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ABSTRACT 

Five European water treatment techniques are identified as 
having a definite potential for application in the United States: 
ozone, chlorine dioxide, granular activated carbon, biological 
activated carbon and dissolved air flotation. 

Ozone is an attractive alternative to chlorine as a primary 
disinfectant. It may also be useful for pretreatment purposes, 
trihalomethane precursor removal and overall organics oxidation. 
Cost considerations and a very short-lived residual are respon- 
sible for the limited use of ozone in the United States. 

Chlorine dioxide is well suited for use both in pretreatment 
and posttreatment to provide a distribution system residual. 
Lower chlorinated organics formation, reduced pH dependence and 
a more persistent residual allow it to compete with chlorine. 
The major drawback with chlorine dioxide is its relatively high 
cost. 

Granular activated carbon is attractive for the treatment of 
waters contaminated with organic chemicals. Difficulties are 
presently encountered in assessing the need for such treatment 
and in evaluating process performance. An additional factor is 
the significant costs associated with the process, particularly 
for replacement of exhausted carbon. 

Biological activated carbon is a new process which is a 
variation of granular activated carbon treatment. Its potential 
advantage is the possibility for a significant increase in acti- 
vated carbon service life. Biological activated carbon is now 
the subject of considerable research as basic questions about 
process capabilities remain unanswered. 

Dissolved air flotation provides an alternative to sedimen- 
tation. Advantages over sedimentation include: a sludge thick- 
ening capability, a larger hydraulic surface loading and better 
algae removal. However, the process is more complex and limited 
data suggest that flotation may be cost competitive only when 
the above listed advantages are specifically useful. 

Several areas needing additional research are in evidence. 
For ozone and chlorine dioxide, reaction products occurring under 
water works conditions should be investigated. Further research 
into the mechanisms of process performance is needed for both 
conventional and biological activated carbon. This is particularly 
necessary for the latter. For flotation characterization of 
performance using particle counting techniques and investigation 
of the capability for trihalomethane precursor removal would be 
use£ ul . 
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SUMMARY AND CONCLUSIONS 

Ozone, chlorine dioxide, granular activated carbon, biologi- 
cal activated carbon and dissolved air flotation are European 
water treatment techniques which appear particularly attractive 
for application in the United States. European practices are of 
great interest as a result of EPA regulations, particularly 
those that address trihalomethanes and synthetic organic 
chemicals. 

Among the options to deal with trihalomethanes is a switch 
to oxidants other than chlorine, such as chlorine dioxide and 
chloramines. With chlorine dioxide a concern exists over the 
possible toxicity of its by-product, chlorite. Toxicity 
studies are continuing, and the establishment of residual 
oxidant standards in the future is a strong possibility. With 
regard to chloramines, the concern is that, while chloramines 
adequately address the trihalomethane problem, they are inferior 
disinfectants. Thus, the microbial quality of the water might 
be sacrificed in a switch to chloramines as the primary disin- 
fectant. 

The 100 pg/l standard for trihalomethanes is just a 
beginning. A reduction in the allowable concentration is 
expected in the future, possibly to a level as low as 10 pg/l. 
Another future possibility is the regulatory control of a broad 
range of halogenated organics. This might be accomplished by 
setting a standard for TOX. In Europe concerns about halogenated 
organics are often addressed by group parameters similar to TOX. 

The second major concern is synthetic organic chemicals for 
which a granular activated carbon treatment technique is pro- 
posed. The EPA is now involved with establishing treatment 
guidelines for the process. Knowledge is incomplete on a 
variety of aspects associated with the problem, and selection 
of an appropriate level of treatment is difficult. Two basic 
approaches are under consideration. The first is to specify 
activated carbon performance criteria based on the removal of 
TOC and volatile halogenated organics. The second consists of 
setting design and operating criteria. A minimum empty bed 
contact time and a maximum activated carbon service life would 
be established. 

A revised proposal for the treatment of synthetic organic 
chemicals is expected to be issued wherein some 143 systems 
would be required to provide granular activated carbon treatmen 
Nevertheless, from a reguiatory viewpoint, the future of 
activated carbon treatment is quite uncertain. On the other 
hand, water works which feel the need for immediate action are 
on their own in assessing the appropriate level of treatment. 
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A somewhat different regulation of interest is that 
governing the disposal of wastes from water treatment plants. 
The direct discharge of sludge and backwash water to surface 
water bodies is no longer permitted. Water works must now 
dispose of their wastes by other means, such as in landfills. 
Treatment, typically involving some degree of sludge dewatering, 
is often needed prior to ultimate disposal, which places 
dissolved air flotation in a more favorable light due to its 
sludge thickening capability. 

While outside the scope of this report, regionalization has 
been widely adopted in Europe and is certainly applicable in the 
United States. The economies and efficiencies of scale 
associated with regionalization may make it even more attractive 
in instances where extensive treatment is required, such as in 
organics removal. 

Chemical Oxidants - 
Chlorine is by far the most popular chemical employed for 

oxidation and disinfection purposes in the United States. How- 
ever, because of the concern about chlorinated organics, other 
oxidants are now being more actively considered. Principal 
among these are chloramines, permanganate, ozone and chlorine 
dioxide. 

As used in water treatment, chloramines are largely in the 
form of monochloramine, NH2C1. The main advantages with chlor- 
amines are that no trihalomethane formation results and that 
they provide a more persistent residual than chlorine. However, 
the disinfection capability of chloramines is weak, requiring 
on the order of a 100-fold increase in contact time over , 
chlorine for identical doses of each (White, 1972). As an 
oxidant chloramines are very unsatisfactory, having little or 
no effect against such things as taste and odor or manganese. 
The most widespread application of chloramines is in the pro- 
vision of distribution system residuals. If chloramines are 
to be used as the primary disinfectant, dosing must usually 
take place at the beginning of the treatment sequence to 
provide adequate contact time. 

- 
Permanganate, KMn04 , is a strong oxidant capable of taste 

and odor control and iron, manganese and organics oxidation. 
It has also been used successfully as an algicide. Permanganate, 
itself, does not impart any tastes and odors to water, and does 
not produce trihalomethanes. Upon reaction permanganate is 
reduced to insoluble manganese dioxide which may then further 
aid in the removal of impurities through adsorption. Reaction 
rates typically increase with increasing pH and the required 
dose may decrease with increasing pH. Permanganate removes tri- 
halomethane precursors to a limited extent. The disinfection 
capability of permanganate is very weak; the limited data avail- 

xiii 



able suggest a potency of 3 to 4 times less than that of mono- 
chloramine. However, permanganate may be powerful enough to 
control undesirable slime growths in treatment units, thus dis- 
pensing with prechlorination. 

Ozone is the most powerful oxidant available for water 
treatment. It readily oxidizes taste and odor causing compounds, 
iron and manganese, and organics in general. As a disinfectant, 
ozone is fast acting and clearly superior to chlorine in the 
destruction of all types of microorganisms, including viruses. 
Ozone is also capable of flocculating organic colloids, an 
effect termed micro-flocculation. Significant reductions in 
trihalomethane precursors have resulted from ozonation; however, 
the effect on trihalomethanes themselves is minimal. A major 
drawback of ozone is a very short lived residual which usually 
necessitates the use of another oxidant to provide an adequate 
distribution system residual. Ozone can be used in a variety of 
locations in a treatment train. 

Chlorine dioxide is well suited to both oxidation and dis- 
infection functions. Applications include pretreatment for taste 
and odor control and for oxidation of iron and manganese. 
Chlorine dioxide is particularly effective against phenolic 
tastes and odors. It also reacts very rapidly with manganese. 
As a disinfectant, chlorine dioxide shows only a slight pH 
dependence and is comparable to chlorine at neutral pH. In 
addition, it provides a more persistent residual than chlorine 
which is a major reason for its use in Europe. Chlorine dioxide 
does not react with ammonia which is advantageous in some 
applications. Some reactions with organics have been shown to 
result in chlorinated organic products; however, the yield is 
usually lower than with chlorine. Chlorine dioxide does not 
produce trihalomethanes in reactions with humic materials, and 
it has been credited with moderate reductions in precursor 
levels. Chlorine dioxide is widely used in Europe for both pre- 
treatment and posttreatment steps. 

At present, increased interest in alternative oxidants is 
mostly attributable to concern about trihalomethanes. Ozone and 
chlorine dioxide can undoubtedly aid in the reduction of trihalo- 
methane formation; however, their use must be placed in the 
context of the other available strategies. Options can be 
broadly classified into three categories: 

1) use of oxidants which do not produce trihalomethanes; 
2 )  removal of precursor organics prior to chlorination; 
3)  removal of trihalomethanes after formation. 

The easiest technique for trihalomethane control is often 
the modification of operating practices in existing treatment 
steps. In case studies of treatment plants in Durham and Chapel 
~ili, North Carolina, reductions in 
from switching from prechlorination 
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coagulation and settling. Such reductions are caused by the 
removal of precursor humic and fulvic acids in the coagulation 
and settling process. Additional improvement in precursor 
removal may result if the coagulant dose is based on optimum 
TOC removal instead of optimum turbidity removal. An extension 
of this approach is that chlorine application should be delayed 
as long as possible without endangering the microbial quality of 
the water, as for example, following filtration. Another 
possibility is the lowering of finished water pH, as trihalo- 
methane yield exhibits a large dependence on pH. A more basic 
course of action is an examination of the rationale behind the 
selection of chlorine doses, as the trihalomethane formation 
rate increases with increasing chlorine concentration. 

Simple modifications of present operating practices may not 
prove wholly satisfactory for one or more of the following 
reasons: 

1) prechlorination is used for oxidative purposes 
2) target levels still cannot be met 
3) contact time is insufficient to assure disinfection. 

In the first instance, another oxidant must be substituted 
for chlorine if prechlorination is to be discontinued. The 
choices are permanganate, chlorine dioxide and ozone. Perman- 
ganate and ozone cost roughly the same, while chlorine dioxide 
costs at least a factor of two greater. Permanganate and 
chlorine dioxide require modest capital in~restments, whereas 
ozcne requires a substantial capital outlay. Also, with the 
possible exception of very large plants, it is probably difficult 
to justify the-use of ozone solely for pretreatment purposes. 
Thus, the choice is usually between permanganate and chlorine 
dioxide when oxidative pretreatment is the only function to be 
performed. Chlorine dioxide may be more attractive because per- 
formance in some applications is only slightly affected by pH. 
The performance of permanganate is markedly better at alkaline 
p ~ ;  however, the common coagulants, alum and ferric chloride, 
function best in the acidic pH range. The pH incompatibility 
associated with permanganate is likely to bring the oxidants 
closer together in cost, and may favor chlorine dioxide due to 
powerful disinfectant and algicide and should be able to prevent 
undesirable growths in the treatment units. However, while 
not producing trihalomethanes, chlorine dioxide may form other 
chlorinated organic reaction products. Overall, neither oxidant 
emerges with a clear advantage over the other in oxidative 
pretreatment applications. 

As a second possibility, modification of existing practices 
may not provide an adequate reduction in trihalomethane concen- 
tration. Viable options in this case include the following: 



1) use another oxidant to provide the distribution system 
residual: 

2 )  attempt further reduction in precursor levels; 
3) switch to another primary disinfectant. 

The substitution of chloramines or chlorine dioxide for the 
provision of the distribution system residual should lead to 
reduced trihalomethane formation, as the contact time with 
chlorine is limited to only that required for primary disin- 
fection. Comparisons between chloramines and chlorine dioxide 
for residual purposes are nonexistent. However, a residual of 
1 to 2 mg/l is probably needed with chloramines, while for 
chlorine dioxide, with a disinfection capability similar to 
chlorine, a residual of 0.2  to 0.5 mg/l should suffice. The 
greater potency of chlorine dioxide may allow it to offset what 
appears to be a cost disadvantage. 

To further reduce precursor levels either oxidation or 
adsorption can be employed. Broadly classified, the order of 
oxidant choice for precursor removal is ozone, chlorine dioxide 
and permanganate. 

The choices as alternative primary disinfectants are: 
ozone, chloramines and chlorine dioxide. Ozone is a multipurpose 
oxidant which can be employed in a variety of uses in addition 
to primary disinfection. Chloramines are by far the weakest of 
the recognized disinfectants, but are likely to be the most 
convenient in terms of capital cost and speed of installation. 
Chlorine dioxide will be economically unattractive as a primary 
disinfectant except where a small disinfectant dose is adequate. 

A third impediment to simple process modifications is the 
possibility that contact time considerations may not permit the 
initial chlorination to take place after sedimentation. A 
switch to chloramines may work although adequate contact time 
may again be a problem. A second alternative is the use of 
chlorine dioxide as a predisinfectant with the addition of 
chlorine further downstream. Another option is the construction 
of a covered holding tank at the end of the treatment train to 
provide adequate contact time. Finally, ozone could be used 
in place of chlorine as the primary disinfectant. Ozonation 
would require the construction of a smaller contact tank. 

Recent concerns about organic chemical contamination point 
to the need for greater attention to source selection. Protected 
surface water and groundwater are typical examples of high 
quality sources. Such sources often contain minimal amounts of 
synthetic organic chemicals. In addition, ground water fre- 
quently has low levels of trihalomethane precursors. 



Activated Carbon 

Potential applications of granular activated carbon (GAC) 
and biological activated carbon (BAC) are conveniently divided 
into categories, those involving trihalomethane or trihalomethane 
precursor removal and those concerned with the removal of 
synthetic organic chemicals. Treatment objectives and perform- 
ance evaluation are straightforward in trihalomethane applica- 
tions. Unfortunately, synthetic organic chemical applications 
are often faced with basic questions concerning appropriate 
treatment objectives and the determination of satisfactory 
performance. Selection of chemicals to be removed and verifi- 
cation of removal is complex. 

For trihalomethane control, research generally shows that 
activated carbon service life is longer if adsorption of pre- 
cursors is practiced, rather than adsorption of trihalomethanes 
themselves. BAC with preozonation may also hold promise as a 
means of precursor removal. 

In the context of the other trihalomethane control 
strategies, GAC and BAC are the methods of last resort. A com- 
plete replacement of chlorine by ozone and chlorine dioxide 
or chloramines should be far cheaper than the use of activated 
carbon in most cases. Exceptions would be instances in which 
acceptable distribution system conditions cannot be maintained 
with oxidants alone. Ozone is known to oxidize organics to a 
more biodegradable state, and some European experiences indicate 
an acceleration of microorganism regrowth in the distribution 
system. Taken to the extreme, chlorine dioxide and chloramines 
might be incapable of adequately controlling regrowth at 
reasonable cost and/or acceptable dosages. Under such circum- 
stances some form of activated carbon adsorption may be necessary. 
Likewise, activated carbon may become attractive for waters 
exhibiting a very large ozone demand. 

The appropriate role of activated carbon in synthetic 
organic chemical removal is a point of widespread disagreement 
at present. There is little doubt about activated carbon's 
ability to adsorb a broad spectrum of health threatening synthe- 
tic organic chemicals. The major difficulties lie in other 
areas, most of which are related to the formidable task of 
quantifying effects. Perhaps the foremost question in this 
regard involves evaluation of the health impact associated with 
long term ingestion of very low concentrations of organic 
contaminants. Closely related is risk assessment. Competing 
demands for finite resources require that allocations be made 
with respect to benefits received for costs incurred. In the 
case of synthetic organic chemicals accurate determinations of 
benefits and costs are still elusive. Further complicating the 
issue is the difficulty in characterizing activated carbon per- 
formance. Group parameters must often be used to make perform- 
ance monitoring a manageable task. Questions then arise as to 
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whether these parameters accurately reflect removal of the 
organics of principal concern. In sum, the basic dilemma is 
what to remove, how much of it to remove and how to best ' 

determine if the activated carbon is actually removing it. 

Admittedly, knowledge about synthetic organic chemicals 
and activated carbon treatment is incomplete. However, in clear 
cases of significant contamination of water sources these 
deficiencies should not necessarily prevent the implementation 
of corrective measures. At present the use of activated carbon 
represents a tradeoff involving, on one hand, imperfect knowledge 
about process operation and uncertainties regarding health 
effects of organics and, on the other, a concern about potential 
adverse health consequences of an unknown magnitude. The former 
should not always outweigh the latter, especially when the 
preponderence of evidence suggests that a serious problem exists. 
In such cases, GAC is for the most part favored over BAC because 
the technology of the process is better understood. 

Flotation 

The disposal of sludge and backwash water from water treat- 
ment plants has recently come under closer regulatory scrutiny. 
Restrictions on means of disposal have led many water works to 
install, or consider the installation of, sludge treatment 
facilities as a preparatory step before disposal. Treatment 
typically consists of some degree of sludge dewatering. Flo- 
tation holds an attractiveness in such situations due to its 
ability to serve simultaneously in water clarification and 
sludge thickening capacities. Limited cost data suggest that 
flotation is somewhat more costly than sedimentation in appli- 
cations solely for water clarification. However, if sludge 
treatment is required, flotation may gain an advantage because 
sedimentation sludge would probably have shown flotation to be 
a workable process for water treatment. Therefore, cost savings 
may result if flotation is considered under appropriate circum- 
stances. In addition to sludge thickening, flotation may prove 
advantageous in the following situations: 

1) waters subject to algal blooms 
2 )  waters exhibiting poor settleability 
3 )  plants located on small sites 
4 )  plant expansion through conversion of existing settling 

tanks to flotation units. 



Conclusion 

Five European water treatment techniques have been identi- 
fied as having a large potential for application in the United 
States. Ozone is an attractive alternative to chlorine as a 
primary disinfectant, and is also quite useful for pretreatment 
purposes. Ozone may reduce trihalomethane precursor levels, and 
in combination with activated carbon may form an economical 
means of organics removal. Chlorine dioxide should have its 
widest application in pretreatment and posttreatment for distri- 
bution system residual. Lower chlorinated organics formation, 
reduced pH dependence and a more persistent residual allow it 
to compete with chlorine. Granular activated carbon and 
biological activated carbon are used widely in Europe for the 
treatment of water contaminated with organic chemcals. The 
techniques are attractive for similar applications in the United 
States. Granular activated carbon is favored at present because 
of a better understanding of the process. The new biological 
activated carbon process is the subject of considerable research 
as experience to date suggests a significantly longer activated 
carbon service life. Dissolved air flotation provides an alter- 
native to sedimentation, and should, in particular, be cost com- 
petitive when advantage is taken of its sludge thickening 
capability. Flotation can also support a larger hydraulic sur- 
face loading and provide better algae removal than sedimentation. 

xix 



RECOMMENDATIONS 

A number of subjects in need of additional research are 
evidenced by this study. Of major importance is continued work 
on the health effects of organic chemicals, and quantification 
of beneficial effects associated with their removal. 

Further research is needed on the granular activated carbon 
process. Specifically,-interactions of multiple adsorbates must 
be studied and acceptable parameters to accurately describe 
process performance must be developed. 

Basic research into the biological activated carbon process 
is required. Questions must be answered about the occurrence 
of bioregeneration and about the continued removal of health 
threatening organics over long activated carbon service lives. 
Unbiased assessments concerning ozone's effect on and place in 
the process are also needed. 

With regard to chemical oxidants, reaction products 
occurring under water treatment conditions should be investigated. 
The degree to which chlorine dioxide forms chlorinated organics 
and questions about chlorine dioxide and chlorite toxicity must 
be studied. The microflocculation effect of ozone is also not 
very well understood. 

A related subject of importance is distribution system 
residuals. Research into the significance of residuals is 
needed, along with evaluations of the abilities of various 
oxidants to serve this purpose. Residuals are generally higher 
in the United States than in Europe which poses a question as 
to whether the higher concentrations are warranted. 

An area of possible research on flotation is the characteri- 
zation of process performance using particle counting techniques. 
Such work should lead to a better understanding of the differen- 
ces in process capabilities between sedimentation and flotation. 
Evaluation of flotation's capabilities with regard to trihalo- 
methane precursor removal would also be useful. 

In summary, more attention needs to be given to research 
and practices in water treatment in Europe, as many of their 
experiences offer promise in the US. 



I. INTRODUCTION 

The purity of drinking water in the United States with regard 
to waterborne infectious disease transmitted by bacteria has been 
taken for granted. However, concern has arisen within recent 
years about the long-term effects of trace organic materials. As 
a result, the Safe Drinking Water Act was enacted in 1974, 
vesting authority with the Environmental Protection Agency to set 
and enforce national standards. It has become evident that higher 
quality drinking water will have to be provided to insure public 
health. An evaluation of the technologies capable of providing 
such treatment is therefore necessary. A review of European 
practices is a useful way in which to begin the evaluation. The 
Europeans employ, on a regular basis, processes, such as ozone 
and activated carbon, which are considered in the United States 
to be either advanced treatment or experimental in nature. 
Furthermore, these processes in a number of instances have been 
used for a substantial period of time, Thus, a considerable 
amount of knowledge has developed, both of a theoretical and 
practical nature. Common sense dictates that the European 
experiences should not be ignored, but rather should be used as 
the basis for the design of experiments and pilot plant studies 
in the United States. 

Drinking water standards in Europe vary from country to 
country; an overview is provided in Table 1-1 which lists the 
French and German standards and the recommended World Health 
Organization standards. The United States standards are also 
included to permit comparisons. The German standards are perhaps 
the most restrictive, while in Great Britain no requirements 
exist except that the water be "wholesome". Several countries 
limit the amount of free chlorine in drinking water, most notably 
France, Germany and Switzerland. Switzerland's requirement is 
the harshest permitting only 0.05 mg/l. One result claimed for 
the chlorine restriction is the production of higher quality 
drinking water in order to maintain acceptable conditions in the 
distribution systems. Organics, other than phenolics and poly- 
cyclic aromatic hydrocarbons, are not addressed by the standards; 
however, steps aimed at wide-ranging organics removal have been 
incorporated in many treatment plants within the last 10 years. 
The use of such processes as activated carbon and ozone is par- 
ticularly evident where raw water is withdrawn from polluted 
surface sources. It is expected that organic chemical contaminants 
will be included in future standards once rational tolerance 
levels can be established. Currently, the nine member countries 
of the European Economic Community are drawing up a joint 
standard which should be similar to the German regulations with 
some additional criteria (Sontheimer, 1978). 



Table 1-1. COMPARISON OF DRINKING WATER STANDARDS 

Lead 
Arsenic 
Selenium 
Chromium 
Cadmium 
Cyanide 
Mercury 
Zinc 
Iron 
Manganese 
Copper 
Magnesium 
Sulphate 
Nitrate (as NO3) 
Chloride 

N Hydrogen sulfide 
Fluoride 
Phenolics 
Polycyclic aromatic hydrocarbons 
Carbon chloroform extract 
Anionic detergents 
Chlorine 
Chlorine dioxide 
Color 
Turbidity 

*platinum cobalt color scale 

WHO European 
Standards 

French German Corresponding 
Standards Standards US Standards 

0.8-1.7 mg/l 
nil 

0.1 mg/l 0.30 mg/l 
0.10 mg/l 

20 units* 15 units* 
15 mastic drops 1 TU 

SOURCE: World Health Organization, 1970; Degremont, 1973; Sontheimer, 1978; USEPA, 1976, 1979 



Another area not yet addressed by the standards is viruses. 
Concerted efforts at viral inactivation are particularly evident 
in France as a result of the work of Cain, Hammoun and Gomella 
in 1964. Gomella (1972) reports that ozone is capable of pro- 
ducing "fast and full inactivation of enteroviruses". The 
inactivation of polio viruses through the maintenance of a 0.4 
mg/l ozone residual for 4 minutes is specifically cited. It 
is expected that virus problems will be addressed more fully in 
the future, especially if water reuse technologies come into 
vogue. 

As a general rule, Europeans show a decided preference for 
groundwater in selecting raw water sources. Over the years 
increased demand has depleted these resources particularly in 
the densely populated regions, resulting in the need to tap the 
less desirable surface water sources. A breakdown of groundwater 
versus surface water utilization is provided in Table 1-2 for 
nine European countries, plus the United States for comparison 
purposes. A more detailed breakdown is available for Germany and 
is shown in Table 1-3. The lake and reservoir sources constitute, 
as an approximation, the relatively pure or upland sources, 
whereas the bankside filtration, artificial recharge and river 
sources represent those subject to varying degrees of pollution. 
Likewise, while the United States depends extensively on surface 
water, all such sources are not at present threatened by pollution. 
The State of North Carolina can be taken as an illustrative 
example. Spiegel (1978) evaluated the Cape Fear, Neuse and Tar 
Pamlico River Basins. Two surface water classifications were 
proposed, A-I and A-11. A-1 represents protected water sources 
free from pollution due to urban runoff and point source dis- 
charges. A-I1 indicates unprotected sources subject to point 
source pollution from municipal and/or industrial wastes, the 
latter being the basis for the study. Table 1-4 presents a con- 
densed summary of Spiegel's findings. Major water users, arbi- 
trarily selected as 2 mgd or greater, are listed. The larger 
portion of the water demand is met from A-I1 water sources; 
however, the contribution from A-I sources is significant, as 
they supply about 43 percent of the water. Also, several munici- 
palities have both A-I and A-I1 sources available to them. The 
European approach would be to develop and protect the high 
quality sources, then turn to the lower quality sources when 
demand cannot be met. 

In Europe a high quality source is one which requires little 
or no treatment particularly in the case of groundwater. The 
sophisticated treatment steps now employed in many regions have 
developed in response to the need to utilize polluted surface 
waters. Water demand has forced Europeans to compromise in source 
selection; however, they are reluctant to accept poorer quality 
finished water. The United States displays a heavy reliance 
on surface waters, many of which are polluted. The best known 
examples are New Orleans, which draws from the lower Mississippi 
River; Cincinnati, which draws from the Ohio; and ~hiladelphia, 



Table 1-2 

QUANTITIES DRAWN FROM RAW WATER SOURCES 
(Water Research Center, 1977a) 

Groundwater ( % )  Surface Water ( $ 1  

Belgium 85 15 
Denmark 98 2 
France 48 52 
Federal German Republic 67 33 
Italy 93 (73) 7 (27) 
Luxernborg 60 (20) 40 (80) 
Netherlands 70 (40) 30 (60) 
United Kingdom 34 66 
Sweden 46 54 
United States 20 80 

NOTE: numbers represent years 1972-73; numbers in 
parentheses list future forecasts when available. 

Table 1-3 

QUANTITIES ABSTRACTED FROM RAW WATER SOURCES IN GERMANY 
(Water Research Center, 1977a) 

Spring water 

Groundwater 

Surface Water 

bankside filtration 

artificial recharge 

river water 

lake water 

reservoir water 

% of Total 

8 

59 



Table 1-4 

WATER SOURCE QUALITY FOR MAJOR USERS IN CAPE FEAR, 
NEUSE AND TAR PAMLICO RIVER BASINS 

Municipality 

Reidsville 

Burlington 

Greensboro 

Chapel Hill 

Sanford 

High Point 

Fayetteville 

Wilmington 

Durham 

Raleigh 

Goldsboro 

Wilson 

Oxford 

Henderson 

Rocky Mount 

Greenville 

A-I Total 

A-I1 Total 

1975 Water Usage 
(msd) Recommended Source Classification* 

A-I 

A-I1 , 

A-I and A-I1 

A-I 

A-I1 

A-I 

A-I and A-11 

A-I1 

A-I 

A-I1 

A-I1 

A-I and A-11 

A-I 

A-I 

A-I1 

A-I1 

* 
- 1  protected watershed, conventional treatment is maximum required to produce acceptable drinking water 

A-11: unprotected watershed subject to pollution, advanced 
treatment may be necessary to insure public health 



which draws from the lower Delaware. Smaller communities that 
draw from polluted sources face the same problems, however have 
fewer resources with which to address them. European practices 
should have wide applicability in dealing with the growing concern 
over drinking water quality in communities which extract water 
from polluted sources. 

The impetus for this report was a desire to study European 
practices for the removal of organic contaminants. However,*an 
overall review of water treatment in Europe is appropriate. It 
is likely that techniques, in addition to those for organic 
contaminant removal, can be identified as having potential applic- 
ability in the United States. 

Miller et al. (1978) have performed an extensive study of 
European water treatment practices with particular emphasis on 
ozone, chlorine dioxide and biological activated carbon. The 
study encompasses a literature review, a questionnaire survey of 
many treatment plants and on-site visitations to selected water- 
works. Unless noted otherwise, the reference source for material 
contained in this report is Miller et al. (1978). 

Cost estimates are presented in the sections of the report 
which provide a detailed discussion of the most attractive 
treatment processes. The estimates are based on a 20-year design 
period and an 8 percent discount rate. Inflation is not considered 
in the cost calculations. The time base of the estimates is 
early 1979. 



