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SUMMARY 

Background 

Sea water is potentially a vast and readi ly access ib le r e s e r v e of 
po tass ium fo r f e r t i l i z e r production. Po tas s ium is not at p resen t r ecove red 
f r o m sea water commerc ia l ly , s ince potash can be produced easi ly and 
cheaply f r o m the extensive deposi ts of ce r ta in soluble sa l t s that exist in 
some countr ies . However, Aus t ra l i a has no known deposi ts , and t h e r e is 
in te res t h e r e in the development of a method fo r ext ract ing po tass ium f r o m 
sea water , o r m o r e pa r t i cu la r ly f r o m the concentrated b i t te rn which r e m a i n s 
a f t e r the crys ta l l iza t ion of sodium chloride by so la r evaporation. 

Object ives 

An a s s e s s m e n t was undertaken of the m e r i t s of poss ible l ines of approach 
to po tass ium recovery , by reviewing published l i t e r a tu re re la t ing to a l l 
e a r l i e r p r o c e s s e s or p roposa ls . F r o m this information, methods showing 
some economic p romise were to be subjected to p re l imina ry exper imenta l 
investigation. 

Summary of Work Done 

F r o m a study of the chemica l l i t e r a tu re , a review was p repa red of 
poss ib le methods fo r r ecover ing po tass ium f r o m b i t t e rns . 

An exper imenta l study was made of the extract ion of alkali me ta l s by 
a 4: 1 mix ture of Santophen- 1 (a s t e r i ca l ly -h indered phenol) and EHPA. 
This sys tem, which is capable of operat ion at low pH, offered the possibi l i ty 
of a significant economic advantage over the use of the phenol alone, due to 
reduced alkal i r equ i r emen t s . 

It was found that the extractant showed an optimum po tas s ium-sod ium 
select ivi ty of about 9 when the f inal pH was 5. Selectivity was lower at 
high sal t concentra t ions . The .alkali meta l s could be completely s t r ipped 
f r o m the extractant by n i t r ic acid solutions of pH below 2. 

Magnesium was s t rongly extracted with the alkal i me ta l s f r o m diluted 
b i t te rn . 

Conclusions 

Using crys ta l l iza t ion methods, complicated p rocedures would be 
r equ i red to produce a f e r t i l i z e r - g r a d e product f r o m sea water b i t t e rns . 
Economical operat ion could possibly be achieved if KC1-production were 
integrated into a comprehens ive scheme fo r the r e c o v e r y f r o m seawate r of 
NaCl, MgO and other sa leable products . 

No se lec t ive extract ion p rocedure has yet proved wholly sa t i s fac to ry . 
However, the exper imenta l findings have shown sufficient technical p r o m i s e 
to insp i re confidence that it might u l t imately be poss ib le to ex t rac t potass ium 
select ively f r o m seawate r b i t te rn at a competi t ive cost . 
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Methods based on se lect ive reagen t s of the dipicrylamine and phenolic-
types a r e undoubtedly technical ly feas ib le , but they involve the consumption 
of alkali , and would not be economic at cu r ren t marke t p r i c e s . It appeared 
that the use of di(2-ethyl hexyl) phosphoric acid (EHPA) in conjunction with a 
phenolic reagent might r e su l t in a worthwhile reduction in alkal i r equ i r emen t s . 
Exper imenta l r e s u l t s with Santophen-1-EHPA revea led s e v e r a l f e a t u r e s which 
make.' the sys t em unat t rac t ive fo r c o m m e r c i a l application. In pa r t i cu la r 
t he re were the in te r fe rence of magnes ium in potass ium extract ion, the 
requ i red dilution of the b i t te rn , and the quantity of alkal i needed to 
es tabl ish the working pH in the p r e sence of EHPA. In addition, re la t ive ly 
sma l l lo s ses of the costly reagen t s could become significant in view of the 
l a rge volumes of b r ine to be t r ea ted . 

The p rope r t i e s of some inorganic ion-exchange m a t e r i a l s suggest 
application to potash r ecove ry with a t t r ac t ive poss ib i l i t ies of low production 
cos ts . The rea l iza t ion of this potential would depend on the development of 
the ion-exchangers to sa t i s fy p rac t i ca l c r i t e r i a , such as adequate r a t e s of 
exchange and select ivi ty in l iquors of high sal t -content . This development 
work might well r equ i r e considerable t ime and effor t , but a use fu l p r e l im ina ry 
a s s e s s m e n t could be obtained f r o m a l imited experimental- investigation. 

Recommendat ions 

It is recommended that a p re l imina ry exper imenta l evaluation be made 
of cer ta in inorganic m a t e r i a l s as po tas s ium-se lec t ive ion exchangers . 
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1. INTRODUCTION 

This r epo r t is the resu l t of a comprehens ive survey of poss ib le methods 
fo r the r ecove ry of po tass ium values f r o m seawater b i t tern . 

At p resen t , underground deposi ts of soluble sa l t s of potass ium a r e by 
f a r the m a j o r source of potash fo r world marke t s . Very extensive r e s e r v e s 
of "sylvinite" (KC1 plus NaCl) and carna l l i t e (KC1. MgCl2. 6HzO) exist in 
Canada and the USSR. These deposi ts a r e worked by conventional or 
solution mining techniques. The o re s can be p rocessed easi ly employing 
flotation or c rys ta l l iza t ion to produce a high grade KC1, containing at leas t 
60% K 2 0 plant nutr ient f o r f e r t i l i z e r use . (Noyes, 1966). 

The extract ion of po tass ium f r o m b r ines a s s u m e s a much s m a l l e r ro l e 
in world production of potash. In addition to KC1 and NaCl, na tura l b r ines 
contain much sulphate ion, and some magnes ium and calcium. Evaporat ion 
of such solutions r e s u l t s in the precipi ta t ion of sodium and magnes ium 
double sa l t s with potass ium, and it is not normal ly poss ib le to c rys t a l l i ze 
pure KC1. However, by ca re fu l control of c rys ta l l i z ing conditions, t h r e e 
m a j o r plants in I s rae l , Utah and Cal i fornia cur ren t ly produce KC1 f r o m 
b r ines . By-product sa l t s make a significant contribution to the economy of 
these p r o c e s s e s . (Noyes, 1966). 

