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L Introduction 

The development of new industries in the electronic, semiconductor, 
and nuclear areas, and the expansion of many old industries, such 
as the pharmaceutical, utility, and electrochemical fields, has created 
a demand for ultrapure water on a scale unknown 20 years ago. 
Recent developments in water-treatment processes, products, and 
equipment have made it possible to meet the demands for large 
volumes of ultrapure water, which 20 years ago was available only 
in gallon quantities in research laboratories. This chapter describes 
industrial procedures for obtaining ultrapure water but is confined to 
treatment processes for waters already partially purified. Also, as there 
are many possible approaches to the production of ultrapure water, only 
a brief outline of the processes, equipment, control devices, and 
chemical products involved is possible in a single chapter. 

New processes for water recovery may result from the present 
intensive programs of research on the desalination of brackish and sea 
waters and purification of waste waters, but for some industries further 
treatment of the recovered water will be required to make it usable. 
Currently only economic factors limit large-scale industrial operation of 
processes yielding high-purity water. In industries where costly products 
such as semiconductors are manufactured, or where water may be 
recycled, as in boiler operation, the expense of producing ultrapure 
water can be justified. 

After the problem of cost has been resolved, the degree of purification 
approached by methods resulting from new research will be determined 
by the ultimate use for the water. For example, electrodialysis aims at 
treating brackish water to meet the U.S. Public Health standards for 
potable supplies. In the near future, electrodialysis may also become a 
step in preparation of ultrapure water from city waters. It may treat 
water to a point where a mixed bed of ion exchange resins can scavenge 
the residual constituents to a degree too costly by electrodialysis alone. 

To clarify the meaning of the words "pure water'* and "ultrapure 
water," the following definitions are suggested. "Pure water" implies a 
water which merely meets the specific needs of a given process or 
product, e.g., in textile washing, where the removal of hardness, iron, 
and manganese is essential; or in a pharmaceutical plant, where the 
removal of organisms or pyrogenic substances is of the utmost im
portance. "Ultrapure water" implies a water which, as far as is possible 
by present methods, is free of nearly all impurities, to meet the most 
rigid specifications. Some users specify a limit of 50 parts per billion 
(ppb) of total impurities and a minimum specific resistance of 10 
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megohm-cm. Traces of soluble organic products from the ion exchange 
beds are usually not included in the above. 

Calculations based on ionic mobilities yield a specific resistance of 
ideal ultrapure water of 18.3 megohm-cm at 25°C. In the past, a value 
of 16 megohm-cm at 25°C has been obtained in laboratories by distilla
tion with elaborate equipment and precautions beyond the range of 
practicality for large-scale operation. Ordinary distilled water is no 
longer considered to be ultrapure water. The value of 18.3 megohm-cm 
given above is now readily obtained in industry and laboratory (Iverson, 
1964). 

Ultrapure water, like many things in nature, exists only for short 
periods. Water, in contact with container walls, is susceptible to growths, 
leakage, corrosion, extraction, etc. In some applications, such as in the 
nuclear and utility fields, water is often treated to the highest obtainable 
purity and then trace quantities of chemical additives are deliberately 
introduced to reduce corrosion. 

It is difficult to handle the subject of water treatment as if it were a 
single process because the variety and concentration of impurities differ 
from source to source. In the final analysis, design of each treatment 
system must depend on the conditions involved, e.g., the nature of the 
raw water, fluctuations in composition, quantity needed, flow desired, 
end use, and cost the process can bear. For proper pretreatment 
methods, the user can refer to standard texts on the subject (Babbitt 
et al, 1962 ; Fair and Geyer, 1954; Nordell, 1961 ; Powell, 1954). 

II. Impurities in Water Supplies 

All natural waters contain dissolved matter. Growth of industry and 
increases in population bring about increased use and pollution of water 
supplies. The water-treatment equipment employed will itself sometimes 
be a contributing factor in contamination, as a result of corrosion and 
leakage. Faulty design and operation can result in contamination through 
carry-over, foaming, etc. 

The problems caused by these impurities may be classified as follows: 

(1) Corrosion of equipment. 
(2) Deposits on equipment and contamination of products. 
(3) Structural defects in equipment and products. 
(4) Health hazards. 
(5) Malfunction of critical equipment and instruments. 



444 C . CALMON AND A . W . KINGSBURY 

Impurities which may constitute a health hazard in the pharmaceutical 
industry may also be detrimental in another because of possible growths 
or deposit formation. 

The classification of impurities dealt with in water treatment is given 
in Table 9.1. 

T A B L E 9 . 1 

CLASSIFICATION OF IMPURITIES IN W A T E R 

1 . Solids composed of suspended and dissolved substances 

(a) Suspended solids: Colloids, oils, precipitates, silt, metallic corrosion products, 
polyelectrolytes, etc., measured by light adsorption, light scattering, particulate 
counters, or fine-filter plugging 

(b) Dissolved solids 

(1) Ionic constituents measured by conductance, chemical analysis, etc. ( C a + +, 
Mg++, Na+, K + , NH 4+, C1- , S 0 4= , H C O a- , N 0 3~ , H S i 0 3~ , etc.) 

(2) Organics, measured by oxygen consumption or combustion products 
(may be ionic, as the humic acids and alkylbenzene sulfonates, or nonionic, 
as carbohydrates, tannins, etc.) 

2. Dissolved gases, C 0 2 , 0 2 , H 2S , etc . ; determined by titration or special instrumenta
tion 

3. Organisms and pyrogens ; determined by cultures or effect on laboratory animals 

III. Ultrapure-Water-Treatment Processes 

The average plant requiring ultrapure water will in all probability 
have a municipal or industrial supply available. To reach this stage, 
the water may have already gone through a fairly complex set of treat
ment steps. The additional methods of treatment for meeting the rigid 
specifications set by the industry for its ultrapure-water requirements 
will aim at removal of the residual suspended and soluble solids and 
gases. The processes that may be employed are given in Table 9.2. 

The complexity of the problem is indicated by the fact that very slight 
variations in conditions or impurities often direct operators in the same 
industry to widely different plant assemblies. Each plant operator is 
influenced by his own experience, theories, the available materials of 
construction, and the results he is looking for. He may have an obsolete 
plant on his hands which he has to utilize somehow to keep the capital 
investment at a low level. In general, individual selections will depend 
on impurities, plant facilities, end-product needs, and resources available. 
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T A B L E 9 . 2 

TREATMENT PROCESSES FOR CONTAMINANT REMOVAL IN THE PREPARATION OF 

ULTRAPURE W A T E R 

Contaminants Treatment processes 

Suspended matter Coagulation Filtration Evaporation 
Soluble ionic Ion exchange Evaporation Precipitation 
Soluble nonionic Coagulation Adsorption Evaporation 
Gases Degasification Deaeration Reaction on ion exchange beds 
Organisms Sterilization Evaporation Filtration 

Most plants for the preparation of ultrapure water investigated by the 
authors were found to start with city supplies, which may originate from 
ground or surface waters. Some plants have their own private source, 
which often requires various pretreatment processes. In general, the 
processes listed in Table 9.2 have been found in use in various types 
of installations. Not all of them were found to be necessary, although 
one plant had nearly all of them despite the use of a city water supply. 

Short descriptions of the processes used are presented first. Later 
many of them are discussed in more detail in connection with specific 
plant operations. 

A. CHLORINATION 

To prevent growths, to protect ion exchange beds, and to aid in the 
removal of organic contaminants, chlorination is practiced in many 
plants, even if the water is a public supply, especially if it is from a 
surface source. Usually breakpoint or superchlorination is employed to 
ensure complete oxidation of organic matter and destruction of or
ganisms. The chlorine or hypochlorite is added at one or several points, 
e.g., storage tanks, coagulation unit, or sand filter. The dosage frequently 
exceeds 10 ppm of chlorine. 

B. COAGULATION 

To remove trace amounts of finely divided particles of suspended 
matter or organic matter, coagulation is frequently used. If the water 
is very low in turbidity or organic matter, as is usually the case, it may 
be difficult to carry through the coagulation. Addition of a charge 
neutralizer or a binding medium such as special clays may be required 
for the formation of a sludge blanket in the precipitator. Chlorination 



446 C . CALMON AND A . W . KINGSBURY 

used with coagulation often aids in the reduction of organic matter. 
Even when a water does not require coagulation, chlorination may still 
be necessary, in which case a retention tank with a holdup time of at 
least 30 min is a substitute for the normal precipitation retention time 
of 1 to 2 hr. Flow rates of 1 to 1.5 gpm/ft2 at the maximum area of the 
upflow section of a precipitator are typical. 

C . FILTRATION 

After coagulation and before the water enters the ion exchange beds, 
filtration is desirable for the removal of residual suspended particles 
whether they come from the equipment (e.g., corrosion products) or 
from carry-over from a coagulation unit. The choice of a filter medium 
will depend on the water plant and filter design. Sand is not used for 
condensate filtration in a power plant because silica will leach from the 
sand. The following five materials are frequently used as filter media: 

(1) Sand. 
(2) Anthracite. 
(3) Activated carbon. 
(4) Cellulosic precoats. 
(5) Diatomaceous earth. 

The filter tanks or containers for the first three are lined with chlorine-
resistant coatings. 

The sand and anthracite filters operate at rates from 2 to 4 gpm/ft2. 
The activated carbon filters go up to rates of 6 gpm/ft2. To obtain the 
desired quality, backwashing is carried out more frequently than in 
ordinary water-treatment plants. The sand filter is backwashed every 
third day; activated-carbon bed filters are backwashed daily and steamed 
at weekly or monthly intervals. 

Condensate treatment in many power plants involves the use of filters 
with cellulosic precoats for the removal of fine suspended matter com
posed mostly of iron and copper corrosion products. Such precoat leaf 
filters operate at 2.5 to 7 gpm/ft2. These filters reduce the load of 
particulates on the ion exchange beds, resulting in longer runs and lower 
head losses. They are most useful for the removal of the metallic 
impurities in cleaning up the system during boiler start-up. 

There are still differences of opinion among power-plant operators as 
to the necessity for using this type of filter for condensates. Economically 
it may be a question of balancing the cost of additional cleaning of 
resin beds against the investment and operational cost of a filter installa
tion. 
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Diatomite filters (Bell, 1952) are used occasionally, except in power 
plants, for the removal of low-level turbidity. The degree of removal 
varies to some extent with the grade of diatomaceous earth used. 
Practical requirements with respect to type and quantity of precoat and 
body feed are usually determined more or less empirically. They can 
vary widely with the influent water and product requirements. 

D. DECHLORINATION 

Activated carbon absorbs free chlorine, thus giving protection to the 
ion exchangers, which are sensitive to oxidizing media especially in the 
presence of iron. Carbon has the added advantage of adsorbing some of 
the organic constituents which may be present. Addition of reducing 
agents for chlorine removal is sometimes used, but carbon filters are 
more customary in high-purity systems. 

E . ION EXCHANGE 

The development in the 1950s of the new ion exchangers and the 
technique evolved in using them have made the attainment of ultrapure 
water on a large scale a reality (Helfferich, 1962; Nachod and Schubert, 
1956). This can be seen from the progress made in lowering the electro
lyte concentration of the effluents during the years. In 1937 a hydrogen 
exchanger followed by a weak-base anion exchanger gave an effluent 
quality of 5 ppm; in 1948, by introducing the strong-base exchangers, 
the quality was improved to 2 ppm residual; in 1950 less than 1 ppm 
was obtained through mixed beds; and later, by combining single beds 
of acid cation exchanger, strong-base anion, and a mixed bed, specific 
resistance values of 10 megohm-cm water ( < 0.02 ppm) were obtained. 
As indicated before, values of 10 to 18.3 megohm-cm at 25°C can be 
readily obtained. 

Most of the ions, when the influent is a normal water, are removed 
by the two ion exchange beds in series—a strong-acid cation exchanger 
followed by a strong-base or weak-base anion exchanger. The mixed 
bed is used only as a scavenger. For condensates of low ionic concentra
tion, only mixed beds are used. In some industries where the point of 
use of the water is far from the central water plant, small scavenging 
mixed beds are placed close to the point of use. These units are easily 
removed from the line and fresh beds substituted. Frequently the effluent 
is constantly recycled at the point of use, since water will pick up 
leachable materials when standing in contact with an ion exchange bed. 
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Mixed bed layers made from powdered ion exchangers are now being 
tested in several utility plants, both as a scavenger for electrolytes and 
as a filter for suspended matter in condensate treatment. These resins 
are not regenerated. 

After exhaustion, the normal ion exchange resins are backwashed and 
regenerated. In mixed beds these are separated first, then regenerated 
in situ or separated and regenerated externally in special units. The 
latter procedure is generally employed with mixed-bed ion exchange 
units used for scavenging and operating at high flow rates. 

In mixed beds used for polishing the effluent, quality depends on the 
point of cutoff of the run. Thus, their practical capacity depends on 
the desired purity. 

F. REMOVAL OF GASES 

To remove C 0 2 formed from bicarbonates on passing through the 
acid cation exchanger, forced-draft degasifiers may be used. Air is blown 
upward through a tower containing conventional packing such as 
ceramic Raschig rings, the new plastic types, or slat trays. However, 
unless the air is treated, it may be a source of recontamination of the 
water. The flow of air continuously removes C 0 2 , usually leaving a 
residual of 2 to 10 ppm, depending on raw-water composition and 
operating conditions. Water-flow rates of 20 to 30 gpm/ft2 may be used. 
The tower may be made of wood, steel, or rubber-lined steel, depending 
on the characteristics of the water treated. 

