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Abstract -To develop a liquid membrane permeator that extracts strontium ion from sea water effectively and con- 
tinuously, we investigated the extl-aCtion of sli-ontiunl ion fi-ora artificial and natul-al sea water in a contained liquid 
membrane permeator. The permeator consists of a liquid membrane and two cells for aqueous solutions. The liquid 
membrane containing D,EHPA(di-2-ethylhexTl-phosphoric acid) and DCH18C6(dicydohexano-18-cro~m-6) is trapped 
between two hydi-ophobic microporous polyethylene films and separates sea water and tile 0.2 M H~SO4 aqueous stlip- 
ping solution. The effects of various operating paralneters on the extl-aCtion of strontium ion were experilnentally ex- 
amine& The extmctant of DCH18C6 - D,EHPA mix,ire in kerosene had a synergistic effect on the extraction of 
strontium ion. The permeator extracted strontium ion from sea water effectively and continuously with long mem- 
blane lifetime. 
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INTRODUCTION 

Sea water has been a very popular research object because of 
tile tremendous amount mid abundance of dissolved components; 
and many researchers have been engaged in the separation and t~l- 
ization of valuable components from it [Botterill~ 1982; Kabil et al., 
1995]. As a result of tileir work, several economical processes, such 
as sea-salt manufacturing processes and the Dow Seawater Pro- 
cess [Kh-k et al., 1981a] for magnesium, have been developed mid 
in operation. Although these processes are in successful economi- 

cal opemtiorl, more research should be done on the use of sea water 
for many valuable conlponents therefronl. 

The extraction of strontium ion from sea water is one of the in- 
teresting research subjects became not only is strontium the 5th rich- 
est raetallic catic~l m sea water whose average concentration is 80 
mg/L [Kirk et al, 1981b], but it is also relatively expensive with an 
increasing industrial demand. 

Liquid membrane technology is one of the promising methcx:ls 
for extracting solutes fi~m aqueous solutions. Common liquid mem- 
brmles e,m-aclmg metal ions fi-oln aqueous solutions are emulsion 
liquid membrane (ELM), supported liquid membrane ISLMI and 
hollow fiber contained liquid membrane (HFCLM I. 

In the early stage of liquid membrane study, many researchers 
were engaged in the e-,-Imction in the ELM [Izatt et al., 1983; Casa- 
raal*a et aL 1978]. ELM involves a laborious process including eraul- 
sification and de-emulsification, the la~er step being espedally prob- 
lematic. Furthermore, ELM suffers from swelling instability of the 
inner phase. 

In the SLM~ the organic membrane liquid is present in the pores 
of a polyraeric support raernbvane where tile metal is extt-acted into 
the pore liquid at the feed solution-membrane interface. At the strip- 
ping solution- membrane interthce, the metal is hack extracted and 
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concer~ated in the stripping solution for recycle [Yi, 1995; Chaudry 
et al., 1997; Yang and Fane, 1999]. However, SLM suffers from 
instability resulting from the loss of membrane liquid by solubility, 
osmotic flow of water across file membrane, progressive wetting 
of the support pores, and a pressure differential across the mem- 
brane. 

A novel liquid raenlblarle technique has been iecently developec[ 
Here the organic membrane liquid is coNained in the interstices of 
two well-packed sets of nlicroporous hollow fibers m file shell side 
of a hollow fiber permeator In this HFCLM technique [Sengupta 
et al., 1988; Park et al., 1999], the dilute aqueous fecd solntion flows 
inside of one set of fibers. Tile aqueous stripping solution passes 
through the inside of the other fiber set_ Each aqueous-organic phase 
interface is immobilized at the pore-mouths of the respective fiber 
For hydrophobic fibers, file aqueous feed and stripping solutions 
flow at pressures higher than the organic liquid membrane pres- 
sure. Any raerakrane liquid loss to file feed arid stripping solu- 
tions is automatically compensated for by the membrane liquid re- 
servoir. 

Tile HFCLM tedmique Cml offer a practical alternative to cur- 
rent techniques and processes for removal of heavy metals. How- 
ever, in the case of waste water with solid suspension, HFCLM does 
not operate properly because of the small diameter of hollow fibers. 