11. OVERVIEW OF EUROPEAN WATER TREATMENT 

Philosophy 

A single water treatment philosophy does not prevail through- 
out Europe; however, a variety of common. threads tie the countries 
together. Miller et al. (1978) state that, while Europeans are 
concerned with bacteriological and virological safety, they are 
even more concerned with chemical contamination. The United 
States, on the other hand, has until recently held bacteriological 
quality as paramount. One outcome of the European focus on 
water quality priorities is a decided preference for groundwater 
sources. Sontheimer (1978) reflecting the general European 
opinion, and particularly that in Germany, states that the best 
possible source is an oxygen-containing groundwater which can be 
distributed without any treatment. Many such sources, not even 
given disinfection, are still available in Germany. A prime 
example is the city of Munich. The next best source, of course, 
is a groundwater which requires only disinfection. 

An outgrowth of pure groundwater as the ideal source is the 
use of "natural" processes, when feasible, for both groundwater 
and surface waters in need of treatment. Examples of such 
processes in groundwater treatment are aeration and filtration. 
For surface waters slow sand filtration and/or some form of ground 
passage are desired treatment steps. Possible schemes are river 
bank filtration, passage or storage after treatment and infil- 
tration for groundwater recharge. The objective is to produce a 
finished water having characteristics similar to high quality 
groundwater, while at the same time avoiding the use of chemicals 
as much as possible. Okun (1962) notes that a price must be paid 
for a reluctance to use even coagulants. Large amounts of land 
must be devoted to water treatment. Despite the aforementioned 
treatment preferences, the use of chemical coagulants has 
become common, perhaps indicating that land availability, suit- 
ability and/or cost are now overriding considerations. However, 
a significant concern over residual coagulant concentrations 
in the finished water is evident. Also, some countries severely 
restrict the use of synthetic polymers. 

The desire for a pure, natural-tasting water explains the 
traditional European aversion to waters having chlorine tastes. 
Ozone originally gained popularity because it did not impart a 
taste to the water, and thus could be used in efforts to eliminate 
or minimize chlorine requirements. Ozone also decomposes quickly, 
rarely reaching the consumer. Research in the early 1960's 
established the superiority of ozone over chlorine as a virucide 
which is another reason cited for its use, especially in France. 
Recent findings by a number of investigators regarding the 
formation of chlorinated organics have led to further hesitancy 



about the use of chlorine and have amplified concerns over organic 
chemical contaminants in drinking water. Sontheimer (1978) states 
that all treatment steps which lead to a deterioration in water 
quality should be avoided. While chlorine performs a number of 
beneficial functions, in many cases it is perceived to have an 
unacceptably high adverse effect, Thus, in continental Europe 
recommended applications are typically limited to final disin- 
fection or the provision of a distribution system residual, 
functions which chlorine accomplishes best. These applications 
are thought to result in a proper balance between beneficial and 
detrimental effects. 

More and more, polluted surface waters, such as the Rhine 
River, must be relied upon as water sources. Techniques successful 
in the past are now felt to be insufficient and are frequently 
supplemented with activated carbon adsorption or a combination of 
ozonation and adsorption. In the Swiss view an adsorption step 
is necessary to assure that drinking water derived from surface 
sources is not inferior to pure groundwater (Schalekamp, 1976). 
The strong concern over chemical contamination, shown in four or 
five countries, has led to an increased willingness to act against 
the ~otential problems associated with orqanic chemicals in 
drinking water: As health effects of organics are difficult to 
characterize, the thinking is that by the time such information 
is available, if ever, the harm will have been done (Sontheimer, 
1978). 

Another strategy to control the quality of surface water 
sources is storage. When used with polluted sources the intent 
is to avoid episodes of low water quality by drawing from water 
stored during more favorable periods. For unpolluted, or pro- 
tected, sources the aim is to provide a greater sustained yield 
than would be possible with direct abstraction. Thus, reliance 
on lower quality sources is diminished. 

The Water Research Center (1977a), located in England, con- 
ducted a state-of-the-art review of water treatment in ten European 
countries during 1975. The Water Research Center study is based 
on a literature review and discussions with experts in the ten 
countries surveyed. Unless otherwise noted, the study is the 
source of information for the following discussion. 

Ground Passage 

As previously noted, in the treatment of surface waters some 
form of ground passage is often practiced where conditions permit. 
A technique popular in Germany is river bank filtration. The 
river basins of Germany are geologically well suited for the 
purpose due to deposits of porous strata. Extraction wells having 
a depth of about 30 meters are located 50 to 200 meters from the 
bank of the river or lake. Water derived from bank filtration 
usually consists of approximately equal fractions of groundwater 
and surface water. Thus, the improvement over directly abstracted 



surface water can be attributed to both dilution and treatment 
effects. Significant enhancement of raw water quality often 
results through bank filtration. An example of performance is 
shown in Table 2-1 for the Rhine River at Duisburg. 

Other applications of ground passage include its use as a 
treatment step after conventional processes and before final 
disinfection. In the Netherlands the vast coastal sand dunes are 
used to store partially treated Rhine River water. T.he project 
prevents salt water encroachment into the groundwater table and 
provides storage for periods of poor river water quality. Again, 
a degree of treatment results as shown in Table 2 - 2 .  

In general, ground passage is most successful in addressing 
traditional water treatment concerns, such as turbidity and 
microorganisms. A modest degree of organic carbon and heavy 
metal removal is also possible. However, the technique has little 
other than a dilution effect on synthetic organic chemicals. 

In many areas groundwater has been exploited to its limit; 
thus growth in water demand must be met from surface water sources. 
The increased reliance on surface waters has led to a wider use 
of coagulation. The most common coagulant is alum 
(A1 (SO ) 18H 0) although iron salts are also used, especially 
in $he Wetherlan&s. Typically, alum doses range from 10 to 50 
mg/l. Cost considerations are the major factor in the selection 
of alum over iron salts. The use of approved synthetic polymers 
is permitted on a permanent basis in some countries, while only 
temporarily in others. Four or five countries completely ban 
the use of such coagulants. Prohibitions on synthetic polymers 
are principally based on reservations about health effects. 
However, it is expected that their use will become more widespread 
in the future. Another chemical sometimes used in a coagulation- 
flocculation capacity is ozone which mainly effects colloidal 
particles. Ozone alone has led to turbidity reductions, and in 
combination with other coagulants, such as alum, improved per- 
formance has resulted. Ozone may also permit the use of lesser 
amounts of other coagulants. The mechanisms through which ozone 
performs its microflocculation function are poorly understood 
at present. 

Sedimentation 

Various types of sedimentation units are used throughout 
Europe with differing degrees of importance attached to the process 
from country to country. The units can be broadly classified as 
either horizontal flow or upflow sedimentation systems. Within 
the category of upflow systems, a popular variety is the floc 
blanket clarifier which has the advantage of not requiring a 



Table 2-1 

REMOVAL EFFICIENCY OF RIVERBANK FILTRATION 
IN DUISBURG DURING 1976-1976 

(Sontheimer , 1978) 

Mean Concentration in 
the River Rhine 

(dissolved compounds) 

Dissolved organic carbon 7.0 mg/l 
(DOC) 

Adsorbable organics 
(DOC 

Organic chlorine 
(DOC11 

Organic sulfur 
(DOS) 

Chromium (Cr) 

copper (Cu) 

Zinc (Zn) 

Nickel (Nil 

Lead (Pb) 

Arsenic (AS) 

Mercury (Hg) 

Cadmium (Cd) 

Selenium (Se) 

Removal Efficiency 
in percent 



Table 2-2 

PERFORMANCE OF DUNE WATER TREATMENT IN AMSTERDAM DURING 1976 
(Sontheimer, 1978) 

River Water 
Rhine 

Dune Filtration 
Before After - 

Drinking 
Water 

DOC mg/l 

Colour mgPt/l 

Threshold number 

Hydrocarbons mg/l 
(oil) 

Chloride mg/l 

Bicarbonate mg/l 

Ammonia mg/l 

Nitrate mg/l 

Phosphate mg/l 

Iron pg/l 

Chromium pg/l 

Copper ug/l 

Zinc pg/l 

Cadmium pg/l 

Mercury pg/l 

Lead pg/l 



flocculator. The sludge blanket provides a means for particle 
interactions and subsequent floc growth. There is also some 
indication that floc blanket clarifiers may be able to sustain a 
larger surface loading. Typical loadings are 1800 to 2100 2 gpd/ft ; the corresponging values for horizontal flow systems 
are 900 to 1800 gpd/ft . Thus, a floc blanket system generally 
requires less area; however, horizontal sedimentation is often 
thought to be inherently more stable, particularly if raw water 
quality fluctuates. 

Recently, much interest has been shown in the use of inclined 
plates and tube modules with all types of sedimentation systems. 
Inclined plates have permitted surface loadings to be increased 
by 50 to 100 percent for floc blanket units and by 100 to 200 
percent for horizontal flow and other types of upflow systems. 

Sedimentation is held in the highest esteem in France where 
both horizontal flow and upflow, particularly floc blanket, 
systems are common. Germany, on the other hand, seldom employs 
sedimentation due to its reliance on groundwater and bank filtered 
sources. The remaining countries appear to be equally divided 
between those showing no preference for a particular sedimentation 
system and those favoring one form or another. Overall, a slight 
preference for upflow floc blanket clarifiers is evident. The 
future trend in three or four countries is clearly toward 
inclined plates or tube modules. In one or two countries hori- 
zontal sedimentation is viewed as specifically well suited to 
applications involving raw waters with high suspended solids 
concentrations. 

Filtration 

Filtration practices are reasonably uniform throughout Europe. 
Rapid sand filtration is the technique most commonly employed. 
The media grain size, 0.8 to 1.2 mm, is somewhat larger than 
that used in the United States. Very little data are expressed 
in terms of effective size and uniformity coefficient. The 
exception is France where an effective size of 1.0 mrn is the 
norm. Effective size in the United States ranges from 0.4 to 
0.55 mm with a uniformity coefficient of 1.35 to 1.75. The 
corresponding mean grain size is roughly 0.6 to 0.8 mm. Dual 
media, consisting of anthracite on top of sand, are being used 
increasingly throughout Europe because of the capability to simul- 
taneously support larger surface loadings and longer filter runs. 
The sand is usually in the size range of 0.6 to 1.0 mm or, as in 
France, has an effective size of 0.6 to 0.7 mm. Typical grain 
size for the anthracite is 2.5 to 3.5 mm. As of 1975, multimedia 
filtration was used only on a limited basis in Europe and was far 
more popular in the United States. 

Mainly due to the larger grain sizes, filter backwashing in 
Europe usually involves some combination of an air and water wash. 



Without the air excessive amounts of water would be needed. In 
addition to differences in media size, bed depth is also larger, 
ranging from 0.8 to 1.5 metqrs or 30 to 60 inches. The traditional 
surface loading is 2 gpm/ft ; however, newer installations, 2 especially those with dual media, often operate at 4 gqm/ft . 
Several countries appear to be heading toward 6 gprn/ft in the 
future. 

filtr 
favor 

Slow sand filters are also an integral part of European 
*ation technology, and in several countries are very highly 
ed. A widespread practice is the use of slow sand filtration 

preceded by rapid sand filtration as a means of surface water 
treatment. However, economic considerations are now often out- 
weighing the benefits associated with slow sand filtration. Land 
and labor costs are principal factors, along with the cost of 
enclosing the filters in adverse climates. 

A European application of rapid filtration uncommon for public 
water supply systems in the United States, although used widely 
for swimming pools, is direct filtration. The technique involves 
the omission of sedimentation and, in most cases, flocculation 
prior to filtration. Direct filtration is widely used in Europe 
with the exception of France and Italy. The principal use is in 
groundwater treatment, although low turbidity surface waters are 
also successfully treated in Great Britain and Germany. For the 
removal of iron and manganese from groundwater, pretreatment 
usually consists of aeration; however, in Germany ozone is generally 
used. 

Another technique for groundwater treatment, employed exten- 
sively in the Netherlands and to some degree in Germany, is dry 
filtration. In dry filtration the filter is operated in a non- 
submerged condition, analogous to trickling filter operation. 
The process is useful in the removal of high iron, manganese 
and/or ammonia concentrations. Non-submerged operation permits 
air to be continuously supplied to the filter and also establishes 
turbulent flow through the sand. Turbulent flow promotes dis- 
solution of oxygen and causes a greater interaction between the 
media and the water, thus enhancing chemical activity (Linn, 1951). 
The grain sizes used in dry filtration are usually larger than 
those associated with rapid sand filtration, being on the order 
of 1.25 to 2 mm. The larger sizes increase turbulence in the 
sand pores. 

Flotation 

In six or seven countries interest has been growing in the 
use of dissolved air flotation as an alternative to sedimentation. 
Full scale facilities are now operational, with Sweden and Great 
Britain leading the way. Solids removal is accomplished through 
the attachment of air microbubbles to flocculated particles, 

I 



creating aggregates which float. The resulting sludge layer is 
removed from the surface for disposal. Pretreatment consists of 
coagulant addition and flocculation. The process is credited 
with the following advantages: 

1) improved algae removal 
2 )  large surface loadings, 3500  to 7 0 0 0  gpd/ft 2  

3 )  capability to develop high sludge solids concentration 
4) rapid response to changes in operating conditions 
5) faster construction. 

Flotation is best suited for waters subject to algal blooms or to 
applications involving sludge dewatering prior to disposal. In 
the latter instance, the process can serve the dual purpose of 
water clarification and sludge thickening. Another favorable 
application is on projects with limited site size. It is also 
feasible to convert existing sedimentation tanks to flotation 
units, thereby increasing capacity. A detailed discussion of 
flotation is provided in Section VII. 

Chemical Oxidants 

Three chemical oxidants, chlorine, ozone, and chlorine 
dioxide, are used widely in Europe both for oxidation and disin- 
fection purposes. Chlorine is employed with the highest frequency, 
mainly for disinfection and breakpoint chlorination. In several 
countries, however, the chlorine residual is restricted to a low 
concentration to minimize chlorine tastes and the formation of 
chlorinated organics. In breakpoint chlorination applications, 
dechlorination is sometimes carried out with granular activated 
carbon near the end of the treatment train. Biological ammonia 
removal is making gains on breakpoint chlorination due to con- 
cerns over adverse effects from the often substantial chlorine 
doses. 

Ozone is the second most popular oxidant and is used in about 
1000  European plants, many of which are in France. Applications 
include organics oxidation, disinfection, iron and manganese 
removal and flocculation. Ozone can be used as a final disin- 
fectant only for very high quality waters, and is usually insuf- 
ficient for surface waters. Typically, ozone is applied prior 
to filtration or carbon adsorption with the dual purpose of 
organics oxidation and disinfection. The intent is to produce a 
water requiring only a small final chlorine dose. 

Chlorine dioxide is employed in approximately 500 European 
water works, and is frequently used interchangeably with chlorine 
as a final disinfectant. The advantage of chlorine dioxide in 
this respect is a longer lasting residual. Another major appli- 
cation is in pretreatment for iron and manganese removal and for 
the reduction of phenolic tastes. A reduced formation of 
chlorinated organic by-products is associated wich chlorine 



dioxide. In addition, chlorine dioxide is favored over chlorine 
in some countries for safety reasons because of concerns about 
chlorine gas leaks. In general, attitudes toward each of the 
oxidants and their appropriate applications may vary considerably 
from country to country. Ozone is highly favored in France, 
Germany and Switzerland. On the other hand, Sweden and Great 
Britain almost always use chlorine. The degree of concern over 
chlorinated organics is also quite variable. For instance, in 
Great Britain the position appears to be that health risks are 
insufficiently documented to justify modification of treatment 
practices, while in the Netherlands the opposite feeling exists. 
Overall, the future trend seems to be toward ozone with the use 
of chlorine or chlorine dioxide to provide a distribution system 
residual. Detailed reviews of ozone and chlorine dioxide are 
provided in Sections 111 and IV, respectively. 

Granular Activated Carbon 

The use of activated carbon for surface water treatment is 
steadily increasing throughout Europe. The increase is particu- 
larly evident with respect to granular activated carbon as com- 
pared to powdered activated carbon. Powdered activated carbon 
is frequently employed as an emergency measure for temporary 
periods of poor raw water quality. It is quite useful for episodes 
of undesirable tastes and odors. Granular activated carbon, on 
the other hand, serves as a permanent treatment step for waters 
consistently experiencing organic chemical contamination. Granular 
activated carbon is widely used in Germany and Switzerland, and is 
becoming so in France and the Netherlands. Treatment objectives 
may be organics removal, reduction of taste and odor and/or 
residual oxidant removal. 

The historical progression of granular activated carbon 
applications in France illustrates the role adsorption has come 
to play during the 1970's. Between 1970 and 1975, the filter 
media in 14 plants were replaced with granular activated carbon. 
The carbon was regenerated every 2 to 4 years, and thus provided 
only taste and odor removal and protection against accidental 
organic pollution of the raw water (Fiessinger, 1979). In the 
latter half of the decade, concern about organic chemicals in 
drinking water has become more pronounced, leading to further 
refinements and applications of the process. One step is the 
separation of the filtration and adsorption functions through the 
introduction of adsorbers after filtration. Separation of the 
two is thought to produce more consistent performance of each 
process. Regeneration is often more frequent as performance is 
now based on parameters indicative of organic contamination. 
Also, ozonation has been practiced prior to adsorption in attempts 
to improve performance and extend the service life of the carbon. 
Moreover, chlorine is used even more sparingly than in the past 
to minimize the formation of chlorinated organics (Schulof, 1979). 



Thus, in recent years the focus of carbon adsorption has 
switched from taste and odor control and residual oxidant removal 
to the treatment of organic chemical pollutants. This is 
especially the case in countries forced to abstract water from 
surface sources receiving industrial waste discharges. A detailed 
discussion of granular activated carbon adsorption is provided in 
Section V. 

Biological Activated Carbon 

A variation of granular activated carbon adsorption is a 
treatment technique developed in Germany known as the biological 
activated carbon process. Aerobic biological growths are deli- 
berately fostered on granular activated carbon columns, the intent 
being the removal of organics by both biodegradation and adsorption. 
The process offers potential advantages through the possibility 
for a substantial extension of activated carbon service life and 
the ability to support nitrification. In the absence of chlori- 
nated organics, and given other appropriate operating conditions, 
a carbon service life up to 2 or 3 years is said to be possible 
(Rice, 1978). The biological activated carbon process is most 
widely used in Germany; however, in the past several years a 
number of new and rehabilitated plants in France have adopted the 
process. The mechanisms by which the process functions are not 
fully understood, and its ability to remove organics of health 
concern over extended operating periods has been questioned. As 
a result, a considerable amount of research is presently underway 
both in Europe and North America. The status of the biological 
activated carbon process is reviewed in Section VI. 



111. OZONE 

History 

The characteristic odor of ozone was first noticed by Van 
Marum in 1785, and was reported again by Cruickshank in 1801 as 
a result of the electrolysis of water. Finally in 1849 Schonbein 
attributed the odor to a new substance which he named ozone after 
the Greek word "ozein", meaning to smell. Schonbein also was 
the first to suggest that ozone occurred naturally in the atmos- 
phere. Brodie (England), Berthelot (France), and von Siemens 
(Germany) designed some of the first ozone generators in the 
mid-1800's; however, it was von Siemens' design which became the 
prototype of modern ozone generators. Today many types of 
generators are manufactured, but they all operate on the same 
basic principle of corona discharge. Most major improvements 
over the years have been associated with the method of cooling. 
Efficient cooling is essential in order to maximize ozone yield 
at a given power consumption. 

Laboratory and pilot studies were conducted in the late 
1800's to evaluate ozone as a disinfectant for water treatment. 
In 1893 the first f.ull scale plant to use ozone was constructed 
in Holland. Two more plants followed in Germany at the turn of 
the century, and in 1906 the French constructed a plant at Nice. 
Ozone has been used continuously ever since for drinking water 
treatment at Nice. By 1916, 49 treatment plants were in operation 
of which 26 were located in France. Today, it is estimated that 
ozone is used in over 1000 water treatment plants throughout the 
world. It is interesting to note that some 600 of the plants are 
located in France, and over 80 percent of the plants are located 
in just three countries; France, Germany and Switzerland. 

Characteristics of Organics Reactions 

Ozone is a gas of very low thermodynamic stability having a 
large oxidizing potential. Aside from fluorine (F ) ozone is the 
most powerful oxidant known. Its solubility in wager is roughly 
13 times that of oxygen. Ozone readily decomposes in both the 
gas and liquid phases; however, decomposition is much more rapid 
in aqueous solution. Solution pH plays a major role in the rate 
of decomposition since the hydroxide ion acts as a strong catalyst. 
An example of the influence of pH on ozone decomposition in water 
is shown in Figure 3-1. 

A likely decomposition mechanism is presented below: 



Figure  3-1 

pH Dependence o f  Ozone Decomposition i n  Aqueous S o l u t i o n  
(Stumm, 1958) 

Temperature:  1 4 . 6 ' ~  

I o n i c  S t r e n g t h :  u = 0 .05  
Buf fe r  Sys tern: CO2/NaHCO3/NaZCO3 



o3 + H02* * HO' + 202 

HOW + H02' + H20 + O2 

The free radicals, H02' and HO*, are themselves reactive with 
many materials, and are in fact potent germicides, stronger 
than hypochlorous acid by a factor of 10 to 100. 

Ozone reacts with many organic compounds and under ideal 
conditions would produce end products of water and carbon 
dioxide. Such conditions do not prevail in water treatment 
plants, thus ozone is seldom capable of totally oxidizing 
organics. Compounds in the intermediate stages of the oxidation 
reaction are frequently the predominant reaction products. 
In general, these compounds have lower molecular weight, in- 
creased polarity and solubility, reduced toxicity and increased 
biodegradability in comparison to the original compound. 

A considerable number of research studies on ozone reactions 
have been performed, resulting in the general characterization 
of reactions with various categories of organic materials. 
Aromatic, or ring, compounds react with ozone to form oxidized 
aromatics, aliphatic organics, including alcohols, aldehydes, 
ketones and acids, and carbon dioxide. Of particular interest 
are the carboxylic acids, such as oxalic and acetic acid, which 
react very slowly with ozone, and thus can be considered as 
the most stable organic oxidation products. The reaction of 
aliphatic, or open-chain, compounds with ozone depends princi- 
pally upon whether the hydrocarbon is saturated or unsaturated. 
Saturated aliphatic compounds have not been shown to react 
with ozone under conditions encountered in water treatment 
applications. Unsaturated aliphatics react readily with ozone, 
usually at the unsaturated bond. Trihalomethanes and other 
chlorine-containing organics are difficult to oxidize. 
Reduction in trihalomethane concentration upon ozonation of 
aqueous solutions has been attributed to air stripping rather 
than chemical reaction. In general, the more chlorine an 
organic compound contains, the greater will be its resistance 
to oxidation (Rice, 1978). Trihalomethane precursors, which 
are normally humic materials, have been substantially reduced 
with small doses of ozone (Siemak et al., 1979). The use of 
ozone prior to chlorination may result in a significant 
reduction in trihalomethane formation. However, some dis- 
couraging results for precursor removal are also reported, thus 
laboratory testing is needed to establish ozone's capabilities 
and dose requirements in each case. The effect of ozone on 
pesticides is disappointing for most compounds. Some, such as 
parathion and malathion, can form more toxic intermediates. 
Others are only slightly affected at the doses and contact times 
generally used-in water-treatment. 



Ozonation leads to the oxidation of organics, but usually 
does not result in a widespread conversion of carbon from the 
organic to inorganic state. Therefore, if ozone or any other 
oxidant is to be used for organics removal, the treatment ob- 
jective must be evaluated in light of the capabilities of 
chemical oxidation. For instance, if reduction of trihalomethane 
formation is the objective, then switching from chlorine to 
ozone is a feasible course of action. However, if total organic 
carbon reduction is the desired objective, changing oxidants would 
probably have little effect. Attempts to improve performance 
of coagulation, filtration, etc., should be made. Alternatively, 
additional treatment steps involving adsorption and/or biologi- 
cal treatment can be used after chemical oxidation. 

Applications in Water Treatment 

Ozone was originally introduced in Europe as a disinfecting 
agent: today its role in water treatment has expanded to a 
variety of applications. The major purposes for which ozone is 
used in European water treatment practice are: 

/ 

1) bacterial disinfection and viral inactivation; 
2 )  oxidation of soluble iron and manganese; 

/ 
3 )  decomplexing organically-bound iron and manganese: 
4 )  color, taste and odor removal; 
5) algae destruction; 
6 )  oxidation of organics; 
7) oxidation of cyanides; 
8) microflocculation of suspended solids. 

Increasingly, ozone has been employed for multiple uses i n  
treatment works. It is often possible to collect the off-gases 
from the primary application point and recycle them for secondary 
uses, rather than simply destroying the excess ozone. Also, 
the economics of ozone are usually more attractive in multi- 
purpose installations. 

Several approaches are utilized for providing disinfection 
and viral inactivation with ozone. The French prefer to employ 
ozone as the terminal treatment step where feasible. Ozone 

I 

can be used safely if the following criteria are met: 

1) short residence time in distribution system 

2) relatively low water temperature 

3 )  low ammonia content in finished water 

4 )  low organic carbon content in finished water 
(preferably DOC ~ 0 . 2  mg/l) 



When necessary, small amounts of chlorine or chlorine dioxide 
are added after ozonation to produce a residual in the distri- 
bution system. Doses are usually less than 1 mg/l of chlorine 
or 0.6 mg/l chlorine dioxide. Ozone dose and contact time are 
often based on the criteria established by Cain, Hannoun and 
Gomella who showed that the maintenance of a 0.4 mg/l ozone 
concentration for a period of 4 minutes results in poliovirus 
inactivation. If only bacterial disinfection is desired, an 
ozone residual of 0.1 to 0.2 mg/l is maintained during the 
contact period (Diaper, 1972). The Germans and Swiss are much 
more concerned about aftergrowth in the distribution systems, 
and therefore rarely use ozone as the terminal treatment step. 
Usually ozonation is followed by small doses of chlorine or 
chlorine dioxide, termed safety chlorination. It is also common 
to place the ozonation step prior to sand filters and/or 
activated carbon beds. Safety chlorination again is the terminal 
step with doses such that a 0.1 to 0.3 mg/l free chlorine 
residual is present after a contact time of 15 to 30 minutes 
(Sontheimer, 1978). 

Many investigations have been conducted comparing the 
relative ability of ozone and chlorine in the destruction of 
bacteria and viruses. The bactericidal effect of ozone is many 
times more rapid than that of chlorine (Venosa, 1972). Further- 
more, the disinfecting properties of ozone are only slightly 
dependent upon pH, whereas the action of chlorine exhibits a 
considerable pH dependence. Ozone is also capable of destroying 
various viruses, spores and cysts against which chlorine is 
either ineffective or requires impractically long contact times 
(Venosa, 1972). Table 3-1 provides an additional comparison 
between ozone and chlorine for several microorganisms. 

Off-gases from the main ozone contact chambers are often 
collected and recycled for use in a pretreatment step. This 
initial ozone treatment is employed for such purposes as iron 
and manganese removal, flocculation of organic colloids and algae 
destruction. Ozone is very effective in converting iron and 
manganese to insoluble forms. Required doses are site specific, 
but a range of 0.2 to 1.0 mg/l appears to be the norm. Ozone 
has also been useful in the flocculation of oraanic colloidal 
matter such as hurnic materials. Coagulant doses can be reduced 
and sometimes even eliminated (Gomella, 1972). One explanation 
for the phenomenon is that ozone attacks organic macro-molecular 
chains breaking down the hydrophillic groups which are respon- 
sible for the high stability of colloidal dispersions (Boucher, 
1967). Kuhn et al. (1978) attribute the microflocculation effect 
to the formation of more polar humic acids which are well-adsorbed 
into aluminum hydroxide. The polar humic acids act like 
synthetic polymers, thus only small doses of coagulant are 
needed. 



Table 3-1 

GERMICIDAL ACTIVITY OF OZONE VERSUS CHLORINE 
(Morris, 1970) 

HOCl 0 ~ 1 -  Free Chlorine Free Chlorine 
Type of organism Ozone (as Cl,) (as Cl,) (pH 7.5) (pH 8 )  - - b 

Enteric bacteria 0.001 0.02 2 

Amoebic cysts 1.0 lo lo3 

Viruses 0.10 0.40 >20 

>10 3 
Bacterial spores 0.20 10 

*Represents dose required to produce 99% inactivation within 10 minutes at ~ O C  in pure 
water. 



Ozone alone may also produce turbidity reductions as shown in 
Figure 3-2a for Lake of Zurich water (Schalekamp, 1977). The 
effect of ozone dose on particle size distribution is shown in 
Figures 3-2b through 3-2d. The data suggest that an optimal dose 
for flocculation exists and that substantial overdosing may pro- 
duce the opposite effect. A fundamental understanding of 
ozone microflocculation is lacking and additional research is 
certainly needed. However, the phenomenon may prove to be a 
useful secondary benefit in some applications, and should not be 
overlooked. 

