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PRELIMINARY DESIGN AND ANALYSIS OF A
PROCESS FOR THE EXTRACTION OF LITHIUM FROM SEAWATER

by
Meyer Steinberg and Vi-bDuong Dang
Depactment of Applied Science
Brookhaven National Laboratory
Upton, New York 11973

Abstract

The U.S. demand for lithium by the industrial sector
is estimated to increase from 2.7 x 106 Kg (2000 short tons) in
1968 to 1.2 x 107 Kg (13,200 tons) in the year 2000. pro-
jections of the demand for lithiun by a fusion power economy
are subject to uncertainties in the future power demands of
the U.S. and the wide range of requirements for various
designs of controlled thermonuclear reactors (CTR). For
a one million MW(e) CTR (D-T fuel cycle) economy, growing
into the beginning of the next century {the years 2000 to
2030) the cumulative demand for lithium is estimated to range
from (0.55+4.7) % 107 to 1.0 x 102 Kg ((0.6~5.1) x 104 to 176 tons).
The present estimates of the available U.S. supply are 6.9 x
108 Kg (7.6 % 10S tons) of lithium from mineral resources
and 4.0 x 10g Kg (4.4 x 106 tons) of lithium from concentrated
natural brines. With this kind of demand approaching supply,
there is concern for lithium availability in a growing
CTR (D~T fuel cycle) economy. There is, however, a vast

supply of lithium in seawater. Although the concentration



of lithium in seawater is dilute (170 ppb), the total quantity
available is large, estimated to be 2.5 X 1014 Kg (2.8 % 1011
tons) thus insuring an unlimited resource for a long term fusion
economy. These estimates provide the incentive for devising an
economical process for the extraction of lithium from the sea.

A preliminary process design for the extraction of lithium
from seawater i3 presented based on the litera%ure data. The
essential features of the process are that seawater is first
evaporated by solar energy to increase the concentration of lithium
and to decrease the concentration of other cations in the bittern
which then passes into a Dowex-50 ion exchange bed for cation
adsorption. Lithium ions are then eluted with dilute hydro-
chloric acid forming an agueous lithium chlovide which is subse-
quently concentrated. Lithium metal is then formed by electrolysis
of lithium chloride. The energy requirement for lithium extraction
varies between 0.08 and 2.46 kwh (e)/gm for a range of production
rates varying between 104 and 10B Kg/yr. This energy requirement is
relatively small when compared to the energy produced from the use
of lithium in a CTR having a value of 3400 kwh (e)/gm Li. Produc-
tion cost of the process is estimated to be in the range of
2.2 to 3.2 cents/gm Li.

To obtain a more definitive basis for the process design, it is
recommended that a thorough phase eguilibria study of the solid-~
liquid crystallization processes of seawater be conducted.

ii



\Uncertainties exist in the operation of large solar ponds for
concentrating large guantities of seawater. A continued tharough N

search for a highly selective adsorbent or extractant for Li from

low concentration aqueous solutions should be made. Investigation

of other physical separation processes such as the use of membranes

should be investigated.
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l. Introduction

The lithium industry was a small industry before World War II.
During the war, it was necessary to develop a hydrogen storage
means for the warships to lift equipment by balloon in case of
emergency. Lithium hydride was developed for that purpuse. &
small amount of lithium hydride can react with sea.water to release
a large quantity of hydrogen (Hader, 1951). After the war, lithium
requirement for nuclear purposes stimulated the production of
lithium for some years during 1954-1960. Excess lithium produced
in those years required more commercial end use after the need for
lithium by the AEC decreased in 1960.

Commercial uses of lithium and its compounds are in the fol-
lowing categories (Cummings, 1968 and Shreve, 1967). Lithium
itself is mainly used for ceramics, glass and multipurpose
greases. Other commercial uses of lithium and its compounds

are for automotive, metallurgy, air conditioning, batteries, etc.




Besides the commercial use of lithium, it ic anticipated that
lithium can be used as blanket material in the fusion reactor.
Lithium has been proposed for the blanket material of the first
wall of a fusion reactor (Controlled Thermonuclear Research
Division, 1973) because its nuclear properties are ideal, its
thermal conductivity is high, it is a desirable coolant, and
above all, it is tritium breding material. A major difficulty
with lithium as a CTR coolant is its high electrical conductivity
which leads to excessive pressure drop and pumping power in cir-
culating it as coolant in the vicinity of the strong magnetic field
of the plasma. To overcome this difficulty, Sze and Stewart (1974)
proposed a method of electrical insulation. Other alternative
methods (El-Wakil, 1971) are the use of lithium compounds which
may be one of the following four materials: (1) molten salts
such as LiF-Ber eutectic called flibe, (2) lithium nitrates
along with other nitrates, (3) mixtures of liquid metals and
molten salts such as lithium and flibe, and (4) LiAl! compound
(Lazareth, et al. 1975).

