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L The Water Problem 

Earth is the water-rich planet of our solar system; it is blessed with 
tremendous quantities of the chemical H 2 0 , without which life as we 
know it could not exist. Water is intimately associated with our evolution, 
our civilization, and our destiny. If not the staff of life, water is its most 
indispensable catalyst. The hydrologic cycle plays a role, an irreplaceable 
role, not only in every phase of vegetable and animal development, 
but also in all strata of man's civilization. Water often makes or 
breaks the destiny of a community, metropolis, or nation. Abundant 
and high-quality water invites settlement, agricultural pursuits, and 
industrial activity. Water promotes trade. Water provides power. 

However, 99 % of the sum total of surface and ground waters and 
vapors above the ground is either salty or is locked up as ice in the polar 
regions. Most of the remaining small fraction of the water supply moves 
through the water cycle and is fresh water. Some of it is trapped as 
ground water at depths less than 2500 feet, and smaller amounts are 
distributed for variable periods in soils, lakes, rivers, and the atmosphere. 

The annual precipitation which falls on the land areas of the earth is 
more than sufficient to supply the needs of the earth's population. 
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Similarly, the average annual precipitation of 30 inches over the 
48 conterminous states of this nation should supply an adequate amount 
of fresh water for all purposes. Fresh water exists on earth in a total 
amount that is essentially constant, even though some water is added to 
the total through combustion of fossil fuels (gasoline, fuel oil, coal, 
and gas). It follows that for the earth or the United States as a whole, 
there is no absolute deficiency of fresh water in relation to present or 
foreseeable population levels. 

Yet there are shortages beginning to affect rich agricultural regions of 
the earth. It is apparent then that the actual water shortage relates 
to the distribution of the fresh-water supply in terms of human needs. 
There are regions in which the amounts of available water are insufficient 
and there are areas in which an overabundance of fresh water exists. 
The relatively high cost of water redistribution appears to preclude 
the economical transportation of water over long distances. 

Consequently in some areas of the United States, economic growth 
may be restricted because of a limited water supply. Further, it is obvious 
that comparisons of total water supply and demand on a national or 
world-wide basis are not very significant! The fact that the average annual 
precipitation in the United States should supply sufficient water for all 
purposes does not impress a farmer in the arid Southwest, nor does it 
alleviate the condition of water scarcity in that region. Nevertheless, a few 
national water-withdrawal-use figures for the United States may throw 
some light on the water problem. (Withdrawal use of water means that 
the water was diverted from a stream or lake or removed from the 
ground.) 

The total rainfall on the continental United States is about 4300 billion 
gallons (U.S.) per day. Most of that water evaporates from the soil, 
vegetation, streams, and lakes, but 1 100 billion gallons per day appears 
as runoff and is available for use, though it would be prohibitively 
expensive to catch all of it. The theoretical upper limit of our water 
supply is the average annual runoff. In 1954, demands for withdrawals 
amounted to about 300 billion gallons per day, about 27 % of stream 
flow. It is estimated that by 1980 and 2000 the withdrawals will have 
increased to 600 and 900 billion gallons per day (54 % and 82 % of 
stream flow respectively) (Select Committee on National Water 
Resources, 1961) . These projected demands are approaching the amount 
of the available water supply. However, these are withdrawals and much 
of that water is returned to the streams. Such water can be re-used many 
times provided its quality can be maintained, but the maintenance of 
that quality is no easy task. Most uses of water, whether agricultural, 
municipal, or industrial, alter its quality because of pickup of salts or 
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other inorganic and organic wastes. Even cooling processes, which 
merely raise the temperature of the water, may adversely affect its 
quality. Approximately 30 % of the water withdrawn is used con
sumptively (lost), which augments the problem. Practically all (95 % ) 
the consumptive use is in connection with irrigation. 

The ever-increasing use of water is due to the rapidly increasing 
population, rising living standards, progressive industrialization, 
expansion of irrigation agriculture, and the fact that an increasing 
fraction of the population lives in the arid and semiarid parts of this 
country. It has been estimated that within the next two decades the full 
development of all available water resources in several water resource 
regions in the nation will be required. In other words, no more con
ventional water sources will be attainable in such areas as the South 
Pacific, upper Rio Grande-Pecos River, Colorado River, Great Basin, 
and Upper Missouri River (Select Committee on National Water 
Resources, 1961) . 

Approximately one-fourth of the earth's surface is land, and about 
60 % of that is arid land, where the water supply is highly unpredictable. 
Much of the water in such areas is mineralized in varying degrees of 
severity, and the average distance to potable water supplies in a given 
area is usually great. Further, the dry portion of the earth's land surface 
does not support more than 5 % of the earth's 3 billion people. In 
coming years a large proportion of the world's increased population 
will be located outside the dry lands. Thus the arid 60 % of the earth's 
surface will contribute much less proportionately to the food supply 
of the world than it does now, unless something is done to increase 
dry-land productivity. In the majority of areas the only unlimited 
source of water for the lands is salt water (Ackerman, 1961) . 

The problem of a potential water shortage may be approached from 
the viewpoint of the large volume of water needed to sustain a human's 
food chain from soil to stomach. Such water is consumed and includes 
that required to raise the wheat and vegetables in our daily diet and the 
forage for cattle. Based on a daily food requirement of 2\ lb, dry weight, 
it is estimated that the theoretical minimum water requirement to sustain 
a human life is 300 gal/day, assuming man can live on bread alone. The 
introduction of 1 lb of animal fat and protein to the diet increases the 
subsistence water requirement to about 2500 gal/day per person (Bradley, 
1962). 