The contained liquid membrane permeator with two microporous 
fihns could be an altenlative to HFLCM. This pemlealor consists 
of a liquid membrane and two cells for aqueous solutions. The mem- 
brane liquid is llapped between two microporous hydrophobic films 
mid this liquid membrane sepal-ates tile feed and stripping solutions. 

In this study, for the ptutzose of developing liquid membrane per- 
raeator extracting SI e+ ion fi-onl sea water effectively a i d  continu- 
ously, its extraction frcan artificial and natural sea water m file con- 
tained liquid membrane permeator with two microporous films was 
investigated Tile effect of various operating parameters, such as 
extt-actank ex~-acting temperature, initial pH of feed solution, etc. 
on the extraction was experimentally examined. 
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Fig. 1. Schematic diagram of liquid membrane permeator cordig- 
ur~tion. 
1. Extracting solution 5. Membrane liquid reservoir 
2. Stripping solution 6. Stirrer 
3. Membrane liqttid 7. Drain tap 
4. Teflon cell for 8. Feeding tap 

membrane liquid 

EXPERIMENTAL 

Kxtmction of Sr ~§ ion from artificial and nan~-al sea water in the 
contained liquid membrane pemleator shown in Fig. 1 was per- 
formed. The configul-ation and size of the pemleator are similar to 
these used in the prior batch study [Ju etal., 2(~)0] on 5nc ion ex- 
traction fronl aqueous solutions. 

The liquid membrane permeator consists of a liquid membrane 
and two glass cells for aqueous solutions. The liquid membrane con- 
sists of membrane liquid in a teflon call holding a membrme liquid 
reservoir and two microporons hydrophobic polyethylene films trap- 
ping membl-ane liqtfict The membrme liquid reservoir automati- 
cally compensates for the loss of membrane liquid duiing the oper- 
ation and eventually prolongs the membrane 1Ketime. Two 80ml 
glass cells for feed and stripping solulions are tightly con~bined on 
both sides of the liquid membrane with the aid of a Teflon ring seal. 

For cot]tlnuons ope~-atic~ feeding taps on the both glass oells 
are co,~ected to the ex~acting and stripping solution reservoir ta~,.~. 

The membrane liquid was an organic solntion of D ~ H P A  and/ 
or c~own ether in kerosene. Sonde con~ffmations of extt-actants at 
different concentraions were tded. The feed solntion was mificial 
sea water whose conce,~tralions of Na +, Mg e+ and S~ ~ ion were the 
same as those of,~alx~-al sea water. The ex~a~ction fron~ natural sea 
water was also examinect The stripping solution was 0.2 moFL aque- 
ous sulfuric acid solution. 

Ariel- assembling the Teflon cell for liquid membrane, we tilled 
two microtx~rous films and two glass cells for aqueous solutions, a 
Teflon call with membrane liquid ti~augh the membrane liquid res- 
ervoi[ The pem~eator ass~nbly was placed in a thermostated water 
bath and the feed ancl stripping solutions were also tilled in glass 
cells to start ex~ction. Dtnitg the ex~a~aclio,~ both aqueous solu- 
tions in the glass cells were contmuonsly stirred. 

The vaiiation of Sr '§ ion conce~ation in the feed and stripping 
solutions with time were measured by an A A  analysis. 

The effect of operating conditions (e:~-actant and its composi- 
t ic~ ex~action temperature, imtial pH and concentration of the feed 
solution) on the extraction was e:q)erimentally examined. 

RESULTS AND DISCUSSION 

1. Mere brane Liquid 
Croval ethers consist of hy&ophilic cavities and hy&ophobic 

exteriors, and form stable complexes pmicularly with alkali and 
alkaline ~ t h  metal ions by holding the ions in the cer~a-al cavity. 
And the selectivity of crown ethels for metal ions in solvent e-,lmc- 
t_ic~l systems lagely depends on the relation between the size of the 
metal ion and the cavity of the crown ether; in other WOI~ls ,  the metal 
ion which fits the crown ether cavity best is the most extractable 
[Vogtie ancl Webe, 1984]. The extraction can therefore be con- 
trolled by vm-ying the number of oxygen atoms ill tile crown ether 
ring, the presence of cyclohe,~ane or benzene lings in the crown 
ether smacture, and the lengtk brmctmlg and chemical nakne of 
the substiments groups of the carbon chains attached to the cyclo- 
hexane or benzene rings. 