Although extract ion p r o c e s s e s have been operated f r o m t ime to t ime, 
po tass ium is not now commerc ia l ly r ecovered f r o m seawate r . The 
concentrated l iquors remain ing a f t e r the crys ta l l iza t ion of common salt by 
so la r evaporat ion of seawate r , and general ly r e f e r r e d to as b i t t e rns , have 
a s i m i l a r composit ion to the commerc ia l ly worked na tura l b r ines , with the 
added complicat ion of inc reased magnes ium content. Proposed methods of 
po tass ium extract ion f r o m b i t t e rns have been genera l ly too complex to be 
competi t ive economically with the s t ra igh t fo rward production of potash f r o m 
sylvinite deposi ts . In Aus t ra l i a , no such deposi ts have been found, and a l l 
potash r e q u i r e m e n t s a r e imported. Thus the re is in te res t h e r e in the 
development of possible methods which show some p romise of economical ly 
extract ing potass ium f r o m b i t t e rns . 

F o r this r eason a review was under taken of poss ible approaches based 
on e a r l i e r p r o c e s s e s or p roposa l s in the l i t e r a tu re . Methods that appeared 
to have most potential were to be selected fo r p r e l im ina ry investigation. 

2. MATERIAL EXAMINED 

In al l t e s t s the extractant used was a solution in t r ich lore thylene of: 

' - a. Santophen-1 (4 chloro-2-benzylphenol) 1. 0 M 

and b. EHPA (di-(2-ethylhexyl) phosphoric acid 0. 25 M 

This solution is r e f e r r e d to a s "Solution E" in the Exper imenta l 
Section, 3 .2 . 

An exper imenta l sample of Santophen- 1 was supplied by Monsanto 
Chemica ls (Austral ia) Ltd. 
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The EHPA was a technical grade, supplied by Union Carb ide 
(Austral ia) Ltd. 

Aqueous solutions fo r the extract ion t e s t s were general ly p r epa red by 
dissolving reagent grade sa l t s in dist i l led water . 

Some t e s t s were ca r r i ed out on a sea water b i t tern , Bl, whose pr inc ipa l 
ionic const i tuents were: 

Ion Concentrat ion 

k / i g equiv/ l 

Sodium 71.0 3. 1 
Po t a s s ium 10. 2 0. 27 
Magnesium 36. 5 3. 0 
Chloride 186. 2 5. 2 
Sulphate 50. 4 1. 05 

3. EXPERIMENTAL PROCEDURE AND RESULTS 

The investigation of methods of potass ium recovery included a l i t e r a tu r e 
survey, and exper imenta l work using a phenolic extractant . The r e s u l t s of 
the l i t e r a tu re survey a r e reviewed below. An account of the exper imenta l 
work is then presented . 

3. 1 Review of Poss ib le Methods 

Methods repor ted fo r the separa t ion of po tass ium f r o m br ine solutions 
can be broadly divided into two groups. The f i r s t group c o m p r i s e s 
p rocedu re s in which crys ta l l iza t ion under controlled conditions p e r m i t s the 
separa t ion of f r ac t ions containing a high proport ion of KC1. The second 
group includes methods involving reagents which p re fe ren t i a l ly r emove 
potass ium f r o m br ine solutions. 

3. 1. 1 Crys ta l l iza t ion P r o c e d u r e s 
The complex nature of b r ines , and of sea water b i t t e rn in pa r t i cu la r , 

means that c rys ta l l iza t ion of KC1 alone by evaporation is a difficult 
proposit ion. ; 

Under equi l ibr ium conditions during so la r evaporation of b i t te rn , much 
of the po tass ium c rys ta l l i zes a s a range of double sa l t s such a s g l a se r i t e 
(Na2S04 . 3K2S04) and carna l l i te (KC1. MgCl2. 6H20). Product ion of h igh-K 2 0 
m a t e r i a l f r o m a s e r i e s of these double sa l t s cannot be accomplished readi ly . 

However, it has been shown that equi l ibr ium-imposed l imitat ions can 
somet imes be avoided by crys ta l l iz ing under metas tab le conditions of supe r -
sa tura t ion. Some double sa l t s , having inherent ly slow crys ta l l iza t ion r a t e s , 
can often be maintained in a s ta te of supersa tura t ion . Thus Wienert (1950) 
showed that KC1 could be c rys ta l l i zed f r o m a br ine der ived f r o m g lase r i t e , in 
which a high MgS04 content was sustained by p re l imina ry precipi ta t ion 
of Na2S04 . In cooling the b r ine in two s tages f r o m 100°C, quite pure NaCl 
and KC1 crops were obtained, although the liquor was some t imes supe r sa tu ra t ed 
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with r e spec t to vanthoffite (3Na2S04. MgS04) and g lase r i t e (Na2S04. 3K2S04). 
Similar ly , Gar re t t (1963) pointed out that by seeded crys ta l l iza t ion of ce r ta in 
sa l t s , it is poss ib le to obtain a concentrated br ine that is supe r sa tu ra t ed with 
r e spec t to langbeinite (2Na2S04 . K2S04) at 83°C. A la rge proport ion of the 
potass ium can then be c rys ta l l ized a s KC1 by lowering the t e m p e r a t u r e to 
about 25°C. 

Methods of this type might be applied to advantage to available b i t te rn . 
Ca re fu l considerat ion of phase equil ibria and crys ta l l iza t ion r a t e s could 
define poss ible favourable composit ion r anges . The p rac t i ca l feas ib i l i ty of 
any proposed p rocedure would have to be establ ished by a thorough 
exper imenta l investigation, p r e f e r ab ly using pilot sca le equipment. Close 
control of b i t te rn composition and c rys ta l l i z ing conditions would be n e c e s s a r y 
throughout, The likely heat r equ i r emen t s of these crys ta l l iza t ion p rocedu re s 
consti tute an economic drawback. 

