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I. Preface 

A. Research Background 

When ice plants started changing from steam to electric power unexpected 
trouble was encountered in the appearance of the ice. Until that time most of the 
ice plants had frozen the condensate from steam engines or turbines; but, when 
electric drive was adopted, the ready supply of distilled water was no longer 
available and operators were forced to use water supplies from commercial 
sources. Whereas the steam condensate ice had been clear and free of gas bubbles, 
the ice made from the commercial water was very often cloudy and opaque. 
Customers objected to this change in appearance, since they were accustomed to 
the ice made of clear, distilled water. 

Research conducted by Dana Burks, Jr., at the University of Illinois, showed 
that the opacity was caused by dissolved minerals and gases in the water being 
frozen.• ( 1) As a result of this excellent and complete study the industry generally 
adopted a new freezing procedure which is still in use. In the present day practice 
the water in the freezing cans is agitated with compressed air; as the water at the 
edges freezes, the minerals are frozen out and concentrated in the liquid water 
at the center or "core" of the bar of ice. The dissolved gases are also frozen out, 
and swept from the ice surface at the ice-water interface by the air stream. As the 
freezing progresses the mineral concentration of the water in the core increases 
until it reaches a "critical" concentration above which clear ice can no longer be 
made from it. The core water is then pumped out, fresh water added, and the 
freezing continued. Unless the raw water has an unusually high mineral content 
the core water is removed only once, and the minerals in the remainder of the 
core leave a small white section in the center of the block of ice. When highly 
mineralized waters are frozen, a second core removal may be necessary. 

Burks likewise suggested mineral removal as an alternate method of making 
clear ice from commercial water supplies, but pointed out that methods were not 
available at that time to reduce dissolved solids sufficiently. He also called atten
tion to the fact that, since certain ions were more troublesome than others, some 
relief could be obtained by the use of the cation-exchange zeolite which was then 
in limited service for water-softening purposes. 

The development of organic cation-exchange resins which are subject to acid 
regeneration and of anion-exchange resins subject to alkali regeneration has 
made possible the complete removal of dissolved ions at a cost sufficiently low to 
interest ice manufacturers in using them. This method has opened the way to 
the production of clear ice with no core removal and with moderate or no air 
agitation. In 1950 Embshoff was granted a patent for making clear ice with no 
air agitation by a process in which the water was deionized, the gases removed 
by vacuum and the water fed into the freezing cans through a special filter which 
kept re-solution of air to a minimum. (2) 

* See Appendix for tabulation of "Literature Cited" corresponding to superscript numbers. A 
more comprehensive bibliography of books and articles likewise appears in the Appendix. 



2 The University of Texas Bulletin 

The terms "deionization" and "demineralization" are often used interchange
ably in the industry. Strictly speaking, they do not have the same meaning, since 
only ionizable solutes can be removed by the action of ion-exchange resins. Non
ionized solutes, e.g., sugar, cannot be so removed. In keeping with common prac
tice, both terms are used in this bulletin. 

Deionization has been the subject of studies and reports by many other investi
gators (see Bibliography) and the process is currently in widespread use in many 
industries. Its reputation for simplicity of operation has caused it to be looked 
upon by many as being in the same category as "Uncle Jake's Snake Oil-Cures 
all Ailments of Man or Beast." True, its versatility has made possible the produc
tion of high-quality ice from many waters which could not otherwise be used; 
but the process is not without limitations and is definitely neither universal in 
application nor foolproof in operation. 

The study on which this report is based was undertaken in order to gather 
specific data on the applications of deionization to the ice industry. Generally, 
these would be the applications involved in the operation of moderate-capacity 
plants by semi-skilled labor under conditions in which little or no immediate 
laboratory supervision would be available. Hence operational problems and 
economics have been of prime consideration. 
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1. National Association of Ice Industries 

and the 
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C. A. Rundell, Rex McDonnell and Sam White-served efficiently and faithfully 
in capacities ranging from analyst to pipe-fitter. 

9. Mrs. E. B. Shaw and Mrs. A. D. Potter, of the Bureau of Engineering 
Research, were responsible respectively for editing and typing the manuscript 
as well as for attending to numerous other details connected with publication of 
the bulletin. Their efficient, pleasant and cooperative help made the work a real 
pleasure. 
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10. Assistance from Mr. J. H. Mitchell, of the Department of Electrical Engi
neering, was of inestimable value in the selection and maintenance of some of the 
special electrical measuring instruments. 

This bulletin is based on the thesis submitted by Mr. W. C. Mills in partial 
fulfillment of the requirements for the degree of Master of Science in Chemical 
Engineering at The University of Texas. Mr. Mills is now with the Olin Mathie
son Chemical Corporation, Brandenburg, Ky. 

The entire project was under the direction of the senior author, but its success 
was due to the whole-hearted cooperation of those individuals mentioned above, 
as well as to numerous others who helped on special occasions. 

C. Summary of Conclusions 

Conclusions reached as a result of the study are summarized below: 
1. Quality ice can be made without core removal but with air agitation from 

deionized water containing at least 100 parts per million (ppm) total dis
solved solids. 

2. Efficient regeneration is the key to economical deionization. 
a. Optimum efficiency is obtained when using about 80 per cent of the 

regenerant required for theoretical complete regeneration. 
b. Backwash regeneration generally gives unsatisfactory results. 
c. Substantial savings can be realized by re-use of the last half of the 

regenerant solution from the preceding cycle. 
3. Excessive use of rinse water wastes both water and deionizing capacity. 

Rinse water consumption can be decreased by: 
a. Using proper regeneration. 
b. Allowing rinse water to remain in contact with resin bed for several 

hours. 
c. Recycling a portion of the rinse water. 

4. Use of water of higher quality than is needed costs money; batch mixing 
is recommended for adjustment of total solids to maximum allowable level. 

5. Total treating costs for efficient operation can be estimated by allowing 4c 
to 6c per thousand gallons for each grain per gallon of dissolved solids 
removed. 



II. Fundamental Concepts 

A. The Nature of Deionization 
The first commercial ion-exchange materials were inorganic compounds known 

as "zeolites" whose claim to fame lay in the fact that they would react with the 
hardness (calcium and magnesium) in water, replacing it with sodium which 
was released from the zeolite into the water. Upon exhaustion the zeolite was re
generated with a 4 to 8 percent salt solution which reversed the procedure and 
put the sodium ion back into the exchanger to make it available for re-use. The 
entire cycle of reactions was reversible, depending generally on the relative con
centrations of the calcium (or magnesium) and the sodium ions: 

Regeneration 
Ca ++ + 2. aZeolite ,,_ ~ Ca (Zeolite) + 2.Na + . 

Softening 2 

Such softening operations were of little or no commercial interest to ice manu
facturers. 

Within the past twenty years the inorganic zeolites have been replaced by 
organic resins, the chemical characteristics of which are well described by Kunin 
and Myers. ( 6) These resins have a large number of acid groups in their structure 
and, as minE>ralized water is brought into contact with the resin, the dissolved 
cations are exchanged for the hydrogen ions of the resin. The water leaving the 
cation exchange column consists of a mixture of dilute acids ready for introduc
tion into the anion-exchange column to complete the deionization. The latter resin 
may be considered as containing a large number of hydroxyl ion groups which 
are exchanged for the anions in the water. Regeneration is achieved by means of 
an alkaline material-such as sodium hydroxide or sodium carbonate. 

These reactions may be depicted as follows: 
Cation exchange: 

HR + M + -----~ MR + H + 

where 1\1+ represents any cation in the raw water. 
Anion exchange: 

Air + ROH -----~ RAn + OH-

where An- represents any anion in the de-cationized acid solution. 
Since all ionized solids are removed and the hydrogen and oxygen produced 

are equivalent, a pure water with pH of near 7 should result. 

B. The lldechanics of Deionization 

Passage of water through a freshly-regenerated bed of ion-exchange resin is 
very similar, physically, to the passage of water through a bed of sand. However, 
the regenerated resin is capable of removing certain dissolved constituents from 
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the water and of replacing these dissolved minerals with ions initially present 
in the regenerated resin, e.g., a cation-exchange resin will remove positively
charged ions (such as Na+, Ca++, and Mg++) and replace them with hydrogen 
ion (H+). Such exchange reactions are very rapid and, for practical purposes, 
can be considered as taking place immediately when the water is brought into 
contact with resin containing replaceable hydrogen ions. 

A clearer picture of the mechanics of regeneration can be obtained by studying 
the operation of an ideally-performing resin column, as pictured in Fig. 1, if one 
considers that the water to be treated passes through the column from top to 
bottom in a series of waves or slugs, each of which contains exactly enough dis
solved cations to saturate completely each of the hypothetical numbered portions 

Raw 

·:·:<: I 
:,·::·:: ·. 2 Freshly 

·" 3 Regenerated 
4 Resin 

HR+ M±--MR + H+ 
5 
6 

::,·::-.·::--.::- 8 
~· :-:-:.: 9 

.:. 10 

Decationized Water 

Figure 1 

Idealized Re sin Column 

of the column as shown. When the column is placed in operation, the first wave 
or slug of water will have all dissolved cations removed by the time it passes 
from the bottom of Section 1. There will be no further interaction between the 
water and the resin in the subsequent sections of the resin bed. Likewise, Section 
1 will be completely saturated with the dissolved ions from this first portion of 
the water and hence will have no further ability to remove dissolved cations. 

The second wave, or slug, of water will pass through Section 1 unchanged; but 
it will have all its dissolved cations removed by the time it emerges from Section 
2 and will experience no further change in passing through Sections 3 to 10 
inclusive. Section 2 will also be completely saturated and will have no effect on 
any water passing through it at a later time. 

Similar action will take place until a total of ten waves, or slugs, of water have 
passed through the column, thus using up all the available exchange capacity. 
The eleventh wave of water will then pass through the resin bed unchanged and 
emerge having exactly the same mineral composition it had upon entering the 
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column. The point at which Section 10 becomes completely saturated would then 
be designated as the "break-through" point; and, for this idealized operation, a 
plot of dissolved cations in the effluent versus cumulative volume through the 
column would be similar to Curve A of Fig. 2. 

In actual practice, of course, such idealized operation is not obtained. The raw 
water passes through the column in a continuous stream; and, as shown by Curve 
B of Fig. 2, the amount of total solids in the effluent does not go abruptly from 
zero to that of the raw water. If ideal conditions could be obtained there would 
be no need for this study and this report. 

! Row Water 

Ul 
0 

jV Curve A 
Ideal Operat ion 

I 
I 

:J 
0 
Ul 

-1 
Cu rve 8 

Actual Operat ion 

I 
II 

~ 
~ 

_______

I 

o 
I
L _

I 
_J_ 

~- ----------------------,-

o TOTA L VOLU ME OF WATER 

Figure 2 

Concentration History Ideal Column 

C. The Operating Cycle 

Ion-exchange resins are granular materials whose exchange capacities are set, 
within maximum limits, by the amount of regenerating solution used. In practice, 
the complete deionization cycle consists of four steps as explained below and as 
shown schematically in Fig. 3. For efficient operation of any deionization process 
it is necessary that each of these steps be thoroughly understood. 