For removal of all the noncondensable gases including oxygen, and to 
prevent contamination from air, vacuum deaerators are used (Kingsbury 
and Phillips, 1961) . These towers use ceramic Raschig ring or plastic 
packings. As the gas flow is very limited, the head losses are much 
lower than those encountered in the forced-draft degasifiers. Rubber or 
other corrosion-resistant linings are used. Vacuum deaerators usually 
operate at rates of from 20 to 4 0 gpm/ft2, producing residuals of a few 
ppm C 0 2 and as low as 0.2 ppm 0 2 . Lower residuals can be obtained 
by use of two-stage units. Much higher flow rates can be used at the 
expense of effluent quality. Optimum flow rates and tower heights are 
affected by such variables as influent concentrations, alkalinity, tem
perature, type of packing, etc. The vacuum in the tower which results 
in the reduced solubility of the gases is produced by steam jet ejectors 
or vacuum pumps. The pressure in the tower is maintained slightly 
above the equilibrium vapor pressure of the water. 

If the process requires hot, oxygen-free water, a deaerating heater is 
used (Lemen et al., 1958). The most common application of this 
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requirement is in boiler feed-water treatment. A steam-operated 
deaerator is capable of reducing the oxygen level to less than 7 ppb 
(0.005 cm3/liter). The water is heated to steam temperature and is 
scrubbed by a large volume of steam. Reduction of the partial pressures 
of the noncondensable gases results in their almost complete removal. 

The basic types of deaerator are the spray scrubber types and the 
tray type, in which the steam may run counterflow, cross-flow, or 
parallel to the flow of water as it cascades over trays. In either case the 
water enters a steam atmosphere where it is preheated and most of the 
gases are driven off. The water is usually brought into contact with a 
large volume of gas-free steam for removal of the final traces of non-
condensables. The gases are vented from the deaerator with a small 
amount of steam acting as a carrier. 

For removing the last traces of oxygen in high-pressure boiler systems, 
hydrazine is added in slight excess to the residual oxygen. 

Oxygen removal from condensate with an anion exchange bed 
regenerated with sodium sulfite (90 % ) , sodium hydrosulfite (5 % ) , and 
sodium hydroxide (5 % ) at a dosage level of 15 lb/ft3 of resin is practiced 
in an Italian plant (Sturla, 1962). The removal by the bed is especially 
useful when oxygen is introduced into the condensate during the 
backwashing of the prefilter during start-up. 

A copper-bearing anion exchange bed has been reported to be 
effective for reducing oxygen. The bed is regenerated by passing a 
reducing agent through the resin bed (Abrams and Breslin, 1961) . 

G . EVAPORATION 

Make-up waters for high-pressure boilers are demineralized either by 
evaporation or ion exchange or sometimes both. On the average in the 
United States about two out of three plants use ion exchange units and 
50 % of those using evaporation have ion exchange beds—softeners or 
demineralizers—as auxiliary equipment. The higher the pressure of the 
boiler, the greater is the use of ion exchange systems. 

Pharmaceutical plants use a wide variety of stills to obtain water free 
of organisms and pyrogens. Pretreatment of the raw water and softening 
with ion exchange are frequently necessary for efficient still operation. 

For river waters in which the salt concentration is high or varies due 
to tidal effects, so that at times the concentration is beyond the limits 
at which ion exchangers are applicable, evaporators are frequently used. 
Flash evaporators (single stage) preceded by pressure sand filtration can 
produce distillates with less than 1 ppm of electrolytes, the purity 
depending on the rate of distillation and the ratio of brine concentrate 
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to water concentration. The lower the distillation rate, the lower the 
electrolyte content in the distillate. 

With multiple-stage evaporators, total dissolved solids of less than 
1 ppm, silica less than 50 ppb, and copper and iron less than 100 ppb 
in the distillate can be obtained. 

To prepare ultrapure water from distillates, filtration, ion exchange, 
and deaeration with a deaerating heater are still required for some 
applications. 

H. SPECIAL FILTRATION 

Various types of filters, in addition to the conventional granular or 
precoat element units, are needed to obtain a minimum of undissolved 
solids in the final product. Filters making separations in the submicron 
size range can only be used for waters that have already undergone a 
rigid pretreatment, e.g., coagulation and regular filtration. Uncoagulated 
particles in the fractional-micron size range pass through even the finest 
filter media that can be used at practical filtering rates. If preliminary 
filtration steps have not been taken to remove the coarser particulates, 
the runs on the finer filter may be very short. 

Cartridge filters are used after scavenging mixed-bed units at the 
point of use to remove occasional resin fragments escaping from the 
resin bed. The filters can be ceramic, of natural or synthetic fibers, or 
of sintered or woven metal, usually stainless steel. The stainless-steel 
units have practically no effect on water quality, but other types are 
often quite suitable, depending on the end use of the water. These 
filters remove particles larger than 5 to 25 μ. 

Final polishing filters with membranes in the submicron range (0.45 μ) 
can be used for a terminal treatment. These filters may be of limited 
capacity in some instances because of their small openings and are 
therefore not practical in some high-rate recirculating loops. Approxi
mately one filter is required for each 6 gpm at a pressure drop of 10 psig. 
One membrane change every 6 months was noted in one plant, but the 
initial cost of the units forces users to look for less costly equipment, 
despite the infrequency of membrane replacement. 

I. STERILIZATION 

If the water entering a demineralizer is not sterile, biological growths 
will multiply rapidly in ion exchange beds used for producing ultrapure 
water. Even with the precautions of pretreatment, it is sometimes 



Preparation of Ultrapure Water 451 

necessary to sterilize the demineralizers with formaldehyde. A 0.5 to 
1.5 % solution is allowed to remain in contact with the resin bed and 
distribution lines for several hours. Chloramine is also used for this 
purpose. Although chlorine can be used for sterilizing pipe lines, it will 
attack ion exchange resins. 

Demineralizers and distribution lines are sterilized whenever the 
culture count reaches certain specifications set for the water (Rees et al., 
1964). Ultraviolet units are used in pharmaceutical plants as a precaution 
against post-treatment contamination. Sterile and pyrogen-free water 
can be produced by filtration through extremely fine pore membranes 
or ceramics ( < 0.22 μ). The water, however, must be very carefully 
pretreated to prevent clogging of pores. 

J . RECIRCULATION 

Ultrapure water degrades rapidly, even when in contact with such 
materials as polyvinyl chloride (PVC), aluminum, tin, or stainless steel. 
Reports regarding the rate of degradation are conflicting. In one case, 
minute degradation was found at the end of an hour with a P V C Type I 
loop, 1200 ft long and 1 ^ in. in diameter. Another user reported a 
lowering from 18 to 1 3 - 1 5 megohm-cm in 2 to 3 min in contact with 
200 ft of P V C Type I. This may be due to variations in the PVC. Even 
so, P V C is finding wide acceptance as one of the most suitable materials 
for this use. A common method of avoiding quality deterioration, if it 
becomes a problem, is to continuously recycle the flow through the 
demineralizer, with points of use being tapped off the recirculation 
loop, and to have the take-off lines as short as possible (Stoneman et al., 
1953). 

IV. Industries Requiring Ultrapure Water 

Each industry requiring ultrapure water emphasizes specific needs, 
and variations in plant design are to be expected. As many industries 
already have water-treatment plants, new developments must be in
corporated with the present facilities. In a given industry, variations 
from one plant to another may be found, the controlling factors being 
economics, water supply, and the specifications set by the operating 
groups. 

A brief discussion of the industries requiring large quantities of 
ultrapure water follows. 
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A. ELECTRIC POWER AND STEAM PLANTS 

A leading contributor to the field of production of ultrapure water 
has been the electric power industry. This industry has constantly 
demanded improved quality, simpler equipment, foolproof controls, 
automatic operation, etc., because the increase in the demand for power 
has led to huge plants operating at or above critical operating conditions. 
The quantity of water needed as well as its purity make these demands 
constantly felt in the research laboratories of manufacturers of ion 
exchangers, instruments, and water-treating equipment. Also, the men 
having the responsibility for the boiler plants have always been willing 
to try new chemical products, new equipment, new processes, and new 
analytical tools. 

Three major fears attributable to water impurities haunt the utilities 
industry; corrosion, scale formation, and structural defects. The use of 
boilers operating at or close to supercritical pressures ( > 3206 psi) is on 
the increase, therefore impurity limits are in the range of parts per 
billion i.e., micrograms per kilogram of water. In time the demand will 
be for fractions of parts per billion. 

T w o types of boilers are in general use: 

(1) Drum type, subcritical. 
(2) Once-through boilers, subcritical or supercritical. 

In the drum-type boiler some solids accumulate in the drums, while 
in the once-through boilers, more properly called steam generators, the 
feed water enters one end of a tube and emerges totally as steam at the 
other end. At the critical pressure, the volume of the steam is essentially 
the same as the water. Solid impurities, whether soluble or insoluble, 
will be left on the surface of the tubes as the water changes into steam. 
Oxygen will either react with the metal to form corrosion products in 
the generator or will pass with the steam to cause corrosion after the 
generator. These corrosion products, along with other impurities, such 
as silica, deposit on turbines. 

The steam formed is generally used for obtaining power, but some is 
sold as such to industries for heating or buildings. To maintain the 
proper pH (9.0 to 9.6) of the steam condensate, ammonia or amines are 
added, while oxygen is reduced to the lowest possible concentration by 
the addition of hydrazine. The quantities used are about 0.4 ppm of 
ammonia and about 10 to 30 ppb of hydrazine in excess of the oxygen 
residual (usually 1 to 1.5 times oxygen concentration). The trend, 
however, is to higher dosages of ammonia, i.e., toward the 9.6 pH value. 

The steam from the turbine is usually condensed directly, and this 
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condensate forms the major portion of the water used for the boiler. 
Condensate treatment is, therefore, often the major portion of the 
water-treatment plant. Specifications or goals aimed at for the purity of 
feed water are usually based on practice and the problems experienced. 
Present typical specifications are given in Table 9.3. Specifications for 
condensate required for subcritical boilers of the drum type in the 1800 
to 2400 psi range are still being debated. The steam drums can con
centrate the solids for removal by blowdown, whereas the feed water to 
a once-through boiler must be of the same composition as the water in 
the boiler itself. To meet the stringent specifications, the return con
densate for once-through boilers may be treated both by filtration and 
demineralization. 

T A B L E 9.3 

T Y P I C A L SPECIFICATIONS FOR F E E D - W A T E R - Q U A L I T Y 

O N C E - T H R O U G H BOILERS 

Contaminant concentration, ppb 

Constituent Critical Subcritical 

Total dissolved solids 50 5 0 0 
Silica 1 0 2 0 
Iron 5 1 0 
Copper 5 10 
O x y g e n 0 5 5 
p H 9.0 8 . 8 -9 . 6 
Conductance 1 0 megaohm-•cm — 

° Hydrazine addition reduces oxygen to levels below detection by present analytical 
techniques. 

In the case of drum-type boilers operating below 1450 psi, no serious 
loss of turbine efficiency due to lack of condensate treatment has been 
reported, whereas with those operating at higher ranges of pressure, 
losses in efficiency due to deposits in the turbine blades are to be 
expected. A loss of 1 % efficiency in a 200-megawatt turbine costs about 
$34,000 per year. Companies with drum-type boilers using condensate 
purification showed savings due to turbine deposit reduction, higher 
efficiencies, lower blowdown, and reduced maintenance. 

Impurities entering the boiler can come from various sources: 

(1) The feed water, even if demineralized or evaporated, contains 
traces of silica and dissolved electrolytes. 
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(2) From the condensate, due to possible leaks or rupture in the 
condenser system; especially when the cooling waters are high in solids. 

(3) Corrosion products picked up by the water or steam. 
(4) Loose solids left during the erection of the plant or introduced 

when boilers, turbines, or auxiliaries are opened for inspection. 

Iron and copper corrosion products are mostly in a fine colloidal state. 
They deposit as film on the surfaces of boilers, superheaters, turbines, 
ion exchange beds, and filter elements. Copper appears to cause more 
trouble than iron when deposited on turbine blades. Materials of 
construction to eliminate copper, and better condenser-tube design to 
prevent leakage or tube failure, are being tried. 

No detailed discussion of water pretreatment is included here. It is 
emphasized, however, that all surface waters need to be chlorinated and, 
if heavily polluted, must undergo coagulation followed by filtration 
before going to the ion exchange beds (Farmer and Applebaum, 1959; 
Richardson and Driscoll, 1 961 ; Smith and Reppin, 1961) . It is recom
mended that surface waters, even if pretreated, should undergo two-step 
demineralization prior to the mixed bed. Organic fouling of the anion 
exchanger is greater in a mixed bed than when the exchangers are 
operated in separate units. 

In the case of condensate treatment, there is no problem of organic 
fouling and the electrolyte content is low. The emphasis is on filtration 
and ion exchange mixed beds as scavengers. These processes are used 
in all plants for preparing ultrapure water and therefore the data can 
be a guide for all industries, large or small, which require their use. 

To date there are no means to prevent all corrosion. The best that 
can be done is to maintain a balance between corrosive action on ferrous 
and nonferrous surfaces. 

The type and concentrations of impurities in the water system vary 
with location: 

(1) Feed water going to the boiler. 
(2) Water in the boiler. 
(3) Steam. 