Use of lithium for blanket or coolant material can be
viewed from an energy point of view (Holdren, 1971). The basic
deuterium~tritium reaction will release a neutron, an alpha
particle, and an energy of 17.6 MeV carried by the neutron and

alpha particle. Deuterium is available in seawater but natural
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tritium is scarce. Bombardment by a neutron, lithium can be
used as a breeder for tritium in the fusion reactor. Because of
this characteristic, lithium becomes one of the unique elements in
the fusion reactions. The energy value of one gram of lithium can
be increased by increasing the breeding ratio (tritons produced/
tritons consumed) or increasing the amount of energy per fusion.
Lee (1969) estimated that the effective energy content of natural
Li ranges from about 8.5 x 103 kwh(t) per gram to 2.7 x 104
kwh(t) per gram of natural lithium. Natural lithium consists of
'7.5% Li® and 92.5% 1i”.
2. Supply and Demand of lithium

Production of lithium for various commercial end uses has
been described previously. Fusion p-wer should be availabkle at the
turn of the century. Natural lithium demand for fusion reactors
varies depending on the reactor type as is shown in Table 1.
For a solid lithium Blanket, the quantity reguired is about 5.5 ~
46.8 Kg/MW(e) of natural lithium or 7.46 ~ 3.9 Kg/Mi{e) 90%
enriched in Li® depending on the first wall load and thermal con-
version efficiency. Por a liquid lithium blanket, the quantity
required may be as high as about 1000 Kg/MW(e). It should be noted
that the minimum activity solid blanket is 90% enriched in Li6
while the liquid coolant blanket is natural lithium (7.5% Lis);
In the following, all the quantities of lithium expressed are in
terms of the amount of natural lithium. The total lithium

demand consists of both use in the blanket inventory and
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burning on a continuing basis as to form tritium. Tritium
is thus part of the fuel cycle. With the present state
of knowledge of the technology, an order of magnitude estimate
rather than exact values can only be made at this time. Figure 1
shows the production and demand of lithium as a function of time.
This chart indicates the slow growth of the industry prior to
World War II and shows the influence of wartime demands, especially
in the peak production year of 1944. Projection of future pro-
duction for conventional use is cbtained by a linear regzession
based on the production rate of previous years. Production of
lithium in 1968 was about 3000 short tons (2.7 x 108 Kg, Cummings,
1968). With an annual increase in the rate of about 5%, the
lithium production in 2000 is estimated to be 1.2 x 107 Kg/year.
Whea the requirement of fusion power in the U.S. reaches about
106 Mw(e) beyond 2930, the quantity of natural lithium inventory
required ranges from about 0.55 x 107 ~4.7 x 107 Kg (Powell, 1975)
for enriched solid CTR blankets to as high as 10° Kg for liquid
lithium coolant blankets. Superimposing these quantities on the
previous one for commercial use, the total quantity of lithium
required lies between 4.3 x 107 and 109 Kg beyond the year 2030.
Figure 1 gives the general trend of lithium preduction and demand
for various time periods. Future projections of these curves may

change with respect to the time scale but the shape of the curve

should remain the same.
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Tablel

LITHIUM REQUIREMENT PER MEGAWATT ¥FOR VARIOUS KINDS OF
FUSION REACTORS INVENTORY

[ a ¢
Reactor orak ° | Tokamak | 8 pinch®} or® jzzz or® | amn @
Type Laser |Mirror Minimum
Activity
Lithium
Reguired
per Megawatt 504 454 377 325 182 5.5 ~ 46.8
Kg/Mvi
1 i

a)COntrolled Thermonuclear Research Division, Feb. 1973. Fusion
power: An Assessment of Ultimete Potential. WASH-1239, p. 20

and A-18.

b)Powell, J. R. Beryllium and Lithium Resource Reguirements for
Solid Blanket Designs for Fusion Reactors. BNL 20299, March 31,

1975.
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Conventional lithium sources are minerals and brines.
In the U.S. most of the lithium minerals come from Kings |
Mountain, North Carolina. #Mainly spodumene and some amblygonite !
are mined in North carolina. South Dakota also has some re- )
serves which consist of spodumene, amblygonite and lepidolite.
Elemental composition of these minerals is shown in Table 2.
Spodumene has the highe;t lithium composition as compared
to the other minerals listed in the table and more than f
half of the Free World's output of lithium oxide comes from
this source in 1963. Estimation of the total quantity of
resources from these materials is about C.89 x 108 Kg as
can be seen in Table 2.

In order to produce more lithium and to reduce mining
operations which rely on relatively expensive mining and
conventional hydrometallurgical processing, brine has been
investigated for an alternative source for lithiuwm., Lithium
has been found in brines in several places such as Silver
Peak, Nevada; Great Salt Lake, Utah; Searles Lake, California;
and Bonneville, Utah., Of these locations, lithium con-
centration is highest in Silver Peak, Nevada as can be
seen in Table 2 (reference by PJB, 1966). Commercial
practice has been carried out in Nevada, Utah, and
California. Estimates of the content of two of the

richest lithium brines are 3.45 x 10° Kgs in Silver Peak,

o kN



Table 2

MINERAL CONTENTS AND SOURCES OF LITHIUM
(weight percent)

\eurc eg| Silver peak, Gre::kzﬁs; Sea WateéhbSpodursshgT)P petaﬁ’fg" LePido](.fég*) Amblygégige* -
Mineral uevada(a) Utah'

e 2=z======zsfl____________.
Sodium 7.5 7.0 1.08 0.36 0.68 0.50 -~ 0.88
Magnesium 0.06 0.8 0.13 0.60 — - ——
Calcium’ 0.05 0.03 0.04 0.34 - - -
Lithium 0.04 0.006 0.000017} 2.80 1.58 2.26 0.85
pPotassium 1.0 0.4 0.04 0.60 0.17 10.18 -
Silicon - 0.0004 0.0003 29.7 36.2 23.83 -
Altuminum - -~ - 13.9 8.81 13.30 17.87
lron —— — - 0.95 0.14 0.29 -
Sulfate 0.75 1.5 0.27 - - - -
Chloride 11.7 14.0 1.94 - - — -
Bromide 0.0 0.0 0.0004 - - - -

Total Lithium{3.45 x 10° [s.91 x 10° 2.5 x 10™* 6.89 x 10°

Estimated {Ka)

> .