After making certain assumptions regarding water use to support 
our high standard of living, Bradley arrived at a figure for the per capita 
daily use of water which perhaps should be considered as an upper 
limit or maximum. Using this high figure he concluded that the United 
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States might accommodate 50 million more people (total population of 
230 million) before our standard of living would begin to deteriorate. 
Bradley (1962) states, "There is little doubt that America will have 
reached that population figure well before the year 2000. The evidence 
of the moment suggests, then, that young Americans alive today will 
see a significant deterioration in their standard of living before they are 
much past middle age." 

The problem of availability of water in sufficient quantity, and of 
adequate quality, available when and where needed and at reasonable 
cost, is one of world-wide importance. The water problem actually 
consists of several interrelated problems involving social, technological, 
and economic factors, and each may require a different solution. The 
great diversity of problems and the interrelationship of causes and effects 
associated with them are not fully understood. 

In the United States the water requirements, both in terms of quantity 
and quality, are highly variable from one region to another. Irrigation 
agriculture in arid and semiarid regions requires good-quality water 
during the entire growing season. Irrigation in more humid areas 
requires stand-by water sources for use in the event of drougth. Industrial 
and municipal uses of water have increased tremendously, primarily 
in regions of high population density. Re-use of some of this water is 
limited because of the deterioration of its quality. Net water supply 
varies greatly from year to year and from day to day and the extremes, 
drought and flood, further complicate the water-supply problem. In some 
areas today, irrigation water is in inadequate supply and its quality is 
deteriorating. In other locations, withdrawals in part are mined from 
ground-water storage. 

SOLUTIONS TO THE PROBLEM 

Water problems are so numerous and diversified that no single plan or 
course of action appears capable of alleviating or solving them. Certain 
remedial approaches to the problem, such as more efficient use of available 
water, are self-evident. For example, in a region having a limited supply 
of water or a foreseeable limit of available fresh water, steps might be 
taken to reduce per capita consumption, reduce the population drawing 
on the supply, reduce losses in storage, transit, and use, develop more 
efficient industrial practices as they relate to water use, grow crops that 
consume less water, and develop others that are more tolerant to brackish 
water. Multiple use of water also will assist in extending the water 
supply. 

Another obvious attack on the problem is to increase the available 



Desalination Research and Water Resources 5 

supply of water by transporting fresh water from a water-rich region, 
desalinating local saline and/or polluted supplies, or transporting saline 
water located some distance away and desalting it in the region of water 
scarcity. 

The re-use or multiple use of water already mentioned has certain 
inherent drawbacks. The best practical treatment of municipal and 
industrial water effluents may return to streams substances detrimental 
to aquatic life in the streams and to direct re-use of stream waters. Even 
a so-called complete treatment, on the other hand, if it does not also 
remove dissolved phosphorus and nitrogen compounds (nutrients), 
provides a good medium for algal growth in the river water. This may 
upset the natural balance of plant and animal life and limit direct re-use 
of the stream water. Stream dilution is a partial solution to this problem, 
but this certainly limits any saving attributable to re-use, because more 
storage reservoirs will be needed to supply the water to dilute the wastes. 

Nevertheless, better purification of municipal and industrial water 
effluents coupled with more widespread re-use of water will assist in 
providing more usable water for some municipalities and industries. 
However, in an industrialized section, such as the North or Northeast 
Central United States, greater re-use of municipal and industrial water 
will do little to solve the agricultural water problem. Reduction of 
evaporation losses from crop lands and irrigation canals (greatest single 
consumptive use in the United States), although assisting agriculture, 
will not necessarily provide additional water for industry. 

Of the 48 conterminous states, 21 border on, a sea. They possess over 
54 % of the total population and approximately 60 % o f t n e manufacturing 
concerns of the country. Wel l over half of this nation's population 
resides within 300 miles of the oceans, which offer an inexhaustible 
source of water. The distribution, amount, and quality of inland brackish 
water are not adequately known, but considerable underground quantities 
do exist. By means of desalination, both sources are potentially capable 
of increasing the fresh-water resources of the nation. 

Saline-water conversion is in its infancy, although well over 50 million 
gal/day of fresh water are being produced from saline sources. A few 
desalination plants are listed in Table 1.1. The cost of desalination has 
been drastically reduced over the past 10 years, but it is still relatively 
high. Nevertheless, in some areas desalination even now is competitive 
with other means of obtaining potable water. Certainly a part of this 
nation's water requirements in the years to come will be supplied by 
desalination, although it does not provide a panacea for all the water 
problems. The cost of desalination is being reduced continuously, and 
in many situations it will provide the cheapest or only alternative means 
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T A B L E 1 . 1 

L A R G E DESALINATION PLANTS 

Capacity 
Location ( U . S . gal/day) T y p e Manufacturer 

A r u b a (Caribbean) 3 , 5 0 0 , 0 0 0 Submerged tube G. & J . Wei r , Glasgow, Scot land 
Kuwai t (Persian Gu l f ) 3 , 1 0 0 , 0 0 0 Submerged tube W e i r and Westinghouse 

5 , 1 0 0 , 0 0 0 Flash W e i r and Westinghouse 
Qatar 1 , 9 0 0 , 0 0 0 Flash Richardsons-Westgarth 
Venezuela 1 , 4 4 0 , 0 0 0 Flash Buckeley & Tay lo r 
Curacao (Caribbean) 1 , 7 0 0 , 0 0 0 Flash Richardsons-Westgarth 
Nassau, Bahamas 1 , 4 0 0 , 0 0 0 Flash G. & J . W e i r 
Taranto, Italy 1 , 2 0 0 , 0 0 0 Flash A q u a - C h e m , Inc. 
Curacao (Caribbean) 3 , 4 0 0 , 0 0 0 Flash G. & J . W e i r 
Freeport , Tex . ( U . S . 1 , 0 0 0 , 0 0 0 L T V Chicago Bridge & Iron 