1. Backwash. Immediately after exhaustion in the "Run" step (see below) 
the resin bed is washed from bottom to top at such a rate that the bed is expanded 
and the resin particles float free. This operation removes rust, scale, and resin 
fines from the bed, allows gas bubbles to escape, breaks up resin lumps and "mud 
balls," and helps to prevent channeling-or removes any channels that may have 
already formed. If the resin particles become coated with scale or precipitated 
deposits, vigorous backwashing helps scrub them clean. Simultaneously the loos
ening of the bed decreases pressure drop and renders the resin particles more 
accessible to the regenerant solutions. 

2. Regeneration. The beds are next regenerated by passing solutions of mineral 
acids through the cation bed and solutions of alkalies through the anion bed. The 
effectiveness of the exchange of the ions in the beds for the hydrogen and hydroxyl 
ions in the regenerating solutions depends upon many factors, including: concen
tration of the solutions; quantity and type of regenerant used; condition of the 
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bed as to looseness freedom from channels, lumps, and air blocks; condition of 
the resin itself as to amount of swelling and hydration; kind of ions absorbed; 
and the chemical and physical structure of the resin. Sometimes flow rate and 
temperature are also important in extreme cases. 

3. Rinse. After the "Regeneration" step the regenerant which is absorbed on 
the resin particles as well as that which fills the voids in the bed must be removed 
by rinsing with raw water. Rinsing is downward, from top to bottom, and is con
sidered to be completed when the "Run" step starts (see below) . 

Water WaterSupp ly _ __ l Supply - -J 
' Regeneront ..... RegenerontTo Drain"" -- ~ i I 

I ' Tonk ' Tonk 
IRaw Water I To Drain ... ..., I 

Supply I 
I 

I 

Cation An ion 
Exchange Exchange 
Column Column 

Leg end 

Water_ ...J 
Supply I 

, 
I 
IWater _ _J 

j 
I' 

Backwash ___ ___ _ 

Regenerat i on -----· -··· 

To 

To 

Dro in+. -_j 

Drain•------ ---; 

Supply 
Ta Dra in _ 

, 
_J 

Rinse ------ - ·
Run ___ _ _ _ 

To Drain ., ; 
Dem inerol iz ed 

Water 

Figure 3 

The Conventionol Demineralization Cycle 

4. Run. The payoff step, for which the other three steps have prepared the 
resin, starts at the moment influent and effluent have the same quality, i.e., the 
same amount of dissolved solids. From this point onward the effluent has a higher 
quality (lesser amount of dissolved solids) than the raw water. Accordingly, 
unless the effluent has objectionable taste or color, it is better than the raw water; 
and ordinarily it can be used directly or blended with raw water to produce a 
water having the desired quality. The run continues until the beds are exhausted, 
as indicated by an increase in dissolved solids content beyond that which can be 
used. The deionization cycle is then completed. 

It should be further noted that exhaustion of both cation and anion beds will 
not necessarily occur at the same time. The "Run" step must terminate when 
either of the beds is exhausted. 

D. Determination of Water Quality 

Water quality is normally considered in terms of total dissolved solids content. 
Water of high quality has a low total solids content, while low or poor quality 
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water has a high total solids content. Accurate determinations of the total dis
solved solids cannot be made quickly, so water quality is often indicated by the 
electrical conductivity or its counterpart-the specific resistance-of the water. 

The conductivity of an aqueous solution at any given temperature is a function 
of both the nature and the quantity of dissolved ions present. In order to obtain 
a working curve of specific resistance versus total solids for use in this work 
accurately weighed portions of purified sodium chloride, sodium carbonate, and 
magnesium sulfate were dissolved in triple-distilled water and the specific resist
ances of the resultant solutions determined at 80° F. The results are plotted in 
Fig. 4. 
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Variation of Specific Resistance with Mineral Content 

Figure 4 is on logarithmic coordinates in which the indicated specific resistance 
of very dilute solutions changes markedly with minute changes in concentration. 
Conversely, at high salt concentrations a large change in total solids content causes 
only a small change in the specific resistance. Many commercial deionizing units 
use the specific resistance of the effluent to indicate dissolved solids and have 
instruments which read in electrical units only. In using instruments of this type 
the interpretation of readings of extremely high or extremely low specific resist
ance must be made with the utmost care. 

Some of the relationships between the volume of water treated, total solids and 
specific resistance, are shown in the curves in Fig. 5. Curves of this type fre
quently are referred to as the "concentration history" of a deionization run. The 
curves in Fig. 5 present data from experimental test run No. 17 but are typical 
of those data usually obtained when an ion exchanger is operated properly. 

Either of the two curves presented may be used to show how water quality 
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varies during the run. However, since specific resistance is not a linear function 
of the dissolved solids, the resistance curve does not give a true picture of what 
actually happens. As shown in Fig. 4, specific resistance is much more sensitive 
to changes at low concentrations; this fact, accordingly, tends to create the erro
neous impression that the rate of ion removal changes rapidly during the main 
part of the run. In reality, the dissolved solids content changes only slightly. 

Likewise the resistance curve does not indicate the rapid change in total solids 
which takes place during the rinse period and at the break-through (or point of 
exhaustion) of the bed. Indeed, the resistance curve may lead to the false belief 
that there is no sharply defined break-through but that the total solids of the 
effluent increases rapidly over a considerable portion of the run. Determinations 
of the total solids in the effluent show some increase as the run approaches termi
nation, but the actual break is quite rapid and the total solids versus volume curve 
turns sharply upward at that point. 

The above factors illustrate that, in indicating water quality, it is advisable to 
use instruments which are calibrated in terms of total solids present. If an instru
ment which measures only specific resistance is used, its limitations should be 
kept clearly in mind. 

Figure 5 also illustrates some of the other characteristics that reflect the quality 
of water produced and the effectiveness of the particular run. The vertical distance 
A represents the total solids content of the raw water entering the deionizer. The 
horizontal distance B represents the total amount of deionized water produced 
during the usable part of the cycle, and the horizontal distance C represents the 
amount of rinse water used. The average dissolved solids content of the treated 
water is indicated by the vertical distance D, which is the same as would be the 
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mineral content if all the water from the usable portion of the cycle were collected 
in one tank. Since the data for such curves are obtained by analysis of spot samples 
taken at intervals throughout the run, the average total solids content is deter
mined by graphical integration of the area under the total solids curve over the 
distance B and by dividing that area by B. The vertical distance E indicates the 
minimum total solids present in the effluent at any time during the run. 

Curves of the above types are too involved to use as routine indications of plant 
operation, but they are extremely useful as tools in the evaluation of research and 
plant test operations. 



III. Deionizing Equipment and Its Operation 

A. Experimental Apparatus 
Though there may be a wide variation in the size and in the auxiliary equip

ment of deionizing plants, all plants have similarity in processing units. Each 
contains at least one resin bed for removing cations and one for removing anions*, 
the beds being so connected that water passes through first one and then the other 
during deionization. Since the resin beds are regenerated by treatment with acid 
and alkali solutions respectively, each plant must have such tanks and pumps as 
may be needed not only to prepare and store the solutions but also to deliver 
them in the quantities and at the rates desired. 

The process flow sheet of the experimental plant used in these studies is shown 
in Fig. 6. With minor modifications, it could very well be used as the process flow 
sheet of any double-unit deionizing plant. 

In the test plant, the equipment consisted of a 300-gallon raw water tank (this 
is about the only part of the plant which may be considered as optional in com
mercial installations), the ion-exchange unit, a 200-gallon deionized water tank 
and the regenerating system. The two resin beds were balanced in capacity such 
that, if regeneration levels of the two were the same, they would be exhausted 
at about the same time. All flow lines from the cation exchanger onward were of 

• Monobed units are in use but were not included in this study. 
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polyvinyl chloride plastic. Specific conductivity of the water was measured by 
the use of a platinum conductivity cell and a Simpson Model 260 ohmmeter, and 
the total dissolved solids were read from the previously-prepared curve. 

In commercial installations all parts of the equipment which come in contact 
with the regenerating acid are subject to possible severe and rapid corrosion. 
Hence the regenerant acid tank, the cation column, the waste acid regenerant 
tank, as well as all pumps and connecting lines, should be made of or lined with 
corrosion-resistant material. With the availability of modern plastics in almost 
any form, however, corrosion does not present the problem it did several years 
ago. Alkaline solutions are not very corrosive; so, in many cases, no special pre
cautions are taken. 

In the construction of a new plant the extra costs involved in the use of cor
rosion-resistant materials may very well be off-set by increased flexibility, 
lowered maintenance expense, and decreased stockroom inventory requirements. 

B. Experimental Plant Operation 

Experimental procedure in operation of the plant varied necessarily from time 
to time, but the following description is more or less typical. 

1. Water Preparation. Austin city water (see Table 1) was used as base stock, 
and sufficient salts of various kinds were added to give a water of the desired 
composition. The water was prepared in the calibrated raw water tank and a 
sample taken for analysis before the test run was started. 

2. Backwashing the Beds. The beds were usually backwashed individually 
although, in larger plant operation, simultaneous backwashing probably would 
be satisfactory. Backwashing in series is somewhate hazardous since material 
washed out of one column may be trapped in and not washed out of the second 
column, so it should be used only in exceptional cases. 

The backwash rate was so regulated that the resin bed showed a 25 to 35 per 
cent expansion and was continued for 12 to 15 minutes or until all dirt and fine 
particles of resin, rust and scale were removed. The anion column usually 
required less backwash water, but sometimes trouble resulted from gas bubbles 
entrapped in the column. 

3. Regeneration and Rinsing. Since only one pump was used in the regener
ation system. both beds could not be regenerated simultaneously. The cation bed 
was normally, but not necessarily, regenerated first by pumping the desired 
amount of acid of known strength upward through the bed. The acid effluent 
was collected in the spent acid tank for analysis of the whole in order to check 
analyses of spot samples taken during the regeneration. The anion exchange resin 
was regenerated in a similar manner with caustic soda or soda ash. 

Each bed was first washed separately and then in series with the effluent 
passing through the conductivity cell. When the effluent reached the desired 
quality the water was diverted into the deionized water tank. 

4. Deionization Run. As the run progressed at the pre-determined rate, 
effluent samples were taken at regular intervals for analysis. When the effluent 
quality dropped to that of the raw water (as indicated by specific resistance) the 
run was considered to be complete and ready for the start of a new cycle. 

A summary of the significant data derived from operation of the experimental 
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plant is to be found in Table 11 in the Appendix. These data, as tabulated, are 
assigned to individual "runs"; but, as is the case with any cyclical operation, the 
specific data of any run are affected by the characteristics of preceding operation. 
The significance of this fact is indicated by the discussion in the chapter on 
"Leakage." 

C. Raw Water 

Since the composition of surface and ground waters varies widely as to amount 
and kind of dissolved minerals therein, the types of raw water to be used in the 
study had to be rather carefully selected. Lange (9) has listed analyses of five 
such waters which are considered to be typical of those available in the United 
States; and his listing, together with an analysis of Austin city water which had 
been treated with lime to decrease its hardness, are presented in Table 1. The 
differentiating characteristics of the specific types of waters selected are given 
below. 

Type A water has a very low mineral content and would need no treatment 
at all for most purposes. 