A crys ta l l iza t ion p r o c e s s patented by Hadzer iga (1960) appear s to be 
applicable to salt water b i t te rn . The complexity of the p rocedure is offset 
economically by the a lmost complete ut i l izat ion of a l l b r ine values, e i ther 
as in terna l r ecyc le reagen ts , or a s saleable by-products . The s teps of the 
proposed p r o c e s s a r e , br ief ly : 

1. Solar evaporation of the br ine to prec ip i ta te much of the NaCl. 

2. Treatment with CaCl2 solution (a by-product of step "6") to 
prec ip i ta te CaS0 4 a s gypsum. 

3. The production of sulphuric acid by ion exchange f r o m gypsum. 
It is recommended that this acid be uti l ized in the t r ea tmen t 
of phosphate rock, producing valuable phosphoric acid, with 
a gypsum tai l ing which can supplement the ion-exchange feed. 

4. Evaporat ion of the su lpha te - f r ee b r ine f r o m step "2" to 
c rys t a l l i ze "sylvinite" (KC1 plus NaCl) and carna l l i t e (KC1. 
MgCl2. 6H20), f r o m which f e r t i l i z e r - g r a d e KC1 can be 
produced by conventional methods. 

5. Decomposit ion of the r e s idua l MgCl2 b r ine by s t rong heating to 
yield f inal ly an MgO calcine and a 14-16% HC1 solution. The 
calcine can be converted to a high grade MgO product by 
f u r t h e r t r ea tmen t . 

6. Use of the HC1 solution of step "5" to r egene ra t e the acid . 
f o r m of the ion exchanger, with s imultaneous format ion of 
a CaCl2 solution fo r step "2". 

F u r t h e r integrat ion is poss ib le by uti l izing chlor ine f r o m NaCl -e lec t ro lys i s 
in b romine r e c o v e r y f r o m the b i t te rn . The p r o c e s s shows p r o m i s e of 
economic operat ion where a marke t exis ts for each of the products NaCl, 
H 3 P0 4 , KC1, MgO and Br 2 . Salutsky and Dunseth (1963, 1965) found that 90% 
of the po tass ium content of seawater could be precipi ta ted at pH 9. 5 a s 
KMgP0 4 . 6H20, by the addition of t r i sod ium phosphate. The prec ip i ta te 
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also contained much calcium and magnesium in the f o r m of wate r - so lub le 
phosphates . The potass ium could'.be brought into solution readi ly by 
t r ea tmen t of the prec ip i ta te with a solution of ammonium salt , with 
s imultaneous production of MgNH4P04 . 6H20 which is a valuable f e r t i l i z e r 
ma te r i a l . However, the r ema inde r of the prec ip i ta te contained much 
phosphate which seems unlikely to be readi ly avai lable as a plant nutrient 
and would be difficult to reconver t to t r i sod ium phosphate for recyc le . The 
cost of producing the original t r i sod ium phosphate would weigh heavily against 
the economics of the p rocess , even if wastage could be avoided. 

Goodenough and Cooper (1965) patented a method fo r the r ecove ry of 
potass ium chloride f r o m cer ta in b r ines in which the magnes ium content is 
a lmost ent i rely replaced by calcium by t rea tment with l ime or slaked 
dolomite. The br ine is contacted with ammonia under p r e s s u r e which causes 
KC1 to be precipi ta ted preferen t ia l ly . The p r o c e s s ul t imately yields a KC1 
produc t of 94% purity, with a r ecovery of about 80%. The high magnes ium 
and sulphate contents of seawater b i t te rn would demand the use of excess ive 
quanti t ies of l ime to adjust the b i t tern to a composition which would be •.. 
acceptable for this p roces s . 

3. 1. 2 Selective Extract ion P r o c e d u r e s 
Cer ta in compounds have been shown to display a degree of select ivi ty 

for potass ium over sodium. Several of these compounds have been applied 
with varying success to the r ecove ry of potass ium f r o m la rge amounts of 
sodium. 

In the discussion which follows, the compounds have been divided into 
t h r e e groups. However, it appea r s likely that in al l c a ses the bas ic 
mechan ism of select ivi ty is the same . The remova l of alkal i ions f r o m 
aqueous solution is achieved when the hydrat ion sphere of water molecules 
around the ion is replaced by a hydrophobic envelope. Because the 
potass ium ion is significantly l a rge r than the sodium ion: 

1. the hydration sphere of the low field potass ium ion is 
m o r e readi ly displaced by the se lect ive species , 

1, the larger potassium ion is physically hindered from 
r e -encoun te r with water molecule's by the enveloping 
molecule(s) of the select ive spec ies . 

Thus the chemical binding of potass ium to the se lect ive spec ies is 
grea t ly a s s i s t ed by a physical entrapping, or "cage", effect . 