Color, taste, and odor and general organics removal are 
accomplished in locations varying from the initial to the terminal 
step in the treatment train. An example of the effect of variable 
ozone doses and contact times on the removal of anionic detergent 
and chemical oxygen demand (COD) is shown in Table 3-2. The 
results show that greater detergent removals are achieved with 
increasing dose and contact time. COD removal, however, reaches 
a limiting value beyond which increased doses and contact times 
have no effect. A significant portion of the organic materials 
is resistant to complete oxidation to carbon dioxide. Figures 3-3 
and 3-4 provide additional performance data on the removal of 
substances extractable with chloroform and COD from polluted 
waters in France. The results for extractable substances again 
point to the presence of organics which are resistant to ozona- 
tion. Both figures illustrate the importance of conventional 
treatment techniques in the removal of pollutants. By far, the 
largest removals are obtained during sedimentation and filtration. 
In general, the usefulness of ozonation for the oxidation of 
organics is site specific, depending upon the oxidizability of 
the organic material present and the desired degree of removal. 

The applications of ozone in a modern treatment facility are 
illustrated by examining two relatively new plants, one at Rouen- 
la-Chappelle in France and the other at Mulheim in Germany. 
Figure 3-5 shows the treatment steps in a schematic form for the 
Rouen and Mulheim plants. At Rouen a preozonation dose of 0.7 
mg/l is used to accomplish iron and manganese oxidation, organics 
oxidation (phenols and detergents) and preparation for the bio- 
logical activated carbon process. A dose of 1.4 mg/l is used in 
the postozonation step for the following purposes: bacterial 
disinfection; viral inactivation; organics oxidation; and taste, 
odor, and color removal (Miller et al., 1978 and Rice et al., 
1978). The preozonation step at Mulheim provides algae destruc- 
tion and flocculation of organic colloids requiring an average 
ozone dose of 1 mg/l (Sontheimer et al., 1978). The main 
ozonation step has a dosage of 2 mg/l and performs organics 
oxidation in preparation for the biological activated carbon 
process. Table 3-3 shows average performance at Rouen for para- 
meters related to the ozonation steps. The ozone treatment 
accounts for at least 50 percent of the removal in each category 
except substances extractable with chloroform. A further break- 
down of organics removal at Rouen is provided in Table 3-4. The 



Figure 3-2 

F loccu la t ion E f f ec t  o f  Ozone 
(Schalekamp, 1977) 

REDUCTION OF TURBIDITY CHANGE I N  PARTICLE COUNT AND SlZE BEFORE (--) AND AFTER (-) OZONATION 
BY OZONE 

I - - 

8 
U 

Cl BEFORE OZONATION , 3 0  
I AFTER OZONATION 0 - 

I- 

- TOTAL PARTICLES 

0, DOSE: 2.5 MG/L) I O3 DOSE: 7MG/L  " 

-TOTAL PARTICLES - TOTAL PARTICLES 
53.683/M L n 50.478,ML 

-TOTAL PARTICLES H --TOTAL. PARTICLES 
50,993/ML 63,05I/ML 

t\) - 
& 8 1: 2 0 -  

-- 100 LT 
z LL 
0 5 50 lo  - 

a 
CK 

0 0 - 
0 1  2.5 5 7 0.7 1.0 10 5 0  1.0 10 5 0  1.0 

MG 03/L PARTICLE S lZE (PM) 

I00 % = 0.41 MG Si 02/L 

RAW WATER "N 1.2 MG sio2/L 



Table 3-2 

EFFECTS OF OZONE ON ANIONIC DETERGENTS AND COD 
(Miller et al., 1978) 

--OZONE, mg/l--- 

Dose - Residual 

1.35 0.19 

1.66 0.34 

0.70 0.45 

2.05 0.48 

2.03 0.68 

2.40 0.80 

2.50 0.93 

3.85 1.13 

3.31 1.30 

2.95 0.34 

3.80 0.90 

3.85 1.18 

3.17 0.27 

4.10 0.75 

4.83 0.90 

6.90 2.95 

Time of 
Contact 
(min 

*Initial sample concentrations: 

Detergent: 0.114 or 0.124 mg/l 

COD: 10.0 or 9.5 mg/l 

---DETERGENT;--- 

mg/l Removal 

0.052 58 

0.048 61 

0.083 27 

0.043 65 

0.048 58 

0.031 73 

0.035 72 

0.015 87 

0.016 87 

0.025 80 

0.012 90 

0.003 98 

0.013 90 

0.003 98 

0.002 99 

t 100 

------ COD*------ 
% 

mg/l Removal 

8 16 

7.5 21 

8 20 

8.5 11 

7.5 25 

7.5 25 

8 16 

6 40 

6 37 

7 26 

6 40 

6 40 

7.5 25 

6.5 32 

6 40 

6 40 





Figure 3-5  

Rouen-la-Chapelle 
Process Schematic 
(Rice et al., 1978) 

Preozonation Chamber 
(ozone addition) 
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Biological Activated Carbon 
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Postozonation Chamber 
(ozone addition) 

Residual Chlorination 

Plulheim Process Schematic 
(Sontheimer et al., 1978) 

Rapid Mix Chamber 
(ozone and coagulant addition) 

Sludge Blanket Clarification 
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Table 3-4 

ORGANICS REMOVAL AT ROUEN-LA-CHAPELLE 
(Rice et al., 1978) 

Compound 

isoalcane >C 8 
methylcyclohexane 
isoalcane >C8 
isoalcane >C 8 
isoalcane >C 8 
n-nonane 
isoalcane >C 8 
n-decane 
isoalcane >C 10 
isoalcane >C 10 
n-undecane 

isomers of 4-tert- 
butylcresol or of 
tert-butylanisole 

bicyclohexyl 
not identified 
n-tetradecane 
not identified 
n-pentadecane 
isoalcane >C 15 
n-hexadecane 
n-heptadecane 
not identified 
n-octadecane 
DIBP* 
DIBP 
DBP 
n-eicosane 
isoalcane >C 20 
isoalcane TC 20 
isoalcane TC 20 
not identigied 
not identified 
isoalcane >C 20 
DEHP 

- 

C (less DPB+DEHP) **  
% Removal by process 

by train 

----- APPROXIMATE CONCENTRATION, pg/l----- 
After After After 

Raw Pre-Ozone Filter+AC Post-Ozone 

80 17 13 2 
14 10 5 5 
16 8 6 t 
72 40 17 5 
4 4 3 t 
4 t t t 
4 t t t 
2 t t t 
2 t t t 
0.4 t t t 
1 0.5 0.5 t 

18 2.5 1 1 
22 2.5 1 0.5 
6.5 1 0.5 0.4 
6 1 0.5 0.5 
0.8 0.8 0.8 0.8 

70 33 30 30 
10 t t t 
0.7 0.3 0.3 0.3 
0.4 0.4 0.4 0.4 
0.5 0.2 0.2 0.2 
0.2 t t t 
1.5 0.6 0.6 0.6 
1 0.3 0.3 0.3 
0.4 t t t 
1.5 0.5 0.5 0.5 
7 3.5 3 3 
4 2.5 2 2 

650 390 320 240 
1.2 t t 0 
0.4 0.4 t 0 
0.4 t t 0 
0.4 t t 0 
3 2 1 0.1 
t t t t 
0 t t 0.2 

330 220 130 117 

355.3 131.0 86.6 52.8 
63% 34% 39% 

76% 85% 

"diisobutyl phthalate 
**DBP a n d - ~ ~ i ~  were added to sample to serve as gas chromatographic 
internal standards 



compounds listed represent only those organics detectable by gas 
chromatography. The impact of ozone treatment is illustrated as 
it accounts for a 73 percent reduction in the detectable com- 
pounds. While the data indicate significant removals, it must 
be remembered that removal does not necessarily indicate an 
oxidation to carbon dioxide and water. Frequently, intermediate 
reaction products of an orgaaic nature are also formed. 

Contacting 

Ozone reactions in water can be classified into two broad 
categories. The first consists of reactions which are so rapid 
that the reaction rate is limited by the mass transfer rate of 
ozone into the water. The second comprises reactions occurring 
at a rate less than the mass transfer rate of ozone; these are 
limited by the reaction kinetics of the material being oxidized. 
The nature of the reaction dictates the type of contacting system 
which will result in the most efficient use of ozone. For 
instance, in a chemical reaction rate limited situation a massive 
point injection of ozone is very wasteful since a large quantity 
of the ozone will decompose or be lost to the atmosphere without 
performing any useful function. A much better contacting 
scheme is the introduction of smaller quantities of ozone at a 
successive series of points in the treatment plant. The multiple 
contact chambers common in France are an example of such a design. 

The basic types of contactors and their respective advantages 
and disadvantages are summarized in Table 3 - 5 .  Each contactor 
can be further classified as either a negative pressure or 
positive pressure contactor. The former draws ozone gas from the 
source via negative pressure at the point of application, while 
the latter supplies ozone under positive pressure at the point 
of application. 

Negative pressure contactors require little or no pressuri- 
zation of the ozonized gas at the generation source. Examples of 
such contactors are vacuum injectors and inductive turbines. 
Vacuum injectors draw ozone gas into the water by means of a 
Venturi, thus functioning under the same principle as chlorinators. 
However, there is a major difference in the location of the 
Venturi. In ozone installations the Venturi is located near the 
point of application, meaning that ozone is transported around 
the plant in the gas phase. Chlorine is usually transported as 
an aqueous solution. Ozone is maintained in the gas phase to 
minimize decomposition. The inductive turbine functions by 
drawing ozone, again from the gas phase, into the water as it is 
pumped radially through the impeller. Vacuum injectors and 
inductive turbines are often used for iron and manganese oxidation 
becuase they are relatively unaffected by precipitating metals. 
Illustrations of both are shown in Figures 3-6 and 3-7. 



Contactor Type 

Spray Towers 

Packed Columns 

Plate Columns 

Diffusers 

Agitators, 
Surface 
Aerators, 
Injectors, 
Turbines, 
Static 
Mixers 

Table 3-5 

TYPES OF OZONE CONTACTORS (Miller et al., 1978) 

Advantages Disadvantages 

-High rate of mass transfer -Requires high energy to spray liquid 
-Uniform O3 in gas phase -Solids can plug spray nozzles 

-Short contact time 

-Wide gas/liquid operating range -Easily channelled and plugged 
-Small size and simplicity 

-Same as packed columns, but no -Easily clogged, but easier to clean 
channelling and broader gas/liquid ,-Best suited for very large 
operating range installations 

-Requires only gravity feed; no -Intermittent flows may cause plugging 
added energy of porous media 
-Wide gas/liquid operating range -Longer contact times require larger 
allows intermittent operation housings 

-Tendency to vertical channelling of 
gas bubbles, reducing contact 
efficiency 

-High degree of f 
-Small sizes 
-Intimate contact 

lexibility 

and good 
dissolution 

-Require energy 
-Narrow gas/liquid operating ranges 

-Cannot accomodate significant flow 
changes (injectors and static 
mixers), therefore require multiple 
contactor stages 



Figure 3-6 

Vacuum In jec to r  Contactors 
(Mi l l e r  e t  a1 ., 1978) 
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Figure 3-7 
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The two most common positive pressure contactors are porous 
diffusers and mechanical turbines. Diffusers are well suited for 
many applications particularly those which are chemical reaction 
rate limited. Diffusers are used extensively in Europe for 
disinfection and viral inactivation purposes. Mechanical turbines 
have their widest application in ozone recycle systems. Such 
systems collect and recompress the off-gases from the main contact 
basins, and send the ozone to other portions of the plant for 
secondary uses. One typical use is pretreatment. The mechanical 
turbines are attractive because they enhance the mass transfer 
rate of the low concentration ozone gas (Gomella, 1972). The 
enhancement is probably due to the large surface renewal rate 
associated with the high turbulence developed by turbines. A 
mechanical turbine also has fewer maintenance problems as a result 
of iron and manganese deposition. An illustration of a system 
using both diffusers and a mechanical turbine is shown in Figure 

Safety considerations dictate that the ozone level of contact 
chamber off-gases must be reduced to a maximum of 0.1 mg/l prior 
to discharge to the atmosphere. Thus, some form of ozone dilution 
or destruction is often necessary even for off-gases from recycle 
contact chambers. Methods for achieving safe ozone concentrations 
are : 

1) dilution by natural wind patterns 
2) artificial dilution using blowers 
3) dry granular activated carbon destruction 
4 )  wet granular activated carbon destruction 
5) thermal destruction (temperatures greater than 2000C) 
6) catalytic ozone destruction 
7) recycling of contactor off gases 

Generation 

The energy intensive corona discharge technique is the only 
practical means of generating the quantities of ozone needed for 
water treatment. Oxygen-containing gas is passed between two 
electrodes which are separated by the gas space and a dielectric 
medium. A voltage of 5000 to 30,000 volts is placed across the 
electrodes causing a corona discharge to occur across the gas 
space. Figure 3-9 illustrates the basic setup. Some of the 
oxygen in the gas space is converted to ozone according to the 
following overall reaction: 

302 + electrical energy + 203 + heat 

Because ozone formation is an equilibrium reaction, the heat 
associated with generation also favors the endothermic decompo- 
sition of ozone. Thus ozone yields are fairly low, 1% to 3% 
and 2% to 6% from pure oxygen. To achieve even these yields 
efficient temperature control is of the utmost importance. 
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Figure 3-9 

Ozone Generator Element 
(Miller e t  a l . ,  1978) 
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D l  E L E C T R  l C 2 I GAS SPACE 
( A I R  OR O X Y G E N )  



Approximately 90% of the electrical energy supplied to an 
ozone generator is lost to the production of light, sound and 
primarily heat. Therefore, the electrodes must be cooled and 
the residence time of the newly formed ozone in the discharge 
area must be minimized in order to prevent excessive ozone 
decomposition. The development of more efficient ozone generators 
is a prime goal of generator manufacturers. Progress has been 
made. The generator installed in 1906 in Nice required 73 kw-hr 
per kg of ozone produced, while the generators for a plant now 
under construction in Montreal are projected to use 23.6 kw-hr 
per kg. However, theoretically only 0.945 kilowatt-hours are 
required to produce a kilogram of ozone. 

Three types of ozone generators are commercially available: 
a Siemens tube, an Otto plate and a Lowther plate. The Siemens 
tube generator is liquid cooled, using water or a double cooling 
system of water and oil. The Otto plate generator is water 
cooled and the Lowther plate is air cooled. The horizontal tube, 
water cooled generator is the most commonly used, followed by the 
Otto plate generator. Ozone production is controlled either by 
varying the input frequency or voltage. The Lowther generator 
is frequently controlled, while the others typically use voltage 
control (Rosen, 1979) . 

Generators can be classified with regard to contacting 
conditions. The Otto plate generator operates at atmospheric or 
negative pressure, and thus is usually limited to negative 
pressure contacting applications. The several variations of the 
tube generator permit it to serve in either positive or negative 
pressure contacting; however, no one generator can serve both 
purposes. Tube generators are widely used in conjunction with 
porous diffusers, typically operating at feed gas pressures of 
8 to 10 psi. Rosen (1972) lists an operating pressure range of 
1 to 12 psi for the Lowther generator which suggests considerable 
flexibility in contacting. 

The double-cooled tube and Lowther plate generators repre- 
sent the newest technologies in ozone generation. An ozone 
production rate more than six times that of conventional tube 
generators is claimed for the double-cooled tube generator. 
According to Rosen (1972) the Lowther plate generator produces 
ozone in the most efficient and practical manner. Better removal 
of excess heat is cited as the principal advantage of the gene- 
rator. It should be noted that full scale experience with the 
Lowther generator is extremely limited. In general, little 
agreement is seen in the literature with respect to the energy 
efficiency of the various generators. Some consistency is evident 
with the Otto plate generators which appear to be the least 
efficient. However, Otto plate units are less subject to damage 
from high dew point feed gases which may offset the efficiency 
disadvantage somewhat. The conflicting reports on efficiency 
require that an evaluation be made based on the specifics of 
each potential application. 



A significant amount of feed gas preparation is necessary 
before introduction into the ozone generator. Water vapor, dust 
and oil must be removed, and the gas temperature must be adjusted 
in some cases. Water vapor is the principal concern because it 
reduces generator efficiency, necessitates increased maintenance 
and may reduce dielectric life. Gas preparation systems fall 
into three categories: high pressure (70 to 100 psi), interme- 
diate pressure (6 to 12 psi) , and low pressure (0 to 0.3 psi) . 
These are illustrated in Figures 3-10 through 3-12. The advantage 
of the high pressure system is that a refrigerant cooler is not 
needed and the dessicant drier is substantially smaller. The 
system is more compact and can be constructed as a modular skid- 
mounted unit. High pressure systems are usually economical in 
smaller facilities, which require up to 150 pounds of ozone per 
day. The system is compatible with either positive or negative 
pressure contactors, as in both cases a pressure reducer is 
required before the ozone generator. The intermediate pressure 
system is used in conjunction with positive pressure contactors. 
More elaborate cooling and drying equipment is needed. However, 
gas pressurization requirements, which become an overriding cost 
consideration in larger facilities, are reduced by about a factor 
of 10. The low pressure system is used with negative pressure 
contactors and consists of virtually the same equipment as the 
intermediate system. The major difference is the substitution 
of a fan for a blower. The low pressure system is attractive 
in larger facilities where the high pressure system is uneconomical. 
The cutoff point is again in the vicinity of 150 pounds of ozone 
per day. 

Costs 

Ozonation systems can be generally characterized as expensive 
both in terms of capital and operation and maintenance costs. 
Therefore,~multipurpose installations may be more economically 
attractive, as advantage can be taken of economies of scale. 
Secondary uses lead to a lower overall unit cost of production. 

Miller et al. (1978) have reported several series of capital 
cost data which are representative of ozone systems, though do 
not constitute a rigorous economic analysis. The data sources 
include: U.S. and European manufacturers, European water treat- 
ment companies and research institute officials and the Environ- 
mental Protection Agency. Linear regression analysis of the data 
shows an economy of scale factor of 0.67 for ozone system capital 
costs. The factor is similar to that found for water treatment 
plants as a whole. The capital cost data includes ozone genera- 
tion equipment, gas preparation equipment, contactors, housing 
and installation. Contact basins are calculated separately based 
on the estimates of Clark et al. (1976). 

Operation of ozone generation systems is highly energy inten- 
sive. The major areas of power use are: gas preparation, ozone 



Figure 3-10 

High Pressure Gas Preparation System 
(Miller e t  a l . ,  1978) 

V E N T  FOR 
O F F - G A S E S  

A 

I. A I R  F I L T E R  7. 
2. COMPRESSOR 8. 
3. A I R  CONTROL V A L V E  9. 
4. H E A T  EXCHANGER/COOLER 1 0 .  

5. D E S I C C A N T  D R I E R  I I .  
6. HYGROMETER 12. 

A I  R FLOW M E T E R  . 

OZONE GENERATOR 
SWITCHGEAR CONSOLE 

PRESSURE R E D U C I N G  V A L V E  
TRANSFORMER 

CONTACTOR 

Figure 3-11 

Intermediate Pressure Gas Preparation System 
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Low Pressure Gas Preparation System 
(Miller e t  a l . ,  1978) 
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generation, contacting and off-gas treatment. A significant 
variation in power consumption is often found among installations. 
This can be attributed to the many possible equipment combinations. 
Of particular interest though is the method of contacting which 
in some plants requires 50 to 75 percent as much energy as ozone 
generation. In order to analyze operating costs a typical power 
consumption of 28 kilowatt-hours per kilogram of ozone is 
selected along with a power cost of 0.03 dollars for kilowatt- 
hour. Maintenance costs are estimated at 20 percent of production 
costs, and include parts and labor associated with performing 
the work. Day-to-day labor costs are minimal and are ignored for 
the purposes of the analysis. 

As ozone cannot be stored, generation facilities must possess 
the capacity to meet ozone requirements at the peak flow rate. 
Therefore, under normal conditions the generators operate at less 
than maximum capacity. A typical relationship between ozone pro- 
duction and power consumption by the generator is shown in 
Figure 3-13. The curves illustrate that generator efficiency 
steadily increases as ozone production decreases from the maximum 
capacity. In practice, however, overall system efficiency is 
affected by a number of other factors such as energy consumption 
in gas preparation, contactor efficiency and desired residual 
concentration in the water. The resulting point of most 
efficient operation usually lies between 50 and 75 percent of 
maximum capacity. In performing the cost analysis it is assumed 
that, on the average, an ozone generator operates at 60 percent 
of its maximum capacity. The remaining 40 percent provides a 
reserve for peak requirements and equipment back-up needs. The 
necessary capital investment, therefore, corresponds not to a 
system capable of supplying the average ozone requirment, but 
rather to one capable of producing 1.67 times the average. The 
capital cost differential between a system to supply the average 
and a system to supply the peak is substantial and points to a 
disadvantage inherent in ozonation systems. In comparison, 
chlorine and chlorine dioxide facilities require a much smaller 
capital investment, and the cost differential between average and 
peak capability is barely noticeable. Of course, operating costs 
may offset the lower initial investment. 

Total costs for ozone, in terms of cents per 1000 gallons, 
are shown in Figure 3-14 for an average flow range of 1 to 50 
mgd. Separate estimates are provided for doses of 1, 2 and 3 
mg/l. The curves illustrate significant economies of scale, 
particularly in the 1 to 10 mgd range. 

Sumrnarv 

Ozone is the most powerful oxidant available for water 
treatment. It has an oxidation potential of 1.4 times that of 
the hypochlorous acid (HOC1) to chlorine ( ~ l - )  reaction. Ozone 
is unstable both in air and water and readily decomposes to 
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oxygen. The decomposition rate is much more rapid in water and 
increases with increasing pH. Ozone reacts with a variety of 
organics producing organic reaction products, carbon dioxide and 
water. Reactions with aromatic compounds, in general, produce 
unsaturated aliphatics, organic acids and carbon dioxide. 
Trihalomethanes and other chlorinated organics are difficult to 
oxidize under water works conditions. However, ozonation may 
substantially reduce the concentration of trihalomethane 
precursors. 

As a disinfectant ozone is superior to chlorine and chlorine 
dioxide. Also, its performance exhibits only a slight pH depen- 
dence. Ozone is capable of destroying various viruses, spores 
and cysts against which chlorine is ineffective. Ozone, however, 
provides only a very short-lived residual and can only be used as 
the final disinfectant in cases of very high water quality and 
short distribution system residence time. Usually small doses 
of chlorine or chlorine dioxide are needed to maintain acceptable 
distribution system conditions. Other ozone applications include: 
iron and manganese removal; color, taste, odor and overall organics 
reduction; and microflocculation of organic colloids. 

Due to its instability ozone must be generated on-site. 
Generation is accomplished using the energy intensive corona 
discharge technique which provides yields of 1 to 3 percent with 
air and 2 to 6 percent with pure oxygen. Significant capital 
and operation and maintenance costs are associated with ozonation. 
Compared to chlorine, ozone costs two to four times as much on 
an equal weight basis. However to accomplish an identical task 
a lower ozone dose may suffice. 



IV. CHLORINE DIOXIDE 

History 

The discovery of chlorine dioxide (C102) is usually attri- 
buted to Sir Humphrey Davy in 1811. Experimentation with chlorine 
dioxide was actively carried out around 1900 at which time its 
ability to bleach paper pulp was established. However, practical 
applications were limited because a safe and economical means of 
manufacturing the chemical was not available. The development of 
solid sodium chlorite (NaC102) in 1940 solved the problem, and 
applications were quickly found in wood pulp bleaching and water 
treatment. 

Today the major use of chlorine dioxide is in the pulp and 
paper industry where over 500 tons are consumed daily in the 
United States alone. The use of chlorine dioxide is also wide- 
spread in water treatment, especially in Europe. Approximately 
500 European plants employ chlorine dioxide treatment. Its prin- 
cipal function is disinfection either as the primary disinfec- 
tant or as the means of establishing a residual in'distribution 
systems. Chlorine dioxide is also used by 84 treatment plants 
in the United States mainly for pretreatment purposes. 

Characteristics 

Chlorine dioxide is a greenish-yellow gas having an odor 
similar to chlorine gas although more irritating and more toxic. 
The odor is detectable by humans at 14 to 17 mg/l in air and is 
distinctly irritating at 45 mg/l. A significant characteristic 
of chlorine dioxide is its explosiveness which can be brought 
about by temperature increases, exposure to light or contact 
with organic substances. Pressurization increases the explosion 
tendency, therefore chlorine dioxide is almost always manufactured 
on site. Water treatment applications involve the formation of 
aqueous solutions of chlorine dioxide which entirely alleviates 
the explosion danger (White, 1972). 

Chlorine dioxide is five times more soluble in water than 
chlorine. Also, it does not react with water and ammonia as does 
chlorine. However, chlorine dioxide is extremely volatile and is 
readily removed from solution by aeration. In addition, it is 
subject to photochemical decomposition from ultraviolet light. 
In most cases loss of chlorine dioxide from aqueous solutions 
can be attributed much more to its volatility than to photodecom- 
position (White, 1972) . 

The oxidizing potential of chlorine dioxide has frequently 
been a point of confusion. The chlorine atom in chlorine dioxide 



undergoes five valence changes in the process of oxidation to the 
chloride ion as shown below. 

In this reaction chlorine dioxide theoretically has 2.5 times the 
oxidizing power of chlorine. However, the reaction occurs with 
only a few materials under conditions normally encountered in 
water treatment (White, 1972). The predominant reaction results 
in the formation of chlorite: 

The oxidation potential of the chlorine dioxide/chlorine reaction 
is 1.15V. In comparison the oxidation potential of chlorine in 
the hypochlorous acid to chloride reaction is 1.49V. 

Therefore, chlorine is a more powerful oxidant than chlorine 
dioxide except for some specific circumstances. One such instance 
is the reaction with phenols in which the full oxidizing potential 
of chlorine dioxide is realized. 

At sufficient residual concentrations chlorine dioxide 
imparts an objectionable taste and odor to drinking water. An 
acerbicity of taste may result at residual concentrations of 0.4 
to 0.5 mg/l (Masschelein, 1979). Low residuals are generally 
produced in European applications of chlorine dioxide. Belgium, 
for instance, permits a maximum distribution system residual of 
0.25 mg/l, while Germany recommends a maximum of 0.10 mg/l. 

Organics Reactions and Health Considerations 

The knowledge of chlorine dioxide reactivity with organic 
compounds is limited in comparison to other oxidants. In the 
past a principal role for chlorine dioxide was in the control of 
phenolic and chlorophenolic tastes and odors. Oxidation of 
phenolics with chlorine dioxide produces oxidized aromatic inter- 
mediates, some of which are chlorinated, followed by ring rupture 
and the eventual production of aliphatic diacids. With a 
sufficient dose, many of the products do not contain chlorine and 
are identical to those formed by ozonation. In general, the 
treatment of chlorine dioxide has produced mixed results with 
respect to the formation of chlorine-containing oxidation products. 
The formation of chlorine-free products appears to be favored 
when a large excess of chlorine dioxide is present, while the 
opposite is favored in the presence of a slight excess. However, 
compared to chlorination, the use of chlorine dioxide leads to a 
reduced production of chlorinated organics (Masschelein, 1979). 
Also, trihalomethanes are not formed in reactions between chlorine 
dioxide and humic materials. Unfortunately, other oxidation 



reactions between chlorine dioxide and humics are rather slow, 
therefore, chlorine dioxide has been only moderately effective 
in the reduction of trihalomethane precursor levels (Siemak et al., 
1979). In comparison, ozone may provide the double benefit of 
no trihalomethane formation and a greater potential for reductions 
in precursor levels. Chlorine dioxide is not as powerful an 
oxidant as ozone, and thus is not capable of oxidizing as broad 
a range of organic materials. However, the characteristic of 
lower chlorinated organic production, in particular no trihalo- 
methane formation, makes chlorine dioxide a viable alternative to 
chlorine. 

Only a small amount of information has been developed con- 
cerning the health effects of chlorine dioxide and its major 
reaction product, chlorite. Studies to date suggest that no 
adverse health risks occur at the concentrations used in water 
treatment (Masschelein, 1979). At concentrations substantially 
above those employed in water treatment, both chlorine dioxide 
and chlorite are toxic, and chlorite can cause methemoglobinemia. 
The potential for adverse effects, combined with the current 
paucity of data, has led a number of agencies, both in the United 
States and Europe, to recently undertake more detailed studies. 