Type B water could well be regarded as an average natural water. It has about 
the same total solids content as A, but a little higher hardness than does the treated 
Austin water; because of its availability, the Austin water was selected for use. 

Types C and E are high bicarbonate waters. Type Eis somewhat higher in total 
solids, but softer than Type C. There is so much similarity between the two that 
the study of only one was justified and Type E was selected because of its higher 
bicarbonate and total solids content. 

Type D is a high total solids, high hardness water from which quality ice could 
be made only with difficulty. The water barely meets the maximum allowable 
drinking water standards set by the United States Treasury Department, and is 
representative of the worst water that is likely to be encountered by an ice plant 
using municipal water supplies. 

Of the foregoing types, those which represent three important boundary com
positions are D, E and Austin city water. Austin water has a mineral content only 
slightly above that which can be tolerated without treatment at all. Type 
E contains about the maximum total solids which can be present and still permit 
manufacture of clear ice with core pulling. Type D represents waters with about 
the maximum total solids that can be treated economically by ion exchange.* 

D. Quality of Water Required for Ice Manufacture 

No exhaustive studies were made to determine the maximum tolerance of the 
various dissolved ions commonly found in waters used for ice manufacture. How
ever, since sodium and chloride ions are the ones most likely to remain in deion
ized water, blocks of ice were made by freezing waters with sodium chloride con
tents ranging from 10 to 1,000 ppm. The blocks were frozen without core pulling, 
but with a normal amount of air used for agitation. 

•Waters having more than 1,000 ppm total solids are reported by Kominek to be demineralized 
more economically by distillation. ( 3) 



14 The University of Texas Bulletin 

Photographs of these blocks are shown in Figs. 8 to 15 inclusive. For compari
son, photographs of a block of ice made from Austin city water with air agitation 
and normal core removal is shown in Fig. 7. The background in all the photo
graphs is marked off in 4-inch squares so that the size of the cores can be estimated. 

TABLE 1 

TYPICAL ANALYSES OF SURFACE AND GROUND WATERS IN THE 
UNITED STATES (9) 

Parts per million 

A B c D E Austin 
Silica (SiO) . ... .... ... .. . 2.4 12 10 9.4 22 6.5 
I ron (Fe) .......... . . . 0.14 0.02 0.09 0.2 0.08 0.04 
Calcium (Ca) . . .... . . ... .. . 5.8 36 92 96 3.0 14.0 
Magnesium (Mg) ....... . . . . 1.4 8.1 34 27 2.4 15.0 
Sodium (Na) .. .... ......... 1.7 6.5 8.2 183 215 34.0 
Potassium (K) . . . . .. . .. . ... . 0.7 1.2 1.4 18 9.8 0.8 
Bicarbonate (HC0

3 
) .. . . . . .. 14 119 339 334 549 20.0 

Sulfate (SO,) ........ . . . . . . 9.7 22 84 121 11 41.0 
Chloride (Cl) . .. . . . .. ... . .. 2.0 13 9.6 280 22 68.0 
Nitrate (N0

3 
) . .. . ... ... . . . . 0.54 0.1 13 0.2 0.52 0.2 

Total Diss. Solids ........ ... . 31 165 434 983 564 189 
Total Hardness (as CaC0

3 
) . .. 20 123 369 351 17 85 

Figure 7 

Ice Frozen from Austin City Waler 1189 ppm) 
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Figure 8 

Ice from I 0 ppm Water 

Figure 9 

Ice from 50 ppm Water 
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Figure 10 

Ice from I 00 ppm Waler 

Figure 11 

Ice from I SO ppm Waler 
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Figure 12 

Ice lrom 200 ppm Waler 

Figure 13 

Ice from 250 ppm Waler 



18 The University of Texas Bulletin 

Figure 14 

Ice from 300 ppm Waler 
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Figure 15 

Ice from 1000 ppm Waler 
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On the basis of the above comparison it was considered that the ice made with
out core removal but with air agitation from deionized water having a total solids 
content of 100 ppm would constitute an arbitrarily chosen working standard. A 
study of the central sections of ice blocks made from 100 ppm water and less indi
cated that most of the resultant cloudiness was caused by air bubbles left in the 
ice after the air tubes froze and stopped the agitation. 

The 1,000 ppm water, used in making the ice shown in Fig. 15, is an example 
of water which has a mineral content above the critical concentration; i.e., the 
ice is cloudy throughout the entire block. Hence clear ice could not have been 
made even with heavy core removal. 



IV. Leakage and Its Significance 

A. Definition of Leakage 
In ion-exchange work the term "leakage" has a somewhat broader meaning 

than that normally attributed to the word. The term does not refer simply to 
something which drips through or escapes accidentally, but is defined as the ratio 
of dissolved solids in the effluent and in the inlet water, or, 

Dissolved Solids in Effiuent )
Leakage (in percent) = 100.( Dissolved Solids in Inlet Water 

Accordingly, when the deionizing unit is working properly and dissolved solids 
are being removed, the leakage is probably between 0 and 10 per cent; and it is 
always less than 100 per cent if any dissolved solids at all are being removed. 

Although the term leakage usually refers to total dissolved solids, it is some
times qualified to refer to an individual ion. In such cases the name of the ion is 
included; e.g., "calcium leakage" or "chloride leakage." 

Leakage is generally considered to be an indirect function of rate of exchange 
(5); and anything which will increase the rate of exchange will decrease the 
leakage, i.e. , make the column perform more efficiently. For example, increasing 
the regeneration level should decrease leakage by making a greater number of 
exchange sites available, thus improving the chances of ion removal and permit
ting fewer ions to pass through the resin bed. 

B. Leakage Phenomena 
Some ions are more easily exchanged than others. For example, valence has 

considerable effect in cation exchange, as illustrated by the fact that Al+++ is 
exchanged more easily than Ca++ and the latter is exchanged more easily than 
Na+. For the anions, however, valence is not as important, for the order is CI-, 
S04 =, HC03-, with the chloride being the most difficult (and bicarbonate the 
easiest) to exchange. 

Since there is a difference in the ease of exchange, it might be expected that 
the ions which are hardest to exchange would leak through in the greatest num
bers and that sodium leakage and chloride leakage would be greater than that of 
the other ions commonly found in water. That this statement is not always true 
was proven by some of the work with Type D water which was high in calcium 
(96 ppm). During several runs the principal leaking cation was calcium while, 
as expected, the main anion leakage was chloride. The explanation of this situa
tion is not only plausible but particularly significant in the operation of columns 
which are taking a high-calcium raw water and regenerating with sulfuric acid. 
When regeneration starts, the calcium ion removed from the resin may reach such 
a high concentration that it is precipitated-probably as gypsum (CaS04 ·2H20) 
-thus coating the individual resin particles. 

Gypsum is only slightly soluble in water and the first portion of the rinse water 
soon becomes saturated. As this saturated gypsum solution passes downward 
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through the column of resin which has been freshly regenerated and is in the 
acid or hydrogen form, some or all of the dissolved calcium ion is exchanged for 
hydrogen ion, thereby decreasing some of the effect of the acid regeneration. 
During the "Run" step the calcium in the inlet water is exchanged in the normal 
manner for the hydrogen of the resin in the upper portion of the bed, thus in
creasing the hydrogen ion concentration of the water passing on to the lower sec
tion of the bed. In some cases this concentration may become so high that, even 
during the run, slight effective regenerative action may occur in the lower portion 
of the bed which has absorbed the calcium during the previous rinsing. Such 
action releases the calcium into the effluent treated water. In this manner the 
leaking ions may not have passed completely through the bed as a part of the 
dissolved solids in the raw water, but may have been picked up from the resin 
bed itself as a result of faulty regeneration. 

At the start of the rinse, the apparent leakage is very high because waste 
regenerant is being washed from the beds ; but this, of course, is not true leakage 
since the ions passing out of the column were not present in the inlet water. Figure 
16 shows the concentration of the effluent from an anion bed during regeneration 
with sodium hydroxide and subsequent rinse operation. The initial decrease in 
leakage is very high when rinsing first starts. As the run stage is approached, 
however, the concentration of the NaOH decreases very slowly, indicating that 
small amounts of the regenerant may continue to be discharged during a large 
part of the run and appear to be true leakage. 

Since leakage refers to a point condition, it is generally used in plots of concen
tration history. Nevertheless, for the purpose of comparing the effectiveness of 
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various test runs in this study, the terms of "minimum leakage" and "average 
leakage" have been used. These terms are defined as follows: 

"Minimum Leakage" is the leakage at the lowest point in the curve of total 
solids in the effluent versus volume of water treated (see Fig. 5), while 

"Average Leakage" is the average total solids content of the effluent during the 
run divided by the total solids in the raw water. 

Both are expressed in terms of per cent. Average leakage is an indication of the 
effectiveness of the entire run in terms of total solids removed. 

Referring again to Fig. 5, minimum leakage is 100 times the vertical distance 
E divided by the vertical distance A, while average leakage is 100 times the verti
cal distance D divided by A. 

C. Significance of Leakage Calculations 
As has been pointed out, leakage generally decreases when the quality of 

regeneration increases. This is not always true. For example, Run No. 12 (see 
Table 11) had very high regeneration efficiences, yet leakages of 38.4 per cent 
average and 11.9 per cent minimum were recorded. This is the highest average 
leakage recorded in the table. Run No. 16 had very low regeneration efficiencies 
with resultant high leakages (37.5 per cent average and 19.4 per cent minimum) 
as expected. Run No. 11 showed poor regeneration efficiencies of 32 per cent and 
23 per cent for the cation and anion beds respectively; but the average leakage 
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of 23.6 per cent was only slightly higher than the overall average for Type D 
water, and the minimum leakage of 3.7 per cent was next to the lowest recorded. 
Obviously, several factors must have affected the leakage. The data presented in 
Table 11 in the Appendix and the concentration history curves in Fig. 17 are 
helpful in determining the causes of these seemingly contradictory results. 

It is evident that the leakage in Run No. 12 was not caused by poor regeneration 
but by channeling which occurred after about 35 gallons of water had been 
treated. The channeling permitted part of the raw water to pass through the beds 
without contacting the exchange resin, thereby increasing leakage. 

In Run No. 16 it is apparent that the beds were inadequately regenerated. Since 
the length of the run was about average, there was no channeling and the entire 
beds were utilized; but the beds were not up to the usual regeneration level and 
simply were unable to remove the usual amount of dissolved solids. 

It is more difficult to determine what happened in Run No. 11 . The very high 
quality of the water produced indicated that the beds were initially at a high level 
of regeneration. An average amount of acid was absorbed and an excess of caustic 
used during the regeneration. The regeneration data on the following run (No. 
12), which showed such apparently high regeneration efficiencies, reveal that 
very little of the regenerant solutions were required following Run No. 11 and 
thus indicate that a portion of the exchange capacities was still unused at the 
conclusion of Run No. 11. Once more the answer seems to lie in channeling during 
actual deionization; the effect was so great that most of the raw water by-passed 
the resin altogether, with very little deionization taking place. Again, in the 
strictest sense, this process may not be true leakage. The definition of leakage 
at least implies that the Jeaking ions have had an opportunity to be exchanged, 
i.e., they must be "available" ions. In the strictest sense, ions which by-pass the 
bed during channeling cannot be said to be "available" for exchange. 

