization with small amounts of ozone (0.1 - 2 mg/l) on about
30 samples of Seine water (TOC of the order of 4 mg/l) and
some samples of lake water containing humic acids (TOC about
10 mg/1l). 1In the great majority of cases after ozonization
we observed én increase in turbidity and a reduction of the
absorption at 254 nm and of fluorescence, proportional to

the amount of ozone used, while the variations in the TOC
were of the order of 0.1-0.2 mg/l (see, for example, Table 2).

These ozonizations were effected by passing 30 litres of



water through a 5-litre reactor.  We then ran comparative
jar tests on the water with and without ozonization. In the
majority of casés for a given amount of coagulant,differences
of 5-30% were observed in favour of pre-ozonization in the
elimination of the absorption at 254 nm and fluorescence. In
contrast, this improvement was only of the order of

0.1-0.2 mg/l in the case of organic carbon (raw water

3-4 mg/l). It is probable that in a pilot or industrial
installation the elimination of organic carbon would be
greater due to biologicél degradation in the sand filter; at
least this is what we are trying to demonstrate at the mbment

on a pilot installation (2 m3/h) .

TABLE 2 Effect of pre-ozonization (1 mg O3/1) on the
efficacy of coagulation of Seine water by
aluminium sulphate with coagulant aid

HON-OZONIZED RAW WATER

AMQUNT OF COAGULANT

(mg/l) o] 20 40 60 -] 100
Tiocculation eval. (15 min) [e] 2 5 5 3 3
Turbidity

(drops oY mascic)

Ontical density at 254 nm
(re:ferred to 1 m)

Iluorescence (aV} 0,64 0,62 0,57 0,54 0,49 0,47

Tntal organic carbon
(ng/1)

OZONIZED RAW WATER (1 mg/l of 03)

|5 40"NT OF COAGULANT

Cimas1) o 20 40 60 80 | 100,
P .
Tlocculation eval., (15 min) C 2 3 5 4 3
furbidity 51 25 23 20 25 29

{drops of mastic)

>otical density at 254 nm

(referred to 1 m) 5,98 3,42 2,88 2,32 1,36 1,86
o}

F'luorascence (mv) 0,42 2,37 0,32 0,23 0,23 { 0,28

Total organic carbkon . R

(mg/1) 3,3 2,7 2,1 2,1 2,2 1,3

\—




We have also tried to explain the increase in turbidity
observed after ozonization by counting the particles in a

Coulter counter (Figs. 8 and 9).

In most cases we observed an increase in the total particle
count, with a slight reduction in the number of large

particles, as shown. in Fig. 9.

?No. of
warticles/ml
6 .
107 Raw water (T.n.p.=2 591 500)
+O3 (2 ppm) (T.n.n.=78 400) )
T.n.p. = total number of particles
10>
10°
10 Fig. 8
Equivalent spherdi® Cholet water
diameters in pm
102 Y v
0 2 46810 100
‘No. of
particles/ml
03
106- Raw water (T.n.p.=3 133 000)
_____ +05 (2 ppm) (T.n.p.=4 227 000)
T.n.p. = total number of particles
105'
10%+
Fig. 9
0 Cholet water .
Fquivalent
102 pphere dlameters,m
L] LB ENER] ¥ L} LR SR ]

0 2 4 6810
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3.2. Effect of ozonization on filtration on granular

carbon

Fig. 10 shows the flow diagram of a waterworks for treating
Seine water upstream of Paris. Three industrial lines and

a pilot line provide a comparison of the efficacy of
different combinations of ozonization and filtration in a
refining treatment.  We shall not list here the results on
the elimination of micropollutants, since this has already
been done and will be dealt with in various publicatibns (14).
We have simply indicated by way of example the variation in

. the fluorescence/organic carbon (=F/C) ratio. It is noted
that after each ozonization operétion F/C Qiminishes markedly
énd increases again after filtration through granular carbon,
which confirms the results we obtained in the first part of
this study.

3.3. Biological degradation of organic materials

Fig. 11 is a flow diagram of a waterworks for the treatment
of Seine water downstream of Paris. The two parallel
industrial lines (continuous lines) are based on two diff-
erent principles, one (Chabal type) using slow filtration,
the other ‘using standard clarification treatment with the
addition of powdered active carbon. Over several months of
operation these two lines give equivalent results on the
bésis of the organic carbon as a parameter. On the other
hand, the absorption at 254 nm and in particular the fluor-
escence are much greater at the outlet of the slow filtration

line.

Furthermore, the maximum emission wavelength of fluorescence
is greater in this last line. Two explanations are possible:
the slow filtration has a smaller eliminating effect on
humic aéids of high molecular weight, or the phenomenon is
caused by the formation of metabolites of relatively high
molecular weight by microorganisms. This is what we intend

to study during the coming months.
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Fig. 11 also shows, by means of the broken lines, an experi-

mental line in which preliminary oxonization is carried out

before the slow filtration stage. The results obtained

should enable us to confirm the increased bio-degradability
of organic materials after oxidation with ozone.

Raw Water

A////////;;Q

Pre~chlorination (2) 0,51

F/C:
0.54

v

Decantation (5)
Decantation + Active Carbon

Decantation (4)
(3) Powder

Sand Filtration (6) Sand Filtration (7) Sanleiltration
]

F/C:

F/Cs
0.36 yaz §| 1.20

Ozcnization 0,52
(9)

Czonization (10)

F/C: F/C:
! 0.10 10,14

Ozonization(11) Granular Carbon
Filtration (12)

Granular Carbon Granular Carbon

Filtration (13) Filtration (15)
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Industrial Line
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Industrial Line
No.2

Pilot Line
No.3

No.4

Fig. 10 Morsang/Seine Waterworks
Flow diagram of different lines of treatment
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4. CONCLUSION

Several observations may be made about the various tests

carried out:

- It is practically impossible to achieve total
degradation of natural humic-type organic materials by means
of ozone. In the majority of cases there is a conversion of
these organic materials into compounds of lower‘molecular
weight. A practical conclusion may thus be drawn: The time
of contact and the amount of ozone must not be reduced more
than it is necessary, and it will often be advisable to
follow the ozonization with a filtration treatmént, e.g. on
granular active carbon. '

- When the different behaviour of various waters with
respect to oxidizing agents such as ozone is considered, it
must be realized that each water constitutes a special case
and that a study of the ozonization by-products wil} be very

difficult in view of their extreme diversity.

- When carrying out oxidation treatments it seems
important to us to have available avselection of parameters

of the type described. Elimination yields calculated just on a
single parameter will. in most cases lead to wrong conclusions.
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- BORES

OZONE AND HALOGENATED ORGANIC COMPOUNDS

E. de Greef, J. Hrubec and J.C. Morris .

Introduction

Advances in the aﬁalyticai determination’of“organic com-
pounds in water and“theAdiséovery of the fofmation of
halomethanes during chlorination are the most important
factors leading to the initiation of a number of studies
on the influence of ozonation on halogenated substances
in drinking water. Dufing’the initial period, after the
finding of the formation of trihalomethanes; special
attention was paid to the effects of ozone, which was
proposed as one of the most hopeful alternative oxidants
to chlorine, and to the ra2moval of halomethane precur-
sors, as well as to the removal of halomethanes them-
selves. During a more recent period interest has been
focused more upon the general influence of ozonation

on the presence of halogenated compounds.

In the following paper the influence of ozonation on the
occurrence of halogenated organic compounds is discussed,.
Special attention is paid to the combination of ozonation
with breakpoint chlorination in relation to observed chan-
ges in the concentrations of halomethanes. In addition to
this, possible mechanisms for observed phenomena are pro-

posed.
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Formation of Halomethanes by bhlofination Following
Pre-ozonation

The influence of preoxidation by ozone on the formation
of halomethanes has been studied intensively by Rook (1,2)

and Montiel (3). These studies have been carried out un-
der conditions similar to those in practice with regard
to the dose of ozone, pH and temperature of the treated
water. ' '

The use of preozonation to reduce the formation of halo-
methaﬁes ﬁas based on the assumption that ozone, being
the stronger oxidant would destroy or oxidize those sites
in the organic molecule which are suited for the forma-
tion of halomethanes (2).

From: Table 1 it can be seen that pre-ozonation as a
part of the water treatment at two Rotterdam Water-Works
and the Paris Municipal Water-Works at Orly has no sub-
stantial effect on the reduction of halomethanes when

the water is subsequently chlorinated.

Also, according to the results of studies by the E.P.A.
(6) ozone at a dosage level less than 5 mg/l will not
decrease the concentration of trihalomethane precursors.

The described findings are only valid for the application
of pre-ozonation without subsequent adsorption on acti-
vated carbon and without additional biological processes
like slow sand-filtration (7). Also the combination of
ozonation with ultra-violet radiation does not apply be-
cause in these combinations the application of U.V. seems
to provide a positive contribution to the increased re-
moval of both organic matter together with halomethane
precursors (6,9). |



TABLE 1 Formation of halomethanes (ug/l) by use of ozone
prior to chlorination (lit. 2,3) "

—_— e h___ﬁ

Water trcatmnnt plant:

"Contact time Orly | Rotterdam-Kralingen . Rotterdam-Beteﬁplqét
after ozonation CHCl3 CHClj CﬂclzBr CHClBr2 CHCl3 CHC128r CHClB;z‘
(in hours) - - § ‘ _ R ] [

g T R
0.15 20 ‘ 22 8 8 o4 2.3 2.5
4 -5 30 1 27 molo 7 | 2.5 2
o
24 50 i 30 17 12 | s.5 3
without ozone - 1 32 18 11 12.5| 5.8 2.5

Furthermore, it should be noted that also some-labofa-
tory studies have indicated that, when the ozonation is
used prior to chlorination, the ozone did remove precur-
sors and consequently reduce the halomethane content to. -

some extent (4,5,6).

It seems that only additibhalfstudies directed to.im-
proving our knowledge of the chémistry of ozonation fe?
actions with organic substances, particularly the mecha-
nisms and kinetics involved, can provide a better-insigh£
into the problem of preozonafion'and halomethane forma-

tion.

Removal of Halomethanes by Ozonation

The tests which have been carried out to study. the effects
of ozonation on the removal of halomethanes (3,4) have
shown that ozone, under the»cbpditions of water treatment

practice and at the level of ozone doses concerned, does.
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‘not decrease the ébhééhtrétﬁéﬁ# ?f“halomethéhes already’ -
formed prior to ozonation. bnly with unrealisticially

high doses of ozone does removal of halomethanes seem to
occur and even then the removal may be a result of vola-

tilization (9).

Influence of Ozonation on the Behaviour and Formation

of Halogenated Organic Compounds

The most extensive data with regard to the influence of
ozonation on halogenated organic cdmpounds have been
published by Stieglitz et al. (10). These data are based
on the measurement of chlorinated organic compounds at
several German water treatment plants which use ozone

and are situated along the river Rhine. Results on the
occurrence of halogenated organic compounds were obtained
by means of determinations of dissolved organic chlorine -
(DOC1l), non-polar dissolved organic chlorine (DOC1N) and
gaschromatographically detectable organic chlorine (GOCl),
and further by means of identification of different ha-
logenated compounds by GC—MS.‘AB can be seen, Table 2 shows

a substantial increase in DOC1-N as well as the gaschro-

matographable organic chlorine after ozonation of a
bankfiltered water. Furthermore, like chloroform, tetra-
chloromethane, trichlorpeﬂhyiené,>fétrachloroethylene,
tetra- and hexachlorobutadiene have increased in measured

concentrations as a result of ozonation.
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TABLE 2 Organic chlorine within different treatment steps
- for a Rhine water utlllty u51ng ozonatlon (8)

Chlorine
ug/1 o L
Dissolved |Gaschromatographi=
Dissolved | . Organic cally
Organic. | Chlorine Detectable
Sample Chlorine Nonpolar Organlc Chlorlne ‘
Rhine water 99: 15
Sandbank Filtrate 61 | 4
Ozonated Sandbank |
Filtrate B 45 1o 8.3

On the other hand, a decrease in total DOCl as a resulf of
ozonation is evident.

Another publication of Stieglitz (10)
the changes of organic chlorine concentrations in water
after different treatment steps}

(figure 1) gives

This study demonstrates
a clear increase in GOCl and aliphatic chlorine and de-

crease in aromatic chlorine following ozonation.
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CONCENTRATION OF ORGANIC CHLORINE w37l

N e GOCL
4+ W % AROMATIC CL
3] T} ALIPHATIC CL
= Fig. 1 |
1 \\\\ Concentration of organic
1 s T chloride after different
3\\\3 treatment processes (13)
RIVéR i AF‘TER i
WATER 0zON
ANK DRINKING
FILTRATE WATER

According to the authors of these publications the in-
crease in certain chlorinated organic compounds following
ozonation can be explained by a breakdown of chlorinated
organic compounds with high molecular weights to ﬁole—
cules which can be detected and identified by available
analytical techniques.

A study similar to those of Stieglitz et al. and Kihn et al.
has been carried out by the authors at the National Insti-

ture for Water Supply in the Netherlands.

In this study the effect of ozonation under practical

conditions in two treatment plants was observed.

The source of water in both cases is the river Rhine. The
difference in treatment, however, is that the first plant
uses bank filtration, in the second one the water is
stored in an open reservoilir with a mean residence time

of 150 days. Before ozonation break point chlorination,

coagulation and filtration are applied.
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The objective of the study was to determine and measure
quantitatively as far as possible the individual organic
compounds. This was done according to the general lay-

out shown in Figure 2.

(sampLe ) —

GROB CLOSED - ABSORPTION EXTRACTION WITH HEADSPACE
LOOP STRIPPING ON XAD - REZSIN CYCLOHEXANE /DI- ANALYSIS
ANALYSIS ETHYLETHER
ELUTION WITH
ETHER
[ ELUTION ‘ .
WITH CSp
| h CONCENTRATION
BY EVAPORATION
CAP GC CAP. GC CAP. GC
b CAP GC
FINGERPRINT FINGERPRINT FID/ECD
GC - MC - )
1OENTIFICATION

MORE
POLAR
\ ORGANICS

ANALYSIS
OF BROMIDE
CONCEN -

TRATION

VOLATILE

HALOGENATED VOLATILE
ORGANICS

AROMATICS | HALOFORMS

Fig. 2 Layout of the analyses of individual organic
compounds and bromide

Details concerning the applied analytical procedures

can be found in the annex.

In Table 3 the results of the'analyses in relation to

the first water treatment plant with bank filtration are
tabulated.
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TABLE 3 Organic compounds before and after ozonation
in a water treatment plant using Rhine river
water after bank filtration ‘

e e e =

rgg;pound Concentration (ng/l)

' Before ozone After ozone

hzgzoféform - 100
dibromochloromethane - 100
bis (2-chloro-isopropyl)ether 2500 _ 3000
1,2-dichlorobenzene 500 500
1,4-dichlorobenzene 200 200
1,3-dichlorobenzene 200 200
trichlorobenzenes not present not present
trichloroethene = 300

. tetrachloroethene 30 100
benzene 30 10

:dibuthylphtahalate 300 3000

Lo e -~ - : _

A striking feature in these data is the relatively high
amount of bis(2-chloro-isopropyl)ether which is, as to

be expected, not broken down by ozonation.

Furthermore, the observed increases of tetrachloroethene
and trichloroethene should be noted. These increases have

also been found by Stieglitz.

The di-butylphtalate is believed to be an artifact, ori-
ginating from plastic tubes that are used in the treat-
ment plant.

The situation in the second water treatment plant is
shown in Table 4.



TABLE 4 Organic compounds before and after ozonation
in a water treatment plant using Rhine water
after open storage and chlorination

Compound

e e e e

chloroform
dichlorobromomethane
chlorodibromomethane
dichloroiodomethane
bromoform
tetrachloroethene
bromochloroiodomethane
chlorotoluene

hexachlorobutadiene

v e e e g

R
Concentration

(ng/1)

Before ozone

After ozone

(?)

bis(2-chloro-isopropyl)ether

1,2~-dichlorobenzene
1,4-dichlorobenzene
1,3-dichlorobenzene
1,2,3-trichlorobenzene

1,2,4-trichlorobenzene

heptanol
ethylbenzene
alcohol or ketone
alcohol or ketone

alcohol or ketone

10.
13.
3

000
000

.000

300
300

30
100
500
100
400
200
100
100

30
30
300
100

10.000
12.500
10.000
1.000
3.000
1.000
300

10

100
100
200
200
100
100

30
10
300
1000
300
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From the results of the analyses it can be noted that the
use of breakpoint chlorination prior to ozonation has pro-
duced much greater concentrations of halogenated organic

compounds than those found in the bank~filtered water..

As expected, most of the halogenated compounds are not or

only slightly removed by subsequent treatment with ozone.

Since chloroform and dichlorobromomethane did not increase
during ozonation, it is not likely that the rather drastic
increases of chlorodibromomethane and bromoform are due to
a prolonged action of the breakpoint chlorination. There-

fore another mechanism must be involved.

What really strikes us from these results are the increased
levels of brominated and possibly iodinated haloform com-
pounds found after ozonation. Possible explanations for

this phenomenon are discussed in section 5.

The oxidation of bromide to the already mentioned hypo-
bromous acid is confirmed in Table 5.

TABLE 5 Results of the analyses of bromide

chlorination before O3 234 440
:

after 03 237 i 190

without Cl2 before 0, 177 410

after O3 178 200

L e L
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d o ~ -7

or to ozonation was about

RN

' The bromideé-ion

v e v s

coricentration pri
the same in both cases (400 pg/l) and in both cases a 50 %

reduction occurred as a result of ozonation.

General Considerations on the Mechanisms of Halogenation

During Ozonation

The observed increases in haloforms and other halogenated
compounds after ozonization are generally not to be con-
sidered as a result of halogenation, except for the bro-
minated and iodinated compounds. Rather it must be regar-
ded as an outgrowth of the incomplete analytical techniques
currently available. There is no evidence that increased
chlorination has occurred; rather it appears that non-ob-
served chlorinated compounds have been rendered accessible
to observation.

The increase in brominated and iodinated organic materials,
particularly the halomethanes, is to be attributed directly
to ozonation. Rook (1) has demonstrated formation of HOBr
from Br in ozonation of Rhine water and has shown an in-
creased bromine content in halomethanes formed on chlori-
nation after ozonation. Determinations in the present study
showed a decrease in Br content from 0.4 mg/l to 0.2 mg/1l
as a result of ozonation. Concurrently with this decrease,
the increases in CHBr,Cl from 3 to 10 ug/l and in CHBr

2
from 0.3 to 3 ug/l in ozonation of a sample ( Table 3)

3

are noteworthy. Another possible explanation for these
observations, advanced by Stieglitz et al., is that ozo-
nation splits non-volatile chlorinated organic compounds
into smaller volatile fragments that retain the organic
chlorine originally present. This proposal is attractive
in a general way, but is difficult to adapt specifically
to substances like trichloroethylene and tetrachloroethy-

lene without postulating some unlikely starting materials.
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A similar but even.mbre:speculative‘proposal Jan be ad-
vanced with regard to changes in polarity of halogenated
compounds rather than changes in molecular size, as the
properties producing incomplete measurements of organic

chlorine already in water before ozonation.

Chlorinated lower organic acids and amines are examples
of materials that might be responsible for this pheno-
menon. The increase in ektractable organic material at
the expense of adsorbable dissolved organic chlorine ob-
served by Stieglitz implies an elimination of water-solu-
bilizing groups like OH, COOH and C=0. Once again, how-
ever, the increase in heavily chlorinated ethenes is not
well explained.

A different type of explanation can be visualized if it

is postulated that organic (or other) material in the
original water can complex or otherwise interact with vo-
latile chlorinated- compounds to decrease their activity
and thus make them less prone to volatilization or extrac-
tion. Then, when the complexing or restraining materials
are broken up or made ineffective by ozonation, the chlo-
rinated materials are released at full activity to give

a greater response in analysis.

The necessary initial assumption may seem improbable, but
so little is known of phenomena at the submicrogram per

litre level that it ought not to be summarily eliminated.
If it is wvalid, then the observed results with polychlori-

nated ethylenes follow almost‘automatically.

Finally, it may be noted that, if at any point in the com-
plex sequences of reactions that may follow an initial
ozonation step there occurs a nucleophilic displacement
reaction with transitory formation of carbonium ions; then

the high concentration of chloride in Rhine water provides



an excellent .epportunity for:nucleophilic displacement
by chloride rather than the normal reagent. In this event
an increase in carbon-chlorine bonds would occur without

intermediate occurrence of elemental chlorine or HOCI.

As an addendum to this mechanism it may be noted that dis-
placement of the carbonbromine bond is normally much
easier than displacement of a carbon-chlorine linkage.

It is thus conceivable that, following -the formation of
tribromomethane according to the first mechanism, the
reaction '

Cl  + CHBr., —> CHBr,Cl + Br

3

occurs subsequently by nucleophilic displacement.

The possible mechanisms are once again summarized in

Table 6.

