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Extraction and stripping of uranium ions from nitrate media using a hollow
fiber supporied liquid membrane was studied. Tri-butylphosphate (TBP) diluted in
kerosene was used as extractant and sodium hydroxide was applied as stripping
solution. Uranium ions were extracted using TBP 5%(v/v) by rejecting thorium ions into
raffinate. The mathematical model was focused on the extraction side of the liquid
membrane system. The values of the agueous feed mass transfer coefficient (k,)and
the organic mass transfer coefficient (k) calculated from the model are 5.32 x10°
and 7.44 x10" cm/s, respectively. Therefore, rate controlling step was the diffusion of
the uranium complex fons through the liguid membrane. In addition, mass transfer
modeling was performed and the validity of the developed model was evaluated with
expernmental data. A good agreement of experimental data was found with the

theaorelical value when the concentration of HNO, in the feed solution was higher than

0.3 M.
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(nszuaunTsanasaasianiazae) taa'ld tri-butylphosphate Juansannazanelu
PsuAne wazaudadi 1Ay 30% Taenfunns  arsazanetlewfhiansazaneumsnii
AN AUty neBunuars1guIengaNiuilu 1000 ppm  ANNIINARBINULY
ﬂizmummﬁmﬁmmmLmﬂgmﬁﬂmm:mGﬂuﬂ@ﬂmnﬁ’]ﬁmﬂmﬂié’ WAZAIHNATNID
Tunnsaiauati ANEeauntInu ArKdduIIansate SRsndauesatnL

a

13U uarANduduIaenge lusanlugnsazansitlan

[ o a

40Ns ANNINANWIA (2549) AnHINNIANAYLIHEN NOFUNUAZEIRMILIN AN

Wl lasneglugiiinuesaisdsznevaaslans taaldnisainsneipsesainsousioni

a K a o dl | ! . k74

azattkuuanuilginAanulasteuaisilugae (pulse sieve plate column) uwazld
v 1

tributylphosphate uansainaraeluuasiufiig AnNEAN1IARBINLGY NaETiuNnzan

a K

A mFunisanagiaiien nalsan eanainainuienn lngldveannuuuaulgiaaniuiuas

a

o

flouasifludas Readnuidudusas  tri-butylphosphate Tutingfufng dusunisade
gy 10%  Tneiffuies uazmdnudnduaes  tri-butylphosphate Turinsufing
AuFunisananaFauingy 20% - IagifEuans Arnndunsnvesansazanatlaudniian
Windu 3 Tuasiedns easdaunIIIa4EAIINN aTesEIzasanetlaudndegnsatangi
WAL 1 /e 1 A9u9zn19L2E (pulse setting number) WinAL 7 F9PINANNTDVRIMRATR
TunisanageitonuazneFan Wil 89.5% UAY 76.1% AMNATAL LaIANT M
AuFunnsanawngy 40 wh

Pathak et al. (1999) Vloﬂﬂ’]??J’:filLLﬁlﬂgLﬁ‘LﬁﬂNﬂ‘ﬂﬂ@’mVIﬂGENLL@:@@H@WH%@@%‘?{
Lﬁmfomﬂﬂﬁﬁ?ﬁm’ﬁlm%uimﬂ%m‘zmummﬁmﬁwﬁqﬁﬂ@z@w wazH Di-2-Ethylhexyl
Isobutyramide (D2EHIBA) iluarsainuazlenauluaisazaietlavszansetlunsalussn
ANMMAaeINLdn D2EHIBA anansnariaginiian|dn fnnsuBaudiousudeyadieldans
a1n TBP wudn D2EHIBA anwnsnaimgnilen|ffindt TBP  uazfiannadudues TBP

{lu 5% Tnaiiunns fazanngslaneananmeGaslanngs

q
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Kulkarni (2003) mm@mLLazﬁﬁﬂLﬁmﬁummmﬂqL';"LﬁﬂuﬁﬁmmLiu%’uﬁ@mq@aﬂ
@Wﬂﬁﬂﬁdimﬂ% Emulsion Liquid Membrane (ELM) Tun1suainazld tri-n-octylphosphine
oxide (TOPO) wluansanmazana’li paraffin - wazld sodium carbonate \ugnsazany
UINAY Iuﬁﬂﬁq(mmmmﬂ@u)%ﬁ U(VI) 600 ppm, Fe(lll) 360 ppm, Ca(ll) 325 ppm uaz
Mg(ll) 390 ppm lunsalumsnidudu 1.2 Tuafeans TunmeansasiReLiauR e ld
mmmwﬁ@ugLﬁLﬁﬂNﬁLﬂ?ﬂu%m%m LazwLdNaNInueENg LN laaaueanuIain

leeouatinauline 70%  wazmudnduresynfianaisazasilouaneanuideanda 50

ppm

Yadvendra waz Shailesh (2000) %1348n13uenna@adaananssinwn ki ld
Annsanasagfannazatalnegl N-phenylbenzo-18-crown-6-hydroxamic acid (PBCHA)
[~ o = 1 e‘&l al a dl M v
iugnsana annimaaesarnlsnuenne Fexaananusiuun lasfedlsnaaiadulueg1é
BATNLINENTU I NALITIERUIZTUINNAEFLUNTL  PBCHA JUHAMNIADHININLAZHINNL

v A = o = < e P 44'