Although the above examples are somewhat exceptional, they are cited to 
emphasize the fact that the effects of regenerant left in the beds-and of ions not 
removed from the beds during regeneration-cannot be separated from true 
leakage phenomena. 

D. Effect of Flow Rate 

The deionization equipment used permitted variation in flow rates up to 9.5 
gallons per square foot per minute. In this range leakage was not affected by rate 
of flow, but higher flow rates probably would have increased the tendency to 
channel. Since reaction rates of some of the commercial anion-exchange resins 
are slower than others, very high flow rates might also result in incomplete anion 
exchange; but excessive pressure drops occasioned by such high rates preclude 
their use. 

Flow rates of less than one gallon per square foot per minute will reduce leakage 
to a minimum because of the close approach to equilibrium conditions, but such 
low throughputs are not practical for commercial exchangers. Over the range of 
flow rates that are to be used in the deionization of water for ice manufacture, no 
significant effect on leakage is to be expected. 



V. Factors in Regeneration 
Regeneration is probably the most important step in the demineralization cycle. 

The amount and quality of water produced, amount of rinse water used and cost 
of operation are all dependent upon the effectiveness of regeneration. 

Effectiveness of regeneration is indicated by the regeneration efficiency and the 
regeneration level. 

A. Regeneration Efficiency 
Regeneration efficiency is seldom defined in the literature and is often used 

only in a qualitative sense. Kunin and Meyers use the term, however, and define 
it as pounds of regenerant used per kilograin of material removed. ( 4) Regener
ation efficiency, as used in this investigation, was basically the same except that 
consistent units were employed to measure both the amount of regenerant used 
and the amount of material removed. Therefore, regeneration efficiency will be 
defined as: 

Eff. 100, 

where 

Eff. = Regeneration Efficiency, 
En = Equivalents of material removed from the raw water during the useful 

part of the run cycle, and 
EA = Equivalents of regenerant absorbed. 

It is, in effect, the per cent of regenerant solution actually exchanged for ions in 
the water that is being treated. The number of equivalents removed was deter
mined by assuming that all ions were removed to an equal extent. That is, the 
ions leaking through into the effluent were assumed to be present in the same 
proportion there as in the raw water. This is not quite true; but it gives reasonably 
accurate results and, since all runs have been calculated on the same basis, the 
values obtained are satisfactory for comparison. 

B. Regeneration Level 

Regeneration level is defined as the quantity of regenerant used per unit volume 
of exchange resin. ( 7) The importance of a high regeneration level is evident from 
an examination of the ion-exchange equations 

M + + HR "'-------,. MR + H + 
An- + ROH "'- ......,. RAn + OH-

in which the regenerated resins are represented by HR and ROH. Increasing the 
regeneration level not only increases the concentration of HR and ROH but also 
tends to shift the equilibrium of these reactions to the right, thus increasing ion 
removal. 
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Although increasing the regeneration level will probably likewise increase 
regeneration efficiency, no direct correlation between the two has been found. 

C. Effect of Amount of Regenerant Used 
The easiest way to increase the regeneration level is to pass more regenerant 

solution through the beds; but, as the regeneration level is raised, less and less 
regenerant will be absorbed per unit amount added. For example, complete 
regeneration requires use of about ten times as much regenerant as is needed for 
50 per cent regeneration. The best results seem to be obtained, in fact, with 
slightly less than the theoretical amount of regenerant. The results for 60 per 
cent, 80 per cent and 100 per cent of the theoretical requirement are shown in 
Table 2 below: 

TADLE z 
EFFECT OF REGENERANT QUANTITY ON REGENERATION LEVEL 

Amount of Regenerant Regenera tion Level Regeneration 
Used: % of Theoretical lb. equiv./cu . ft. Efficiency 

Cation Anion Cation Anion 
60% 0.0463 0.0581 68% 54% 
80% 0.0564 0.0760 78% 57% 

100% 0.0623 0.0765 76% 6Z% 

The regeneration level increases steadily for both beds; however, there is much 
more increase between 60 per cent and 80 per cent than between 80 per cent and 
100 per cent. The amount of this is shown in Table 3: 

T ABLE 3 

INCREMENTIAL REGENERATION LEVELS 

Additional Regenerant Absorbed Per Cent of Additional 
Interval lb. mol./cu. ft. 

Cation Anion 
Regenerant Absorbed 

Cation Anion 

0 - 60% 0.0463 0.0564 61% 74% 
60% 80% 0.0101 0.0179 38% 68% 
80%- 100% 0.0059 0.0005 ZZ% Z% 

The regeneration efficiency levels off quite rapidly after reaching 70 per cent 
and it is hardly worthwhile to attempt to obtain better results from a conventional 
demineralizer. There is little need, therefore, to use more than 80 per cent of the 
theoretical regenerant requirement. 

D. Effect of Regenerant Flow Rate 
Variation of the flow rate of the regenerant solution during the regeneration 

of the cation column appeared to have little effect. On the other hand, the anion 
column seemed to be affected slightly by the rate of regenerant addition. Very 
low flow rates gave somewhat better results. In fact, letting the regenerant stand 
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in the anion column for a short time improved regeneration. This procedure is 
not recommended, however, because some anion resins are moderately soluble in 
the regenerant solution and excessive contact time may seriously damage the 
resin. All evidence indicates that the one to four gallons per minute per square 
foot recommended by Kunin and Myers is satisfactory. ( 6) 

E. Use of Other Regenerants 

The regenerant solutions used in these investigations were primarily sulfuric 
acid for the cation column and sodium hydroxide for the anion column. These 
were used because they are the solutions most widely employed in commercial 
installations. The effectiveness of hydrochloric acid and soda ash was also checked. 
Soda ash gave unsatisfactory results in the small experimental column because 
of gas formation in the bed. Results from the operating Texas ice plants, some of 
which used soda ash and some of which used sodium hydroxide, indicated that 
the cost of using caustic was slightly less than that of using soda ash. 

Hydrochloric acid gave results very similar to those obtained with sulfuric 
acid. In the case of high calcium waters, somewhat better capacities were ob
tained; but this advantage was offset by the increased cost of the hydrochloric 
acid. However, since hydrochloric acid is more effective than sulfuric in removing 
the scale and rust that may have formed on the resin particles, it is advisable to 
regenerate with the former once in a while to keep the bed clean. 

F. Effect of Regenerant Temperature 
The temperature of the regenerant solution is a rather important factor. If the 

raw water is high in calcium and if the temperature of the regenerant solution 
is too high, calcium sulfate in the form of gypsum may be deposited on the resin, 
for, up to about 160° F., the gypsum decreases in solubility with an increase in 
temperature. If a deposit is formed, leakage will be increased by the mechanism 
described previously. Accordingly, to decrease the formation of gypsum in the 
beds, the regenerant solution should be prepared in advance so that the heat of 
dilution will be dissipated before the regenerant enters the beds. In hot weather it 
may even be advisable to cool the sulfuric acid solution before regeneration. 

The temperature effect on the anion regeneration is quite different. Warm 
regenerant seems to give better results than cold, probably because of the decrease 
in the viscosity of the sodium hydroxide solution and the subsequent improvement 
of the diffusion of the OH- into the resin. 

For best results, therefore, it appears that the acid regenerant should be pre
pared in advance and allowed to cool; the alkaline regenerant should be prepared 
just before it is needed and used warm, but not hot, since some resins are badly 
damaged at higher temperatures. 

G. Backwash Regeneration 

There seems reason to believe that better regeneration might be achieved by 
passing the regenerant solution through the beds from the bottom to the top, 
thereby bringing the most concentrated solution in contact with the bottom 
of the bed. That portion of the bed which was last in contact with the treated water 
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would then be at the highest regeneration level and would therefore yield better 
water. 

In actual practice, however, this was not the case. 
During regeneration both types of resin particles became somewhat adherent 

-the anion resin because of a viscous layer of sodium hydroxide with which it 
was coated, and the cation resin because of the cementing action of the gypsum 
which had precipitated. Regardless of cause the particles tended to stick together 
in lumps, thus increasing the possibility of channeling and slugging. Especially 
in the case of the anion resins the higher viscosity of the regenerant solution had 
a tendency to carry resin particles over with it, causing much greater resin loss 
during backwash regeneration than during the conventional backwashing. 

For Runs No. 11 and No. 12, both beds were backwash-regenerated; and, for 
Run No. 11, both beds were also rinsed by backwashing. The results obtained in 
both runs were very poor. The quality as well as the quantity of the water pro
duced were affected; for Run No. 11 produced the least water of all the runs made 
with Type D water, and the effluent from Run No. 12 had the highest average 
leakage. These runs also had very irregular cycle histories, indicating either that 
considerable channeling took place during the run or that large portions of the 
bed were left unregenerated. When a zone of unregenerated resin was left in the 
bed, then the H+ or OH- from the regenerated resin above it gradually leached 
out the cations and permitted them to migrate downward through the bed until 
they passed out the bottom and contaminated the effluent. 

The plots of effluent concentration against volume of waste regenerant showed 
that, with backwash regeneration, the concentration rose much quicker but did 
not reach as high a final value as it did with conventional regeneration. 

Some of these difficulties can be decreased by using very low flow rates, so that 
the bed is not expanded. The flow rates required are so low, however, that an 
excessive time is required for regeneration and rinsing. For the above reasons 
backwash regeneration is not recommended. 

H. Effect of Regenerant Concentration 

Correct regenerant concentration, while not critical, is certainly very impor
tant. Figure 18 shows cycle histories from runs using different regenerant concen
trations. The curves indicate that either too high or too low concentrations of 
regenerant will give poorer results than will the correct concentration. In fact, 
the optimum is not too critical and there seems to be very little difference between 
the results obtained with 1.0 N* and 2.0 N solutions. Both, however, give con
siderably better results than do the 0.5 N and 4.0 N solutions. 

The waste regenerant curves from the above runs are shown in Figs. 19 and 20. 
The sharp peaks of the more concentrated solutions show that it is possible to 
reuse a larger percentage of waste regenerant. 

Regeneration efficiencies are also highest with 1.0 N and 2.0 N . The average 
efficiencies for these concentrations is about 75 per cent, while 0.5 N and 4 N 
give efficiences of approximately 55 per cent. 

* The relationship between normalities of solutions and concentrations in per cent is given in 
Table 12 in the Appendix. 
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I. Re-use of Regenerant 
It was pointed out in the section on "Regeneration Level" that much of the 

regenerant solution passes completely through the bed. Accordingly, the concen
tration of the various ions in the waste regenerant from the cation column is 
shown qualitatively in Fig. 21. It will be noticed in this figure that the metallic 
ions are at their highest concentration while the hydrogen-ion concentration is 
still low, and that there are very few of the former ions left when the regenerant 
reaches high concentration. Therefore. that portion of the effluent represented by 
the shaded portion of the hydrogen-ion curve may be re-used. 