Applications in Water Treatment 

Chlorine dioxide is employed to perform a variety of tasks 
in water treatment. The range of normal applications is listed 
below: 

1) taste and odor control 
2) organics oxidation 
3) iron and manganese oxidation 
4) color removal 
5) algae destruction 
6) disinfection 
7) provision of distribution system residual. 

Chlorine dioxide offers several advantages over chlorine as 
a disinfectant. An important feature is that its bactericidal 
efficiency is not substantially affected by pH over the typical 
operating range of pH 6 to 10. An example of chlorine dioxide's 
capabilities with respect to the destruction of E. coli is shown 
in Figure 4-1. The results show that the efficiency of chlorine 
dioxide actually improves somewhat as pH is increased from 6.5 
to 8.5, while that of chlorine drops off considerably. In the 
neutral pH range chlorine performs slightly better than chlorine 
dioxide; however, White (1972) concludes that, in general, the 
two are comparable at neutral pH. Chlorine dioxide also is 
clearly more sporocidal and a more powerful inactivator of 
viruses than chlorine according to Masschelein (1979). Another 
advantage of chlorine dioxide is its longer stability in water. 
The longer-lasting residual, attained with chlorine dioxide, is 
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the major reason for its selection over chlorine in Europe. As 
standards frequently limit the disinfectant concentration in water 
leaving the treatment plant, chlorine dioxide must be used in many 
cases simply to maintain a residual throughout the distribution 
system. The alternative is to provide a greater degree of 
treatment thereby reducing the oxidant demand of the water. In 
Europe chlorine dioxide is 3 to 3.5 times more expensive than 
chlorine, so it is generally used for disinfection purposes only 
when chlorine proves inadequate. Some plants use both chlorine 
and chlorine dioxide, treating with chlorine dioxide in the summer 
months and chlorine throughout the remainder of the year. 

Chlorine dioxide is used in the oxidation of iron and manga- 
nese, and is particularly effective in manganese removal. The 
reaction kinetics of manganese oxidation are much more rapid than 
chlorine (Griffin, 1960). Chlorine oxidation of manganese pro- 
ceeds slowly and up to 24 hours are required for the reaction to 
reach completion. As a result, a considerable amount of manganese 
can precipitate in the distribution system causing well-known 
difficulties with black water. Chlorine dioxide, on the other 
hand, reacts quickly allowing complete removal to take place at 
the treatment plant according to the overall reaction shown below. 

The rapidity of the reaction with iron is not as significant. 
The use of chlorine dioxide has no special advantage over chlorine 
for iron oxidation unless large quantities of nitrogenous com- 
pounds are present and interfere with the formation of free 
available chlorine (White, 1972). The overall reaction proceeds 
as follows: 

C102 + FeO + NaOH + H20 = Fe(OH)3 + NaC102 

Oxidation of organic complexes of iron and manganese is the pri- 
mary pretreatment application for chlorine dioxide in Europe. 
Chlorine dioxide is capable of oxidizing these compounds to 
ionic iron and manganese, whereas chlorine is not. Europeans 
attribute the difference in capability of the two oxidants to 
the higher theoretical oxidation potential of chlorine dioxide. 
Apparently, it is realized to some extent in reactions with 
organic complexes of iron and manganese. In all reactions of 
chlorine dioxide with iron and manganese, pH is an important con- 
sideration. The pH should be at least 7 for complete oxidation, 
and preferably 8 or 9 for reactions with iron (Griffin, 1960 and 
White, 1972) . 

The control of tastes and odors is another ma~or pretreatment 
application of chlorine dioxide. As noted previously, chlorine 
dioxide produces excellent results in the oxidation of phenolic 
and chlorophenolic compounds. White (1972) observes that chlorine 
dioxide reacts quickly and completely to destroy tates-producing 
phenolic compounds. In addition, a high pH environment does not 



impair the reaction. Chlorine dioxide has also been used success- 
fully to control a variety of tastes and odors caused by algae 
and decaying vegetation. Positive results have been achieved in 
the treatment of mallomonas and such algae as Anabena, Asterio- 
nella, Synura and Vorticella (Coote, 1950 and Harlock and Dowlin, 
1953). Unfortunately, chlorine dioxide does not affect a number 
of other tastes such as those attributable to earth and slime 
(Degremont, 1973). Occasionally, chlorine dioxide has been 
applied to color removal as its bleaching power is well known from 
the pulp and paper industry. Color removal does occur in some 
cases. Depending upon the organic composition of the color, 
chlorine dioxide may or may not be more effective than chlorine 
(White, 1972) . 

Synthesis 

Chlorine dioxide is prepared on site from sodium chlorite 
(NaClO ) by one of three processes. Preparation is accomplished 
by eider the chlorine-chlorite, acid-chlorite or acid-hypochlorite- 
chlorite method. Factors affecting the process selection are size 
of the installation, concern about chlorine in the product water, 
and the potential for incorporating existing equipment into the 
feed system. Optimum chlorine dioxide yield is a function of 
proper chemical feed rates and pH, plus good mixing in the reactor 
(White, 1972). 

The chlorine-chlorite method is the most common technique 
for producing chlorine dioxide. Synthesis involves the mixing of 
two aqueous solutions, one formed by the introduction of gaseous 
chlorine into water and the other by the introduction of solid 
sodium chlorite into water. A two step reaction results as shown 
below: 

C1 + H20 = HOCl + HC1 
2 

HOCl + HC1 + 2NaC102 = 2C102 + 2NaCl + H20 

The overall reaction is the following: 

The stoichiometry of the reaction indicates that one mole of 
chlorine is required per two moles of sodium chlorite. The tra- 
ditional production systems, however, usually operate at a 
chlorine to sodium chlorite ratio of one to one by weight or 
1.28 molar. The chlorine excess is necessary to increase the 
reaction rate and to insure complete activation of the sodium 
chlorite (Granstrom and Lee, 1958). The chlorine solution con- 
centration is generally 0.5 to 1.0 g/l which results in an 
operating pH of 4 to 5. Production of chlorine dioxide in this 
manner allows the carry over of free chlorine into the product 
water which is often undesirable. 



Several new chlorine-chlorite production systems have been 
developed which eliminate to a large extent the carry over of free 
chlorine into the product water. These systems produce chlorine 
solution concentrations ranging from 2 to 6 g/l, thereby providing 
a pH of 2 to 3. At the lower pH, chlorine and sodium chlorite 
can be combined in the stoichiometric ratio while still achieving 
at least a 98 percent conversion of sodium chlorite. A standard 
chlorinator, however, is unable to produce the required chlorine 
concentration. A modified system must be used which operates 
either at increased pressure or with multiple pass recirculation. 
The increased pressure systems produce chlorine concentrations of 
2 to 5 g/l and operate at pressure of up to 100 psi. The multiple 
pass recirculation systems incorporate a chlorine enrichment con- 
centration of 5 to 6 g/l. An example of a multiple pass recircu- 
lation system is shown in Figure 4-2. 

The acid-chlorite method theoretically does not result in 
the formation of free chlorine in the product water, which is 
often the principal reason for selecting this production method. 
Synthesis is accomplished by combining an aqueous solution of 
either hydrochloric or sulfuric acid with aqueous sodium chlorite. 
The principal reactions for both acids are shown below; however, 
the use of hydrochloric acid is much more common. 

The stoichiometry indicates that 25 percent more sodium chlorite 
is required in the acid-chlorite method than in the chlorine- 
chlorite method to produce a given amount of chlorine dioxide. 
The larger sodium chlorite consumption is certainly a disadvantage 
as the chemical is expensive. In addition, unless concentrated 
solutions of acid and sodium chlorite are used, the yield of 
chlorine dioxide will only be 60 to 80 percent of that indicated 
by the above reactions (Masschelein, 1979). The reason for the 
low yield is that side reactions play a significant role in 
dilute solutions. These reactions convert sodium chlorite to 
chlorine dioxide in an inefficient manner, if at all. To obtain 
high chlorine dioxide yields the sodium chlorite and hydrochloric 
acid solutions must be at least 7.5 percent and 9 percent by 
weight, respectively (Malpas, 1973). A common practice is to 
mix equal volumes of the 7.5 percent chlorite solution and 9 
percent acid solution. The mixture contains a hydrochloric acid 
excess of about three times the stoichiometric amount, and typic- 
ally has a pH of less than 0.5. Yields of up to 100 percent are 
claimed for the technique (Masschelein, 1979). 

A Swiss study has determined that free chlorine is actually 
formed by the acid-chlorite method. The study concluded that, 
of the total oxidant present, 90 to 96 percent is chlorine dioxide, 
0 to 4.5 percent is sodium chlorite and 4.0 to 7.5 percent is 
free chlorine. Laboratory experiments on acid-chlorite synthesis 
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- 
by Dowling (1974) further confirm the formation of free chlorine. 
Dowling proposes the following reaction to account for the 
phenomenon: 

The acid-hypochlorite-chlorite method is sometimes used by 
small installations which have existing hypochlorite feed 
systems. Chlorine dioxide is prepared by acidifying the hypo- 
chlorite and sodium chlorite solutions with hydrochloric or 
sulfuric acid. Both reactions are shown below. 

2NaC102 + NaOCl + 2HC1 = 2C102 + 3NaC1 + H20 
2NaC102 + NaOCl + H2S04 = 2C102 + NaCl + Na2S04 + H20 

Synthesis is usually carried out at a pH of approximately 4. 
Acid in excess of the stoichiometric amount is added to control 
the pH (Feuss, 1964) . 

A summary of the efficiencies of the widely used chlorine 
dioxide generation processes is shown in Table 4-1. 

The configuration of the reactor vessel needed to provide 
the chemical mixing is unaffected by the method of chlorine 
dioxide preparation. Typically, the reactor operates in a plug 
flow reqime, and is cylindrical having a diameter to height ratio 
of about one to five. Chemical solutions enter at the bottom 
of the reactor and flow upward through the column. Raschig rings, 
approximately 1 inch in diameter, are placed in the reactor to 
insure adequate mixing. Detention time in the reactor appears to 
be quite variable; one survey indicates a range of 10 seconds to 
30 minutes with most less than 5 minutes (Granstrom and Lee, 
1958). Malpas (1973) notes that the acid-chlorite method requires 
a reactor detention time of at least 5 minutes. Masschelein 
(1979) reports that the equal volume acid-chlorite technique 
has a reaction time that can last 12 to 25 minutes, while for the 
chlorine-chlorite method the reaction is complete within 1 
minute. 

Costs 

The cost of generating chlorine dioxide depends to a large 
extent upon chemical costs, particularly that of sodium chlorite. 
Other influencing factors are: the method of synthesis, rate of 
production and level of automation. The cost analysis for this 
report is based on the chlorine-chlorite synthesis method with 
stoichiometric addition of reactants. The major reason for 
selecting the method is that it results in the smallest amount of 
free chlorine formation as shown in Table 4-1. It also represents 
the most efficient use of both sodium chlorite and chlorine. 
Limited data suggest that the added capital costs for the more 
complex feed system are nominal. 



Table 4-1 

EFFICIENCIES OF CHLORINE DIOXIDE PRODUCTION METHODS 
(Miller et al., 1978) 

Percent of Total Percent of Total Percent of 
Production Method Oxidant as C10, Oxidant as Free Chlorine Other Oxidants 

L 

chlorine-chlorite 
(stoichiometric addition) 98-100 

acid-chlorite 90-96 4.5-7.5 0-4.5 

chlorine-chlorite 
(one to one addition) unknown ( ~ 1 0 )  - 



Chemical costs of 0.17 $/lb for chlorine and 0.90 $/lb for 
sodium chlorite are assumed. The formation of one pound of 
chlorine dioxide requires 0.53 pounds of chlorine and 1.68 pounds 
of sodium chlorite (80 percent purity). Therefore, the unit 
chemical cost of chlorine dioxide is 1.60 $/lb, of which 1.51 $/lb 
can be attributed to sodium chlorite. Gumerman et al. (1978) 
have estimated construction costs and operation and maintenance 
costs for chlorine dioxide systems. Construction costs have been 
increased by a factor of 1.30 to provide capital costs, and an 
inflation factor of 8 percent has been applied to give the proper 
time basis. The results of the cost analysis are presented in 
Figure 4-3 as total cost, in cents per 1000 gallons, versus 
average flow, in million gallons per day. A range of 1 to 50 mgd 
is shown with chlorine dioxide doses of 0.5, 1.0 and 2.0 mg/l. 
The estimates include all equipment, installation and operation 
and maintenance. Contact basins are not included because chlorine 
dioxide is usually applied as a point injection similar to 
chlorine. As with ozonation, significant economies of scale are 
evident in the 1 to 10 mgd range. 

In all but the smallest facilities, operation and maintenance 
costs are the principal economic consideration. Figure 4-4 
provides a comparison of capital costs and present value 
operation and maintenance costs for systems of various capacities. 
Chemicals account for a majority of the operation and maintenance 
costs. These costs are quite variable, especially that of sodium 
chlorite. In 1977 sodium chlorite ranged from 0.75 to 1.15 dollars 
per pound. The variability makes the overall economics of 
chlorine dioxide very site-specific, more so than chlorine and 
ozone. 

Summary 

Chlorine dioxide (C102) is a greenish-yellow toxic gas 
having an odor similar to chlorine. In aqueous solution it 
reacts with neither water nor ammonia, and is extremely volatile. 
As an oxidant in water treatment applications, chlorine dioxide 
most commonly undergoes one valence change to chlorite (C102-). 
The oxidation potential of the reaction is 1.15V, which is about 
80 percent of that found in the hypochlorous acid (HOC1) to 
chloride (Cl-) reaction. In some cases chlorine dioxide under- 
goes five valence changes to chloride resulting in a theoretical 
oxidation potential 2.5 times that of chlorine. Reactions with 
phenolics are the best example of the fully utilized oxidation 
potential. 

Compared to chlorine, the use of chlorine dioxide produces 
smaller quantities of chlorinated organics, and no trihalomethane. 
Moderate success has been achieved with chlorine dioxide in the 
removal of trihalomethane precursors. As a disinfectant chlori'ne 
dioxide holds advantages over chlorine because it is not substan- 
tially affected by pH variations, is more sporocidal and virucidal, 
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and provides a longer lasting residual. Chlorine dioxide oxidizes 
iron and manganese, and is particularly effective in manganese 
removal. Organic complexes of iron and manganese are also subject 
to oxidation, as is not the case with chlorine. Chlorine dioxide 
is used in taste and odor control, producing excellent results 
with phenolic and chlorophenolic compounds. Positive results are 
also reported with various types of algae. 

Concentrated chlorine dioxide is very explosive, therefore 
on-site generation is required. The two most common synthesis 
methods consist of reacting sodium chlorite (NaC102) with either 
hypochlorous acid or hydrochloric acid (HC1). Depending upon 
chemical ratios and reaction conditions varying amounts of free 
chlorine carry-over result. Stoichiometric addition of hypo- 
chlorous acid and sodium chlorite at a pH of 2 to 3 appears to 
produce the least quantity of free chlorine. 

Chlorine dioxide is more expensive than chlorine, on the 
order of 2 to 8 times as much on an equal weight basis. As with 
chlorine, a relatively low capital investment is necessary. The 
bulk of the cost is associated with the purchase of chemicals, in 
particular sodium chlorite. In general, chlorine dioxide may 
even be more expensive than ozone. 



V. GRANULAR ACTIVATED CARBON 

History 

The water purifying properties of carbon have been known for 
many centuries. Sanskrit text from biblical times even contains 
a recommendation to filter water through charcoal. The discovery 
of carbon adsorption, as now understood, is generally attributed 
to Scheele in 1773. Observations in the late 1700's that char- 
coal had a significant decolorization capacity led to the first 
industrial applications in the refining of cane and beet sugar. 
In the 1860's charcoal was used to treat taste and odor problems 
arising in several municipal water supplies in England. However, 
it was not until the early 1900's that significant technological 
advances resulted in the manufacture of activated carbon. At 
that time Ostrejko patented two processes which even today are 
the basis of nearly all carbon activation techniques. 

Activated carbon came into wide use in European water works 
after World War 11. It was originally employed for dechlorination 
following breakpoint chlorination. Dechlorination was the chief 
application of activated carbon filters for a long period. Even- 
tually, polluted surface waters produced taste and odor problems 
which were successfully reduced through the use of activated 
carbon. In recent years the use of adsorption processes has 
again grown in response to concerns over trace organic chemicals 
in drinking water. 

Characteristics 

Contaminant removal is accomplished by activated carbon 
through the attraction and accumulation of substances onto the 
carbon surface. The degree of removal is determined by both the 
solubility of the substance in water and its affinity for activated 
carbon. Strongest adsorption occurs when the solubility is low 
and the affinity is high. In general, activated carbon displays 
a preference for organic compounds. 

A number of factors affect the adsorption process. As 
adsorption is a surface phenomenon, the surface area per unit mass 
of activated carbon is an important consideration. The surface 
area is ext emely large ranging from 500 to 1400 square meters 5 per gram (m /gm) of carbon. The norm for applications of grafular 
activated carbon in water treatment is generally about 1000 m /gm. 
In order to achieve its large surface area activated carbon has 
a vast internal pore structure. The size of the internal pores 
can affect adsorption. For purposes of classification the pores 
are divided into two categories, macropores and micropores. 



Macropores are channels or interstices ranging in size from 
30 to 100,000 Angstroms (4) ,  while the micropores are capillaries 
having a size of 10 to 30 R (Weber, 1974). Macropores contribute 
little to the surface area and in sufficient quantities may pro- 
duce an undesirable decrease in activated carbon density. Macro- 
pores are beneficial in some cases since adsorbate transport 
occurs with greater ease and speed in these larger pores. In 
instances where intra-particle transport limits adsorption kinetics, 
macropores allow a more rapid utilization of the full carbon 
capacity. 

The micropore structure provides most of the activated carbon 
surface area. However, if the micropores are too small, the 
adsorbate molecules may be unable to fit into the pores. In this 
case adsorption is hindered because a portion of the surface area 
cannot be utilized. 

Also affecting adsorption is the grain size of the activated 
carbon. The adsorption rate is greater with decreasing grain 
size. Depending upon the rate controlling transport mechanism, 
the adsorption rate varies either with the inverse of particle 
diameter or with the reciprocal of some higher power of the 
diameter (Weber, 1972). The practical minimum grain size is set 
by head loss considerations in the contact column. 

The nature of the adsorbate is another major controlling 
factor in the adsorption process. As stated previously the 
lower the solubility, the stronger the adsorption, Within a 
particular class, solubility of organic compounds generally 
decreases with increasing chain length. Polarity is another 
consideration due to its effect on solubility. Polar solutes 
prefer polar solvents, and vice versa. Because water is more 
polar than activated carbon, polar compounds are not as strongly 
adsorbed on activatgd carbon as nonpolar compounds. Molecular 
size also plays a role. Large molecules are generally better 
adsorbed than small unless the micropores cannot be easily 
penetrated. Experiments have shown adsorption to increase with 
molecular weight, reaching a maximum near a molecular weight of 
110 and dropping off thereafter (Gauntlet and Packham, 1974). 
However, Weber (1974) notes that generalizations on molecular 
weight dependence are only applicable within a particular class 
of compounds. 

Five different transport mechanisms are involved in the 
adsorption process: 

1) bulk liquid transport 
2) film diffusion 
3) pore diffusion 
4) surface diffusion 
5) adsorption onto active sites. 



Initially, the adsorbate is transported from the bulk liquid to a 
stagnant liquid film surrounding the carbon granule. The adsorbate 
is then transported through the film and diffuses throughout the 
pores. Finally, adsorption onto the activated carban occurs. It 
is also possible for the adsorbate to migrate along the inner 
surface of the activated carbon. Surface diffusion is particularly 
important in the transport of adsorbate to regions which are not 
easily accessible. The bulk liquid transport and the adsorption 
steps are almost never rate limiting. Frequently, either film 
diffusion or pore diffusion limits the rate of adsorption. 

Equilibrium Relationshi~s 

Adsorption of substances from the liquid phase onto the 
activated carbon (solid phase) takes place until an equilibrium 
is established between the two phases. At equilibrium, the 
distribution of adsorbate between the solid and liquid phases is 
defined by adsorption isotherms. Typically, an adsorption iso- 
therm is a plot of liquid phase equilibrium concentration ( C )  
along the abscissa versus mass adsorbed per unit mass of activated 
carbon (4,) on the ordinate. 

Adsorption isotherms provide much useful information; 
however, they have limitations. The isotherms define equilibrium 
conditions, and therefore do not describe column operation. 
Activated carbon columns function under non-steady state, or 
dynamic conditions. The liquid phase concentration and solid 
phase loading vary throughout the column and throughout the 
service life of the carbon. Other techniques, to be discussed 
later, are needed to assess column performance. Adsorption 
isotherms are useful in that they facilitate preliminary evaluations 
of performance capabilities of different activated carbons. In 
effect isotherms are a screening step. Isotherms also indicate 
the maximum carbon loading possible for a given input concen- 
tration. The actual loading found in column operation can be 
compared to the maximum to determine the extent to which the 
full carbon capacity is utilized. Another use for adsorption 
isotherms is to calibrate computer models which predict column 
performance. 

Adsorption isotherms are frequently expressed in mathematical 
form. Two common forms are the Langmuir and Freundlich equations. 
The Langmuir equation has a theoretical basis: 

C and qe are as previously defined, b is a constant related to 
the energy of adsorption and QO is the ultimate monolayer 
adsorption capacity, or the maximum value of qe. For convenience 
the Langmuir equation is frequently presented In one of the 
following linearized forms: 



The Preundlich equation is an 
of the following form: 

1 C 
m + p  

empirical data fitting technique 

K is related to the adsorption capacity, while n is indicative 
of adsorption intensity. The logarithmic form of the equation is 
often used to provide a linear expression: 

log qe = log KF + l/n log C 

In many cases the Freundlich equation fits the data better than 
the Langmuir equation, particularly when a mixture of substances 
is undergoing adsorption. The constants, K and n, are of 
interest in comparing different types of acFivated carbon. Their 
significance is discussed subsequently. 

Column Performance 

Granular activated carbon columns, or contactors, are 
employed in water treatment with the objective of meeting or 
exceeding water quality goals for the column effluent. While 
producing acceptable effluent concentrations of various organics 
is the primary concern, the minimization of cost is also a major 
consideration. Such things as the type of activated carbon, the 
degree of upstream treatment, and the contact time between the 
carbon and the water have a large impact on cost. Ideally, the 
activated carbon should have a large equilibrium capacity (q ) 
for the organics of concern, and should realize a large frac@ion 
of its full capacity in column operation. Even under the best 
operating conditions, activated carbon adsorption is expensive. 
Therefore, the performance of upstream units should be maximized 
in an attempt to reduce the load on the adsorption step. Like- 
wise, the selection of a contact time is important to establish a 
proper balance between capital investment and operation and 
maintenance costs. 

This form is *The equation is also formulated as: qe = KF C . 
frequently used in European literature. As a result of the two 
forms, care must be taken in the comparison of n values. 



One method to characterize activated carbon performance is 
to examine the movement of the primary adsorption zone through 
the column. The primary adsorption zone is the portion of the 
column over which the liquid phase concentration is reduced from 
the influent concentration to either zero or the effluent con- 
centration. Thus, it is the portion of the column in which most 
adsorption occurs. Initially, the primary adsorption zone is 
located at the influent end of the column. With time the 
adsorption capacity of the influent end becomes exhausted causing 
the primary adsorption zone to move through the column to the 
effluent end. Sontheimer (1976a) identifies two patterns of 
adsorption zone movement, the constant pattern and the proportional 
pattern. These are shown in Figure 5-1. The constant pattern 
is more common and always occurs when n, in the Freundlich iso- 
therm, is greater than one. In the proportional pattern the 
length of the primary adsorption zone increases over time and is 
proportional to the distance traveled through the column. The 
corresponding value of n in the Freundlich isotherm is less than 
one. The proportional pattern is only observed in practice when 
group parameters are used to evaluate the removal of organics. 
For both patterns the length of the primary adsorption zone 
determines the fraction of the equilibrium adsorptive capacity 
utilized in the column. The narrower the zone, the closer the 
column operation comes to realizing the equilibrium carbon 
capacity (4,). Thus, the proportional pattern is clearly unde- 
sirable because the primary adsorption zone is larger and ever 
increasing with time. The effect is to drastically reduce the 
period of time, service life, for which the activated carbon can 
meet the water quality goal. Therefore, n less than one (pro- 
portional pattern) is said to represent unfavorable adsorption, 
while n greater than one (constant pattern) represents favorable 
adsorption. An example of activated carbon utilization for 
two different primary adsorption zones is shown in Figure 5-2. 

As noted previously, adsorption isotherms are helpful in 
evaluating the merits of different activated carbon. The 
Freundlich equation is discussed because its use is more wide- 
spread. For n greater than one, three cases can be identified: 

1) KF1 less than KF2, l/nl less than l/nZ 

2) KF1 greater than KF2, l/nL less than l/n2 

3) KF1 equal to KF2, l/nl less than l/n2 

Graphical representations are shown in Figure.5-3. In case 1, 
the equilibrium capacity of Carbon #1 is always less than that 
for Carbon #2. However, the primary adsorption zone for Carbon 
#1 in column operation would be smaller. Therefore, a larger 
fraction of the equilibrium capacity would be utilized. An 
examination of curve (b) in Figure 5-3 shows why the primary 
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Figure 5-3: Effect of Variations in the Freundlich Equation Constants 
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adsorption zone of Carbon #1 is smaller. For a given decrease 
in the equilibrium concentration, Carbon #1 experiences a smaller 
reduction in capacity than does Carbon #2. Thus, as the adsor- 
bate concentration decreases while flowinq throuqh a carbon 
column, a smaller quantity of Carbon #1 is requi;ed to adsorb 
the lower concentration levels of adsorbate. The smaller carbon 
quantity means that the primary adsorption zone for Carbon #1 is 
smaller than that for Carbon #2. The above discussion leads to 
the seneral conclusion that, as n increases, a larqer fraction of 
the equilibrium capacity is utilized in column opesation 
(Sontheimer, 1976a). In case 1 a cost tradeoff is involved. 
Carbon #2 has a larger adsorption capacity (greater K ) ,  but a 

F smaller fraction of the capacity would be utilized in column 
operation due to smaller n.   he choice between the carbons is 
based on the magnitude of the differences in KF and n, and on the 
relative cost of each carbon. 

Another consideration might be reserve capacity for high 
concentration shock loadings. Carbon #2 is better suited for 
this purpose. In cases 2 and 3 the adsorbate concentration 
determines which activated carbon has the larger capacity. 
However, like case 1, Carbon #1 would realize a larger fraction 
of its equilibrium capacity and Carbon #2 would provide a larger 
reserve for periods of high loading. Case 4 shows the impact of 
n values less than one. The capacity of the carbon decreases 
significantly with small decreases in the adsorbate concentration 
as shown by curve (h). Thus, the primary adsorption zone is 
large and inefficient carbon utilization results. 

From an operational standpoint, a breakthrough curve is an 
important means of following activated carbon performance. The 
curve is a plot of column output concentration versus time or 
volume treated. Such a curve quickly indicates whether or not 
the water quality goal is being met. The breakthrough curve is 
related to primary adsorption zone plots and can be developed from 
such plots. However, it is usually much easier to just monitor 
the column effluent. The breakthrough curve is frequently 
characterized as having an S-shape; however, considerable deviation 
from the S-shape is often observed in practice. Sontheimer (1976a) 
reports that two factors exert a major influence on the shape 
of the breakthrough curve, the rate limiting mass transport 
mechanism and the length of the primary adsorption zone. The 
size of the primary adsorption zone determines the steepness of 
the breakthrough curve. The smaller the adsorption zone, the 
steeper is the breakthrough curve. The effect of the limiting 
step of adsorption kinetics is shown in Figure 5-4. When pore 
diffusion is rate controlling a tail formation occurs on the 
breakthrough curve. When film diffusion controls an early low 
level breakthrough is seen and no tail formation occurs. Pore 
diffusion limits adsorption kinetics much more often than film 
diffusion (Sontheimer, 1976a) . 
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In column operation adsorption kinetics are affected by a 
number of factors, such as empty bed contact time, carbon grain 
size and adsorbate concentration. Figure 5-5 illustrates the 
effect of these parameters on the adsorption of phenol. A com- 
parison of profiles (a) and (b) shows the effect of contact time. 
At a contact time of 24 minutes the column output is nearly 
zero for 300 hours, while for 12 minutes contact time the output 
is zero for only 130 hours. Thus a modest increase in carbon 
capacity was achieved at the longer contact time. The increase 
can be attributed to a fuller use of the equilibrium capacity of 
the carbon, as evidenced by the smaller primary adsorption zone. 
Profiles (b) and (c) show the influence of activated carbon 
grain size. Adsorption kinetics are enhanced with the smaller , 

grain size resulting in a more complete utilization of carbon 
capacity. With the smaller grains the primary adsorption zone 
is significantly shorter and the column output is near zero for 
160 hours as opposed to 130 hours for the larger grains. Profiles 
( b )  and (dl show the impact of initial adsorbate concentration. 
At an initial concentration of 20 mg/l the column output is near 
zero for 200 hours, while for 40 mg/l the output is zero for 
130 hours. The total mass of phenol adsorbed by the activated 
carbon column is less at the lower initial adsorbate concentration. 
The result is expected because adsorption isotherms predict a 
decrease in carbon capacity with decreasing adsorbate concen- 
tration. An increase in the length of the primary adsorption zone 
also occurs at the lower concentration indicating a less efficient 
utilization of the available carbon capacity. However, in terms 
of meeting a water quality objective, which might be little or 
no breakthrough of phenol, column (d) performs satisfactorily for 
a much longer period of time. Thus, a beneficial effect on 
service life is associated with a reduction in the adsorbate 
influent concentration. The increased service life is quickly 
translated into cost savings due to less frequent carbon regene- 
ration. The comparison illustrates the importance of maximizing 
performance of upstream unit processes. The cost of such maxi- 
mization is almost always less than the savings which accrue in 
the adsorption step. 