The degree of concentration permitted in any boiler determines the 
purity of the feed water, and in turn the degree of concentration in the 
boiler will be limited by the purity of the steam desired. 

Table 9.4 describes several plant assemblies for water make-up. 
Frequently the make-up water joins the condensate to be polished by 
the filtration and ion exchange systems. Details of the unit processes 
involved are discussed below. 
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1. Ion Exchange—Make-up Water 

Ion exchange units for demineralization are used either as single 
stages, i.e., cation exchange bed followed by anion exchange bed, or as 
mixed beds in which both exchangers are mixed before service and then 
separated after exhaustion and regenerated singly. The combinations of 
ion exchange beds for demineralization are many, depending on the 
concentration of electrolytes and organic foulants in raw water, eco
nomics, auxiliary equipment, etc. These combinations involve strongly 
acid cation exchangers (C), weak-base (W) and strong-base (S) anion 
exchangers, and mixed beds (M), which can be summarized as follows: 

In about two-thirds of the power plants the make-up water is deminer-
alized by ion exchange, usually with a two-step process followed by a 
mixed bed. A degasifier is used after the cation exchanger to remove 
the C 0 2 produced when H 2 C 0 3 forms. 

Currently few large-scale continuous ion exchange process exist for 
water treatment in the United States but work toward the goal is going 
on. The usual four steps—backwash, regenerate, rinse, and exhaust or 
service—are practiced in fixed beds or transfer beds (discussed later). 

These make-up water plants are of considerable capacity, since power 
plants have been increasing their boiler capacities greatly to meet the 
demand for power. Boilers with pressures of 5000 psi at 1200°F are now 
in operation. These boilers produce readily in the range of a million 
pounds of steam per hour. In the planning and construction stage are 
units to produce 5 to 6 million pounds of steam per hour. The quantity 
of make-up water can vary from less than 1 % to almost 100 % . 

a. Two-Step Process. Table 9.5 summarizes the operation of two-step 
single-bed units, i.e., cation exchanger, weak- and strong-base anion 
exchangers. 

b. Mixed-Bed Process. The mixed bed for make-up water is used as 
a scavenger. Frequently it is the sole bed for removing silica if a weak-
base anion exchanger is used in the two-step demineralization system. 
Table 9.6 summarizes the operating conditions of mixed-bed units. 
Table 9.7 gives the schedule used by plants for regenerating a mixed 
bed in situ. 

(1) C + W 
(2) C + S 
(3) Μ 

(5) C + W + S 
(6) C + S + Μ 
(7) C + W + C + S 
(8) C + S + C + S (4) C + Μ 
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Utilit ies (Boiler 

1 2 3 4 5 6 7 

City Ci ty Surface Surface Surface W e l l City 

Nuclear 
reactors 

1. Chlorination l e 1 1 2 — 
2. Coagulation 1 1 2 2 — 
3. Adsorpt ion (a. c. power) 1 — — — — 
4. Filtration 

a. Sand 2 — 3 — — 
b. Anthracite — 2 — 3 � 
c. Activated carbon — — 4 — — 
d. Diatomaceous earth — — — — � 

5. Ion exchangers 
a. Cation exch. Na cycle — — — — — — — 
b. Cation exch. Η cycle 1 1 3 3 5 - 8 4 1 
c. Weak-base anion exch. — — 5 — 6 — — 
d. Strong-base anion exch. — — 5 5 9 6 — 
e. Mixed bed 3 — 6 6 — — 5 

6. Gas removal 
a. Degasification 2 2 1 2 
b. Vacuum deaerator — — 4 4 7 5 — 
c. Deaerating heater 6 4 5 7 6 10 7 6 

7. Distillation — 4 — — — — 4 
8. pH adjustment — 3 — — — — 3 
9. Recirculation loop — — — — — — — 

10. Special polishing 
a. Mixed bed — — — — — — — 
b. T r a p and cartridge — — — — — — — 

filtere 

c. Membrane filter — — — — — — — 
d. Ceramic filter — — — — — — — 

11 . Ultraviolet sterilization — — — — — — — 
Ref. No. — 22 66 ,67 — 62 — 53 

α T w o or more identical numbers indicate that the processes are done simultaneously. 
b Most frequently make-up water combined with condensate for further polishing; then all pass 
c Redistilled water. 
d Af ter heat exchange, lab disti l led-water supply. 
* Mos t plants have some device after ion exchange beds for removal of fine ion exchange particles. 

T A B L E 

SEQUENCE OF OPERATION OF W A T E R - T R E A T M E N T 
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9.4 

PROCESSES IN VARIOUS INDUSTRIES 

Make-up) Semiconductor 
Television 

tubes Pharmaceutical 

8 

Surface 

9 
Ci ty + 

condensate 

1 

C i t y 

2 

City 

3 

City 

1 

W e l l 

2 

C i t y 

1 

W e l l 

2 

W e l l 

Nuclear 
reactors 

Nuclear 
processing 

Pyrogen-
free. 

Double -
distilled 
lab water 

Pharma
ceutical 

1 
1 

— 1 
1 

1 
1 — 

1 — 1 1 

1 
2 2 — 1 1 — — 

æ 1 
3 
5 

3 2 2 
— 

— — 

3 — 
6 

— — 
3 
4 

2 
3 

2 
2 
4 

4 2 

3 

7 
8 

4 

4 3 6 

5 

5 

4 
— 3 

5 

— 
11 8 

1 

— — 

3 - 6 c 

5 d 7 

— — 
9 

1 0 
5 
6 

7 

4 

6 

6 — — 

74 12 6 0 5 0 
5 

43 18 

4 
6 

through the deaerating heater. 
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T A B L E 9.5 

OPERATING CHARACTERISTICS AND SIZE RANGES OF C A T I O N AND A N I O N EXCHANGE 

BEDS IN T W O - S T E P DEMINERALIZATION" 

Anion exchanger 
Cation exchanger, 

Equipment strong acid Weak base Strong base 

Diameter of shell, ft 1 - 1 2 1 - 1 2 1 - 1 2 
Height of shell, ft 4 - 2 0 4 - 2 0 4 - 2 0 
Coating Rubber o r P V C Rubber or P V C Rubber or P V C 
Height of bed, ft 2 - 1 0 2 - 1 0 2 - 1 0 
Freeboard space, % bed 5 0 - 1 0 0 5 0 - 1 0 0 5 0 - 1 0 0 

height 

Exchanger—mesh range 1 6 - 5 0 1 6 - 5 0 1 6 - 5 0 
(U.S. ) 

Regeneration 

Regenerant H 2 S 0 4 or HC1 NaOH, N a 2C 0 3, NaOH 
or N H 4O H 

Dosage, lb/ft3 2 - 1 2 3 - 5 3 - 1 0 
Strength, % 2 - 1 0 2 . 5 - 5 5 
Flow rate, gpm/ft3 0 . 5 - 8 0 . 3 - 1 0 . 1 - 0 . 5 
Temperature , °F Ambient Ambient A m b i e n t - 1 3 0 
Injection period, min 1 0 - 3 0 30 6 0 - 9 0 

Rinse Raw water Cation exch. effluent Cation exch. effluent 

Flow rate, gpm/ft2 Same as reg. Same as reg. Same as reg. 
Vo lume of slow rinse One-bed vol. One-bed vol. One-bed vol. 

(bed volume) 
Fast rinse, gpm/ft2 Same as service Same as service Same as service 
Total vo lume, gal/ft3 1 5 - 5 0 3 0 - 7 0 5 0 - 1 0 0 
Approximate t ime, hr 1 - 1 . 5 1 . 5 - 2 1 . 5 - 2 . 0 

Service run 

Start point Cations 1 - 5 ppm 5 - 2 5 f t m h o - c m - 1 Same as weak base or 
above average lower conductivity 
effluent 

Flow rate, gpm/ft2 0 . 1 - 1 0 1 - 1 0 1 - 1 0 
End point Same as start point S a m e as start point S a m e as start point 

Operating capacity, 7 - 2 0 1 6 - 2 2 8 - 1 2 
kilograins (as 
C a C 0 3) / f t 3 

"Mi l l e r ( 1964) . 
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T A B L E 9.6 

OPERATING CHARACTERISTICS OF A M I X E D BED" 

Equipment Make-up water Condensate (high flow) 

Shel l diameter, ft 
Shel l height, ft 
Coating 
Freeboard space, % bed height 

1 - 1 0 
4 - 1 2 

Rubber or P V C 
2 5 - 1 0 0 

2 - 1 0 
4 - 8 

Rubber or P V C 
1 5 - 7 5 (ext. reg.) 

Ion exchangers 

Cation exchanger 
Anion exchanger 
Vo lume anion exchanger to cation 

exchanger 
Particle size ( U . S . sieves) 

St rong acid 
S t rong base (type 1) 

2 : 1 - 1 : 2 

1 6 - 5 0 

St rong acid 
St rong base (type 1) 

1 : 1 - 1 : 5 

1 6 - 4 0 

Regenerant and operating conditions S a m e as for single beds Tendency for higher 
dosages 

Rinse 5 0 to 7 5 % given for single beds 

Service run 
Star t point, megohm-cm 
Flow rate, gpm/ft2 

End point, megohm-cm 

0 . 5 - 1 0 
1 - 1 0 

0 . 5 - 5 

1 - 1 0 
1 5 - 1 0 0 

1 - 5 

Capacity, kilograins as C a C 0 3/ f t 3 5 0 - 7 5 % of single beds Capacity usually not fully 
used 

a Mi l ler ( 1964) . 

T A B L E 9.7 

REGENERATION SCHEDULE OF M I X E D BEDS" 

Range Average 

Dra in 6 1 0 - 1 8 1 0 
Backwash 1 0 - 2 1 1 0 
Sett le 0 - 4 1 
Acid and base introduction + initial r inse 9 0 - 1 8 0 9 0 
Drain 5 - 2 5 5 
A i r mix 1 8 - 3 0 30 
Refill and settle 2 - 2 4 2 
Rinse to service 3 - 1 5 15 

a Brush et al, 1 9 5 6 ; Dick and Si l l iman, 1 9 5 8 ; Mil ler , 1964 . 
b Most plants do not drain. 
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2. Filtration—Condensate 

Filters for the removal of suspended iron and copper for reducing 
load on the mixed beds have been mostly of two types, both using 
cellulosic material for precoat. One type consists of tubular-stainless-
steel well screen elements supported from a tube sheet. The other is a 
leaf filter, using a multiplicity of vertical circular leaves mounted in a 
horizontal tank, the surface of the leaves covered with fine stainless-steel 
screen. Both types of filters operate at flow rates in the range of 2.5 to 
5 gpm/ft2. A filter of 50 f t 2 can treat 7500 to 15,000 gal/hr. 

There is no agreement on the need for filters before demineralizing 
of condensate. Without filtration, much of the suspended iron and 
copper is removed from the resin by cleaning in the mixed-bed external 
regeneration facilities. Some resin fouling will occur, but the seriousness 
of this has been a subject of much debate. Some believe that filters alone 
are sufficient, although silica and traces of electrolytes are not removed by 
the filter. Filters appear to be especially useful at the start-up of a new 
station or after operational shutdowns, when the suspended iron is 
particularly high. Since the heavy load of suspended matter is kept from 
the surface of the ion exchange resins, the efficiency of the latter for 
exchange reaction is improved. Some plants indicate 50 to 60 % removal 
of the iron and copper from the condensate by the filter, and the residual 
from the mixed-bed unit is below the specifications given in Table 9.3 
(Levendusky et al., 1959; Morris and Ruth, 1956; Pocock and Stewart, 
1964). 

The filters generally use 0.25 lb of cellulosic material per square foot 
for the precoat. The length of the run depends on the amount of 
suspended matter present and ranges from 1 to 7 days. At start-up, 
when the suspended iron is high, however, filter runs are very short. 

The filter elements gradually become plugged with mixtures of 
cellulosic particles and metallic impurities. When the pressure drop 
becomes too high, the filter elements are blown clean with compressed 
air. 

At 2 gpm/ft2 flow, an initial pressure loss of 5 to 10 psi has been 
observed with a final loss of about 45 psi. At 4 gpm/ft2 flow, the initial 
pressure drop was about 11 psi, with a final value of 60 psi. 

To protect the demineralizing resins from faulty precoats, a pipe-line 
strainer with a 100-mesh stainless-steel screen is installed between the 
filter and demineralizers. Also to exclude small or broken ion exchange 
particles from the treated water, postfilters of the cartridge or screen 
type are used after the demineralizers. 

If oil from pumps gets into the water, it is removed by filters prior 
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to the ion exchange units. Diatomaceous-earth filters may be used except 
where silica in the water is of importance, as in condensates. 

3. Ion Exchange—Condensate Demineralization 

Since the quantity of condensate produced and returned to the boiler 
can exceed millions of pounds per hour, ordinary flow rates would 
require very costly plants. A plant requiring five 11-ft-diameter units at 
standard flow rates could be reduced to three units 5.5 ft in diameter 
at flow rates of 100 gpm/ft2. The result has been the introduction of 
high-flow-rate mixed beds which both filter and demineralize the water 
(Calise and Levendusky, 1961) . 