This re-use may be accomplished in two ways. The last of the waste regenerant 
may be saved and fortified with concentrated regenerant to bring it back up to 
the required concentration, or the waste regenerant may be used ahead of the 
regular regenerant solution in the next cycle. Of these methods the latter is prob
ably better. It prevents buildup of unwanted ions in the regenerant solution and 
partially regenerates the beds with a weak solution of regenerant first, thereby 
decreasing the formation of insoluble salts in the beds and subsequently making 
more effective use of the concentrated regenerant. 

If the regenerant is fortified with concentrated solution, the waste regenerant 
should be completely discarded periodically to prevent the accumulation of 
metallic ions in the regenerant solution. 

Re-use of regenerant solutions also has two disadvantages : first, it adds slightly 
to the mechanical problem involved in the operation; and second, two additional 
storage tanks are required, one for the partially spent acid and one for the par
tially spent caustic. 



VI. Resin Capacity 

The capacity of a resin to remove ions from a water may be expressed in several 
ways. Practically speaking, capacity is a function of several variables. 

The total, or ultimate, exchange capacity may be looked upon as the "theoreti
cal" exchange capacity and defined as follows : 
"... total exchange capacity is the (chemical) equivalent of the total number of 
available exchange groups present in any given mass or volume of exchange 
resins." (8) 

Total capacities, which are usually determined by allowing a relatively small 
amount of the resin to remain in contact with excess exchangeable-ion solution 
for several hours, are valuable as a means of comparing one resin with another; 
but they do not represent the capacities which will be obtained in normal opera
tions. 

Of primary importance from the operator's standpoint is the "break-through 
capacity," since it is indicative of the amount of usable deionized water which 
can be produced between regenerations. It is usually defined in terms of the 
number of equivalents absorbed per pound or per cubic foot of resin during the 
operating portion of the cycle. Break-through capacity may vary slightly from 
run to run and is always much less than the total exchange capacity because the 
resin is not regenerated and exhausted under equilibrium conditions. Some of the 
major factors which influence break-through capacity were studied experiment
ally and are discussed on the following pages. 

A. Quantity of Regenerant Used 
Chemically, one equivalent of regenerant (acid or base) is equal to one equiva

lent of resin exchange capacity. Because the actual operating regenerations are 
never 100 per cent efficient, it is often that from 600 to 1,500 per cent excess 
regenerant must be passed through a resin bed to regenerate it completely. In so 
doing, however, less than 15 per cent of the total regenerant is used-a very 
inefficient procedure. If less regenerant is used, a greater proportion is absorbed 
on the resin but less of the total exchange capacity of the resin is utilized. 

A choice must be made between the two extremes either of using inefficiently 
a large excess of regenerant to obtain a high level of resin regeneration or of using 
efficiently a smaller amount of regenerant with a resultant lower resin regenera
tion level. 

When employing Type D, or high total solids water, it was found that the best 
overall results were obtained by using an amount of regenerant close to the theo
retical requirement. Smaller amounts showed more efficient usage of acid and 
base, but the lowered level of regeneration meant less volume through-put during 
the run and hence more frequent regeneration. 

B. Concentration of Regenerant 
Concentration of regenerant used also had a marked effect on break-through 

capacity, as is shown quite clearly in Table 4: 
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TABLE 4 

REGE 1ERA T CO CE TRATIO VER US BREAK-THROUGH CAPACITY 

Break-through apacity 
Reagent Concentration (equivalents per li ter) 

(normality) Cation Resin Anion Resin 

0.5 0.55 0.60 

1.0 0.76 0.83 
2.0 0.78 0.85 
4.0 0.58 0.63 

It is evident from the foregoing table that the best results were obtained when 
1.0 N to 2.0 N solutions were used. These effects are shown in Fig. 17. Ordinarily, 
1.0 N reagents are recommended. 

C. Effect of Raw Water Composition 
As pointed out in the section on "Leakage," the mineral content of raw water 

also has a marked effect on the break-through capacity . Table 5 indicates the 
break-through capacities for the various raw waters when the resins were regene
rated consistently with the theoretical requirements of 1.0 N solutions. 

TABLE 5 

BREAK-THRO GH CAPACITIES FOR VARIOU RAW WATERS 

Break-through Capacity 
(equivalents per liter ) 

V\later Type Cation Resin Anion Resin 

D 0.76 0.83 
E 0.56 0.61 

Austin 0.98 1.07 

In Table 5 the high-calcium waters show lower break-through capacities be
cause of gypsum precipitation in the cation bed. 



VII. Rinse Water Consumption 

Since rinse water consumption has a material effect on the operation of a 
demineralization system, excessive rinsing wastes both water and deminerali
zation capacity. 

The rinse water consumption may be defined as the volume of water used from 
the end of the regeneration step until a usable effluent is obtained. In this bulletin 
the effluent is assumed to be usable as soon as its total solids content is less than 
that of the raw water. It should be noted, however, that the total solids present in 
the effluent during the rinse cycle are chiefly unused regenerant and that some
times the rinse water may have objectionable taste or color even though its total 
solids content is lower than that of raw water. Nevertheless, it will usually be 
found desirable to use the effluent as soon as it has better quality than the infflu
ent. 

The amount of rinse water used may be obtained from either the specific resist
ance or the total solids curve. Since the resistance curve changes more slowly in 
this range, it will be the curve used in the illustrations. 

A. Effects of Regeneration 

Regeneration has considerable influence on the rinse step-in general, the 
better the regeneration the lower the rinse water consumption. Examination of 
Table 11 in the Appendix shows that, ordinarily, rinse water requirements are 
the lowest for the runs with the highest regeneration efficiencies. 

As is clearly indicated in Figs. 19 and 20, rinse water consumption is also a 
function of the regenerant concentration. These data further indicate that, while 
acid can be rinsed from the bed quite readily, caustic removal is slower and 
requires larger quantities of rinse water. 

The amount of regenerant used seems to have some effect on rinse water con
sumption, but only because regeneration efficiency is affected. This factor once 
more emphasizes the point that careful regeneration is very important. Not only 
does poor regeneration increase chemical costs, it also increases rinse water costs. 

B. Advantage of Allowing Beds to Stand 

If time permits, rinse effectiveness can be increased materially by allowing 
rinse water to remain in contact with the resin bed for several hours. In Fig. 22, 
for example, data are presented on the rinse and demineralization phases of two 
runs handled as follows: In Run 17 each of the two beds was rinsed with one 
gallon of rinse water, allowed to stand about 20 hours, and the rinsing completed. 
In Run 8 complete rinsing followed regeneration immediately as in the usual 
manner. Although each run produced approximately the same amount and 
quality of demineralized water, rinse water requirements were 11 gallons for 
Run 17 and 32 gallons for Run 8, or, 7.9 and 20.6 per cent of the respective total 
throughout. 
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C. Use of Deionized Water for Rinsing 

It is often suggested that deionized water be used for rinsing. This, of course, 
is a necessity when the characteristics of resins are being studied or the resin is 
being used for analytical purposes. Otherwise the use of deionized water hardly 
seems justified. In many cases, in fact, the net amount of deionized water pro
duced will be substantially less. 

The composition of the water often seems to have little effect on the rinse water 
consumption. For example, the amount of rinse water used to bring the efflu
ent composition down to 400 ppm was 32 gallons of Type E water, 25 gallons 
of Type D water, and 31 gallons of Austin water. Of course, the rinse step for 
Type D water had been completed for some time, for Type E it was just ending 
and for Austin water it was about half completed; but the effluent from all of them 
reached 400 ppm with essentially the same volume of water. In other words, if 
either Austin or Type D water had been used to rinse the beds before Type D 
water was treated, the same amount of rinse water would still have been neces
sary. Type D contains nearly 1,000 ppm total solids, while Austin water has less 
than 200 ppm total solids. Nevertheless, each would be equally effective for 
rinsing beds to be used to treat Type E water. Approximately the same amount 
of deionized water would also be necessary. Of course, if the rinse water contains 
dissolved minerals, these are likely to be exchanged and use up part of the 
capacity; but, during rinse, hydroxyl ions are present in so much greater concen
tration than any other ions that a large percentage of minerals present in the raw 
water pass completely through the bed during the rinse cycle. Use of deionized 
water for rinsing will, therefore, result in a decrease in the net amount of de
ionized water produced per cycle. 
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D. Recycling of Rinse Water 
Since the quality of rinse water seems to have little effect, much rinse water 

could be saved by partial recycling. This method was found to be very effective 
for reducing rinse water consumption. The beds were rinsed in the conventional 
manner until the bulk of the excess regenerant was removed; the intermediate 
portion of the rinse water was then recycled for several minutes, and the rinse 
completed by use of a small amount of fresh water. In some cases rinse water 
consumption was cut in half by this method. 

E. Backwash Rinsing 
Backwash rinsing was attempted in the hope that the scrubbing action would 

help remove the excess regenerant absorbed on the surface of the resin. It proved 
unsatisfactory because the resin particles were "sticky" after regeneration and 
slugging and channeling became excessive. In the anion column the presence of 
caustic produced foaming and resultant carry over of resin. Hence backwash 
rinsing, like backwash regeneration, seemed to be totally unsatisfactory. 

F. Rinsing With Dilute Acid 
The anion bed required longer rinsing than did the cation bed because the 

caustic in the former was harder t<> remove than the acid in the latter. Eighteen 
liters of 0.12 N sulfuric acid were used to rinse the anion bed of Run No. 20 to see 
if neutralization would speed removal of the caustic. Eighteen gallons of rinse 
water were then used, which is slightly less than average. As the capacity of the 
unit was not significantly impaired it appears good operating practice to let early 
rinse water from the cation column pass through the anion column. 

Strong acid should not be introduced into the anion column, however, as it 
may react violently with the resin to cause permanent damage. If Na2C03 is used 
to regenerate the anion column, even very dilute acid should not be used for it 
will generate co2 in the beds and cause foaming and gas blocking. 



VIII. Total Solids Adjustment 

In the section on water quality it was shown that complete deionization is not 
required for ice manufacture. The use of water of higher quality than is necessary, 
therefore, wastes exchanger capacity and raises costs. 

Good ice can be produced by freezing water containing approximately 100 ppm 
total solids, so maximum service from the deionizer can be obtained only if water 
of this quality is produced. There are three common operating procedures where
by this quality can be achieved; namely, split stream operation, continuous blend
ing, and batch blending in storage tanks. 

A. Single-pass Procedures 
1. Split Stream Operation. In its simplest form, split stream operation consists 

of operating the two ion-exchange columns in parallel instead of in series. This 
arrangement is shown in Fig. 23. 

In event the raw water is high in magnesium or calcium, precipitation of the 
insoluble hydroxides of these metals may give trouble in this system. The opera
tion may also be less efficient with some anion resins because of the presence of 
metallic ions. On the other hand, this system should give no greater difficulty than 
that arising from reverse deionization in which the raw water is introduced to 
the anion column first. 

The flow rates through the two columns are adjusted so that the same amount 
of water passes through each column, and that the hydrogen ion exchanged in 
the cation column neutralizes the hydroxyl ion from the anion column. Since 
half of the water goes through each column, half of the cations and half of the 
anions are removed. The net result is equivalent to removal of half the minerals. 
The method is not very flexible; for it allows only one concentration of effluent 
to be produced, that is, with a total solids content approximately halfway between 
that of the raw water and that of the water produced with conventional exchanger 
operation. 