Methods Based on Dipicrylamine and Analogues 

a; Precipi ta t ion of Po tass ium Dipicr.ylaminate 
Dipicrylamine, or hexanitrodiphenylamine, (HDPA), f o r m s water 
soluble sa l t s of sodium and calcium when contacted with alkaline-
solutions. By contras t the potass ium salt , KDPA, is a lmost 
insoluble (73 m g / l i t r e at 0°C, 880 m g / l i t r e at 25°C). It would 
appear that on format ion of the KDPA ion pa i r , the bulky ni t ro 
groups of the aminate ion obstruct rehydrat ion of the potass ium 
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ion and prevent i ts solvation. Thus KDPA is prec ip i ta ted when 
an aqueous solution of NaDPA is added to a solution containing 
po tass ium. If the prec ip i ta te is separa ted and contacted with 
m i n e r a l acid, HDPA is r egene ra t ed with format ion of a solution 
of the po tass ium sal t of the m i n e r a l acid. 
KDPA precipi ta t ion has evidently been employed in a Dutch 
c o m m e r c i a l plant fo r po tass ium r e c o v e r y f r o m sea water . 
(Salutsky and Dunseth, 1962). 
Butt et al , (1964), p resen ted p romis ing exper imenta l data in 
support of a proposed p r o c e s s f o r the precipi ta t ion of po tass ium 
f r o m sea water b r ines . These worke r s t r ea t ed a b r ine init ial ly 
t h r e e t i m e s the concentrat ion of sea water (i. e. "3X", 10. 56 g 
Na pe r l i t r e , 0. 38 g K p e r l i t re) . The addition of a NaDPA 
solution diluted the . l iquor to 0. 5X, and prec ip i ta ted KDPA at 
a reac tan t r a t io NaDPA: K = 1. 64. When the precipi ta t ion was 
c a r r i e d out at minus 0. 9°C to min imise KDPA solubili ty l o s se s , 
they obtained 95% yields of KDPA, based on the init ial po tass ium 
contents of the b r i n e s . The only significant impur i ty of the 
KDPA prec ip i ta te was ca lc ium which appeared to be p re sen t a s 
CaCla (7-12 wt %). Where the f ina l concentrat ion of the l iquor 
exceeded 0. 5X (for example 1. 00X, 1. 68X) the KDPA was 
increas ingly contaminated by sodium. 
Moyle (1957) reac ted CaDPA solution with b i t t e rn (approxir 
mate ly 7. 5X), the f inal concentrat ion being about 2. 25X. He 
obtained 66% recovery of po tass ium with a high level of sodium 
impuri ty (K: Na = 2. 5). These r e su l t s , obtained at room 
t e m p e r a t u r e , and using a r eac tan t ra t io 1. 02, can be r econ-
ciled with those of Butt et a l (1964). 
Reagent l o s se s a r e likely to be important economically. Losses 
can be minimized by low t e m p e r a t u r e operat ion, but cooling too, 
would be expensive. (This would not apply where the b r ine to be 
t r ea t ed is a f r eez ing desal inat ion plant effluent). A disadvantage 
is the r equ i rement that the b i t te rn should be diluted to avoid 
sodium precipi ta t ion. It i s noteworthy that a d ipicrylamine 
precipi ta t ion p r o c e s s r e q u i r e s alkal i (to obtain a water soluble 
sal t of HDPA) and hydrochlor ic acid (to produce KC1 with 
regenera t ion of HDPA), both in quanti t ies at l eas t equivalent 
to the KC1 produced. 
At cu r r en t Aus t ra l ian marke t p r i c e s , (Anon 1966), the cos t s 
of l ime and HC1 total 88% of the value of KC1 on the bas i s of 
chemica l equivalents. Thus even be fo re considerat ion of 
inevitable reagent l o s se s in such a p r o c e s s , the economics 
of KC1 production look unpromis ing . 

b. Ion Exchange by Po lymer i c Analogues of Dipicrylamine 
With the d ip icry lamine precipi ta t ion method, reagent l o s se s 
contr ibute significantly to production cos ts . Reagent solubili ty 
could be el iminated a l together by incorporat ing the act ive grouping 
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of dipicrylamine into the structure of a polymer. Provided that 
the select ive action of the grouping were not impaired thereby, 
the polymer could then be used as a cation exchanger. 
Skogseid (1947) patented a procedure for preparing such a 
polymer. A later patent (Skogseid, 1952) refers to its 
application in the recovery of potassium from seawater and 
brines. Bonhoeffer (1956) confirmed the potassium-
selectivity of the polymeric material described by Skogseid. 
However, there appear to be no reports in the literature of 
any further developments in this field. 
A cation exchange process of this type would also consume 
alkali and hydrochloric acid equivalent to the KC1 produced. 
Slow rates of exchange might hamper the commercial 
application of an ion exchanger of this type. On the other 
hand the exchange rate could perhaps be improved by 
hydroxylating the polymer to make it more hydrophilic as 
observed by Gibson and Packham (1966). 

c. Solvent Extraction of Potassium Dipicrylaminate 
As a variant of the precipitation procedure, the potassium 
dipicrylaminate could in principle be extracted into a 
water immiscible solvent. Such a solvent extraction 
method could be adapted readily to a stepwise purification 
of a potassium-containing liquor. 
Smit and Pummery (1962) developed a procedure for the 
extraction of caesium dipicrylaminate from fission-product 
waste liquors. The most satisfactory solvent was found 
to be nitrobenzene and their results indicate a high 
extraction coefficient for K relative to Na + in this system. 
However, dipicrylamine has a low solubility in nitro-
benzene, the maximum working concentration attainable 
being 0. 025M. This low extractant concentration was 
tolerable for the recovery of relatively smal l amounts of 
caesium. For the large-sca le treatmetit of bitterns, on 
the other hand, the necessary high organic:;aqueous phase 
ratios or excess ive dilution of the bittern would be 
unacceptable. Moreover reagent l o s s e s would be greater, 
and far more important economically than in the caesium 
recovery context. 
Thus solvent extraction of potassium dipicrylaminate would 
not be commercial ly feasible. 

Methods Based on Sterically-hindered Phenols. A number of phenols have 
been shown to exhibit some selectivity when applied to the liquor-liquid 
extraction of alkali metal ions. 

The extraction process can be reduced to two steps: 
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1. fo rmat ion of phenolate ion 

PhOHorg + OHaq — > PhOaq + HaO 

2. extract ion of ion pai r 

PhOaq + M+q — * (M+ P h O " ) o r g 

The s m a l l e r alkali ions l i thium and sodium often display marked ly 
d i f ferent behaviour f r o m potass ium, rubidium and caes ium in these extract ion 
sys t ems . Undoubtedly this phenomenon has a s imi l a r origin to the marked 
solubili ty d i f fe rences observed fo r the corresponding d ip icry laminates . 

It s e e m s likely that during the format ion of the alkali phenolate ion pa i r , 
the l a rge r alkal i ions lose the i r hydrat ion sphe res m o r e easily. The l a r g e r 
alkal i ions a r e then effect ively prevented f r o m contacting water molecules by 
a new "solvation sphere" incorporat ing l a rge hydrophobic organic groupings. 
In th is f o rm , the ion pa i r is compatible with the organic phase. Of the 
phenols investigated to date (Brown et al, 1962; Horner et al , 1963; Keder 
et al , 1965) the most effective is sec butyl (a-methylbenzyl) phenol (BAMBP). 