A mixed-bed unit, which requires separation, regeneration, rinsing, 
and mixing of the bed in situ, has a complex and costly internal design, 
and the schedule of 4 hr for these operations is rather lengthy. Therefore, 
regeneration of the cation and anion exchange beds after transfer to 
separate external units has become a common procedure. 

a. High-Flow-Rate Mixed Beds. The literature on high-flow-rate 
mixed-bed demineralizing units is quite extensive (Dick and Silliman, 
1958 ; Frazer, 1958, 1961 ; Levendusky et al, 1959 ; Pocock and Stewart, 
1964 ; Sisson et al, 1958, 1961) . These plants usually operate between 
30 and 50 gpm/ft2. High-rate installations in the United States have been 
in operation only since 1958 and the complete systems have not yet 
been standardized. Boiler types and steam pressures, water sources, 
amount of make-up, and amount and type of foulants vary from plant 
to plant. For the present only a review of the experience of many plants 
can give a composite picture of the typical plant in operation. 

It is now agreed that to obtain high flow rates at reasonable pressure 
drops the resins must be coarser than standard. Most particles smaller 
than 4 0 mesh should be removed. The ratio of anion exchanger to 
cation exchanger, initially about 2 : 1 , has dropped as low as 0.2 : 1 in 
some cases. 

The solid impurities, mostly iron, silica, and copper, can be very high 
at the start-up of a plant. Often these reach 7000 ppb, the average being 
1000 ppb. Ion exchange beds remove about 55 % of the* solids at the 
start. As the concentrations diminish, the removal reaches 75 to 9 0 % . 
In normal operation, the condensate will contain 50 to 300 ppb of iron 
and copper. The specific resistance of the condensate may start with 
2 megohm-cm and end with 5 megohm-cm. On passing the mixed bed, 
the values will increase from 5 to 10 megohm-cm. 

The statement has been made that satisfactory suspended iron and 
copper removal by a mixed-bed demineralizer is obtainable if the flow 
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rate is maintained at 30 gpm/ft2 or higher. If a plant designed for such 
rates had to operate at low rates, because of low demand, recycling of 
the effluent is suggested to keep the rate at the 30 gpm/ft2 figure. This 
would, of course, increase power requirements somewhat. 

Screen analyses of new and used resins showed degradation in particle 
size in some plants. A loss of 14 % due to resin fines lost in backwashing 
was observed after about 2 million gallons per cubic foot were treated 
with a mixed bed having an anion exchanger to cation exchanger ratio 
of 1 : 2. Analysis of the bed showed that the degradation occurred in 
the anion exchanger and not in the cation exchanger. The anion 
exchanger resin used also showed a loss of 25 % in the quaternary 
groups. Water retention increased, indicating a de-cross-linking. The 
rated annual replacement for the mixed bed in this plant was estimated 
at about 5 % for the cation exchanger and 5 to 20 % for the anion 
exchanger. The rated capacity for the cation exchanger was 4 to 5 
million gallons per cubic foot and twice as much for the anion exchanger. 

On the average, mixed-bed heights are 3 to 4 ft, with an equal 
freeboard space. The design pressure loss is from 4 0 to 65 psi at rates 
up to 50 gpm/ft2. The loss increases as the bed accumulates suspended 
solids during the cycle. 

Typical regenerant dosages are 8 lb of sulfuric acid per cubic foot 
for the cation exchanger and 8 lb of caustic soda per cubic foot for the 
anion exchanger. These dosages are relatively high, so as to ensure a 
high degree of regeneration. The operating characteristics of the mixed 
beds for condensate systems are given in the second column of Table 9.6. 

Very recent pilot-plant tests (Pocock and Stewart, 1964) with a 
synthetic demineralized water (1 megohm-cm resistivity, deaerated, and 
containing silica, ammonia, and corrosion products in the form of 
synthetic iron oxide) showed that a mixed bed of ion exchangers (2 
volumes cation exchanger to 1 volume anion exchanger) was sufficient 
to obtain the desired quality and capacity. The elimination of filters 
introduced economies that could not be ignored. However, most plants 
either have filters or have space available in case they should be needed. 

The cation exchanger above showed (1) no drop in capacity, (2) a 
slight decrease in particle size, and (3) a capacity of 28 kilograins/ft3 for 
the ammonia at a regenerant level of 1.2 times theoretical. Air scrubbing of 
the bed improved the operating performance of the cation exchanger. 

The anion exchanger showed (1) a drop of 5 % in strong-base 
capacity, (2) a breakdown of 46 % in particle size, and (3) a capacity 
of 0.25 kilograin/ft3 for silica at a regenerant level of 1.1 times theoretical. 
The silica capacity was lower with decreased concentration of silica 
and increased flow rate. 
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The capacity of the mixed bed for suspended matter was 51 to 
250 g/ft3 of bed. Regeneration of the bed was external. 

b. External Regeneration. In view of the large quantity of water 
involved in condensate demineralization and the infrequent need for 
regeneration, external rather than in situ regeneration has been on the 
increase in the power field (Calise and Spillane, 1960 ; Frazer, 1958 ; 
Miller, 1964). Several procedures are being followed. 

The mixed-bed resins are transferred to a tank equipped with all the 
normal internal facilities of a mixed-bed ion exchange unit, are separated 
and regenerated, and then are transferred either to a separate resin-
storage tank, or back to the service unit. The resins can be mixed in the 
storage tank and then transferred hydraulically without separating, 
provided that the tank into which they are discharged can readily drain 
off the transfer water. However, some installations provide for sub
sequent air mixing in the service tank. 

Another regenerating procedure involves separating the resins in one 
tank, transferring the anion resin to another tank, regenerating each 
resin separately, and mixing them in a third tank. Alternatively, the anion 
exchange bed regenerator may be used as the mixing and storage tank. 

Providing a regenerated and mixed-resin storage tank permits having 
one spare resin charge, and thus reduces outage time on the service 
units, since the fresh charge can be transferred immediately into an 
exhausted unit once its exhausted bed has been moved to the regeneration 
facilities. These external tanks may either be open gravity type or 
pressure type, the latter being favored. 

The advantages of external regeneration are: 

(1) Less chance of regenerants getting into the plant effluent. 
(2) Less expensive internal piping for the service ion exchange units 

by elimination of caustic grid and interface grid, plus the fact that the 
underdrain need be designed only for service flow rates and not for the 
lower flow rates in regeneration. Tank height is reduced, since no 
backwash rising space is required. If auxiliary air mixing is to be 
provided, a separate air grid may be needed with a freeboard 12 to 
18 inches above the bed to allow for mixing. These savings are partly 
offset by cost of external regeneration facilities, but in most cases the 
net result of external regeneration will be lower over-all capital cost. 

(3) Less outage time, if a spare resin charge is used. 
(4) The system provides means for special cleansing of the resins by 

chemicals or air agitation, to remove iron or copper coatings. In nuclear 
plants, short-lived radioactivity on the resins can decay before regenera
tion, thus avoiding discharge of radioactive regenerant solutions. 
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The disadvantages of external regeneration are: 

(1) Potentially more wear and tear on the resins, owing to hydraulic 
transfer. 

(2) Breakdown of any part of the regeneration equipment would 
prevent all units being regenerated, although long runs and use of a 
spare resin charge minimize this danger. 

c. Combination of Ion Exchange and Filtration. A recent development 
(Duff and Levendusky, 1962; Grant et al, 1963) which is undergoing 
tests in power plants is the use of powdered mixed beds which act both 
as filters and ion exchangers. The ion-exchanger particles are extremely 
fine ( < 100 mesh) and form a coating, commonly called a precoat, on 
cartridge or leaf-type filters. Since the exchange rate is high due to the 
large surface of the exchanger, it is possible to use thin layers ( < 1 inch) 
and to work at high flow rates at low pressure drops. The precoat also 
acts as a filter for the removal of colloidal suspended particles. Pressure 
drops are less than 5 psi at 4 gpm/ft2. 

No procedure is yet available for separating and regenerating the 
resins. Therefore these beds are discarded after exhaustion. Because of 
their considerable cost, it is essential that high capacities be obtained 
for both soluble and insoluble contaminants. These beds may be used 
at higher temperatures than standard mixed beds, because they are not 
regenerated. 

One plant reports treating 700,000 lb of condensate per hour at 
2 1 0 ° F with the powdered ion exchange system between the low-pressure 
and high-pressure heaters. It was designed for a maximum pressure drop 
of 25 psi, but when newly coated with resin the drop was only 5 psi. 
There were two units 3 ft in diameter and 7 ft in tank height. Precoating 
requires 30 min per unit. 

At low silica levels (3 to 9 ppb) no removal of silica occurred. Some 
removal was obtained when the silica was about 20 ppb. Initially the 
cation exchanger was found to remove the ammonia so that the pH of 
the effluent dropped. Therefore the hydrogen form of the cation 
exchanger was replaced by the ammonium form in later runs. The 
process is still in an early stage of plant development, and many problems 
remain to be solved, particularly the ability to handle condenser leakage. 

d. Use of Cation Exchange Bed Only. Since most of the condensate 
contaminants are particulate corrosion products with traces of soluble 
iron, copper, and silica (the first two being removed by a cation 
exchanger), the use of a cation exchanger alone would be sufficient in 
industrial condensate used in boilers and processing, especially where 
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higher temperatures of the distillates are desired. Mixed beds cannot 
be used above 150°F because of the thermal stability limit of the anion 
exchangers. The use of sodium cation exchangers of higher cross-linking 
than the standard 8.5 % has been found to be applicable at temperatures 
up to 285°F. For systems with low temperature (165 to 190°F) con
densates, acid and brine are used as the regenerants for the cation 
exchanger and for high temperature (250 to 285°F), brine and reducing 
agents are employed. Units having diameters of 7.5 ft, bed depths of 
3 ft, and flow rates of 2000 gpm have reduced iron from 200 to 500 ppb 
to 20 to 30 ppb (Wirth and Kemmer, 1963). 

B. NUCLEAR POWER PLANTS 

There are about 500 nuclear reactors in the world; of these about 
200 are in the United States. About 50 % of the latter are water-cooled, 
with both light and heavy water in use. Since their operation has been 
successful, we may assume that more nuclear power plants will be 
installed in the future. High-purity water is essential to nuclear tech
nology. 

The water-purity requirements for nuclear power application do not 
differ greatly from those for conventional high-pressure boilers. The 
radioactivity, however, does pose problems which are unique to this 
field. Some of the problems are: 

(1) Chloride stress cracking of stainless-steel components. 
(2) Build-up of radioactivity in the water due to trace quantities of 

neutron absorbers. 
(3) Corrosion and cracking from the radiation decomposition products 

of water. 

Ultrapure water is required in (1) water-cooled reactors using water 
as a coolant and moderator or water-moderated reactors, (2) boiler 
operations, (3) radiation shielding tanks and pools, and (4) various 
process operations. 

1. Make-up Water 

Make-up water may be used for the reactor or in the steam-generating 
portion of the plant. The water is pretreated as for conventional 
electrical power plants by chlorination and coagulation, filtration, and 
ion exchange. One plant uses first an evaporator which produces water 
of 0.25 ppm total dissolved solids, of which 0.03 ppm is silica. The 
effluent is then treated in a mixed bed which reduces total dissolved 
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solids to 0.05 ppm and silica to 0.01 ppm. This make-up water then 
enters the condensate treatment cycle. Typical water plants are given in 
Table 9.4 (Muller, 1959; U.S. Atomic Energy Commission et al., 1958). 

2. Coolant Water 

In a nuclear reactor, heavy or light water is used as moderator and 
coolant (Brutschy et al, 1959; Cohen, 1956 ; Muller, 1959). The water 
must be kept free of contaminants which can absorb neutrons and 
become radioactive, e.g., metallic corrosion products. Chloride and 
oxygen deserve particular attention since they must be kept to low levels 
to prevent stress corrosion and cracking. Since blowdown is not possible 
except to a waste-treatment plant, impurities must be removed or kept 
to a very low level. 

Corrosion products and other solids if allowed to concentrate in the 
reactor coolant system will deposit on the heat-transfer surfaces in the 
reactor, resulting in localized overheating and premature failure of fuel 
elements. Build-up of radioactivity may also prevent access to the 
secondary steam generator or turbine. 

A portion of the water in the reactor is constantly treated for removal 
of foreign materials that may be picked up. The insolubles may be 
trapped in pockets. Irradiation is a constant danger. Cellulosic filters, 
gas strippers, catalytic combination of oxygen and hydrogen, cation and 
anion exchange beds, mixed beds, catch filters, and distillation units are 
some of the equipment used in the coolant-treatment portion of the 
plant, the various combinations depending on the system involved 
(Flannagan and Anderson, 1964). 

The ion exchangers used are nuclear-grade resins, which are basically 
standard resins that have been treated for removal of solubles and 
metallic contaminants. These resins are essentially free of fines, and the 
degree of conversion to H-OH or other forms is very high (Thompson 
and Reents, 1959). The specifications for the cation exchanger are 95 % 
conversion to H, with heavy metals (Fe, Cu, Pb, etc.) less than 200 ppm. 
The anion exchanger should have 80 % conversion to OH, with a 
residual Cl of less than 5 % and C 0 3 less than 15 % . 

It is frequently desirable to maintain a high pH in the coolant water 
system. At high pH both the initial corrosion rate and the steady-state 
concentration of corrosion products are reduced. To achieve this high-pH 
environment, the cation component of the mixed bed is employed in the 
potassium, lithium, or ammonium form. These particular elements are 
used because their neutron absorption cross sections are relatively low. 
The exchange of corrosion products and impurities in the mixed bed 
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therefore maintains the high pH desired by giving off K O H , LiOH, 
or N H 4O H to the processed coolant stream. 