TABLE 6 Possible mechanisms for observed increases in
halogenated compounds on ozonation

1. O3 + Br (I ) — HOBr ——é Br derivativeé (I-deriv.)
(Note: Br(.4 mg/l before) —>» Br (.2 mg/l1 after)

2. O3 splits non-volatile chlorinated compounds into
smaller volatile chlorinated fragments

3. 04 attacks polar spots in molecules to eliminate non-
polar (adsorbable) chlorinated fragments

4. Ozonation breaks up complexing or adsorbing materials
(fats, humates) that inhibit volatilization or
extraction

5. Occurrence of any SN1 nucleophilic processes in ozo-
nation reactions would allow Cl1 substitution
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Conclusions

From the results of this study and previous ones it is
clear that the use of ozone during the preparation of
drinking water can also result in the formation of halo-
genated compounds. Our study of the two water treatment
plants in the Netherlands shows that such a production,
particularly of brominated compounds,is enhanced in case
chlorination precedes ozonation. The mechanism for this
phenomenon probably involves intermediate production of
bromine, but should be studied further.

A small-scale pilot plant, suitable for studying the
mechanisms of reactions of oxidants in different types
of water is being constructed at the Dordrecht facili-
ties of the N.I.W.S. |

The effects of individual oxidants, including U.V.-ra-
diation as well as different combinations of them will
be evaluated by identifying the products formed and by
testing the mutagenicity of the oxidized water using dif-

ferent types of micro-biological screening tests.
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ANNEX 1

Experiméntal

In order to measure halogenated compounds as completely

as possible, four different concentration and separation
techniqueé (head—spacé analeis, Grob stripping, Junk
XAD-resin adsorption and cyclohexane extraction) were

used on portions of the same samples. Subseéuent analyses
were carried out with specialized GC instruments and co-
lumns and also with GC-MS apparatus. In addition, bromide
analyses were performed according to the Fishman—skoﬁgstad
method (11) as modified by Rook (2).

Head-space analyses were used for determination of very
volatile substances, such as chloroform and trichlorethene.
5 in 500 ml
closed vessels for 1 hour at 30°%c. Head~space samples. of

Sample portions of 0.4 1 were mixed with 0.1 1 N

10, 100 and 1000 ul were theh injected into the inlet of
a TRACOR - 550 gaschromatograph with a 50 m capillary glass

column coated with UCON and with a 63Ni—EC detector.

Extraction with cyclohexane-ether was used principally for
estimation of chlorinated aromatic compounds and haloforms
with elimination of background interference of non-extrac-
table  substances. One litre portions of sample were ex-
tracted with equal volumes of a 1:1 cyclohexane-ether mix-
ture. After the immisciblevliquids had been shaken to-
gether vigorously in a separatory funnel, the liquid layers
were allowed to separate and then portions of the upper
organic layer, without concentrationvwere injected at the
inlet of a VARIAN-1800/2000 gaschromatograph having a ca-
pillary column with OV 1 equipped with a Grob-splitter with
double parallel detectors, 1 electron capture and flame

ionization (12).
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Grob stripping (13, 14) was carried out on 5 litre por-
tions of sample that were maintained at 30°C in a closed-
loop apparatus through 'whichN2 was recirculated for 2

hours at 2 litres per minute.

Vapbrized organic compounds were collected on 10 - 20 ug
of carbon powder. After stripping had been completed, ad-
sorbed materials were eluted from the carbon with three
successive 8 ml .portions ovaSZ..The eluates were com-
bined to give a final total volume of about 20 pl, which
was stored at -40°C until ‘analyzed.

For analysis, a 1 ul portion of the eluate was injected
into the part of a CARLO-ERBA 2101 gaschromatograph con-
taining a 50 m glass capillary column coated with UV101;
it was equipped with a flame-ionization detector.

For a more complete survey of higher-boiling and more po-
lar compounds, concentration on XAD resins was performed
according to Junk (15, 16). Fifty litres of a sample
were passed upflow through 30 ml beds of 1:1 mixed XAD-4
and XAD-8 resin 1{Serva, Heidelberg) held in a 15 mm glass
tube. The resins had previously been cleaned by repeated
batch extraction with ether, ethyl acetate and ethanol;
they were stored under ethanol. After the adsorption step
was finished, the resins were extracted with successive
portions of ether to a total volume of about 30 ml, which
was subsequently reduced to 500 1l by evaporation at 0°%¢
into a pure N, stream. One ul portions of this concentrate
were analyzed with the same gaschromatographic equipment

described in the section on the Grob method.

GC-MS analyses of the Grob and Junk concentrates were per-
formed with a VARIAN gaschromatograph containing a 50 m,
UV-101 coated, glass capillary column. The chromatograph
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was programmed for 5 minutes at o°;-then 3 minutes at
300, followed by continuous increase at 40 pér minute
from 30°¢ to 180°¢. The exit was connected to a Finﬁigan
quadrupole mass—spectrometef with bne second séap—time.
This was coupled_to a W.D.V. data system. Spectra were
compared with the "Eight Peak Index" or, by telephone

hook-up,with the U.S. E.P.A. data bank.

‘Bromide determinations were based on the catalysis by

Br , or iodide oxidation by permanganate (11). After

5 minutes of reaction, the=I2 formed was extracted with

tetrachloroethane and measured spectrophotometrically.

(1) ROOK, J.J.
J. AWWA 68 (1976), 168

(2) ROOK, J.d.
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drinkwater met chloor
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NOTE ON THE HALOFORM FORMATION POTENTIAL OF PRE-OZONIZED -
WATER '

J. Hoigné

The papers given at the conference about thé efféct of a
preliminary ozonization on the subsequent chlorination
processes show clearly that the action of ozone can depend on
a wide variety of reaction and water parameters. This corres-
ponds fully to what we have come to expect in the light of the
present-day knowledge of the kinetics of ozonization processes.
We should like to propose the following hypothesis for dis-
cussion: depending on the performance of the ozonization, the
water constituents are predominantly oxidized by direct
ozonolysis or by secondarily formed OH  radicals [i]. In the
example of the oxidation of an aromatic ring system the two
types of reaction lead to different intermediate products
(Fig. 1) . Ring cleavage is mainly expected in ozonoiysis,
with the formation of dicarboxylic acids, such as oxalic acid,
in subsequent steps. In these cases enrichment of trihaloform
precursors in the water need hardly be reckoned with. However,
the proportion of ozone that decomposes in water to OH®
radicals oxidizes aromatic ring systems via hYdroxylation to
hydroxycyclohexadienyl radicals, which give hydroxyfsﬁbstituted
benzenes (phenols, resorcinols etc.). Compounds of this kind
are known to be particularly reactive trihaloform precursors.
If the ozone reaches the reaction centre before it decdmposes,
these compounds are rapidly oxidized further by ozone. In

the opposite case, it is to be expected that compounds of

this type will be enriched in the water and on subsequent
‘chlorination will lead to an increased formation of trihalo-

forms.

If methyl-substituted olefins are present in the humic

substances, it can be expected that they will be oxidized to
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Formation and Degradation of
TRIHALOMETHANE PRECURSORS
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Fig. 1 Dependence of the product formation on the perfor-

mance of the ozonization process [2]

methyl ketones by direct ozonolysis [1]. However, many of

the methyl ketones are extremely stable to ozone [3]. They can
also be enriched in the water until they are oxidized further
by secondary OH radicals. This means that the formation

and degradation of methyl ketone-like haloform precursors
proceeds in accordance with laws' quite different from those
governing the formation of phenol- or resorcinol-like tri-

haloform precursors [2].

Whether the ozonization-initiated oxidations proceed via
direct ozonolysis or via previously formed hydroxyl radicals
depends not only on the nature of the substrate molecules
but also on the nature of the ozonization process. Fig. 2
shows that the time during which an ozone molecule is avail-
able for direct reaction is limited by the rate at which it
breaks down into radicals. This rate is known to increase
with rising pH. However, since the decomposition of ozone

proceeds in addition by a chain reaction in which radicals
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Fig. 2 Dependence of the type of oxidation on the perfor-
mance of the ozonization process [3]
M: Oxidizable water constituents
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R: Free radicals

function as chain carriers, many water constituents are also
decisive for the decomposition'rate of the ozone [4]. Thus,
certain organic constituents (e.g. benzene in the 0.1 mg/l
range) lead to an accelerated- -ozone decomposition. Other
constituents, such as bicarbonate ions or aliphatic alcohols,
inhibit the chain reaction by abstracting radicals from the
process [4]. This gives rise to the situation that the ratio
of the direct ozonolysis to the radical OH® oxidation 1is
influenced by a wide range of constituents present in the
water. On the basis of the chain reaction accelerating the
ozone decomposition, it can also be understood why the kinds
of reaction can depend on the istantaneous local ozone concen-

tration, i.e. also on the way in which the ozone is introduced.

If the results of ozonization processes are to be comparable,
an ozonization must be described very carefully. It there-

fore seems to us to be very important that the greatest atten—
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tion be focussed on a careful establishment of ‘the process

arrangements and characterization of the water. If this is

not done, the experience cannot be generalized.or extended to

other situations.

(1)

(2)

(3)

(4)

HOIGNE, J., BADER, H.

Ozonbedarf und Oxidationskonkurrierwert verschiedener
Wassertypen bezliglich der Oxidation von Spurenstoffen
(this publication) :

HOIGNE, J.

Discussion of paper by M. Doré on"Influence of oxidizing
treatment on the formation and the degradation of
haloform reaction precursors"

Prog. Wat. Tech. 10 (1978), discussion part, in press

HOIGNE, J., BADER, H.
Kinetik und Selektivitat der GCzonung organischer Stoffe
in Trinkwasser

Wasser Berlin '77, Tagung der Fachgruppe Wasserchemie
in éder GDCh, Colloquium Verlag Berlin (1978), 2671-276

HOIGNE, J., BADER, H.

Beeinfliussung der Oxidationswirkung von Ozon und
OH-Radikalen durch Carbonat

Vom Wasser 48 (1977), 283-304



- 331 -

THE CONDITIONS OF OZONIZATION

J.P. Legeron

The number of studies and investigations on ozone and the
number of cases of the practical application of this gas

become greater every day.

However, the results obtained seem to be very variable,which
is perhaps in many cases due to omissions or errors, but

perhaps also to the absence of a common language.

In actual fact the aim of ozonization and the conditions of
the use of ozone could not be interlinked more élosely. Ozone
is a chemical substance and as such reacts with other species
present in an aqueous medium: we can therefore speak of oxi-
daticn kinetics and thus of conditions for maximum reaction

rates.

The temperature and sometimes also the pH of the water are
difficult to change, but the ozonization parameters are really

easily modified:

This is the situation, for example, with the ozone concen-
tration in the carrier gas, with the dose used for the treat-
ment, with the contact time, with the residual ozone concen-
tration in the gaseous and liquid phases, and with the life-

time of this residual ozone in water.

The ozone can be added in one portion or in several portions

and at one or more points in the treatment line.

The "contact can be intermittent or continuous. Many studies,

for}?xample that by Monsieur Chedal at the Berliner Wasser-
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kongress in 1977, hhveé indichted the'influénce of thése con-

ditions.

Let us first of all disregard the case of disinfection with
ozone, which is not-'the object of this symposium. Suffice
it to say that in this case the maintenance of a certain
quantity of dissolved residual ozone for some minutes makes
it possible to enhance the organoleptic properties of the
water, a fact that is attested by the readiness of ozone to

react with some substances still present in the medium.

While these reactions proceed relatively slowly, this is not
the case during the oxidation of very many organic and inor-
ganic compounds. Depending on the type of the water, the

ozonization serves a different purpose at the start and some-

times in the middle of the treatment chain.

The case in question may be, for example, the oxidation of
iron and manganese, and here the contact times are short and

the doses depend on pollution of the water.

In other cases we may be concerned with an improvement of the
flocculation; for this both the contact time and the dose must

normally be small.

Finally, we may be aiming at improving the biological degra-
dation. In this case the dose can be made higher, to introduce
oxygen into the water and to improve the bio-degradability of

the substances present.

Each case has its special features and for this reason rele-

vant trials must be performed either in the laboratory or,

better still, in a pilot plant.

These trials must be as comprehensive as possible before any

gualitative or gquantitative conclusions may be drawn.
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Without going into the details of the process, which has
already been the subject of several contributions, I should

like to conclude with two specific examples.

- The first relates to the oxidation of manganese in a

French river water:
at constant contact time, quadruplication of the ozone

concentration before it is added makes it possible to
reduce the treatment dose and therefore the ozone

production by almost 50%.

- The second and last example relates to the oxidation of
an iron/silica compound in a ground water of African

origin:

.splitting of this complex and the oxidation of the iron
thus released cannot be achieved in a single ozonization
step even with a high dose and a long contact time; the
solution was found in several consecutive small additions

of ozone alternating with aeration phases.

This confirms that the results can be positive or

negative, depending on the ozonization conditions.



- 334 -«

DESCRIPTION OF: REACTIONS ' BY GROUP PARAMETERS

H. Lienhard and H. Sontheimer

In this report I should like to discuss in greater detail a
problem that keeps recurring in the study of ozone processes,
namely how the changes caused by ozonization can be detected
and described. '

The possibilities existing today for this purpose should be
discussed in the light of the experimental results obtained

in studies on the optimal ozone input, on which

Prof. Sontheimer spoke in his lecture on Monday. Briefly,

such studies are aimed at establishing whether the ozone

should be added in stages, e.g. in a sufficiently large reaction
vessel by fine-bubble aeration, or whether it is more expedient,
as

poséibly with a rotor, and then with an initially high concen-

tration to allow the reaction to proceed slowly.

To provide practical data from the results of these studies,
humic acids were used as model substances in the experiments.
This gave rise to the problem that the chemical structure of
humic acids is largely unknown and that during ozonization they
form products not directly accessible to analysis. This means
that the reaction of the model humic acid with ozone cannot be
followed directly, so that the products formed must be charac-

terized by measuring some accessible parameters.

To this end we used the 6 parameters shown in the left-hand
column of Table 1.

We shall now describe how conclusions can be drawn, from the
results obtained with these parameters, about the nature of

the reaction products and about their effect on the treatment.



TABLE 1

—_

Description of reactions by group parameters

Parameter

-

Measurable effect with
stepwise addition of
ozone as opposed to a
single addition

Interpretation of the
effect

Spectral absorption co-
efficient at 254 nm

——

Decrease

Degradation of the
double bond system

DOC

No difference

No increased CO2
formation

Flocculation effectiveness

Improved relative
flocculation activity

More polar molecules

- Molecular weight distri-
. bution :

Displacement of the
mean molecular weight
towards smaller values

Smaller molecules

¥Adsorption on CaCo3

Displacement of the
isotherms to the. left

More polar.groups on
the molecule .

Haloform formation
potential

Less trihalomethanes

Degradation of the

electrophilic centres,|

fewer double bonds

--9€€ —
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The middle column shows the effect measured for the parameter
on the left, obtained with fractional addition of the ozone.
The right-hand column lists the conclusions that can be drawn

from this about the change in the organic substances.

From the observed decreasé in the spectral absorption co-
efficients at 254 nm we concluded an intensified degradation
of the double bond system with intermittent ozone input. The
fact that the DOC is the same for both modes of ozone input
means that only a different change in the humic substances
cccurs, which also happens in practice, since the effective-
ness of flocculation is enhanced by stepwise ozone addition,

as shown in Fig. 1.

%

o Ruhr humic acid

0 Lake Constance
humic acid

Relative decrease in the spectral
absorption coefficient,
I~

. d l L A 1 F)
0 02 04 06 08 10 12 14 1§ 18 20 22 24 25 28
mg 03/mg acid

Pig. 1 Relative improvement of flocculation effectiveness

by stepwise ozone addition for two humic acids
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vThié figure‘illustrateéfthe reiétive iﬁprovement ot the'flocc—
uiation effectiveness due to the intermittent ozone input. It
can be seen that e.g. for the Ruhr humic acids after stepwise

ozonization by flocculation alone the spectral absorption co-

efficient is reduced by up to 7.5% more than in the case of

a single addition. The same applies to the humic acid from

Lake Constance.

To understand this effect the molecular weight distribution
must be measured, as can be seen in Table 1. The distribution
is displaced towards smaller molecular weights. The absorp-
tion experiments additionally performed on CéCO3 tonfirm an
increase in polar groups compared to the case of the single
addition of ozone. The haloform formation potential is also

reduced (Fig. 2).

250k

™ .

E .. © Single ozone addition

g 1 Stepwise ozone addition

R Ruhr humic acia

w

QO 150
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~
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<

-
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B sl \Q
Q [ S s 1 H i 1 1 L i 1 i 1)
0 02 04 0§ 083 Y 12 W 1§ 18 2P 2 24 2p 28

mg 03/mg acid
Fig. 2 Dependence of the haloform formation potential on

the amounts of ozone for-two different kinds of

ozone addition
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The figure shows the amounts of trihalomethanes formed during
the chlorination as a function of the ozone input. From

the course of the curves it can be seen that stepwise ozone
addition reduces the haloform formation potential more

strongly, and this indicates that fewer electrophilic centres
and so fewer double bonds are available to the electrophilic

) attack of the chlorine when this type of ozonization is used.

If the information yvielded by each individual parameter

listed in the right-hand column of Table 1 is compared, it can
be seen that the data provided by each parameter are supported
by the other results.

For example, the results of the flocculation experiments can
be explained both by the change in the molecular weight dis-
tribution and by the increase in the concentration of polar

groups. The two effects run in opposite directions and lead
to an explanation of the different behaviour in the two modes

of ozone addition.

Without going into further detail of all the interesting
relationships, from the results presented it can be concluded
that a combination of a number of experimental parameters can
lead to a better appreciation even of small effects and to a
deeper understanding of the processes taking place during

ozonization.
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PRODUCTION OF OZONE FROM OXYGEN
G. Uhlig '

The problem appears trivial: a molecule consisting only of
oxygen atoms can likewise only be produced from oxygen.

The production of ozone from air succeeds only because, in
spite of environmental lodding,-even in regions of accumul~-

ation, air always contains 21 vol-$% of oxygen.

However, it is also this oxygen concentration that finally
limits the yield and the efficiency of even the best ozone
generators. This applies above all when not only the amount
of ozone produced but also the ozone concentration achieved
is the main criterion, because fhe dissoclution of ozone in
water is subject to the Henry-Dalton law, according to

which the solubility of ozone is proportional to its par-
tial pressure, and thus to its concentration, in the gas

phase.

Acccording to the laws of reactions kinetics,there is no
doubt that the yield and efficiéncy of the production of
any material increase with the increasing concentration of
the starting components. Soﬁe measurements, here cited only
as examples, for series—connéctéd.ozone generétors, dimen-
sioned for the production,bf;pzoneyfrom air illustrate this
point better than the corresbdnding reactions and equations:
Fig. 1 shows, on the basis of Masschelein's measurements
(1), the increase in the hourly production of ozone

with increasing ‘oxygénf”édncéntration at a constant
gas throughput for various power levels of an ozone gener-
ator. At the same time, as can be seen in Fig. 2, the
energy expenditure on the production of 1 g of ozone is

greatly reduced.
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Fig. 2 Specific energy requirement:

of O3 production in dependence
on the O, concentration.
(after W. Masschelein, T.S.M.
L'EAU 71 (1976) 385)
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Higher concentrations of ozone are generally achieved by
reducing the gas throughput of the ozone generator. Fig. 3
'shows a diagram taken from Bredtmann (2), in which

the concentrations of ozone obtained with a series-
connected tubular ozone generator during the change-over

from air to pure oxygen is demonstrated.

Here too, as can be seen from Fid. 4, the specific energy
expenditure for the production of increasing ozone concen-

trations on going over from air to pure oxygen is essen-
tially reduced.
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VYih/g0;
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[N ]
]

" / 50 Vol. % 0,
12- 80 Vol. % 0;
i /———5—:——_—-—-————— 100 Vol. % 0,

gO;./m3

15 20 25 30 35 43 45 50 55

Fig. 4 Specific energy requirement in dependence on the O3
concentration produced at various O, concentrations.
(after M. Bredtmann, Wasser, Luft und Betrieb 11(1974)
605)

Even when the starting gas contains only 50 to 90 vol-%

of oxygen it is an additional advantage for the dissolution
of ozone in water that the correspondingly smaller propor-

tion of nitrogen still permits a gasification of the water

under pressure, which in the case of ozone production from

air would lead to supersaturation of the water with nitrogen.

However, all these advantages do not cover the costs of the
oxygen consumed if this is not returned to the production
after the ozone has been washed out. Therefore, if the
process is to be economically viable, gas circulation must
be installed. On account of the improved ozone dissolution,
however, only a partial water stream needs to be gasified
with ozone for this purpose, and expensive structures and
installations for the gasification of the whole amount of

raw water become unnecessary.
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By means of the prodﬁction of high ozone concentrations in
the gas phase (50-90 ozone/m3 is nowadays a realistic figure)
and by the use of pressure in the gasification of the water
in space-saving scrubbers or columns, ozone concentrations
of 20-80 g/m3 of water can be reached. Accordingly, the
dissolution of 2-3 g of ozone per m3 of raw water .still
requires only the gasification of a partial water stream
amounting to 3-10% of the total water. The highly' concen-
trated partial stream is then mixed with the main stream in
such a way as to ensure a good distribution and a sufficient

reaction time.