Government) , O S W 
demonstration plant 

Roswell , Ν. M . 1 , 0 0 0 , 0 0 0 Vapor compression Chicago Bridge & Iron 
( U . S . Government) , 
O S W demonstration 
plant 

Eilat, Israel 0 1 , 0 0 0 , 0 0 0 Flash Baldwin-Lima-Hamil ton, 
Chocolate Bayou, Tex . 9 0 0 , 0 0 0 Flash Westinghouse 
Isle of Guernsey 6 0 0 , 0 0 0 Flash G. & J . W e i r 
Virgin Islands 2 7 5 , 0 0 0 Flash Cleaver Brooks, 
Virgin Islands 1 , 0 0 0 , 0 0 0 Flash Westinghouse 
Kindley A i r Force 2 2 5 , 0 0 0 Vapor compression Cleaver Brooks 

Base (Bermuda) 
Buckeye, Ar iz . 6 5 0 , 0 0 0 Electrodialysis Ionics, Inc. 
Webster , S. D . 2 5 0 , 0 0 0 Electrodialysis Asahi Chem. Ltd. 

( U . S . Government) 
Kuwa i t (Persian Gu l f ) 2 4 0 , 0 0 0 Electrodialysis Ionics, Inc. 
Wrightsvi l le Beach, 2 0 0 , 0 0 0 Direct freeze Struthers Scientific 

N.C. ( U . S . Govern 
ment) 

Eilat, Israel 2 5 0 , 0 0 0 Direct freeze Col t Industries 

a Planned construction reported. 

of obtaining new water. It should be noted that the cost of desalinated 
water must be compared with the true cost of the incremental supply 
of conventional water obtained by the construction of new reservoirs, 
aqueducts, etc. To both must be added the cost of distribution. The 
lowering of desalination costs will have a tremendous effect on its future 
use and will make the role of desalination much more important in the 
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multidisciplinary attack on our growing water problems. Many industries 
have considered desalination as a basis for expansion and diversification. 

Of all the resources of concern to humanity, water is one of the most 
important. The need for continuing and accelerating basic research 
dealing with desalination and related fields is essential; in few other 
fields can success yield such tremendous dividends. 

II. Nature of Water and Its Solutions 

Although technological improvements in the design of processes and 
equipment support the o v e r a l l attack on the problem of desalination, 
major advances will be conditioned by the state of our fundamental 
knowledge of the nature of water itself and its solutions. Basic research 
in this area must include both theoretical and experimental work on 
the thermodynamic, kinetic, and structural properties of water and of 
ionic species in aqueous media. 

There is a great need for an adequate theory of the liquid state in 
general, the nature of which is much more obscure than of either the 
solid or gaseous state. The two principal approaches, based on the 
methods of statistical thermodynamics, have been the direct calculation 
of the pair distribution function, an extension to more dense systems of 
a method of treating imperfect gases, and the modified-lattice theory, 
an extension of a method for treating solids. Neither has yielded results 
leading to accurate predictions, although it is probable that either or 
both approaches contain valid elements foreshadowing a comprehensive 
and accurate theory of the liquid state. 

Rowlinson (1959) lists, for convenience, five classes of liquids, and 
water is placed in the class of greatest complexity. Moreover, water is in 
some respects the most complicated of this group of highly polar liquids. 
The unusual behavior of water with regard to its dielectric constant, 
boiling point, freezing point, temperature of maximum density and 
solvent ability is well known. Taken as a separate entity, the water 
molecule does not appear very complex, but in the condensed state the 
expected dipolar association is further enhanced by the existence of 
hydrogen bonding, a phenomenon which has a great deal to do with 
the observed properties and which is not nearly well enough understood. 
The presence of hydrogen bonds in both solid and liquid water serves as a 
good basis for a qualitative explanation for several of water's anomalous 
properties. For example, the extra cohesion due to hydrogen bonding 



8 W . S. GlLLAM AND W . H. McCOY 

should in fact result in relatively high transition temperatures, and the 
maximum density being at 3.98°C can be regarded as a consequence of 
competition between the gradual breakdown of an open ice-like structure 
and the customary expansive effect of rising temperature. Pimentel and 
McClellan (1960) observe that many classically measurable properties 
reflect the presence of hydrogen bonds, and they describe 17 of these 
types of measurement. They show also how very valuable information 
on hydrogen bonds can be obtained from infrared, Raman, nuclear 
magnetic resonance, ultraviolet, and visible-light spectroscopy. 

From the results of such measurements and from theoretical considera
tions, a number of highly qualified investigators have proposed quite 
different models of the "structure" of water in bulk. There has been 
more satisfactory progress toward reasonable spacial representation of 
the water molecule itself, taken as a hypothetically isolated entity. As 
first pointed out by Verwey [quoted in Moelwyn-Hughes (1961)] , the 
wave functions associated with the two nonbonding 2p electrons of 
oxygen result in charge concentrations in two regions normal to the 
plane of the Η —Ο —Η nuclei. The water molecule thus has a charge 
distribution resembling a tetrahedron, with two corners of positive and 
two corners of negative charge. Rowlinson (1959) has given a quadrupole 
model based on this picture, and Pople has also described a quadrupole 
arrangement, based on molecular-orbital considerations. The estimated 
fractional charges ascribed to these models differ due to the lack of a 
definitive method for averaging positional probabilities. When obtained, 
a reliable value for the quadrupole moment will provide a good test for 
these models. As mentioned by Robinson and Stokes (1959), X-ray data 
indicate that liquid water retains over short ranges the tetrahedrally 
coordinated structure of ice. Raman and infrared spectra also yield 
evidence of tetrahedral arrangement of the liquid. It is thus possible to 
regard liquid water as possessing short-range tetrahedral symmetry; the 
long-range picture is more obscure. 