The solvates fo rmed by BAMBP with caes ium have been the subject of 
fundamenta l s tudies by Egan et a l (1965) and Keder et al (1965). The most 
s ignif icant of t he i r findings a r e outlined below: 

a. In f ra -Red Studies 
Both groups recorded i n f r a - r e d spec t ra fo r pure BAMBP, 
solutions of varying concentrat ion of BAMBP in carbon t e t r a -
chloride, and s i m i l a r solutions containing caes ium-BAMBP 
solvates . 
F r o m the behaviour of absorpt ion bands in the phenolic OH 
region, it would appear that with increas ing concentrat ion, 
the extent of hydrogen-bonding between dif ferent BAMBP 
molecules i nc r ea se s until in pure BAMBP the re a r e 
essent ia l ly no unassocia ted molecules . When caes ium ions 
a r e solvated by BAMBP in CC14 s t ronger hydrogen-bonding 
of phenolic OH-groups is possible , apparent ly linking 
dif ferent solvates . Where the ra t io BAMBP: Cs exceeds 4: 1, 
t he re is no interact ion between sma l l amounts of dissolved 
water and other solutes in the CC14 phase. 

b. Freez ing-poin t Depress ion Measuremen t s 
Keder et a l (1965) c a r r i e d out f reez ing-poin t depress ion 
exper iments on cyclohexane solutions of BAMBP, be fo re and 
a f t e r t i t ra t ion with CsOH. The f reez ing-poin t depress ion data 
corresponded to unionized Cs + , PhO". 3PhOH, which conf i rmed 
the indications of loading data that four molecules of BAMBP a r e 
involved in solvation of caes ium. Where the ra t io BAMBP:Cs 

, was l e s s than 4: 1, water was extracted with caes ium. 
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c. Nuclear Magnetic Resonance Studies 
In both investigations magnetic resonance spec t ra for BAMBP 
solutions were recorded . 
The proton resonance shif ts observed could be reconci led 
with the conclusions f r o m the i n f r a - r e d spec t ra , viz, that 
BAMBP becomes increas ingly assoc ia ted as its 
concentrat ion is ra i sed , and that enhanced hydrogen-
bonding of phenolic OH groups r e su l t s f r o m the solvation 
of caes ium. 
Keder et a l (196.5) a lso studied the resonances due to the 
phenolic r ing and observed that they were affected by solvation 
of alkal i ions, pa r t i cu la r ly caes ium. This suggests that the 
meta l ion may interact with the I I -e lec t rons of the phenol r ing. 
BAMBP has been successfu l ly employed in p r o c e s s e s for 
extract ing caes ium f r o m both f i ss ion product solutions 
(Horner et al, 1963) and pollucite ore l iquors (Arnold et 
al , 1965). 
The re is l i t t le doubt that it would be feas ib le to apply a 
sys tem based on BAMBP to the r ecove ry of po tass ium f r o m 
b i t t e rns though it is c lea r that K-Na separa t ion fac tors 'would 
be much lower than for Cs-Na . As with d ip ic ry lamine-based 
p r o c e s s e s however, alkali and acid consumption would make 
it ve ry difficult to produce KC1 at a competit ive p r ice . Thus 
at each extract ion stage alkali is requi red to l ibera te phenolate 
ions, and acid is requ i red to s t r ip the organic ext rac t . 
Keder et a l (1965) investigated the use of di(2-ethylhexyl) phosphoric 
acid (HA) in conjunction with BAMBP. It was found that 
efficient extract ions could be achieved at considerably lower 
pH than by BAMBP alone. The extracted species was C s + , 
A". 4PhOH suggesting that the function of the di(2-ethylhexyl) 
phosphoric acid was to supply the anion which the phenol can 
only do at a high pH. 

Methods Based on Inorganic Ion Exchange Mater ia l s . A reason fo r the 
re la t ive ly low content of potass ium compared to sodium in sea water is the 
p re fe ren t i a l absorpt ion of potass ium by some clays. By this mechanism, 
potass ium derived f r o m the weathering of rocks is removed f r o m r i v e r 
wa te r s be fo re they flow into the sea. 

The select ivi ty in the ion-exchange behaviour of ce r ta in clay m i n e r a l s 
is a lso observed with seve ra l other c rys ta l l ine inorganic m a t e r i a l s ( D a r r e r , 1962). 
Of these , high exchange capaci t ies a r e exhibited by zeoli tes and a group of 
subs tances exemplified by zi rconium phosphate. 

a.. Ion-exchange with Zeol i tes 
Phi l l ips i te and chabazite a r e natural s i l i ca tes having a t h r e e -
dimensional network s t ruc tu re . 
Phi l l ips i te is found in deep sea sediments , and has a high 
K: Na ra t io at i ts exchangeable cation s i tes despi te the fact 
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that it is in equil ibrium with seawate r . (Rankama and Sahama, 1950). 
F o r equil ibrat ion with seawate r b i t te rn , chabazi te would appear 
to have a K: Na select ivi ty coefficient of about 8 according to data 
repor ted by B a r r e r (1958). The exchange capacity of chabazi te 
is ci ted a s about 4 mi l l i -equiva lents per g r a m m e . 
The use of-such zeol i tes fo r alkal i meta l separa t ions has been 
l imited to sma l l sca le rad iochemica l and analyt ical work. The i r 
adaptation to l a rge sca le p rocess ing of b i t t e rns is l ikely to be 
hampered by the low f lowra tes at ta inable in p rac t ice . 
Recovery of adsorbed potass ium f r o m the exchangers may a l so 
presen t some difficulty. 