All the metals are in oxide forms. Another major element in amblygonite is phosphorus.

(a) PJIB, 1966, Nevada Brine Supports a Big New Lithium Plant, Chemical Engineering, August 15, p. 16.
{b) Riley, J. B. and Skirrow, G. 1965, Chemical Oceanography. Academic Press, p. 164.

(c) Cummings, A. M. 1968, Lithium in “Mineral Facts and Problems" by Staff of Bureau of Mines, 1970 ed.
pgs. 1073-81.

(d) Mellor, 3. 'W. 1946. Comprehensive Treatise of Inorganic and Theoretical Chemistry, Vol. 1II, p. 425.
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Nevada and 5.91 x 10% Kg in the Great Salt Lake in
Utah as is shown in Table 2.

The total estimated supply of lithium from brine and
mineral reserves is thus about 4.73 x 102 Kg, which comes
close to the maximum cummulative gquantity demanded for
fugion reactors beyond 2030 estimated to be as high as 109 Kg.
If there is any additional large demand for lithium

7

such as for lithium sulfur batteries and for Li’ as water

conditioner in fission reactor, the rese:ves will not be
sufficient to sustain a long term fusion economy. To remedy
this situation, a large new lithium source of supply should
be explored in conjunction with a reducticn of fusion reactor
lithium demand. In this report, seawater is cxamined as an
alternate large source for Li. The concentration of lithium
in seawater has been determined to be 170 ppb (Rilev, 1964,
1965; Chow, 1962). Although the lithium concentration in

the sea is very dilute, its quantity is tremendous-~-astimated
to be about 2.5 x lO14 Kg. If annual regquirement for lithium
is a maximum of 4.32 x 10% Kg/yr after 2030 (Powell, 1975)

for solid blanket or even abou: twenty times larger than the above

quantity for liquid blanket the supply of lithium from the sea can

last a miilion years or more. Thus the presence of unlimited
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fuel r=sourcn as promised for a deuterium economy becomes possihle.
Obviously this is possible only if the technolegy for extraction of

lithium from seawater becomes economically feasible.

The objective of th esent paper is to outline a process for

the extraction of lithium from seadwater and to determine in a pre-

liminary manner the mass, energy blanace, economics of such a

process.

3. Process Concept for Extraction of Lithium from Seawater

Regardless of which orocess scheme is considered. the minimum
theoretical energy reguirement for extraction of lithium from sea-
water can be determined from the equation of minimum free energy
change'AF = RTln(?N). where AF is computed to be 0.07 kwh(t)/
gmLi.

Several possible routes for lithium extraction were considered
mainly based on a study of the literature. The unit operations
considered for the concentration of dilute species included
adsorption, solvent extraction, ion exchange, evapbration,
precipitation, and electrochemical separation. ZIdeally, it
would be most advantageous to have a specific selective
adsorbent for lithium. Although this is technically possible
our literature survey did not reveal such an agent. As
a result, preliminary calculations indicated that an extraction
process involving concentration by solar evaporation followed

t'y ion exchange and finally electrolytic separation may be a
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reasonable process approach. This process has been studied to be
a more economical one than a process using solar energy alone for
salt separation.

Extraction of sodium chloride and magnesium from seawater by
solar evaporation has been practiced on a commercial scale for
many years (Shrier, 1952; Schambra, 1945). Extraction of uranium
from seawater by an ion exchange method was proposed by Davies et
al. (1964). The concentration of lithium in seawater lies between
that of sodium and uranium. The applizatiun ot s9lar =2vaporation
alone can hardly produce pure lithium without subsequent chemical
treatment because of its dilute concentration. Aapplication of ion
exchange beds alone will require a large quantity of ion exchange
resins and therefore become uneconomical. Hence, a method of com-
bination of solar evaporation and ion exchange is used for extrac-
tion of lithium from the sea. The separation and quantitative deter-
mination of lithium in seawater have been carried out by several
investigators (Chow, 1962; Riley, 1964; Leont'eva, 1972) using ion
exchange methods. Table 3 lists a survey oi these metheds. Strelow
(1974) separated lithium from sodium, beryllium and many other ele-
ments by eluting lithium with 1 M nitric acid in 80% methanol from
a column of AG50W-X8 sulphanated polystyrene cation-exchange resin.
This method is similar to that of Riley (1964) and may be used for
separation of lithium from seawater. The large engineering scale

process design is based on the laboratory results of Riley (1964).
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The plant can be located either by the seashore or on an offshore
island. The ion exchange beds may be built in the strait so that
power required to pump seawater to the beds may be eliminated.

A schematic flow diagram of the process is shown in Fig. 2.
Sea water flows in the solar pond by tidal waves. Ponds can be
built according to the topography of the seashore. The concentra-
tion ponds should be built at a higher elevation and the crystalli-
zation pond will be built at a lower elevation so that concentrated
brine can flow from the concentration pond to crystallization pond
by gravity. 1In the concentration areas, water is evaporated succes-
sively to different concentrations of lithium in ponds of various
sizes. In the process of fractional crystallization of seawater,
sodium chloride, calcium sulfate and magnesium chloride will precip-
itate first because of their much higher concentration and thus will
reach their solubility limit first. Assuming the salts precipitated
out in the order with calcium sulfate first, followed by sodium
chloride and magnesium chloride, it is found out that when the sea-
water is concaeatrated 106 parts of original seawater upon evapor-
ation, then lithium chloride will begin to precipitate out. The
solar pond systems can be designed to be big enough such that 2
parts in lospa;ts of water is left after solar evaporation. In this
manner , the size and capital investment of the ion exchange bed can

be greatly reduced.