In addition to the above cations, boron is of particular interest in the 
nuclear power field. This interest comes from the fact that boron has a 
very high capture cross section for thermal neutrons and can be used as 
a reactor control or emergency shutdown material. As a side-stream 
treatment for reactor power control, the anion component of a mixed 
bed may be used in the borate form. Any coolant water passed through 
such a mixed bed would give off the appropriate alkali-metal-borate for 
reactor power control. 

Some standards set for the water in the primary coolants are less than 
1 ppm total dissolved solids (if no additives present), pH about 7.0 to 
8.0, chlorides 0.1 to 1.0 (depends on the plant), oxygen < 0.01 ppm, 
and hydrogen < 3.36 ppm (Muller, 1959 ; Hartman, 1964). 

The ion exchange resins may become partially degraded by radio
activity. The exhausted resins, which often contain radioactive corrosion 
products and other radionuclides from burst fuel elements, are treated 
as any radioactive waste (Glueckauf, 1 961 ; Swope, 1956). 

3. Condensate Treatment 

The principles of condensate treatment used for high-pressure boilers 
apply as well to boiling-water reactors, with the few special needs 
already indicated. The goals currently appear to be total dissolved solids 
less than 50 ppb, iron less than 2 ppb, copper 0 to 2 ppb, chloride less 
than 1 ppb, and a specific resistance higher than 10 megohm-cm. 

Waste waters from regeneration, backwashing, etc., must be monitored 
for radioactivity. Currently there has been no problem due to radioactivity 
within the ion exchange beds in treating condensates from the turbines. 

4. Water in Pools for Shielding 

Water is used in pools for shielding against radiation. Visibility and 
a high degree of purity are essential. Keeping the system free of electro
lytes and particulates can be easily accomplished by filtration and ion 
exchange. Growths in the pool, especially when first started, may be a 
problem. The lack of nutrients for growth in the coating on the walls of 
the pools, and also the lack of ionic constituents in the water, help to 
keep organisms from developing. As time goes on, sterilization by 
hydrogen peroxide formed in the water takes place. However, before the 
pool is filled, some plants wash down the walls with a 4 % hydrogen 
peroxide solution, to destroy any organisms that may be present 
(Crandall, 1964). 



468 C . CALMON AND A . W . KINGSBURY 

5. Process Water for Separation 

A n interesting plant at Oak Ridge (Brush et al., 1956) produces 
process waters required in separation work and in recirculating cooling 
systems. The plant operates on condensate (1 ppm solids) with city 
water make-up from 0 to 50 % ( 1 19 to 130 ppm). Details on this plant 
are given in Table 9.8. 

T A B L E 9.8 

L A R G E P L A N T FOR NUCLEAR PROCESS W A T E R 0 

Four activated-carbon filters 
Diameter of shell 
Shel l height 
Bed height 
Suppor t 
Freeboard 
W a t e r flow/unit 
Coating of unit 
Underdrains, etc. 

8 ft 
7 ft 
3 ft 
Anthracite 
1 0 0 % 
2 0 0 gpm 
Phenolic 
Stainless steel 

Activated carbon cleaned by steaming weekly, back washed daily 
Designed for 125 psi 

Three mixed beds 
Diameter of shell 
Shel l height 
Bed height 
Freeboard 
W a t e r flow/unit 
Coating 

Bed resins 

Regeneration 
Regenerant acid 
Regenerant dosage 
Regenerant strength 
Regenerant caustic 
Regenerant dosage 
Regenerant strength 
Regenerant temperature 
Rinse 
Total cycle for backwashing 

r insing—274 min. 

Vacuum deaerator 
Single stage 
Rubber- l ined 
Stainless-steel distributor 
Raschig rings—porcelain 

1 0 ft 
16 ft 
7.67 ft 
1 1 0 % 
4 0 0 gpm 
3/16-inch natural rubber vulcanized and bonded to 

metal 
6 0 0 f t 3— 4 0 % cation exchanger and 6 0 % anion 

exchanger 

H 2 S 0 4 

6 1 b 
2 -8%, (in steps) 
NaOH 
5 lb/ft3 

4 % 
120°F 
Demineralized water 

separating beds, regenerating, rinsing, mixing, and 

"Brush et a/., 1956 . 
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T A B L E 9.8 (continued) 

469 

Effluent quality 
p H — 6.0 
C u 0 .0 p p m 
Fe 0 . 0 - 0 . 0 4 p p m 
S i 0 2 0 . 0 13 p p m 
Resistance 1 0 megohm-cm 
K M n 0 4 consumption 0 . 0 5 - 0 . 6 0 p p m (as oxygen) 
V o l u m e of water treated, gallons between regeneration per mixed-bed unit 

City w a t e r — 1 0 0 % 5 0 0 , 0 0 0 - 6 0 0 , 0 0 0 gal 
City w a t e r — 5 0 % 1 , 0 0 0 , 0 0 0 - 1 , 2 0 0 , 0 0 0 gal 
City w a t e r — 1 2 % 3 , 0 0 0 , 0 0 0 - 3 , 2 0 0 , 0 0 0 gal 
City w a t e r — 1 . 4 3 % 6 ,378 ,400 gal 

Specifications for water quality, p p m 
Total cations < 0.1 
Total anions < 0.1 
Silica 0 .05 
Dissolved oxygen 0 .04 
Specific resistance 4 megohm-cm at 2 5 ° C 

C. MANUFACTURE OF SEMICONDUCTORS 

The water systems in plants manufacturing semiconductors for 
electronic devices have undergone rigid scrutiny, along with other 
environmental factors involved. Standardization of water purity at the 
point of use involved developing procedures with known processes, so 
that specifications could be set in line with the needs of the product. 
Corrosion products, organisms, electrolytes, and organic matter in the 
rinse water appeared to be factors in downgrading or rejection of the 
final products. Frequently other factors were involved, but water, with 
its variable composition, was an easy target for suspicion. In current 
practice a single central plant produces the ultrapure water, which is 
kept ultrapure by recirculating it to the points of use. 

The specifications for water purity set by various manufacturers are 
given in Table 9.9. The processes selected for the water plant will 
depend on the analysis of the water and the experience of the manu
facturer. Initially distillation was installed because of organisms, but the 
trend is to sterilization, filtration, adsorption, and ion exchange, because 
the quality obtained meets the needs at a lower cost than evaporation 
(Baldwin, 1963 ; Koontz and Sullivan, 1958; Lorsch, 1958 ; Rees et al, 
1964). 



470 C . CALMON AND A. W. KINGSBURY 

T A B L E 9.9 

SPECIFICATION OF ULTRAPURE W A T E R FOR MANUFACTURE OF 

SEMICONDUCTORS 

Manufacturer 1 Manufacturer 2 

Total solids, p p m 1.5 1 .0 
Suspended solids Filter plugging 1 0 0 particles/ml 

3 0 % in 15 min 
Specific resistance at 25 °C 15 megohm-cm 1 7 - 1 8 megohm-cm 
Organic material, p p m 1.0 1.0 
Oxygen, p p m 0.2 — 
Organisms 8 per ml — 

Water treatment processes in semiconductor plants are given in 
Table 9.4. In plant 3 either distillation or sterilization is practiced. 
Distillation is used at the start of the cycle, sterilization at the end. 

Sterilization can be accomplished by several methods: 

(1) Heating of water by heat exchangers; the hot water also improves 
the rinsing. Only stainless-steel tubing is used. 

(2) Ultraviolet germicidal lamps—some lamps are available for flow 
rates up to 100 gal/hr. 

(3) Periodic sterilization of all parts of the system. This is the most 
economical method for large-scale use. Hypochlorite is used. In systems 
in which superchlorination is practiced in the initial stages of the plant, 
the final water may be fairly free of organisms. The use of formaldehyde 
has proved to be of value in many complete systems. 

Storage of the ultrapure water without contamination by C 0 2 and 
leachables is practically impossible. Quick use is recommended. Recir
culation systems containing a scavenger mixed bed (12 gpm/ft2 rating) 
and 5-μ filters may be used. 

Continuous, countercurrent washing is practiced in this industry. As 
an example, an initial rinse water starting with 2.5 megohm-cm resistivity 
and having a 4-min contact time still had a resistivity close to that of 
the influent rinse water (Koontz and Sullivan, 1958). 

D. MANUFACTURE OF TELEVISION PICTURE TUBES 

Plants manufacturing television picture tubes require ultrapure water 
for washing, screening, and lacquering processes. Iron and copper 
content, dissolved solids, and organic matter must be kept extremely low 
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(copper and iron below 5 ppb). The low iron requirement is necessary 
because of its effect of deadening the phosphor. Copper causes a color 
shift. Gas-forming products or air bubbles must be prevented, as they 
cause tears or cracks in the phosphor screen. Salts contaminate the 
phosphor, and therefore the total elimination of electrolytes is essential. 
The pretreatment required depends greatly on the source of water. While 
surface waters can be used, they require chlorination and filtration. 

The type of plants installed and operating now for over 4 years 
appear to be standardized design variations, depending only on the 
water source and the purity desired (Chase, 1956). Some plant capacities 
run up to 10,000 gal/hr. The processes used are given in Table 9.4. 
One manufacturer uses a recirculation system at the point of application; 
in this way the water is always continually processed. It therefore does 
not accumulate extracts from the ion exchangers or piping, as would be 
the case if the water remained static for any excessive period. The run 
end point for the ion exchange units varies, some aiming as low as 
1 megohm-cm resistance. 

Although the water supply is frequently highly chlorinated, the 
chlorine residual after the activated carbon filters may be as low as 
0.02 ppm. Slime may form in the demineralized-water piping system, so 
both the beds and the lines should be treated with sterilants. The beds 
are sterilized with a dilute solution of formaldehyde or extremely dilute 
solutions of calcium hypochlorite. The pipes are treated with sodium 
hypochlorite and some standard alkaline cleaner. Coagulation with 
chlorination can reduce the organics to about 0.5 ppm. Some of the 
residual organics are removed in ion exchange beds in which the final 
effluent will show about 0.2 ppm of oxygen consumption. Soft water is 
used to backwash the ion exchange beds. 

E. PHARMACEUTICAL PLANTS 

The pharmaceutical industry requires water for washing, preparation 
of culture media, experimental work, and make-up water. The United 
States Pharmacopoeia has two specifications—"water for injection" and 
"purified water/' For some products there is a specification which calls 
for double-distilled water. This is still used, although with pretreatment 
some of the new stills can meet specifications with one distillation. 

Since distillation is more costly than demineralization by ion exchange, 
the tendency in the pharmaceutical industry is to have several systems, 
depending on end use. Distillation is used wherever pyrogen-free water 
is specified, but difficulties are encountered in maintaining this condition 
due to leaks, priming, corrosion, scaling, etc. Controls and materials of 
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construction must be rigidly examined; also storage of sterile water is a 
problem. 

T o maintain the purity of the water when recirculated to a storage 
tank, ultraviolet light is used at the end points, but thus far there is 
still some doubt as to the complete effectiveness of ultraviolet radiation 
for sterilization of systems which may have widely varying flow-rate 
demands. Ceramic filters may be used to remove the particulate matter 
picked up from the steam or materials of construction. 

The ion exchange systems which are used for purified water require 
cleaning (by chloramines) because of organisms which may develop. 
However, some related plants, where special filters are used prior to 
the ion exchange units, have been producing water with very low 
bacterial counts. 

The end point used for the distillation system is 0 . 5 to 1 megohm-cm 
at 2 5 ° C , while the cutoff from the ion exchange units has been 2 to 
5 megohm-cm. The water produced must meet with the other require
ments given in the United States Pharmacopoeia. A water plant in actual 
use in a pharmaceutical establishment is given in Table 9 . 4 . Buchi and 
Soliva ( 1 9 5 9 ) , Rasmussen ( 1 9 5 7 ) , and Whittet ( 1 9 5 6 ) have analyzed 
demineralized waters obtained with ion exchange systems for use in 
pharmaceutical products. 

F. POLYMERS 

In the polymer field, water must be suitable as a medium for the 
polymerization process, e.g., suspension or emulsion, and must not 
adversely affect the final product. In some reactions it is important that 
no amine, iron, or copper be present, as these affect the polymerization 
by changing the induction period and introducing strains into the polymer. 
For many processes pure water is specified to eliminate these problems. 

It is also important to prevent the pickup of color or odor by the 
product from the process water used. Hence the water must be free 
of color bodies, odors, amines, and heavy metal cations, and must have 
constant pH. Different degrees of water purity, depending on the 
sensitivity of the product, are demanded at various plants manufacturing 
polymers. 

G . RESEARCH—LABORATORY 

To obtain ultrapure water to study its resistivity, Iverson ( 1 9 6 4 ) used 
an all glass-Teflon1 system, which incorporated the following processes: 

1 Product of Ε. I. du Pont de Nemours and Company. 
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(1) Ion exchange: mixed-bed nuclear-grade resin. 
(2) Adsorption and filtration: high-grade activated carbon especially 

treated for organics. 
(3) Sterilization: ultraviolet light. 
(4) Filtration: filtering system for suspended solids in the submicron 

region. 