SIAUAUNITIN TFaN geillty AsluneEaNaIgnainuanaann lFANIa1AEw)

Ramakul ttaz Pancharoen (2002) 'Qﬁ?;lsluﬁfawmmﬂmﬂiﬂfa@mmﬁ’][51LL@uVﬁﬁfN

Ao A o o A ; 2 o o ao
wazilanieneananiulaeldioaurumannemaidulanass Tunisidatiuuenainay

o Ao A Al v MY ¥ o ¥ A o o

anunsauenssuauntiiiasilafmonaananiulauds duiuafusnintiinisadnuuy
~ = - | = [ 9 a v Y ¥
wINanaNn M lunszuaunsiewsiumacingssaidulanatsdnsog Tunimaaeativasld
A9 AANTNANINANTUAD HTTA 1Ay TOA Azae lUUUTULAZNLINA AN L2
HTTA 113 0.01M uaz TOA il 3% Tneilfnmg waz pH 18sansazaetlawdy 2.5 azlé

< 6 o dl
WafiduFAn 98 ngana

a Q

Ramakul et al. (2003) ldvaasinisuenloasunan1ass1s] nasund 1AM LAy
[ a o v dl ] Q‘I % ?;/ o v dl
A=A eanannusaaitiasnmaanngssamdulanans Tunszuaunisusntiuinlag14ite
wiumalaeslugs uazinadiuaiaag. lupausnazananaslaseanaag LIxss tnaad
nsadansnifluansazatatinduuariuganassazanalpsilanaansdas Aliquatdss Tned
Tananlansanlafiiuarsaranaiindy wazinaausddsnz@aanuinig raffinate

AU FuAN19 i AR N U H AN AN LT UIBIEN T4 ARUDG 0.5M YNADNAI4RR AN

pH Nangareasazatstlouna 2.5 et nduuaalinasuns 33% fu taslian 92%

Pancharoen et al. (2005) l6348n19uenlaeauae9s 16 Laun I LA T FUNEANATN

o

v d‘l 1 dl v 9:/ v [ = = a
uantiEiaudumanngasaaidulanane Tunisuantuazldansain TOA haeTzeNeen
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a

wazslaaanaaauauniiuld lunisuantduainnsusnsinisaneanii lietnauigns

Q

neduatsazaneleuuaisazaiaaeanadaninuazatsazanatiinduasldlnmnas

1
aa

ASLBLUA  ANnnIsnAsedazlsannziangaae ANdnduaesnsadaninluaisazane
flawdlu 0.2M Annaduduaes TOA Wi 5%  wazAududusaslamanaifuaium

winiu 1M Tasazuendzasls 67% lunnisinauniduiinld i gRinunsaaias)

Ramakul et al. (2005) lfdanisusnlaasunassis luaynsuuaunilusmdio
. a o \ = % 9
trivalent aananaiia tetravalent IagldiEiaurumaannesoaidulanass luarsazans
tlauazilsznavdaelanauaasd@as (Ce(lV)) dadlulaaaunils tetravalent wazlonsuang
Alaalan (Nd(1))  Tadulessusie tivalent Iaald TOA Wuansadn wazldansazans
THALNATUBLUATNANTAYAININAL  AINNNTNAABINLINEIN1TOMEN tetravalent AT
71% w0ue trivalent lallalanugnaasaaiae anaziinngaasminudnduaes TOA windy

4% TpaFunsnaoimdnduaaensadaninluaisazatatlawdu 0.2m

Ramakul et al (2006)  'lé3deiAgerunisuanloneuesdFouainaisazans
Fawlnlne\diausumanfingsfaedulanans lunimeaesazld ToA fuansain uazld
TniAenlaasenlafifuaisazareninauidand sl luFewenniuausaema
ATIAANARS IR LN TE e NAIaN I NIV NANIINAREY  AINRANITNAAD
ANV ANAIA NS TN NI ATE NI LANSaZ AN Tl aLLAZ NI ANEa LAY e e NN
il 9.47X10% kA 6.303 cm/s ANNAIAL medq%umuﬁmmmmmmmmmﬁ@ma‘
fnamunaanansazanatavlldafioukuma tazanauninuneaNaRRwneenun 14

TuRdINITN I UENANIAaad laatiNunyanala

Ramakul et al. (2006) 3¢/ Atniunisangmiaazedleaauraslauaasinuiie
welannneamadulanacs Taald di-(2-ethylhexyl) phosphoric acid (D2EHPA) 1iluans
annazaelutniuiae wazldnenlalnsaaasnifludfsazaneinngy | siallsnFnenAe
FMIINIF IMAUDIANIAZATTAULATRNTAZALUNNAL AN NI UIR987747 a1

a o dgj %3 = 1 1 e dl % v
deildldngugnistramuaaniAn Permeability  wazkanimmaaesiifasnnded