When application is made to water, the difficulties that beset general 
liquid-state theory are raised to a power. It is therefore a fortunate 
circumstance that widely differing points of view are being advanced. 
Frank (1961) has summarized the essential features of the best current 
models of water's long-range configuration: the modern development by 
Lennard-Jones and Pople of the Bernal-Fowler picture, Eucken's 
mixture of polymers, Hall's two-fluid theory, Pauling's hydrate model, 
and Frank's ideas on the matter, b r o a d l y speaking, two major lines of 
thought are being followed. One might be called the "uniformitarian" 
viewpoint, advocated by Pople an,d co-workers, which maintains that 
the averaging process makes it possible to regard bulk water structure as 
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highly regimented throughout. The other viewpoint holds that water is 
a mixture of species, but there is marked divergence of opinion as to just 
what species are there. Frank, starting with the redistribution of charge 
resulting when hydrogen bonds form and using the covalence representa
tion of Coulson along with the effect of localized energy fluctuations, 
suggests a situation wherein clusters of molecule are rapidly forming 
and decomposing. The half-life of a cluster is estimated to be 10"'11 sec, 
about 100 times the period of a molecular vibration. It follows that at any 
given instant many molecules are not hydrogen-bonded. Frank goes on 
to point out that other work, such as that of Pitzer on liquid krypton 
and of Lippincott et al. on ice, supports belief in some sort of non-
hydrogen bonding force operative in water, perhaps the London and/or 
dipole forces. 

Despite the lack of detailed, conclusive knowledge of the nature of 
solvent water, some progress has been made in the theory of solutions. 
That the status of nonelectrolyte solution theory is unsatisfactory is 
pointed up by the remark of Hildebrand and Scott (1950) to the effect 
that it is Utopian to expect a prediction of solubility to be valid within 
10 % . Historically, the starting point for research on solutions has been 
classical equilibrium thermodynamics. This branch of science sets 
forth the great fundamental laws that must apply to all solutions 
measurements and rigorously expresses the state functions without 
which research efforts would lack direction and purpose. Thermo
dynamics gives us the ideal minimum energy requirement for the 
separation of salt from saline waters, tells us whether or not a proposed 
chemical reaction is possible, and provides a strong, logical basis for a 
multitude of investigations bearing directly on the problem of desalina
tion. Although the laws of classical thermodynamics do not depend on 
any specific molecular structure, measurements based upon this branch 
of science produce a good deal of valuable information pertaining to 
fine structure. There are several highly accurate and precise ways to find 
the activities, and hence the Gibbs free energies, of components of 
solutions, as well as the changes of other state functions on mixing. 
Equilibrium investigations of solutions are largely based on the monu
mental work of J . W . Gibbs, and the most widely useful relation is the 
Gibbs-Duhem equation. This equation makes the determination of 
the activity of one component of a binary solution as a function of 
composition sufficient to fix the concentration variation of the chemical 
potential of the other component. The Gibbs-Duhem equation is 
applicable in principle to any multicomponent solution, and in particular 
it can be shown (McKay, 1952; M c K a y and Perring, 1953) that for a 
three-component system, the activities of each of two components are 
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calculable if the activity of the third has been measured over a sufficiently 
wide ternary composition range. Extension of such calculations, using 
the Eulerian cross-differentiation relations, to the sea-water multicom-
ponent system would be desirable, although far from easy. 

The statistical thermodynamic approach has been most useful in 
dealing with certain special types of nonelectrolyte solutions. Such a 
type would be a solution consisting of molecules of about equal 
size, mixed randomly and exerting specific interactions on each other. 
An expression for the total potential energy can be derived. The theory 
of van Laar [quoted in Moelwyn-Hughes (1961)] grafts a Boltzmann 
factor containing this potential energy term onto the grand partition 
function for an ideal system. It is found that about half of the observed 
properties are fairly well accounted for in the cases of suitably chosen 
systems, such as carbon disulfide-chloroform. Later more sophisticated 
solution theories have been reviewed by Rowlinson (1959), who states 
that of all nonelectrolyte solutions, those involving water will probably 
be the last to be fully understood. 