Ramadan and Danesi [1988] and some other researchers repotted 
the mLxture of crown ethel~ and long chain, water insoluble orga- 
nophillic acids slrongly synelgized the ex~-action of metal ions. The 
synergistic effect of membrane liquid can be adjusted by the prop- 
er sdection of organophillic acids and the cavity size of crown ether 
corresponding to the diameter of the metal ion being extracted. 

To select a proper membrane liquid composition for the exmac- 
tion of Sf § ion fiwm sea watel; some mixqJx-es of D , ~ A  and crown 
ethers, 18C6 and DCH18C6, whose cavity diameter is 2.6-3.2 A 
were tested considering the ionic diameter of Sr ~'+ ion of 2.26/k. 
D,EI-IPA is one of the most colrmlon and easily obtainable exia-act- 
ants for metal ions. Among the mixtures we testeck D,EHPA (30 
vol%) and DCH18C6 ( 3  l ( r  3 mol/L) in kerosene showed good 
charactenstics on the extt-aclion of SI ~+ ion fi-onl artificial sea water. 
Fig. 2 s h o ~  the variations in the concentrations of S1 ~+ ion in the 
feed and stripping solutions with time. From it, we could observe 
the eqmlibrium extraction efficiency of 0.735 for the mixed exti-ac- 
tant of D,EHPA and DCH18C6, which was bigger tixm the sum 
((_).48) of the equilibrium ex~aclion efficiencies for single extract- 
ants of D,EHPA and DCH18C6, and we can conclude this exlract- 
ant mix~ 'e  shows a synelgistic effect on the extt-action of Sr -~ ion 
fiom artificial sea water. This conclusion is meaningful consideiing 
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Fig. 2. The effect of ex~ractant~ on the exla'action of Sr 2§ ion fi~m 
artificial sea water in batch liquid membrane permeator 
(dashed lines represent stripping solutions). 
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Fig. 3. The  variat ion of distribution coefficients of  Sr ~* ion w i t h  
equilibrium pH of  extracting solulions for the m ~ e d  ~ -  
tractant of  D~EHPA and D C H 1 8 C 6  in kerosine. 
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Fig. 4. The effect of  composition of extracting solutions on the ex- 
traction of  Sr 2§ ion in the batch liquid membrane permea- 
tor. 

Ramadan and Danesi [1988] used exb-actant mixtta-e of dmonyl- 
naphthalene sulfonic acid (HD)and  DCH18C6 in n-dcclecane to 

extract Sr > ion, because D2EHPA is cheaper and more easily ob- 
tainable than HD. 

Prior to the exWaction of S ~  ion from sea water in the con- 

tained liquid membrane permeator with the ~Gractant mixture as a 
inex-nbrane liquid, disbibution coefficients of Sr a+ ion fox the ex- 
tractant mfx-mre were measured at various equilibrium pH's of aque- 
ous SI ~+ solutions. The initial concentration of SI ~+ ion in the aque- 
ous solution was 80 ppm. As shown in Fig. 3, the distribution co- 

ettSdents of Sr a+ ion increased with the equilibrium pH until it reached 
around 5. These disbibution coefficients were high enough fox the 
extraction of Sr -~+ ion, considering the pH ofnattral  sea water is 8.1-~. 

And  this type of distribution coefficient curve which shows an in- 
crease in distribntion coefficient at increasing pH but has a plateau 

is for the case when complexes of the form Mt~  and 1VE~(RHI~ 
are fomted and exb-acted and no nonex~-actable complexes of the 
form M(OH ~. are formed [Lo et al., 1983]. On the basis of the ex- 

n'action-stripping reaction mechanism proposed by Ramadan and 
Danesi [1988] which fonns SI-R.e(IKR)~ :(DCH18C61, it's possible 
to predict a similar form of complex might be formed even though 
different acidic exb-actant is applied. 
2. B a t c h  E x t r a c t i o n  

To verify the ability of the liquid membrane permeator with an 
exb-actant of D,EtlPA and DCH18C6 in kerosene a,s a membl-~ie 
liquid for e x t r a , o n  of S1 ~+ ion from sea water, the effect of com- 

position of the feed solution in the batch liquid membrane perme- 
ator was examined. Three idnds of the feed solutions were tested. 