UANMATIDIRBNNIN NN WATAINNITATUIUNLINTUABUTNAILANNNTTNEMNIARD

e

(3%

UAAUNTUNTU9 laaa U a1 7asa T A ULA YA TAZANEILNNAL

=2
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Patthaveekongka et al. (2003) MAABNALINLINNIUTIARAAUALNAFAINUT
Tunszuaunisulsginespinaunn lualnelfitaunuimasnngesaedulanans Tunis
neaeda MansannaesaiananiuAe thioridazine-HCI funsalaaanazanaluaaalsnesy
wazld sodium nitrite  1{lUANIAZABUINAL AINNNINARBINDIN AZUENEINWARLAZIN
aann liazngaiiald thioridazine ind 0.0005 Tuasiedans waznsalawdnidudu 0.05

= o = v = % ]
M Asgau1saueniaaaanls 29.1% lunimeassinisiansaratailenluaniu 3 sau

WAZANNITOWEN bE 65%

Patthaveekongka et al. (2006) lftinguiresannatesliseanisarinunldiv
dl ] dl % ¥ 4 ‘dl a 49{ !
aulumasnngeiaaidulonase Ingavidulinisannaninaaussninaunaresarsazane
fleunaziiaudumag 3anaenalnglins1ansmMnIamgE]aed Henry's laws iNeu1aNaa
LAZTINUIENANIINAADY NAvaINEUAsH N NaLAL AR ldA NN 1mAaee wudndunil
S o = o e Ao a o = =
wela leeeuressigiianinnaeshe uaunitiu aGuw Llanlanuasiaaimen A

dindustnn (Uszanns 100 ppm) wasldlunaidulenaaasiuga

1.5 dnguszasAansnudae

1. Anmdsaoandulialunisungeunumanninessadulonassunldlunng
anaLULAARBNTEY lBaaUTRL T HINIAT NN
= o == 0 o P = |
2. Anmiladesinenduasanisaianen leaauaesgsiilanuaznaFannig
4 4 me A e L
wausumanesaadulonany InadsoulsnazAnuism
¥ v =
1’ anasdnduresginiaylenaulugisazaaiiau
2) Anudnduaeensalussnluanrazatadlon
3: Curganeriiunasanlunisdiauenleesulansusariiaaananniueuiiie
I lﬂl % 3
welannesaedulanang
! = o : = o = !
4. MANALNTR9AUL9A97 TUIUBRINIANHINAUNG B NITNLNNIA
1 dl dl o L o
5naunisnasanemuaannan e el ldlunismiuiananimesasiazy
= o o oA = < A X,
WuuuanedmdugnasAnminaisasiisialyl
~ = = AN v = vl Al o= o =
6. iWalFeueunanIInIsAnE i iunan sAnsasdaun ldanu1duaziiy

o o ezdl dl ) =) a o 1
LLuqmammuQ@um%miﬂﬂﬂmmewm
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1.6 UAULUAURIIUIAE

1, mLfsmﬁlL%"]zjzm@@iumil,l,ﬂﬂmmmmmmmgL'il,ﬁﬂml,@:mﬁﬂuﬂ@ﬂmr]
ﬁu‘ﬂmﬂgﬁ@@LLtJummﬁWﬂqqé’qmﬁuiﬂﬂmq uazld  Tri-butylphosphate (TBP)
ugnsafaazanevinguing

2. AnwnisuandsazanananaesesiianuaznaFanaanainiu lnaldansann
AaTri-butylphosphate  (TBP) avaneluinsuing Taedneianududuaes

BP

[l
=

Winiu 5% laaisnams Lmz‘mmﬁﬁmmlmmmﬂqL@Lﬁﬂu@@ﬂmnmGﬂu
3. AnuavesAtA g uesnsalumsn g 0.2 - 1.0 M
4. ﬁﬁmmmmﬁquﬂwﬁﬂﬁqﬁ

- A& sEANB NN s TN (Permeability coefficient)

- AuilszAnsnisniemunavasileatsazaneilau (k;)

Audsz@vansinamuistasitauduman (k)
- wannI A WANdeeIn s laaaug i

5. Ynaun1zelanda e lineuiunanimeaag

1.7 Uszlagunangnazlagy
1. nowtsanuduldiilunsdssuudiawdumannldlunsuenginfianleasy
=

aanannaiEexlaany

2. naudenasesaNdnduaesnsn lusnsenisaiauen

3. nulenaresanEdndusesianuazneFanluasaraailausanisainuen

4. iuuanuasdayaiiugueeanisaiiiniddssuainuanleseulanziaeitie

' dl & & =K o a 1 !

urnaeInededulanatuazsannen s maiia bl seldl

5. uuuameuazdeyanug uIednITUINITIIUNNTAN AR LE BRI I NEATE

dulanansllssTamilussAugnanunasu



undi 2
NG 1)