b. Ion Exchange with Zi rconium Phosphate and Related Mate r i a l s 
Zi roonium phosphate (Kraus and Phi l ips , 1956), z i rconium 
tungstate (Crouch et al, 1957, Kraus et al , 1956a), z i rconium 
molybdate (Kraus et al, 1956b), and ammonium phosphomolybdate 
(Smit, 1958) have been shown to display ion exchange se lect iv i ty 
within the alkal i meta l group. F o r these m a t e r i a l s , exchange of 
ions is l imited to the su r f ace of the c rys ta l l ine pa r t i c l e s , but 
exchange capaci t ies of s e v e r a l mi l l i -equivalents per g r a m m e a r e 
never the less attained. Separat ion schemes using z i rconium 
phosphate and ammonium phosphomolybdate have been s u c c e s s -
fully scaled up for the r ecove ry of caes ium f r o m f iss ion 
product solutions (Amphlett et al, 1959, Healy and Davies, 1959, 
Smit et al , 1963). 
Limitat ions on liquor throughput r a t e s seem likely to be the 
only disadvantage met in applying these ion exchange m a t e r i a l s 
to the r ecovery of potass ium f r o m b i t t e rns , To offset th is , 
the p r o c e s s would not r equ i r e alkali , a significant advantage 
over the d ip icrylamine and phenol-based methods. 
F r o m the published information (Skogseid, 1952, Smit and 
P u m m e r y , 1962), it would seem feas ib le to r ecove r po tass ium 
f r o m b i t t e rns by employing columns of ammonium 
phosphomolybdate (40-60 mesh). The n e c e s s a r y consumption 
of ammonium chloride regeneran t , at leas t equivalent to the 
KC1 produced, would make the p r o c e s s uneconomical . 
Al ternat ive production of K2S04, by elution with ammonium 
sulphate, is m o r e a t t rac t ive . However, the r ecove ry of 
excess ammonium sulphate f r o m the eluate would add to the 
cost of the product . It is poss ible that a mixed K2S04-(NH4)2S04 
product would be an acceptable f e r t i l i z e r in some c i r cums tances . 
The select ivi ty of z i rconium phosphate fo r po tass ium over the 
other b i t tern components s e e m s likely to be much impaired at 
high sal t concentra t ions . (Amphlett et al , 1958, Baes , 1962). 
Low r e c o v e r i e s of po tass ium would, r e su l t with: undiluted . - • 
bi t tern. . Never the less , se lect ive elution of sodium and 
potass ium should be poss ib le with hydrochlor ic acid of 
d i f ferent s t rengths . 
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3. 2 Solvent Extraction of Potassium Using a Mixture 
of Santophen- 1 and EHPA 

Keder et al (1965) showed that the selectivity for caesium of certain 
sterically-hindered phenols was retained in the presence of EHPA. The 
extraction of caesium into the organic phase was then possible at a much 
lower pH than with a phenol alone. Presumably the function of the EHPA 
was to provide an anion which could be extracted along with the phenol-
solvated caesium ion. Whereas the phenol, a weak acid, requires a high 
alkali concentration before it can provide phenolate ions, the EHPA is 
highly dissociated at relatively low pH. 

These workers also reported data which suggested that EHPA would 
permit potassium extraction at lower pH. If a substantial reduction in 
alkali requirements were to result from this measure, this would alleviate 
the major economic drawback noted in an earlier section in applying the 
phenolic reagents to the extraction of potassium- For this reason, it was 
decided to investigate the extraction of potassium from aqueous solution by 
phenol-EHPA mixtures. 

3.2. I pH Titrations 
To obtain an indication of the optimum pH conditions for potassium-

sodium separations using the Santophen- Is EHPA extractant, aliquots of the 
Solution E were titrated with 0. 25N potassium hydroxide and 0. 25N sodium 
hydroxide respectively. 

The titration curves are shown in Figure 1. N 

The best separation should be achieved at about pH 5, before neutralization 
of sodium hydroxide becomes significant. 
3. 2. 2 Extraction of Synthetic Brines 

Effect of pH. These tests, were conducted on synthetic brine solutions 
containing NaCl (0. 065M) and KC1 (0. 0075M) with pH adjusted to the desired 
value by NaOH addition. 

To ensure -that extraction of alkali metal ions (M+) was confined to 
species of the type M"+, A". 4PhOH (Keder et al, 1965), the alkali metal 
concentrations were intentionally lo*w, since coextraction of water at higher 
concentrations leads to loss of selectivity. 

The synthetic brine solutions were thoroughly contacted with Solution E 
and the two phases separated. The organic phase was stripped with IN HN03 
and analyses carried out on both strip solution and the extracted aqueous 
phase. The Conditions of the tests and the results are given in Table 1. A 
plot of the extraction coefficients versus pH is shown in Figure 2. The 
extraction coefficients for sodium and potassium increased linearly up to 
pH 5. 3, where 80% of the potassium was extracted. 

Instead of sodium hydroxide, sodium carbonate was used to adjust the pH 
in one test, with no apparent effect on the values obtained for the extraction 
coefficients. 
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Effec t s of Na and K Concentrat ions. F o r these t e s t s , a s e r i e s of solutions 
was p repa red in which the NaCl and KC1 concentrat ions ranged f r o m 0. 05 
to 2. 0M and f r o m 0. 005 to 0. 28M respect ive ly . The solutions al l 
contained NaOH at a concentrat ion of 0. 007N. 

Each of these solutions was contacted with Solution E, and the separa ted 
organic phase s t r ipped with IN HN03 . The tes t conditions and r e s u l t s a r e 
displayed in Table 2. In genera l , extract ion coeff ic ients dec reased with 
increas ing concentrat ions. Thus separa t ion f a c t o r s tended to d e c r e a s e at 
h igher concentrat ions. 

3. 2. 3 Extract ion of Seawater Bi t te rn 

Effect of Magnesium. A sample of the b i t te rn B1 was diluted tenfold with 
dist i l led water and contacted with Solution E as before . A s i m i l a r tes t was 
ca r r i ed out with the diluted bi t tern , having an NaOH concentrat ion of 0. 007N. 

Extract ion coeff ic ients fo r K, Mg and Na a r e given in Table 3. 
The extractant displays no worthwhile select ivi ty fo r po tass ium over 

magnesium. 