Adsorption is a reversible process. If the adsorbate 
loading on the activated carbon exceeds the loading corresponding 
to equilibrium with the adsorbate in solution, then desorption 
occurs. Desorption proceeds until equilibrium is established 
between the adsorbate on the carbon surface and that in solution. 
In practice, desorptionmuld occur most often after a shock 
loading has been experienced. The substances desorbed from the 
activated carbon may be readsorbed on the fresher carbon at lower 
levels of the column. Otherwise, the substances are discharged 
from the column making it possible for the output concentration 
to exceed the input concentration. Under such conditions, the 
adsorption process functions more like an equalizer of pollutant 
concentration than as a method of pollutant removal. 



Another phenomenon similar to desorption is displacement. 
In systems containing a mixture of adsorbates, a more strongly 
adsorbed substance may displace a weakly adsorbed substance off 
the carbon if other adsorption sites are unavailable. The net 
result can be the same as with the desorption causing the con- 
centration of a particular substance in the column output to be 
greater than in the input. Sontheimer (1976a) notes that 
displacement effects do occur in drinking water treatment 
applications and should be a consideration in column operation. 

Applications 

The control of tastes and odors is a major application of 
granular activated carbon in Europe, and the primary purpose for 
the use of activated carbon in the United States. The offending 
substances are frequently among the lower molecular weight com- 
pounds causing the performance variation between different types 
of activated carbon to be small (Gauntlett and Packham, 1974). 
Thus, the selection of an activated carbon is less critical than 
in applications for broad-based organics removal. Also, a rela- 
tively short contact time is often adequate, and long useful 
lifetimes of the activated carbon are common. Empty bed contact 
times of less than 10 minutes are the norm, and useful lifetimes 
of up to four years have been reported (McCreary and Snoeyink, 
1977). As a result, tastes and odors are completely removed in 
facilities oriented toward organics reduction (Sontheimer, 1976b). 
On the other hand, facilities designed for taste and odor removal 
provide little or no reduction in the total concentration of 
organic compounds. 

In applications for organics removal the performance of 
activated carbon adsorption varies greatly depending upon the 
type of carbon used and the pollutants present in the water. 
Current knowledge of adsorptiondbes not enable performance pre- 
dictions to be made for multiple adsorbate systems. Thus, the 
design of adsorption processes is empirical in nature requiring 
pilot scale testing for each water. The objectives of the tests 
are to evaluate the performance of different types of activated 
carbons and to establish relationships between empty bed contact 
time and service life of the activated carbon. The pilot testing 
is carried out in the context of meeting specific water quality 
criteria. To provide results applicable to a full-scale facility, 
the tests should be conducted with the activated carbon grain 
sizes being considered for the full scale facility. Assuming 
that an appropriate activated carbon is chosen, the selection of 
an empty bed contact time becomes the primary decision variable 
in the design of an adsorption facility. The experiments of van 
Lier et al. (1976) at the Dutch waterworks in Rotterdam provide 
an example of the design procedure. Figure 5-6 shows the relation- 
ship between service life and contact time for the removal of 
dissolved organic carbon (DOC) under two different column 
criteria, 2.84 mg/l and 3.10 mg/l. The data clearly show 
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contact time has a significant impact on expected service life, 
Furthermore, the shape of the curves indicates that a one unit 
increase in contact time produces a greater than one unit increase 
in service life. The results of the pilot scale tests are then 
utilized to estimate costs as a function of contact time. 
Figure 5-7 shows the cost per volume treated versus contact time. 
For the target output of 3.10 mg/l a minimum cost design can 
be determined. However, for the target of 2.84 mg/l the contact 
times in the pilot scale tests are not long enough to permit 
calculation of the minimum cost design. The major conclusion to 
be drawn from Figure 5-7 is that there exists an empty bed 
contact time for which a minimum cost design results. The cost 
curves also suggest that, as target output criteria become more 
stringent, the optimum empty bed contact time increases. 
Numerous investigators have shown that for a given contact time 
the configuration of the contactor is not a consideration as far 
as performance is concerned. Thus, such parameters as surface 
loading and water velocity in the column need not be considered in 
evaluating adsorption performance. However, Grandjacques and 
Waller (1974) note that exceptions do occur at extremely high 
water velocities or viscosities. 

Three basic types of contactors are in wide use for 
granular activated carbon adsorption as listed below: 

1) gravity downflow 
2) pressure downf low 
3) pressure upflow. 

Gravity downflow contactors are simply beds of carbon, open 
to the atmosphere, in which water flows from top to bottom by 
gravity. The contactor is sometimes constructed by replacing 
the sand in existing filters with granular activated carbon. 
Thus, the contactor serves two purposes, filtration and adsorption. 
Gravity contactors are commonly used in Europe, perhaps more for 
taste and odor control than for general organics removal. As 
result of recent concerns about organic chemicals in the United 
States, the filter media have been entirely replaced by granular 
activated carbon in a number of full-scale studies. The advantage 
of gravity contactors is solely in the area of cost. Lower 
power costs and the potential for using existing facilities may 
make it the most economical mode of contacting. 

McCreary and Snoeyink (1977) have identified several disad- 
vantages with the gravity filtration-adsorption systems: 

1) frequent backwashing may lead to premature breakthrough 
of organics; 

2) larger sized carbon granules must be used to prevent 
rapid headloss buildup at the expense of adsorption efficiency; 

3) contact time is limited and may be less than optimal; 



4) other contacting schemes would provide a greater utili- 
zation of the adsorptive capacity of the activated carbon (e.g., 
contactors in series). 

Handling of the carbon is also nore difficult resulting in greater 
regeneration losses, on the order of 8 to 12 percent. From the 
point of view of filtration, the trend has been toward multi-media 
filters, whereas a complete media replacement with activated 
carbon results in a single media filter. 

Pressure downflow contactors are closed vessels through which 
water flows under pressure. These contactors are also commonly 
used in Europe, particularly for general organics removal. One 
advantage is that smaller carbon grain sizes can be used resulting 
in a fuller utilization of the carbon's equilibrium capacity. 
The granular activated carbon is also easier to handle in these 
systems. Typical regeneration losses are on the order of 6 to 8 
percent with a low of 3.5 percent reported in Zurich (Schalekamp, 
1979a). This type of contactor may be attractive when frequent 
regeneration is anticipated or when a high degree of contaminant 
removal is desired. 

Pressure upflow contactors operate as expanded-bed contactors. 
Water flows up through the contactor suspending the activated 
carbon granules in the flow stream. Small carbon grain sizes can 
be used without the excessive headloss, air-binding and fouling 
with particulate matter experienced in packed-bed contactors with 
similar sized granules (Weber, 1972). No backwashing is required 
and a constant head loss through the contactor is maintained over 
the entire period of operation (Grandjacques and Waller, 1974). 
For a given quantity of carbon the upflow contactor provides a 
longer contact time between the activated carbon and water due 
to the expanded bed. It seems possible that a somewhat fuller 
development of the carbon's equilibrium capacity may result. It 
is also possible to regenerate only a portion of the carbon in 
the contactor, whereas all the carbon must be regenerated in 
other types of contactors. The exhausted carbon can be withdrawn 
by gravity from the bottom of the contactor and fresh replacement 
carbon can be added at the top. The purpose of partial regeneration 
is to insure that only completely exhausted activated carbon is 
regenerated. A similar result may be obtained with the other 
types of contactors by placing two contactors in series. When 
breakthrough occurs in the second the first is regenerated. The 
second contactor then becomes the first in line and a contactor 
containing fresh activated carbon is placed second in the series. 
If at the time of breakthrough the primary adsorption zone is less 
than or equal to the height of the second contactor then only 
completely exhausted carbon is regenerated. A schematic repre- 
sentation is presented in Figure 5-8. 

A possible disadvantage of the expanded-bed operating mode is 
that a washout of the carbon fines is more likely. Using particle 
counting techniques, McCarty et al. (1979) found that upflow 
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contactors discharqed four times more carbon particles than down- 
flow contactors. The carbon fines were mostly in the size range 
of 2.5 to 25 um. These results and other similar experiences 
suggest that a filtration step may be necessary after an upflow 
contactor. 

Throughout Europe the contact time for organics adsorption 
appears to range from 10 to 30 minutes (McCreary and Snoeyink, 
1977; Sontheimer, 1979c; Fiessinger, 1979; and Meijers et al., 
1979). Sontheimer (1979a) suggests, as a rule of thumb, that 
the contact time should be large enough to insure a minimum period 
of 3 months between carbon regenerations. Of course, each situation 
must be judged on its own merits; however, the above provides 
a basis from which to begin an analysis. 

Monitorins 

Monitoring adsorption processes to follow performance and to 
determine the appropriate time for regeneration is not a straight- 
forward task. One difficulty is the lack of knowledge concerning 
the level of organic contamination, which is acceptable in terms 
of public health impact. Another is the time consuming nature of 
specific chemical analysis, especially when considering the vast 
number of organic chemicals now present in the environment. To 
provide a reasonable analytical burden, group parameters are 
almost always used to characterize performance. The combination 
of group parameters with a limited number of specific chemical 
analyses may also be useful. Some of the more frequently used 
group parameters are listed below. 

1. UV absorbance 
2. total or dissolved organic carbon (TOC or DOC) 
3. dissolved organic chlorine (DOC1) 
4. dissolved organic chlorine - nonpolar (DOClN) 
5. extraction of adsorbed organics from activated carbon 

using dimethyl formamide (DMF) and dioxane 
6. total organic halides (TOX) 
7. chemical oxygen demand (COD) 
8. volatile halogenated organics (VHO) 

UV absorbance is the easiest parameter to measure; however, 
it provides the least amount of information. The convenience of 
the UV absorbance measurement has made it a popular technique in 
Europe. Continuous, automatic measurement of UV absorbance is 
practiced at some waterworks. Fuchs and Sontheimer (1979) and 
Schalekamp (1979b) have noted that correlations, not necessarily 
linear, can be developed between UV absorbance and DOC in some 
cases. The value of UV absorbance is that it can provide an 
immediate indication of changes in the water characteristfcs. More 
specific analyses can then be performed to determine the nature 
of the change. 



TOC and DOC, which are nearly identical measurements, and 
COD are an indication of the overall organic content of the water. 
However, these parameters do not provide any differentiation 
between the harmful or undesirable substances and the innocuous 
substances. DOCl and DOClN represent more specific analyses for 
organochlorine compounds, which are adsorbable on activated 
carbon. DOCl measures both polar and nonpolar organic chlorine, 
thus including more compounds than may be of interest. DOClN 
includes nonpolar volatile compounds, such as the chloromethanes 
and tetrachloroehtylene, and nonpolar nonvolatile compounds, such 
as PCB's and chlorinated pesticides (Kolle and Sontheimer, 1974). 
In Germany, DOCl is a primary parameter in the control of activated 
carbon contactors; DOC and DOClN are also considered, the maximum 
DOC goal being 2 mg/l (Kuhn et al., 1978). Sontheimer (1976b) 
suggests that the DOClN should not exceed 10 pg/l; however, it is 
not clear that full scale adsorption processes are operated at 
this level. Schalekamp (1979a) also reports that organic halo- 
gens are a consideration in controlling adsorption processes in 
Switzerland. 

The measurement of TOX is not reported in the European 
literature; however, there is some indication that this parameter 
may be of interest in the United States. TOX measures such com- 
pounds as pesticides, herbicides, halogenated industrial solvents, 
trihalomethanes and halogenated humic acid fragments (Takahashi, 
1979). TOX differs from DOCl in that it measures organics con- 
taining any of the halides, whereas DOCl only measures organics 
containing chlorine. As with DOC1, TOX detects just carbon 
adsorbable organic halides. 

The extraction of adsorbed organics with DMF and dioxane is 
a technique used to evaluate the carbon loading at the inlet and 
outlet ends of the contactor. The concern in this regard is 
that the activated carbon should always have sufficient reserve 
capacity to cope with sudden increases in contaminant levels. 
In Switzerland, for example, one criterion for regeneration is 
that activated carbon exhaustion occurs when the DMF-dioxane 
extract loading at the outlet end is 70 percent of that at the 
inlet (Schalekamp, 1979a) . 

The Interim Drinking Water Standards (USEPA, 1978) proposes 
the measurement of volatile halogenated organics (VHO) as a means 
of monitoring activated carbon performance. The technique does 
not require the halogenated organics to be carbon adsorbable in 
order to be detected. In fact, an advantage cited for the VHO 
method is that it measures compounds which represent the early 
activated carbon breakthrough. Volatile halogenated organics 
are common industrial chemicals and include such carcinogens 
as carbon tetrachlorine and trichloroethylene. 

In evaluating the available monitoring methods, it can be 
said that the most unspecific parameters, such as TOC or UV 
absorbance axe very useful in assessing the general adsorption 



performance. The relative ease with which these parameters can 
be measured makes frequent monitoring feasible. However, the 
use of TOC or UV absorbance alone is not satisfactory. More 
specific analyses are needed to adequately assess performance. 
Determination of halogenated organics, using one or more of the 
available techniques, might be appropriate, along with some 
analyses for specific compounds or groups of compounds. The 
compounds may be those holding particular health significance, 
those present in high concentrations, or those expected to break- 
through the carbon early. The use of detailed analyses provides 
an impetus to better define the objectives of carbon adsorption 
before implementation. It also permits a more valid assessment 
of whether the objectives are served in actual operation. 
Current knowledge does not allow an exhaustive listing of accept- 
able organic chemical concentrations in drinking water. However, 
the substantial costs associated with activated carbon adsorption 
require that the treatment objectives be as well defined as 
possible. 

Costs 

A number of contacting and regeneration schemes are possible 
in considering activated carbon adsorption systems. In addition 
to the four types of contactors, a choice between steel or con- 
crete construction materials is available in many instances. 
Options are also not lacking with regard to regeneration or 
replacement of exhausted carbon. Regeneration can be carried out 
on-site or the activated carbon can be transported to a regional 
facility for regeneration. In small installations it may be 
cheaper to simply replace the exhausted carbon with virgin 
carbon. The abundance of alternatives makes it difficult to 
develop generalized costs unless the mode of contacting and 
regeneration is fairly well defined. To evaluate costs a pressure 
downflow contactor constructed with steel is selected. Such a 
contactor is most representative of the equipment employed in 
Europe for organics removal. It is assumed that regeneration is 
accomplished on-site with a multiple hearth furnace, except in 
those instances when carbon replacement is cheaper. Regional 
regeneration facilities are not considered because of the great 
difficulty in making meaningful generalizations about such 
facilities. Further assumptions in the cost calculations are: 

1) 8 percent activated carbon loss for each regeneration 

2 )  in-place activated carbon density of 30 1b/ft3 

3 )  hearth loading of 70 lb/ftL/day 

4) hearth operates 60 percent of the time. 



Gumerman e t  a l .  (1978) have developed c o s t  c u r v e s  f o r  u n i t  
p rocesses  employed i n  w a t e r  t r e a t m e n t ,  i n c l u d i n g  carbon adsorp-  
t i o n .  Cos t s  f o r  t h e  v a r i o u s  f a c i l i t i e s  were developed i n  te rms 
o f  c o n s t r u c t i o n  c o s t .  These a r e  m u l t i p l i e d  by a  f a c t o r  of  1.30 
t o  o b t a i n  t h e  t o t a l  c a p i t a l  c o s t  which i s  t h e n  i n f l a t e d  by 8  pe r -  
c e n t  t o  p rov ide  t h e  p r o p e r  t i m e  b a s i s .  E s t i m a t e s  of  o p e r a t i o n  
and maintenance c o s t s  were a l s o  i n c l u d e d  i n  t h e  r e p o r t .  

T o t a l  c o s t s  a r e  c a l c u l a t e d  i n  terms 0.f c e n t s  p e r  1000 g a l l o n s  
f o r  f a c i l i t i e s  r ang ing  between an average  f low of 1 and 50 mgd. 
A c t i v a t e d  carbon s e r v i c e  l i v e s  o f  2 months, 6 months, and 1 y e a r  
a r e  cons ide red  i n  con junc t ion  wi th  empty bed c o n t a c t  t i m e s  o f  
7.5,  15 and 30 minutes .  The r e s u l t i n g  c o s t  cu rves  a r e  shown f o r  
each c o n t a c t  t i m e  i n  F i g u r e s  5-9 through 5-11. The curves  show 
t h a t  t h e  s e r v i c e  l i f e  o f  t h e  a c t i v a t e d  carbon h a s  a  s i g n i f i c a n t  
impact on t h e  t o t a l  c o s t  of t h e  t r e a t m e n t  p r o c e s s .  S u b s t a n t i a l  
economies of  s c a l e  a r e  e v i d e n t  i n  t h e  1 t o  10 mgd range ,  and 
even more s o  i n  t h e  1 t o  5  mgd range .  A comparison of t h e  t h r e e  
f i g u r e s  r e v e a l s ,  a s  expec ted ,  t h a t  f o r  a  g iven  s e r v i c e  l i f e  t o t a l  
c o s t  i n c r e a s e s  w i t h  i n c r e a s i n g  empty bed c o n t a c t  t ime.  The c o s t  
cu rves ,  however, do n o t  c o n s i d e r  t h e  r e l a t i o n s h i p  between empty 
bed c o n t a c t  t i m e  and s e r v i c e  l i f e .  For  a  g iven des ign  f low,  
p rev ious  d i s c u s s i o n  has  e s t a b l i s h e d  t h a t  s e r v i c e  l i f e  i n c r e a s e s  
wi th  i n c r e a s i n g  c o n t a c t  t ime .  The n a t u r e  of t h e  r e l a t i o n s h i p  i s  
unique f o r  each w a t e r .  There fo re ,  p i l o t  s t u d i e s  a r e  e s s e n t i a l  
t o  t h e  d e t e r m i n a t i o n  of a  l e a s t  c o s t  d e s i g n .  

Cos t  e s t i m a t e s  f o r  a  s p e c i f i c  f low a r e  f a c i l i t a t e d  by com- 
b i n i n g  t h e  in fo rmat ion  i n  F i g u r e s  5-9 through 5-11. An example 
o f  such a  summary p l o t  i s  shown i n  F i g u r e  5-12 f o r  a  flow of 10 
mgd. Through i n t e r p o l a t i o n  rough c o s t  e s t i m a t e s  can be made f o r  
any p i l o t  d a t a  f a l l i n g  w i t h i n  t h e  c o n t a c t  t ime bounds o f  7.5 t o  
30 minutes  and t h e  s e r v i c e  l i f e  bounds of 2  months t o  1 y e a r .  

Summary 

A c t i v a t e d  carbon removes o r g a n i c  contaminants  through t h e  
a t t r a c t i o n  and accumula t ion  of  such s u b s t a n c e s  on t h e  carbon 
s u r f a c e .  P r i n c i p a l  de te rminan t s  a s  t o  t h e  degree  of removal a r e  
t h e  s o l u b i l i t y  o f  t h e  compound i n  w a t e r  and i t s  a f f i n i t y  f o r  
a c t i v a t e d  carbon.  Many o t h e r  f a c t o r s  a f f e c t  a d s o r p t i o n ,  examples 
b e i n g  carbon pore  s t r u c t u r e ,  carbon g r a i n  s i z e  and adsorba te  con- 
c e n t r a t i o n .  E v e n t u a l l y ,  t h e  a d s o r p t i o n  p r o c e s s  e s t a b l i s h e s  an 
e q u i l i b r i u m  between t h e  mass adsorbed on t h e  carbon and t h e  con- 
c e n t r a t i o n  remaining i n  t h e  l i q u i d  phase.  The amount of  o r g a n i c s  
adsorbed on t h e  carbon a t  e q u i l i b r i u m  r e p r e s e n t s  t h e  maximum 
c a p a c i t y  of  t h e  a c t i v a t e d  carbon.  I n  column o p e r a t i o n  t h e  
a d s o r p t i o n  p r o c e s s  proceeds  toward e q u i l i b r i u m .  However, t h e  
e q u i l i b r i u m  carbon c a p a c i t y  is  r a r e l y  r e a l i z e d  throughout  t h e  
column b e f o r e  t h e  e f f l u e n t  c r i t e r i a  a r e  exceeded.  Column per-  
formance is u s u a l l y  c h a r a c t e r i z e d  by t h e  breakthrough curve  which 
i s  a  p l o t  of e f f l u e n t  c o n c e n t r a t i o n  v e r s u s  t i m e .  The  curve  
t y p i c a l l y  has  an S shape ,  t h e  s t e e p n e s s  of  which r e f l e c t s  t h e  
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fraction of the full carbon capacity attained in column operation. 

The objective of activated carbon adsorption is to produce 
an effluent which meets specific water quality standards. 
Within this context a number of factors affect the overall cost. 
The degree of upstream treatment, the type of activated carbon 
and the empty bed contact time are main considerations. At 
present the design of adsorption facilities must be based on 
pilot studies. The pilot study should evaluate different acti- 
vated carbons and should establish relationships between empty 
bed contact time and service life. The principal design decisions 
involve the type of activated carbon and the empty bed contact 
time. Contact times of 10 to 30 minutes for organics removal are 
currently found in European practice. 

Activated carbon adsorption is expensive both in terms of 
capital and operation and maintenance costs. Capital costs are 
largely associated with the contact facilities and the initial 
charge of carbon. Carbon regeneration, and related activated 
carbon losses, make up the bulk of the operation and maintenance 
costs. The selection of an appropriate contact time provides 
the proper balance between the two, resulting in a least cost 
design. 



VI. BIOLOGICAL ACTIVATED CARBON 

History 

The history of deliberately induced aerobic biological 
growths in granular activated carbon contactors is quite short. 
In the early 1960's Dusseldorf, Germany installed additional 
treatment steps consisting of ozonation, filtration and activated 
carbon adsorption. Near the end of the decade it was noted that 
the removal of organic carbon exceeded expectations based on the 
known capabilities of ozonation and carbon adsorption. Also, 
nitrification was found to occur within the carbon columns, The 
effects were attributed to biological activity, and prompted an 
extensive four-year pilot study of the phenomenon at Bremen 
commencing in 1969. 

The Bremen studies provided an initial characterization of 
the process, and led to further full scale implementation in 
Germany. Rice (1978) estimates that some 25 to 30 full scale 
biological activated carbon facilities are now operating in 
Germany, France, Switzerland and the Netherlands. Lest the 
number be misleading, it is believed that only a few of these 
plants were actually designed as biological activated carbon 
facilities. The remainder had previously incorporated ozonation 
and carbon adsorption into their treatment schemes, unintentionally 
developing biological activity on the activated carbon. Pilot 
scale testing is underway in Belgium and the United States. 

Recently, the biological activated carbon process has 
engendered both considerable interest and controversy in the 
United States. The interest is based on the potential for 
extending the service life of granular activated carbon. The 
controversy results over the interpretation of pilot and full 
scale operating data. Proponents claim, as indicated by the 
statement of Miller et al. (1978), that "the beneficial effects 
of biological activity in the carbon columns have been recognized, 
characterized and optimized." Others, such as DiGiano (1979a) 
and Benedek (1978), point out that data are limited and incon- 
clusive in many respects. Thus, the need for a substantial 
amount of additional research is cited. Both sides of the issue 
are presented in this section, along with an evaluation of the 
state of development of the process. 

Process Description 

Precisely defined, the process consists of introducing highly 
oxygenated water into an activated carbon contactor, thereby 
permitting the growth of aerobic microorganisms. The materials 
in the water undergo both adsorption and biological degradation 
in the treatment step. In a typical installation three treatment 



steps are associated with the biological activated carbon process: 
ozonation, sand or dual media filtration, and activated carbon 
contacting. Ozonation serves to oxidize organic matter and to 
provide oxygenation, The filter removes suspended materials and 
provides some biological degradation of organics and ammonia, as 
it too becomes biologically active due to the oxygenation step. 
The activated carbon removes nonbiodegradable substances through 
adsorption and biodegradable substances through adsorption and/or 
biological activity. Variations on the standard treatment scheme * 

are possible. Ozone can be replaced by another oxidant or simply 
by aeration or oxygenation. The deliberate inducement of bio- 
logical activity in the filtration step can also be eliminated; 
however, such biological activity may be beneficial as it reduces 
the loading on the adsorption step. 

That activated carbon provides a favorable environment for 
biological growth comes as no surprise. Activated carbon concen- 
trates organic substances on its surface providing a potential 
source of substrate for microorganisms. The large surface area 
furnishes numerous sites onto which microorganisms can attach 
themselves. The irregular surface of the carbon also affords pro- 
tection from shearing forces associated with water flow through 
the contactor. Using electron microscopy, Weber et al. (1978) 
found microorganisms ranging in size from 1 to 16 microns. Thus, 
the microorganisms are small enough to fit into the macropores 
of the activated carbon, but too large to fit in the micropores. 
Klatz et al. (1976) found, in general, that the microorganisms are 
sparsely scattered over the carbon surface forming a single 
bacterial layer. The microorganisms utilized only one percent of 
the available surface area in pores having a diameter of 1 micron 
or larger. 

The ability to develop biological growths is not unique to 
activated carbon, however. In experiments with activated carbon, 
non-activated carbog and sgnd, Van der Kooij (1976) developed 
colony counts of LO to 10 per cubic centimeter of filter volume 
over a 10-month period. The colony counts for the activated 
carbon were generally about 10 times those of the other media. 
More recent work shown in Figure 6-1 reveals colony counts for 
activated carbon of only 2 to 3 times the number found on non- 
activated carbon and sand. Thus, activated carbon holds only 
a modest advantage over other media in ability to support bio- 
logical growths. However, activated carbon may provide significant 
advantages in other respects. Ying and Weber (1978), dealing in 
wastewater TOC ranges, compared the performance of non-activated 
carbon and activated carbon after backwashing. For each medium a 
period of transitory performance resulted prior to the reestablish- 
ment of steady state performance. With activated carbon a transi- 
tory period of superior performance was experienced, while the 
non-activated carbon showed a period of poorer performance. 
Another advantage cited by Benedek (1978) is that activated carbon 
protects microorganisms from toxic substances. Oxidants are 
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reduced by the carbon, heavy metals are either reduced or adsorbed 
and chlorinated hydrocarbons are usually preferentially adsorbed. 

Based upon the above, the presence of biological growth 
should have a negligible effect on the adsorption capacity of 
the carbon. Of particular note is the finding that microorganisms 
cannot fit in the micropores which is where most adsorption occurs. 
From the viewpoint of biological degradation, however, it would 
seem that the bulk of the substrate is not readily available to 
the microorganisms. Herein centers one point of controversy. 
Hypotheses have been developed to account for biodegradation 
despite the apparent separation of substrate and microorganisms, 
but direct experimental verification is lacking. Rice (1978) 
reviews the manner in which the process may function. An obvious 
mechanism is that organics are available to microorganisms 
directly from the bulk liquid phase in which case degradation 
occurs without recourse to the adsorption step. The biological 
action would be similar to that of fixed film growths on inert 
media. Degradation of nonadsorbable, biodegradable organics must 
occur in this manner. Another possibility, controversial in 
nature, is that organics are also available to the microorganisms 
from the adsorbed phase. The material adsorbed in the macropores 
and on the external surface of the carbon would appear to provide 
a ready source of substrate; however, these organics represent 
only a very small portion of the total quantity adsorbed. For 
the adsorbed organics to be a significant source of substrate, 
the material in the micropores must somehow be subject to 
biological degradation. It is postulated that, in response to 
concentration gradients, organics desorb from the micropores pro- 
viding a continuous source of substrate for the microorganisms. 
In a similar manner surface diffusion might also fit into the 
theory of substrate transport from the micropores. Surface dif- 
fusion may provide the additional benefit of "concentration 
enhancement". Activated carbon concentrates organics through 
adsorption. If the so concentrated organics are available to the 
microorganisms directly from the carbon surface without first 
passing through the liquid phase, a faster rate of biodegradation 
may result (Benedek, 1978). Any movement of adsorbed organics 
out of the micropores, and subsequent biodegradation, reopens 
adsorption sites, and thus represents a bioregeneration of the 
activated carbon. Some data indirectly suggest the occurrence 
of bioregeneration; however, conflicting results from other 
experiments leave the whole matter open to question. 

usefu 
1978; 

In examining the biological activated carbon process it is 
.1 to divide organic compounds into four categories (Rice, 
DiGiano, 1979a; Benedek, 1978) : 

1) adsorbable, biodegradable 
2) adsorbable, nonbiodegradable 
3) nonadsorbable, biodegradable 
4) nonadsorbable, nonbiodegradable. 