2.1 N RGAIUNNLTRINUNTNAAD

211 LEDLEBLURD
NTTUAUNTEaLEMAT (liquid membrane process) HuUsenaufae 3 @9
(Ramakul, 2005) lawn

1. douresdnrazangiley (feed phase) Liludouiiiesmlsenavisaanisuen (T

dld”d = = I d” [ dld | o O
NUABELTLUEINLUATNE LTEIN) azaftdnulaziiudIsazatentuufINazans

2. douiEiausuman (liguid membrane phase) @ailudaunlsznavldfaeansain

b

(extractant) azanalusiainazaediuiiazes lugilaesansazaiaanatingu

! o o 3 ¢ ° ¥ ala - gy
3. AMULBNANTALANLUINAL (stripping phase) NIUEINIUBIALIENALNFRINIT

|
a =

LN ONNNIULE ALNUARINIANNE T AT oY avandNuiaziilua1sasaaniun Ll

ov

o o 1 a [ 1 1 dl [~ dll ] ] [

FNNATANL AN LA NIa9A AT AN TaY  LuvaudunTtautuiatay ldsqauily
AP UA91U19981 7828 A ULAY AR ANUINAL  AITTULNANNE ALNWLAANIAY
sendnansaranatlen uazasasatetiinduedAtlsznausesnsuanazinUnseniuans
v 4 da o o . e 4 o

ANA UL DLNWIAINRIANNAIZNINANTaZANETIaY  AULEBLEWMAdLNAIudNTsznay
a £ 1 dl 1 i’/ =l [N :ﬂl 1 dl U o
iEatauazatuagluldounumag aanduasunsiauaunuinan lugliazanela i
RANEATE NI A UEUMAN A UA9AZALUNAUNENATUIN a9FlsnauNFAaInTIeNG
g lugtrasansisznetidiafauasindgisenniuanszare i inauuasuenfaeanuIazan g
g8 81NNAL AIUAYENNNTRE AR L NAUNFBIN17AINANTAz AT auENWIE R

ueluan ldsaansazanainngaule

KX v =

¥t lUNI YU NN L AL VLA A9 A BN RN 945 19LE R LRIV AIN AU TUIN
o o Ao o Yy Ao A ' o

da17azanetlay WATAITIATANEUINAL WATNANATYABATABINAINITUNIN “FAINgS”
o4 4 y . . o o
inanazngEouEu(Mma0) 1 uazdunanssznineansaraieilon uazansazanauinay lu
FLUININITUNUNIAT LN Fanetiuinanaatia liun WUL LAWY (spiral-type
supported liquid membrane)( Kertész, 2004) LULLNWLLY (flat sheet supported liquid
membrane)( Di Luccio et al., 2002) uazuuugavinama uuuidulanan (hollow fiber

supported liquid membrane;HFSLM)(Alan and Sun-Tak,1999) @aifluuuuiiedeuldusn

a
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=~ = o ao X = X A :
giaanuaznaFaneananiuluanuidull \HaganANUA18Nase1ENATE
(Dahuron and Cussler,1988) uaziElauniiadNidenan nansnliudgenmantimlfdne
Tnanasdausimaadillus
o o = o a . = = = % P H
AnFugazigenressangstiasneIuenmiaanuuunngasoadulonaneniu
fdaruaiunsofnanlfainsanisdnedenliliuazananeninusresdlsuilaniedniba

nsAnEnszaudTy T (Uszns, 2544)

2.1.2 L?i@LLciummﬁngﬁfamﬁuiﬂnmq (Hollow Fiber Supported Liquid Membrane;
HFSLM)

siasasfuuuudnlanataz i sundulanansedaiuaunnnun e luuu e
fuudnussqadiulunaginsenssien fauanslugli 2.1 anifuAsdladanaisaednures
Tugasoalsduy (resin) lunnsainansazanstlon uazaisazanatiinavasluanieluduly
naRFendnilavia (ube side) waxilsilaan (shell side) %\‘]LLﬁQLL[ﬁidWEﬁ%@ﬂﬁ@’]ﬂIﬁﬂ@jﬁiﬂ
o LL@tflLalfrﬂLLN"LLLMZ\]’Jﬁﬂ@gjﬂ’mﬂm'guﬁlﬂﬂﬂﬁlﬁl\i@Qj?tﬁdﬁﬁﬂﬂ?@%@’]&lﬂ@u WAZANTAZANE
shnduilwieuasilouazmsnatessnelonuaranasinnduiugnunsninld 2 wy Ae uu
11)1@memL'Ew'mﬁw,mumumumqﬁugﬂﬁ' 2.2 Laadnanns maresdnatlautasaesinnay

melunadaludneniznis MakuLauNI9iw

miazmﬂﬂau U183N

T Y
ﬁWiﬁZﬁWﬂuWﬂaumH“ﬁH
s ——
(D)
L —>
1502010 INA VY9N
I
/

msazanetlouudn

717 2.1 Wawumaaingssosdulanana

NN9EIFENNIZUIUNTE DU WNAIN A0 Ta9F UM TREN L EIa U BIMAINY

A v o o a 1 a6 dl 1 ¥ o [ di o o [ dgj
Lﬂ@’i’]‘i.lﬁ\ﬂ’)‘i_lulﬂ’ﬁﬂﬂ?u Lﬂ@LﬂuLLNuV\IﬂN"H’I’NLEI@LLNMLMZ\]’JW&N@']EIWQ?@Q?U bHAUNRAITANTLL
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1
v