The apparatus and the physico-chemical principles of this
process have already been given in detail by Axt (3) 1958

in his dissertation "An indirect process for the ozona-

tion of water"”. This already included calculations for

the design of ozone-introduction columns, calculations of
the energy yield during the production of ozone from oxygen,
and a description of a specialized ozone generator to be
operated at 6-7 bar that provides for gas circulation at

a constant excess pressure. Since such ozone generators

are not produced commercially, the gas circulation must in
practice be operated with two pressure levels: an optimal
pressure for the dissolution of ozone and an optimal pressure
for the production of ozone, which in the majority of cases

is restricted to 1.6 bar with today's ozone generators.

A large-scale realization of the process took place 8.

yvears later for the first time at the Duisburg AG municipal.
works with an ozone plant designed for a throughput of 2500 m>
of raw water per hour. This plant was commissioned in 1966
in the Wittlaer waterworks for the treatment of Rhine water
filtrate. Simon and Scheidtmann (4) 1968 have reported in

detail on the extensive preliminary trials on adaptation of

the process and on the technical data of the main plant.
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The process scheme of this plant is given in Fig. 5: fresh
oxygen is led out of a 5000 m> liquid oxygen tank (bottom
left in the figure) wvia an evaporator warmed by air and
directed to the gas circulation béfore the production of
ozone. The ozone production at 1.05 bar in 4 tubular ozone
generators (only one unit is shown in each case) supplies
an ozone concentration of 4O—6O‘g/m3.‘ The pressure is then
raised to 1.8 bar and the gas mixture 2 is conveyed to the
ozone scrubbers, made in the form of packed columns, in
which the partial stream of water = about 10% of the whole
water treated - +trickling in countercurrent through Raschig

rings undergoes gasification.

The unconverted mixture leaving the scrubbers at the top
is directed to a drying plant with a cooled condensate

separator and returned for use in the production of ozone.

Ozone scrubber AN .
Mixing Qnd reaction vessel Filter plant

Drying plant

i, Removal of
: s TR~
: air, ¢ R C
Multilayer
> filter

~——— Gas recircu-
lation I
ﬁ

Raschig :ingk

Raschig rings | <o
P e Active
carbon
filter

Ozone=-
_,,ox'/qqn qas

Orzone generator

Pressure-rise %
A,

=N - i Ozone—rié? water- "y .
Liquid seal - \/ Discharge
blower }

Discharyge

Partial flpw
A
Lvapcrator To consuner

i =
& cro, l—J t—( NaOH

—_
Liguia-oxygen tank Safety chlor- De-acidifi-
Raw water ination cation

Fig. 5 Diagram of the ozone plant at Wittlaer Waterworks III
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The partial stream of water, containing 10-25 g of ozone/m3
and described in the diagram as "ozone-rich water" is

added to the raw water in. two reaction tanks éfter the
pressure has been raised to-8 bar. The ozonized raw water
coming out at the bottom through a concentric drainage
funnel passes 20 two-stage filters with a total filter area
of 206 m? per stage, consisting of a multilayer filtration
for the removal of the flocculated.ozone-oxidized products
and an active carbon stage, connecting safety—chlorinatioh
with chlorine dioxide and deacidification with a solution of

caustic soda. )

The external appearance of the Duisbhrg ozone plant is

illustrated in

Fig. 6, which shows the two scrubber columns for the disso-

lution of ozone and the pumps for increasirg the pressure,
Fig. 7, which shows the control panel, the ozone generators
(right) , and the reaction tanks (left) in the background,

and

Fig. 8, which shows an external view of the whole plant.
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Fig. 8 External view of the ozone plant




ioh only by the tension in

Control of the ozone produc
the ozone generators at constant gas throughput is not
optimal, since the ozone concentration is then diluted

again.

However, the control also of the amount of gas in circul-
ation, with the ozone concentration regulated to a constant
value, already envisaged in this plant, has not been ap-
proved in the proposed form and is the object of further

improvements, as is the design of the columns.

It should be emphasized that in this process the raw water
from the feed pumps of the wells onwards undergoes the
whole treatment already under distribution pressure, and

the pressure need not be reduced for the ozone treatment.

In the selection of the pressure for operating the columns
it must be remembered that the Henry-Dalton law applies not
only to dissolution of the gases - this céhcerns above all
oxygen in addition to ozone - but also to the release of
gases dissolved in the water. The main component dissolved
is still nitrogen, corresponding to its partial pressure in
the air. However,. in a pure oxyden/ozone mixture the par-
tial pressure of nitrogen is zero, and thus does not corres-
pond to the distribution equilibrium.Consequently, a partial
pressure of nitrogen corresponding to the nitrogen content
of the water is rapidly set up in the gas circulation by
outgassing. The concentration corresponding to this par-
tial pressure depends on the partial pressure of the oxygen
and therefore on the selected total column pressure, which
in turn determines the dissolution of oxygen in the partial

stream of water.

These relationships are presented in Fig. 9 for nitrogen-
saturated water in an easily followed diagram due to

Albrecht (5): when the pressure is raised to 8 bar the
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el T2

nitrogen content in Eh%wéaébcirculaiiéﬁMéaﬁwbé reduced to =
about 10%. As shown by measurements carried out by Rosen
(6), and also by Cromwell and Manley (7), a smaller con-
tent of nitrogen scarcely improves the ozone production
efficiency, and furthermore, increasing the pressure also
reduces the column layout and dimensions. According to
Greiner and Grunbein (8,9), at 5-7 bar 8-10 theoretical
plates are necessary for almost guantitative washing out of

the ozone.

0, N,
mg/t Vol.%
1000 -7100 -
For Hj~saturated water
at 10°C
900 -} S0
800 -] 80~ Nz~ enrichment
700 -1 70 - 02' solution
Y600 -| 60-
500 -] 50 -]
400 -{ 40
300 +{ 304
©200-] 20—
100 10—
bar
1t 1.1 1. 17 & T 1 1 & 11
t 2 3 4 5 6 7 8 9 10 1 12 13 U

Fig. 9 Distribution equilibrium of nitrogen (vol-%) in
" oxygen and of oxygen (mg/l) in water
(after E. Albrecht, Dechema - Monogr. 75 (1974) 343)
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The pressure elevation is however restricted by the in-
creasing oxygen dissolutﬁon, the limit being determined
by the oxygen confent'and the ozone consumption of the

raw water and also by the oxygen demand of the after-
connected treatment plant. To avoid this situation by

a subsequent aeration of the water to drive out the excess
oxXygen necessitates considerable additional expenditure
and is not practicable for a water treatment under distri-
bution pressure in a closed system.

For open plants, on the other hand, even a slight enrich-
ment of the aerial oxygen, without using gas circulation
but with the pressure produced by the greatest possible
depth of immersion of the gasification, can have certain
advantages, as reported by Masschelein (1) and by Rosen
(6) .

For oxygen enrichment of the air Rosen (6) recommends a
"pressure swing oxygen enrichment" with the use of a
molecular sieve in 2 towers which are run alternately

under different pressures.

Summary

1) With the same energy consumption of the ozone
generatorg at least twice the amount of ozone per
hour can be obtained, in at least twice as high
concentration, when the ozone is produced from

oxygen and not from air.

2) Corresponding to this increase in concentration,
the ozone dissolution also increases for all types
of gasification of the water, and on an additional
application of‘pressure in suitable columns the
dissolution is higher by a factor of 10-30 than in
the case of open gasification of the water with

ozone produced from air.



3)

4)

5)

6)
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It is thereby possible to limit the gasification
with ozone to a partial stream of water amounting
to 3-10% of the raw water to be treated.

Since the oxygen is circulated none of the remain-
ing ozone need be wasted. The ozone is almost

completely dissolved or goes to the return gas.

At most 1/10 of the amount of gas that must be
transported and dried in the case of ozone produc-
tion from air is conveyed to the gas circulation in
the case of production from oxygen. This reduces the
costs of gas drying and transportation, together
with the energy balance for ozone production and

costs of cooling the ozone generators.

In the Duisburg process of ozonization of the drink-
ing water, which is based in its concept on Axt's

fundamental work (3), these advantages were already
realized 12 vears ago corresponding to the state of
technology at that time. So far it has been the only
conceivable process for ozone treatment of the water
under distribution pressure in a closed system, and

work on its improvement is continuing.

»
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MEASUREMENT OF THE OZONE-DEMAND
C. Gomella

A - INTRODUCTION

The doses of ozone applied to pre—-treated water, i.e.
introduced into the ozonization reactor, which aﬁpear
in the bibliography are difficult to compare with one
another, and thoseused in laboratory trials cannot as

a rule be extended to industrial practice.

The doses of ozone giving the same end result can vary
considerably as a function of the experimental conditions
and the experimental or industrial apparatus used. This
is due to the fact that the ozone can be broken down as
follews:  *

T=D+r1r+A+p

where T is.the dose of ozone introduced into the reactor,
D is the amount of ozone actually used up in the
;'-varlous reactions (the ozone- demand),
r is the residual free ozone maintained in the
water within the reactor (entrained by the
water issuing from the reactor),
p is the ozone lost by entrainment with the exhausted
ozonized air leaving the reactor,
and A is the ozone consumed through auto—decomposition.

A technical and‘economical anaiysis of an ozonization
process, such as the application of a laboratory or
pilot result, cannot be undertaken without a reasonably
precise knowledge of the elements making up the treat-
ment dose T. The problem is a complicated one, for
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these elements are not all independent of one another;

in particular:

D is a function of the:quality“of the water, the time of

the treatment, the value of the'O., residue, and of the.

. 3
concentration of the ozonized air.

r is imposed by the investigator~as a function of the
desired result and also as a function of its effect on
D and A. ' -

A is dependent on quality Qf‘the water, the duration of

treatment, r, and the concentration of the ozonized air.

p is dependent on the internal structure of the reactor

and on the concentration of the ozonized air.

The present communication outlines a method used in FranCe
for fifteen years by the author and‘his associates,
developed specially to surmount problems of interpretation.
From a pragmatic point of view, this method has proved
very effective and has enabled experimental results to

be transposed to industrial condifions with a good degree

of precision.

B.  PRINCIPLE
When the amount of ozone actually introduced into the
water has been determined, D and A are calculated by

meésuring r o at different times.

t)

Before the calculation can be made, a hypothesis about
the form of the auto—decbmposition law must be formu-
lated. The many studies mentioned in the bibliography

giVe'various formulations, notably 2nd or 3/2-power
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laws. In practice, it has been shown that a law of the

form: r
o = -
1n = = a(t to) a<ao

Where 1n is the natural logarithm,

r, is the residue at time t

r is the residue at time t,
and a is the auto-decomposition coefficient, is quite
sufficient in current practice in the case of slightly
polluted water with the usual pH (6 to 8). Without wish-
{ing to give a rigorous scientific meaning to this law, it
appears that its application in the 'given case enables
one to arrive at predictions and calculations of industrial

installations.

It should also be noted that the method is not specifi-
cally connected with this form of the law, and that it

is sufficient to replace fhe'chosenrlaw by one determined
experimentally and better adapted to the case in question:
r = f (a,t),vto be able to,apply the method in its prin-
ciple by simply modifying the mode of the calculation.

C. THE DIFFERENT STAGES OF, THE METHOD

A quantity of ozonized air of a known concentration and

a quantity of water are introduced into the same flask,

after which they are stirred vigprously and the residual

ozone is measured at successive moments in time.

Two measurements are sufficient to determine the auto-
decomposition coefficient, that is, rl.at time tl and r,

at time t, :
2 Y

1n 2 = at

rq 1

(to is taken to be the time orir -n)



ry
In — = at
r2 ,2
whence: r2
In -
a = ]
t, - %
and r = xr atl

The ozone demand D can then be determined, provided that
the initial concentration of the ozone introduced into

the water (CO) is known:

Co is easily calculated frombthe respective volumes v and
V of the ozonized air and the treated water, from the

“ozonized air concentration, and from the distribptibn co-
efficient S (Henry's law) of the ozone between the air
and the water at the temperéturé of the experiment} which

is conducted under atmospheric pressure:

If t 4is the time of the ozone ‘treatment in the reactor,’
and r 1s the residue determined by the investigator, then
the quantity of ozone to be introduced into the water will
be (in the case where the amount of residue is kept con-

stant in the industrial reactor):
D+ r+1r at =D+ r (1 + at)

The treatment dose will depend on the loss of ozone en-
trained by the ozonized air 1ea€ing the reactor. It de-
pends essentially on the form of the reactor, the time

of contact of the ozonized air and the water, and the
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ozone residue. This is why it is highly desirable to

conduct the laboratory experiments with a residue similar

to that applied in practice. The loss p can be esti-

mated to be in the region of 10 to 30%, and under

these conditions:

D+ r (1 +at) <T <D+ r (1 + at)
0.9 . 0.7

REMARKS

1)

2)

In the method of measurement described above the
residue value does not remain constant but- -de-

creases from its initial wvalue:

at
¥ = re
o

where r is the residue measured at time t.

The same situation arises in industrial reactors
with a single point injection. If r is the residue
required at the outlet, after a contact-time t,

the guantity of ozone consumed by the water will be:

at _

D + r, - r = D+ r (e 1)
and the treatment dose will be
p+redt 1y - _D+rle’ - 1)
0,9 0,7

this value always being greater than that in

reactors where the residue r has a constant value.

The appendix contains a brief account of the pro-
cedure used for virulicidal treatment requiring
an ozone residue of 0.4 mg/l for a reaction time

of > 4 min.
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‘APPENDIX

DETERMINATION OF THE CHARACTERISTICS OF WATER
IN RELATION TO OZONE AND OF THE INDUSTRIAL
OZONIZATION DOSE , < s - '

1. PRINCIPLE
The aim of the operation is to determine:

- the instantaneous chemical ozone demand;
- the specific auto-decomposition coefficient;

- the industrial ozonization dose.

To this end a knowniquantity of ozonized air is brought
into intimate contact with a fixed volume of the water
under examination, and the residual ozone dissolved in
this water after contact times of 1 min and 4 min . is

measured.

2. DESCRIPTION OF THE EQUIPMENT USED
2.1. TRAILIGAZ LABO 66 laboratory ozonization unit
2.2. Volumetric flask

The ozonization reaction takes place in a 600 ml volumetric

flask with a graduation at 500 ml.

A ground-glass stopper fitted with a tép enables the flask

to be completely filled with the water being examined.

A side tap, placed on the neck of the flask below the
500 ml mark, enables the contents of the flask to be
drained off down to 500 ml.
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Fig. 1 Ozonization unit -

1 = wattmeter; 2 = flow-meter; 3 = manometer;

4 = dry air inlet; 5 = sampling valve;

6 = compressor; 7 = Mohr clip:; 8 = free air
500m|

Fig. 2
Measurement of the
ozone demand;
special flasks
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PROCEDURE

3.1. Method of obtaining the ozonized air

Determine flow rate and the power consumption*,
Start the cooling water circulation of the ozoni-
zation unit.

Start the air compressor.

Regulate the air- flow rate by means of the sampling
valve (the flow rate valve being closed). The
dellvery rate is read off a flow-meter (readlng at
the top of the ball).

Regulate the air pressure by means of the pressure
valve; the pressure should be set at 0.5 kg/cm2 (the
calibration curves of the ozonization unit were
plotted for this pressure).

Apply power to the ozonization unit..

The concentration of ozone in the ozonized air produced
depends on two parameters: the air flow rate and the
power consumption. The calihration curves of the ozon-
ization unit enable a flow rate and a power consumption
corresponding to the desired concentration of ozone

to be determined. The choice of the latter depends

on the nature of the water being studied, the aim being
to obtain a residue of 0.4 mg of ozone per litre of
water after a water-ozone contact time of 4 min (see
Section 3.2). In cases where this residue is below a
value of 0.3, or above a' value of 0.6, it is necessary
to repeat the experiment with a-higher or lower ozone
concentration of the air. In the case where the highest
possible concentration of the ozonized air does not
give a residue of 0.3, a special 6 litre flask must

be used, which enables the air/water volume ratio to

be varied from 1/5 to 5/1, this ratio being first made
1/2 and then higher if necessary. By way of an indi-
cation, a content of 10 mg-of:- ozone per litre of air

is suitable for only slightly polluted water (such as
well water).
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-~ Turn the‘péWer‘ﬁaﬁﬁWhéelﬁﬂdékWisefﬁoiobtain‘thevﬁwV»lf«“973&
desired power consumptibn; this is read off the
wattmeter.

- Wait for five minutes to. achieve stable flow rate
and power consumption. :

. ‘ power absorbed in
20W 30W  50W 60WTOW 100W W

400

—

flow rate 1/h

300

200}

air: dew point

1001 ‘ o
pressure: 0.5 - Conc.in mg 03/1

2 T
kg/em® - air
0 ) - . ] : Iy 1 N
0 5 10 15 20 25

Fig. 3 Mean air production curves for the LABO 66 unit

3.2. Performance of the ozonization

- Fill the flask described ih Seétion 1.2 with the water

to be ozonized.

- Connect the ozonized air pipe branched to the sampling
valve to the upper arm of the ground-glass stopper;
the end can be partially closed by means of a Mohr

clip opening to the atmosphere..



When the Mohr clip has been ‘adjusted so as to produce
a steady flow of ozonized air to the atmosphere
‘during the following operation, open the side tap of
the flask so that the water level descends to the 500
ml mark., The gas volume on top is now occupied by
ozonized air at a concentration corresponding to the

ozonizer setting.

Close the tap on the ground-glass stopper and dis-

connect the ozonized air inflow.

Shake the flask vigorously for 20 sec, timing this with
a stopwatch. (The ozonization reaction and the estab-
lishment of an ozone equilibrium between the air and

the water take place during these 20 sec).

Let the flask stand for 2 min, then tilt it so that the
water clears the side outlet; the remaining ozonized
air is expelled by blowing air into the end of this
outlet. Determine the residual ozone in the water as

described below.

Repeat the experiment, this time letting the flask

stand for 4 min instead of 2 min.

Repeat as above, this time letting the flask stand

for 8 min.

3.3. Determination of the residual ozone

Immediately after this time (2, 4, or 8 min), place
several crystals of potassium iodide in the flask. The
residual ozone oxidizes the iodide to iodine. Pbur the
500 ml of the iodine solution into a conical flask,
and 2 ml of 1:2 H,SO
sulphate..

and titrate with sodium thio-

27741
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Refer to the method of determination of residual ozone

in the water.

4., CALCULATION
4.1. Determination of the auto-~decomposition

coefficient (-a)

Find the mean of the three values obtained with the aid

of the equations below* :

L =1 1 4 1 g _ 1 8

-a (min ) = 53 1In — =% 1ln — == 1n —

2 r, 4 r, 6 r,
where Tor Tyr and rg are the residual amounts of ozone

after contact times df-2, 4, and 8 min respectively.

4.2. Determination of the immediate ozone demand (D)

By definition, the immediate ozone demand is:
D = Co - T,
where CO is the initial ozone concentration in water,
introduced by means of the air-water contact; it
is calculated as in Section 4.21,
and r, is the residual concentration of ozone in the water

at time O, calculated as in Section 4.22.

4.21., Calculation of Co

C_ = cv
vy + V

(s)

where v is the volume of ozonized air in contact with the

water
V is the volume of water in contact with Vl'

* If rg is leis than 0.2, the following value will be retained:
= In I ‘
a - f%
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¢ is the concentration of ozone in the bzdnizedJair,

S is the distribution coefficient of the ozone between
the water and the air; the value of this coefficient,
which is a function of the temperature, is deter-

mined with the aid of Fig. 4 in the Appendix.

Fig. 4
Henry's coefficient (8)
as a function of

temperature 0
S = f(0) '

4,22, Calculation of rO

rs is found from the equations below (take the mean of
the 3 values otbained, or of the first two if rg is less
than 0.2):

o
1n - = 2a
2
r
1n ;9 = 4a
4
in 7© = 8a
r

8 B

where a 1is the auto-decomposition coefficient calculated
in Sectiocn 4.1 and Tor Tyr and rg are the residues of
ozone after respective ozone-water contact times of 2, 4,

and 8 min.,
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OZO0NE INPUT

W.J. Masschelein

As far as the mode of action and the passage of ozone into
water are concerned, at least two essentially different

mechanisms must be taken into consideration:

1) contact with bubbles of strongly ozonized air; we were
able to show (cf. our report to the Berliner Wasser-
congress in 1976) that as regards the bactericidal
action of ozone this mechanism plays a very important
if not the main part. Similarly, the literature data
on the use of ozone in the preliminary treatment of
water can be interpreted as favouring micelle formation.
This mode of action is illustrated by the rapid bacteri-
cidal action obtained during the passage of the ozone

from the gaseous into the dissolved phase.

2) continuous, stepwise, and slow action of the residual
dissolved ozone; this mechanism is particularly suitable
for combatting impurities more resistant to oxidation,
for example detergents. This mode of action corresponds
to first-order kinetics with respect to the concentration
of the dissolved ozone and also seems to be of decisive

importance for the viricidal action.