The concentrated lithium brine is passed into the precleaned




Table 3.

LITERATURE OR SEPARATION AND DETERMINATION OF LITHIUM FROM SEAWATER

Author

1)

(2}

(3)

4)

(5)

(6)

n

(8)

(9

Marchand
(1855)

Thomas and
Thompson (1933)

Goldachaidt
at al. (1933)

Strock (1936)

Bardet et al.
{1937)

Ishibashi and
Kurata (1939)

Chaw and
Goldherg (1962)

Kappanna et al.
{1962)

Riley et al.
{(1964)

(10} Leont‘eva

et al. (1973)

Ocean or Sea

English Channel

North Sea

North Sea
NHorth Sea

Rorth Atlantic

Pacific (Japanese
Coastal Waterxs)

Pacific

Indian{Coastal
Waters)

Ali Oceans

High mineral
solution

Li
Concentration

(ng /)
200

100

72
l40

200

170

173

160

1a3

11000

Mathod of Separation

Precipitate Ca and Mg as
carbonates, NaCl precipitated
with alcohol or HCl. Residual
Mg precipitated. Filtrate
aevaporated to dryness and
residue extracted with alcohol

Li eeparated f£rom NaCl by amyl
alcohol extraction. Other
elements removed by repeated
precipitation and evaporation

Concentrated by evaporation and
elenents removed by precipita-~
tion

Sample enriched with 6Li. i 55
separated by lon exchange and
eluted with HCl

Li + residual Mg pracipitated
as phosphate and weighad. Mg
determined titrimetrically
with EDTA

Sample enriched with Li. Li
gseparated by ion exchanga and
then eluted with HCL

ISM-1 ion-sieve cation ex-
change

¥iethod of
Determination

Graviwetric as

Ll390‘

Visual flame
apectrophoto~
metry

Spectroqraphic
on sea salta

Spectrographic
on dry salts

Gravimetric as

Lizso‘

=g f=-

Gravimetric

Isotope dilution

Gravimetric

Flame photometry

Flame photometry

e o AR 17 A A
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Table 3.

LITERATURE ON SEPARATION AND DETERMINATION OF LITHIUM FROM SEAWATER

Li Method of
Author Ocean or Sea Concentration Method of Separation Determiration
(ugle) '
(1) Marchand English Channel 200 ' Gravimetric as
(1855} L13PO4
{(2) Thomas and North Sea 100 Precipitate Ca and Mg as Visual flame
Thompaon (1933) carbonates, NaCl precipitated |spectrophoto-
with alcohol or HCl. Residual |metry
Mg precipitated. Filtrate
evaporated to dryness and
residue extracted with alcohol
(3) Goldschmidt North Sea 72 Spectrographic
et al. (1933) on sea salts
(4) strack (1936) North Sea 140 Spectrographic
on dry salts
(5) Bardet et al. North Atlantic 200 Li separated from NaCl py amyl ] Gravimetric as
(1937) alcohol extraction. Other L12304
elements removed by repeated '
precipitation and evaporation 5
]
(6) Ishibashi and Pacific (Japanese 170 Concentrated by evaporation and| Gravimetric
Kurata (1939) Coastal Waters) elements removed by precipita-
tion
(7) Chow and rPacific 173 Sample enriched with 6Li. Li Isotopa dilution
Goldberg (1962) separated by icn exchange and
eluted with HC1
(8) Kappanna et al. Indian(Coastal 160 Li + residual Mg precipitated |[Gravimetric
(1962) Waters) as phosphate and weighed. Mg
determined titrimetrically
with EDTA
(9) Riley ot al. All OQceans 183 Sample enriched with Li. Li Flame photumetry
(1964) separated by ion exchange and
then eluted with HC1
(10) Leont‘'eva High mineral 11000 ISM-1 ion-sieve cation ex- Flame photometry
et al. (1973) solution change
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ion exchange bed of Dowex 50-X16 {polymer beads of polystyrene
crosslinked with 16% polyvinylbenzene). The characteristic of

the Dowex resin is selective for exchange of its hydrogen ioﬂ with
the cations in the seawater in the order of potassium, sodium, and
lithium followed by magnesium. Sodium ind potassium ions will be
adsorbed first by the resins and then lithium ions will be adsorbed.
After lithium ions are adsorbed, the remaining seawater will be
concentrated in a smaller solar pond to concentrate the chloride inns
in solution to a stronger hydrochloric acid. One can design the
size of the bed to be big enough so that it can be operated 24 hours
before the bed is saturated. In order to maintain continuous oper-
ations, a second bed is needed so that while one bed is functioning
for.the adsorption mode, the other bed can operate in.the eluticn
mode. Lithium ions are first eluted from the pregnant bed with
0.2-0.5 N hydrochloric acid. The eluted lithium chloride solution
from the bed can flow in the evaporator to obtain concentrated
lithium chloride or recycle back to the bed in order to elute more
lithium ions. The lithium chloride then flows into an electrolyzer
where lithium is electrolyzed. Hydrogen and chlorine from the

electrolyzer react in a burner to form hydrogen chloride which is

then dissolved in water from the evaporator to form dilute hydrochloric

acid. The dilute hydrochloric acid is recycled back to the ion
exchange bed to elute lithium ions. Other cations such as sodium,

potassium ions, ete., will be eluted by concentrated hydrochloric



acid (8N) from the ion exchange bed after lithium ions are eluted
out by dilute hydrochloric acid and before fresh seawater is passed
in the bed. The eluted effluent is then passed back to the sea.