Although somewhat arbitrary, the categorization does provide a 
vehicle for a more orderly consideration of the process. The 

* adsorbable, biodegradable organics are of low polarity, yet con- 
tain some oxygen in their structure, an example being phenol. 
In general, the more oxygen contained in a compound, the more 
rapidly it will be mineralized by biological activity. By far, 
the largest number of organic compounds fall in the adsorbable, 
biodegradable category due to the very nonspecific nature of 
both activated carbon adsorption and biodegradation. The adsorb- 
able, nonbiodegradable compounds have an even lower polarity and 
contain no oxygen. Examples of such compounds are DDT, hexane 
and trihalomethanes. The nonadsorbable, biodegradable compounds 
are typically low molecular weight, highly polar organics, such 
as oxalic acid and glucose. The nonadsorbable, nonbiodegradable 
category contains very few compounds; some low molecular weight 
fulvic acids may qualify as an example. An additional listing 
of various organic compounds and their relative adsorbabilities 
and biodegradabilities is shown in Table 6-1. 

A biologically inactive carbon contactor would remove only 
the adsorbable organics (categories 1 and 2). With the addition 
of biological activity, the adsorbable nonbiodegradable organics 
are removed as before through adsorption. However, the adsorb- 
able, biodegradable organics may now be removed through adsorption, 
biodegradation, or a combination of both. In addition, the 
promotion of biological activity permits removal of the previously 
unaffected nonadsorbable, biodegradable organics, This group 
usually contains the most easily biodegraded organics and is 
likely to be the most affected by the onset of biological 
activity. 

The adsorbable, biodegradable fraction is of prime interest 
in the consideration of the biological activated carbon process. 
The extent to which these organics are biodegraded is the key to 
the realization of increased activated carbon service life. In 
the presence of biodegradation a greater portion of the carbon 
capacity is available for organics which are removable only 
through adsorption. The adsorbable, nonbiodegradable organics 
can be removed for a longer period of time because, in effect, the 
adsorption loading is reduced. Satisfactory removal of adsorb- 
able, nonbiodegradable organics is of importance as many chemical 
contaminants of principal health concern fall into this category. 

Biodegradation of adsorbable, biodegradable organics is a 
subject of active research, and it is not now possible to 
accurately quantify either the degree of removal associated with 
the mechanism or the beneficial impact on service life. Signifi- 
cant biodegradation of adsorbable organics is highly dependent 
on the availability of substrate from the adsorbed phase, or, in 
other words, the existence of bioregeneration. Although degrad- 
able, many adsorbable, biodegradable compounds are only slowly 
acted upon by microorganisms. The concept of bioregeneration 
implies a sequential process of adsorption followed by biodegra- 
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dation. The initial adsorption would serve to store the organics, 
and allow a longer contact time with the microorganisms, the end 
result being enhanced biodegradation. An interaction between 
adsorption and biodegradation, as opposed to a separate distinct 
functioning of each process,would lead to a longer activated 
carbon service life due to the biological removal of an increased 
fraction of the adsorbable organics. Ying and Weber (1978) also 
propose the phenomenon of adsorption acclimation. The adsorbed 
organics are retained in the presence of microorganisms for a 
long period which may permit microbial acclimation to the less 
biodegradable compounds. In a sense, organics would switch from 
the adsorbable, nonbiodegradable to the adsorbable, biodegradable 
category. 

The separation of substrate and microorganisms, along with 
conflicting experimental results, has led to doubts that bio- 
regeneration occurs to any significant degree (DiGiano, 1979a). 
In the absence of bioregeneration, the apparent increase in 
activated carbon service life can only be explained through 
biodegradation of externally available substrate. Under such 
circumstances, highly biodegradable, weakly adsorbable organics 
would be expected to comprise the bulk of the TOC removal achieved. 
The importance of the mode of biological degradation lies in the 
types of organic compounds which are likely to be degraded. 
Without bioregeneration of adsorption si.tes organics of adverse 
health impact may break through during extended periods of 
operation. Thus, in some quarters there is concern that present 
monitoring techniques may provide deceptive information about 
process performance. The increased service life may actually be 
obtained through the sacrifice of drinking water quality. 
Further research is needed to clarify the capabilities and limi- 
tations of the biological activated carbon process. 

Process Operation 

A period of transitory performance is associated with the 
start-up of a biological activated carbon contactor. Depending 
on the nature of the influent organics, up to a year may be 
needed to establish steady state biological activity. Initially, 
organics removal is almost entirely due to adsorption. Often a 
large degree of removal is effected at first. Eventually, a 
breakthrough of organics begins to occur as the adsorption 
capacity of the activated carbon becomes partially exhausted. 
Biological activity must be nearing full development before the 
breakthrough proceeds to an unacceptably high concentration. The 
onset of a significant degree of biodegradation halts breakthrough 
and may even produce a slight improvement in performance as steady 
state operation is established. The organics concentration in 
the contactor output should then remain relatively constant for 
some time. An illustration of a possible breakthrough curve for 
TOC is shown in Figure 6-2. The expected service life of the 
actibated carbon is dependent upon the level of performance desired 
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and the nature of the influent organics. Rice (1978) suggests 
that periods of up to three years may be feasible in some 
instances. 

The early period of non-steady state operation requires that 
some additional aspects of the process be considered. First, 
the empty bed contact time must be long enough to prevent an 
unacceptably high breakthrough prior to the achievement of 
steady state conditions. Thus, longer contact times are seen in 
practice, on the order of 15 to 30 minutes. Current thinking 
seems to be tending more toward the latter figure. In the same 
vein, the process is of no use if a steady state output concen- 
tration in excess of the water quality goals is produced. Empty 
bed contact time and possibly chemical oxidation play a role in 
developing a suitable steady state concentration. 

Figure 6-2 shows how the TOC concentration might behave in 
a biological activated carbon system. It is also useful to con- 
sider the behavior of the various components of the TOC. Figure 
6-3 provides an example of a breakthrough curve for TOC which 
has been subdivided into three constituents, adsorbable nonbi.0- 
degradable, adsorbable biodegradable, and nonadsorbable biodegrad- 
able organic carbon. In this example, it is quite possible that 
a goal for TOC concentration is being met. However, a lower con- 
centration goal for one of the TOC constituents, such as the 
adsorbable nonbiodegradable organics, may be violated. Frequently, 
at least a dual criterion for carbon exhaustion exists, an 
example being TOC and DOC1. DOC1 for the most part measures 
organics which fall in the adsorbable nonbiodegradable category. 
Thus, a potential drawback of the process is that the service 
life may be controlled by the breakthrough of organics which are 
unaffected by the biological activity. In such a case the bio- 
logical activated carbon process may hold little or no advantage 
over adsorption alone. The above discussion leads to several 
basic observations. First, the process cannot be evaluated 
without having reasonably well defined water quality goals. 
Attractiveness in terms of extended activated carbon service 
life depends to a large degree on these goals. Other important 
impacts on performance are the raw water to the extent that it 
contains adsorbable, nonbiodegradable organics and the upstream 
treatment steps to the extent that they remove or produce such 
organics. 

Ozone Pretreatment 

In Europe, an ozonation step often takes place prior to the 
carbon contactors in order to oxidize organics to a more biode- 
gradable form (Sontheimer, 1976~). Controlled laboratory experi- 
ments have shown the production of more biodegradable reaction 
products as a result of ozonation. However, the extent to which 
these reactions proceed at the limited doses and contact times 
common to water treatment is not well known. Presumably, the 



nature of the organics present has a significant bearing on the 
degree of success achieved through ozonation. An indirect example 
of the production of more biodegradable organics is illustrated 
in Figure 6-4. Lake water, seeded after ozonation, shows a much 
faster growth of bacteria than the unozonated water. Furthermore, 
the rate of growth increases with increasing ozone dose suggesting 
the formation of a more easily degraded substrate. 

Ozonation also affects the adsorption characteristics of 
the organics. A decrease in adsorbability on activated carbon 
is almost always associated with ozone treatment (Kuhn et al., 
1978). Figure 6-5 provides an example of such a case using the 
same water source as for Figure 6-4. The adsorbability, in 
terms of UV adsorbance, decreases with increasing ozone dose. 

Perhaps the most controversial aspect of the biological 
activated carbon process is the effect of ozonation. Rice (1978) 
and Miller et al. (1978), reflecting to some extent the German 
viewpoint of the process, claim that ozone pretreatment in most 
cases enhances biological activity on the carbon, and thereby 
process performance. The basis of their argument is that the 
highest level of performance is achieved when the biodegradability 
of influent organics is maximized. The ability of ozone to 
produce more biodegradable organics in actual practice is 
questioned by some, and few studies have been undertaken at water 
works to directly determine reaction products. However, ozone 
is undoubtedly the oxidant of choice to provide the maximum 
improvement in the biodegradability of the organics, whatever 
that might be. Another advantage claimed for preozonation is 
the preferential removal of organics which consume chlorine 
(Schulof, 1979). That ist chlorination subsequent to ozonation 
and carbon adsorption leads to a lower chlorinated organics 
formation than if adsorption alone is employed. 

The main cause of skepticism about preozonation is that 
little hard evidence exists to support contentions claiming bene- 
ficial effects. No studies of ozonation versus aeration are 
available for which experimental conditions have not cast doubts 
on the results. An additional consideration concerning ozonation 
is the potential for decreased adsorbability which may offset 
gains due to the possible increase in biodegradability. The 
overall impact of these two opposing phenomena on process per- 
formance is not clear at this time. Even if ozone does produce 
better activated carbon performance, the issue of whether the 
improvement outweighs the additional cost of ozonation must still 
be addressed. 

Evaluation of the role of ozone in the biological activated 
carbon process is difficult. Ozonation is itself a treatment 
process, and usually provides some organics oxidation or removal 
as measured by group parameters such as COD or TOC. Thus, the 
combined removal due to ozonation and activated carbon treatment 
may well exceed that of aeration and activated carbon. Or in 
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terms of water quality goals the use of ozonation may lead to a 
longer activated carbon service life. However, it does not 
necessarily follow that the ozonation has improved activated 
carbon performance. The removal across only the activated carbon 
must be considered to discern a relative improvement of ozonation 
over aeration. An additional complication in the evaluation is 
that the type of pretreatment affects the nature of the organics. 
To a certain extent, different influents are being applied to the 
activated carbon in each case. Therefore, comparisons of acti- 
vated carbon performance are inherently difficult. 

Nitrification 

Another attractive aspect of the biological activated carbon 
process from the European viewpoint is its nitrification capa- 
bility. The ammonia concentration in a number of European surface 
water sources is quite high. Large amounts of chlorine had been 
used to remove the ammonia by breakpoint chlorination resulting 
in the formation of undesirable quantities of chlorinated organics. 
The use of the biological activated carbon process allows break- 
point chlorination to be discontinued as ammonia is converted 
biologically to nitrate. Nitrification takes place both in the 
rapid sand filters and the carbon contactors. Eberhard (1976) 
notes that ammonia is not adsorbed on activated carbon, therefore, 
the nitrification rate is about the same for both sand filters 
and activated carbon. One exception is that, for unknown reasons, 
better low temperature performance may be achieved with the 
activated carbon. In two of the newest treatment plants the bulk 
of the nitrification actually takes place in the sand filters. 
No data are available to indicate the effect of filter backwashing 
on the nitrification process, although Rice (1978) claims that for 
one of the plants no upsets are observed. On a more cautious 
note, Sontheimer (1979b) points out that due to the slow growth 
rate of nitrifiers care must be taken to avoid excessive losses 
when backwashing. 

When first starting up, the nitrification process requires 
about three months to attain steady state conditions (Eberhard, 
1976). Thus the initial switch from breakpoint chlorination to 
nitrification may cause operational complications for a somewhat 
extended period. For subsequent regenerations of the activated 
carbon the nitrification process can be reestablished much more 
quickly, as long as some of the exhausted carbon is left in the 
contactor. In Dusseldorf a ratio of approximately four to one 
between fresh and exhausted carbon is maintained at the time of 
activated carbon replacement. Steady state nitrification can 
then be attained in about 15 days (Rice, 1978). 

The stoichiometry of the nitrification reaction is shown 
below. 



The nitrification of 1 mg of ammonia, as nitrogen, requires 4.57 
mg of dissolved oxygen. It is quite evident that any appreci- 
able quantity of ammonia strains the capabilities of the 
aeration step prior to the biologically active media. Sufficient 
dissolved oxygen must be available to meet nitrification, minerali- 
zation and residual requirements. Nitrification is known to 
become inhibited if the dissolved oxygen concentration drops 
below 2 to 3 mg/l. If large quantities of ammonia are present 
the use-of pure oxygen may be required or a reaeration step may 
be needed after each process unit. 

Preozonation may also play a role in the nitrification 
process. Sontheimer (1979b) notes that on most waters preozonation 

I has enhanced nitrification. However, no explanation is given 
of the mechanisms involved, nor are data presented to support 
the contention. 

Pilot and Full Scale Data 

The most extensive pilot scale study of the biological 
activated carbon process is that conducted by Eberhardt, Madsen 
and Sontheimer (1974) from early 1969 through 1973 in Bremen. 
The study has only been published in German; however, ~ieiano 
(1979), Miller et al. (1978) and Rice (1978) have reported many 
of the results. Parameters, such as permanganate demand, UV 
absorbance, oxygen uptake and carbon dioxide production were 
measured. Total organic carbon was also estimated using corre- 
lations with UV absorbance. Analyses for specific organics or 
groups of organics were not performed. 

The bulk of the Bremen study examines activated carbon per- 
formance in the absence of preozonation. Figure 6-6 shows the 
performance of a pilot scale activated carbon column with regard 
to permanganate demand over a three-year period. The performance 
of a full scale slow sand filter is also provided for comparison. 
The contact time for the activated carbon is between 15 and 30 
minutes while that of the slow sand filter is on the order of 
several hours. In the early months the activated carbon performs 
much better than the slow sand filter as adsorption is the pre- 
dominant removal mechanism. Eventually a steady state is 
achieved in which the performance roughly parallels that of the 
slow sand filter. At steady state the results suggest that bio- 
logical activity is the principal means of organics removal due 
to the similar operation of the activated carbon and the slow 
sand filter. Another way to look at the data in ~igure 6-6 is in 
terms of removal of permanganate demand across the activated 
carbon. Such a plot is shown in Figure 6-7. The breakthrough of 
permanganate demand is halted by biological activity after about 
a year of operation. A constant removal period of a year or so 
then follows after which removal drops off again, although at a 
slower pace than in the initial period. The constant removal 
region suggests that zero order kinetics may prevail with respect 
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to biodegradation. The influent concentration, shown in Figure 
6-6, is quite variable over the period which implies that the 
performance is not a function of the influent concentration, as 
is true only with zero order kinetics. 

Some experiments with ozone pretreatment were carried out 
at Bremen, a summary of which is listed in Table 6-2. Comparing 
the removal of permanganate demand across the activated carbon 
with that of the steady state region in Figure 6-7 shows the 
carbon performance to be much poorer with ozone pretreatment. 
The validity of the comparison is open to question as the activated 
carbon used in the ozone experiments appears to have had a lower 
adsorption capacity than that used in the preaeration experiments. 
Another way to evaluate the results is to look at the combined 
removal of the ozone and activated carbon treatment steps. In 
most instances a better removal is achieved compared to the data 
in Figure 6-7. With the data at hand, it is impossible to draw 
any definite conclusions about ozone pretreatment from the Bremen 
studies. The best that can be said is that ozone may be attractive 
and certainly warrants further study. 

Another rather qualitative evaluation of ozone can be made 
using the Bremen data and the results of a pilot study in Mulheim. 
The common bonds between the two experiments are the following: 

1) same type of activated carbon (LSS) used in both; 
2) 3 month start up period prior to 6 months of data 

collection; 
3) similar raw water TOC and upstream treatment steps. 

The results of the comparison are shown in Table 6-3. The average 
TOC removal is slightly higher at Bremen. Likewise, the average 
C02 production, a measure of biological activity, is higher. 
The quotient of the two which is an attempt to provide a common 
basis for comparison is about the same. An analysis of this sort 
has many inadequacies; however, it does suggest that activated 
carbon performance is similar using either preozonation or pre- 
aeration. 

As mentioned briefly above, attempts have been made to measure 
the degree of biological activity, the main intent being an 
examination of the bioregeneration phenomenon. Bioregeneration 
is measured indirectly using oxygen or carbon balances through 
the activated carbon contactor. The oxygen balance consists of 
plotting both oxygen uptake and the removal of oxygen demand, as 
either COD or permanganate demand, versus time. An example from 
the Bremen study is shown in Figure 6-8. Initially, oxygen uptake 
is very low and removal of permanganate demand is high, thus 
indicating the predominance of adsorption. Oxygen uptake increases 
sharply after several months as the biological growth develops. 
A corresponding decrease in organics removal is evident as the 
adsorption capacity of the carbon becomes exhausted. Eventually, 
organics removal parallels oxygen uptake pointing to biodegradation 
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Table 6-3 

COMPARISON OF BREMEN AND MULHEIM PILOT STUDIES 
(DiGiano, 1979a; and Sontheimer et al., 1978) 

treatment steps 

Bremen Mulheim 

O2 f GAC O3 i- GAC 

empty bed contact time (min) 36 (approx.) 30 

avearge TOC removal (mg/P C) 1.98 1.69 

average C02 production (mg/l C )  1.21 



as the principal removal mechanism. In some months, particularly 
in the summer, oxygen uptake exceeds the removal of applied 
permanganate demand. Another substrate source must account for 
the excess oxygen uptake. A likely possibility is the bioregene- 
ration concept in which the adsorbed organics serve as a source 
of substrate. Nitrification may also have a significant impact 
on oxygen uptake. Although it supposedly did not occur in the 
summer at Bremen, the possibility of nitrification points to a 
serious drawback of oxygen balances as a means of examining bio- 
regeneration. Another source of doubt is the ability of chemical 
oxygen demand to accurately reflect organics removal. The doubt 
is caused both by the low concentration levels and the changing 
character of the organics as they move through the contactor. 

The carbon balance consists of accounting for TOC removal and 
inorganic carbon production through the activated carbon con- 
tactor. Such a plot is shown for fresh activated carbon in 
Figure 6-9 and 29-month old carbon in Figure 6-10. Both figures 
show data from Bremen, but represent different types of carbon. 
The fresh carbon exhibits a dependence on adsorption as the primary 
removal mechanism with bioregeneration suggested only in the 
summer after 9 or 10 months of operation. The old carbon clearly 
has inorganic carbon production in excess of TOC removal. A 
carbon balance is perhaps a more desireable means to look at 
regeneration, as TOC can be accurately determined leaving the 
inorganic carbon measurement as the only difficulty. 

Based on all the studies at Bremen overall conclusions about 
the biological activated carbon process were drawn by the German 
researchers. Some of these are listed below. 

1) Biological degradation follows zero-order kinetics. 

2) The range of the biodegradation rate is 1 to 4 mg/l 
TOC removed per hour of empty bed contact time. 

3) The rate is dependent to a large extent on the type of 
activated carbon used. Carbons with a large adsorptive capacity 
and as small a grain size as possible are recommended. 

4) 50 percent removal of TOC can be obtained under best 
operating conditions; 20 to 33 percent with other operating modes. 

A full scale facility frequently cited in discussions of the 
biological activated carbon process is that at Mulheim. Substan- 
tial process changes were made at Mulheim in 1977 to convert it 
to a biological activated carbon facility. Schematics of the old 
and new treatment steps are shown in Figure 6-11. Performance 
with regard to DOC removal is shown in Table 6-4 for the last 
two years of the old process and portions of the two years with 
the new process. Another indication of improvement is the reduction 
in the postchlorination dose as shown in Figure 6-11. Modest 
organics removal is obtained across the activated carbon ranging 
from 0.3 to 0.7 mg/l DOC. The corresponding average biodegradation 
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Figure 6-11 

COMPARISON OF OLD AND NEW TREATMENT SCHEMES AT MULHEIM 
(Sontheimer et al., 1978) 
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rate at each contact time is 2.7 mg/l-hr which lies within the 
range reported in the Bremen study. Pilot contactors at Mulheim 
have produced DOC removals of up to 1.7 mg/l at 30 minute 
contact times (Sontheimer et al., 1978). Using DOC and UV 
absorbance as exhaustion criteria, the expected activated carbon 
service life in the full scale facility is at least 2 years 
(Rice, 1978) . 

Pilot studies at Mulheim also examined the effect of break- 
point chlorination on the biological activated carbon process. 
The performance of activated carbon columns having a contact time 
of 15 minutes and an ozone dose of 3 mg/l was monitored with and 
without break point chlorination. Breakthrough curves in terms 
of UV absorbance are shown in Figure 6-12. Prechlorination pro- 
duces a rapid breakthrough, whereas the absence of chlorination 
leads to a modest breakthrough which levels off at approximately 
an 80 percent reduction in W absorbance. While the study would 
have been more informative if TOC and DOC1 had been measured, it 
does illustrate the potential detrimental effects of prechlori- 
nation. Presumably, the chlorination step produces chlorinated 
organics of an adsorbable, nonbiodegradable nature. 

While Mulheim is certainly an example of process modifications 
improving overall treatment, it is important to note the conclusion 
which cannot be drawn from the data. It does not follow from the 
Mulheim results that ozonation leads to enhanced biological 
activated carbon performance. Referring to Figure 6-11, two 
major changes were made; breakpoint chlorination was discontinued 
and ozonation was added. It is impossible to separate the effects 
of the two actions. Pilot studies comparing both aeration and 
ozonation, in the absence of breakpoint chlorination, would be 
needed to evaluate beneficial effects in the activated carbon 
step. 

Investigations at the water treatment plant in Morsang, 
France compare the parallel operation of the biological activated 
carbon process with and without preozonation. Activated carbon 
performance for the two 5.3 mgd treatment trains over the first 
15 months of operation is shown in Figure 6-13. Preozonation 
leads to only a slight enhancement of activated carbon performance. 
Benedek (1977) concludes that the effect of ozone on activated 
carbon performance is unlikely to be of importance. However, 
several conditions of the study lead to reservations about the 
conclusions. Both trains received a 2 mg/l chlorine dose for 
pretreatment purposes. The prechlorination, through the pro- 
duction of chlorinated organics, may have interfered with the 
ability of ozone to enhance performance. An evaluation of recent 
data presented by Benedek (1979) suggests that the prechlorination 
dose does not significantly affect performance with regard to 
TOC. The evaluation, which is of a preliminary nature, is based 
on a comparison between the full-scale trains and an unchlorinated 
1400 gpd pilot plant. A second drawback of the study is that 
only one ozone dose was examined for the preozonation treatment 
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Figure 6-13 

The Effect of Preozonation on Activated Carbon 
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train, a relatively low applied dose of 1.2 mg/l. Because the 
ozone dose was held constant, it is impossible to determine the 
optimum dose with respect to activated carbon performance. It 
may well be that significant ozone enhancement effects would have 
occurred with a larger ozone dose. 

The role of adsorption as a removal mechanism during periods 
of extended operation was also examined at Morsang. Carbon 
samples were withdrawn from the contactors after 15 months of 
operation. Adsorption isotherms were then developed for the 
carbon, along with isotherms for virgin carbon to provide a 
comparison. An example of the results obtained is shown in 
Figure 6-14. The adsorption capacity of the activated carbon 
is clearly exhausted leading Benedek (1977) to conclude that almost 
all organics removal is due to biodegradation. In effect, the 
data suggests that bioregeneration does not occur, again 
illustrating the contradictory nature of much of the evidence 
rebated to the biological activated carbon process. 

Microorganisms in Contactor Effluent 

The consideration of a biological treatment process in 
drinking water production inevitably leads to concern about the 
microbial quality of such water. Benedek (1979) claims that a 
pseudo steady state concentration of microorganisms eventually 
develops on biologically active carbon. At steady state the 
following mass balance on microorganisms holds. 

MASS RATE MASS RATE OF MASS RATE OF -- MASS FGiTE OF 
OF INFLOW + PRODUCTION -- OUTFLOW IN + OUTFLOW DUE 

IN CONTACTOR CONTACTOR TO BACKWASHING 
(growth rate EFFLUENT 
minus dieoff 
rate) 

To maintain a steady state concentration, microorganisms must be 
wasted from the activated carbon contactor either in the effluent 
or the backwash water. To prevent unacceptable levels in the 
effluent, the bulk of the excess microorganisms must, by some 
means, be removed in backwashing. Evidence suggests that the 
frequency of backwashing affects the distribution of microorganisms 
between effluent and backwash. An example of the effect is 
shown in Table 6-5 for water drawn from the Lake of Zurich. 
Schalekamp (1979b) also notes that the use of both an air and 
water wash may produce better results than water alone, although 
no supporting data are available. 

In general, experience indicates that the potential problem 
with effluent microorganisms is controllable through proper 
operating practices. Exceptions have been found; therefore, this 
aspect of the process must be investigated during pilot studies. 
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Table 6-5 

EFFECT OF BACKWASH FREQUENCY ON EFFLUENT 
MICROORGANISM LEVELS IN ZURICH 

(Schalekamp, 1976) 

Backwash Frequency 

Monthly 

Weekly 

Semiweekly 

*3-day incubation at 20'~ 

Effluent Microorganisms 
(counts/ml) * 



Options to deal with excessive amounts of microorganisms include 
ground passage, as at Mulheim, post filtration and microscreening. 

Desian Considerations 

As with applications primarily related to activated carbon 
adsorption, pilot studies must be undertaken to evaluate the 
biological activated carbon process. The pilot testing should 
provide data with regard to three major questions. First, can 
the water quality goals be met with the activated carbon operating 
in the biological regime? Of utmost importance is the continued 
removal of organics of health concern throughout the extended 
activated carbon service period associated with the process. 
Second, the pilot data should allow the development of a least 
cost biological activated carbon design. Therefore, the appro- 
priate combination of empty bed contact time, carbon type and 
preaeration or preozonation must be established. Finally, an 
evaluation must be made as to whether operating in such a mode 
is more economical than activated carbon adsorption alone. Thus, 
a parallel study involving only activated carbon adsorption must 
be carried out. 

If both the adsorption and biodegradation modes of operation 
are considered, three main treatment options are available. 

1) activated carbon adsorption 
2) biological activated carbon with preaeration 
3) biological activated carbon with preozonation 

Pilot studies for activated carbon adsorption are discussed in 
Section V. Briefly reviewing, the objectives of the pilot study 
are to establish relationships between empty bed contact time 
and service life and to evaluate the performance of different 
types of activaked carbon. Consideration of biological activated 
carbon with preaeration does not significantly complicate the 
pilot studies. The amount of aeration is the only additional 
determination required. The aeration rate is set by the dissolved 
oxygen concentration desired in the contactor effluent. Typical 
minimum concentrations might be 1 to 1.5 mg/l for organics 
removal and 2 to 3 mg/l for nitrification. As an aside, it may 
be possible to achieve the target dissolved oxygen without an 
aeration step if the raw water has a high dissolved oxygen content 
and is of relatively good quality. Evaluation of biological 
activated carbon with preozonation results in a more complex 
pilot study. A relationship for service life as a function of 
both empty bed contact time and ozone dose must be established. 
Thus, a range of ozone doses needs to be examined. In addition, 
two decision variables are now involved in the least cost design, 
the optimum empty bed contact time and optimum ozone dose. 



Pilot studies of the biological activated carbon process 
may be of a considerable duration, primarily because a long 
activated carbon service life may result. The need to examine 
seasonal variations in performance also has an effect. As a 
rough estimate, two to three years of testing is probably 
required. 

Costs 

Cost estimates for the biological activated carbon process 
can be developed, for the most part, from Figures 5-9 through 
5-11 dealing with activated carbon and Figure 3-14 dealing with 
ozonation. Preaeration costs are not estimated in this report 
due to their very site specific nature. One broad generalization, 
however, can be made about aeration costs. In almost all 
instances the cost of aeration will be less than ozonation, and 
it may well be substantially less. 