Therefore,during the planning and layout of an ozonization
plant these two basically different action mechanisms must be
borne in mind: passage of the ozone must be ensured, e.g. with
the aid of turbines, and a relatively short contact time (less
than 1 min) is necessary; the effect is thus achieved by the
contact with bubbles of strongly ozonized air. On the other
hand, the slow mode of action of the residual ozone in the
after-treatment requires a time of at least 6 min. During
this period a concentration of 0.2 to 0.4 g 03/m3 must be

maintained.
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OZONIZATION BY-PRODUCTS AND THEIR REMOVAL BY COAGULATION

‘J.C. Kruithof

1. Introduction

In surface water, taking the river Rhine as an example,
many organic micro-pollutants may be found. One of the
most important groups of pollutants is the fraction of
the aromatics (1-3). In this fraction many alkylated,
hydroxylated, chlorinated and nitrated mono-aromatics

and poly-aromatics can be present. These impurities must
be removed'in the process of drinking water treatment.
One of the processes to remove these compounds is ozo-
nization. In this paper the ozonization of phenol,
naphthalene and phenanthrene will be discussed. In
particular, the production and stability of organic
peroxides will be mentioned. Furthermore, the formaﬁion
of dialdehydes and their conversion to carboxylic adids
will be discussed. The ozonizations have been carried out
at a pH of about 7, so the initial reaction of ozone will
be an electrophilic substitution and not a reaction of ozone

>

with hydroxylic ions.

In the second part of the paper some examples are given

for the removal of carboxylic acids produced during‘ozo—
nization by coagulation with aluminium salts. The removal
of oxalic acid, o-phthalic acid and 1,3,5-benzene tricarbo-
xylic acid will be reported. The models for removal are
based on the hydrolysis of the metal salt used, the disso-
ciation of the carboxylic acid, the complexing of the

metal ion with the carboxylate ion and the solubility of

the metal hydroxide used.
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2. Ozonization of some aromatic compounds

2.1 Ozonization of phenol

ﬁany authors describe the ozonization of phenol in water.
Bauch’ et al. (4) assume the formation of an ozonide which
is converted to smaller molecules, and a direct oxidation
by which the benzene ring is ruptured. Eisenhauer (5-7)
finds catechol and o-benzo quinone as the first reaction
products. Gould (8, 9) states three mechanisms: hydroxyl-
ation, cleavage of the benzene rihg and the production of
polymeric compounds. According to our own investigations,
two major reaction paths occur, the first of which, taking
place for about 30 %, is hydroxylation producing'catéchol
and hydroquinone as reaction products. The concentration

of these products is given in Figure 1. Both concentrations
reach a maximum after an ozone consumption of 3.6 - 10_3

moles (0.4 moles of ozone/mole of phenol originally present).

In addition, there is a rupture of the benzene ring for 70 %,
producing an aldehydic and an acid hydroperoxide. Both per-
oxides prove to be unstable and will either cause an elimi-
nation of H202 or rearrangement. An elimination of H202 will
convert the aldehydic peroxide to glyoxal. When a rearrange-
ment takes place the aldehydic peroxide is converted into
two moles of formic acid, the acid peroxide rearranges to
one mole of formic acid and one mole of C02. The concen-
tration of glyoxal and H202 is given in Fig. 2, and that of
formic acid and co, in Fig. 3. The concentrations of glyoxal,
H,O, and formic acid reach a maximum after an ozone consumption

272 °
of about 26 -+ 10 3 moles (2.9 moles of ozone/mole of phenol).
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——— A 03 10 ¥ (moles)

Fig. 1 The concentration of catechol and hydroquinone
as a function of the ozone-uptake
(x = catechol; o = hydroguinone)
10.0

8.0

6.0

4.0

2.0

e conc. 167°(M)

() i

O 10 20 30 40 50 60 70
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Fig. 2 The concentration of glyocal and H,0, as a function
of the ozone-uptake

(x = glyoxal; o = H;05)
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Fig. 3 The concentration of formic acid and the CO,-.
production as a function of the ozone-uptake
(x = formic acid; o = carbon dioxide)

At this point all phenol has reacted with ozone. In
consecutive reactions glyoxal is converted to glyoxylic
acid, forming oxalic acid. In the absence of H202 oxalic
acid proves to be a stable final product. Formic acid is
oxidized to C02. The concentration of the organic compounds
formed by secondary reactions is presented in Fig. 4. At
the end of the reaction, at an ozone consumption of

70 10_3 moles, 75 % of all carbon atoms are found as

CO2 and 25 % in the form of oxalic acid.

It can therefore be concluded that when ozonizing phenol,
30 % will be hydroxylated to catechol and hydroquinone,
while 70 % of the phenol will produce unstable peroxides

which eliminate H202 Oor rearrange to glyoxal, formic acid,l

or C02. CO2 and oxalic dcid are the only final products.

The complete ozonization of phenol is shown in scheme 1.
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Fig. 4 The concentratioh of glyoxylic acid and oxalic acid
as a function of the ozone-uptake
(x = glyoxylic acid; o = oxalic acid)
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Scheme 1 The ozonization of phenol
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2.2 The ozonization of naphthalene

Many éuﬁﬁgfs“déécrihe the ogdniza;ibﬁlbf“napﬁﬁhalené iﬂ‘p"
organic solvents. Bailey et al. (10%12) ozonize naphthalene
in CCl4 and methanel. They assume that there is production
of a mono-ozonide in CCl4, while in methanol they identify
two cyclic aromatic peroxides, which prove to be rather
stable. Sturrock et al. (13), ozonize naphthalene in mixtures
of water and acetone. They assﬁme aﬁ‘eQuilibrium between an
open and a cyclic peroxide. T

From our own experiments we,cah qonélude that an open
hydroxy-hydroperoxide is produced after an ozone consumption
of 2 moles/mole of naphthalene originally present. This open
peroxide proves to be unstable and results in a cyclization
or an elimination of H202. In the first case a cyclic peroxide
(a 1,2-dioxane derivative) is formed.

The concentration of this compound is presented in Fig. 5.
It can be seen that the concentration of the cyclic peroxide
reaches a maximum after an ozone'consumption of 16 = 10_3
moles (2.9 moles of ozone/mole of naphthalene). The highest
concentration found is 2.3 - 10—3 M, indicating that about
45 % of the total naphthalene originally present will
produce this peroxide. For the remaining 55 % an elimination
of H202
product. Both concentrations are shown in Fig. 6. Again,

takes place, forming o-phthalaldehyde as the organic

the concentrations reach a maximum after an ozone consumption
of 16 - 10_3 moles. The highest concentrations found are

2.8 + 107> M and 2.7 - 1073 M for o-phthalaldehyde and H,O0,,
respectively. Without an additional ozone supply all aro-
matic compounds are converted to o-phthalic acid. The con-
centration of this compound is shown in Fig. 7. It can be

3

seen that after an ozdéne consumption of 32 « 10 ~ moles

(5.4 moles/mole of naphthalene originally present) the con-

3

centration of o-phthalic acid is 6.5 - 10" ° M. This means

that about 90 % of all naphthalene originally present are
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converted to o-phthalic aéid, whiéhlproveé to_beAréfﬁer
stable against further ozonization. After an extensive
ozonization, 70 % of all carbon atoms are measured as

CO, and 30 % as oxalic acid. |

Therefore, when naphthalene reacts with ozone, an open
peroxide is produced. 45 % of this peroxide are converted
to a very stable cyclic peroXide; 55 % result in an eli-
mination of H202, vielding o-phthalaldehyde. Both organic
compounds form o-phthalic acid with an additional supply
of ozone. The first paft of ozonization of naphthalene

is illustrated in scheme 2.

5 0
~~
= 4.0
o
o 3.0F -
Y |
S *x
2,01 x
/{\’\v
1.0~  x7. : x\
x .
0 1 { -1 1 L

© 5 10 15 20 25 30
——m— 4 O3 .10%moles) -

Fig. 5 The concentration of 3,6~-dihydroxy-4,5-benzo-1,2-
dioxane as a function of the ozone-uptake
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Fig. 6 The concentration of o-phthalaldehyde and H,0;, as a
function of the ozone-uptake

(x = o-phthalaldehyde; o = H,05)
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Fig. The concentration of o-phthalic acid as a function
of the ozone-uptake
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Scheme 2 The first phase of the ozonization of
naphthalene

2.3 The ozonization of phenanthrene

As for naphthalene, several authors describe the ozonization
of phenanthrene in organic solvents. Schmitt et al. (14)
ozonize phenanthrene in chloroform and find an iso ozonide.
Bailey et al. (15, 16) ozonize phenanthrene in methanol and
identify a cyclic peroxide. The same mechanism is given by

Sturrock et al. (17) for the ozonization of phenanthrene

in water-alcohol mixtures.

Our own experiments indicate the production of an open
hydroxy-hydroperoxide after an ozone consumption of
5 10_3 moles of ozone (1 mole/mole of phenanthrene

originally present). In this case the open peroxide



- 376 -

cyclizizes for less than 5 %, and an almost complete
elimination of H,0, takes place, forming 2,2'-diphen-
aldehyde as the organic product. Both concentrations are
given in Fig. 8. In this Figure, a maximum concentration

is shown for diphenaldehyde of 3.6 - 1072 at an ozone
consumption of 5.0 - 10-3 moles. An additional ozone

supply produces a conversion to.diphenic acid which proves
to be fairly stable against ozonization. After an extensive

ozonization, CO, and oxalic acid are the only final products.

2
Thus an open peroxide is produced when ozonizing phenanthrene.
This peroxide is almost completely converted to 2,2'-~diphen-

aldehyde and Hzoz.
reacting with ozone. The first part of the ozonization of

The aldehyde produces diphenic acid when

phenanthrene is shown in scheme 3.

50L _ Ot
— . ’0,
& 4,0F A
'o - S, o
. o2
g 3,0'— an'
S
2.0
t 1,0y
l/
O, | 1 | i | | i |

0O 2 4 6 8 10 12 14 16
———mm— A O3 .10 (moles)

Fig. 8 The concentration of diphenaldehyde and H,0, as a
function of the ozone-uptake
(x = diphenaldehyde; o = H,0;)
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Scheme 3 The first phase of the ozonization of
phenanthrene

2.4 Conclusions from the ozonizaticn experiments

and discussion

From the above described and additional experiments (1)

the following conclusions can be drawn:

1. Wher ozonizing aromatic compounds Hzoz is always

produced. H202 will be removed by exhaustive ozoni-
zation. '
2. When ozonizing poly-aromatics, very stable organic

peroxides can be formed if the initial attack of
ozone produces an aldehyde group and a hydroxy-:
hydroperoxide group in ortho position at the same

benzene ring.

3. In all other cases when ozonizing poly-aromatics

dialdehydes and H,0, are produced almost completely.

4. The organic peroxides as well as the dialdehydes are
converted into carboxylic acids such as o-phthalic
acid, diphenic acid, oxalic acid, etc., with an addi-

tional supply of czone. When ozonizing larger organic
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molecules (such as humic acid), benzene polycarboxylic -
acids (such as 1,3,5-benzene tricarboxylic acids) are
produced. These acids are rather stable against further

ozonization.

5. Formic acid, glyoxalic acid and oxalic acid are the
only aliphatic acids formed when ozonizing phenol,
naphthalene and phenanthrene. Oxalic acid proves to
be a stable end-product in the absence of H202.

Exhaustive ozonization can never be carried out economically,
so that many carboxylic acids can be present in the ozonated
effluent. These compounds must be removed in a subsequent
purification step such as activated carbon filtration or a
secondary coagulation step. The second part of the paper-
gives some theoretical and experimental results for the

secondary coagulation step.

3. Removal of carboxylic acids with aluminium salts

In this part of the paper some models will be presented
by which the removal of carboxylic acids produced by ozoni-
zation can be desCribed. For a quantitative approach the

following constants must be known:

~ Stability constants for the hydrolysis of the metal
salt used ("81—084).

-~ Dissociation constants for the carboxylic acid (K1-Kn).

- Stability constants of the produced metal carboxylate
complexes(B1—8n), and in case of soluble complexes:

LYd

~ The solubility product of the metal hydroxyde ("KSO).
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-Based on differences in these pfoperties, the following

mechanisms of removal may occur:

1. Formation of a soluble, strong, negative complex. The
removal of this complex takes place by adsorption of
the complex on a floc of metal hydroxyde. The pH is a’
function of the metal salt concentration and varies
between the pH for optimum complexation and the iso-
electrical point.

2. Formation of a soluble, weak complex. The removal is
caused by adsorption of free carboxylate ions on a.
floc of metal hydroxyde. The optimum pH coincides with

the iso-electrical point.

3. Formation of an insoluble complex, which is removed
as such. The optimum pH coincides with the pH for
optimum complexation.

With all carboxylic acids and with aluminium salts,as well
as with ferric salts, the same calculations can be used.

In this paper. the complete calculation will only be given
for the removal of oxalic acid with aluminium salts. The
experimental part will describe the removal of oxalic acid
as well as the removal of o-phthalic acid and 1,3,5-benzene

tricarboxylic acid.

3.1 The hydrol?sis of aluminium salts

Aluminium ions are hydrated in strong acid solutions with
6 coordinatively bound water molecules. When the pH rises

the following steps of hydrolysis take place:

5 2+ +

+ -
0 ——— _Al(H,0)  OH] + H

3
Al (H20)6 + H2



2+

+

Y . o +
{Al(Hzo)SOH] + H,0 ——— [Al(H,0),(OH),]  + H;0

f + r +
: - +
[Al(H20)3(OH>3] + H,0 —— [Al(H,0),(OH),] - + H40

According to Sillén and Martell (18,19) these reactions

have the following stability constants :

® 4,89

51 = 10_ ; 9,37 e 0‘15104; -~ 0_20130

B, = 10 i By =1 By = 1

According to Schwarzenbach (20) an %p1 (0g) ©a° be defined.

This ®a1 (og) 9ives the ratio of the sum of the concegtra—

tions of all metal ions over the concentration of Al :
_[a1'] _ (a1**]+[a1(om) 2*]+[a1 (om) ,* 1+ (a1 (on) ;]+ Al (oH) ;7]
%Al (OH) r. .3+ ,
{Al ] [Al3+]

(1

This formula is valid when no polynuclear complexes are
produced. This can be assumed as will be shown in a fol-

lowing paper (21). Introducing the stability constants
gives :
10—4,89 10—9,37 -10—15,04 10—20,30

T w12 w3 5 f (2)

% Al (OH)

The log aAl(OH) as a function of the pH is given in
Figure 9.

3.2 The dissociation of oxalic acid

Oxalic acid dissociates in two steps (22)



, - - + .
H.Ox + H.O — HOx, + H.O' g, =(HOx ][H307]_ 5,9 x 10”

2 27 — 3 1
[H20x]
2= +
- 2~ + _[ox“"] [H,07]
HOx + H,0 ——»> Ox + Hj30 K, = 3 = 6,4 x 10”

[HOX ]

As with the hydrolysis of aluminium salts an %ox (H)

can be defined

| [ox'] [HZOX] + [HOX—] + [ox ]
an(H) =[0X2—]= [OXZ_ 1

Introducing the dissociation constants of oxalic acid

———e=— [0gQ A} (OH)

gives
5,071 [8,0%]2
3 3
) =1 + +
Ox (H) K2 K1K2
Log %0x (H) calculated with formula (6) is reprensented
in Figure 10.
16
12~
8 Fig. 9
Log %71 (OH) as a function
of the pH
4
Q 1
0 4 8

e O H

(3)

(4)

(5)

(6)
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Fig. 10

Log %ox (H)
of the pH

as a function

3.3 The complexation of the aluminium—ion with

oxalate~ions

The aluminium-ion forms,with oxalate-ions, the following

complexes (1,23) :

3 [21 (00 7] 7.26 (7)
+ 2- + - — = 10" 7
14 . ) [Al(Ox)2 ] _ 113:0
Al + Ox —_— Al(Ox)2 82= [A13+][Ox2_]2 (8)
3._.
3+ 2- 3-  [alox) 7] 16, 8 (9)
Al + 30x°" —r Al(Ox)3, 83— = 10

[a1?*] [0x?7]3

For this complexation the following %A1 (0x) can be de-
fined :

a1'] (Al [alcon T+ Al (ox), ]+[A1(0x)3?‘](1o)

o = = r
Al (Ox) {Al3+] [Al3 ]
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Introducing the stability constants g in formula .(10) ...

gives :

2- 2-.2 2-.3
o1 (ox) = 1 F Bq[0x" 1 + gy[0x" 17 + gy[ox" 17 (11)

With, the help of formula (SL formula (11) can be written

as :
8, [0x'] g, [0x"']? g [0x']3
1 . 2 3
- + + (12)
Ox (H) Ox (H) %ox (H)
So «a can be calculated as a function of the pH when

Al (Ox)
the oxalic acid concentration is known. The g for
-3 24 Al (OX)
oxalic acid concentrations of 10 -, 10 and 10~ ° M is

given in Figure 11.

—— =109 @ A| (0x)

—»pH

Fig. 11 Log %A1 (Ox) as a function of the pH for three
oxalate concentrations;

p: [0x']= 107> 4 3

M; c:[ox']= 10" "M; d: [ox']= 10°M
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Besides an a;it can be defined covering all aluminium com-

pounds

ot [a1'] _ [A13+] + 2[A1k0x)m] + Z[Al(on)n]
“Ai - [A13+]“ [a13*] |

(13)

With formula (1) and (10) formula (13) can be converted
to :

Lot
Al

= %00x) T °

Al(oH) | (14)

tot

Al can be

“al (Ox) and %A1 (oH) @r® known by now, so o
calculated.

To describe the removal of oxalic acid with aluminium
salts it is important to know the pH-range where the concen-

tration of aluminium oxalate complexes dominates over all

. L 3 -
other concentrations. Therefore an aAl(Ox) can be defined:

[a1?*] + J[al(ox) ]| + ][al(om ]

. (15)
[a1°*] + J[aL(om) _ ]

21 (0x)

With formula (1) and (10) formula (15) can be converted
to :

-1 tot

o ®a1(0H) T %al (ox) a1
_ F— (16)
Al (Ox) %21 (OH) %71 (OH)
or
log o = 1ogatt - 1og « (17)
Al (Ox) gepny 9 ®a1 (oH)
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Log apq(ox) Can be calculated as a function of the pH

when the total concentration of oxalic acid4is knowné
- 3 - . -

For oxalic acid concentrations of 10 7, 10 and 10 M

log o' is represented in Figure 12.
Al (Ox) '

—— s {0g A’ A¢ (ox}

Fig. 12 Log aél(Ox) as a function of the pH for three

oxalate concentrations:
b: [0x']= 107°M; c:[0x']= 10"%M; a:[ox']= 107 3M

3.4 The precipitation of aluminium hydroxide

When the produced complexes between aluminium and the
carboxylic acids are soluble in water, as is the case
with oxalic acid, the precipitation of aluminium hydro-
xyde plays an important part. The precipitation of the
hydroxyde can be represénted by the following simple

reaction : -
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3+ N AT - . .
Al +" 3°0OH —_— Al(OH)3' g

For this reaction the following dissociation constant

is known (18) :

3+
T T S ¥/ o BIT] g

Kgo = [A17J[OH ]7 =10 or Kgy = Tg—giig = 10 (18)
3

Together with formula (13) this can be written as

® [r1'] 8

Kso = [H.07] 3460t 10 (19)
3 ‘a1l

Formula (19) gives the limiting aluminium concentration
for hydroxyde precipitation as a function of the pH and
the oxalic acid concentration. The results are represen-

ted in Figure 13.

-log [A1]]

——— o pH

Fig. 13 Log [Al'] for minimum hydroxyde precipitation as a
function of the pH with the following oxalate

concentrations;
a: [ox']= 0 M; b: [0x']= 107°M;  c: lox*]= 107%;
d: [ox']= }O—3M
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3.5 Discussion and presentation of the mechanisms for
removal '

From paragraphs 3.1 to 3.4 and from Figs. 9 to 13 the

following conclusions can be drawn:

- At a pH higher than 4 aluminium salts hydrolyse to

aluminium hydroxyl complexes.

- At a pH higher than 5.5 oxalic acid is completely

dissociated into oxalate ions.

- Independent of the concentration of oxalic acid
1 .
aAl(Ox) reaches a maximum at a pH of about 4.5.

So at a pH of 4.5 the complexation dominates over
the hydrolysis as much as possible. The value of

' . s o .
aAl(Ox) varies between 2.5 and 7.7 indicating that
aluminium ions produce strong complexes with oxalate

ions.

- The minimum aluminium concentration for precipitation
of Al(OH)3 is a function of the concentration of oxalic

acid.

- Besides, it is known that aluminium oxalate complexes

are soluble in water.

From these facts it can be concluded that oxalic acid is
removed via mechanism 1. It forms soluble, negatively
charged strong complexes at an optimum pH of 4.5. At this
pH optimum removal takes place when enough aluminium
hydroxyde is precipitated. At low concentrations of alu-
minium this will not be the case, so the optimum pH for
removal will shift to higher wvalues.
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RN

Based on the same kind of calculations it can be concluded
that o-phthalic acid is removed by Way of mechanism 2.’