Evaporators used are triple effect backward feed evaporators.
The assumed steam economy (total water evaporated/total steam
supplied) .s three. Boiling point elevation in each evaporator is
neglected. Electrolyzer design follows closely the one described
by Hader (1951) for electrolysis of lithium chloride.

4. Process Design and Economic Analysis

In the present design calculations, W gm/hr of lithium is
taken as the production unit throughout and all the design quan-
tities are based on this variable. Once W is defined, all other
quantities may be computed.

The first major unit to design is the solar pond system. The
rate of evaporation of water by solar energy is an important issue
here. From a simple energy balnace, one can tak: the heat required
for evapoaration to be supplied by solar radiation in accordance to
the following equation

My = BaAt (1)
where A is latent heat of water taken to be 1000 Btu/lb; B is the
daily average solar energy received on the ground that varies from

a few hundred to 25C0 Btu/ft2 (Lof, 1966); t is the time interval

during which the seawater receives solar energy for evaporation;
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A is the pond area in ft27 M is the mass of water evaporated in lb.
Validity of this equation can be examined from data of Silver Peak
(PTB, 1966) which shows that 107 1b/yr of lithium carbonate is
produced in a pond of 910 acres. Daily solar energy radiation
received on the ground taken to be 1500 Btu/ftz. In order to

obtain the number of active days evaporation from about May to
September each year (the periocd where abundant sunshine is received
on ground in the West Coast), a correction factor of 0.5 is needed
to validate the results of Silver Peak (PJB, 1966)in using Egquation
(1) which is a simple and good approsimation for large complex solar
pond systems. Hence, one can then apply Equation (1) for solar
pond design for extraction of W gm/hr of lithium from seawater
having an initial lithium concentration of 170 ppb. If we seleui.

a plant location in Southwest coast of the couniry with hourly solar
energy inteasity of 187.5 3:i/ar Etz and time of evapoaration to be
3600 hr/yr, we can calculate the pond area to be 0.288 x 10° w £r2
in order to evaporate 2.36 x 1010 W gm/yr of seawater. For a pro-
duction rate of lithium of 10? Kg/yr which is sufficient for one
1007 MW (e) fusion reactor of ORMAK or one hundred 1000 MW(e)

fusion reactors of BNL minimum activity blanket, the area of  solar
pond required is about 155 sgquare miles. Utilization of waste heat
of about 3 x 109 Btu/hr from a 1000 MW(e) fusion reactor for part of

the heat supply for solar evapoartion can also be considered. With

the present design, it is found that using the waste heat for soalr
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evaporation can only be reduced by about 0.6 sguare miles or about
0.3% of the land calculated without using waste heat.

The concentration of cations initially in the seawater which
will precipitate in sail form such a sodium chloride, calcium
sulfate, magnesium carbonate, potassium chloride, etc. is about
0.0351 g/g seawater. When 2 parts of the initiél 106 parts of
seawater is left from evaporation (lithoum chloride will begin to
precipitate when 1 part of the initial ufparts of. seawater is left)
12.6 W gm/hr of bittern flows into the ion exchange bed for cation
adsorptions. More than 99.9% of CéSO4, NacCl, MgCl2 and KCl is pre-
cipitated in the crystallization ponds. The flow rate of bitterns
that contain cations is 0.568 W gm-equivalent/hr. The capacity of
Dowex~50 is 4.32 meq/gm and the design of the ion exch;nge bed is
for 24 hour operation period before switching over to another bed.
Then the total amount of ;esin required is 6320 W gm. The density
of the resin is 0.802 gm/c.c. so the volume of each bed is 4.14 x 10
(W/N) c.c. where N is the number of beds. The ratio of height to
diameter of bed is taken to be 15 (Dow 1958; Chow, 1962; Riley,

1/3

1964) so height and diameter of each bed are 93.5 (W/N) cm and

/3

1 ,

6.23 (W/N) cm respectively.
According to Riley and Tongudai (1964), 500 ml of 0.5 N HCL is
used to elute 1.17 mg of lithium., Theoretically one equivalent of

hydrogen ion can displace one eguivalent of lithium so the hydro-

chloric acid can recycle 1176 times to elute lithium in the bed be-

3
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fore it passes into the eQaporator to drive off water from agueous
LiCl. The circulation load of hydrochloric acid is 1.5 W gal/min.
Riley and Tonguadi reported that one liter of 4N HCl is used to
elute other cations such as sodium, potassium, etc. from the bed.
In the present operation, the concentrated hydrochloric acid re-
quired is less tian that used by Riley and Tonguadi because more
then 99.9% of the cations are precipitated. With this reduction of
cations in the bittern, 25.6 W gm/hr of 4N hydrochloric acid is
needed.

When all the hydrogen ions in 0.2 N hydrochloric acid are dis-
placed by lithium ions in the the ion exchange bed, LiCl of 8.48 g/1
flows into the evaporator at a rate of 746 W cc/hr.

To obtain a solid lithium chloride in the evaporator; 99.152%
of water has to be evaporated. The evaporator type is a triple
effect backward feed with a steam economy of 3, Process steam at
140 psia and 353°F is used to supply heat of evaporation of water.
Using a heat transfer coefficient of 500 Btu/hr ft2 Op, one can

estimate the heat transfer area of the evaporator to be 4.62 x 10.3

W square feet.