In electrolyte solutions, the situation is even more intricate. Super
imposed on and usually dominating the short-range intermolecular 
forces are the coulombic ion-ion and ion-molecular forces. Present 
knowledge of ionic distribution in such solutions is limited to the dilute 
range and is based on the theory of Debye and Hiickel; numerous 
refinements have been made by Bjerrum, Onsager, Gronwall, 
Falkenhagen (1959), Guggenheim (1959), and others [summarized in 
Falkenhagen and Kelbg (1959), Guggenheim (1959), and Robinson and 
Stokes (1959)] . This theory begins with a model consisting of rigid 
spherical ions in a continuous medium, considering only the bulk 
dielectric constant and assuming a spherically symmetrical charge 
distribution of ions surrounding a given central ion. An average electrical 
potential would then exist and is assumed to obey both the Poisson 
electrostatic equation and the Boltzmann statistical equation. This 
Poisson-Boltzmann equation has not been solved in closed form; indeed, 
it may not be reconciled with the electrostatic principle of linear super
position of fields. Debye and Hiickel made possible the application of 
this principle by expanding the exponential term in series and were 
able to derive their celebrated limiting expression for the activity 
coefficient. Gronwall's modification of this theory included the retention 
of higher terms in the series expansion. Guggenheim (1959), using the 
procedure of Muller and modern computer techniques, has given an 
accurate numerical solution of the Poisson-Boltzmann equation for 
1 :1 , 2:2, 2 : 1 , and 3:1 electrolytes. Graphical and tabular comparison of 
results from his computations with those from Debye-Huckel and from 
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Gronwall show nontrivial discrepancies. It is pointed out by Falkenhagen 
and Kelbg (1959) that the superposition principle, implicit in the D e b y e -
Hiickel approximation, limits the applicability of the theory to very 
dilute solutions, and it is claimed also that this limitation renders a more 
exact solution for the unlinearized Poisson-Boltzmann equation of 
little assistance. Falkenhagen and Kelbg (1959) review the attempts made 
to apply formal statistical methods to electrolyte solutions of appreciable 
concentrations, and observe that some degree of success has been 
attained. They also discuss a thermodynamic argument, due to Stokes 
and Robinson and to Ikeda, based on ion solvation and yielding fair 
agreement with experiment of calculated activity coefficient variation 
with molality. Robinson and Stokes (1959) state that theories based on 
distribution functions other than the Boltzmann offer no improvement 
in self-consistency and have the disadvantage of adding considerably to 
the complexity of the formulas. 

Even though the simplified model of ions in solution has permitted 
gratifying progress, the point of diminishing returns is being approached. 
It must be realized that ions are not rigidly spherical, that ion-solvent 
and intermolecular forces do exist and that the solvent is not a con
tinuum. Water is an exceptionally good solvent for electrolytes because 
of its high polarity and consequent high dielectric constant. The solubility 
effect is, broadly, twofold: the coulombic binding energy of the ions is 
lowered by the interposition of the dielectric medium, and the spon
taneous ionic hydration results in decrease of free energy. Several 
workers have calculated energies of ionic hydration using Born's equation, 
[discussed in Moelwyn-Hughes (1961)] , but since this equation contains 
the bulk dielectric constant, such calculations cannot give better than 
rough order-of-magnitude results. The hydration of even a univalent 
cation results in a rather firmly bound "primary sheath" of water 
molecules, and within this microaggregate the bulk dielectric constant 
is decidedly not relevant. It is highly probable that the molecules of the 
primary sheath have energies of interaction with the cation which are 
large compared with the thermal energy. The region of secondary 
hydration is at least 2.8 A farther out and the causative attraction is 
much weaker. T o indicate the magnitude of the ion-solvent forces 
neglected by the continuum model, the field intensity due to the ionic 
charge acting on the primary hydration sheath is greater than 
500,000 volts/cm. The current opinion of the situation is that there is 
complete dielectric saturation in the region next to an ion up to 2 A, 
wherein the dielectric constant is 4 or 5 from electronic and atomic 
polarization only; there is then a rapid rise in dielectric constant until it 
approaches the bulk value at about 4 to 5 A. Levine and Bell (1959) 
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have calculated the interaction energy of two ions in water, taking into 
account the existence and polarizabilities of hydration sheaths. Wi th 
regard to secondary hydration, it must be recognized that it is reasonable 
to consider successive hydration layers only below approximately 0.1 Μ 
[Robinson and Stokes (1959)]. Several methods have been used to 
estimate hydration numbers, based on compressibility, activity, diffusion, 
and other phenomena. The results do not agree well, so that it must be 
admitted that little quantitative information about ion-solvent interactions 
has thus far been forthcoming. The philosophic generality of classical 
thermodynamics confers upon its methods at once the power that has 
enabled so many striking advances and the limitation that necessitates 
the extrathermodynamic research, intimately concerned with detailed 
ionic and molecular descriptions. 

An area of research that promises substantial advances—some day—in 
the understanding of saline waters is that dealing with the irreversible 
transport properties: conductance, diffusion, and viscosity. A systematic 
macroscopic and general theory of irreversible thermodynamics has 
been based on the 1931 treatment of Onsager, refined by Casimir, and 
developed by de Groot (1951) , Prigogine, van Rysselberghe, and others. 
Like its classical parent, this theory of irreversible processes is not based 
on any particular molecular model, but it is often applied to solutions 
problems in conjunction with structural theories. Salient among these 
problems is that of electrolytic conductance. 

The most comprehensive treatment presently available is that given by 
Fuoss and Onsager (1957). This includes both the relaxation and electro-
phoretic effects and results in an equation consisting of the Onsager 
limiting law together with a complicated function of the Debye radius 
and the ionic size parameter. Equations including frankly empirical 
terms have been given by Shedlovsky, and by Robinson and Stokes 
(1959), which represent known data almost as well. This means only 
that although the much more rigorous equation of Fuoss and Onsager 
(1957) holds promise of future advances, treatment of data can presently 
be greatly simplified by using the empirical equations. 

It is well to restate here some restrictions that apply to the conductance 
theory. Complete ionization is assumed, a circumstance that exists for 
only a few 1:1 electrolytes in water. The most successful theorists have 
incorporated the Debye-Huckel expression for the potential in the 
absence of an external field. The upper concentration limit accessible 
to this theoretical representation is 0 . 10 N,  although approximate 
approaches can be made for higher normalities. Much work has also 
been done in the areas of electrolyte diffusion and viscosity, but here 
similar difficulties are encountered. Macroscopic thermodynamics, 
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equilibrium or irreversible, cannot give a correct fine-structure represen
tation; and statistical-mechanical and/or hydrodynamic methods are 
plagued by the necessity for reconciling good models with mathematical 
amenability. 