V. Storage of Ultrapure Water—Materials of Construction 

Control of contamination after the water leaves the ion exchangers is 
highly essential. The materials of construction after the ion exchangers 
should be either nonleachable plastic or noncorrosive metals. To remove 
traces of ionic impurities prior to use, small units with mixed beds of 
ion exchangers followed by ultrafine filtration are employed. Inert-gas 
blankets are also being used in certain cases. 

Laboratory tests and experience have reduced choice of the materials 
handling the effluents from the polishing mixed bed principally to the 
following: Type I PVC, stainless steel-Type 316 , and aluminum. Type I 
P V C is extensively used for piping, except where high temperatures 
exist (certain rinse operations are performed with hot water). It is 
chemically more resistant than Type II PVC, which is the more shock-
proof of the two. For normal operations Type II is used. For hot water, 
Type 316 stainless steel can be used. 

Teflon-lined piping would be ideal but the cost is high. The cartridge 
filters and submicron filter downstream from the polishing mixed bed 
are of Type 3 1 6 stainless-steel construction. 

The polishing-mixed-bed units are usually of Type 316 stainless steel 
or aluminum, but ordinary steel units with phenolic coatings have been 
used with success. 

Activated-carbon filters are lined either with phenolics or rubber, 
mixed-bed columns usually are coated with vulcanized natural rubber, 
vacuum deaerators are also coated with rubber, and deaerating heaters 
are constructed of stainless steel or are clad with stainless steel when 
treating acid waters. 

Storage tanks of carbon steel were used at utilities but are being 
replaced with aluminum or its alloy, type 3003. A trace of aluminum 
( < 0.05 ppm) was found on standing for 2 weeks. The best pH of the 
water for storage in aluminum tanks is 4 to 9. Distilled water stored 
in tin-lined copper tanks may show traces of copper and tin on long 
standing. Tin-lined tanks are used in the electronic and pharmaceutical 
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industries. Coating materials cheaper than rubber and P V C are being 
sought. 

Storage tanks for liquid caustic are made of unlined steel. To protect 
them from corrosion, epoxy coatings may be used. For the storage of 
strong sulfuric acid, unlined steel is used. The tank vents contain driers 
to absorb the moisture in the air. Lines from the regenerant tanks 
should be corrosion-proof. The lines carrying the dilute solution may be 
rubber-lined. 

VI. Analytical and Control Tools 

A. ANALYTICAL TOOLS 

As the damage and cost can be great if contaminants get into the 
water through some faulty operation or accident, monitoring and control 
devices are necessary. Automatic equipment for the continuous, inter
mittent, or go-no go types of control is available. Analyses may be made 
frequently at many points in the plant so as to determine quickly the 
point of contamination. Automatic equipment is also available for dosing 
and signalling. However, the bench chemist is still needed for many 
determinations which as yet have not been reduced to automation. The 
great impetus for rapid analytical control has been from the nuclear 
field, where fractions of micrograms of contaminant per liter may prove 
dangerous and highly destructive. 

Many chemical analyses are carried out in the laboratory. Sometimes 
the samples are composites of daily collections or they may be taken 
weekly or monthly. Contaminants most frequently checked are oxygen, 
chloride, sodium, hydrazine, silica, iron, copper, ammonia, etc. 

Since most of the above constituents are determined in microgram 
quantities, special precautions must be taken in sampling, purity of 
reagents, water for make-up of solutions, storage of solutions, and 
exclusion of atmospheric contamination. Both polyethylene and glass 
adsorb heavy metal ions and therefore must be cleaned thoroughly with 
hot hydrochloric acid (Levendusky and Megahan, 1960). 

More special analytical procedures, which have become both control 
and experimental tools, are described briefly below. 

The number of suspended particles and the size distribution of these 
may be determined by special counters. Particle size ranges from 
fractions of microns to 1000 microns and concentrations from 0.1 to 
10,000 ppm are within the range of the instrument. This tool has been 
used to analyze raw and treated waters. The latter can be determined 
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at various steps of purification, so that the efficiency of materials and 
equipment can be evaluated (Rees et al, 1964). 

The concentration of corrosion products or suspended matter can 
also be determined by the degree of plugging of membranes with 
controlled porosity. For raw water the recommended pore size is 1.2 μ 
and for treated water 0.45 μ. Color concentration, character of deposit, 
flow-rate change, or pressure loss with time are quick guides to changes 
in performance or to effects of process modification (Rees et al., 1964). 

For total dissolved solids by evaporation special evaporating units have 
been developed. 

Continuous indicators and recorders of the conductivity of a water as 
a measure of the amount of ionic impurities have become standard in 
all deionizing systems. Instruments are available to measure the specific 
resistance to 18 megohm-cm directly in the line and may be automated 
so that a given conductivity will give a warning signal or start a new 
cycle. A temperature compensator should be part of the instrument. 
The cell must be mounted in an unexposed flowing stream, since 
de-ionized water quickly picks up C 0 2 from the air, thus causing a 
change in conductivity. 

The temperature compensation of a cell for an ultrapure water may 
not be applicable to distilled water, as the ratio of the conductivity at 
one temperature compared to the conductivity at a standard temperature 
is not the same for the two. 

Serious interference with steam-conductivity measurements have been 
found from the presence of C 0 2 - N H 3 . Techniques of overcoming this 
difficulty are incorporated in the Larsen-Lane (Lane et al., 1961) steam-
purity analyzer, which contains an acid cation exchanger which removes 
N H 3 . C 0 2 is removed by passage through a reboil chamber. The strong 
acids formed by the exchange of the metal cations make conductivity 
measurement more sensitive. 

To prevent contamination from connections, polyethylene, PVC, and 
stainless steel are recommended. These should be checked with time. 

The variation in resistivity with temperature of ultrapure water 
prepared in the laboratory has been measured by Iverson (1964). Tables 
for trace concentration of salts with resistivity for a given temperature 
are available from instrument manufacturers. 

The measurement of pH of ultrapure water has been under question 
for some time. Assemblies of pH flow electrodes are commercially 
available. With the various systems it is possible to obtain consistent 
readings at near neutrality with waters of 10 or more megohm-cm 
resistivity. This, however, is not a routine measurement, and the 
meaning of the measurements may be of little value in view of potentials 
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set up in very low conductivity waters. Correlation of pH with electrolyte 
content in ultrapure water is still limited, because the pH depends on 
the effluent constituents and the type of ion exchangers used. 

In taking samples for analysis, equipment, point of sampling, and 
procedures should follow the recommendations of the American Society 
for Testing and Materials (1964) and the needs of the system involved. 

B. CONTROL SYSTEMS 

The various components of an automatic control system for a water-
treatment process have the basic functions of programming, measure
ment (flow, pressure, liquid level), control, and monitoring. 

7. Chlorination 

Chlorine residuals can be measured with automatic equipment. In a 
high-purity water system, however, chlorine is removed by activated 
carbon before the demineralization steps. 

2. Coagulation 

Automatic pH control and monitoring of effluent turbidity from the 
coagulation system can be used, but they are not usually found in the 
average installation. A means of coagulation control by means of 
measurement of zeta potential is a fairly recent development (Bean et al., 
1964). The process involves measurement of the displacement of the 
system from the isoelectric point. The information is used to control 
the chemical dosages required for optimum coagulation. This refinement 
is probably not needed for the treatment of many waters, because a 
simple jar test is often sufficient. The new process may be applied to 
problem waters that are difficult to coagulate and where subsequent 
filtration steps do not remove extremely fine particulate matter. 

3. Filtration 

Although sand and activated carbon filters can be monitored by 
turbidity meters, it is more customary to backwash at regularly scheduled 
intervals. In pretreatment for high-purity water systems the influent 
turbidity is consistent enough to ensure reasonably reproducible runs. 
Often pressure drop is used to initiate the backwash. 

4. Vacuum Deaerators and Deaerating Heaters 

Vacuum deaerators can give an oxygen residual in the vicinity of 
0.2 ppm, and ordinarily no control is required beyond occasional 
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laboratory checks to determine that operation is normal. Measurement 
of the absolute pressure will indicate that the vacuum system is operating 
satisfactorily. 

In the case of deaerating heaters normally used in boiler plants, the 
usual specification of 0.005 cm3/liter oxygen can be monitored by 
oxygen recorders sensitive in the parts per billion range. 

5. Demineralizers 

If the influent water to the demineralizer is of constant composition, 
the simplest control is a metered cycle. This is often relied upon even 
if the water composition has seasonal variations, provided there is not 
too much fluctuation. 

In a two-step demineralizer system the cation unit can be controlled 
by means of a comparator system, in which an effluent sample is with
drawn from a point above the bottom of the bed and the conductivity 
compared with the effluent sample. A difference in conductivity will 
indicate that the unit is approaching exhaustion. 

A similar system can be used for the anion unit, but the end point 
of the run can also be determined by using an analyzer to determine 
silica breakthrough. Silica will break through before the more highly 
ionized sulfates and chlorides. The presence of small concentrations of 
silica will not affect the conductivity significantly. By using a conductivity 
meter in conjunction with the silica analyzer, exhaustion of the cation 
exchange unit can be detected by an increase in demineralized water 
conductivity brought about by slippage of the sodium ion, resulting in 
the presence of NaOH in the anion unit effluent. A pH meter can also 
be used, a rise in pH indicating cation-exchanger exhaustion, a drop 
indicating anion-exchanger exhaustion, except for silica break-through 
as indicated. For a mixed-bed demineralizer, a conductivity meter will 
indicate the end point of a run. 

VII • Materials Used in Preparation of Ultrapure Water 

A . FILTER MEDIA 

7. Crushed Anthracite 

Crushed anthracite coal is used in filters where a nonsiliceous effluent 
is desired, as in the case of utilities. The weight per cubic foot of bed 
volume is 55 lb. It fills about twice the volume of an equal weight of 
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sand, but the cost per cubic foot is higher. Its required backwashing 
velocity is only about one-half that of sand. The backwash rate in 
pressure filters is 8 to 10 gpm/ft2, in gravity filters 10 to 12 gpm/ft2. 
Various layers are used, and the effective particle size for the upper layer 
is 0.55 to 0.65 mm. The coarsest layer can be to inch in size or 
larger ( A W W A , 1949). 

2. Sand and Gravel 

Filter sands have specifications for various layers of fine and coarse 
sand and a lower layer of gravel ( A W W A , 1949). The upper layer has 
an effective size of 0.45 to 0.6 mm. The coarse layer (gravel) is of various 
types which can range up to 1 \ inches in size. The sand must be free 
of calcium and magnesium carbonates and should not have more than 
5 % loss in weight when placed in warm concentrated hydrochloric acid 
for 24 hr. A good sand has a negligible loss. The backwash rate for 
pressure filters is 10 gpm/ft2, in gravity filters 15 to 20 gpm/ft2. 

3. Activated Carbon 

The screen size of granular activated carbon runs from 20 to 60 mesh. 
It should have good chlorine and phenol absorption values. The density 
is 15 to 28 lb/ft3 bed volume for the powder and 12 to 30 lb/ft3 for the 
granular products. Beds are cleaned by backwashing daily, often by 
steaming weekly or monthly. 

4. Diatomaceous Earth 

Diatomaceous earth, or kieselguhr, is composed of microfossil skele
tons of diatoms. The material is nearly pure silica and extremely porous. 
It can be ground in various particle-size distributions, which makes it 
an excellent filter aid for water and other liquids. It is especially helpful 
in removing very fine particles because it forms a layer or a cake, the 
pores of which permit the flow of water but retain the turbidity. It 
is not used in condensate filtration because of its siliceous composition. 

There are various grades of diatomaceous earth varying in density 
(16 to 20 lb/ft3 of cake) and particle-size distribution, thus permitting 
various size pores in the cake. The coarser the product the longer the 
cycle and the greater the number of gallons filtered between cycles. Flow 
rates vary from 1 to 20 gal/ft2/min through a precoat about j 1 ^ inch 
thick containing about 10 lb/100 ft 2. 

Diatomaceous-earth filters are sometimes used ahead of ion exchange 
beds for removal of corrosion products, turbidity, activated carbon 
particles, algae, and bacteria. 
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5. Cellulose Filter Aids 

Alpha cellulose, a fibrous, wood-pulp derivative, ashless and practically 
inert in water, is used as a filter aid for condensate purification. It 
removes suspended oil and particulates such as iron and copper and 
does not add solubles to the water. It is used as a uniform precoat on 
filter systems for fixed-bed filtration. It comes in various particle sizes 
and grades, the use of which depends on the desired degree of water 
purification. The latter affects the filter-cake density, which usually 
ranges from 7 to 19 lb/ft3, and also the permeability. For water, the 
materials most frequently used are minus-100 mesh (90 to 95 %) with 
an average particle-size length of 55 to 80 μ (the former used in super
critical generating stations) and a minimum density of 11 to 19 lb/ft3. 
The support-system openings should be less than 0.3 mm. Two pounds 
per 100 f t 2 of filter area gives a coating thickness of 0.013 to 0.020 inches. 
Up to 10 lb/100 f t 2 is used when the turbidity is small and colloidal. 
The wet slurry strength is less than 7 % total solids. Cleaning ease 
depends on the mesh of the metal wire screen, the filter length of the 
grid, thickness of precoat, solid deposited, operating pressure, and filter 
construction. The dosage required is about 5 parts of cellulose to 1 of 
solids to be removed. 