3 . 2 . 4 Acid Stripping of Organic Ext rac t 

Effect of pH. An alkaline synthetic br ine was contacted with the organic 
extractant Solution E. The separa ted organic phase was divided into t h r e e 
port ions which were t rea ted with n i t r ic acid solutions of pH 3, pH 2 and pH 1, 
respec t ive ly . 

The r e su l t s (Table 4) showed that incomplete s t r ipping of the alkal i 
me ta l s is achieved above pH 2, unless l a rge volumes of wash solution a r e 
used. A degree of p r e f e r e n c e for sodium was observed in s t r ipping at 
pH 3. 

4. CONCLUSIONS AND RECOMMENDATIONS 

F o r the sake of continuity, d iscuss ion of published methods fo r 
po tass ium recove ry has been included with the descr ipt ion of the methods 
in the previous section. The pr incipal conclusions a r e b r ie f ly r e i t e r a t ed 
below: 

4. 1 Crys ta l l iza t ion P r o c e d u r e s 

The methods proposed for c rys ta l l i z ing KC1 f r o m seawate r b i t te rn a r e 
neces sa r i l y m o r e complex, and t h e r e f o r e m o r e expensive, than those 
applicable to the s imple r b r ines obtained f r o m soluble sal t deposi ts . 

The p r o c e s s e s operat ing under conditions of supersa tu ra t ion r e q u i r e 
heating and cooling s tages . Other approaches involve p re l imina ry remova l 
of l a rge quanti t ies of in te r fe r ing ions such a s magnes ium and sulphate, 
which would a lso be costly. At bes t , these p rocedures would produce a : 
m a t e r i a l having a composit ion comparab le to the sylvinite o r e deposi ts . 
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Thus, potash produced f r o m seawate r by crys ta l l iza t ion p rocedu re s 
could be marke ted .a t a competi t ive p r i ce only if s eve ra l byproducts were 
produced fo r which the demand were sufficient to make the overa l l 
operat ion economical . 

It is not considered that crys ta l l iza t ion p r o c e s s e s war ran t investigation 
unless adequate marke t s could be demonst ra ted fo r magnes ium sa l t s and 
bromine a s well as KC1 and NaCl. Even then a ca re fu l economic app ra i sa l 
would be essent ia l . 

4. 2 Selective Extract ion P r o c e d u r e s 

Each of the approaches d iscussed below is la rge ly succes s fu l in 
separa t ing potass ium f r o m solutions containing^a considerable excess of v 
sodium. At p resen t , none of the p rocedures could be applied economically 
to the l a r g e - s c a l e production of potash f e r t i l i z e r f r o m seawate r b i t t e rn . 
On the other hand, the p romise of these approaches could well be brought 
to commerc i a l rea l iza t ion by fu tu re technical developments, or even by 
a l t e red economic conditions. 

4:; 2 .1 Methods Based on Dipicrylamine and Analogues 
The dipicrylamine precipi ta t ion method has been studied thoroughly. 

The inherent s implic i ty of the p r o c e s s , and the s ing le -s tage production of 
a h igh-grade product a r e a t t rac t ive f ea tu re s . At today 's p r i ce s , the 
p r o c e s s would not be economic, due to excess ive reagent cos t s (for acid, 
a lkal i and make-up dipicrylamine) and the need fo r la rge volumes of low-
sal t water fo r dilution. 

Po ta s s ium extract ion using a polymer ic analogue of d ipicrylamine 
appear s to be quite a p romis ing approach. Costly solubili ty l o s se s of 
d ipicrylamine would be thereby eliminated. Although economic operat ion 
would s t i l l be difficult in the face of cur ren t acid and alkal i p r i ce s , the 
development of such ion exchangers in a f o r m that is use fu l commerc ia l ly 
would be a worthwhile l ong- t e rm pro jec t . 

4. 2. 2 Methods Based on Ster ica l ly-Hindered Phenols 
Solvent extract ion p rocedures employing phenols a r e subject to the 

s ame economic disadvantages a s the dipicrylamine precipi ta t ion p r o c e s s . 
Product ion cos ts would be high in view of the acid and alkal i consumed, and 
the phenol lost through solubili ty in the aqueous phase. 

The exper imenta l work d iscussed in g r e a t e r detail in Section 4. 3 showed 
that the use of EHPA in conjunction with a phenol did not r e su l t in a worth-
while reduction in alkali consumption. Moreover , co-ext rac t ion of 
magnes ium was an added complication. 

4. 2. 3 Methods Based on Inorganic Ion Exchange Mater ia l s 
Published r e s u l t s of extraction, experiments , with ammonium 

phosphomolybdate and z i rconium phosphate, in pa r t i cu l a r , suggest that 
the i r po tass ium-sod ium se lec t iv i t ies could be uti l ized in r ecove r ing 
po tass ium f r o m seawater . It is l ikely that these ion exchange m a t e r i a l s 
could r e q u i r e chemical and physical modification be fo re they would be 
suitable fo r commerc i a l application." ^ 
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It is recommended that a shor t p r e l imina ry exper imenta l investigation 
be c a r r i e d out to a s s e s s whether or not p rac t i ca l po tass ium separa t ions can 
be effected f r o m seawater . 

4. 3 Solvent Extrac t ion Using a Mixture of Santophen- 1 and EHPA 

The t e s t s indicated that 4: 1 Santophen-1: EHPA solutions in t r i c h l o r -
ethylene can be used to ext rac t alkali meta l s f r o m aqueous solutions. At 
pH 5, a po tass ium-sod ium select ivi ty of about 9 is at tainable. The alkal i 
me ta l s can be s tr ipped efficiently f r o m the ext rac t by t r ea tment with n i t r i c 
acid solutions of pH 2 or l e s s . However, in applying this sys t em to the 
extract ion of po tass ium f r o m seawater b i t te rn , opt imum select ivi ty would 
not be obtained unless : 

1. magnes ium (and probably calcium) were f i r s t removed, 

2. the b i t t e rn salt concentrat ions were lowered by 
dilution (at least threefold) . 