UTUITUINATAZALRBITHAN LAz AT UL ALNUMAY Fa3asduaziusiniidluitian

dl ' a o a a =R o o a6 v
L‘MZ\]"JLW@Q’]EILﬂllﬂﬂ@utf\lﬁtﬂqﬂ@qﬁ‘@Z@’]EI?LL@LL?ﬂiﬂﬂQZﬁWﬁ‘@x@’]ﬂﬂﬂ‘ﬁuﬂﬁuﬂ FINgRNFUN L

'
ol A

wiveaniluasslszinnae awWefnignguaiia ldsaurindtiawdwmanfiinaaauil

a

1 v 1 1 1
AulilugnIazaeaunTd  LAZFAN9a95U INA LN AN N INTUIRATALLN T DLW ATINHNN

u Q

wwanutlfaadlunag1rasant1a9un

|
i
|
i o 9 A A 1

: Nuﬁlﬁuiﬂﬂaﬁﬁ‘lﬂnng‘uﬂaﬂ'lﬂ LUDLUNULINAD
|

asilou

meludulenads

i Asaraeriinall

ﬂTﬂu@ﬂLﬁ%}uﬂlﬂﬂﬁ’N

s 22 Anwornastiasuulvagiunieiuaesaisilaunaransavanainnduilafansuni

¥ dJ % o v d‘ 1 dl ¥ ¥
mu’lmmwuqmuiumwmmmmnmmﬂmfaLmummwwmmmmﬂmmq
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AARURINTLLIUNIFTLE DL ULUAILLUNAIFRITU (Useng, 2544)

[ a

ANFNLsTANINNTUENGS

|
it}

[ %

= : P o
B JANERIINITINUMNIAN N e LU LIUIATBNTTLL
a o A
" {AINIARLAENES
B A0 NANNIE N ULA LA LTAN LRI AR U
" gunsonazldisylamiannansainnisatunale
o ] o o A o
" dnsdiulnefiunsaesansazanetian uarasuiinauiAgs
Y o dld < 4
" gunsn lAusTULNNeuTuI e e
B AAINITAYLILAZNITANHENN9HA

" gunsnsnulaale

dl v
m @WNW?GW@‘Z?IEI’]E?IH’]@LL@I\‘HEJ

stunaessasesiuatiadulonasaiugluuuimansaslunistin i deunannds
d4 o o X : a4 o
sHuunay o e INNNUN AN WHIAAUTNIATEY LAIEBUNUINAITIAINANTNAINTD
uilgsnniamnialdine lnansdstewivmaada vl Faduguivaessosesdunay

[
a o A

= a o dglv = = o 1 d‘ a d?
Anen luanuaae il WAZINHIA YL ANEI DL LRI AB928IN1T08 NN a NN AT T
4 P i B e . S
nsruaunIsiEiakiuvasnnesedulanalsuaslangun Ainea e NAUIUNAIAT
F19 1N 9T LAUNIINTAILNNIA 1Hun ﬁﬁmﬁ@u@@mmﬁm, ANAINENELNNIA (mass
transfer coefficient), AAINN13TNENY (permeability coefficient) WAZMNENNITATANLIN

199 (Flux) LaZENN WAL LTLNANITNAAD

2.1.3_ 1UAARIRITANALASNHINITANELLNNIA

nistngmNaalunszuaunisainsaedeuduataziilunistemunaiuuAILg

(couple transport) (U9¢ns, 2544; Ramakul et al., 2004) AB NILLIUNITAENNIATD

4
=X %

a o a o | = | = v i~ | =
iﬂﬂ@um@wummmmmuwmmu‘[mmummmumm sﬁ\‘lL?W[ﬂ‘ﬂ\‘iﬂ’]ﬁ‘%@%ﬂ’mL‘VILL@@@LLI@V?V]
% ¥ a % o Y o o 1 o
Fagn TN liAENIaINAUaNsazaa e Iﬂmmummmmu’m@u LBILLI UL UBNNNT

! p ' YY) A a = 9 A o
DNHNUINABDNALINUBN V’VJ']NLmﬂﬂumﬂﬂiﬂﬂ@u@ﬂﬁuﬂVUQ1uim1ﬂ@ﬂumﬂﬂiﬂﬁzw LTIPRANNNT
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o o = - A o Y BV Y
QLN ﬂ\‘]uu“]\‘]@qﬁ\n?ﬂLLﬂﬂ@\‘]ﬂﬂ?gﬂ@U‘WL?’]m‘ﬂ\‘]ﬂqﬁ‘blﬂﬂ\ul,ﬂthﬂqqﬂLTNﬂum@ﬂi@@@uI@ﬂz