The first one was an aqueous S1 ~+ solution with initial concenWa- 
lion of 80 ppm. As shown in Fig. 4, the permeator extPacted SI 2+ 

ion fast from the aqueous solution and reached exWaction equilib- 

rium within 10 hours. However, as the 1,290 ppm o f M g  2§ ion and 
5,385 ppm ofNa § ion were added to the aqueous Sr 2§ solution suc- 

cessively, the exb-action rates definitely decreased and it took about 
120 hours to reach extraction equilibman. There was no significant 

increase in the equiliblitan concentration of S~ § ion in the feed sol- 
ution after exh~ction equilibrium was reached. The concentrations 
o f M g  2§ and Na § were the saute as those of natural sea water. The 

a&!ition of Mg 2+ ozidNa + to the feed solution diarnaficaUy increased 
the total concenWation of solutes in the feed solution and these ions 

hindered Sr a+ ions from ex-n'acting to reduce the ex-traction rate. Con- 
sidelilg rite equiliblitan ex~-actic~i efficiency of Sr ~+ ions fi-c~n arffi- 
cial sea water was 0.726 and the membrane lifetime of this perme- 

ator was much longer than 120 hours, this permeator could be an 
altenxative choice fox- ex~-action of Sr ~+ ion fi-c~n sea water if it is 
installed beneath a sailing ship and exWacts S1 ~+ ions continuously 

The major opex-a~ig IZat'ametexs affecting the exlaaction in the 
liquid membrane permeator were initial concenWation and pH in 

the feed solution, and extracting temperan~re. Figs. 5-7 represent 
the effect of these parameters. 

Fig. 5 represents the effect of  initial concenWation of S ~  ion in 
the feed solution on the equilibrium exWaction ettSciency. As shown, 
the equilibrium exWaction efficiency decreased with the initial con- 

cenmation when the initial concentration was low, and became con- 
stant as the initial concex~-at_ion increased. The increase inthe imfial 
concentration of SI ~+ ion in feed solution results in the increase in 

the h-ausport of  Sr a+ ion to stripping solution, which enhances the 
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Fig. 5. The effect of initial concentration of SI ~§ ion in extracting 
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Fig. 7. The effect of equilibrium pH of extracting solutions on the 
equlibrium extl~clion efficiency in the batch liquid mem-  
brane permeator. 

decrease in pH of tile feed solution because of tile counter b-arts- 
port of I-F ion. In the region of low initial concenlration of S1 e+ ion. 
tile increase in tile initial conceIm'afion eiflkqnces tile ctecreetse in 
equilibriarn pH of feed solution, and reduces dislxibufon coeffi- 
cient and equilibrium extraction efficiency. However, a high initial 
conceilb-aticil of SI e§ ion makes a significant decrease in equilib- 
rium pH of tile feed solution and causes a low distributic~l coeffi- 
cient. Even though tile b-ansport of SI ~+ ion to shipping solution is 
stinmlated by high conce~m-afon of Si ~+ ion in tile feed solution, 
the equilibrium extraction coefficient remains almost constant. 

Fig. 6. shows tile equilibrium exb~ction efficiency was propor- 
tional to tile ex~action temperature. Tile temperature range in tizis 
study was 5-35 ~ and this may be the actual whole range in the 
large scale e;tmction of metal ions from nattral sea water. The in- 
crease in the equilibrium extraction efficiency is mainly due to the 
increase in equilibrium constant because the equilibrium constant 
of ex~a~ction reaction generally increases with extt-action tempera- 
rare. And this increase may be partly due to the change in the dis- 

tribution coefficient because the variation of temperature can also 
affect the disbibution. It is lalown that the distlibution coeffident 
of some metal complexes increases witi1 the increase in tempera- 
ture, but some complexes do not show this behavior at all [Lo et 
al., 1983]. Because the actual dlange in the temperaure of sea water 
is insignificant, detailed research on t_[is was not performed. 

Fig. ? represents the effect of equilibrium pH of the feed solu- 
tion on file equiliblium extt-acticil efficiency. It shaiply increased 
with equilibrium pH when the pH was low. However, the increas- 
ing tendency decreased with file pH and finally file equilibliarn ex- 
b-action efficiency became constant. This result is closely relatedto 
the variation of distribution constants with equilibrium pH shown 
in Fig. 3. 