These r equ i r emen t s could not be met in c o m m e r c i a l operat ion, and 
f u r t h e r work with this sys t em is not warranted . 

It s e e m s likely that magnes ium is extracted a s a co-ordinat ion complex 
with EHPA alone. (Baes, 1962). Thus the undes i rab le extract ion of 
magnes ium f r o m bi t tern might be great ly reduced if EHPA were replaced by 
some other organic e lec t rolyte which does not have this complexing abili ty. 

The need fo r dilution of the b i t te rn might be avoided by using higher 
phenol concentrat ions and higher organic: aqueous volume ra t ions . However, 
solvent extract ion p r o c e s s e s of this type a r e economically una t t rac t ive with 
the cu r r en t marke t values of po tass ium sa l t s . This is because the s teps 
inherent in such p r o c e s s e s a r e : 

1. s t r ipping of the loaded organic phase - th is r e q u i r e s acid 
at least equivalent to the alkali me ta l s extracted. 

2. regenera t ion of extractant by t r ea tmen t of the s t r ipped 
organic phase - this r e q u i r e s alkali approximate ly 
equivalent to the acid consumed in the s t r ipping s tage. 

The cost of alkal i and acid requ i red would make potass ium r ecove ry 
unprof i table even without the inevitable los ses of organic reagents . Thus 
un less the value of po tass ium sa l t s r i s e s markedly , f u r t h e r investigation 
of solvent extract ion s y s t e m s of this type is not just i f ied. 
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TABLE 1: EXTRACTION OF ALKALI METAL IONS FROM SYNTHETIC BRINES - E F F E C T OF pH 
Tes t Conditions: Organic phase 1M Santophen-1 

0. 25M EHPA in t r ich lore thy lene solvent 
Aqueous phase 0. 0075M KC1 

0. 065 M NaCl with var iab le alkal i concentra t ion 
Phase ra t io Organic: Aqueous = 1: 1 by volume 
Contact t ime 10 minutes 

Tes t No. Normal i ty of base F ina l pH Ext rac t ion Coefficient Eg Ext rac ted % Separat ion F a c t o r , E ^ , 

K Na K Na 

2 0. 007a 3. 9 0. 35 0. 045 26 4 7. 8 
4 0. 014a 4. 5 0. 82 0. 088 45 8 9. 4 
5 0. 028a 5. 3 2. 3 0. 25 70 20 9. 2 
6 0. 057a 5. 5 5. 0 0. 65 83 39 7. 8 
6A 0. 08a 5. 5; 5. 2 0. 93 84 48 5. 6 
7 0. 014b 4. 1 0. 72 0. 082 42 8 8. 8 

a. base = NaOH 
b .base = Na 2 C0 3 



TABLE 2: EXTRACTION OF ALKALI METAL IONS FROM SYNTHETIC BRINES 
E F F E C T OF Na AND K CONCENTRATIONS 
Tes t Conditions: Organic phase 1M Santophen-1 

0. 25M EHPA in t r i ch lore thy lene solvent 
Aqueous phase Variable NaCl and KC1 

0. 007N NaOH 
P h a s e ra t io Organic: Aqueous = 1:1 by volume 
Contact t ime 10 minutes 

Tes t No. Initial Molar i ty Aqueous Phase F ina l pH Extract ion Coeff icient E ° Separat ion Fac to r E ^ Na 
KC1 NaCl K Na 

2 
9 

10 
11 

0. 005 
0. 12 
0. 28 
0. 03 

0. 05 
0. 80 
2. 0 
2. 0 

3..9 
2. 6 
2. 8 
3. 4 

0. 35 
0. 026 
0. 030 
0. 071 

0. 045 
0. 0077 
0. 0072 
0. 0098 

7. 9 
3. 4 
4. 2 
7. 2 



TABLE 3: EXTRACTION OF METAL IONS IN DILUTED BITTERN - E F F E C T OF MAGNESIUM 
Tes t Conditions: Organic phase 

Aqueous phase 

Phase r a t i o 
Contact t ime 

1M Santophen- 1 
0. 25M EHPA in t r ich lore thylene solvent 
Bi t te rn B1 - tenfold dilution 
0. 0033 g equiva len ts / l i t re K 
0. 035 g equiva len ts / l i t re Na 
0. 034 g equiva lents / l i t re Mg 
Organic: Aqueous = 1: 1 
15 minutes 

Tes t No. Normal i ty of NaOH Fina l pH Extraction Coefficient Eg 

K Na Mg 

Separat ion F a c t o r s 

E K 
Na E K 

Mg 

3 - 3 . 0 0.058 0.0072 0.050 8 . 1 1 .1 
3A 0.007 3 .1 0.12 0.019 0 .23 6 . 3 0 .5 



T A B L E 4: ACID STRIPPING OF ALKALI M E T A L IONS FROM ORGANIC EXTRACT - E F F E C T OF pH 
Tes t Condi t ions: Organ ic phase 1M Santophen-1 

0. 25M EHPA in t r i ch lo re thy lene solvent , loaded by 
contac t with a lkal ine synthet ic b r ine . a 

Aqueous phase Acid s t r i p solution with v a r i a b l e pH 
P h a s e r a t i o Organic : Aqueous = 1: 1 by volume 
Contact t ime 10 minu tes 

T e s t No. Acid Ini t ia l pH No. of Washes 

Na Str ipped 

Mi l l i - Equiva len ts 

K St r ipped 

12- 1 HNO3 3 5 0. 22 0. 064 
12-2 HNO3 3 10 0. 22 0. 13 
13 HNO3 2 2 0. 19 0. 14 
14 HNO3 1 1 0. 17 0. 14 
15 H2SO4 1 1 0. 17 0. 14 

a. In each c a s e , the loading of the o rgan i c ex t r ac t was accompl i shed under condit ions a s f o r T e s t No. 2 (See Tab le 1). 
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FIG. 1: pH TITRATIONS - SOLUTION E VERSUS ALKALIS 
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FIG. 2: ALKALI METAL EXTRACTION WITH SOLUTION E 
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