6. Membranes with Micropores 

For final polishing or ultracleaning of the water at point of use, 
several types of filters are used, each utilizing some medium for removing 
particulate matter. One is a pure cellulose-ester porous membrane with 
uniform pores. It is available in pore sizes from 5 to 10 χημ. The finer 
the pores, the quicker the plugging, and the lower the water throughput 
yield. The flow rates through these membranes depend on the pressure, 
the pore size, and the amount and size of particles forming the turbidity. 
At an initial flow rate of 65 ml/min, the pressure drop across a 0.45-μ, 
membrane is approximately 10 psi. For a \.2-μ filter, the pressure drop 
is 29 psi at a flow rate of 500 ml/min. The latter membrane is favored 
for raw water containing some turbidity. These membranes are sup
ported on a stainless-steel screen with Teflon gaskets. Tin- or nickel-lined 
interior filters are the rule. Prefilter discs are available for extending 
the life of the final polishing membrane. Equipment can be obtained for 
pressures of 200 psig. 

7. Cartridge Filter Media 

Another type of polishing filter unit is a cartridge which may be 
composed of cellulose or synthetic fibers wound over screens. The 
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cartridges can be easily and quickly replaced. The one most frequently 
used in the semiconductor field is the 5-μ, pore size ( 9 f by 2 f inch 
cartridge) with a 2-psi initial pressure drop at a flow rate of 6 gal/min. 
If a pressure drop of 25 psi is taken as the end point, i.e., 100 % as 
volume throughout capacity, a 75 % capacity is obtained at a pressure 
drop of 6.5 psi. 

8. Screen Filters 

Various types of strainers are available. They are made of metal or 
plastic screens with openings of different sizes. After the demineralizer, 
60 to 80 mesh screens are used to remove suspended particles. 

B . ION EXCHANGERS 

Many texts describe ion exchangers; in this chapter only special 
properties of importance in the application to preparation of ultrapure 
water will be discussed. 

The ion exchangers used in the United States (see Table 9.10) in 
the fields described are the strong-acid cation exchangers, i.e., the 
sulfonated copolymers of styrene and divinylbenzene, and the anion 
exchangers, which are usually quaternary-amine Type I exchangers 
(polybenzyl quaternary trimethylammonium salts). Some weak-base 
anion exchangers are used in the two-step process, i.e., a bed of cation 
exchanger followed by an anion exchanger for surface water supplies 
that are heavily contaminated. The mixed bed which follows the two-step 
or stage process always contains the quaternary nitrogen anion exchanger 
of Type I mixed with sulfonated polystyrene cation exchangers. 

In Europe, carboxylic acid resins, which are weak-acid cation ex
changers, are sometimes used ahead of strong-acid cation exchangers 
for the treatment of high alkalinity waters, because this improves the 
utilization of regenerant. As in the United States, weak-base exchangers 
are also frequently used with waters high in organic matter to protect 
the strong-base anion exchanger, which is susceptible to fouling by the 
organic anions present in most surface waters. 

Most standard cation exchangers of the polystyrene type have 8.5 % 
mole percent divinylbenzene cross-linking. More highly cross-linked 
resins are more stable to oxidizing conditions and to chemical shock. 
They tend to slough off less of the low-molecular-weight soluble 
polyelectrolytes (i.e., breakdown products) which may foul the strong-
base anion exchanger, but their degree of swelling and pore size is 
smaller and hence diffusion rates are lower. To overcome the above 
problems, highly cross linked macroporous resins and more uniform 



T A B L E 9 .10 . — ION EXCHANGERS MANUFACTURED IN THE UNITED STATES 

Diamond Alkali D o w Ionac Permuti t Rohm & Haas 
(Duolite) (Dowex) (Ionac) (Permutit) (Amberl i te) 

Polystyrenes 
1. Lower cross-

linking 
2. Standard 

cross-linking 

3. Higher 
cross-linking 

4. Coarse 
products 

5. Special 
Porous 
Carbonaceous 
Others 

Carboxylic 
Addit ion 
polymers 
Condensation 
polymers 

Condensat ion— 
sulfonate 

Inorganic 

Strong base 
T y p e I 

T y p e II 
Porous 

Macroporous 

Weak base 

Intermediate base 

Special 

C - 2 0 

C - 2 1 
C - 2 7 

C - 2 0 X 1 0 

Cation Exchangers 

50X(1 to 7) C - 2 2 0 

5 0 X 8 C - 2 4 0 

5 0 W 

5 0 X 1 0 & W C - 2 5 0 

5 0 X 1 2 & W C - 2 5 5 
etc. C - 2 6 0 

C - 2 0 L 

C - 2 5 , C - 2 7 

C S - 1 0 0 

C S - 1 0 1 

C - l , C - 3 , C - 1 0 

C - 2 7 0 

C - 2 6 5 

C - 1 0 0 
C - 5 0 

Anion Exchangers 

A - 1 0 1 D 

A - 1 0 2 D 
A s above 

A - 2 
A - 4 

A - 1 1 4 
A - 3 0 T 
A - 3 0 B 

2 
Ρ 

11 

A - 5 4 0 
A - 5 4 6 
A - 9 3 5 
A - 5 5 0 

QB 

Q C 
Q D 

5 0 W C - 2 5 4 Q-coarse 

C - l 50 Z e o K a r b 
C - 2 8 0 Q R 

H - 7 0 

Η 

Decalso 

S - l 

S T - 1 
S - 2 

A s above A s above 

A - 2 6 0 
A - 3 1 6 
A - 3 3 0 

A - 3 0 0 
A - 3 1 0 
A - 5 8 0 
A - 5 9 0 

Deacidite 
W 

C C G 

A 
A B 
S K 

S K B 

H X 

I R - 1 2 0 

I R - 1 2 2 

I R - 1 2 4 

I R - 1 2 0 L 

2 0 0 

I R C - 5 0 

I R A - 4 0 0 
I R A - 4 0 2 

I R A - 4 1 0 
I R A - 4 0 1 
I R A - 4 1 1 
I R A - 9 0 0 
I R A - 9 1 1 
I R A - 9 0 4 
I R A - 4 5 
I R A - 6 8 
I R A - 9 3 
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structured resins have been introduced (Downing and Hetherington, 
1963; Downing and Kunin, 1960). The large pores are introduced by 
having a solvent in the monomers during polymer formation. The solvent 
is removed later, during the sulfonation. Another approach for greater 
stability has been to substitute a stable atom for the tertiary hydrogen 
atom on the carbon atom which readily oxidizes. This avoids de-cross-
linking and the breakdown of the bond. 

Similarly, with the quaternary anion exchangers, highly cross linked 
macroporous resins have been introduced to permit more rapid removal 
of the fouling organics during regeneration. But it must be understood 
that even these resins accumulate organics. 

Some weak-base resins, especially those with high capacities, show 
an increase in rinse-volume requirements with age; some of these resins 
tend to clump, so that leakage increases and regenerant efficiency is 
reduced. 

It is essential that water reaching the ion exchange beds be free of 
oxidizing products, e.g., chlorine and foulants such as precipitates and 
large organic ionic species. Numerous plants have noted improvements 
in the ion exchange performance and rinse requirements when the water 
was coagulated, superchlorinated, and then treated with activated carbon. 

Some of the operating characteristics of ion exchangers which are of 
interest in the preparation of ultrapure water are: 

1. Backwashing 

The beds must be well backwashed to remove accumulated suspended 
matter, especially iron oxide. One theory for breakdown of the anion 
exchanger has been that the growth of iron oxide in the resin causes 
rupture. The higher the iron concentration in a cation exchanger, the 
more readily it breaks down in the presence of oxidizing agents. Enough 
time and backwash volume should be given to clean the resins of 
accumulated particulates. Most units have a freeboard space at least 
50 % of bed height. Backwashing with air scrubbing has been recom
mended. 

2. Head Loss 

The higher the concentration of the fine particles in a resin bed, the 
higher is the head loss (Wirth and Fradkin, 1958). This is of importance 
at the high flow rates to which mixed beds are subjected in condensate 
demineralization (Dickinson et al., 1959; Pocock and Stewart, 1964; 
Sisson et al., 1958). Data for pressure loss with some parameters are 
given in Tables 9.11 and 9.12. 
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T A B L E 9 . 1 1 

EFFECT OF PARTICLE SIZE OF C A T I O N EXCHANGER ON PRESSURE 

D R O P AT 1 0 0 gpm/ft2 F L O W RATE AT 8 0 ° F 

Mesh Pressure loss, psi/ft 

1 6 3 

2 0 5 

3 0 1 0 

4 0 1 7 

5 0 4 0 

T A B L E 9 . 1 2 

EFFECT OF F L O W RATE ON PRESSURE L O S S IN M I X E D BEDS 

Flow rate, 
gpm/ft2 A A B * C ° D M 

2 5 2 2 . 1 1 . 5 4 

5 0 5 6 . 0 4 . 3 9 

7 5 8 1 1 . 5 8 . 3 1 6 . 6 

1 0 0 1 3 1 8 . 0 — — 

a A—standard resin mixture ; B , C , and D — c o a r s e r product, ratio § cation, ^ anion 
exchanger. 

b Also contained iron oxide. 

3. Solubility 

Tests carried out in various laboratories have shown that the degree 
of solubility of the resins is extremely low ( < 1 ppm). Initially a resin 
may contain appreciable amounts of soluble matter, but this is reduced 
very rapidly. Resins for nuclear systems and semiconductor work 
receive special treatment for the removal of soluble matter and heavy 
metals. Extraction of one of these fresh resins with hot distilled water 
for several weeks showed less than 0.5-ppm free mineral acidity for the 
cation exchanger in the Η form and extraction with room-temperature 
water showed less than 0.3 ppm amine for a regenerated quaternary 
anion exchanger. Effluents from mixed beds have lower organic leakage 
than single beds. 

4. Clumping 

Clumping is observed sometimes when fresh mixed-bed resins are 
backwashed. Also, some weak-base anion exchangers show this behavior 
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after some period of use. The presence of electrolytes such as NaCl, 
NaOH, or some polyelectrolyte will eliminate the clumping in the 
mixed-bed product if separation is desired before it is fully exhausted. 

5. Stability 

Generally the ion exchangers have shown remarkable stability, yet in 
some waters deterioration of resin often takes place (Wirth, 1954). This 
applies to both cation and anion exchangers. Indications of deterioration 
are: (1) head-loss increase, (2) rinse-requirement increase, (3) deterio
rating quality of effluent, (4) loss of capacity, and (5) fines formation, 
followed by loss in bed volume. The changes in the resin responsible 
for these symptoms are: (1) de-cross-linking of resin (resin swells, 
becomes softer, breaks down with formation of fines); (2) pores of resin 
become clogged, resulting in poorer diffusion; (3) large ionic species 
become part of the resin, resulting in rupture and low diffusion rates; 
(4) loss in active groups; and (5) loss of basicity of anion exchanger, 
i.e., the quaternary nitrogen groups become tertiary (Gilwood et al., 
1951) . Some of the conditions responsible for the breakdown are: 
(1) thermal shock, (2) solution-concentration shock, (3) organic foulants, 
(4) organisms, (5) precipitants and foulants, (6) oxidants in presence of 
catalytic substances (Fe, Cu) (Wood, 1957), (7) high pressures, (8) poor 
backwashing, (9) poor unit design, and (10) radiation. 

To test the degree of fouling or to determine the nature and degree 
of breakdown, the following characteristics or properties are checked in 
the laboratory on representative samples taken from the units: 

(1) Microscopic examination. 
(2) Screen-size distribution (manual screening). 
(3) Total exchange capacity per volume. 
(4) Strong-acid or base-group capacity. 
(5) Water retention. 
(6) Density (backwashed and drained). 
(7) Rinse requirement, quality of effluent, (metal ion leakage in cation 

exchange, conductance or pH of anion effluent) and length of run 
in a laboratory tube column. 

(8) Nonexchangeable metallic content of the resin. 

Nothing can be done if the resin is de-cross-linked or broken down 
physically or if there is a loss of active groups. If the resin is fouled 
by precipitates or organic anions, certain treatments are recommended 
(as indicated later). 
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Fouling and degradation due to unsuitable regenerants have been 
observed, especially in the anion exchanger. Rayon-grade caustic should 
be used for all strong-base resins; under no circumstances should the 
caustic used for regeneration of weak-base anion exchangers contain 
chlorate (Abrams and Donnally, 1959). In case of the cation exchanger, 
the sulfuric acid strength must be governed by the calcium concentration 
in the water treated. 

6 . Effect of High Temperature 

The standard cation exchangers have been used for years in hot 
l ime-ion exchange systems at temperatures around 250°F. The matrix 
of the resin starts breaking down at about 305°F. The sulfonic group 
in the hydrogen form is less stable than in the sodium form. Resins of 
higher cross-linking and in the sodium form have been used close to 
300°F (Wirth and Kemmer, 1963). 

The strong-base anion exchangers are less stable. Type II loses its 
basicity very rapidly (Thompson and McGarvey, 1953). Type I has been 
used safely at 140°F. High temperature causes both a dequaternization 
and some loss of active groups. Short-chain amines of the anion exchanger 
will be picked up by the cation exchanger in a mixed bed. 