Split stream operation can be made more flexible by modifying the equipment 
as shown in Fig. 24. The arrangement is equivalent to that of two demineralizers 
working in parallel. A portion of the water passes through the cation exchanger 
only, another portion passes through the anion exchanger only, and still another 
portion passes through both columns in series. Theoretically, it is possible to pro
duce water of any concentration between that obtained with parallel operation 
and that obtained with series operation. In actual practice, however, the difficul
ties of operation and of the very accurate adjustment required to produce water 
which is both neutral and has the proper mineral content would limit its use. 
Neither can these methods utilize the water in the first and last part of the cycle 
which has a mineral content higher than 100 ppm but lower than that of the 
raw water. Part of the capacity of the beds as well as the water is therefore wasted. 

2. Continuous Blending. Figure 25 shows a conventional ion exchanger with 
a by-pass line. By adjusting the amount of raw water that is allowed to by-pass 
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the deionizer any desired concentration of effluent may be obtained. This method 
would require rather careful control, but would be much simpler to operate than 
would the modified split stream. The operator would have to adjust the amount 
of by-pass as the quality of water leaving the deionizer changed during the run. 
Under conditions in which runs of long duration with little change in effluent 
quality could be obtained, continuous blending would give very satisfactory 
results. Once again water above 100 ppm total solids must, of course, be thrown 
away. 
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3. Batch Blending. In the batch blending method it is necessary that the 
storage tank employed be large enough to hold the water from the entire run 
plus enough raw water to bring the total solids up to 100 ppm. This method has 
the advantage of permitting very careful adjustment of the final water quality, 
and it also makes possible the use of the partially deionized water at the start and 
end of the cycle. Its disadvantage lies in the increased cost for the purchase and 
maintenance of additional storage tanks. 

B. Recycling Operations 

There is also the possibility, although it occurs rarely, that the effluent quality 
will not be good enough from the very start. In this eventuality the water quality 
can be improved by recycling a portion of the effluent as shown in Fig. 26. The 
process will greatly improve the effluent quality, but will also increase the size 
of the ion exchanger required. A pump will likewise be required and recycle 
pumping costs must then be added to the operating costs. 
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Table 6 gives a comparison of the volumes of 100 ppm water produced by the 
various methods. The column headed "Continuous Use" refers to the volume of 
water obtained when the water is used directly from the deionizer as long as the 
mineral content is 100 ppm or less. It will be noticed that a storage tank increases 
the output of the unit considerably in all cases. For Types D and E waters the 
storage tank has a large advantage over the other two methods of operation and 
can be justified economically on the basis of decreased exchanger size and of 
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savings in water and chemical costs. With Austin water, the better system would 
be either split stream or continuous blending, with the latter probably being the 
superior. 

TABLE 6 

COMPARISON OF METHODS OF QUALITY ADJUSTMENT 

Volum e of 'JOO ppm water produced, gallons per cubic foot of ca ti on resin 
Type Continuous Use Split Stream Cont. Blend . Stor. T ank 

D 216 220 220 366 
E 354 393 410 512 

Austin 3720 7440 7500 7650 



IX. Deionization Costs 

One of the most important yet elusive aspects of deionization is that of cost. 
In view of the wide variations which exist in the costs of such items as capital 
investment, labor, chemicals and water, as well as in the quality of available raw 
water and ice to meet customer demands, the absence of published information on 
deionization costs is quite understandable. Nevertheless, all operators-whether 
they are now or may later consider using deionization processes-would naturally 
like to know what such operations should cost! 

With the full knowledge that cost figures are applicable only to the specific 
conditions under which they are obtained, the cost data herein may serve as a 
rough guide to deionization costs. Two sets of cost figures are given; namely, 

A. Calculated costs for the deionization of water to produce 100 tons of ice per 
day from each of the three raw waters used in these studies, and 

B. Actual operating costs for four Texas plants which use raw water containing 
approximately 1,000 ppm total solids. 

A. Calculated Costs 

Estimated costs for deionization in a 100-ton per day ice plant have been cal
culated for each of the three waters studied experimentally. Equipment costs 
were obtained as simulated bids directly from a reputable manufacturer, and 
annual fixed costs calculated on the basis of a 10-year capital recovery at 6 per 
cent interest. Regenerant quantities were based on data obtained in the experi
mental plant operation as well as on recommendations of the equipment manu
facturer; chemical costs were considered to be $3.00 per 100 lbs. of 96-98 per 
cent sulfuric acid, and $4.50 per 100 lbs. of 98 per cent sodium hydroxide. Labor 
costs were estimated at $1.50 per hour and raw water at $0.15 per 1,000 gallons. 
Water requirements for backwash and rinse were estimated from experimental 
results, assuming efficient operation. 

Cost data are presented in Tables 7 and 8. Since the average operator is pri
marily interested in the costs per 1,000 gallons of water actually frozen into ice, 
data are presented in this manner. Water used in backwash and rinsing should 
amount to an additional 30 to 45 per cent of that frozen, so the cost per 1,000 
gallons of total water deionized would be decreased accordingly. 

The units can be equipped for automatic operation at a further cost of $2,000 
to $2,500, which should be offset by savings in labor costs as long as the unit is 
in service. It is also possible to effect moderate decreases in chemical costs by 
re-use of regenerant solutions in the manner previously suggested, even though 
this may require slight increases in the initial investment for additional tanks 
and piping. 

B. Actual Plant Costs 

Moderately complete data from four plants operating in Texas have been 
analyzed in a similar manner and are presented in Table 9. Some of the desirable 
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information was not available, but wherever feasible, missing data were estimated 
from the records; in some cases, even estimates could not be made. For example, 
although the exact tonnage of ice produced during the year is indefinite, such 
production is known to be well below an average of 100 tons per day. 

The two sets of data are not readily susceptible to comparison, but there is 
reason to believe that the costs presented in Tables 7 and 8 (as contrasted to the 
costs in Table 9) are more nearly those which one should expect at the present 
time. Total investment costs given in Table 9 for the four operating plants are 
low since the plants were installed shortly after the war and since the plant 
capacities are smaller than those recommended for the most economical operation. 

Table 10 summarizes a percentage breakdown of the costs of deionization as 
calculated and as determined in plant operation. 

It must be realized that cost details are flexible and subject to wide deviations. 
Choosing a smaller unit will decrease fixed charges but will increase labor, main
tenance, and wasted water costs. Variations in regeneration procedures may in
crease capacity and decrease fixed charges but increase chemical costs. Since all 
costs are inter-related the most economical operating conditions will vary from 
plant to plant, necessitating a careful study of each individual case in order to 
obtain the best and most economical results. 

TABLE 7• 

CALCULATED DEIONIZATION COSTS FOR A 100-TON PER DAY ICE PLANT 
USING 100 PPM WATER 

Water N umber 
No.1 No.2 No. 3 

A. Investment N eeded 
1. Ion-exchange Unit (M anual ) $ 6,850 $ 7,400 $ 9,850 
2. Installa tion . ... . . . . . . . . .. . . 3,425 3,700 4,925 
3. Res ins: 

a. ~tioo .. . . ... . .. . . 300 500 1,250 
b. Anion . .. .. . . . . 450 650 1,550 

4. Auxiliary Equipment (excluding buildings) l ,000 1,500 2,000 

Total $12,025 $13,750 $19,575 
B. Annual Costs 

1. Fixed Charges : 
a. Capital Recovery, 10 years, 6% . $ 1,635 $ 1,870 $ 2,660 
b. Taxes and Insurance, 3% .. . 360 405 590 

Subtotal $ 1,995 $ 2,275 $ 3,250 
2. Operation : 

a. Main tenance 1,200 $ 1,375 $ 1,955 
b. Labor .. . . . 900 1,350 1,800 
c. Chemicals: 

1. Sulfuric Acid ... . .. . . . . . . .. .. .. . . . 690 2,735 6,750 
2. Caustic Soda .... .... .. . ... . 200 120 1,535 

d. Water for Backwash, Rinse, etc. 
at 15c/ 1,000 gal. .... .. .. . . .. . . 200 300 500 

Subtotal . . . $ 3,190 $ 5,880 $12,540 
Total Annual Cost ... . .. . . $ 5,185 $ 8, 155 $1 5,790 

• See footnote to Table 8. 
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C. Core Withdrawal Costs 
Deionization costs for ice manufacture should receive credit for savings realized 

by the elimination of core removal. Costs for the latter will vary with the circum
stances, but probably will average between $0.35 and $0.50 per 1,000 gallons of 
water frozen. Operators of plants using raw water from which saleable ice can 
be made by core removal should conduct a careful economic balance study before 
installing deionization equipment. The primary field of usefulness of deionization 
lies in those plants whose water supply is so high in dissolved solids that quality 
ice cannot be made even with core removal. 

D. Distillation Versus Deionization 
The cost of water purification by distillation is practically independent of the 

total solids content of the raw water. Cost of deionization, on the other hand, 
increases rapidly with the increase in mineral content. Kominek ( 3) has shown 
that when total solids content is 1,000 ppm the costs of mineral removal with ion 
exchange and with modem recompression evaporation are about equal. 

On these bases, then, the greatest use for deionization with organic resins will 
lie in those areas in which water supplies will have total solids contents ranging 
from 500 to 1,000 ppm. 

E. Water Quality and Costs 
The use of water of higher quality than is necessary will waste exchanger 

capacity and hence increase costs. Although circumstances may vary somewhat 
with local markets, ice of good quality can be made without core removal but with 
air agitation of water containing about 100 ppm dissolved solids. Batch mixing 
of deionizer effluent to obtain a uniform water of maximum allowable dissolved 
solids content should be worthwhile. 

TABLE 8 ' 

CALCULATED COSTS PER 1,000 GALLO S OF WATER TREATED 
COSTS ARE I CENTS PER 1,000 GALLONS 

' l\la ter umber 
Cost I tems o. 1 No.2 No. 3 

1. Fixed Charges 20.8 23 .7 33.9 
2. Maintenance ... ..... , . . . . . 12.5 14.3 20.4 
3. Labor .. ....... . . . . 9.4 14. 1 18.8 
4. Chemicals 9.3 29.7 86.4 
5. Backwash, rinse. etc. (15 cent per 1.000 gal. ) 2. 1 3.2 5.0 

Total (cent per 1,000 gal. ) . 54.1 85.0 164.5 
Total co t per ton of ice produced (cents) 17.3 27.2 52.6 
Cost per 1.000 gall ons water treated per 

grain per gallon solids removed (cents ) 10.0 3.2 3.2 

• Bases for data in Tables 7 and 8 are: 
(a) Treated water contains 100 ppm total solids. 
(b) 100 tons ice per day for 365 days per year. 
(c) 75% of water treated actually frozen. 
(d) Except for that used as backwash and rinse. raw water costs are not included. 
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TABLE 9 

A ALYS! OF DEIONIZI G COSTS OF OPERATING I CE PLANTS 

(From Actual Plant Data for the Year 1952) 
Plant Number No.1 No. 2 No. 3 No.4 

Size of unit, gal./ cycle .... .. ...... . . 
Gal. per year, thousands . .... ...... . 
Ppm dissolved solids* . .. . . . . . . . . . . . . 