NRANUANTALAEINALATEINTIFUATaTAETRUARIN (Porter, 1990)

'
o

iR LHMANAUBE sz uIaNsaratTan LATANIaANINAUTUATNANANTANA

aa

d’ o a o -dl ¥ o a a2 ¥ o o dl
Gﬁw:mﬂgm‘mnﬂ@@@mmi@m 1@@@%%m‘ﬂ\‘iﬂ'ﬁ‘@ﬂ@@ZLﬂ@@’]?L‘ﬁ\‘isﬁ‘ﬂuﬂU@’]?@ﬂﬂVI
%4

'
a =<

Rodudasunilvrandeusdunaninduleseuresarsdszneudeafoumdunans

v o Y

#n9tsznatndetauazinsinuitauaiiuan 1R dudasun 299 NEa i 78z aN NN AL

o o 1

wazazifindisendaunduniadudassndeansazanatinauiuigauluiman laaauued

Tanzazugalilagiduansazanaiinauluaniznaisilsenauimisdauaznaieiiuaisain

L a v

ﬁqLﬁuLLz‘%LLwa‘nﬁumuL'ﬁ@LLﬂJumemmﬁé’mmm(mummmwﬂ@u) Wann3ulean

Tanzanmsa satiugranmarnIntinNadnsdufaaweie laaauenuiEiakEan e

nsgnamNIakILALATRAzNIstem laasuatdeAnHIzAD  N9TNEMLLIL
49UN9N4 (counter-  transport)  waznnsaenuLUllnnaiReaiu (parallel-transport)
(1ls¥ns, 2544; Ramakul et al.,, 2004) aziiluuun luiuaueg fugtinaasaisans A9TIL

i1AssiasinANiANALTinTasansanaLana lnnastnemuaaAduAiull

ansafinn I lunsziounisfiaurumandxnsnuieanAilu 3 nguaNAN Uz a0y

| o

Herfduniduesdlsznauvesansania (Taviarides,1987) fail

n. #15ANATUANSA (Acidic Extractant)

o a dgj dl 1 -&l 1 v 4 | dl
ansafintilnil iWeaglugauiumaiaziesignsazaradawdunag ewaning
893NTANIAAIUNFE LA adsarindszinniidhanunsnutiveantAifluasalsznm
tinsIAe AN9ANATRANIALLLATINAN (acidic  extractant) Lazd19anaATin

ALan (chelate extractant)

ansannlszinnnIauLLsIINANTIU Ninanavesasannazidounidulalnsian (H)
WNiNUn3en 1w -COOH, =P(O)OH, -SO3H  dautlszinnuasansainazinlijisen
a ul/ . o a alld o aaa o
Aladu (chelation) Aulessulanzlessulanzaiinnilszauanainisanidjisenfiuans
ansannlszinnnean Miuetnannnlunsaninleasulanziine Di-2-ethylhexyl phosphoric

acids 1179 D2EHPA(Ramakul et al., 2006)
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o a a A a o a
ansanariiansndnlszinnaalscsinnalan (Chelate) TH1ANAIANTANAALH

pauiLaingi (Donor groups) arusnnaziinanslszneudsdeuluinume

o

(Bidentate complexes) fulaaaulanzls a1saindssinnmaniilaunansainlszinm LIX

AT AN B—diketone WU thenoyltrifluoroacetone (HTTA) (ansanpaiaiideuldlunis

u

uenaunItNLarilaflaNaanaInNiu WanfeAnTzALLTy1 ) (Ramakul et al.,

2004) 317 2.3 {lun1sduleaaunedLngaad LIX84-|

U

R
CHj;
i
(@)
//, N
|_|| \Cu/ \O
0 |
\'\|'|/ L—“"H
C
H3C/
R

917 2.3 Taseainstesinianazes Lixsd- lunisduleseuaasmesuns (Francisco and Antonio, 1999)

ansafnTiiansaivaeslszinnazdulesaulavsselesaunidudszauan fin
fuanslsznaui@eteussannis 2.1 Teflsuaesnfaetineanninisainlaaaunaung

Tneld LIXg4- Gailuanudduvesiliuwies (Ramakul et al., 2004)

Cu? +2HR—>CuR, +2H* (2.1)
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e R Aa TWana1ed LIX84-1 tpsasunngdnsuiunanafasiues luwaundu aunig
% £ =) aaa ai 1 o o o
dnefunansdeljizenisuanidasulessussudndlalasiauivleasuneasuns dmiy

d178za%8tNnautuazdauilunia  48N17N1TUINALTUAAANITUIANNIINIFAT AN

fAUNALTLAIAIANNNT

CuR; +2H* ——Cu? +2HR (2.2)