7. Effect of Radiation on Exchange Resins 

A great deal of unclassified literature on this subject authored by atomic-
energy groups in many countries is available (Smith and Groh, 1961) . 
Recently a paper covering the radiolysis of ion exchange resins as used 
in purification systems of reactors was presented before the American 
Chemical Society (Baumann, 1964). When the coolant from nuclear 
reactors contains species which have been irradiated in the neutron flux 
and these are exchanged or deposited on the ion exchange resin, the 
resins can either become de-cross-linked into smaller molecular groups 
or can break off soluble entities such as sulfonates or amines. These in 
turn, upon entering with the streams into the reactor, can become 
radioactive. Moreover, the small molecular entities which* may be ionic 
will exchange within the mixed bed. Sulfur-35 and sulfite ions were found 
in the coolant moderator of the Savannah River reactor, and phosphor-32 
was found on the surfaces of the aluminum-clad fuel elements. The 
radioactive sulfur and phosphorus are derived by neutron activation from 
the sulfur originally in the cation exchanger. C O a was also found. This 
came from radiolytic oxidation of the organic matter of the mixed bed. 

The mixed beds in this particular system treated D 2 0 which contained 
radioactive species derived from fission-product and neutron activation. 
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Ninety per cent of this radioactivity was retained by the bed. A study 
of the particular isotopes present showed that sodium-24 was the major 
contributor to radioactivity. The radioactive dosage was high enough 
to damage the resin and reduce its exchange capacity. The heavy water 
coming from the mixed bed during operation did not show (within the 
limits of the analytical procedures) the presence of carbon, sulfur, and 
nitrogen, which are a major part of the ion exchangers. However, the 
heavy water obtained from a radioactive bed which had stood for several 
months indicated the presence of these elements. The sulfur was present 
as sulfate. Examination of the bed indicated loss of activity or exchange 
capacity. The mixed bed was found to be superior to two-step deminer
alizing, because the degradation products exchange on the beds. 
Although the efficiency of the beds is reduced, the coolant is not 
contaminated with sulfur, nitrogen, and carbon. 

It has also been shown that the cation exchanger removes over 80 % 
of the radioactive species found in the coolant, e.g., sodium, zinc, 
cadmium, etc. There was some removal by the anion exchanger, but 
this was probably limited, because the contaminants exist mostly as 
cations. There was very little removal by the mixed-bed exchanger 
which followed the single beds. It was concluded that the mixed bed 
could be eliminated (Ward, 1964). However, since in a two-bed system 
most of the radioactive load is on the cation exchanger, the latter acts 
as a protection for the less-resistant anion exchanger. It therefore 
appears that a mixed-bed system is needed to remove the loose anionic 
organic species formed in the cation exchanger. It follows that the need 
is for a cation exchange bed followed by a mixed bed containing a 
small amount of anion exchanger. Such a system is in use (Muller, 1959). 

8. Precipitation in the Resin Beds 

In the regeneration of a cation exchange bed with sulfuric acid, care 
must be taken not to precipitate C a S 0 4 . The ratio of calcium to total 
cations, the acid concentration, and the contact period between acid and 
bed control this precipitation process. The initial concentration of the 
acid is usually maintained at 1.5 to 2 % , then increased by steps to 10 % . 

To prevent precipitation of calcium and magnesium hydroxide, 
backwashing and rinsing of anion exchange beds should be done with 
soft water if the service water has too much hardness. 

9. Organic Fouling 

Organic constituents that may foul anion exchange beds can come 
from industrial or agricultural wastes which get into surface supplies or 
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from naturally occurring anionic constituents also frequently found in 
surface supplies (Frisch and Kunin, 1960 ; Rice and Simon, 1959). The 
latter compounds are known as humates—a mixture of vegetable and 
biologic degradation products (Lamar and Goerlitz, 1964; Shapiro, 
1957). Representatives of this class are related to humic, fulvic, quinic, 
and hymatomelanic acid (Ungar, 1962). They are mostly carboxylic 
acids or acid salts and frequently polymeric. 

The humates do not affect the performance of cation exchangers, but 
fulvic acids are adsorbed on weak- and medium-base anion exchangers 
to varying degrees. This necessitates longer rinse periods at the expense 
of capacity. Weak- and medium-base resins thus fouled can also often be 
restored by washing with warm brine. The greatest difficulties are encoun
tered, however, when humate fouling of strong-base resins takes place. 

The more practical methods of cleaning these resins are treatment with 
hot brine, mixtures of 15 % brine and 5 % caustic soda at 95°F, oxidizing 
agents such as hypochlorite, etc. (Frisch et al., 1955 ; Wilson, 1959). 
While temporary improvements in resin performance can often be 
obtained by one or another of these means, there are cases in which no 
treatment will do any good at all. At best, these cleaning methods should 
be considered as emergency treatment to keep a plant operational, 
because in the case of both conventional-type strong-base resins, and 
the macroporous type, accumulation of humates will occur. The longer 
these substances are allowed to accumulate, the more difficult it is to 
de-foul the resin. It must also be borne in mind that apparent removal 
of color from a water by coagulation or oxidation does not mean that 
all the humate derivatives have been eliminated from the water. The best 
way to avoid anion-exchange resin fouling by humates is by proper pre
treatment, which includes coagulation, superchlorination, and filtration. 

10. Counterflow Operation 

Regeneration in one direction and exhaustion in the opposite direction 
of cation exchange beds appear to give lower leakage, as a result of the 
better regeneration obtained by the resin at the point where the influent 
last comes in contact with the bed (Caskey and Harding, 1959). The 
regeneration is more efficient, as a higher capacity is obtained with a 
dosage of acid. The bed must be retained to keep it from being fluidized 
in upflow operation. 

C . CHEMICALS 

Table 9.13 summarizes the major chemicals, method of feeding, and 
dosages used in ultrapure-water preparation. 



T A B L E 9 .13 

C O M M O N CHEMICALS U S E D TO PRODUCE ULTRAPURE W A T E R 

Feed 
Chemical Grade Use Analys is characteristics Dosage 

1. A l u m i n u m sulfate Commercial Coagulant 1 5 - 1 8 % A l 2O a 5 % or dry 1 - 5 grains/gal 
2. A m m o n i u m Commercial Condensate p H adjustment 2 7 % Diluted 0.3 p p m and higher 

hydroxide 
0.3 p p m and higher 

Weak-base anion 2 7 % 4 % 3 - 4 lb/ft3 

regenerant 
W i t h C l 2 to form 2 7 % Liquid or gas 

chloramines 
3. Clay Kaol in type Coagulant aid < 2 0 0 mesh 

U . S . Standard 
sieves 

5 % s lurry or d ry 1 - 3 grains/gal 

4. Coagulant aids Various types Coagulant aid — 1 % J - 5 grains/gal 
5. Chlorine — Steri l ization and oxidation Liquid 1 0 0 % U p to 3 0 p p m 
6. Formaldehyde Commercial Steril ization of r es in bed 

and filter media 
Liquid 0 . 5 - 1 . 5 % First bed vol. discarded. 

Second bed vol. retained. 

7. Hydrazine 
f - 1 h r 

7. Hydrazine Commercial T o minimize iron pickup 8 5 % Di luted with a 
metering p u m p 

1 0 - 3 0 ppb above 0 2 con
centration 

8. Hydrochloric acid Commercial Cation resin regenerant 3 7 % 5 - 1 0 % 2 - 1 0 lb/ft8 

9. L i m e (hydrated) Commercial Softening — 5 - 1 0 % Depends upon equipment 
10 . Morphol ine Commercial Neutralizing amine Diluted wi th a 4 p p m to obtain p H 9 .0 

1 1 . Quaternary nitrogen 
metering p u m p 

1 1 . Quaternary nitrogen Steril ization of anion resin — < 1 % 5 0 0 p p m 
compounds beds 

< 1 % 5 0 0 p p m 
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T A B L E 9 . 13 (continued) 

Feed 
Chemical Grade Use Analysis characteristics Dosage 

12. Sodium carbonate Commercial Lime-soda softening 9 6 % as N a 2 C 0 3 A b o u t 1 0 % Depends upon equipment 
Weak-base anion 9 6 % as N a 2 C 0 3 4 % 4 lb/ft3 

regenerant 
13. Sodium chloride Commercial Cation resin regenerant 9 8 % as NaCl 1 0 - 2 0 % 3 - 8 lb/ft3 

m in imum 
Anion resin cleaning agent 9 8 % as NaCl 1 0 % Hot t reatment 1 2 0 ° F ; 

m i n i m u m several bed vo lumes 
14. Sodium hydroxide Rayon-grade Strong-base anion resin 5 0 % liquid 5 % 3 - 8 lb/ft3 

caustic regenerant 7 6 % solid 
15 . Sodium hydrosulfite Commercial Reducing agent for iron 1 0 0 % 1 % 2 - 6 ounces/ft3 may be added 

on filter media and resins with salt regenerant 
16 . Sodium hypochlorite Commercial Steril ization and defoulant 1 4 - 1 5 % 1 % or less 1 - 5 ppm. 1 0 0 - 5 0 0 p p m for 

of anion resin beds sterilizing pipes, etc. 
17 . Sodium sulfite Commercial A s a scavenger for dissolved 1 0 0 % 1 % or less 2 p p m 

O a and dechlorination 
18 . Sulfuric acid Commercial Cation resin regenerant 66°Βέ 2 - 1 0 % 5 . 5 - 1 0 lb/ft3 
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VIIL Re-use of Water and Waste Treatment 

The most familiar example of water re-use is the power plant, where 
make-up is often only about 1 % of the total flow. The loss of water in 
the power plant would involve the cost of water, cost of purification, and 
cost of heat. 

In industries where large quantities of water are used for rinsing, a 
major portion of it will contain very few impurities, so that it lends 
itself to recovery, especially if coagulation, filtration, and ion exchange 
processes are available. 

Common wastes in water-treatment plants are sludge from coagulation 
units, precoat filter media, brine from base exchange from softeners, 
acid and caustic from ion exchange demineralizer regeneration, and 
radioactive traces in ion exchange beds. 

The first two wastes are either dumped into the sewer or are ac
cumulated in tanks, dewatered, and hauled to disposal areas ( A W W A , 
1953; Black, 1949). 

The three regenerants can constitute a problem, especially in areas 
already having ground or river waters with high mineral contents. 
Regenerant recovery is practiced by many plants and will become more 
common (Gurney, 1954; Haney, 1949 ; Paulson, 1958). 

As the weak ion exchangers have a higher regeneration efficiency, 
combination of strong- and weak-base exchangers or separate beds will 
be utilized to a greater extent. The use of weak exchangers as neutralizers 
of waste acids and alkalies has been suggested (Crits and McKeown, 
1961) . 

In most demineralizing plants there is an excess of acid over alkaline 
waste. To the combination of the two, lime is usually added to a pH of 
8 to 10 before the mixture is passed on to settling basins, streams, etc. 
In some plants separate tanks for waste caustic and waste acid are 
maintained, so that a uniform slow continuous flow rate may be obtained 
for effective neutralization. Disposal methods for waste-salt regenerants 
are evaporation ponds and dilution and disposal wells. Radioactive 
wastes, if present, are treated by procedures set by the Atomic Energy 
Commission. 

IX. Cost Calculation 

The cost of producing high-purity water is dependent on so many 
variables, such as flow rate, initial water composition, degree of purity 
required, degree of automation, use of automatic analyzers and controls, 
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etc., that generalized cost figures do not have much significance. The 
estimates of equipment and chemical operating costs given in Table 9 . 14 
can only serve as a guide for typical systems operating on various types 
of waters. 

T A B L E 9 . 14 

EQUIPMENT AND CHEMICAL C O S T FOR THREE T Y P E S OF W A T E R ( 1 0 0 - g p m flow) 

Semiconductor Boiler-water make-up Boiler-water make-up 
Equipment used (city) (surface) (well) 

Coagulator X X 

Sand filter X 

Anthraci te filter X 

Carbon filter X 

Cation exchanger X X X 

Vacuum deaerator X X X 

Anion exchanger X X X 

Mixed-bed demineralizer X X X 

Mixed-bed polisher X 

Polishing filter X 

Total equipment cost a $ 8 5 , 0 0 0 $ 7 6 , 0 0 0 $ 6 4 , 0 0 0 
Raw-water total dissolved 5 0 1 5 0 3 0 0 

solids, p p m 
Chemical operating costs, 1 0 3 0 5 0 

cents/M gal 

a Does not include installation. 

The systems are based on a flow rate of 100 gal/min. The total-
dissolved-solids ranges of 50, 150, and 300 ppm are roughly equivalent 
to the types of water found in New York, Chicago, and Indianapolis, 
respectively. The indicated equipment is automatic except for mixed-bed 
regeneration and the polishing filter. 

Chemical costs per unit of salt removed are approximately the same 
for all three systems, since ion exchange regeneration is the principal 
factor. Resin replacement costs are not included. 

X. Future Trends 

(1) Materials of construction are being improved, and therefore less 
corrosion products will be produced. 



492 C . CALMON AND A . W . KINGSBURY 

(2) As good water becomes more difficult to obtain and as heat costs 
are increased, recovery of water will be practiced more commonly. 

(3) Continuous ion exchange units for water treatment are in the state 
of development. 

(4) Better utilization of regenerants will be possible. For waters 
containing high alkalinity, weak-acid cation exchangers have shown 
promise. 

(5) More regulated and unified systems for waste treatment are in 
progress. 

(6) Important areas for improvement are ion exchangers, especially 
anion exchangers which will withstand high pressures; materials which 
can remove colloidal silica; anion exchangers which are stable to foulants, 
oxidizing agents, radioactivity, and higher temperatures; means to 
maintain large amounts of water in sterilized condition without the 
addition of chemicals, and better analytical procedures for low-level 
contaminants found in ultrapure waters. 
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