Grains per gallon removedt . . . . . . . . . 
A. l nitial Investment 

Installed Cost of Un it* . . .... .. .. 
Cost of Re inst ....... . . .... . 
Auxiliariest .... ..... ... 

Total Cost .... . . . ..... 
B. A nnual Costs 

1. Fixed 
a. Capital Recovery, 10 yr. , 6% 
b. T axes and Insurance, 3% .. . 

Total .. .. . .... . ...... 
Cost per 1,000 gal. , cents .. . . 

2. Opera ting, cents per 1,000 gal. 
a. M ainten ance .. . . . ....... . 

b. Labort .. . .... . ... . ... .. . 
c. Acidt ......... . .. . ....... 
d. Caustict .. . .............. 
e. Backwashjng & r inse & waste 

Subtotal . . . . .. . . . . .. . 
c. T otal Costs 

1. Cents per 1,000 gal. . .. ... .. .. . 

2. Cents per 1,000 gal. per grain 
per gal. solids removed§ . . . 

4,500 
2,61 0 
1,000 

35 

$ 2,800 
300 

1,000 

$ 4,100 

$ 556 
1Z3 

$ 679 
26.0 

11.5 ( t ) 
29.2 
55.6 
20.6 
9.5 

126.4 

152.4 

4.4 

7,500 
2,190 
1,000 

30 

$ 3,500 
450 

1,000 

$ 4,950 

$ 672 
148 

$ 820 
37.4 

23.7(t ) 
25.0 
62.5 
27.5 

7.5 

146.2 

183.6 

6.1 

10,000 
4,51 0 
1,000 

30 

$ 4,000 
750 

1,500 

$ 6,250 

$ 848 
188 

$ 1,036 
23.0 

13.5(t) 
24.6 
36.0 
21.2 
11.9 

107.2 

130.2 

4.3 

10,000 
2,240 
1,000 

35 

$ 4,000 
750 

1,500 

$ 6,Z50 

$ 848 
188 

$ 1,036 
46.3 

18.2(t) 
29.8 
49.0 
21.2 

7.8 

126.0 

172.3 

4.9 

• E timated by owner. 
t E timated by authors. 
t Calculated from owner's records for 1952. 
§Calculated on as umption that 100 ppm water was produced; actual water quality is unknown . 

TABLE 10 

PERCE TAGE BREAKDOWN OF DEIONIZATION COSTS PER 
1,000 GALLONS OF WATER TREATED 

Fixed Wasted 
Costs Maintenance Labor Chemicals Water 

Calculated for : PERCENT 

Water o. 1 ... . ... . .. . . 38.4 23.2 17.3 17.2 3.9 
Water o. 2 ..... .. 27.8 16.9 16.6 35.0 3.7 
Water 0. 3 .. . . . . . . . . . . 20.6 1Z.4 11.4 52.5 3.1 

Operating Plant 
Number 1 ... .. . . . . 17.1 7.5 19.2 50.0 6.2 
Number 2 .. . .... . . . .. . 20.4 1Z.9 13.6 49.0 4.1 
Number 3 ........... . . 17.7 10.4 18.9 43.9 9. 1 

umber 4 26.9 10.6 17.3 40.7 4.5 



X. Monobed Deionization 

Research activities since the war have led to the development of many new 
resins which are greatly superior to those previously available. These, in turn, 
have made possible new deionization techniques which, for many purposes, are 
much more efficient than those already described herein. For example, the strong 
base anion exchange resins have made possible the monobed (or mixed bed) 
exchanger in which both cation exchangers and anion exchangers are combined 
in a simple column. A study of the equilibria which prevail in exchange reactions 
shows why this type of operation can lead to highly efficient operation. 

For the cation exchange the reaction is 

M + + HR ~ MR + H + 

for which reaction the equilibrium constant is 

K _ (MR) (H+ ) 
c - (M+ )(HR) 

The anion reaction is 

AN- + ROH ~ RAn + OH- , 

and the equilibrium reaction is 

K _ (RAn) (OH-) 
a - _(_A_n--)-(_R_O_H_)

The cation reaction would be driven to the right-that is, exchange of H + for 
M + would be favored-if H + were removed from the system. In a similar man
ner, the exchange of OH- for An- would be favored if OH- ion were removed from 
the system. 

The mixed bed principle permits the removal of both H + and OH- by allowing 
the two reactions to take place simultaneously in the same bed. The H + from the 
cation exchange reacts with the OH- from the anion exchange to form water, 
thereby removing both ions from the system and helping both reactions. As a 
result the ion exchangers give more efficient operation and a better quality water 
is produced. A mixed-bed ion exchanger can produce a water having final specific 
resistance of 16,000,000 ohm-cm, while water from conventional ion-exchange 
systems has a top specific resistance of about 100,000 ohm-cm. 

Kunin and Myers ( 7) cite the following advantages of mixed-bed operation: 
a. Capital investment for equipment (excluding resin) is decreased. 
b. Rinse requirements are lowered. 
c. Effluent qualities are independent of regenerant levels. 
d. Higher capacities are obtained. 
e. Water of much higher quality is produced. 



45 Deionization of Water for Ice Manufacture 

It is obvious that any such system which is capable of producing efficiently a 
water whose quality equals or exceeds that of distilled water has wide potential 
use and may replace other techniques in the near future. The extent to which this 
may be true in the deionization of water for ice making purposes, however, will 
depend on some of the following factors: 

a. Optimum efficiency in mixed-bed operation requires automatic control and 
more highly skilled labor. 

b. Initial costs of the resins are higher. 
c. Resin losses probably will be greater since particle size is more critical. 
d. Extremely high quality water is not required for ice making, since good ice 

can be made from 100 ppm water. 



XI. When Things Go Wrong 

In spite of good equipment design, the best of ion-exchange resins and careful 
operation, occasional troubles will be encountered in any deionization plant. In 
some cases the cause of such trouble may be immediately obvious to the experi
enced operator, but in many cases diligent study (and maybe luck) will be 
required before the difficulties are cleared up. The same trouble may have several 
causes and a variety of troubles may result from the same cause. Although the 
discussions in this section certainly do not cover all the problems or the solutions 
which one can expect, they may serve to furnish valuable leads. 

A. Unit Produces "Less Than the Usual" Amount of Deionized 
Water 

1. Channeling. If there has been no change in the quality of raw water fed to 
the unit, the most frequent cause of decreased capacity is channeling of the resin 
bed. This action may have occurred during either the regeneration or the run 
part of the cycle, but in any case the basic reason probably was incomplete back
washing. The primary purpose of backwashing is to break up "mud balls" (or 
clumps of resin) and to leave the resin bed a mass of discrete (or well-separated) 
particles. 

Another cause of channeling is gas bubble formation in the bed, particularly 
if soda ash is used in regeneration. Sometimes a degasifier between the two 
columns will help, but not if actual gas generation takes place within the anion 
bed. 

2. Raw Water Quality. Any increase in total solids content of the raw water 
will also decrease the production of deionized water. Obvious? Yes! But many 
complaints about poor deionization come from operators who obtain their raw 
water from a river or from several wells pumping at varying rates from several 
different sands. 

3. Loss of or Damage to Resin. Continued production of less than normal 
quantities of deionized water may indicate loss of, or damage to, the resin itself. 
In many plants it is impossible to determine the height of the resin bed without 
removing the head of the container; hence resin loss due to excessive backwash 
rates, heavy gas slugging, or normal attrition can be detected only by decreased 
throughput. 

Resin damage, or "blinding," can occur if the raw water fed to the unit is not 
completely free of suspended solids or turbidity. Such materials tend to be 
deposited directly on the resin; and, although much of the material will be 
removed by backwashing, the cumulative effect will be to build up a coating on 
the resin particle which will prevent good contact with the water to be treated. 

Resin damage can also result from the chemical precipitation of insoluble com
pounds directly on the resin. For example, sulfuric acid regeneration may cause 
a precipitation of calcium sulfate or gypsum on the resin which may not be com
pletely removed by backwashing. 
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B. Decreased Quality of Effluent 

Production of water of poor quality usually is an indication of poor regeneration 
which, in turn, most frequently results either from the use of inadequate amounts 
of regenerant or from poor contact between regenerant and resin. Channeling 
during regeneration can also result in poor contact of the regenerant with the re
sin. This situation not only decreases water quality but also results in the loss of 
regenerant and eventually the possibly serious corrosion of waste lines. 

C. Discolored Water 

Off-color water usually results from: (1) excessive resin deterioration, or (2) 
excessive corrosion. 

Although the newer types of resin are quite stable, even the best will show 
some deterioration; this is indicated by the appearance of a yellow or amber color 
in the water immediately after regeneration. The colored water does not persist 
very long and usually disappears by the end of the rinse. If discoloration appears 
in the deionized water storage tanks, the resin beds have not been properly rinsed 
before finished water is sent to storage. 

If the deionizer is to be shut down for several days, the beds should be rinsed 
immediately before re-use. The unit should never be shut down during the 
regeneration cycle since many of the resins in use today are slightly soluble in 
the regenerant solutions. 

Water that is red or rusty in color gives a double warning. Not only is the 
water undesirable because it contains iron, but the very presence of the iron 
color indicates that excessive corrosion is taking place somewhere in the system. 
Deionized water is more corrosive than the raw water and should be handled in 
rust-resistant systems. 

D. Excessive Loss of Resin 
During the backwash cycle the resin bed is churned vigorously and the rubbing 

of the resin particles on each other produces some resin "dust" which is carried 
over with the wash water. Although some loss from this source is inevitable, 
excessive loss occurs when backwash rates are too high. The remedy, of course, 
is to use lower backwash rates. 

E. Excessive Pressure Drop 
Rust, dirt and other forms of sediment in the raw water may be deposited in 

a dense layer on top of the cation bed, causing considerable resistance to flow. 
Ordinarily this deposit is removed during backwashing, but occasionally it will 
break up into lumps which are heavy enough to settle to the bottom of the bed 
where they may plug up flow lines or form a layer over the bottom of the bed 
which is too dense to wash out. 

Prevention, in the form of a filter ahead of the deionizing unit, is the best cure, 
for the remedy requires removal of the resin and thorough cleaning of the unit. 

Sometimes pressure drop will increase during a run because of packing of 
the resin in the bed. This drop is usually caused by excessively high flow rates. 
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If such high flow rates are necessary, the bed may be unpacked during the run 
by a short backwash. The backwash should be just enough to loosen the bed with
out agitation since the latter will mix the spent resin with the unused resin and 
decrease the quality of the water obtained in the remainder of the cycle. 

High pressure drops may occasionally result from incomplete removal of any 
fines or "resin dust" produced by the long-continued rubbing of the resin particles 
on each other. Such trouble is of less-frequent occurrence with the modern resins 
than with those used several years ago. The obvious remedy is very thorough 
backwashing. 

F. Slugging 
Slugging may be defined as non-uniform or irregular flow of water upward 

through the resin bed. It is usually caused by the formation of lumps of resin 
particles ranging from the size of a baseball up to the diameter of the resin bed 
in extreme cases. Although slugging is more likely to occur in the anion bed, it 
has been reported in cation beds; small-diameter columns are more susceptible 
than large columns. The cause is rather indefinite, but the presence of anything 
which will cause the particles to stick together is essential before slugging will 
occur. 