It gives very weak complexés, which are soltble in water.
The removal takes place by adsorption of free phthalate-
Aons on a floc of Al(OH)3. 1,3,5-bénzene tricarboxylic acid
is removed via mechanism 3. It forms rather weak complexes,
which are insoluble in water. The removal will take place
by precipitation of the complex.

The proposed mechanisms for removal will be tested in the

experimental part.

3.6 Experiments

To check the proposed mechanisms for removal, experiments
have been carried out with a constant concentration of

4 M and a varying pH and alu-

carboxylic acid of about 10
minium dose. The results for oxalic acid are presented in
Fig. 14. From this figure it can be concluded that the opti-
mum pH for the oxalic acid removal is a function of the
aluminium-salt concentration. At‘én aluminium-salt concen-

tration of 10 %

M the optimum pH is 6.8. This pH coincidés
with the iso-electrical point of Al (OH) ;. At higher alu-
minium-salt concentrations the optimum pH drops to lower
values, approaching the pH Wh?re=qu(Ox) reaches_%ts maximum.
At very high concentrations of aluminium (5 x 10 M) the
oxalic acid removal reaches a maximum at a pH of 4.5, so the
system aims at maximum complexation of the aluminium ion by
oxalic acid. Always an aluminium hydroxide precipitate must
be present to obtain a removal completely in agreement with

the proposed mechanism.
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Fig. 14 The relative removal of oxalic acid as a function
of the pH and the concentration of aluminium salt;
[a1']= 10™4m; o:[a1']= 2.0x10™ M, x: [A1']= 4.1x10" %M;

[A1']= 6.2x10 %M

The experiments withro—phtﬁéiic acid are presented in
Fig. 15. From this figure it can be concluded that the
optimum pH for removél is about 6.4. This indicated that
o-phthalic acid is rémo&ed'by adsorption of free ions on
a flox of aluminium hydroxyde. The complexation does not

play an important part in this case.

Finally, the experiments with 1,3,5-benzene tricarboxylic
acid are presented in Fig. .16.: This figure shows an opti-
mum removal at a pH of about 4.7, independent of the con-
centration of aluminium salt. This indicates a removal via

an insoluble complex.

Concluding it can be said that dicarboxylic acid, pro-

duced during ozonization, can be removed in a secondary
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coagulation step. The acids are removed via. the proposéd
mechanisms. The mechanism for removal can be predicted
when the strength and the solubility in water of the

produced complexes are known.

100~

sO}

(o}
*
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%J E:? 40
&
]

20

S

Fig. 15 The relative removal of o-phthalic acid as a function
of the pH and the concentration of aluminium salt;
[A1']= 1.8x107%M; o0: [A1']= 4.4x10 *m;

[a1']= 9.3x10” m; . [a1']= 1.8x1073m

w



- 391 -

" 11001

80

60

x 100

|BTC,1BTC)
[(BT¢],
b
o]

20

Fig. 16 The relative removal of 1,3,5-benzenetricarboxylic
acid as a function of the pH and the concentration
of aluminium sSalt;

[A1']l= 1.8x10 “Iu;  o: [a1']= 4.5x1of4M;

x: [Al']= 8.9x10 %M

Summary

In this paper the reaction of ozone with phenol, naphtha-
lene and phenanthrene is reported. Mainly the produétibn

of stable peroxides and carboxylic acids has been investi-
gated. When ozonizing phenol and phenanthrene only hydrogen
peroxide is produced. The ozonization of naphthalene shoWs
the production of hydrogen peroxide as well as an organic
peroxide. This peroxide (a 1,2-dioxane derivate) is very
stable in the absence of ozone. Additional supply of ozone
to all reaction mixtures will result in the production of
carboxylic acids, such as oxalic acid, phthalic acid,

diphenic acid, etc.

The second part of the paper deals with the removal of
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carboxylic acids by coagulation. Some models are pre-
sented by which the removal can take place. Oxalic acid

is removed via adsorption of aluminium oxalate complexes

on a floc of aluminium hydroxyde; phthalic acid is removed
by adsorption of free phthalate ions on a floc of aluminium
hydroxyde, and benzene tricarboxylic acid is removed as an

insoluble complex.
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MICROFLOCCULATION BY OZONE
D. Maier

1. Introduction

Although there is no doubt that ozone is neither a floccu-
lating agent nor a precipitating agent in the conventional
sense, but first and foremost an oxidizing agent, repeated
mention is made in connection with ozonization of so-called
microflocculation. All observations made up to now, given
in a following chapter, show that the ozonized organic con-
stituents of water acquire a special significance in the
explanation of this phenomenon. For this reason, the known
effects of ozone treatment on natural, organic water con;

stituents will therefore be summarized.

2. Action of ozone on the organic constituents of water

In practically all publications relating to actual prac-
tice, purely phenomenological reports are found on the
reduction of the water's colour, odour, and taste - an effect
that can be directly perceived by the senses without re-
sorting to measuring apparatus and analytical procedureé.

At least the alterations in colour,due to the ozone, can be
evaluated quantitatively by a simple photometric process,

and in the case of strongly coloured waters this can be

done directly in the visible spectrum.

By extending the spectrum to the UV-absorption region
further clear changes of the UV-spectra are observed, which
in all cases studied so far show considerably lower ex-

tinction values than for non-ozonized water.,

If the dissolved organic carbon, the content of which is
hardly decreased by ozone treatment in the case of waters

charged with natural constituents, is determined at the same
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time, the first guiding points become clear: in the first
place ozonization does not bring about a guantitative oxi-
dation of the water constituents to carbon dioxide but rather

a chemical conversion of these constituents.

From a comparison of the chemical oxygen demand, measured
before and after ozonization of organically loaded waters,
it is found in addition that this chemical conversion is
above all a conversion into polar constituents rich in
oxygen. Simultaneous investigations of the molecular-
weight distribution show that in ozonization this chemical
conversion is accompanied by a reduction of the molecular

weight.

Consideration of the reaction mechanisms cited in the liter-
ature (1,2) makes it evident that, depending on the pH,

both electrophilic additions to any multiple bonds present,
and radical attacks on the molecule are possible. For
example, it can be clearly shown by infra-red spectroscopy
of isoclated ozonized water constituents (3) that ozonization
leads to a strong attenuation of the double-bond character
and the aromatic character, while simultaneously an increase
in the contents of hydroxyl, carbonyl, and carboxyl groups
is noticeable by the greater intensity of the corresponding

absorption bands.

Several recently developed methods for the determination
of organic acids (4-6) indicate on the basis of many
experiments with various waters that the carboxyl groups
produced during dzonization hold quantitatively the key

position in the formation of new functional groups.
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Fig. 1 Formation of organic acids during the
ozonization of natural organic water constituents

By titration of slightly enriched water components in a
quasi-anhydrous medium with tetrabutylammonium hydroxide,
an increase in the —-COOH groups in dependence on the ozone
concentration could be observed on the example of the water
of Lake Constance, as shown in Fig. 1. According to this
figure, it is still possible to oxidiie about 20% of the
carbon atoms in the molecule to additional -COOH groups by
means of ozonization.

This also explains why according to an analytical method
recently developed by Maier (7) for the characterization
of dissolved orxrganic water constituents, essentially more
decarboxylable carbon dioxide is formed after ozonization
than before it.
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B a) Bodensee-Rohwasser aus 60m Tiefe
] b)}Bodensee-Rohwasser aus 60m Tiete nach Ozonung {0.9mg/l O3)
{Aktivkohle-Aceton-Extrakte) 1em? = 1.4 pg CO,

IR-Absorption [CO:]

T{C]
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-y i + +
(0]

v RE
145 130 80 30
t [min] Temperaturprogramm ( 2°C/min )

Fig. 2 Decarboxylation of organic water constituents

a) raw Lake Constance water from a depth of 60 m;
b) raw Lake Constance water from a depth of 60 m

after ozonization (0.9 mg O3/1)
(activated carbon-~acetate extracts) 1 cm?=1.4ug CO,

The decarboxylation spectrum reproduced in Fig. 2 shows
in 'the higher temperature range, in which intramolecular
oxidation processes play a part, that more active oxygen
available for reaction is present in the ozonized than in

the non-ozonized material.

This may also be why a shift of the oxidizability\to more
readily oxidizable compounds can be seen with ozonization
in the temperature-programmed wet oxidation of ozonized
organic water constituents, as shown in Fig} 3, which is

based on the work of Weindel and Maier (8).
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Fig. 3 Oxidation spectra of organic substances in Lake
Constance water. Influence of O3 treatment

3. Selected effects of ozone-induced type alteration
of organic substances on practical treatment of

drinking water
3.1. Toxicity and repopulation with bacteria

All the molecular properties altered by ozonization exhibit
clear effects in the practice of drinking water treatment.

These too should be given. in summarized form.

In the first place it should be mentioned that ozonization
does not produce any material more toxic than those already

present in the water.
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The strongest evidence (9) for this is the fact that

sterile water, treated with various ozone concentrations and
having a content of about 1.2 mg C/1 of organic carbonp,
tends increasingly towards bacterial regeneration after

the addition of a bacteria-containing water with increasing
ozone concentration. This effect, desirable in the purifi-
cation of waste water and already practised .in some plants,
indicates that ozonization leads to the formation of less
toxic substances better utilizable by the bacteria. It is
now also known that this so-called bacterial repopulation
is only observed in waters with a sufficiently high content
of organic carbon, according to the literature usually in

excess of 0.5 mg C/1.

Maier's investigations (10) on the problem whether humic
acids are made toxic by ozone treatment, with Daphnia

pulex as the test organizm, also show clearly that, at any
rate in the case of the humic acids of Lake Constance water

no toxic substances are produced by ozonization,

3.2+ Chlorine consumption and haloform formation
For practice at least equally significant is the clearly
demonstrated fact that the chlorine consumption of water
charged with organic material is éssentially slowed down by
preliminary treatment with ozone, and consequently during
the subsequent chlorination a smaller amount of organic
chlorine compounds is formed (11). This can be clearly
observed by investigating the chloroform formation in waters
ozonized to different dégrees. According to the work of
Stieglitz et al. (12), some waters after ozonization have an
increased content of particularly the readily volatile
organic chlorine compounds. Since the possibility of oxi-
dation of chloride to chlorine by ozone can be ruled out,
this can only mean that organically bound chlorine is already

present in the material at the start, and that the ozoniza-
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tion transforms it into compounds of lower molecular weight,
i.e. smaller, more volatile, and capable of determination by
gas chromatography.

4. Observations on microflocculation

4,1, Review of the literature
The described change in the type of the organic water
constituents due to ozone is an essential prerequisite for
understanding the microflocculation associated with ozon-
ization.

For example, Gomella (13) has given a comprehensive report

on the use of ozone in France, stating that in certain
special cases the flocculation of colloidal organic sub-
stances occurs, e.g. in the case of strongly céloured, humic-

acid-containing waters.

Gomella and Hallopeau (14) further assume that the floccula-
tion is due to partial destruction of organic macro-protective
molecules of natural origin, and conclude that this effect
could help to reduce the amounts of conventional flocculation
agents used. Taylor (15) also believes that by treatment
with ozone the organic constituents of water are changed in
such a way that during the subsequent flocculation with iron
or aluminium salts the quantity of the flocculating agent
required could be reduced.

In a detailed paper on the removal of iron from ground water,
on the other hand, Cromley and O'Connor (16) describe the

gelling action of ozonized organic substances, which prevents
the flocculation of iron if the dissolved organic substances

have not been largely decomposed.

In the treatment of the water  Lake Constance to supply the
town of St. Gallen with drinking water, Grombach (17) regards
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it essential to follow the ozonization by a filtration stage,
since "during oxidation a slight turbidity is produced, due

to the precipitation of dissolved material".

The findings of Campbell and Pescod are also of interest (18);
after ozonization of micro-filtered Scottish lake water, these
authors observed the formation of an organic foam on the

water sﬁrface, the amount of this foam increasing with
increasing colour of the water, i.e. with increasihgrcontent

of humic acids.

In studies on the removal of bacteria from a severely polluted
stream with ozone, Franz and Gagnaux (19) observed a marked
after-turbidity in the ozone-gasification chamber, which

exerted an unfavourable effect on the removal of the bacteria.

The authors assume that the bacteria become encapsulated in
the precipitated microflocculated material and so avoid being
attacked further by the ozone.

Rohrer (20) claims that any peptides present in the water are
flocculated by ozone, and that clay minerals are also rendered

flocculatable to a large extent by an ozone treatment.

In a treatment of surface water described in a French Patent
(21), the so-called M.D. process, after micro-filtration ozon-
ization is used to bring about micelle formation, i.e. the
occurrence of organic turbidity, which is removed by "demi-
cellization", i.e. by flocculation with aluminium sulfate'in

a subsequent sand filtration stage.

From a spring water containing humic substances Kopecky (22)
is~lated, after treatment with ozone, membrane-filterable

organic compounds which he described as "ozonides"” and which
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were shown to be bactericidal after their application to

culture media inoculated with bacteria.

Rempel and Summerville (23) also observed increased turbidity
after the ozonization of a surface water.

While this literature survey is essentially limited to the
cases in which increased turbidity of a predominantly organic
nature appeared after ozonization, there are also certain
indications that turbidity present initially in water can be
reduced by treatment with ozone. |

Sontheimer (24) was the first to show, in fundamental experi-
ments on the ozonization of Lake Constance water, a clear
reduction of the particle count on the addition of ozone,
which he attributed to an agglomeration of the smallest

particles into micro-flocks.

"Ozone has a precipitating action" claims Kulcsar—-Mescery (25),
mentioning at the same time that fine clay suspensions, iron,
manganese, humic substances, and other colloidal impurities

are precipitated.

O'Donovan (26) studied the use of ozone in three Irish lake
waters, and in the analysis of the ozone-treated waters
established that their turbidity is normally lower than that

of raw water.

In investigations on the filtration of suspended matter from
Lake Constance water, Wagner, Keller and Miller (27) found
that the suspended matter can be more efficiently removed by
preliminary ozonization of the water, independently of the
turbidity of the raw water; in the dosage range studied,
between 0.5 and 2.3 g ozone/m3,ﬂxaamowt of ozone used had no
effect on the result. With the simultaneous use of floccu-

lation agents (aluminium sulphate) in these experiments it
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could also be demonstrated that to achieve the same degree

of removal of the suspended matter the ozonized water required
less of the flocculation agent than non-ozonized water. The
authors came to the conclusion "that as a result -of ozon-
Ization an improvement in the flocculation and filtration
capacity of colloidal substances is obtained”. This may be
due to the flocculation effect that occurs in the ozonization

of humic-type organic substances.

Similar findings were reported by Wurster and Werner (28),
who in the treatment of Danube water observed an optimal

removal of very fine suspended particles by means of rapid
filtration with the combined use of secondary flocculation

and ozonization:

The literature evaluation of this problem was conducted as
extensively as possible. It is already becoming evident
that, according to the described experience gained in the
practice of drinking water treatment, more than one
mechanism can be made responsible for the so-called micro-

flocculation, as indicated by the following experimental

results - both our own and those selected from the liter-
ature.
4.2. Selected experimental results on micro-flocgculation

In the ozone treatment of micro~filtered water of Lake
Constance a situation is observed. at certain times of the

year = mostly in the summer during intensive production of
algae and a perceptible increase in the organic products of
algal metabolism = that can be characterized purely optically
by an increased foam formation on the water surface in a

reaction tank after the ozonization stage.

This situation, shown in Fig. 4, can be explained by flota-
tion processes of suspended matter newly formed during the

ozonization.



Fig. 4
Foam formation after
ozonization of

Lake Constance water

TABLE 1 Analysis of the "flotation foam" after ozonization
of Lake Constance water on Nov. 28, 1977

)
Parameter ; Percentage properticn
I of dry, foam -
Organic substance as 10ss on ignidm .
700°C/(1000°C) {0 / (43.)
Acid insoluble components as SiO2 239
Cdalcium B 7.9
Maynesium ’ 1.1
Aluminium 6.5
Iron ’ 2.1
Mangancse 0.5
Phosphorus as !’04'3 0.5
Zzinc 0.2
Total trace elements (Hy, Se, As,
Pb, Cd, Cr, Co, Ni) 0.04
Carbonate, calculated from Ca 11.9
Sulphate not detectable
Nitrate ’ not detectable
Chloride not detectable
Total 95.8 -
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Analysis of this foam, given in Table 1, shows clearly that

the main component is organic and that the original

supposition of a high proportion of calcium carbonate does

not correspond to the observéd facts.

Table 1 shows, in addition, a considerable proportion of

silica, presumably due to the shells of smaller silicic

algae passing through the microfilter.

An additional check on the water body after every stage of

the treatment of the Lake Constance Water Supply Association

shows, with the aid of Fig.

5, that the freeze-dried filter-

able solids (TR), by the method described by Geller (29),

increase by about 20% after direct contact with ozone, and in

the next downstream intermediate tank are concentrated on the

surface, in addition to the enrichment already mentioned.

TR mg/! o Camgl|
05 PN T 005
) ____/”’ }

0‘4 T m +- 0l04
- ' r
03+ 4 003
. ¥
024 } 002
| }
01+ + o001
: }

O 1 1 T L T 4L O
Raw water after after O3~ after O5- pure wabter

nicro~ #ashing reaction after sand
filtration  chamber container filter
(0.9 g O:jm3)

TRe=filterable dry solids
—~——Ca-= calcium fraction of TR

Fig. 5 "Microflocculation" in the treatment of Lake Constance

water

The proportion . of calcium'determined from the filterable

solids, corresponds in order of magnitude to the values

obtained in Table 1; a stoichiometric check shows that this

is not precipitation of calcium carbonate.
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What is much more likely is that a small proportion of the
organic acids formed after ozonization is precipitated in the
form of calcium salts.

These first observations on micro-flocculation suggest that
the above situation, which often occurs in lake waters and
has so far been unexplained, is somehow connected with the

phytoplankton content of the water and its metabolic products.

The following figure indicates that the metabolic products
of the phytoplankton probably play the leading role.

034

May/June 1976

=]
N
h

Turbidity (FTU)

o
-
)

Jan/Feb. 1977
Ozone dosage (g 03/m3)

T L

1 2

(AL

Fig. 6 Dependence of microflocculatidn in sand-filtered
Lake Constance water from a depth of 60 m on the
type of dissolved organic water constituents

In this experiment both phytoplankton and zooplankton had
been eliminated as a start by intensive sand filtration.
Microscopic examination of the starting water showed an alga-

free filtrate with -rery good turbidity wvalues of 0.07 form-



turbidit

- 407 -

azine-turbidity units. Only in water with a high initial
plankton content could larger turbidity increases due to
ozone treatment be observed, while in the water from full
circulation of‘the lake, with a low initial alga content,
practically no turbidity increase occurred at all ozone con-
centrations. It must be emphasized that the turbidity wvalues
cannot be changed by acidification of the water with nitric
acid or hydrochloric acid, so that here too the influence of

calcium carbonate can be excluded.

It can also be seen from Fig. 6 that in the summer there is
an additional optimum of the ozone concentration, at which

these increases in turbidity occur.

If we start out from a water rich in inorganic'turbidity but
low in plankton, then, as Fig. 7 shows, the initial turbidity
decreases with increasing dose of the ozone up to a concen-

tration of about 1.5 mg 03/1.

Ozone reaction time 1.25 h
0 501 ' ’

Experimental series 25.2.77

0459

VIFTU)

[o]

b

(=]
ri

Experimental
series 1.3.77

Ozone dose (mg 03/1)
0.3s v v e —r v

o 05 10 15 20 25

Fig. 7 <Change in the raw water turbidity in dependence on
the ozone concentration
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Similar results were obtainediby Schaiéiam§‘(3b)}ﬁﬁhé reported
on the example of Lake zurich water that ozone reduced the
turbidity by about 20 -~ 40%, depending on the amount used.

To gain a better understanding of the flocculating action of
ozone, in the case of these zurich investigations the part-:
icles were counted by size classes before'and after the

ozonization.

Particle
frequency

%
—— . before ozonization
30+ Total of particles 13 040/ml

—  after ozonization
Total of particles 8158/ml

104 | Fig. 8

Microflocculation in the
treatment of Lake Zurich
water (after M. Schalekamp)

07 10 10 50
Particle size @ (um)

As can be seen from Fig. 8, the smaller particles are reduced
after ozonization with 1 mg/l, while the larger particles
increase. Before the ozonization the total number of all
particles with a mean diameter of 2.35 ym was 13,040 and
after ozonization, with a larger mean particle diameter of
2.97 ym, it was only 8158. 1In ozonization with 2.5 mg 03/1
the same phenomenon can be detected, but much more weakly.
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Still higher ozone concentrations invert the picture, so that

after ozonization more particles are present than before.

These examples,cited from the practice of. drinking water
treatmentymake it clear that two opposing processes are at
work here, which make the ;htérpfefation of the phenomenon

of micro-flocculation considerably more difficult.