The electrolyzer used is similar to the one described by Hader
(1951) except larger in scale. Cell of dimensions of 14' x 21' x
10.5' are used and its capacity is 161 lb/hr. Fourteen graphite
anodes with 1.25 ft diameter -and 21 ft long are supported from above

the cell and extend downward into the electrolyte bath. The cathode

is made of steel. Operating conditions would be the same as in a
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Table 4

EXTRACTION OF LITHIUM FROM SEAWATER
SUMMARY OF DIMENSIONS AND NUMBERS OF MAJOR PIECES OF EQUIPMENT.

Eguipments Ion
Exchange Pumps Evaporator Electrolyzer Solar
Bed Pond
— N —— —
—— —_— *g==j= e r—
Height (h) Total Area 21 ft x 14 ft x 10.5 f¢t Area =
1/3 -3 2
Dimensions = 3.07 (W/N) / = 4.62 x 10 W ft 2_!11}-
7000 gal/min Bt .
Diameter (D) 1
X
o
= h/15 i
3 -4 .2 .
Number of N =(153.5/h) =2.14 % 10 W N =3 W 155 mi”
Units () B="gmax 16l 12.4 mi x
2 12.4 mi
Values are N = 17 vhen 27 645 £t~ each 2 ;
given for W = h = 60 ft o
1.25 x 103 g/hr D= 4 ft iy
N = 5 when
h = 20 ft

D = 6 ft
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conventional cell (Hader, 1951). Table 4 shows a summary of the
dimensions anu numbe: of major units. The area of the solar pond
is a significant factor in the present process. Table S5 shows the
areas of ponds required for various production rates of lithium
based on Equation (1).

An important aspect of the process is the energy requirement.
Mechanical energy is required to transport bittern and hydrochloric
acid between the ion exchange bed and other pieces of equipment.
The mechanical energy ecquation for fluid transport in the present

system is:

9 an o+ + + W_=0 (2)

gc ch gc D s

where the first term is for potential energy, the second term is
for kinetic energy, the third term is frictional losses in the pipe
line, with Fanning friction factor £, length of pipe L, diameter of
pipe D and the fourth term is the pumping power required with the
pumping efficeincy 80%. Writing the velocity term in terms of the
mass flow rate of liguid and the diameter of pipe, one 3ian rewrite

Equation (2) as follows:

2 2
9 an + 86 432826, 4 oo (3)
g 2 2.4 2 2,5 s
9ep 9P

3

By substituting the mass flow rate for bittern (3.5 x 10 ~ W 1b/hr),

2

0.5 N HCL (6.3 W lb/hr), 4N HC1 (5.64 x 10 ° W 1lb/hr), height of

ion exchange bed and length of transporting line which is taken
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Table 5

EXTRACTION OF LITHIUM FROM SEAWATER.
SOLAR POND AREA AS A FUNCTION OF LITHIUM

PRODUCTION RATE.

Lithium Production Solar Pond Area
Rate (Kg/yr) (Square Miles)
104 1.55
105 . 15.5
10° 155

Note: for higher production rate, one can have plants
located in several sites so that the requirement
for solar pond area will not be concentrated in

one location.
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7.1 times of the bed height, one can obtain the pumping power

required in terms of kwh(e)/1b Li as:

. -9 2
0.35 "410 W 1 1.35x10%h+o0.61x10 80
D Ds

The thermal energy required in the evaporation is 73.1 kwh(t)/1b Li.
With 80% cell efficiency, energy required in the electrolyzer is
8.15 kwh(e)/1b Li. So total energy required for extraction of

lithiun from seawater by the present process in terms of kwh(e)/lb Li

is then:
0.35 % 10”2 w -4 -11 w’h
S22 LSS 2 41,35 x 107 h 4+ 0.61 x 107 =2 + 37.39
D D

Table 6 shows a summary of energy requiremernts calculated from the
above expression for various lithium production rates, pipe sizes
for liquid transport and heights of ion exchange bed. When lithium
production rate is less than 105 Kg/yr, the energy requirement for
the present process is mainly for thermal energy in the evaporation
and electrical energy for the electrolyzer. At higher production
rate, pumping energy becomes more important. When lithium production
rate is less than lO6 Kg/yr , energy requirement for lithium extrac-
tion is less than 0.2 kwh(e)/gm Li. Energy requirement increases
with increase in lithium production rate and height of ion exchange
bed mainly due to increase in pumping power for liquid transport in
the pipe line. However, increased pipe size will decrease energy

requirements, as can be seen in a decrease from 1.667 to 0.719 kwh(e)/gm
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Table 6

SUMMARY OF ENERGY REQUIREMENT FOR LITHIUM EXTRACTION FROM

SEAWATER AT VARIOUS LITHIUM PRODUCTION RATES, PIPE SI2E FOR
LIQUID TRANSPORT AND HEIGHT OF IONM EXCHANGE BED.

Lithium Diameter of pipe | Height of Ion Exchange | Energy Requirement for
Production Bed Li Production
Rate
Kg/yr D(ft) h(ft) kwh(e}/am (kwh(e)/1b)
—_—=___———m=—____—-=:f=———_‘.__—===~—==4==—_—:_=
4
10 1 60 0.082 (37.39)
1 20 0.082 (37.39)
2 60 0.082 (37.39)
10° 2 60 0.083 (37.46)
1 20 0.165 (37.50)
2 60 0.082 (37.39)
108 1 60 0.098 (44 .46)
1 90 0.106 (48.00)
2 60 0.083 (37.61)
7
10 1 60 1.642 (745.39)
1 80 2.422 {1099.39)
2 60 0.131 (59.52)
108 2.5 60 1.667 (761.5)
2.5 90 2.460 (1123.6)
3 60 0.719 (328.4)

*Energy requirements include pumping energy, evaporator energy, and
energy for electrolysis.
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for pipe size increase from 2.5 to 3.0 foot diameter at lithium pro-
duction rates of 108 Kg/yr and b:d height of 60 feet. Even using

the most energy intensive case in our study (2.46 kwh(e)/gm) for
production of lithium of 108 Kg/yr which is sufficient to build 124
ORMAK or 104 BNL minimum activity blanket fusion reactors of 1000
Mw(e) , one can s +hat the present process is still an energy effic-
ient one compared to the minimum natural lithium energy content es-
timated by Lee (1960) for fusion reactor as 3400 kwh(e)/{gm Li.