Fig. 8 shows file comparison of time profiles of exb-action effi- 
ciencies of $I ~'+ ion fi-om artifidal and natural sea water in tile batch 
pemleator. It shows fflat file ex~-action rate of Sx e+ ion from natural 
sea water was slightly smaller than that from artificial sea water, 
and file time to reach exbaction equiliblJum is lengthened by 20 
hours. However, file equiliblJum exia-action efficiencies fi-om tile 
two sea waters were nearly same. These results, similar to that of 
Fig. 4, are clue to tile higher total concentration of solutes in file nat- 
ut-al sea water than that in the artificial sea water. 
3. Cont inuous  Extract ion 

Tile ex~-action of S ~  ion froln artificial sea water ill tile contin- 
uous contained liquid membrane permeator was performed to exam- 
ine tile effect of some operating pa-anleters on tile ex~aaction flux. 
Ill tile continuous operation, it normally took about 40-50 hours to 
reach a steady state if tile space dine of tile pemleator was 5 hours. 
Tile extraction fluxes of S~  ion were evaluated fi-onl tile steady 
state concentration of  S1 ~+ ion at the exit of  extraction cell. 

Fig. 9 represents tile effect of equilibrium concentration of Sx e§ 
ion in tile feed solution on tile ~b-action flux in tile continuous liquid 
membrane permeator. As shown, the e;Iraction flux increased with 
equilibrium concenlration of S1 ~§ ion up to near 0.0(r25 mol/L and 
became constant above that value. This result corresponded to the 
theoretical model proposed by Rovim and Sastre [1998] saying the 
exb-action flux of metal ion in tile supported liquid membrane per- 
meator is proportional to the concentration of metal ion in the feed 
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Fig. 9. The effect of  equil ibrium concentration of  Sr ~'+ ion in ex- 
lracting solution on the exlraction f l [~  in the continuous 
liquid membrane  permeto~: 

1. The liquid membrane permeator with an extractant of 
DCH18C6 and DeEHPA mKture in kerosene as a membrane liquid 
e:m~eted SK + ion from sea water effectively with a long membrane 

lifetime. 
2. The ex~-action rate decreased with the incrm, se in the total cc~:- 

cenlration of solutes in the extraction phase, but the equilibrium ex- 
a-actic~: efficiency did not definitely change. 

3. The equilibrium extraction efficiency increased with the e,lmc- 
tion temperature in the range of this study. The efficiency decreased 
with the itfitial concentration of SI ~+ ion m the feed solution when 
the concerm-ation was low, but it tended to be constant as the con- 
cenlration increased. 

4. The extraction flux in a continuous permeator increased with 
the equilibrium concentration of Sf  + ion and pH of the feed solu- 
tion, but the increasing tendency dm:inished toward constant exlmc- 
tiOl3 fI1Lx. 
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Fig. 10. The effect of equilibrium pH of exlracting solutions on the 
extraction flux of Sr > ion in the continuous liquid mem-  
brane permeator. 

solution when the concentration is ~tremely small and becomes 
constant o.s the concentration increo, ses. Tt~  means the flux is con- 
trolled by diffi~ion inan aqueous film inthe first portion of the gl-apl~ 
and becomes e:Nzely co:m-oUed by diffusion in the membrane as 
the concentration increased. 

Fig. 10 shows the effect of equilibrium pH of the feed solution 
on the extraction flux of Sr > ion. As showil, the extraction flux m- 
creased with equilibrium pH at the low equilibrium pH. But the in- 
creasing tendency diminished as the pH increased to get constant 
exlraction fltr~. This result is also closely related to the variation of  
distribution constant with equilibrium pH as shown in Fig. 3. 

C O N C L U S I O N S  

As an effective liquid membrane pem:eator for extracting Sr > 
ion fi-om sea watel; a contained liquid membrane pem:eatc~- with 
two microporous fihns, was proposed. The exa'action of S ~  ion 
fi-om artificial and natural sea watcrs m the batch and continuous 
contained liquid membrane permeators was performed The results 
obtained are summarized as follows: 
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