The input of energy into the water must also be regarded as

a factor influencing the formation of micro-flocculation.
With varied conditions of operation of a container into which
the ozonized water is introduced for a secondary reaction,

by changing the proportions of the potential energy E = g-h
and kinetic energy E = 1/2 m-v2, the remaining water prop-
erties remaining constant, a manipdlatable change in turbid-

ity can be produced, as shown in Fig. 9.
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Fig.:9 Microflocculation in ozonized Lake Constance water
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Since in this example too no precipitate of calcium carbonate
can be detected analytically, which could be easily accounted
for by the different turbulence within the container, it is
certain that the turbidity changes observed are due solely
to the superimposition of two opposing processes and their

dependence on the energy input.

4.3. Results from model experiments

There is no doubt that in the interpretation of experimental
results of this kind in practice which, as already mentioned,
also depend on the season and on the general limnological
state of the waters, a somewhat unsatisfactory feeling almost
of uncertainty is obtained. It therefore is absolutely
necessary to confirm the results relating to actual praétice
by aimed model experiments. The main difficulty‘in an effort
of this kind lies in achieving comparability of the éxperi—
mental conditions between the practice trial and the model
experiment, which is of special significance in the case of

the organic water constituents.

We now know that it is not possible to characterize the
natural organic constituents of a surface water so precisely
that a synthetic agqueous solution of these could be made up.
Therefore, the preparation of model solutions is always
directed at the enrichment and isolation of these substances
which during the enrichment phase are changed by chemical
reactioné with one another or by redox processes in such a

way that the isolated substance is no longer identical with

the substance originally present (7).

This fact alone explains why until now it has only been
possible in a few cases to achieve by means of ozone treat-
ment a perceptible increase in turbidity on a model water
enriched with 30 mg/l of hymatomelanic acid, and hence a
conversion of the dissolved substances into the colloidal

state, as shown in Fig. 10.
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Fig. 10 Microflocculation of hymatomelanlc acid (HMA) by O3
(after R. Kurz)

3

The opposite effect, i.e. a reduction of the turbidity of a
particle-rich water enriched with humic acid by ozone treat-
ment, has been repeatedly demonstrated'as Kurz's results

with kaolin suspensions (31) show in Fig. 11.
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To explain these relationships in the two model trials,
differing from the relationships observed in practice, we

can only assume that in the formation of filterable substances
which increase the turbidity (case 1) from dissolved substances,
in the first place the entire molecule structure plays the
decisive part, while the turbidity-diminishing action (case 2)
depends mainly on the number and type of the functional groups
and less on the basic skeleton of the carrier molecule. To
the first case is added the possibility of the formation of
insoluble alkaline earth metal salts, which is also structure-
dependent. Summarizing case 1, it must be emphasized that

in contrast to true flocculation, these processes should be

regarded rather as precipitation reactions.

Case 2 can be explained by the ozone action on organic water
constituents described in the first chapter: non-ozonized
humic acids are adsorbed on the mineral particles forming the
turbidity and endow them with an increased suspension capac-
ity by a kind of protective-colloid action. If the polarity
of the organic water constituents is increased by the ozon-

ization, which manifests itself in a considerable increase
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in the number of carboxyl groups, while on the other hand
the size of the molecule is decreased, the adsorption
capacity on the turbidity particles immediately rises. At
the same time, however, after ozonization substances are
more strongly adsorbed on the turbidity material which, owing
to their greater number of functional groups, now has essen-
tially greater possibilities for cross-linking by bridge-
formation. The fact that this "polyelectrolyte character"
of ozonized organic constituents is noticeable. even with a
relatively small dose of o©zone, and in the case of the humic
acids of Lake Constance reaches its optimum with ozone doses
between 0.8 and 1.0 mg/l, indicates that the molecular size
and therefore also steric factors exert an influence that

should not be neglected.

According to Stumm's classification of the agglomeration of
colloidal particles, case 2 comprises true flock formation
in which the destabilization mechanism is designated as floccu-

lation.

5. Summary

Ozonization of the organic constituents of water gives rise
to more polar compounds richer in oxygen and poorer in

double bonds, with increased numbers of hydroxyl, carbonyl,
and carboxyl groups and lower molecular weights. This ozone-
induced change in structure is performed by two simultaneous

and opposing processes.

The first case - the production of precipitating products

from originally dissolved organic compounds - 1is probably

strongly dependent on the structure of the entire molecule.
v

This includes the precipitation of insoluble alkaline earth

metal salts of organic acids. Particularly in the case of

lake waters there are indications that special metabolic
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products of the phytoplankton are made precipitable by
ozonization. This phenomenon is observed in practice as a

turbidity increase after ozonization.

The opposing process — destabilization of turbid suspensions
by ozonized organic water constituents - should clearly be
regarded as true flocculation, the ozonized organic substances
adsorbed on the turbidity particles contributing by bridge-
formation to cross-linking of the particles as a result of
their polyelectrolyte character. A decisive part is played
here not so much by the entire structure of the organic
constituents as by the nature and gquantity of their functional -

groups.

In water—treatment practice the two processes presumably
take place in opposing directions and, in addition, are depend-
ent on turbulence. The reported investigations are partly
the results of a research programme on the optimization of
the ozone process, promoted by ‘the Water Economy Board. Some
of the methods of characterizing organic water constituents
were newly developed within the framework of a research
programme, promoted by Dechema, for influencing corrosion

processes with the aid of organic water constituents.



- 415 -

(1) AUTORENKOLLEKTIV
Organikum, Organisch—Chemisches Grundpraktikum:
Ozonisierung
VEB Deutscher Verlag der Wissenschaften, Berlin (1970),
295-299

(2) REICHERTER, U.
Untersuchungen uber die Anwendung von Ozon bei der
Wasser—- und Abwasserreinigung
Dissertation, Fakultdt fiir Chemieingenieurwesen,
Universitdt Karlsruhe (1973)

(3) MAIER, D. .
Wirkung von Ozon auf geltste organische Substanzen
Vom Wasser 43 (1974), 127-160

(4) EBERLE, S.H., SCHWEER K.H.
Bestimmung von Huminsdure und ngnlnsulfonsaure im
Wasser durch Fliissig-Fliissigextraktion
Vom Wasser 41 (1973), 27-44

(5) MAIER, D., FUCHS, F., SONTHEIMER, H.
Bestlmmung von organlschen Sduren in Wadssern und auf
Aktivkohle
gwf-Wasser/Abwasser 117 (1976), 2, 70-74
(6) WAGNER, I., HOYER, O.
Die Bestimmung von Humins&uren und Ligninsulfonsduren
in Wd8ssern mittels UV-Spektroskopie
Vom Wasser 45 (1975), 207-216

(7) MAIER, D.
Temperaturprogrammierte Decarboxylierung organischer
Wasserinhaltsstoffe ‘
Vom Wasser 50 (1978) (in press)

(8) WEINDEL, W., MAIER, D.
Das Oxydationsspektrum, eine analytische Hilfe zur
Beurteilung von Verfahrensschritten der Wasseraufbereitung
Vom Wasser 50 (1978) (in press)

(9) MAIER, D., KURZ, R. v
Untersuchungen zur Optlmlerung der Ozonanwendung'bel
der Aufbereltung von Seewasser

- Verdffentlichungen "Internationales Symposium Ozon und
Wasser" Wasser Berlin 77 (1977), 211-232

(10) MAIER, D,
Werden Huminsduren durch Ozonbehandlung toxisch?
Vom Wasser, 51 (1979) (in press)



- 416 -

(11) MAIER, D., MACKLE, H.
Wirkung von Chlor auf natirliche und ozonte organische
. Wasserinhaltsstoffe
Vom Wasser 47 (1976), 379-397

(12) STIEGLITZ, L., ROTH, W., KUHN, W., LEGER, W.
Das Verhalten von Organohalogenverbindungen bei der
Trinkwasseraufbereitung
Vom Wasser 47 (1976), 347-377

(13) GOMELLA, C.
Ozone Practices in France
Jd. AWWA Ei (1972), 1, 39-45

(14) GOMELLA, C., HALLOPEAU, J.
Progrés sur la recherche sur les effects de l'ozone
sur l'eau pendant le traitement et dans le réseau de
distribution
Publication 9th IWSA Congress New York (1972), 20-24

(15) TAYLOR, E.J.
‘Weshalb Philadelphia Ozon nahm
Translation from "The American City Magazine" (1949)

(16) CROMLEY, J.T., O'CONNOR, J.T.
Effect of Ozonation on the Removal of Iron From a
Ground Water
J. AWWA 68 (1976), 315-319

(17) GROMBACH, P.
Die neue Ozonanlage des Bodensee-Trinkwasserwerkes

der Stadt St. Gallen
Monatsbulletin SVGW 48 (1968), 7, 211-215

(18) CAMPBELL, R.M., PESCOD, M.B.
The Ozonization of Turret and Other Scottish Waters
Water and Sewage Works 113 (1966), 7, 268-272

(19) FRANZ, J., GAGNAUX, A.
Entkeimung mit Ozon unter besonders hohen Anforderungen
Wasser, Luft und Betrieb 15 (1971), 11, 393-396

(20) ROHRER, F.
Ozon und seine Verwendung zur Wasseraufbereitung
Schweizer Brauerei-Rundschau 63 (1952), 135-155

(21) DIAPER, E.W.J. ,
A new method of treatment for surface water supplies
Water and Sewage Works 117 (1970), 11, 373-378



- 417 -

(22) KOPECKY, J.
Erfahrungen mit der Ozonisierung
Fortschritte der Wasserchemie 7 (1967), 94-100

(23) SUMMERVILLE, R.C., REMPEL, G.
Ozone for Supplementary Water Treatment
J. AWWA 64 (1972), 377-382

(24) SONTHEIMER, H.
Erfahrungen beim Einsatz von Ozon in der Trinkwasser-
aufbereitung; 3. Ozon als Oxidations- und Flockungs-
hilfsmittel
Wasserfachliche Aussprachetagung des DVGW/VGW in
Wiesbaden (1971), Sonderdruck DVGW-Broschiire
"Wasseraufbereitung-Wasserzdhler"

(25) KULCSAR-MESCERY, J.
‘Wasseraufbereitung durch Ozonisierung
Gas, Wasser, Wirme 9 (1955), 8, 193-195

(26) O'DONOVAN, D.C.
Treatment with Ozone
J. AWWA (1965), 9, 1167-1194

(27) WAGNER, I., KELLER, H., MULLER, R.
Untersuchungen zur Aufbereitung von Bodenseewasser

mittels Ozonung und Flockungsfiltration
gwf-Wasser/Abwasser 118 (1977), 320-322

(28) WURSTER, E., WERNER, G.
Die Leipheimer Versuche zur Aufbereitung von Donauwasser
gwf-Wasser/Abwasser 112 (1971), 81-90/193-199

(29) GELLER, W.

Zur gravimetrischen Bestimmung des Suspensagehaltes
von Gewdssern

7. Bericht der Arbeitsgemeinschaft Wasserwerke
Bodensee-Rhein (1975), 146-151

(30) SCHALEKAMP, M.

' Die Erfahrungen mit Ozon in der Schweiz, speziell hin-
sichtlich der Verdnderung von hyglenlsch bedenkllchen
Inhaltsstoffen
gwf-Wasser/Abwasser 57 (1977), 9, 657-673

(31) XKURZ, R.
Untersuchungen zur Wirkung von Ozon auf Flockungs-
vorgdnge
Dissertation, Fakult&dt fir Chemlelngenleurwesen,
Universitdt Karlsruhe (1977)



- 418 -

PRACTICAL USES OF OZONE IN DRINKING WATER TREATMENT

R.G. Rice, C.M. Robson, G.W. Miller and A.G. Hill

Abstract

Ozone has been used continuously for the treatment of
drinking water since 1906 in the city of Nice, France,
where it was first installed for disinfection purposes.
Since 1906, the uses of ozone for water treatment have
grown to include various chemical oxidation processes,
in addition to bacterial disinfection and viral inacti-
vation. Applications for ozonation now include oxida-
tion of inorganic materials (such as sulfides, nitrites,
cyanides, ferrous and manganous ions), organic materials
(such as phenolics, detergents, pesticides, taste and
odor—-causing compounds, color—-causing organics, other
soluble organics), turbidity or suspended solids floccu-
lation (by changing the surface characteristics), micro-
flocculation and recently to promote aerobic biological
processes conducted in filter media. Each of these uses
of ozonation is discussed in terms of their chemistries
and extent of application in the more than 1,000 drin-
king water treatment plants known to be using ozonation,

most of which are located in Europe.

1. History of Ozone Use in Water Treatment (1)

The earliest experiments on the use of ozone as a germi—
cide were conducted by de Meritens in 1886 in France,

who showed that even dilute ozonized air will effect the
sterilization of polluted water. A few years later (1891),

the bactericidal properties of ozone were reported by



- 419 -—

Frdhlich from pilot tésts conducted at Martinikenfeld in
a drinking water treatment plant erected by the German
firm of Siemens & Halske. In 1893, the first drinking
water treatment plant to empioy ozone was erected at
Oudshoorn, Holland. Rhine River watef was treatéd with
,ozone, after settling and filtfation. Siemens & Halske
next built treatment plants at Wiesbaden (1901) and

Paderborn (1902) in Germany which employed ozone.

A group of French doctors studied the Oudshoorn plant

and its ozonized water and, after pilot tésting at

St. Maur (in Paris) and at Lille, a 5 mgd plant was con-
structed at Nice, France (the Bon Voyage plant), which
employed ozone for disinfection. Because ozone has been
used continuously at Nice since the Bon Voyage plant be-
gan operating in 1906, Nice is referred to as "the birth- -

place of ozonation for drinking water treatment".

Full-scale water treatment plants then were constructed

in several European countries. As of 1916 there were 49
treatment plants in Europe having a total capacity of

84 mgd (2) in operation, and 26 of these were in France.

By 1940 the number of drinking water treatment plants
throughout the world using ozone had risen to.119,land

as of 1977 at least 1043 plants, mostly in Europe (Table 1)
are known to be using ozone for drinking water treatment
(3). As might be expected, most of the European drinking
water treatment plants using ozone are in France, although
Switzerland and Germany account for most of the remainder
of the European plants.

In the United States, only one plant has been using ozone
continuously since the early 1940s (Whiting, Indiana) (4,5).
In 1973 the second U.S. plant to use ozone went on stream
at Strasburg, Pennsylvania (6). The remaining three plants
became operational in late 1977 or early 1978 (7).
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TABLE 1 Operational plants using ozone - 1977

Country i . Number of Plants

France , - 593
Switzerland . 150
Germany ) , o 136
Austria ' 42
Canada ’ o 23%
England ' 18
The Netherlands ' - - 12
Belgium
Poland
Spain
USA
Italy
Japan
Denmark
Russia

(Yo

Norway
Sweden
Algeria
Syria
Bulgaria
Mexico
Finland
Hungary
Corsica
Ireland
Czechoslovakia
Singapore
Portugal

- e ek e et et e - NN NN WW S DO

Morocco

Total 1039

L 3 N
Includes expansions. Actual number of operating plants
in Canada = 20, with 3 more under construction.
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The fact that the U.S. Environmental Protection Agency
recently has proposed regulations for the larger U.S.
water supply systems regafdihg control of organic che-
micals in U.S. drinking water supplies has prompted a
keen interest on the part of the North American water
supply industry to know more about the uses of ozone and
its engineering parameters than had been known in late
1974. In response to this interest, the U.S. EPA funded

a survey, conducted by Public Technology Inc., of
Washington, D.C., to assess the state-of-the—-art of the
use of ozone and of chloriné dioxide for the treatment

of drinking water. This assessment involved a significant
questionnaire survey of many European drinking water
treatment plants, in which many of you participated. In
May, 1977, the PTI survey team visited some two dozen
European drinking water treatment plants using ozone
and/or chlorine dioxide. In August 1977, the PTI survey
team visited nine plants in the Province of‘Quebec, Canada.
The present paper is taken from the results of this EPA-
funded study. |

2. Applications of Ozone in Water Treatment

Ozone is a powerful oxidant (Table 2). In acid solution,
the oxidation potential of ozone (2.07 volts) is second
only to that of elemental fluorine among the commonly
used oxidants for drinking water treatment. Because many
contaminants in raw water supplies are oxidizable, ozone
can be and is being used for many different applications.
The major uses for ozone in modern drinking water treat-
ment processes are listed in Table 3. Although the early
uses for'ozone in treating drinking waters were predomi-
nantly for disinfection (bacterial kill and viral inac-
tivation), today oxidative applications account for a
significantly increasing number of installations.
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TABLE 2 Oxidation-reduction potentials of water treatment agents

REACTIONS POTENTIAL IN VOLTS (E®)
25 °¢

F, +2 =2 F 2.87
05 + 28t 1 2 e = 0, + Hy0 2.07
H,0, + 28T + 2e = 2H,0 (acid) 1.76
Mno,~ + 45t + 3e = MnO, + 2H,0 1.68
BC10, + 3T + de = C17 + 2H,0 £.57
Mno,~ + 8H'+Se = Mn®* + 4H,0 1.49
HOCL + H'+2e = C1™ + H,0 1.49
Cl, + 2¢ =2cCl 1.36
HOBr + H' + 2e = Br  + H,O 1.33
05 + Hy0 + 2e = 0, + 2 OH ™ 1.24
ClO2 {gas) + e = Cloz“ 1.15
Brz + 2 = 2Br ' 1.07
HOI + HY + 2e = 17 + H,0 . 0.99
ClO2 (ag) + e = c102‘ 0.95
Clo0™ + H,0 + 2e = Cl™ + 20H" 0.9

HO, + H,0 + 2e = 30H (basic) 0.87
Cl0,” + 2H,0 + 4e = C1~ + 40H™ 0.78
OBr~ + H,0 + 2e = Br~ + 20H™ ' 0.70
I, +2e =2 i~ ‘ 0.54
13 + 2e =3 17 0.53
OI—+H20+Ze= I~ + 20H 0.49
O, + 2H,0 + 4e = 40H~ ©0.40

*Handbook of Chemistry & Physics, 56th Edition, 1975-76. CRC
Press Inc., Cleveland, Ohio, p. D-141-143.
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TABLE 3 Applications of ozone in drinking water treatment

Bacterial Disinfection
Viral Inactivation
Oxidation of Soluble Iron and/or Manganese 7
Decomplexing Organically - Bound Manganese (Oxidation)
Color Removal (Oxidation)
Taste & Odor Removal (Oxidation)
Algae Removal (Oxidation)
Oxidation of Organics
- Phenols
- Detergents
- Pesticides
Microflocculation of Dissolved Organics (Oxidation)
Oxidation.of Inorganics
- Cyénides
- Sulfides
- - Nitrites
Turbidity or Suspended Solids Removal (Oxidation)
Pretreatment for Biological Processes (Oxidation)
- On Sand
- On Anthracite
- On Granular Activated Carbon
To Make Treated Water Blue

2.1 Bacterial Disinfection

The French have pioneered the use of ozonation for bac-—
terial disinfection. Guinvarc'h (8) reported that ozo-
nation at the Paris, France, St. Maur plant produced wa-
ters which never showed the presence of E. coli, although
the raw Marne river waters at the time showed coliform
counts of 15,000 to 100,000 units/liter, with average
values of 30,000 to 50,000. O'Donovan (9) points out

that for bacterial disinfection, the usual ozone dosage
rate in water treatment plants at that time was 1.5 to

2 mg/l.
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Miller et al. (3) have féind that the- éurrent average
ozone dosage rates in drinking water treatment plants

are 1 to 4 mg/l today. Where preozonation treatment is
non-existent or when loadings of ozone-demanding organic
Or inorganic materials are high, such as during pollution
episodes, ozone doses much in excess of 2 mg/l can be re-
quiréd to attain the desired degree of bacterial disin-
fection. On the other hand, only 0.25 mg/l of 6ozone pro-
vided satisfactory disinfection at Boxley, England (10).

In addition, the bactericidal action of ozone is little
affected by changes in temperature or pH, and the disin-
fecting action of ozone is virtually instantaneous. Weaker
oxidants require more contact time (and usually higher
concentrations) to provide'thé Same degree of bacterial

disinfection (9).

2.2 Viral Inactivation

In this application the pioneering work was conducted by

French public health officials. Coin and his coworkers

(11,12) used poliomyelitisfvirus Type I (1964) and Types
II and III (1967) to demoﬂstrate that when an amount of
residual dissolved ozone equivalent to 0.4 mg/l can be
measured after 4 minutes of continuous ozonation, the

degree of viral inactivation surpasses 99.9 3.