A preliminary ecominic assignment of the process has also been
studied. A solar pond is made of a dike surrounding an area holding
seawater and can be constructed at a neg;igible cost compared to the
other major items such as equipments and ion exchange beds. The
cost of the pump is obtained from Peters (1968, p. 466). The cost
of the electrolyzer is evaluated from its basic material cost such
as steel and graphite (Cummings, p. 1032). The cost of the evapnr-
ator and burner for HCl is obtained from Popper (1970, p. 145 and
p. 87). Table7 1lists the capital investment of the present process
for extraction of lithium from seawater in terms of W gm/hr of
lithium production rate in 1970 dollars. Results of the capitzl
investment for three different lithium production rates (104-106
Kg/yr) are exhibited in Table 8. Table 9 givas the production cost
of the process. The cost of steam is reasonably taken to be
0.249¢/1000 gm ($1.15/1000 1b) (Peters, p. 772) or 0.07¢/gm Li and

a small cost is taken for HCl in the recycling elution process.

e s



Table 7

CAPITAL INVESTMENT FOR A PLANT FOR THE EXTRACTION OF LITHIUM FROM

SEAWATER IN TERMS OF W gm/hr LITHIUM PRODUCTION RATE.

[P

1tem capital Cost i$)
(1) Resin Beds 708
Pumps 221.9"0.489
Evaporator 2.1"0'8
Electrolyzer 0.3W
Burner 184.6H°'85
(2) 1and for gglar pond 4.6% of 3.2 + 8.498°°%% + 10.20%-%% 4 0.140°8
item (1) 8
(3) piping 20% of item (1)® 20.4w +53.5v°°8% + 6a.4w®1%% 4 o.en®"
{4) Service facilities 56X of item
(1;"’ 30.4w + 103.4w0°%5 & 124.3w098% 4 1.2 08
{5) Unlisted equipment & misc. 10%
of sbove (b 13w + 3426285 & 41160982 4 0.4u08
(6) 1Installation of equipments
35% of above(@ 45.59 + 119.7w0°5% 143.96°7%8% 4 1.44%"
191.94 + 503.9%0°85 + cos.awC 8% 4 58408
(7) Site preparatjons, buildings
20% of above“‘ 38.3W + unmo‘85 + xzx.zun'“g + 1.:m°‘8
{8) Electrical & instrumentation
20% of above (b 38.30 + 101w°°8% + 222.207°99% ¢ 3 W00
Subtotal 268.5w + 765.9w°°% + gas.2w?*18? 4 5,208

. c
{9) Total, 2 tmmes( to include engineering,

construct}an overhead and contingency 5379 + ldll.auo'ss + 1696.4Ho'489 + 16 4“0'8

a)
Peters, M. S., Pimmerhaus, K., W, 1968 “plant Desi and
€ f . W Eco
Engineers”, 2nd ed. MecGraw-Hill, p. 104, o nomics for Chemical
b)‘ .
larrington, F. E. et al., 1966, ORNL Central Piles No. 66-2-57, p. 36.
<)
Page, J. S. Estimators Manual for Equipment and Installatian Cost, g. 124-27.

~gT~



Table 7 - '

CAPITAL INVESTMENT FOR A PLANT FOR THE EXTRACTION OF LITHIUM FROM
SEAWATER IN TERMS OF W gn/hr LITHIUM PRODUCTION RATE.

Item capital Cost (§)

(1) Resin Beds

70u
.489
pumpg 221.9% P.40
Evaporator 2. lwo -8
Blectrolyzer 0.3w
Bucner 184.6w° 2%
(2) 1304 sor gglar pona 4.6% of 3.234 + 8.409° %% & 10.269°989 | o.140°8
em
(3) piping 2994 of item (1) 20.aw +53.5w°0°8% 4 6a.4aw?-%82 , o g8
(4) se vice facilities 56% of item
af? 39.4w + 103.400°%% + 1243427989 4 1.2 40
{5) uUnlisted equipment & misc. 10%
" of above(P 13w+ 34.26°°%% 4 422607989 4 0.4u%°®
(6) Imstallation of eqguipments
35% of aboveld as.5w + 119.760°°%% 143.90°°9%% 4 1.4%®
191.9% + 503.940+85 + 605.aw® 98? 4 5.0u0-®
(7) Site preparations, buildings
20% of al::ove.ig 38.3W + 101w°'85 + 121 .Zwo -489 + I.ZHO'B
(8) Electrical & instrumentation
20% of above (b 38.39 + 100078 4 2232974999 4 3 W08
Subtotal 268.5w + 705.9%0°%% + gen.26®-%8% 4 g.20°®
(9) Total, 2 times'S to include engineering
constructio head ‘ 0.85 .489 0
n overhead and contingency $37W + 1411.8w + 1696.4W ° + 16.4w0°8

a)

Peters, M.