Here indeed is a challenging area of research for the scientist able to 
conceive bold new approaches. The gain to the saline-water program 
resulting from a general theory of solutions that could deal with relatively 
high salt concentrations and real processes would be incalculable. 

III. Current Technology of Desalination 

The separation of water or salt from salt solutions requires energy 
and the second law of thermodynamics provides a basis for the calculation 
of the absolute minimum energy required by any desalination process. 

When sea water of average saltiness is evaporated at any temperature, 
the pressure that the vapor exerts is always a trifle less than it must be 
to be able to recondense to liquid at that temperature. Thus the water 
must not only evaporate but the vapor must be cooled or slightly com
pressed. Recondensation then takes place, heat is recovered, and the 
only cost for energy is the energy spent in the compression of the vapor. 
The latter is the energy required to separate water molecules from the 
ions in solution. 

For sea water this energy amounts to about 2.8 kw-hr/1000 gal of 
product at 77°F. Somewhat less energy would be required for conversion 
of less saline waters. This is the minimum energy required for an in
finitely slow operation and with no losses or inefficiences of any kind. 
Every real or practical process will require more than the minimum 
figure, and it appears that about four times this thermodynamic minimum 
is the best that one could hope to attain. Although still theoretically 
possible, it is unrealistic to believe that methods currently under investi
gation or yet to be devised can operate with a lower practical minimum 
(Murphy, 1956). 

A n aqueous solution can be separated if a way is found to establish 
regions within the solution that differ in concentration. Concentration 
differences can result either from a difference in rates of transport of 
the different components in the solution or from a concentration 
difference at equilibrium. Even though those differences in concen
tration may be quite small, means can be developed to accentuate 
such effects, and nearly complete separation of the components 
often may be accomplished. However, it is essential physically to remove 
the areas of different concentrations, and this is most difficult if the two 
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are both part of the same liquid phase. All current desalination processes 
require that the two areas be in two phases (liquid-vapor; liquid-solid; 
liquid-liquid), so that separation can be accomplished easily. 

Separation of water from saline solution is readily accomplished by 
boiling. Two phases (liquid-vapor) are established with different 
concentrations and then separated mechanically. To attain equilibrium 
without transport, a potential, corresponding to the elevation in boiling 
point of the solution, is required. Additional heat provides the extra 
potential to cause transport to the vapor phase. The phase boundary 
(which in one sense is somewhat analogous to the membrane in a 
membrane process) permits more rapid transport of water than of salt. 
In boiling, transport from liquid to vapor is brought about by a negligible 
potential and the separation process is highly efficient. Energy is supplied 
by heat transfer to the boiling solution. However, large losses are 
introduced by the temperature differences required to supply the needed 
energy, and this is accentuated by formation of scale. The latter is 
primarily responsible for limiting operating temperatures to about 
121°C (250°F). Multiple-effect evaporation permits low-temperature 
heat to be utilized efficiently and is one of the great technical advance
ments. 

Electrodialysis and reverse osmosis are separation processes which 
utilize membranes that are selectively permeable to either ions or 
water. The required energy for the processes is supplied efficiently, 
so that the losses encountered are largely in the separation processes 
themselves. Both involve fairly large potential losses because of the 
gradients needed to effect reasonable rates of mass transfer to and from 
the membrane surfaces and through the membranes. For example, in 
reverse osmosis, the separation process is inefficient, inasmuch as a 
large additional pressure (above the 22 atm required for equilibrium 
with sea water) is essential to obtain acceptable transport rates. Again, 
high transport rates in either process may cause concentration gradients 
near the membrane which tend to oppose the process. 

In any practical process the energy required is related to the potentials 
causing transport, and will be much larger than the theoretical minimum. 
The principal irreversibilities or inefficiencies of a practical process 
correspond to the potentials needed to supply energy to the system and 
the potentials causing transport of water and salt. Potentials other than 
chemical, electrical, or thermal have not been applied successfully to 
desalination. The chemical potential appears as a concentration 
difference in most instances—in reverse osmosis as a pressure gradient. 
Electrostatic, electromagnetic, gravitational, and other potentials have 
shown little promise but may merit investigation. 
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Hundreds of processes for demineralizing saline solutions have been 
submitted to the Office of Saline Water, Department of the Interior, 
but only a few have been developed to the point of actual use. Various 
means of classifying desalination processes, or phenomena potentially 
capable of becoming separation processes, have been suggested. However, 
it is quite simple and convenient to classify all processes into t w o 
categories, as shown in Table 1.2. Inasmuch as the salt present is usually 
3.5 % or less, the processes in category Β would appear to have a theo
retical advantage over those in category A. In present systems, however, 
no over-all advantage is obtained. 

T A B L E 1 . 2 

CLASSIFICATION OF S A L I N E - W A T E R CONVERSION PROCESSES 

A . Processes that separate water f rom the solution 
1 . Distil lation or evaporation 

a. Multiple-effect long-tube vertical 
b. Multistage flash 
c. Vapor compression 
d. Humidification (solar) 

2 . Crystall ization or freezing 
a. Direct freezing 
b. Indirect freezing 
c. Hydrates 

3. Reverse osmosis 
4. So lvent extraction 

B. Processes that separate salt f rom the solution 
1 . Electrodialysis 
2 . Osmionisis 
3. Adsorpt ion 
4. Liquid extraction 
5 . Ion exchange 
6 . Control led diffusion 
7. Biological systems 

The energy requirements for six current conversion processes are 
listed in Table 1.3. It is estimated that, by the year 1980, research and 
development will have reduced the energy requirement of certain 
processes to about 30 kw-hr or less per 1000 gal of product water. 