It is useful to consider the impact of ozone on the bio- 
logical activated carbon process from an economic viewpoint. 
Figure 6-15 shows costs over an average flow range of 1 to 50 mgd 
for the following design and operating conditions. 

1) granular activated carbon - 6 month regeneration frequency 
2 )  granular activated carbon - 1 year regeneration frequency 
3 )  ozone and granular activated carbon - 1 year regeneration 

frequency 

4) ozone and granular activated carbon - 2 year regeneration 
frequency 

An empty bed contact time of 30 minutes and an ozone dose of 2 
mg/l are assumed which appear to be about the norm for the process. 
For these conditions the bar graphs indicate that ozone must 
bring about a substantial increase in activated carbon service 
life to be economically justified. For example, suppose that 
granular activated carbon alone has a service life of 6 months. 
If preozonation is to be economically attractive, its enhancement 
of activated carbon performance must lead to a service life of 
between 1 and 2 years. In general, the viability of ozonation 
depends on ozone dose and ackivated carbon service life. As 
ozone dose decreases, a smaller improvement in activated carbon 
service life is required to justify the use of ozone. Also, if 
activated carbon service life is short without ozonation, the 
improvement due to ozone does not have to be very large. For 
instance, at contact times in excess of 15 minutes, a 2 mg/l 
ozone dose is clearly desireable if a service life increase from 
2 months to 6 months results. 



F i g u r e  6-15 

Comparison o f  A c t i v a t e d  Carbon Cos t s  
\~li t h  and kli t h o u t  P reozona t ion  



Summary 

The biological activated carbon process involves the 
development of aerobic biological growths on activated carbon, 
leading to organics removal through both adsorption and biodegra- 
dation. Microorganisms occupy an extremely small portion of 
the carbon surface, and thus do not adversely affect the 
adsorption capacity. A large amount of interest has been shown 
in the process recently because of its potential to significantly 
increase activated carbon service life. The process can also 
support nitrification allowing the elimination of breakpoint 
chlorination. A limited number of full scale facilities are 
operational in Europe with more planned in the near future. 

The interaction between biodegradation and adsorption is 
not well understood, and experimental results to date are contra- 
dictory. The primary topics of interest and controversy are bio- 
regeneration and preozonation. Bioregeneration is defined as 
the reopening, or regeneration, of activated carbon adsorption 
sites due to biodegradation of adsorbed organics. The importance 
of bioregeneration lies in the continued removal of organics of 
health concern during extended activated carbon service periods. 
Many organics of health concern can only be removed through ad- 
sorpt.ion, therefore, if bioregeneration does not occur, these 
organics may pass through the activated carbon contactor. The 
interest surrounding ozone is a result of claims by some that 
preozonation enhances performance of the process. Ozonation 
produces organic reaction products having increased biodegrad- 
ability, but decreased adsorbability. Both the extent to which 
such reactions proceed under water works conditions and the over- 
all combined effect are unclear. Substantive evidence supporting 
ozone enhancement claims is nonexistent. However, preliminary 
studies indicate that ozone may be attractive and that further 
study is warranted. 

Clearly, basic knowledge of the actual workings of the bio- 
logical activated carbon process is lacking. The lack of under- 
standing does not preclude the process from consideration; it 
does mean, however, that a careful program of pilot study should 
be undertaken. Detailed monitoring from the breakthrough of 
organics of health concern is necessary. The pilot studies must 
provide assurances that a longer activated carbon service life is 
not gained at the expense of effluent quality. General cost 
estimates show the plausability of a preozonation-activated carbon 
combination leading to a least cost design. Therefore, ozone 
should be considered in the pilot plant stage despite the ensuing 
complications in process evaluation. 



VII. FLOTATION 

History 

Flotation has been used as a solid-liquid separation process 
in a variety of industries for over 50 years. Its original, and 
continuing, application is in the field of mineral processing. 
Flotation is also employed in the petrochemical, food processing 
and pulp and paper industries. A more recent application is in 
wastewater treatment for both the removal of "light" suspended 
solids and the thickening of waste activated sludge. Most 
recently, the Scandinavian countries have pioneered the use of 
flotation in water treatment as an alternative to sedimentaion. 

As of 1973, 16 water treatment plants in Finland, Norway 
and Sweden employed flotation for drinking water treatment. The 
plants range in size from 63,000 gpd to 19 mgd. Considerable 
interest in the process is also evident in Great Britain. Five 
to ten full scale facilities are operational, the largest rated 
at 2.6 mgd, and a significant number of pilot scale studies have 
been undertaken. Pilot testing has also been carried out in the 
Netherlands, France and Belgium. 

Process Description 

Flotation, as it applies to water treatment, is more pre- 
cisely described as dissolved air flotation. Henry's law is the 
basis of operation for the process. Pressurized water is 
depressurized in the flotation unit causing the water to be 
supersaturated with air. The dissolved air then proceeds toward 
equilibrium with the atmosphere forming extremely fine bubbles 
as it leaves solution. The microbubbles, typically having a 
diameter of 5 to 10 microns, become attached to fPocculated 
particles creating an aggregate with an effective density less 
than the liquid phase (Gardner, 1977). The air bubble-particle 
agglomerate floats to the surface forming a solids layer which is 
removed for subsequent disposal. In a sense, flotation is just 
sedimentation in reverse. 

Bubble generation is usually carried out by a method known 
as pressure flotation. A portion of the flotation unit effluent 
is recycled through an air saturator at an elevated pressure. 
The recycle water is then reintroduced to the main stream near 
the inlet of the flotation unit. Using pressure reducers, such 
as needle valves or double orifice nozzles, the air in the recycle 
water is released producing the microbubbles. Recirculation 
rates ranging from 2.5 to 12 percent of the influent flow are 
reported (Stock, 1977 and Rosen and Morse, 1977). The norm 



appears to be about 8 percent. The pressure in the saturator 
usually ranges from 50 to 100 psi. The percentage recycle and 
the pressure are not independent of one another for a given system. 
A change in the percentage recycle produces a change in the 
pressure and vice versa. Percentage recycle, pressure, tempera- 
ture and degree of saturation in the recirculation stream 
determine the quantity of air available for flotation. The 
appropriate quantity of air (mass per volume of water treated) is 
specific to each application. Typically, as the amount of air 
is increased process performance improves until a point is reached 
where little or no additional improvement occurs. It is also 
possible that too much air may have a detrimental effect, causing 
floc breakup. Figure 7-1 provides a comparison of turbidity 
removal versus quantity of air applied. 

Treatment prior to flotation consists of coagulant addition 
and flocculation in the same manner as with sedimentation. Hyde 
et al. (1977) report that the conventional sedimentation jar test 
can be used to establish the optimum coagulant dose for flotation. 
After flocculation the water enters the inlet zone of the flo- 
tation unit at which point the dissolved air is added. Thorough 
mixing of the incoming floc particles with the air bubbles is 
essential to the production of floatable solids. At the same 
time care must be taken to prevent floc breakup due to excessive 
agitation. The main portion of the flotation unit consists of 
a quiescent zone in which the solid/liquid separation takes place. 
The two zones are usually divided by baffles. The treated water 
is withdrawn from the bottom of the unit. 

A number of factors affect flotation performance. The 
most obvious influence is that of the raw water characteristics. 
Proper chemical conditioning, flocculation and air addition are 
also essential. In addition, the approach to sludge removal 
impacts on process performance. Another important consideration 
is the hydraulic surface loading, which for flotation represents 
the downflow rate. For solids to be removed, the upward velocity 
of the air bubble-particle agglomerates must exceed the downflow 
ratej 5osen and Morse (1977) rezornmend a loading range of 6 to 
10 m /m /hr (3500 to 5990  qpd/ft ) .  Success pas been reported 
for loadings up to 12 m /m /hr or 7100 gpd/ft (Water Research 
Center, 1978). Another potential influence on performance is 
wind. Childs et al. (1977) report a detrimental effect on treated 
water quality during windy conditions both for intermittent and 
continuous sludge removal. This suggests that enclosures may be 
necessary in some instances. 

A considerable amount of pilot and full scale performance 
data are available for flotation. Performance is usually charac- 
terized by the removal of turbidity, color and suspended solids. 
Residual coagulant and algae removal are additional items of 
interest. 





A detailed program of pilot studies has been undertaken in 
Great Britain to assess the applicability of flotation inmter 
treatment. Zabel and Hyde (1977) conducted studies with a 
52,000 gpd plant on Thames River water. Raw water and flotation 
treated water turbidity is shown in Figure 7-2 for a three year 
period. Water leaving the flotation unit usually had a turbidity 
in theZrange of 0.5 to 1.5 FTU. The surface loading was 6700 
gpd/ft and the recycle rate was 7 percent at 50 psi. Several 
algal blooms were encountered over the course of the study. A 
comparison between sedimentation and flotation for algae removal 
is shown in Figure 7-3. Flotation clearly provided much better 
removal. Figure 7-4 shows that flotation and floc blanket 
clarification produced water of identical quality having very 
close to the same impact on filter runs. 

Flotation is particularly suited to the waters found in the 
Scandinavian countries. In general, the waters have low turbidity 
and are subject to algal blooms and near freezing temperatures. 
Flocculated particles are often difficult to settle, and the use 
of coagulant aids, such as activated silica, is common (Rosen 
and Morse, 1977). An application of flotation which produced 
exceptionally good results is that treating water from Gullspang 
River in Sweden. The existing plant, consisting of flocculation, 
sedimentation and filtration, had its sedimentation step bypassed 
to new flotation units in an overnight change of operation. A 
comparison of operating parameters for both sedimentation and 
flotation is listed in Table 7-1. Rosen and Morse (1977) claim 
that the comparison closely approximates parallel operation of 
the two processes. A tenfold increase in the surface loading 
was possible with flotation. Also, the filtration rate and the 
backwash interval increased significantly. 

Sludge Thickening and Removal 

Several approaches are in use for the removal of sludge from 
the surface of the flotation unit. These can be classified as 
either mechanical or hydraulic techniques and operate on a 
continuous or intermittent mode. Mechanical removal is accom- 
plished by scrapers or paddles which push the sludge into a 
disposal trough. Hydraulic removal, also known as surface flooding, 
is effected by raising the water level above that of an overflow 
weir, causing the sludge to spill into a disposal trough. 
Operation on a continuous or intermittent basis is largely 
determined by the desired sludge solids concentration. Intermittent 
operation of mechanical devices appears to provide the highest 
solids concentration, while continuous surface flooding provides 
the lowest. Sludge solids concentrations ranging from 0.5 to 14 
percent are reported in the literature for pilot studies (Stock, 
1977 and Zabel and Hyde, 1977). The 14 percent figure was 
obtained in a small pilot plant (52,000 gpd); the maximum concen- 
tration reported for large plants (0.6 mgd) is 9 percent (Childs 
et al., 1977). However, the authors note great difficulty in 
removing sludge with over 8 percent solids. 
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Table 7-1 

COMPARISON OF OPERATING PARAMETERS FOR SEDIMENTATION 

AND FLOTATION IN SWEDEN 
(Rosen and Morse, 1977) 

Sedimentation Flotation 

Flocculation time (min) 6 0  3 0  

2  Surface loading (gpd/ft ) 3 5 0  3500  

2  Filtration rate (gpm/ft ) 1.6 2.5 

Backwash interval (hours) * 12-24 49-60  

Alum dose (ppm) 40-45  35-40  

Activated silica dose (ppm) 2-4 nil 

&lmprovement due in a substantial part to better summer algae 
removal 

NOTE: Although not directly stated by the authors, presumably 
the comparison is based on providing identical treated 
water quality upon the completion of filtration. 



Flotation units may be operated with either a single or 
dual treatment objective. The single objective concerns itself 
simply with clarification without regard to the sludge solids 
concentration. This mode of operation is compatible with 
situations which have no sludge disposal restrictions or which 
process sludge in existing facilities, such as the local waste- 
water treatment plant. The dual objective involves clarification, 
but also consists of sludge thickening. The possible advantages 
of operating in this manner are: 

1) reduced sludge volume due to higher solids content 
2) sludge can be directly applied to dewatering equipment, 

such as filter presses 
3 )  use of drying beds or direct land disposal may be more 

attractive. 

Thickening and clarification are often not entirely com- 
patible with each other, thus tradeoffs may be necessary. If 
sludge is permitted to accumulate for too long on the surface, the 
quality of the flotation treated water may suffer. Likewise, the 
intermittent removal of concentrated sludge may lead to short 
periods of reduced water quality. In both cases, the impact of 
lower quality water from the flotation unit is shortened filter 
runs. The transient decrease in water quality during intermittent 
sludge removal may result in an excess buildup of head loss which 
corresponds to as much as two hours of normal filtering head loss 
(Hyde, 1977). However, benefits associated with sludge handling 
and disposal may offset the adverse effect on filter runs. 

Zabel and Hyde (1977) examined both intermittent and con- 
tinuous sludge removal with the 52,000 gpd Thames River pilot 
plant. Figure 7-5 shows the effect of sludge accumulation time 
on the treated water quality. Accumulation for periods up to 
40 hours did not substantially affect performance. Figure 7-6 
illustrates the transient deterioration in water quality which 
is often cited for intermittent sludge removal. A sludge solids 
concentration of 6 percent was obtained under normal conditions 
with intermittent scraping at 24-hour intervals. Concentrations 
up to 14 percent were recorded during periods of high raw water 
turbidity (100 FTU) . In comparison, continuous scraping provided 
concentrations of 1 to 2 percent. 

With a 0.6 mgd pilot plant treating an impounded river water 
subject to algal blooms, Childs et al. (1977) report atypical 
sludge removal performance in that no water quality deterioration 
occurred with intermittent flooding and scraping. Sludge was 
removed every 24 hours at a solids concentration of 6 to 8 percent. 
The results illustrate that the clarification and thickening 
functions of flotation are not necessarily incompatible. A similar 
study of directly abstracted river water having variable quality 
is reported by Zabel and Rees (1977). Treated water turbidity as 
a function of sludge accumulation time is shown in Figure 7-7. 
The flotation pilot plant performed almost as well as the full 
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scale sedimentation stage, whihe supporting a substantial13 larger 
surface loading to 6500 gpd/ft as compared to 1200 gpd/ft for 
sedimentation. Intermittent scraping at 16-hour intervals pro- 
duced a sludge of 6 percent solids; however, sludge removal 
caused a short term adverse effect on water quality. 

The sludge thickening aspect of flotation was examined in 
most studies and in several cases the subsequent dewaterability 
by filter presses was also tested. Zabel and Hyde (1977) note 
that raw water turbidity has a marked influence on the sludge 
solids concentration. Increasing raw water turbidity produces 
an increased solids concentration. The period of sludge accumu- 
lation also has a like effect on solids concentration. Similarly, 
the two effects are reported by Upton and Hale (1978) and account 
for a sludge solids variability of 2 to 8 percent. This discussion 
is intended to briefly illustrate the parameters affecting sludge 
thickening and should not be construed as advocating the use of 
turbid water sources. Turbid waters require more coagulant and 
a greater recycle rate, and often produce a lower quality flo- 
tation treated water. With regard to dewaterability, a pilot 
plant sludge containing 2 to 3 percent solids was filter pressed 
to a solids range of 20 to 2 5  percent (Rosen and Morse, 1977). 
No further thickening or chemical addition was carried out between 
the flotation unit and the filter press. The Water Research 
Center (1978) also reports solids concentrations of 20 to 2 5  
percent with filter press trials. The results were achieved 
without polyelectrolyte addition. 

Applications 

Raw water characteristics are an important factor in 
assessing the applicability of flotation to a particular 
situation. Flotation is most attractive for waters of low to 
moderate turbidity. Impounded waters of a eutrophic, highly 
colored nature are the type of source most frequently treated by 
flotation. Performance during algal blooms is much superior to 
that of sedimentation. In addition, the adverse effect of low 
water temperatures on solid-liquid separation is less pronounced 
with flotation (Rosen and Morse, 1977). The intermittent use of 
flotation might also be attractive for waters usually amenable to 
direct filtration. flotation, with its rapid start-up capability, 
could be placed in service during occasional periods of elevated 
turbidity or algal blooms. Flotation may be advantageous for 
almost any case in which flocculated particles exhibity a 
reluctance to settle. However, the feeling among several equipment 
manufacturers is that flotation is not cost competitive with 
sedimentation for highly turbid waters (Water Research Center, 
l977b). A breakoff point is suggested of 10 to 20 mg/l of 
snsoended solids, occurrina on a reqular basis. 



The large2surface loadings associated with flotation, 3500 
to 7000 gpd/ft , make it uniquely suited for several specialized 
applications. Projects having only a small amount of land avail- 
able are one example. Flotation may take up substantially less 
area than sedimentation. Another possibility is the conversion 
of existing settling tanks to flotation in order to increase 
plant capacity. This might be done to avoid the cost of 
additional tankage or because of site restrictions. Along with 
increased surface loadings, flotation appears to function well at 
tank depths shallower than those usually associated with sedi- 
mentation. Current European practice is to use depths of 4 to 6 
feet. Thus, flotation may prove more attractive in the face of 
unfavorable soil conditions, such as a shallow depth to bed rock 
or a high water table. 

Existing water works faced with changing sludge disposal 
requirements may also find the conversion from sedimentation to 
flotation attractive. The sludge thickening capability of 
flotation may interface well with the other steps in the treatment 
handling and ultimate disposal of the sludge. Economic viability 
of conversion is suggested, in particular, when consideration is 
being given to the construction of separate thickeners for 
sedimentation sludge. 

The literature is replete with potential advantages attributed 
to flotation over sedimentation. Many have already been mentioned; 
however, several others are worth pointing out. Flotation can 
lead to reduced water losses in sludge removal. Upton and Hale 
(1978) report that a 50 to 75 percent reduction in water loss is 
possible. Water loss is largely dependent on the method of 
sludge removal. In general, intermittent surface scraping produces 
the least and continuous surface flooding the most. Another con- 
ceivable benefit from flotation is that which is normally 
associated with aeration, such as reduction in taste and odor. 
As noted briefly before, the process can be started-up quickly, 
reaching a steady state on the order of 45 minutes (Zabel and 
Hyde, 1977). Flotation can also respond in 20 to 30 minutes to 
changes in operating conditions. Some claim that flotation may 
lead to lower chemical doses; however, considerable controversy 
surrounds the issue. Finally, in climates where both sedimen- 
tation and flotation units require enclosures, flotation is likely 
to offer some economies due to its smaller surface area. 

As with any process, flotation has its drawbacks too. The 
power consumption in flotation is larger than with sedimentation 
due mainly to the recycle pumps and air compressors. Overall, 
the process is more operation and maintenance cost-intensive, and 
thus more subject to the pressures of inflation. The equipment 
is more complex and requires a greater amount of operator super- 
vision and expertise. Also, the process does not function in the 
case of power or equipment failures, therefore, equipment redun- 
dancy and standby power become important considerations. Flotation 
introduces another process parameter, percentage recycle, to be 



optimized, and provides a potential source of operational 
difficulty through the sludge removal aspect of the process. 
With surface sludge collection flotation is more susceptible to 
the elements. Such things as wind effects and sludge freezing 
may necessitate enclosures for flotation while still unnecessary 
for sedimentation under similar conditions. The disadvantages 
of flotation in comparison to sedimentation are best summarized 
by noting that more things can go wrong in flotation. A 1975 
survey of Swedish water practices reported a general feeling 
that flotation was still too complicated and unreliable (Water 
Research Center, 1977a). 

Pilot studies are needed to estimate the performance of 
flotation on a particular raw water source. The study must 
determine if the minimum performance goals can be met. Variations 
in percentage recycle and pressure should be examined to establish 
a viable operating range. Through the use of different pressure 
reducers, percentage recycle and pressure can be varied somewhat 
independently of one another in the pilot trials. A design surface 
loading must be determined in the study, and sludge quantities 
and solids concentrations must be established. If appropriate to 
the method of ultimate disposal, sludge dewaterability should be 
evaluated. The studies should be of sufficient duration to 
encompass the normal variation in raw water quality. 

Dissolved air flotation has not been used in the United 
States as an alternative to sedimentation for drinking water 
treatment. However, the process is widely employed in wastewater 
treatment which indicates that considerable expertise has 
developed both on the part of manufacturers and consulting engineers. 
Major technological innovations are not required in order to 
apply wastewater treatment experiences to water treatment. 
Therefore, while not presently used, flotation appears to be a 
realistic alternative for water treatment, a process for which 
the technology is available in the United States. 

Costs - 
Very little cost information is available for applications 

of flotation in water treatment. Gregory (1977) developed cost 
estimates for floation in the United Kingdom, and notes, in 
general, that sedimentation and flotation costs are comparable. 
The estimates are based on costs in the third quarter of 1975, 
and have been converted to dollars using the then prevailing 
exchange rate of 2.13 dollars per pound sterling (International 
Monetary Fund, 1975). An inflation factor of 1.27, corresponding 
to 8 percent per year, has been applied to provide a 1979 cost 
basis. The accuracy of the estimates is somewhat questionable 
for several reasons. First, the original work has a limited 
data base. Second, the exchange rate may not correctly reflect 
the differences between the United States and the United Kingdom 
in the construction and operation of flotation units. A lack of 
information is particularly evident with regard to operation and 



maintenance costs, other than power. Power consumption is 
reasonably well documented, typically varying between 0.03 and 
0.04 kilowatt-hours per cubic meter (Rosen and Morse, 1977). A 
value of 0.035 is assumed which corresponds to 132 kilowatt-hours 
per million gallons. Total annual costs for flotation are shown 
in Figure 7-8 over a flow range of 1 to 50 mgd at surface loadings 
of 3500, 5000 and 7000 gpd/ft . Included are all aspects of the 
process except enclosures for the flotation units. Based on the 
above discussion, the cost estimates are likely to be less 
accurate than those presented in other sections of the report. 

Several additional cost-related considerations should be 
noted. As with any process, allowances must be made for peak 
loadings. Flotation receives both a hydraulic and a solids peak 
load. Process performance is reasonably insensitive to hydraulic 
surface loading and raw water turbidity. Therefore, only a 
modest capital investment may be needed to provide for peak 
operating conditions. A small safety factor on the surface 
loading at average flow may be sufficient. Of course, the recycle 
pumps and compressors are likely to require a more substantial 
reserve capacity. For waters with highly variable raw water 
turbidity greater allowances are probably necessary. The 
relationship between performance at average and peak conditions 
must be established during pilot testing to determine appropriate 
design parameters. Another cost consideration is associated with 
flotation's sludge thickening capability. Flotation may well 
offer savings in sludge handling. Examples are the elimination 
of separate thickening facilities and a reduction in chemical use 
during the dewatering step. A valid economic comparison between 
flotation and sedimentation must account for any advantages in 
sludge handling held by one process relative to the other. 

A rough cost comparison between flotation and sedimentation 
is pro ided in Figure 7-9 for surface loadings qf 5000 to 7000 Y gpd/ft with flotation and 1000 and 2000 gpd/ft with sedimen- 
tation. The data show that, in applications solely for water 
clarification, a high flotation surface loading must combine with 
a low sedimentation surface loading before flotation becomes 
competitive. The analysis further suggests that flotation may 
hold a clear advantage over sedimentation only in applications 
where it provides a cost savings in sludge treatment relative 
to sedimentation. 

Summary 

Flotation has been used as an industrial process for over 50 
years. It is now also widely employed in wastewater treatment. 
The form of the process almost always used in water treatment is 
dissolved air pressure flotation. Solids removal is accomplished 
through the attachment of air microbubbles to flocculated 
particles, creating aggregates which float. The resulting sludge 
layer is then removed from the surface. The bubbles are formed 
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by saturating a pressurized recycle stream and subsequently de- 
pressurizing it through pressure reducers in the flotation unit. 
The technique results in the formation of bubbles with a diameter 
of 5 to 10 microns. The percentage recycle is a process control 
parameter for which an optional performance value exists. The 
recycle rate usually ranges around 8 percent of the influent flow. 

Treatment prior to flotation consists of coagulant addition 
and flocculation. Flotation is a high rate pro2ess having 
typical surface loadings of 3500 to 7000 gpd/ft . Current 
European practice calls for tank depths of 4 to 6 feet. Sludge 
removal may be either intermittent or continuous depending mainly 
on the desired solids concentration. Solids concentrations up 
to 8 percent have been developed and removed without difficulty. 
Sludge taken directly from flotation units has been filter 
pressed to solids concentrations of 20 to 25 percent. Thus, 
flotation can be used to serve the dual objective of water 
clarification and sludge thickening. However, pilot studies are 
needed to accurately assess its capabilities for each potential 
application. 

Flotation is well suited for waters of low to moderate 
turbidity, and is often used for impounded eutrophic and/or 
highly colored sources. Compared to sedimentation, flotation 
provides exceptional algal removal and better performance at low 
water temperatures. However, the process is not thought to be 
economical for highly turbid waters, defined as those having sus- 
pended solids consistently exceeding the 10 to 20 mg/l range. 
Other favorable applications include those which take advantage 
of the large surface loadings, as with small sites or in the 
expansion of existing facilities by converting sedimentation to 
flotation. Flotation also has a quick start-up capability 
making it amenable to intermittent use. 

Compared to sedimentation, flotation is less capital cost 
intensive and more operation and maintenance cost intensive. It 
has a larger power consumption and, in most cases, more complex 
mechanical equipment. Overall, it is a more sophisticated process, 
perhaps requiring greater operator attention and expertise. 
Cost data for flotation is very limited. The available information 
suggests that flotation is more expensive than sedimentation. 
Possible cost savings in sludge treatment, however, may swing 
the overall cost in favor of flotation. 



VIII. APPLICABILITY IN THE UNITED STATES 

Introduction 

Ozone, chlorine dioxide, granular activated carbon, biologi- 
cal activated carbon and dissolved air flotation are European 
water treatment techniques which appear particularly attractive 
for application in the United States. European practices are of 
even greater interest as a result of various EPA regulations, 
some of which are in final form and others which are still in the 
proposal stage (USEPA, 1978 and 1979). The regulations address 
two areas of concern, trihalomethanes and synthetic organic 
chemicals. 

The trihalomethane regulations are in final form and apply 
to systems serving over 10,000 people. The maximum allowable 
concentration for total trihalomethanes is 100 pg/l. These 
chemicals are by-products of chlorination: thus the regulation 
may provide the impetus for substantive changes in chlorination 
practices in the United States. 

Among the options to deal with trihalomethanes is a switch 
to oxidants other than chlorine. The EPA has reservations about 
two of the alternative oxidants, chlorine dioxi.de and chloramines. 
With chlorine dioxide a concern exists over the possible toxicity 
of its by-product, chlorite. Originally, the EPA proposed a 
maximum applied dose limit of 1 mg/l chlorine dioxide, but now 
recommends a residual oxidants concentration of not greater than 
0.5 mg/l. Toxicity studies are continuing, and the establishment 
of residual oxidant standards in the future is a strong possi- 
bility. With regard to chloramines, the concern is that, while 
chloramines adequately address the trihalomethane problem, they 
are inferior disinfectants. Thus, the microbial quality of the 
water might be sacrificed in a switch to chloramines as the 
primary disinfectant. In general, the EPA worries that treatment 
process modifications to meet the trihalomethane standard may 
adversely affect the microbial quality of the water. Therefore, 
all significant modifications, including a switch to chlorine 
dioxide or chloramines, must be approved by the appropriate state 
agency. These agencies will receive guidance from the EPA. 

The EPA points out that the 100 pg/l standard is just a 
beginning. A reduction in the allowable concentration is expected 
in the future, possibly to a level as low as 10 pg/l. Another 
future possibility is the regulatory control of a broad range of 
halogenated organics. This might be accomplished by setting a 
standard for TOX. In Europe concerns about halogenated organics 
are often addressed by group parameters similar to TOX. Interest 
in such measurements is increasing in the United States. 



The second major concern is synthetic organic chemicals for 
which a granular activated carbon treatment technique is proposed. 
The EPA is now involved with the unenviable task of establishing 
treatment guidelines for the process. Knowledge is incomplete 
on a variety of aspects associated with the problem, therefore 
selection of an appropriate level of treatment is very difficult. 
Two basic approaches are under consideration. The first is to 
specify activated carbon performance criteria based on the 
removal of TOC and volatile halogenated organics. The second 
consists of setting design and operating criteria. A minimum 
empty bed contact time and a maximum activated carbon service 
life would be established. Also, a means would be needed for 
determining which of the commercially available activated carbons 
are acceptable for use, as adsorption capabilities may vary 
widely. 