S., Timmerhaus, K. W. 1968 “Plant Design and E
Engineers*, 2nd eqd. McGraw-Hill, p. 104, g conmlcs for Chemical

b) .
Harrington., P. B. et al., 1966, ORNL Central Piles No. 66-2-57, p. 36.
c)
Page, J. S. Estimators Manual for Equipment and Ingstallation Coat, p. 124-27,

=gl



Table 8

CAPITAL INVESTMENT FOR PLANTS FOR THE EXTRACTION OF LITHIUM FROM SEAWATER

Capacity range

104-106 Kg/yr plants (1974 dellars)

Jtem Capital Cost ($10°) Percentage of Total
_E}thium pProduction Rate 104 Kg/yr 10s Kg/yr 106 Kg/yr 104 Kg/yr 10s Kg/yr 106 g/yr
{1) Resin Beds 0.09 0.88 8.75 7.2 8.4 9.4
Pumps 0.00 0.01 0.04 0.2 0.1 0.0
Evaporators 0.00 0.00 0.02 0.0 0.0 0.0
Electrolyzers 0.00 0.00 0.04 0.0 0.0 0.C
Burner 0.07 0.46 3.31 5.4 4.5 3.5
(2) Land for solar ponds 0.00 0.06 0.56 0.5 0.6 0.6
(3) Piping 0.04 0.39 3.52 3.7 3.8 3.8
(4) Service facilities 0.09 0.76 6.80 7.2 7.3 7.3
(5) Unlisted equipment & misc. 0.03 0.26 2.31 2.5 2.5 2.5
(6) Installation of equipments 0.11 0.90 8.07 8.9 8.6 8.6 |
{7) site preparations, buildings 0.09 0.74 6.68 7.2 7.1 7.1
{8) Electrical & instrumentation 0.09 0.74 6.68 7.2 7.1 7.1
Subtotal 0.60 5.13 46.78 50.0 ~50.0 50.0
(3) Eng., Const. Overhead & 0.60 5.13 46.78 50.0 50.0 50.0
Contingency
Total 1.21 10.43 93.56 100.0 100.0 100.0

-I.Zo



Table 9

PRODUCTION COST FOR EXTRACTION OF LITHIUM FROM SEAWATER IN TERMS OF W gm/hr LITHIUM PRODUCTION RATE

(1974 dollars)

————

Itens Production Coct Cente/gm Li Percentage of Total
cente/qgm Li
Lithium T~
Production
Rate 10° ¥qsye | 10° kgtyr| 10° ® 107 & 10! x 10° 10° wg/yr | 107 kasye
Yearly Charge | 0.85 + 225w 1%, 1.70 1.42 1,25 1.12 $4.0 53.4 53.2 51.4
1% 2.7 -5 4 0030”2
Electrical En-
ergy Cost (for
punping and
electrolyais) 0.03 0.03 0.04 0.05 0.9 1.1 1.7 2.3
1.5¢/kwh(e)
Steam Cost
¢0.249/1000 gm| 0.07 0.07 0.07 0.07 0.07 2.6 2.6 3.0 3.21
Raw Material 0 0.00 G.00 0.00 G.00 0.0 0.0 0.0 0.00
Chemical (HC1) 0.07 0.07 0.07 0.07 0.07 2.2 2.6 3.0 3.2t
Maintenance, _.15 .51
labor, etc. 0.66 + 1.73W " "T+2.089 °
10%(b 0.02w -2 1.31 1.10 .96 0.87 41.6 41.4 40.8 39,9 |
Total 1.65 +23.93"-.15 + d.8%5 3.18 2.69 2.34 2.18 100.0 100.0 100.0
0.050"

(a) BHarrington, F. E. et al., 1966, ORNL Central Piles No. 66-2-57, p. 37.

b)

Kanin, R., 1958, Ion Exchange Resins, 2nd. ed. Wiley & Sons, p. 396.

-g2=
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Table 8 and Figure 3 shows the lithium production cost versus lithium pro-5
duction rate. The production costs range from 2.2¢ to 3.2¢/gm. It is seen
that the production cost (1974 value) is competitive with the cost
of lithium at 2 cents/gm (Holdren, 1971). The costs are somewhat
higher than the selling price of lithium at 2¢/gm (Holdren, 1971).
In terms of use in fusion reactors the per kwh(e) cost is no more than
0.01 mill/Kwh(e) which thus insuves a negligible cost. The main
thing is the resource availability which is insured by the sea.
Conclusion

A process for the separation of lithium from seawater is
designed based on solar evaporation and ion exchange sorption/
desorption followed by electrolytic recovery for metal; The pre-
liminary analysis shows that the process appears to be technically
feasible. Uncertainties exist in the practical operation of large
ponds. The enargy requirement for lithium extraction by this pro-
cess can be as low as 0.082 to as high as 2.46 kwh(e)/g Li depend-
ing on lithium production rate. Compared to the eguivalent minimum
nuclear energy content of natural lithium of 3400 kwh(e)/gm, the
energy requirement for this process is relatively small. A prelim-
inary economic analysis shows that the production cost of lithium
for the present process is ia the range of 2.2 to 3.2 cents/gm
(1974 values) which is slightly above present selling price of

about 2.0¢/gm from conventional mineral resources. The point is that
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it should be possible to insure an unlimited resource for lithium

for the long term fusion economy at a reascnable cost. To remove tt

uncertainties in the process technclogy it is recommended that a
phase study of the salts in the sea be undertaken to determine the
liquid-solid equilibrium during solar evaporation. It is further
recommended that a laboratory search for a highly selective absorb-
ent or adsorbent for extraction of lithium from seawater be under-
taken on a continuing experimental effort so as to insure the
technology when it will be needed.
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