Subsequent to this work in the late 1960s, the city of
Paris adopted the 0,4 mg/l residual ozone after 4 minutes
as a standard for the use of ozonation for viral inacti-
vation. Currently this.standard has been adopted through-

out France (13).
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In actual plant practice, in.order to, insure that these
minimum ozonation conditions are met consistently, the
French increase the ozonation time to at least eight mi-
nutes, and sometimes contact times of 12 minutes are_ém-
ployed. It is general French pfactice to use at least
two ozone contacting chambers. Iﬁ the first chamber the
initial ozone demand of the water is satisfied and the
residual of 0,4 mg/l of ozone. is attained}'in the second
chamber the 0.4 mg/l of ozone residual is maintained.
Satisfyiﬁg the ozone demand of the Qater‘in the first
contact chamber requires relatively large amounts of
ozone, and some 67 % of the total ozone dosed is applied
here. Lower amounts of ozone (about 33 %) are applied to
the second chamber to maintéiq tHeAO.4 mg/l of dissolved

ozone, usually for periods of 4 to 8 additional minutes.

At the present time, France is the only country known to
have formally adoptéd these ozonation conditions as a
treatment standard for viral inactivation. However, many .
plants in countries outside of France have designed ozo-,
nation contacting systems for disinfection which utilize
the same treatment conditions (3). It is important to re-
cognize that under these viral iﬁactivation conditions

of ozonation, bacterial disinfection also is obtained.

Ozonation of organic compounds usually produces oxyge-
nated organic materials which are more readily biodegra-
dable. In addition, ozonatién does not readily oxidize
ammonia except at high pH (above 9). For these reasons,
ozonized waters containing-these materialé generally are
treated with small dosagés_of_chlorine, chlorine dioxide
or chloramine to prevent bacterial regrowths in the dis-

tribution networks.
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In Switzerland, it is common practice in many of the

150 drinking water treatment plants to follow ozonation
with filtration through granular activated carbon in or-
der to deozonize the water, then to add chlorine dioxide.
Deozonation is considered necessary because of reactions
between ozone and Clo, in aqueous solution (14).
Masschelein (15) points out that ozonation of solutions
of chlorine dioxide or sodium chlorite in the mg/l range
produces chlorate stoichiometrically:

NaClO2 + O -_— _NaClO3 + 0

3 2

The dimerization of ClO2 to C1204 is considered to be
the first step in the ozonation process (16). The reac-
tion is very fast and is almost controlled by the diffu-

sion rate of ozone (17).

Many European, Canadian and the Strasburg, Pennsylvania
plants employ ozonation as the terminal treatment disin-
fection step, however, without aftergrowth problems.
Miller et al. (3) have concluded that ozonation can be
used as a terminal treatment step only if all of the

following conditions are met simultaneously:

1) The distribution system must be clean and not subject
to leaks, ,

2) Dissolved organic carbon concentrations must be less
than 0.2 mg/1,

3) Ammonia must be absent,

4) Water temperature must be low and

5) Residence time in the distribution must be short

(less than 1 day).
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2.3 . Oxidation of Soluble Iron & Manganese

Ferrous iron is oxidized rapidly by ozone to ferric ions,
which then hydrolyze, coagulate and precipitate according
to the following equations:

+2 3

Fe + O3 _— Fe+

Fet3 4+ H,0 —> Fe(OH),

Similarly, manganous ions can be oxidized to manganic
ions, which then form insoluble manganese dioxide:

+2

Mn + O3 4 Mn+4

mnt? 4 H,0 —> Mn(OH), —> MO,

However, over—ozonation of manganous compounds produces
the very water soluble permanganate ion, which is pink
in color:

+4

Mn % or Mnt? + 0, —» MnO4_

Permanganate is toxic and should be prevented from en-
tering water distribution systems. Its presence in dis-
tribution networks can lead to buildup of MnO2 scales.
Permanganate can be produced (or used) in the water treat-
ment plant but kept from entering distribution system net-
works by several procedures, all of which depend upon'the
fact that it is a very strong oxidant (see Table 2) with
an oxidation potential of 1.68 volts, close to that of

ozone.
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Normally, ozonation of ferrous and manganous:compeunds is"
conducted early in the water treatment process and the
hydrolyzed and precipitated inorganic hydroxides are fil-
tered. If the filtered water is distinctly pink in color,
the operator is alerted to the fact that he is using too
much ozone, and the ozone dosage should be reduced. Tanks
which provide 15 to 30 minutes of holding time are used

in the Diisseldorf area. This allows the permanganate to
oxidize dissolved organic materials, thereby being reduced
to the insoluble manganese dioxide:

MnO4 + organics —> MnO2 + oxidized organics

Alternatively, the pink water can be filtered through gra-
nular activated carbon, where the permanganate is quickly
reduced to MnO2 in the first few centimeters of the bed or
column. The insoluble dioxide then is removed during rou-

tine backwashing of the activated carbon medium.

2.4 Decomplexing of Organically-Bound Manganese

When iron and manganese are present as free inorganic
cations, they can be oxidized readily by agents much weaker

than ozone — simple aeration is known to be effective,

for example. However, when manganese is present as orga-
nic complexes, as is the case when decaying vegetation is
present, then even chlorine is not powerful enough to
break down the manganese complexes. In such cases stron-
ger oxidants, such as chlorine dioxide or ozone, are used,
again as a preoxidation step so as to prevent the oxidized

manganese from being passed into the distribution system.
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2.5 ,Coloquemoval.= N i

Usually the colors in drinking water are derived:from the
decomposition of naturally occurring humic materials. Co-
lors usually are caused by the presence of unsaturated
organic moieties conjugated in the compounds (i.e., élterf
nétihg double and single bonds). Compounds containing

such conjugated groupings are referred to as chromophores.

Ozone is particularly reactive with unsaturated groups,
cleaving the carbon-carbon double bonds to produce ketones,
aldehydes or acids, depending upon the other substituents
on the carbon atoms affected, the amount of ozone and con-
tact conditions applied. As soon as the conjugation has
been disrupted by oxidation, the color will disappear. This
does not necessarily mean that all of the color-causing
organic compound has been converted to carbon dioxide and
water, however, but simply that the conjugated unsaturated
groups responsible for the original color have been des-
troyed.

In industrial areas where textile manufacturing or dyeing
is prevalent, organic dyestuffs sometimes are discharged
from these industrial installations and are found in raw
waters entering drinking water treatment plants. These

dyestuffs generally are polycyclic, highly conjugated or-

ganic materials, easily decolorized by a powerful oxi-
dizing agent such as ozone. As before, however, the de-
colorized water will still contain considerable dissolved

organic carbon, which is readily biodegradable.
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2.6 Taste and Odor Removal , ' - EEE

As a general rule, taste and odor causing compounds are
organic in nature, although many inorganic sulfides also
are encountered which are highly odorous. Many of these,
organic compounds which cause unacceptable tastes and
odors are formed from natural vegetation during anaerobic
decomposition in the ground or in surface waters in which
the dissolved oxygen content may -be too low to support
aerobic colonies. Examples of such materials include ter-
pene derivatives, such as geosmine, and some alicyclic
and/or aromatic alcohols. The latter are cléssed as phe-

nols.

Odorous compounds containing unsaturation, such as phe-
nols, usually are readily oxidizable by ozone. On the
other hand, saturatedlorganic compounds usually are oxi-
dized only slowly by ozone. Since the amount of ozone re-
guired to remove tastes and odors will vary depending
upon the specific offensive organic compounds present, it
is essential to conduct pilot studies with ozonation to
ascertain the most cost-effective relationship of ozone
dosage and contact time to cope with the specific local
problem. As before, destruction of organic compounds which
cause tastes and odors by oxidation does not necessarily
insure total oxidation of those organic compounds to CO2
and water.

2.7 Algae Removal

During seasonal periods of climate changes and when the
proper nutrient balances are present in the raw waters,
algae growths are promoted. As these plants grow, their
metabolism produces by-products which can cause offen-

sive tastes and odors. In addition, the presence of large
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amounts of growing algae in the water treatment plant will
clog filters, reguiring more freguent backwashing. Ozona-
tion will disrupt the metabolic processes of many types

of algae by oxidizing the essential organic components.

In treatment plants where ozonation already has been in-
stalled for other purposes (such as disinfection or iron
and manganese oxidation), seasonal blooms of algae in the
raw waters are handled simply by increasing the preozona-
tion dosages until the bloom periods are completed. This
requires installing sufficient ozone generation capacity

initially to cope with this problem.

2.8 Oxidation of cyanides, sulfides and nitrites

Toxic cyanide ilons are readily oxidized by ozone to the

much less toxic cyanate ion:

CN + 0, —> CNO_
At low or high pH, cyanate ion hydrolyzes to produce 002

and nitrogen:

CNO + H,O — CO, + N

2 2 2

Sulfide ion is easily oxidized to sulfur, then to sulfite
and, finally, to sulfate: '

-2

s7 + 0y — s° — 503"2 2

e SO4

The degree of oxidation attained depends upon the amount
of ozone employed and the contact time. Organic sulfides
will oxidize to sulfones, sulfoxides and sulfonic acids
upon ozonation at slower rates than the sulfide ion it-
self.
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Nitrite ion is readily oxidized to nitrate ion by ozone: -

T+ 0, — NO.,

NO, 3 3

Organic nitrites, nitroso compounds, hydroxylamines and
the like also will be oxidized, first to the correspon-
ding nitro compounds. These then will decompose upon con=
tinued ozonation, libefating nitrate ions and carbonaceous
compounds. As before, the degree of oxidation will depend
upon the specific compounds present, the amount of ozone

employed and the contacting conditions employed.

2.9 Oxidation bf Organics

Although there are literally myriads of organic compounds
present in water supplies (at the latest count, the U.S.
EPA has identified over 700 individual organic compounds),
not all are oxidized at the same rates upon ozonation. In-
deed, many highly halogenated organic compounds are not
oxidized at all under ozonation conditions normally encoﬁn—
tered in drinking water treatment plants. Rice & Miller (18)
discuss these aspects in reviewing the nature of brganic
oxidation products formed upon reaction with ozone under

aqueous conditions.

During the PTI survey of drinking water plants using ozo-
nation, many plants responding to the questionnaires re-
ported that they are using ozone for "organics removal".

However, in most cases the organics removed are not iden-

tified. Nevertheless, some specific organic materials
known to be readily "removed" (oxidized) by ozone have
been identified, and these include phenols, detergents

and certain pesticides.
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2.9.1  'Phendls’

Phenols, especially the non-chlorinated phenols, generally
are readily oxidized upon ozonation. It is important to
recognize, however, that destruction of the phenolic com-
ponent requires much less ozone than conversion of all of

the phenolic compound to CO., and water.

2
Eisenhauer (19) ozonized aqueous solutions of phenol for
30 minutes (until phenol was "destroyed" by the analyti-
cal test used) and isolated catechol, hydroquinone, p-
quinone, cis-muconic acid, oxalic acid and fumaric acids
as organic oxidation products. After 4 moles of ozone had
been consumed per mole of phenol, substantially all of the
phenol originally present had disappeared, but very little
002 had formed.

In later work, Eisenhauer (20) showed that as ozonation of
phenol solutions proceeds, no CO2 is formed‘until after
1.5 moles of ozone/mole of phenol is consumed. However,
after 33 % of the theoretical CO2 had formed, CO2 produc-
tion then ceased. He concluded that if destruction of the
aromatic ring is sufficient to solve the‘particular local
problem, then 98 % of the phenol can be ddestroyed" using
5 moles of ozone per mole of phenol present. However, 67 %
of the original carbon present in the phénbl still is pre-
sent in the form of other organic compounds which are oxi-

dation products of phenol.

The oxidation of phenol itself proceeds first through

di- and trihydroxyaromatic compounds and guinones.- Con-
tinued ozonation breaks the aromatic ring, forming ali-
phatic acids, the most stable end product usually being

oxalic acid.
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Phenols with aliphatic substituents on the ring are first . -
oxidized to benzoic acids, then to hydroxy benzoic¢ acids,
after which the aromatic rings are ruptured. As oxygena-
tion proceeds, the oxidized intermediate compoinds be-

come more readily biodegradable.

Hillis (21) studied the oxidation of 14 phenols with ozone
over the pH range 4 to 10. Starting with 30 mg/l concen-
trations of these phenols and ozonizing over 4 to 12 mi-
nutes, phenol concentrations were lowered to 0.10 mg/l.‘
However, the corresponding COD values were lowered by only
50 %. This is further indication that although the speci-
fic phenol is destroyed by ozonation, oxidized organic

products remain in solution.

Nevertheless, the elimination of measurable concentrations
of phenols by ozonation is practised successfully at a

great many drinking water treatment plants (3).

2.9.2 Detergents

Detergents generally fall into two classes, linear alkyl
sulfonates and linear alkylbenzene sulfonates. There are
some aliphatic quaternary amino compounds which are used
as detergents, however, most household laundry detergents
are of the first two types. The more readily biodegradable

detergents will decompose in sewage treatment plants or in

rivers and streams, given sufficient time. However, many
raw water supplies are contaminated from time to time by

detergents or their partial decomposition products.

As discussed earlier, those compounds containing aro-
matic groupings will be more readily oxidized by ozone,

while the aliphatic materials will be less reactive. In
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addition,  Gilbert (22,23,24) has shown that even aromatic '
compounds containing sulfonic acid groups will be less
readily oxidized by ozonation than the same compounds
without the sulfonic acid groupings.

Gilbert (23) also has shown that in ozonizing pure aqueous
solutions of compounds over the pH range of 3 to 7, 1 kg
of COD can be removed from solution with 1.2 kg of ozone.'
On the other hand, in more polluted wastewaters, 2 to 5

kg of ozone are required to remove 1 kg of COD from so-

lution.

In addition, the excellent work of Hoigné (this meeting)
and of Hoigné & Bader (25,26 and prior references cited
therein) on determination of reaction rates of specific
organic compounds with ozone'will allow the practising

water treatment plant engineer to ascertain the ease of
oxidation of specific organic compounds that he may find

in his raw waters.

When ozonation already has been installed in a water treat-
ment plant for some other purpose, the presence of signi-
ficant guantities of detergents in the raw water is easily
recognized by the sudden foaming of the waters during pre-
ozonation or in the first contacting chamber when ozone

is used for disinfection. In such instances merely increa-
sing the ozone dosage usually copes with the problem. As
with seasonal algae blooms, it is important that sufficient

ozone dgeneration capacity be available in the plant.
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2.9.3 Pesticides

Pesticides cannot be classified so simply as to their
reactivity with ozone. Phosalone and aldrin, for example;
are readily oxidized to destruction with small amounts of
ozone. On the other hand, dieldrin, chlordane, lindane,
DDT, PCBs, PCP and endosulfan are only slightly reactive
with ozone under normal ozonation conditions encountered
at drinking water treatment plants. Little or no removal
of these pesticides can be expected with ozone, or with
other oxidants. ’

Malathion and parathion represent two unique cases of
pesticides which are oxidized to deétruction by ozonation,
but which proceed through intermediates (their correspon-
ding oxons) which are more toxic than are the starting
thions (27).

S 0
CHL0\l 0 CH.0\] 0, c s
3 /PSEH-CO0C s —3 > 30>P|SEH—COOC2H5 —3» 3P0, + decomposition
CH30”  CH,CO0CHH; CHy0” CH,C00CHHZ P
(malathion) (maTaoxon)
S
0 , 0 0
(CHACHL NI 3 i 3
3 2)>P- NO, ~————> (CHyCH,),P-0 NO,
(CH3CHy) | \(
(parathion) (paraoxon) decomposition
products

Hoffman & Eichelsddrfer (28) showed that heptachlor is
oxidized "quantitatively to destruction" with ozone but
that heptachlorepoxide is stable to ozonation. This raises
the question as to whether ozonation of heptachlor pro-
duces heptachlorepoxide, which itself is a very toxic ma-

terial.
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C1
H
C1 h H
cl f . H
1 H™ Tl : ‘ C1 H C1
heptachlor heptachlor epoxide

Thus it is incumbent upon a water supply system to iden-
tify the specific pesticides with which it must cope,

then to ascertain the most effective method of removing
them. If ozonation is a part of the water treatment pro-
cess, certain pesticides can be removed effectively, but

others will require a different treatment sequence.

2.10 Suspended Solids Removal (Turbidity)

Turbidity is caused by suspended‘solids, which are small,
colloidal sized particles having surfaces which are highly
charged. The strength of these surface charges, in fact,
keeps the particles in éuspension because of the repul-
sive surface forces couﬁled with the small particle sizes.
Such colloidal particles norﬁéiiyypass through filters

and are not retained.

In some instances addition of a strong oxidant, such as
ozone, Qill change the nature and/or extent of these sur-
face charges, thus allowing the charged particles to ag-
glomerate and be more readily'femoved by subsequent fil-
tration. If ferrous iron ions are present, ozonation will

oxidize these to the ferric state, as discussed earlier.
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As these trivalent ions hydrolyze and agglomerate, they
interact with the surfaces of suspended solids, floccu-
lating them and allowing them to be removed from suspen-

sion by filtration.

The use of ozonation alone can accomplish flocculation
without the addition of soluble ions which remain in so-
lution when chemical flocculants are used. A unique exam-
ple of the use of ozone to reduce suspended solids is the
recently commissioned Chino Basin sewage treatment plant,
near Los Angeles, California in the United States. This
secondary treatment plant is required to discharge an
effluent which is very low in suspended solids and in to-
tal dissolved solids, because the water table in the area
is very close to the surface. Simple filtration does not

lower the suspended solids content sufficiently.

Were it not for the stringent TDS requirement, Chino Basin
could treat its secondary effluent with alum or other
standard chemical flocculating agents. However, such treat-
ment in this case would require an additional step of re-
moving the soluble chemicals after flocculation, coagula-
tion and filtration. The cost of such multiple treatment

is high and the process chosen was the single step of
ozonation. An ozone dose of 10 mg/l provides the required
coagulation of suspended solids so as to allow their ready
removal by filtration. This 3 mgd plant went on stream in

early 1978 and the process is operating satisfactorily (29).
2.11 Microflocculation
As discussed earlier, during oxidation of dissolved orga-

nic materials with ozone, oxygen is introduced into many

of the carbonaceous sites in the molecules. Carboxylic



- 439 -

- L
P 25

acidé}faiéeﬁ§éé§;vkétéﬂés and alcohols are,piodﬁéed;-;ll
of which are more highly polar than are the non—-ozonized
compounds. These polar compounds are capable of hydrogen
bonding, which effectively increases their apparent mole-
cular weights. In addition, the simultaneous presence of
polyvalent metallic cations, such as iron and aluminum,'l
with these polar organic groupings leads to flocculation
of the oxidized organics. Therefore the ozonation of clear
waters containing dissolved organic compounds can lead to
an increasé in turbidity. This process has been termed
"microflocculation" by water chemists, and has been amply-

described in the preceding paper by Dr. Maier.

~ It is because of microflocculation that many wéter'treat—
ment plants insistlupon following ozonation with a fil-
tration step. The plant at Langenau, Germany, follows
ozonation with a second addition of ferrous iron com-
pounds to increase the rate of microflocculation, and

produces a very cléar water after subsequent filtration.

2.12 Ozone Pretreatment for Biological Processing

It has been pointed out inAmany examples given above that
the partial oxidation of organic compounds with ozone »
renders them biologically degradable at a faster rate
than before oxidation. This fact leads to the cdnclusion
that if raw waters to be ozonized‘(or treated with any
other oxidant) contain high amounts of dissolved organic
carbon and those carbonaceous compouhds are not readily
removed by flocculation and are not readily oxidized to
CO2 and water by ozone, that ozonation will produce an
aqueous medium high in dissolved oxygen and containing
dissolved organic compounds which are more readily assi-

milated by biological organisms. This reasoning has led



- 440 -

to the concept of incorporating.biological, treatment
steps following ozonation. Sihée ééonized agueous hedia
are conducive to the development of aerobic‘bacteria,
not only can the carbonace§ﬁswcompounds be expected to
be degraded biologically, but ammonia also can be ex-
pected to be converted to nitrate by biological nitri-
fication processes.

Biological processes promoted by preoxidation (or by pre-
aeration or preoxygenation in certain instances) can be
incorporated into the water treatment process by addition
of sand or anthracite filters and/or granular activated
carbon filters. It has been kno&n for many years that
slow sand filters and activated‘carbon units contain

high degrees of biological activity. Following ozonation
with sand or anthracite filtration (to remove flocculated
materials), then with GAC filtration has been incorporated
into the Rouen-la-Chapelle plant in France and into the
Dohne plant at Mililheim, Germany, specifically to remove
ammonia biologically as well as dissolved organics. This
technique thereby avoids (Rouen) or eliminates (Dohne)
the need for breakpoint chlorination, with its attendent
production of halogenated organic compounds which should
be removed later in the treatment. The process has been
termed Biological Activa?ed Carbon by Rice et al. (30),

and is being studied at many water treatment plants.

One of the promising secondary benefits of biological
activated carbon is the gfeatij extended useful life of
the GAC filter media because of the bacterial activity
which is promoted by preozonation (or preaeration or pre-
oxygenation in certain instances). The Rouen plant has
operated satisfactorily since January, 1976 without having
to regenerate its 75 cm deep GAC beds. Later in this mee-
ting, Dr. Jekel will describe the BAC process as employed
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at the Dohnle ‘plant, which has not had to regénerate itg>
4 m deep GAC columns sinée'fhey were installed in Nov:“E
ber, 1977. Expectations at Dohne are for at least two
years of GAC operational life before regeneration will

be required.