A revised proposal for the treatment of synthetic organic 
chemicals is expected to be issued by the EPA sometime in 1980 
for public comment. Preliminary indications are that 143 systems 
would be required to provide granular activated carbon treatment 
under the proposed revisions. It is likely that the new proposal 
will generate considerable comment from the various interested 
parties. The EPA's evaluation of comments, and possible further 
modification of the proposal, may well take a substantial period 
of time. Therefore, from a regulatory viewpoint the future of 
activated carbon treatment is quite uncertain. Water works which 
feel the need for immediate action are on their own in assessing 
the appropriate level of treatment. Of course, they too must 
address many of the same difficulties encountered by the EPA. 

A somewhat different regulation of interest is that governing 
the disposal of wastes from water treatment plants. The direct 
discharge of sludge and backwash water to surface water bodies is 
no longer permitted. Water works must now dispose of their wastes 
by other means, such as in landfills. Treatment, typically 
involving some degree of sludge dewatering, is often needed prior 
to ultimate disposal. Thus, the recent restriction places the 
dissolved air flotation process in a more favorable light due to 
its sludge thickening capability. The potential advantage of 
flotation over sedimentation, as a result of waste discharge pro- 
hibitions, is addressed in a subsequent discussion. 

While outside the scope of this report, regionalization has 
been widely adopted in Europe and is certainly applicable in the 
United States. The economies and efficiencies of scale associated 
with regionalization may make it even more attractive in instances 
where extensive treatment is required, such as in organics 
removal. 



Chemical Oxidants 

Chlorine is by far the most popular chemical employed for 
oxidation and disinfection purposes in the United States. How- 
ever, because of the EPA trihalomethane regulations and concern, 
in general, about chlorinated organics, other oxidants are now 
being more actively considered. Principal among these are 
chloramines, permanganate, ozone and chlorine dioxide. 

As used in water treatment, chloramines are largely in the 
form of monochloramine, NH2C1. The main advantages with chlor- 
amines are that no trihalomethane formation results and that they 
provide a more persistent residual than chlorine. However, the 
disinfection capability of chloramines is weak, requiring on the 
order of a 100-fold increase in contact time over chlorine for 
identical doses of each (White, 1972). As an oxidant chloramines 
are very unsatisfactory, having little or no effect against such 
things as taste and odor or manganese. The most widespread 
application of chloramines is in the provision of distribution 
system residuals. If chloramines are to be used as the primary 
disinfectant, dosing must usually take place at the beginning of 
the treatment sequence to provide adequate contact time. 

- 
Permanganate, KMn04 , is a strong oxidant capable of taste 

and odor control and iron, manganese and organics oxidation. It 
has also been used successfully as an algicide. Permanganate, 
itself, does not impart any tastes and odors to water, and 
obviously does not produce trihalomethanes. Upon reaction perman- 
ganate is reduced to insoluble manganese dioxide which may then 
further aid in the removal of impurities through adsorption. 
Many permanganate reactions are catalyzed by the hydroxide ion, 
therefore, reaction rates typically increase with increasing pH. 
Also, the required dose may decrease with increasing pH. Singer 
et al. (1979) have shown that permanganate removes trihalomethane 
precursors to a limited extent. A 10 to 20 percent reduction 
in trihalomethane formation potential may be possible at doses 
normally thought to be economical. The disinfection capability 
of permanganate is very weak; the limited data available suggest 
a potency of 3 to 4 times less than that of monochloramine. 
However, permanganate may be powerful enough to control undesir- 
able slime growths in treatment units, thus allowing prechlori- 
nation for this purpose to be dispensed with (Cleasby, 1964). 
Permanganate is almost exclusively used in pretreatment because 
of the need to remove the resulting manganese dioxide precipitate. 

Ozone and chlorine dioxide are reviewed in Sections I11 and 
IV, respectively; however, a brief summary is presented here. 
Ozone is the most powerful oxidant available for water treatment. 
It readily oxidizes taste and odor causing compounds, iron and 
manganese, and organics in general. As a disinfectant, ozone is 
fast acting and clearly superior to chlorine in the destruction 
of all types of microorganisms, including viruses. Ozone is also 
capable of flocculating organic colloids, an effect termed micro- 



flocculation. Significant reductions in trihalomethane precursors 
have resulted from ozonation; however, the effect on trihalo- 
methanes themselves is minimal, A major drawback of ozone is 
a very short lived residual which usually necessitates the use of 
another oxidant to provide an adequate distribution system 
residual. Ozone can be used in a variety of locations in a treat- 
ment train from beginning to end. A common European application 
is prior to filtration. 

Chlorine dioxide is well suited to both oxidation and disin- 
fection functions. Applications include pretreatment for taste 
and odor control and for oxidation of iron and manganese. 
Chlorine dioxide is particularly effective against phenolic 
tastes and odors. It also reacts very rapidly with manganese. 
As a disinfectant, chlorine dioxide shows only a slight pH 
dependence and is comparable to chlorine at neutral pH. In 
addition, it provides a more persistent residual than chlorine 
which is a major reason for its use in Europe. Chlorine dioxide 
does not react with ammonia which is advantageous in some 
applications. Some reactions with organics have been shown to 
result in chlorinated organic products; however, the yield is 
usually lower than with chlorine. Chlorine dioxide does not 
produce trihalomethanes in reactions with humic materials, and 
it has been credited with moderate reductions in precursor levels. 
Chlorine dioxide is widely used in Europe for both pretreatment 
and posttreatment steps. 

A brief comparative summary of oxidant characteristics is 
provided in Table 8-1. The comparison is very qualitative; how- 
ever, it does give a general overview of relative advantages and 
limitations. 

Oxidant Costs 

A principal determinant in evaluating the merits of the 
various oxidants is cost. Estimates of total costs are presented 
in Table 8-2 for the five oxidants under consideration. The only 
items not included in the estimates are contact basins which may 
be needed in some instances, especially with ozone. While it is 
convenient to categorize oxidant costs on an equivalent dose basis, 
comparisons among chemical oxidants on such a basis can be very 
misleading. At a minimum, consideration must be given to 
molecular weight, typical valence change and oxidation potential. 
These are listed in Table 8-3. For reactions which clearly 
involve oxidation, such as with iron and manganese, required mass 
ratios to produce an identical effect can be calculated based on 
electron equivalence. Table 8-4 summarizes the calculations for 
the four chemicals frequently used in oxidation applications. 
For example, the table indicates that 1.5 mg of chlorine is 
equivalent to 1 mg of ozone. Table 8-5 provides an example of 
the use of electron equivalence considerations in developing 
oxidant cost comparisons. Unfortunately, the concept does not 









Mass o f  Oxidant 
per  U n i t  Mass o f  
Reference Oxidant 

Ozone 

Chlor ine 

Chlor ine Dioxide 

Table 8-4 

MASS RATIOS BASED ON ELECTRON EQUIVALENCE 

Po tass i urn 
Ozone Chlor i  ne Chlor ine Dioxide Permangana t e  

(as 03) (as Cl,) z- (as C10,) L (as KMnO,) 

Potassium Permanganate 0.47 0.67 1.3 --- 

NOTE: This tab le  indicates that ,  f o r  the same ox ida t i ve  e f f e c t ,  the  c h l o r i n e  dose would 
need t o  be 1:5 times the ozone dose, b u t  on ly  0.53 o f  ch lo r ine  d iox ide dose and 
0.67 o f  potassi um permangana t e  dose. 



Table 8-5 

EXAMPLE OF OXIDANT COSTS BASED ON ELECTRON EQUIVALENCE 

Cost** ( $ / I  000 ga l  ) 
Oxidant  and Dose* 1 MGD 5 MGD 10 MGD 25 MGD 50 MGD 

Ch lo r ine  
(1 mg/l as C12) 

Ozone 
(0.68 mg/l as 03) 

Ch lo r ine  D iox ide  
(-1.9 mg/l as C1 02) 

Potass i  um Permangana t e  
(1.5 mg/l as KMn04) 

* doses determined f rom Tab1 e 8-4 

** c o s t  determined through i n t e r p o l a t i o n  and e x t r a p o l a t i o n  o f  Table 8-2 



directly apply to disinfection and many organics reactions because 
of difficulties in determining oxidation states and because a 
number of reactions are not truly oxidation in nature. In these 
cases, oxidation potential may be used as a rough gage to compare 
reactivity among oxidants. Another consideration is kinetics, 
or the rate of reaction, which may vary significantly depending 
upon the reactants in question. Also, pH, temperature and inter- 
actions with other substances often exert a marked influence on 
the reaction rate. Therefore, laboratory testing is usually 
necessary to accurately compare oxidant costs. 

Applications of Alternative Oxidants 

At present, increased interest in alternative oxidants is 
mostly attributable to concern about trihalomethanes, Ozone and 
chlorine dioxide can undoubtedly aid in the reduction of trihalo- 
methane formation; however, their use must be placed in the 
context of the other available strategies. Options can be 
broadly classified into three categories: 

1) use of oxidants which do not produce trihalomethanes; 
2 )  removal of precursor organics prior to chlorination; 
3 )  removal of trihalomethanes after formation. 

Within the categories a variety of possibilities exist depending 
upon the circumstances of each case. Figure 8-1 outlines the 
treatment options for difficulties commonly encountered during 
efforts to reduce trihalomethanes. 

The easiest technique for trihalomethane control is often the 
modification of operating practices in existing treatment steps. 
In case studies of treatment plants in Durham and Chapel  ill, 
North Carolina, Young and Singer (1979) showed that significant 
reductions in trihalomethanes can result by switching from pre- 
chlorination to chlorination following coagulation and settling. 
Such reductions are caused by the removal of precursor humic and 
fulvic acids in the coagulation and settling process (Babcock 
and Singer, 1979). Additional improvement in precursor removal 
may result if the coagulant dose is based on optimum TOC removal 
instead of optimum turbidity removal (Kavanaugh, 1978). An 
extension of this approach is that chlorine application should be 
delayed as long as possible without endangering the microbial 
quality of the water, as for example, following filtration. 
Another possibility is the lowering of finished water pH, as 
trihalomethane yield exhibits a large dependence on pH. A more 
basic course of action is an examination of the rationale behind 
the selection of chlorine doses, as the trihalomethane formation 
rate increases with increasing chlorine concentration. 

Simple modifications of present operating practices may not 
prove wholly satisfactory for one or more of the following reasons: 



Figure 8-1 
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1) prechlorination is used for oxidative purposes 
2) target levels still cannot be met 
3) contact time is insufficient to assure disinfection. 

In the first instance, another oxidant must be substituted 
for chlorine if prechlorination is to be discontinued. The 
choices are permanganate, chlorine dioxide and ozone. From 
Tables 8-2 and 8-4, permanganate and ozone cost roughly the same, 
while chlorine dioxide costs at least a factor of two greater. 
Permanganate and chlorine dioxide require modest capital invest- 
ments, whereas ozone requires a substantial capital outlay. Also, 
with the possible exception of very large plants, it is probably 
difficult to justify the use of ozone solely for pretreatment 
purposes. Thus, the choice is usually between permanganate and 
chlorine dioxide when oxidative pretreatment is the only function 
to be performed. Chlorine dioxide may be more attractive because 
performance in some applications is only slightly affected by pH. 
The performance of permanganate is markedly better at alkaline 
pH; however, the common coagulants, alum and ferric chloride, 
function best in the acidic pH range. The pH incompatibility 
associated with permanganate is likely to bring the oxidants 
closer together in cost, and may favor chlorine dioxide due to 
kinetics considerations. Chlorine dioxide is also a much more 
powerful disinfectant and algicide and should be able to prevent 
undesirable growths in the treatment units. Permanganate's 
ability in this regard is more open to question. To its detri- 
ment, chlorine dioxide, while not producing trihalomethanes, may 
form other chlorinated organic reaction products. Also, dose 
and/or residual restrictions may be set eventually due to concerns 
about the health effects of the chlorite ion. Overall, neither 
oxidant emerges with a clear advantage over the other in oxidative 
pretreatment applications. 

As a second possibility, modification of existing practices . 
may not provide an adequate reduction in trihalomethane concen- 
tration. Viable options in this case include the following: 

1) use another oxidant to provide the distribution system 
residual ; 

2) attempt further reduction in precursor levels; 

3 )  switch to another primary disinfectant 

The substitution of chloramines or chlorine dioxide for the 
provision of the distribution system residual should lead to 
reduced trihalomethane formation, as the contact time with 
chlorine is limited to only that required for primary disinfection. 
Comparisons between chloramines and chlorine dioxide for residual 
purposes are nonexistent. However, a residual of 1 to 2 mg/l 
is probably needed with chloramines, while for chlorine dioxide, 
with a disinfection capability similar to chlorine, a residual of 
0.2 to 0.5 mg/l should suffice (Ten States Standards, 1976). The 



relative persistence of the two residuals is unknown, therefore 
laboratory testing is required. The greater potency of chlorine 
dioxide may allow it to offset what appears to be a cost dis- 
advantage. 

To further reduce precursor levels either oxidation or 
adsorption can be employed. Broadly classified, the order of 
oxidant choice for precursor removal is ozone, chlorine dioxide 
and permanganate. It is imperative that laboratory testing be 
done, as results with precursor oxidation are quite variable. 
It is even possible to increase the trihalomethane concentration 
if insufficient doses are used. Carbon adsorption for precursor 
removal is discussed in the next subsection. 

The choices as alternative primary disinfectants are: ozone, 
chloramines and chlorine dioxide. Ozone is a multipurpose oxidant 
which can be employed in a variety of uses in addition to primary 
disinfection. Chloramines are by far the weakest of the recog- 
nized disinfectants, but are likely to be the most convenient 
solution in terms of capital cost expenditure and speed of 
installation. Chlorine dioxide will be economically unattractive 
as a primary disinfectant in most cases. Possible exceptions are 
instances where a small disinfectant dose is adequate. 

A third impediment to simple process modifications is the 
possibility that contact time considerations may not permit the 
initial chlorination to take place after sedimentation. A switch 
to chloramines may work although adequate contact time may again 
be a problem. A second alternative is the use of chlorine 
dioxide as a predisinfectant with the addition of chlorine 
further downstream. Another option is the construction of a 
covered holding tank at the end of the treatment train to provide 
adequate contact time. Finally, ozone could be used in place of 
chlorine as the primary disinfectant. Ozonation would require the 
construction of a contact tank; however, a significant reduction 
in detention time over the covered holding tank would grobably 
result. 

A large number of treatment plants should be able to meet 
the 100 pg/1 trihamomethane regulation through changes in the 
point of chlorine addition. The EPA has mentioned a future goal 
of 10 to 25 1 in which case more drastic measures would surely 
be necessary. In the extreme, ozone could become the primary 
disinfectant of choice with chlorine relegated to posttreatment 
for distribution system residual. Should viral inactivation 
become a major concern, ozone would again be favored due to its 
superior capability in this regard. As research into synthetic 
organic contaminants continues, ozone may come into further use 
particularly if the biological activated carbon process proves to 
be a successful technique. The future of chlorine dioxide is 
somewhat clouded by questions about chlorinated organics formation 
and toxicity. Additional research is needed to provide quantifi- 
cation of these potential adverse effects. In pretreatment the 



use of chlorine dioxide is closely tied to the fortunes of ozone 
and permanganate. If ozone comes into widespread use as a primary 
disinfectant, pretreatment applications of chlorine dioxide are 
likely to diminish due to the convenience of also using ozone 
for this secondary purpose. Likewise, if permanganate proves to 
have an adequate predisinfection capability, it may gain favor 
over chlorine dioxide due to chlorinated organics and cost con- 
siderations. For posttreatment to provide a distribution system 
residual, chlorine dioxide may become the compromise choice over 
chloramines and chlorine. It provides the benefit of minimal to 
moderate chlorinated organics formation, while still retaining a 
powerful disinfection capability. 

The discussion is slanted toward existing facilities because 
few new treatment plants are now being built. However, several 
additional considerations with regard to chemical oxidants are of 
importance in the planning of new plants. Process selection 
should be made with a view towards future trends in water treat- 
ment. The EPA has professed an interest in regulatory control of 
chlorinated organics and synthetic organic contaminants. Concern 
is also evidenced by the growing research effort in these areas. 
Additionally, a greater interest in viral inactivation is often 
mentioned as a probable future direction. The projected course 
of water treatment leads to the conclusion that ozone should be 
seriously considered as the primary oxidant for new plants. Of 
particular note are instances in which raw water is abstracted 
from unprotected surface sources or when low trihalomethane con- 
centrations are not otherwise obtainable. Recent findings also 
support the conclusion that in the planning of new facilities 
prechlorination should be classified as an unacceptable treatment 
technique. 

Recent concerns about organic chemical contamination point 
to the need for greater attention to source selection. Protected 
surface waters and groundwater are typical examples of high 
quality sources. Such sources often contain minimal amounts of 
synthetic organic chemicals. In addition, ground water frequently 
has low levels of trihalomethane precursors. 

Activated Carbon 

Potential applications of granular activated carbon (GAC) and 
biological activated carbon (BAC) are conveniently divided into 
two categories, those involving trihalomethane or trihalomethane 
precursor removal and those concerned with the removal of synthetic 
organic chemicals. Treatment objectives and performance evaluation 
are straightforward in trihalomethane applications. Unfortunately, 
synthetic organic chemical applications are often faced with 
basic questions concerning appropriate treatment objectives and 
the determination of satisfactory performance. That is, selection 
of chemicals to be removed and verification of removal is a very 
complex task. 



For trihalomethane control, research generally shows that 
activated carbon service life is longer if adsorption of pre- 
cursors is practiced, rather than adsorption of trihalomethanes 
themselves (Symons et al., 1978). The Dutch also view carbon 
adsorption of trihalomethanes unfavorably, considering it 
economically infeasible (Meijers et al., 1979). A comparison of 
precursor versus trihalomethane removal under similar conditions 
is provided in Figures 8-2 and 8-3. While not directly com- 
parable because of different trihalomethane measurement techniques, 
the results do give an indication that precursor removal is 
favored. BAC with preozonation may also hold promise as a means 
of precursor removal. Figure 8-4 shows preliminary results of 
a performance comparison between GAC and BAC with preozonation. 
For each potential application pilot testing is required as 
outlined in Section VI to determine the treatment scheme which is 
most attractive economically. 

In the context of the other trihalomethane control strategies, 
Figures 5-9 through 5-11 and Table 8-2 reveal that in terms of 
economics GAC and BAC are the methods of last resort. A complete 
replacement of chlorine by ozone and chlorine dioxide or chlor- 
amines should be far cheaper than the use of activated carbon in 
most cases. Exceptions would be instances in which acceptable 
distribution system conditions cannot be maintained with oxidants 
alone. Ozone is known to oxidize organics to a more biodegradable 
state, and some European experiences indicate an acceleration of 
microorganism regrowth in the distribution system. Taken to the 
extreme, chlorine dioxide and chloramines might be incapable of 
adequately controlling regrowth at reasonable cost and/or 
acceptable dosages. Under such circumstances some form of acti- 
vated carbon adsorption may be necessary. Likewise, activated 
carbon may become attractive for waters exhibiting a very large 
ozone demand. The preceding assessment applies only to situations 
in which activated carbon is being considered solely for trihalo- 
methane control. If additional treatment objectives exist, broad 
generalizations are not possible as costs are likely to vary 
widely based on the specifics of each case. 

The appropriate role of activated carbon in synthetic organic 
chemical removal is a point of widespread disagreement at present. 
The regulatory controversy is likely to go on for some time. 
Due to the complexity of the issue, the final content of the EPA 
minimum standards is now quite uncertain. Thus, for the short 
term and possibly longer, utilities are on their own in assessing , 
the need for such treatment. 

There is little doubt about activated carbon's ability to 
adsorb a broad spectrum of health threatening syntethic 
organic chemicals. The major difficulties lie in other areas, 
most of which are related to the formidable task of quantifying 
effects. Perhaps the foremost question in this regard involves 
evaluation of the health impact associated with long term 
ingestion of very low concentrations of organic contaminants. 



Figure 8-2 
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Figure 8-3 

Removal of Trihal omethanes by  Granular Activated Carbon 
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Closely related is risk assessment. Competing demands for finite 
resources require that allocations be made with respect to 
benefits received for costs incurred. In the case of synthetic 
organic chemicals accurate determinations of benefits and costs 
are still elusive. Further complicating the issue is the diffi- 
culty in characterizing activated carbon performance. Group 
parameters must often be used to make performance monitoring a 
manageable task. Questions then arise as to whether these para- 
meters accurately reflect removal of the organics of principal 
concern. In sum, the basic dilemma is what to remove, how much 
of it to remove and how to best determine if the activated carbon 
is actually removing it. 

Admittedly, knowledge about synthetic organic chemicals and 
activated carbon treatment is incomplete, and a large amount of 
research is still needed. However, in clear cases of significant 
contamination of water sources these deficiencies should not 
necessarily prevent the implementation of corrective measures. 
At present the use of activated carbon represents a tradeoff 
involving, on one hand, imperfect knowledge about process 
operation and uncertainties regarding health effects of organics 
and, on the other, a concern about potential adverse health 
consequences of an unknown magnitude. The former should not 
always outwiegh the latter, especially when the preponderence of 
evidence suggests that a serious problem exists. In such cases, 
GAC is for the most part favored over BAC because the technology 
of the process is better understood. The more extensive pilot 
studies required for BAC can probably be justified only for large 
facilities which stand to reap substantial savings in the event 
of successful pilot trials. However, BAC is now the subject of 
extensive research which should lead to a better definition of 
process capabilities. 

An example of a contaminated water source from a European 
viewpoint is provided in Table 8-6 which lists quality parameters 
for the lower Rhine River at Ochten. The International Working 
Party of Waterworks in the Rhine Catchment Area (IAWR) has 
classified the Rhine River into quality categories as shown in 
Table 8-7. In Switzerland water falling into the Practically 
Uncontaminated category is still treated with activated carbon 
for organics removal. For the other countries organics removal 
with activated carbon is widespread in the Moderately to Severely 
Contaminated categories. 

Recent work undertaken in the Netherlands examines the 
Toxicological significance of both various levels of treatment 
and type of water source. The intent was to determine if a 
relationship exists between toxicological effects and several 
group parameters commonly used to characterize activated carbon 
performance. Preliminary results indicate that toxicological 
effects on the tropical tadpole decrease with improving water 
quality, as measured by the group of parameters (Meijers et al., 
1979). Also, surface water treated with fresh GAC was still 



Table 8-6 

MEAN VALUES OF ANALYTICAL DATA FROM 

Item 

THE LOWER COURSE OF THE RHINE 
(IAWPR, 1979) 

Ammonia (mg/l) 

DOC (mg/l) 

COD (mg/l) 

detergents (mg/l TBS) 

DOC1 (vg/l) 

color (mg/l Pt) 

threshold odor number 

Table 8-7 

MEAN VALUES OF PARAMETERS FOR WATER QUALITY 

CATEGORIZATION OF THE RHINE RIVER 
(IAWR, 1979) 

+ 
Doc (mg/l) DOC1 (vg/l) NH, (mg/l) 

Practically Uncontaminated <1.5 <lo <0.1 

Moderately Contaminated 2.5 - 3.5 20 - 40 0.3 - 0.8 
Severely Contaminated 4.5 - 6.0 60 - 100 1.3 - 2.0 
Excessively Contaminated >8.0 >I50 >4.0 



inferior to high quality ground water. 

Water purveyors in the United States have mounted significant 
resistance to the proposed EPA activated carbon regulations. It 
is difficult to determine whether the real source of the resis- Q 

tance is a backlash against federal government interference or a 
refusal to acknowledge that a problem exists. In either case it 
appears that the United States, while as industrialized as the 
countries of western Europe, may not be as willing to address 
the adverse side effects of such a society. 

Flotation 

The disposal of sludge and backwash water from water treat- 
ment plants has recently come under closer regulatory scrutiny. 
Restrictions on means of disposal have led many water works to 
install, or consider the installation of, sludge treatment 
facilities as a preparatory step before disposal. Treatment 
typically consists of some degree of sludge dewatering. Flotation 
holds an attractiveness in such situations due to its ability to 
serve simultaneously in water clarification and sludge thickening 
capacities. Limited cost data suggest that flotation is somewhat 
more costly than sedimentation in applications solely for water 
clarification. However, if sludge treatment is required, flotation 
may gain an advantage because sedimentation sludge would probably 
need subsequent thickening. Full scale applications in Europe 
have shown flotation to be a workable process for water treatment. 
Therefore, cost savings may result if flotation is considered 
under appropriate circumstances. In addition to sludge thickening, 
flotation may prove advantageous in the following situations: 

1) waters subject to algal blooms 
2) waters exhibiting poor settleability 
3) plants located on small sites 
4) plant expansion through conversion of existing settling 

tanks to flotation units. 

An example of where flotation might be considered is Chapel 
Hill, North Carolina. The water treatment plant has recently 
been ordered to discontinue sludge and backwash water discharges 
to a nearby stream. The utility is now considering options for 
sludge thickening so that ultimate disposal is more satisfactory. 
The need for sludge thickening suggests that flotation may be a- 
worthwhile option. Several additional considerations increase 
its attractiveness. A primary factor is the raw water source and 
quality. Flotation has had the greatest success on impounded 
sources of low to moderate turbidity. Chapel Hill qualifies in 
this regard with its impoundment providing raw water having an 
average turbidity of about 30 TU and a maximum around 100 TU. 
Another consideration is that the need for a plant expansion is 
projected for the mid-1980's. Conversion of the existing sedimen- 
tation tanks to flotation units would provide substantial excess 



capacity in the water clarification step. The possible advantages 
of the conversion are magnified by the fact that, while not now 
pressing, site limitations will become a major consideration in 
the future. Without a doubt, a switch from sedimentation to 
flotation represents an extremely difficult decision for almost 
any water works. However, flotation definitely warrants con- 
sideration when circumstances indicate promise. 

Conclusion 

Five European water treatment techniques have been idenfitied 
as having a large potential for application in the United States. 
Ozone is an attractive alternative to chlorine as a primary dis- 
infectant, and is also quite useful for pretreatment purposes. 
Ozone may reduce trihalomethane precursor levels, and in combi- 
nation with activated carbon may form an economical means of 
organics removal. Chlorine dioxide should have its widest 
application in pretreatment and posttreatment for distribution 
system residual. Lower chlorinated organics formation, reduced 
pH dependence and a more persistent residual allow it to compete 
with chlorine. Granular activated carbon and biological activated 
carbon are used widely in Europe for the treatment of water 
contaminated with organic chemicals. The techniques are attractive 
for similar applications in the United States. Granular activated 
carbon is favored at present because of a better understanding 
of the process. The new biological activated carbon process is 
the subject of considerable research as experience to date suggests 
a significantly longer activated carbon service life. Dissolved 
air flotation provides an alternative to sedimentation, and should. - 
in particular, be cost compet 
sludge thickening capability. 
larger hydraulic surface load 
than sedimentation. 

itive when advantage 
Flotation can also 

ing and provide bette 

is taken of its 
support a 
,r algae removal 

A number of subjects in need of additional research are 
evidenced by this study. Of major importance is continued work 
on the health effects of organic chemicals, and quantification 
of beneficial effects associated with their removal. 

Further research is needed on the granular activated carbon 
process. Specifically, interactions of multiple adosrbates must 
be studied and acceptable parameters to accurately describe 
process performance must be developed. 

Basic research into the biological activated carbon process 
is required. Questions must be answered about the occurrence of 
bioreqeneration and about the continued removal of health 
threatening organics over long activated carbon service lives. 
Unbiased assessments concerning ozone's effect on and place in - 
the process are also needed. 



With regard to chemical oxidants, reaction products 
occurring under water treatment conditions should be investigated. 
The degree to which chlorine dioxide forms chlorinated organics 
and questions about chlorine dioxide and chlorite toxicity must 
be studied. The microflocculation effect of ozone is also not 
very well understood. 

A related subject of importance is distribution system 
residuals. Research into the significance of residuals is 
needed, along with evaluations of the abilities of various 
oxidants to serve this purpose. Residuals are generally higher 
in the United States than in Europe which poses a question as 
to whether the higher concentrations are warranted. 

An area of possible research on flotation is the characteri- 
zation of process performance using particle counting techniques. 
Such work should lead to a better understanding of the differences 
in process capabilities between sedimentation and flotation. 
Evaluation of flotation's capabilities with regard to trihalo- 
methane precursor removal would also be useful. 
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ABBREVIATIONS 

EBCT 

kw-hr 

PPm 

psi 

?Jg/l 

IJm 

v 

$/lo00 gal 

S/lb 

empty bed contact time 

grams per liter 

grams per cubic meter 

gallons per day per square foot 

kilograms 

kilowatt-hours 

cubic meters 

milliliters 

million gallons per day 

milligrams per liter 

millimeters 

cubic meters per square meter per hour 

nanometers 

parts per million 

pounds per square inch 

micrograms per liter 

microns 

volts 

cents per 1000 gallons 

dollars per pound 