Since the initiation of the Saline Water Conversion Program in 1952, 
good progress has been made in reducing the cost of desalination. For 
example, during the past decade, the cost of converting sea water to 
potable water has been reduced from about $4/1000 gal of product water 
to approximately $1/1000 gal. This was accomplished primarily by 
improving known conversion processes. 
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T A B L E 1.3 

ENERGY REQUIREMENTS FOR S I X DESALINATION PROCESSES 

Energy required 
(per 1 0 0 0 gal of product water) 

1964 Estimate for 1 9 8 0 
technology technology 0 

Btu χ 1 0 " 3 kw-hr Btu x 1 0 - 3 k w - h r 

Processes using heat 
Multistage flash distillation 1 0 2 0 300 6 1 0 1 8 0 
Long-tube vertical distillation ( L T V ) 1 0 2 0 3 0 0 6 1 0 1 8 0 

Processes using electricity6 

Electrodialysis (brackish water only) 2 5 0 25 1 5 0 15 
Vapor compression distillation 6 1 0 60 3 6 0 35 
Freezing 6 1 0 6 0 360 35 
Reverse osmosis 5 1 0 50 3 1 0 3 0 

α T h e estimated 1 9 8 0 energy requirements are for high-efficiency processes and are 
not applicable to processes Using low-cost energy. 

b T h e energy values given for the "electrical" processes are the thermal energies for the 
appropriate electrical power generation at 3 3 % plant efficiency. 

One of the Department of the Interior's demonstration plants 
(a 36-stage flash evaporator) produced potable water from sea water for 
about 2 years at San Diego, California. It was the first large multistage 
flash plant in the United States and was among the largest sea-water 
conversion units in the world. It was designed to produce 1 million 
gal/day of water containing no more than 50 parts per million of dissolved 
solids. Increased production was achieved by raising the temperature 
of the brine to 240°F before it entered the first flashing stage. Control 
of pH, temperature, brine concentration, and the stripping of oxygen 
and carbon dioxide effectively suppressed scale formation. The total 
cost of the converted water from that plant ranged from $1 .00 to 
$1.25/1000 gal. That plant was closed on February 26, 1964, shipped to 
Guantanamo, Cuba, and is now producing potable water for that 
facility. 

Another demonstration plant (a multiple-effect long-tube vertical 
evaporator) has been operating for A\ years at Freeport, Texas. 
It is a 12-effect falling-film evaporation-type distillation unit, using a 
forward feed operation. During 1963, the net thermal efficiency of the 
plant varied from 10.5 to 1 1 . 4 1b of water per pound of steam. The 
total cost of the product water is similar to that for the San Diego plant. 
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A third saline-water-conversion demonstration plant (a vapor com
pression distillation unit) went on stream in July 1963, at Roswell, New 
Mexico. The designed capacity of the plant is 1 million gal/day, which 
makes it the largest plant of its type in the world. Except for start-up, 
it will require no auxiliary heat source for operation other than that 
supplied through the electric motor drives. The unit was designed to 
operate free of calcium sulfate scale, and the latter is to be prevented 
by using either the ion-exchange or the slurry seeding techniques. 
Cost data on this demonstration plant are not yet available. 

A demonstration plant for brackish-water conversion (four-stage 
membrane electrodialysis) began operation in Webster, South Dakota, 
in May 1962. Designed for 250 ,000 gal/day of product, this plant has 
successfully produced 275 ,000 gal/day with 80 to 8 5 % removal of salt 
content. Production costs of approximately $1.20/1000 gal are higher 
than normally would be experienced when desalting brackish water, 
owing to the high hardness and low temperature of the water. Also, the 
presence of iron and manganese in the water requires pretreatment of 
the feed. Problems have arisen in operation due to these factors, but they 
are yielding to investigation with resulting process and equipment 
improvements. Of interest is the successful, one-shift, unattended plant 
operation, indicating the feasibility of automated plant operation. 

An Office of Saline Water direct-freeze, controlled crystallization pilot 
plant for sea-water conversion recently was constructed at Wrightsville 
Beach, North Carolina. Design capacity is 200 ,000 gal/day. The 
interesting features of this plant are: (1) all heat exchange throughout 
the process is by direct contact of immiscible fluid phases through use of 
hydrocarbon fluids as cyclical heat-transfer media, and (2) controlled 
ice-crystal growth of hexagonal shape and about 1 mm in diameter 
with crystallizer operation at 26°F and 19 psia. 

Pertinent information on four demonstration plants is summarized 
in Table 1.4. 

The Office of Saline Water in 1955 studied the effects of dual-purpose 
(power-water) and relatively large capacity (20 mgpd) water plants on 
product water costs. The potential of such combinations looked attrac
tive. In 1963 the possibility of combining large nuclear electric power 
plants with desalination plants was studied in some detail by an 
Interagency Task Group composed of representatives from the Atomic 
Energy Commission, Department of the Interior, Federal Power 
Commission, and the Office of Science and Technology. Their report, 
issued in 1964, suggests that by 1975 to 1978 the nuclear and water 
technologies will be sufficiently advanced to permit such combinations. 
More specifically, that study indicated that combined installations 



T A B L E 1.4. O S W DEMONSTRATION P L A N T S 1963 

Plant No. 