2.13 To Make Water Blue

The unique property of making finished water blue is one
of the primary reasons given for its use at Langenau,
Germany. Thisfplant is located near the Danube River in
southern Germany, and'processeé mostly groundwater. Du-
ring dry seasons, however, Danube River water also is
treated by a series of physical chemical processes, in-
cluding two ozonation steps. Preozonation is employed
for suspended solids removal and to dispose of off-gases
from the primary ozonation step (for organics oxidation
and microflocculation). The ozonation process is con-
trolled partly by the shade of blue color which is im-
parted to the finished water. When the water is not suf-
ficiently blue, more ozone is added.

3. Multiple Applications of Ozormne

It is important to recognize that even though ozonation
might be installed for a single purpose, say iron and man-
ganese oxidation, many other benefits can be derived from
its use. For example, at Rouen, Dohne, Wuppertal and
Langenau, preozonation (sometimes with high-speed tur-
bine contactors) aids in the flocculation process. Post-
ozonation at Rouen is for disinfection while the preozo-
nation is for manganese oxidation, organics oxidation and
preparing the following sand.énd granular activated car-
bon beds for biological conversion of ammonia and removal
of dissolved organics.
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At the three Diisseldorf plants (Flehe, Holthausen and.
Am Staad), Duisburg and Wuppertal, ozone's primary func-
tion is iron and manganese oxidation. At the same time

organics are oxidized and disinfection is obtained.

If ozone is applied for, say, color removal, near the

end of the treatment process, a significant amount of
disinfection also will be obtained. The conjunctive use
of contactor off-gases from the primary ozone contacting
chambers can be effective in such multiple ozonation
treatment processes. These off-gases (which contain as
much as 5 to 10 % of ozone)sometimes can be recycled
economically to an early stage treatment step (as at
Rouen, Miilheim and.Langenau). Alternatively, the ozone

in these off-gases either must be destroyed (thermally,
catalytically, by passing through moist granular acti-
vated carbon) or diluted with air before being discharged
to the atmosphere. If the volumes of contactor off-gases
are not large, recycling them to an early stage oxidation
step in the total water treatment process can be cost-
effective.

4, Summary

Early application of ozonation in drinking water treat-
ment was primarily in France for bacterial disinfection.
In the late 1960s, French scientists defined the ozone
contacting time and dosages required for viral inactiva-
tion, and France since has adopted an ozonation treat-
ment standard for this purpose. Viral inactivation can
be achieved if a residual of 0.4 mg/l of dissolved ozone
can be measured at least 4 minutes after the initial

ozone demand of the water has been satisfied.
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Many other applications for ozone have evolved since
ozonation was installed in Nice, France (1906), most

of which are based upon the high oxidizing power of the
gas. In Table 4 are iisted the results of the PTI gques=—
tionnaire surVey of plants known to be using ozone in
the various countries of the world where. ozone is being

used to significant extents.

In Figure 1 is shown a "conventional" drinking water treat-

ment process involving coagulation, sedimentation, fil-
tration and disinfection. The known uses for ozonation
are included at the various points in this conventional
process. Note that ozone is used at different locations
in the drinking water treatment process, depending upon

the purpose or purposes for which it is being used.

It is important to recognize that ozonation of dissolved
organic materials will rarely proceed to completion, e.qg.
to produce CO2 and water., In most cases two effects will

be noted after ozonation of dissolved organic materials:

1) Dissolved organics will be converted to more highly
oxygenated materials which can and do flocculate, re-

sulting in an increase of turbidity. In these instan-

ces, ozonation usually is followed by a filtration step.

2) Dissolved organics will be converted to more highly
oxygenated materials which are more readily biologi-
cally assimilable. Therefore, the higher the residual
DOC after ozonation, the greater will be the chances
for bacterial and slime growths in distribution sys-—
tems, if additional disinfectants (such as chlorine,
chlorine dioxide and chloramine) are not added after

- ozonation. Biological treatment processes after ozo-
nation have been incorporated successfully into a few
plants, and the concept is being studied in many more

plants.



TABLE 4

Uses of ozonation by country responding to PTI questionnaires

Ozonation Used For

Country No. of Question- [Bacteria] Viral Fe/Nn 7/0 Color Organics Turbidity ]
Plants naires Disinfection {8 Inactivation Removal Oxidation
Using 03 Returned
Great 18 6 2 (0) 1 2 1 6 - -
Britain
Belgium 9 1 (0) ] - 1 1 1 -
The Taste 6
Netherlands 12 7 2 (1) 2 Fe=1 Odor 4 6 3 1
Austria 42 5 5 (4b) 2 - - 1 1 -
Switzerland 150 9 6 (1) 5 - both-4 S 3 -
Taste 1
Odor 1
Germany 136 Ky 27 (10) 8 8-both both-11
' ) Fe-1 +
Mn-1 Taste-5 5 16 6
France 593 64 60 (28) 37 5-both  both-31 21 23 9
fe-2 Taste-5
Mn-1 - Odor- 1
Canada 20 18 13 (3) 3 - both-15 3 4 -
taste-3 (phenols-2)
USA 5 - 1 (1) - - 4- - - -

(a) No. of plants known to be using 03 as terminal step or sole disinfectant ~

(b) More Austrian plants known to be using 03 as terminal step (Dobias & Starz, 1977).

A4



~ decamplexing organic-Mn
- pretreatment for
biological processes

"~ Fe & Mn oxidation

- flocculation

~ algae removal

- destruction of
off-gas ozone

- pretrecatment for
biological processe

- organics oxidation

- color removal

- tastes & odors

Coagulation

>

influent

water

- viral inactivation

- bacterial disinfection

o
(.
To
: Sand or ’ v
Sedimen- > { > Distribution i
tation Anthracite
Filtration )

Clz, CIO2 To
or C1NH2 l—> Distribution

for residual

Fig. 1 Typical points of application of ozone in
drinking water processes



TABLE 5 Major advantages and disadvantages of ozone

Advantages

Powerful Oxidant

Disadvantages
Non-Selective Oxidant

Powerful disinfectant and virucide
over wide temperature and pH range

Leaves no residual for protection
of network

Air preparation, ozone generation «nd
contacting systems are easily automated
-- but can be controlled manually

Gas/liquid contacting is not a
general practice at water treatment
plant

Generated on-site as needed -- operating
costs 2-4 U.S, ¢/1,000 gallons

Capital costs for generation and
contacting are relatively high

Safe -- shutting off electricity
ceases O3 generation

Converts many non-biologically
degradable organics to oxidation
products which are biodegradable

will rarely oxidize all organics to COp +
water. Presence of Biodegradable Qrganics

requires subsequent biological treatment and/or

residual disinfectant, but at lower levels

Does not produce halogenated organics

Does not oxidize highly halogenated organics

Reduces amount of residual disinfectant
required for network

Adds dissolved oxygen to water

Does not react with ammonia below pH=9

Does not increase total dissolved solids

9%V
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In addition, it is also clear that because the capital
costs for ozonation installations are high and because
ozone reacts with a wide variety of materials, ozone
should not be used tobperform water treatment tasks that
other techniques can do as well.(or better) but at lower
cost. For example, since suspended solids are easily re-
moved by chemical coagulation, this process and filtra-

tion should precdede ozonation for most other purposes.

The major advantages and disadvantages of ozone in trea-

ting drinking water are listed in Table 5.

(1) RIDEAL, E.K.
Ozone
Constable & Co., Ltd., London, England (1920)

(2) VOSMAER, A.
Ozcne, Its Manufacture, Properties and Uses
D. van Nostrand Co., New York (1916)

(3) MILLER, G.W., RICE, R.G., ROBSON, C.M., SCULLIN, R.
WOLF, H., KUHN, W.
An Assessment of Ozone and Chlorine Dioxide Technologies
for Treatment of Water Supplies

EPA Report No. 600/2-78-147. U.S. Environmental Protection

Agency, Cincinnati, Ohio (1978)

(4) BARTUSKA, J.F.
Ozonation at Whiting, Indiana
J. AWWA 33 (1941), 11, 2035-2050

(5) BARTUSKA, J.F.
Ozonation at Whiting (Indiana): 26 Years Later
Public Works, August (1967)

(é) HARRIS, W.
Ozone Disinfection of the Strasburg, Pennsylvania, Water
Supply System ' .
Proc. First Internat. Symp. on Ozone for Water and Waste-
water Treatment. R.G. Rice & M.E. Browning (editors)
Internat. Ozone Inst., Cleveland, Ohio (1975), 186-193



- 448 =

(7) LACY, W., RICE, R.G. L SR o
The Current Status of Ozone Treatment Techﬁology in the
United States
Presented at Special Seminar on Water Supply, Internat.
Bank for Reconstruction & Development, Washington, D.C.
Jan 11, 1978. See also Wasser Berlin 1977, AMK Berlin
Germany/Internat. Ozone Inst., Cleveland, Ohio, 1978

{8) GUINVARC'H, P.
Three Years of Ozone Sterilization of Water in Paris
Ozone Chem. & Technol., Adv. in Chem. Series, 21,
Am., Chem. Soc., Washington, D.C. (1959), 416-429

(9) O'DONOVAN, D.C.
Treatment with Ozone
J. AWWA 57 {(1965), 9, 1167-1192

(10) HARDEN, C.H.
The Boxley Works of the Maidstone Waterworks Company
Trans. Inst. Water Engrs. 48 (1943), 152

(11) COIN, L., HANNOUN, C., GOMELLA, C.
Tnactivation of Dol:omyelltls Vlrus by O7one in the

Presence of Water
la Presse Med. 72 (1964), 37, 2153-2156

(12) COIN, L.. GOMELLA, C., HANNOUN, C., TRIMOREAU, J.C.
Ozone Inactivation of Poliomyelitis Virus in Water
la Presse Med. 75, 38, 1883-1884

(13) SCHULHOF, P.
Private Communication, 1977

(14) HOIGNE, J.
Private Communication, 1978

(15) MASSCHELEIN, W.
Chilorine Dioxide (Chemistry and Environmental Impact
of Oxychlorine Compounds)
Ann Arbor Science Pubiliishers, Inc., Ann Arbor,
Michigan (1878)

(16) SCHACK, C.J., CHRISTE, K.O.
Inorg. Chem. 13 (1974), 378

(17) KOLLE, W.
Problem der gemeinsamen Anwendung verschiedener
Oxydationsmittel bei der Wasseraufbereitung
Vom Wassexr 35 (1968), 367-381



(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

- 449 -

[ - R L

RICE, R.G., MILLER, G.W. PR I
Reaction Products of Organic Materlals Wlth Ozone

and With Chlorine Dioxide in Water

Presented at Symp. on Advanced Ozone Technoloagy,

" Toronto, Ontario, Nov. 1977. Internat. Ozone Inst.
Cleveland, Ohio (1977) : -

EISENHAUER, H.R. »
The Ozonization of Phenolic Wastes _
J. Water Poll. Control Fed. 40 (1968), 11, 1887-1899

EISENHAUER, H.R. '
Dephenclization by Ozonolysis
Water Research 5 (1971), 467-472

HILLIS, M.R.

The Treatment of Phenolic Wastes by Ozone

Presented at Third Internat. Symp. on Ozone Technol.,
Paris, May 1977. Internat. Ozone Inst., Cleveland,
Ohio (1977) ‘

GILBERT, E.

Ozonolysis of Chlorophenols and Maleic Acid in Aqueous
Solution" .

Proc. Sec. Internat. Symp. on Ozone Technology

R.G. Rice, P. Pichet & M.A. Vincent (editors), Internat.
Ozone Inst., Cleveland, Ohio (1976), 253-261

GILBERT, E.

Chemical Reactions Upon Ozonization

Presented at Internat. Symp. on Ozone and Water,
Wasser Berlin 1977, AMK Berlln/Internat. Ozone Inst.,
Cleveland, Ohio (1977)

GILBERT, E.

Reactions of Ozone with Organic Compounds in Dilute

Aqueocus Solution: Identification of Their Oxidation

Products '

Ozone/Chlorine Dioxide Oxidation Products of Organic
Materials. R.G. Rice & J.A. Cotruvo (editors), Internat.
Ozone Inst., Cleveland, Ohio (1978), 227-242

HOIGNE, J., BADER, H.

Ozonation of Water: Select1v1ty and Rate of Oxidation
of Solutes ‘

Presented at Third Internat. Symp. on Ozone Technol.
Paris, May 1977. Internat. Ozone Inst., Cleveland,
Ohio (1977) ’



(26)

(27)

(28)

(29)

(30)

- 450 -

HOIGNE J., BADER, H. - o e o
Rate Constants for Reactions of Ozone With Organic
Pollutants and Ammonia in Water

Presented at Symp. on Advanced Ozone Technology, Toronto,
Ontario, Canada, Nov. 1977., Internat. Ozone Inst.,
Cleveland, Ohio (1977)

RICHARD, Y., BRENER, L, .

Organic Materials Produced Upon Ozonization of Water
Ozone/Chlorine Dioxide Oxidation Products of Org. Materials
Internat. Ozone Inst., Cleveland, Ohio (1978), 169-188

HOFFMAN, J., EICHELSDORFER, D.
Zur Ozoneinwirkung auf Pestizide der Chlorkohlenwasserstoff-

gruppe im Wasser
Vom Wasser 38 (1971), 197-206

NOWAK, T., TATE, C.H., MOUTES, J.G., STONE, B.G.,
TRUSSELL, R.R.

Full-Scale Tertiary Wastewater Treatment Plant
Presented at Ozone Technol. Symp., Los Angeles, May 1977
Internat. Ozone Inst., Cleveland, Ohio (1978)

RICE, R.G., MILLER, G.W., ROBSON, C.M., KUHN, W.

Biological Activated Carbon _
Carbon Adsorption, P. Cheremisinoff & F. Ellerbusch

(editors) ; Ann Arbor Science Publishers, Inc.,
Ann Arbor, kMichigan (1978)



- 451 -

THE USE OF OZONE IN THE TREATMENT OF DRINKING WATER

J. Chedal

I should like to comment on the present and future use of
ozone in the waterworks supplying the suburbs of Paris with

drinking water by the treatment of surface water.

For 10 years ozone has been used in the after-treatment after
a physical and chemical clarification. The main function of
this treatment is to guarantee a viricidal final sterility.
This aim is fulfilled by maintaining a residual ozone level
of 6.4 g/m3 in the water for 10 min. To achieve this,
according to the provisions described by R. Rice, the ozone

is added in consecutive chambers.

When the experiments which I described yesterday are completed
we shall cohvert this chemical plant into a biological plant
and so make use of ozone in the preliminary treatment of the
raw water before each chemical treatment. This new treat-

ment process makes it possible to achieve two different aims:

1. The preliminary break-point treatment with chlorine is
avoided. 1In the new process the ammonia is eliminated
biologically during the clarification. The advantage
of this process is tha; the formation of haloforms

during the preliminary treatment is prevented.

2. During the clarification phase the removal of organic .
substances is increased. This reduction in their content
largely affects the precursors. Consequently, the final
chlorination for protection of the network gives rise

to only minimal haloform formation.
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The additional removal of organic substances achieved by
this method of ozonization is certainly partly due to the
coagulating action of ozonization. The various aspects of

this phenomenon have just been presented by Dr. Maier.

To put this new approach into practice the measures shown in
the adjoining scheme were taken in the largest waterworks
supplying drinking water to the Paris suburbs (capacity
900,000 m3/day). The structures for the preliminary ozon-
ization comprise a container for preliminary chemical treat-

ment, which is currently under construction.

The experiments have shown that a preliminary ozonization
with 1 ppm makes possible an equally large reduction of the
ozone dose in the after-treatment.



Accordingly, no additional ozonization equipment need be
installed. The present ozone geﬁerator is adequate for the
after-ozonization plants.and for the preliminary ozonization.
The development I have just described shows how careful one
must be in the planning of a w cer—treatment works. It is
always desirable to make prbviéibns for the incorporation of

additional processes in a treatment plant.

As regards the ozone, it ié béét'if its generation and appli-
cation are kept separate;’ Tdréﬁhahce the quality of the
treatment it may be advisable to apply the ozone at several
points in the treatment line, particularly in-the preliminary

ozonization as in the present case.
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SYNERGISTIC EFFECT OF OZONE AND CHLORINE ON BACTERIA
AND VIRUSES IN SECONDARY WASTEWATER EFFLUENTS

Y. Kott

Synergistic effects are prevalent in nature and are most-
ly studied as factors of growth inhibition; synergism

was also observed when gamma radiation and heat were used
together in order to decrease the number of microorganisms
found in wastewater sludge. The current study, supported
by joint German/Israeli Research Projects BMFT and NCRD
Project No. 013-714, was undertaken with a view to fin-
ding whether or not simultaneous application of chlorine
and ozone to secondary wastewater would involve in a sy-
nergistic effect. Various studies have shown that ozone,
chlorine and other disinfectants reduce microorganism
counts in secondary wastewater effluents. In the present
study, chlorine at concentra;ions of 5-3v mg/l, applied
to a continuous flow sample in a column, showed reduction
of coliform at range of bacteria 16%/100 m1 by one order
of magnitude up to five, that is 0-2 bacteria in 100 ml.
Poliovirus count (attenuated strain) at range of 104/5
liter samples decreased by up to two orders of magnitude
at the most.

When ozone was applied at concentrations of 10-25 mg/1
to secondary wastewater under the same experimental con-
ditions the count of coliform bacteria decreased from
105/100 ml to 104/100 ml which is one order of magnitude,
and that of enteroviruses from 104/5 liters to 30 which
is three orders of magnitude. Different concentrations
of these oxidation chemicals applied for different con-
tact times showed that chlorine has a much higher kill

efficiency for bacteria than for viruses, while the re-
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verse effect was observed with ozone. In addition

Salmonella typhymurium a bacteria representing the pa-

thogens, and T2 bacteriophage representing other viruses
were examined. The results showed that ozone caused an
80 percent decrease for the bacteria and a 95 percent
decrease for Polio I attenuated viruse particles at equi-
valent experimental conditions. When the synergistic
effect of chlorine and ozone was studied, the chemicals
were applied separately, together and in sequence, all

on the same experimental set-up.

Definite synergistic effect was observed with a better
kill effect on bactéria and viruses. The order of se-

guential application made no difference. Further study
on the synergistic effect ‘is under way er‘economic eva-

* Juation.
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EXAMPLE OF UV OZONE CONTROL - ELIMINATION OF RESIDUAL OZONE

J. Valenta

The equipment and apparatus available commercially at the
present time enable continuous monitoring of the ozone con-
centrations both in air-ozone or oxygen-ozone mixtures and im

ozonized water.

As an example of suitable ozone monitoring I should like to
describe briefly - from our o&n practical experience = the
continuous monitoring of the residual ozone content in the out-
going air of a newly installed ozone eliminator in the lake

waterworks at Lengg.

Here we were able to detect at times certain ozone emissions,
lasting only a short time, particularly during the backwash of
the activated carbon filters. The situation is illustrated

in Fig. 1.

It was therefore decided to supplement the original thermal
ozone elimination by a catalytic'deéomposition unit, the
earlier plant additionally assuming the function of preheating

the exhaust gas upstream of the catalyst.

After the installation of the new elimination plant the per-
formance was monitored with the aid of two continually running
ozone detectors based on the principle of UV measurements. One
instrument, with a 2 cm quartz cell,was placed at the entrance
(position 3), the other, with a 50 cm long cell, was placed
downstream of the catalyst (position 6). In addition, the
residual ozone concentrations at seven other points along the
air outlet were measured over a short period. A low-pressure
mercury lamp serves as the light source in these instruments,
providing light with almost 95% of the 254 nm wavelength.
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Fig. 1 Control of the catalytic elimination of
residual ozone in the lake waterworks at Lengg

To obtain the desired flow-through velocity of the measured

gas mixture, a small ozone-resistant membrane pump and a

rotameter were connected at the second photometer (6).

The flow velocity was here ‘practically a constant, between

0.6 and 0.8 1l/min, in the course-of several days.

.Fig. 2 shows two recorder charts with the data evaluation
before the elimination and after the catalytic decomposition.
The activated carbon filter washes,. during which an earlier
elevated ozone concentration in the outgoing air could be
detected, are also marked. At the input the ozone céntent

was at the maximum -3 mgOB/ly corresponding to about 1500 ppm
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of ozone, while after the eliminator 0.0l mg of ozone/l
(5 ppm) was never exceeded. The large layer thickness in the
second instrument makes it possible to determine ozone concen-

trations down to’0.0l1 mg 0, per litre of outgoing air.

This figure demonstrates the very high performance of the
catalytic elimination of ozone and at the same time the fea- -

sibility of using the UV method for this purpose.
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Fig. 2 Recorder charts of the UV measurement of
residual ozone
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USE"-OF CHLORINE DIOXIDE FOR THE TREATMENT OF DRINKING WATER &

W.J. Masschelein

1., INTRODUCTION

Though the bactericidal properties of chlorine dioxide have
been known since the beginning of the century, the compound
has only been used in the field of water treatment since the
nineteen-fifties. It was when chlorine, which was in any
case fairly cheap, had been found not to be entirely s