AN N1 lunNaT R laaaulanzauiuA Nl unIA-A1 IR W d AT T AN WanANNL

deauiusssnafredlaeaulanziiugfae (Ramakul et al., 2004)

1 dl‘ ¥ o/ = d’ |
nalnnisargmualaldaisanagiamiungs

o ¥ ansaiarianan anAanIsditmaeatiy leaauisansainaelonay
T,@mLL@ziﬂ'a@mjmiaim@L@u%Lﬂ?}lfauﬁmumqﬁumwﬁ@LLcJummmaLﬁmﬂgjﬁ?m
lesaulavz M™ fiegluansazanatlan Minlgnseniuansaia RH fegludousiuimas ifa
duanstlsznauidedou MR uazlalasdaulanay H Asaunis (2.3) aalalnaiienlanay

uuetlluansavareilauuazasdislaznandedan MR agllutiauniuman
M™ +nHR——MR,+nH" (2.3)

anrdsznauidedau (MR) ifntuludiauduiatazunidiiiiaidumaiilasainuasig

| o o 1

¥ Y IS4 o o ¥ dI A ¥ a dl
ﬂfl’\‘é\lL“llll?.lusll'ﬂ\‘i@%“]_“é‘zﬂ‘ﬂ‘i_lLﬁﬂﬁ‘ﬂuLﬂuLLNﬂUiﬂﬂx‘]ﬂﬂﬂ’]uﬂu\‘lﬁ‘ﬂﬁ’]uﬁl')@&lN’&ﬁ‘tﬂ"ﬂﬂLﬂ'ﬂ

£
v o A

welnwaaiuasazateiInaunEadndall (MR ) azviadjiseuuudeunduiulalasies
losaufiegludrsazareinnduinidulesenlanzeanne luaisazaraindusaannis
(2.4) warlea1341m (RH) ﬂﬁumﬁﬂm%ﬁmgiwﬁlﬂLLﬂJummLL@;LLWéﬂﬁuMﬂ“ﬁé’m
ansazanstleudn ieflagllviaufftendulesauaeslavees luaisazatatlen awdau

duidevlegUi 4.4
MRy +nH*—>M™ +nRH (2.4)

AnuaUdINstnamnua il 4 aziulidn lesauasslancha Cu™ azinamasuneiy
lenauraslalasian (H)  nistramunadneueilizandinistismuanuuplugain

counter transport
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Phase I Phase 111
Feed Strip solution
solution o
MEMmorane
cu® M
H* "

917 4.4 unuisuansnistamanataaldansaianidunse

2. #19ANATUALLE (Basic Extractant)

o a g ~ 1 dll ' V_r" - , ‘“1/ £% | =

ansannniinll et luEauduiataziasliasazaeilouiunsavisaiiuia

£ 1 dl a ° aaa ,".’-; o [ 3 a v 1 =
Wasndn WwesanlpesssngmuaasinUfnseniunes  asarnaiiaiwa lduinan i
FN9°] L tri-n-octylanmine—(TOA) 138 iNARUBNENY 111 Methyltrioctylammonium
Chloride (Aliquat 336) tluniluansaneatiaiug @1sdnntiaudazauleeaulansidadan

= tﬂl [~1 a [~1 a v o o o 1 o
vraleeauniiudszaay auasdssneuidedan 4 1M5UFqe819929848N19IN9470 R
Tnsansanariiaiuatiu_lasusagnfiatiannisnisanalassudizas (Ce(V))  Taald

TOA (R;N) mﬂmuﬁ@“ﬂmmé@ﬂum (Ramakul et -al., 2006)
2H " +Ce(SO4)§‘ +2R;N < Ce(S0O,);(R;NH), (2.5)

WA lANUNNALT dunfTnnstnauaslddannTstiaunduIaInNITdn AN AU LA 4R

IRANTA FINNALLUAFAaaITuA AT ANILIAvTaITuNgatasNg1 TeiualuniiAe NaOH

eNliseniuanstsznauidedan @eannig (Chaudry, 1996)

Ce(S0,),(R,NH), + NaOH + R,N <> Na,Ce(S0,), +2R,N+H,0  (2.6)
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I d’ ¥ o Qd’zz
ﬂ@Zﬂﬂ7ﬁTﬁMWNQ@Uﬁﬂ%ﬁﬂ?ﬂﬂﬁ?%ﬁ%ﬂﬁ#ﬂﬂ

'
=

Wa ldansadamdunanadulunisadnlasiiansag tri-n-octylamine (R,N)
P o o a P - o v a o 2
wasan Tuanasesasananifluiaarlddl H  wilewiuaisadpnaiansa aedulunig
themuaatiuazsiasillasauiduuananafisnianunu H - lugdit 2.5 WlunisaingFa
azmiulian neduasazaatinndy azifluuauasil Na© sfluilszquananamanunig
funulessureslans@zan nalnnirannlngldansadaimduiuasiuldwleulasdudan
nindlaldasananiiunse walidaiuiiansnunluanasaes tri-n-octylamine  (R,N) 1A
lusavusnaednsain Tuianaved tri-n-octylamine (R,N) @:ﬁﬁﬂﬁﬁ?mﬁﬂ@@@uiwzﬁq