1 2 3 4 

Distillation, falling film, Distil lation, flash, Electrodialysis, Distillation, vapor 
12-effect 36-stage 4-stage compression 

Process specifications 
3 ,000 ,000 Capacity, gpd: 1 ,000 ,000 1 ,000 ,000 2 5 0 , 0 0 0 3 ,000 ,000 

Scale-prevention tech.: pH control Hagevap (3 ppm) or L o w current density Ion exchange or s lurry Scale-prevention tech.: pH control 
pH control 

232 T o p temperature, °F : 2 5 0 250 50 232 
Power consumed, 

55.9 kw-hr/M gal: 8.11 3 . 18 6 . 4 ( 1 0 . 2 ) 55.9 
Fuel, Btu/M gal: 0 0 .95 x 1 0 6 0 3 1 2 0 
Steam, Btu/M gal: 0 .846 x 1 0 6 0 0 0 
Concentration factor: 3.0 2.0 2.2 4 .0 
Location of plant: Freeport, Tex . San Diego, Calif. Webster , S .D. Roswell, N . M . 
Architect-engineer firm: W . L. Badger Asso. Fluor Corp . Bureau of Reclamation Catalytic Construction Co. 
Construction firm: Chicago Bridge & Iron Westinghouse Elec. Asahi Chem, Inc., Co. , 

Ltd . 
Chicago Bridge & Iron 

Operation and management Stearns-Roger Burns & Roe, Inc. Mason-Rust American Hydrotherm 
firm: Manufacturing Co. Corp . 

Date operation started: M a y 31 , 1961 March 5, 1962 March 8, 1962 Ju ly 1, 1963 
Operation summary : Ju ly 1 9 6 2 - J u n e 1963 M a r . 1 9 6 2 - J u n e 1963 Mar . 1 9 6 2 - J u n e 1963 No operation 

Water quality, feed/product: Sea water/15 p p m Sea water/5 p p m 1 7 0 0 ppm/400 p p m 24 ,500 ppm/50 p p m 
Time on stream, % : 66 .6 71 71 Acceptance tests 
Total production, 1 0 6 gal: 2 5 0 347 86.7 Not completed 
Normal av. prod., 

gal/stream day: 1 ,029 ,000 1 ,000 ,000 2 5 0 , 8 7 0 
Cost/103 gal, 

normal av. prod. : S I . 1 9 $ 1 . 2 7 $ 1 . 65 
Plant efficiency: 1 0 5 lb water ^ ^ lb water 8 0 - 8 5 % removal 

lb steam lb steam 
Remarks: 

3-month operation A p r . - pH control. Operation at Polarity reversal pulsing. 
June 1963 , 9 5 % on 2 4 0 ° F wi th 1 ,400 ,000- One shift unattended 
stream, 1 ,068 ,000 gpd, gpd product operation. Operation 
plant efficiency 1 1 . 4 at 275 ,000 gpd 
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producing 1000 to 1700 M w of marketable electrical energy and 500 to 
800 million gal of converted water per day might be possible by 1975. 

The estimated cost of that desalinated water was around 25^/1000 gal 
at the plant site with the electric power valued at 2.3 to 2.5 mills/kw-hr. 
Several types of nuclear reactors were considered in that study but the 
desalination plant designs were limited to one system, the multiflash 
evaporation process. Some degree of engineering optimism was incorpo
rated in the cost estimates. Desalination processes other than multistage 
flash are under development which require significantly less energy 
per unit of product water (Table 1.3). 

One of the processes presently under development, reverse osmosis, 
has some very favorable thermodynamic and economic features. This 
process utilizes an applied pressure to an aqueous salt solution to cause 
potable water to flow through a membrane in a direction opposite to 
normal osmotic flow. Significant flow rates are observed when the 
applied pressure is larger than that which would be required to establish 
equilibrium against the osmotic flow of pure water. Initial studies 
indicate that the flow rates depend on the initial salinity. Improved 
cellulose acetate membranes having flow rates of 20 gal/ft2-day for sea 
water and 30 gal/ft2-day for brackish water have produced water 
containing 500 ppm dissolved salts or less at about 1500 psi. The great 
promise of the process is derived from its operation under ambient 
isothermal conditions. Additionally, the energy cost is potentially very 
small because no change in state of water is necessary and the energy 
input to drive the process is mechanical. 

NEED FOR RESEARCH 

The road to truly low-cost desalinated water is beset with many 
problems. Their solution will be forthcoming only by the development 
of basic data and information applicable to all desalination processes or 
phenomena which conceivably might be used in separation processes. 
The irreversibilities associated with all existing processes cannot be 
significantly reduced by use of currently available information. Some 
increase in efficiencies can be obtained, but marked additional progress 
in desalination becomes more and more difficult. Much needs to be 
learned regarding the properties of water and aqueous solutions, transport 
processes, and the properties of membranes which permit movement of 
salts or water through them. 

In practically all desalination processes, rate processes (which includes 
all transport processes) dominate the process. Such separation processes 
involve mass transport through the use of appropriate potentials and, 
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in general, transport is the principal source of energy degradation. 
Desalination involves transport of salt molecules, water, ions, and ion 
complexes in aqueous solutions, organic liquids, gases, and solids. 
There is a paucity of data relating to transport across phase boundaries, 
and fundamental research in this area is needed. 

As previously noted, water is a very unusual substance. Any research 
that might help achieve a better understanding of its behavior will in the 
long run lead to the development of new advances in desalination. The 
best assurance of success in the development of low-cost desalination 
processes will be a vigorous basic research effort in the fields of aqueous 
solutions, transport, synthetic and living membranes, novel separation 
techniques, and in other relevant areas of the natural sciences. 
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