Once again the obvious remedy is adequate backwashing as a preventative 
measure. As soon as lumps are formed and slugging starts, mechanical disinte
gration of the lumps, followed by vigorous backwashing, will be necessary. 

G. Equipment Improvements 

1. Electrical Control Equipment. For checking water quality this equipment 
should be mounted in a moisture-proof case instead of the type commonly used. 
The high humidity which prevails in an ice plant may damage the conductivity 
and measuring equipment, causing erroneous readings which might well result 
in either decreased quality of ice or waste of exchanger capacity. 

2. Sight Glasses. Commercial columns are usually so constructed that the 
operator has no chance to see what is happening to his resin bed. It is quite prob
able that the installation of two narrow vertical windows, the full length and on 
opposite sides of the column, would be well worth the added expense. As an alter
native, several sets of opposing portholes would not be quite as satisfactory but 
probably would be cheaper and far better than none at all. 
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Glossary 
Absorbent: A synthetic resin possessing the ability to attract and to hold charged 

particles. . . . 
Absorption: The attachment of charged particles to the chemically active groups 

on the surface and in the pores of an ion exchanger. 
Acidity: An expression of the total hydrogen ions present in a solution. . 
Alkalinity: An expression of the total basic anions (hydroxyl groups)_ present m 

a solution. It also represents, particularly in water analysis, the b1carbon"!te, 
carbonate, and occasionally the borate, silicate, and phosphate salts which 
will react with water to produce the hydroxyl groups. 

Anion: A negatively charged particle or ion. . 
Anion Interchange: The displacement of one negatively charged particle by an

other or by an anion exchange material. 
Attrition: The rubbing of one particle against another in a resin bed; frictional 

wear that will effect the size of resin particles. 
Backwash: The counter-current flow of water through a resin bed (i.e., in at the 

bottom of the exchange unit, out at the top) to clean and re-classify the bed 
after exhaustion. 

Bar: A standard, 300-pound cake of ice. 
Base-Exchange: The property of the trading of cations shown by certain insoluble 

naturally occurring materials (zeolites) and developed to a high degree of 
specificity and efficiency in synthetic resin absorbents. 

Bed: A mass of ion exchange resin particles contained in a column. 
Bed Depth: The height of the resinous material in the column after the exchanger 

has been properly conditioned for effective operation. 
Bed Expansion: The effect produced during backwashing: the resin particles be

come separated and rise in the column. The expansion of the bed due to the 
increase in the space between resin particles may be controlled by regu
lating backwash flow. 

Break-through: The first appearance in the solution flowing from an ion-exchange 
unit of unadsorbed ions similar to those which are depleting the activity of 
!he resin bed. Break-through is an indication that regeneration of the resin 
is necessary. 

Break-through Capacity: The amount of exchangeable material absorbed by a 
unit amount of ion-exchange resin during the actual operation of an ion
exchange unit. 

Carbonaceous Exchangers: Ion-exchange materials prepared by the sulfonation of 
coal, lignite, peat, etc. 

Carboxylic: A term describing a specific acidic group (COOR) that contributes 
cation exchange ability to some resins. 

Cation: A positively charged particle or ion. 
Color-throw: Discoloration of the liquid passing through an ion-exchange ma

terial; the flushing from the resin interstices of traces of colored organic 
reaction intermediates. 

Column Operation: Conventional utilization of ion-exchange resins in columns 
through which pass, either upflow or downflow, the solution to be treated. 

Core: The unfrozen water at the center of a cake of ice. Also, the opaque portion 
at the center of a completely frozen cake of ice. 

Cycle: A complete course of ion-exchange operation. For instance, a complete 
cycle of cation exchange would involve: regeneration of the resin with acid, 
rinse to remove excess acid, exhaustion, and backwash. 

Deionization: The removal of all charged constituents or ionizable salts (both 
inorganic and organic) from solution. 

Dissociation: Ionization. 
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Downfiow: Conventional direction of solutions to be processed in ion exchange 
operation, i.e., in at the top, out at the bottom of the column. 

Effl,uent: The solution which emerges from an ion-exchange column. 
Electrolyte: A chemical compound which dissociates or ionizes in water to pro

duce a solution which will conduct an electric current; an acid, base, or salt. 
Elution: The stripping of absorbed ions from an ion exchange material by the use 

of solutions containing other ions in concentrations higher than those of the 
ions to be stripped. 

Equivalent Weight: The molecular weight of any element or radical expressed 
as grams, pounds, etc., divided by the valence. 

Equivalent (Chemical): The fundamental unit of material in which chemicals 
react. 

Exhaustion: The state in which the absorbent is no longer capable of useful ion 
exchange; the depletion of the exchanger's supply of available ions. The 
exhaustion point is determined arbitrarily in terms of: (a) a value in parts 
per million of ions in the effluent water determined by a conductivity bridge 
which measures the resistance of the water to the flow of an electric current. 

Fines: Extremely small particles of ion-exchange materials. 
Flow Rate: The volume of solution which passes through a given quantity of 

resin within a given time. Flow rate is usually expressed in terms of gallons 
per minute per cubic foot of resin, or as milliliters per minute per cubic feet 
of resin, or as milliliters per minute per milliliter of resin. 

Freeboard: The space provided above the resin bed in an ion exchange column 
to allow for expansion of the bed during backwashing. 

Greensands: Naturally-occurring materials, composed primarily of complex sili
cates, which possess ion-exchange properties. 

Hydraulic Classification: The rearrangement of resin particles in an ion-exchange 
unit. As the backwash water flows up through the resin bed, the particles are 
placed in a mobile condition wherein the larger particles settle to the bottom 
and the smaller particles rise to the top of the bed. 

Hydrogen Cycle: A complete course of cation exchange operation in which the 
adsorbent is employed in the hydrogen or free acid form. 

lnfiuent: The solution which enters an ion-exchange unit. 
Ion: Any particle of less than colloidal size possessing either a positive or a nega

tive electric charge. 
Ionization: The dissociation of molecules into charged particles. 
Ionization Constant: An expression in absolute units of the extent of dissociation 

into ions of a chemical compound in solution. 
Leakage: The phenomenon in which some of the influent ions are not absorbed 

and appear in the effluent when a solution is passed through an under
regenerated exchange resin bed. 

Pressure Drop: The reduction in static pressure associated with the passage of a 
solution through a bed of exchange material; a measure of the resistance 
of a resin bed to the flow of the liquid passing through it. 

Raw Water: Untreated water from wells or from surface sources. 
Regenerant: The solution used to restore the activity of an ion exchanger. Acids 

are employed to restore a cation exchanger to its hydrogen form; brine 
solutions may be used to convert the cation exchanger to the sodium form. 
The anion exchanger may be regenerated by treatment with an alkaline 
solution. 

Regeneration: Restoration of the activity of an ion exchanger by replacing the 
ion~ adsorbed from the treated solution with ions that were initially on the 
resin. 

Regener_ation Level: The quantity of regenerant used per unit volume of exchange 
resm. 
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Reverse Deionization: The use of an anion exchange unit and a cation exchange 
unit-in that order-to remove all ions from solution. 

Rinse: The operation which follows regeneration; a flushing out of excess regener
ant solution. 

Sulfonic: A specific acidic group ( S03H) on which depends the exchange activity 
of certain cation adsorbents. 

Swelling: The expansion of an ion-exchange bed which occurs when the reactive 
groups on the resin are converted from one form to another. 

Teeter: The suspended or buoyant state of resin particles in a column during 
backwashing; the bed is said to be in teeter when the velocity of the upflow 
solution maintains the particle in suspension. 

Throughput Volume: The amount of solution passed through an exchange bed 
before exhaustion of the resin. 

Total Exchange Capacity: The amount of exchangeable material absorbed by a 
unit amount of ion-exchange resin under equilibrium conditions. 

Upflow: The operation of an ion-exchange unit in which solutions are passed in 
at the bottom and out at the top of the container. 

Voids: The space between the resinous particles in an ion-exchange bed. 

TABLE 12 

NORMALITIES VERSUS PERCENTAGE CONCENTRATION OF HEGENERANTS 

Normality 
W eight Per cent 

Sulfuric Acid Caustic Soda 

1.0 3.6 4.0 
2.0 7.2 8.0 
3.0 10.8 12.0 
4.0 14.4 16.0 



TABLE 11 

SUMMARY OF EXPERIMENTAL RESULTS 

Concentration Volume of Ave5~fid:1"f:a1 o:~ienJr-Anio n Ca tio n Equivalents Equiva lents of Regeneran t Rinse 
Minimum Average R~eneration Regenera tio n o f Basic o f Acid Reyenerant Solutions Gram D emin . Water Water \l(!ater 

Run Leakage, Lea kage, fficiency, Efficiency, Reieneunt Re~enerant So utions. Used , Equ iva lents Produced, Produced, Used Water Run 
Number Percent Percent Percent Percent A sorbed A sorbed Normality Gallons Removed ppm. Gallons Ga llons Type Number 

I 
2 

0.14 
0.91 

2.4 
4.0 

97 
7Z 

9 1 
75 

6.25 
7.30 

6.65 
6.99 

4N 
4N 

3. 75 
3.75 

6.04 
5.25 

4.5 
7.4 

794 
700 

30 
90 

Aus. 
Aus. 

1 
2 

tl 
~-·3 

4 
5 

1.2 
7.1 
8.1 

5.0 
Z9 .5 
20.6 

58 
41 
56 

78 
55 
66 

9.10 
8.07 
8.17 

6.76 
6.00 
6.92 

4N 
4N 
4N 

3. 75 
3.75 
3. 75 

5.26 
3.30 
4. 56 

9.2 
290 
202 

709 
80 
98 

90 
32 
18 

Aus. 
D 
D 

3 
4 
5 

0 
;::i-· s .....-· 6 

7 
8 
9 

12.7 
3.8 
6.7 
9.1 

21.6 
20.1 
20.1 
17.4 

56 
45 
77 
68 

45 
103 

76 
79 

8. 18 
11.46 

7.30 
8.69 

10.05 
5.05 
7.42 
7.49 

4 N 
1N 
1N 
1N 

3.75 
15 
15 
15 

4.55 
5. 19 
5.61 
5.90 

212 
198 
189 
171 

99 
111 
120 
122 

28 
38 
34 
15 

D 
D 
D 
D 

6 
7 
8 
9 

0 
;::i 

.Q.. 

10 12.4 23 .6 80 95 7.75 6.5 1N 12 6. 16 232 138 12 D 10 ~ 
!:)..... 

11 
12 
13 
14 

3. 7 
11.9 
6.1 
5.1 

22.5 
38.4 
28.6 
21.0 

23 
163 
84 
80 

32 
90 
76 
82 

10.02 
2.48 
5.66 
7.39 

7.42 
4.50 
6.25 
7.16 

1N 
1N 
1N 
1N 

15 
15 
15 
15 

2.36 
4.04 
4.73 
5.86 

221 
377 
281 
206 

52 
112 
11 3 
127 

l3 
18 
17 
18 

D 
D 
D 
D 

11 
12 
13 
14 

~.., 
'C'.., 
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