ANNIT
2H " +Ce(S0,)2 + 2R,N <> Ce(S0,),(R,NH), (2.7)

v
we A NUTNN AU dunfgnnstianauas ki ldaunistaunduaesnisataunauiudN At e

ARANTARITENA1 1A 9E Y aunsnstianduie
Ce(S0,), (R,NH), + NaOH + R,N ——>Na,Ce(S0,), +2R,N + H,0  (2.8)

\Ha Taananes tri-n-octylamine — Haunisanakazianaulludonilesay Tuianaaed trin-
octylamine wazineméaunaulidsdiuansazaratlen welivinljisendiulesendFay

v 1 ¥ 1
ANAFIAIANNIIN (2.7) audeutuiEFas Tl
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Phase | Phase 111
Feed S Strip solution
solution
oSO membrane
e(SO,); Na,Ce(SO,), + H,0
H+ Na+

{ . (/.'-‘ ;;Vl v 1
anunudsnsinemuaalugli 25 aziulddn leaswanslanzia Ce™ azdnam
anunanUlasauedlalagian (H) NSt EmMNIaANEIUEREEININIITLINNIAULILIAYLEA

A co-transport
A. AsanaTuaLLunane (Neutral Extractant)

ansanagiiaiunany (Neutral) Tianavesatsainfiiunaneiuasigidnnse
Alnaus N lalnsiaunazuanldleasulans luasesansazarnaasinazgnannlnaiie
duasdszneuiedauiilszqidunane ansadnmidunatanfasldldun Trin-

butylphosphate(TBP) waziduansaiagidawldlueuiseil

a

ansanerialunatsazdulaaaulanyidedauvizalaaauniidulszasy  AaLu
41713 NAULTITAUAIANNIT (2.9) ANUTUFADLNUBIANN1TN1FANALALRNTAN ATRALTIU
NaNTW HlsuresnfaetnsasannAe TBP (Pathak et al.,1999;  Clifford, 2001;

Chimuka, 2003)
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UOZ" + 2NO; + 2TBP < U0, (NO,), - 2TBP (2.9)

LATITULAEAN U AT HAILA TWANUTENNALIY azatsuinautuasAaauluavtaLily

n3AUatNgN aun17n139NAUAL I M 4NN UNAUURINIFIAN AN AU LA AN ATRANIA
fruindutiuazdeniuaisararaiualuiiilie NaOH  @snvindfasenduansdseney

TetauAIdNNIg (2.10) (Chimuka et al., 2003)
UOZ(N03)22TBP +2Nat & U022+ +2NaNO, - TBP (2.10)
nalnnsaenuaaiie l9a12aTRANITIUARN

Wanldansananidunansidu Tri-butylphosphate Tuianasaansainfiilunaieas
T8 H lunnsdemusaiuazdesileaauiduuananatianilaniunu H lugdit 2.6 1w
nsafingaianlwanuadsiiaeld TBP azwiulddimissduaisazaraiingy anfuniauay

= + 1 o o =
d Na N’]Lﬂuﬂ?y‘gﬂ’)ﬂﬂ’]ﬂ LVIZQ'J‘H‘V]’]\?ﬂuﬂﬂi‘ﬂ@‘ﬂuﬂl@\‘iiﬂﬂiﬁ%L?L‘LLEI?J

nalnnisanalaaldarradanidunaraiuldwdeulasdudaundnidaldaisananilu

Y Yo a

nsn validauiarsunlaanaaed TBP A lusewsnuesnisain Tiananes TBP ay

u

vindfjnsenriuleesulanzisannis (Pancharoen et al., 2006)
UOZ* +2NO, +2TBP < UO,(NO,), - 2TBP (2.11)

v
we lUANWTENNALTY dunfgnistnnauas il ldaunistaunduaesnisat AN auiuaN At e

aRansafanlgnana Bludnedu auntanisiinguie
UOZ(NO3)22TBP+2N8.+ —)U022+ +2NaNO, - TBP (2.12)

e Tianaaed TBP drunisaiauaztinndulludonilssey luianaes TBP aznanaiiu
NaNO, - TBP uazdnemnliéssnuarsazatetion e liliidjisenivlessusstan uay

@Nﬂ’??ﬂ’]?@ﬁ@ﬁ‘ﬂﬂﬁ@ﬂﬂﬂ@ﬂ TBP ﬁﬁﬂ@WﬂLﬂu
UOZ" + 2NaNO, - TBP——UO, (NO,),2TBP + 2Na* (2.13)

@ o A o @ o ~ |
’&ﬁq“ﬂﬂﬂﬂ LRWILIAUNUUNABINTANALYINUUNANNI1TN1TA N AR UAANNITN (2.11) @

paupratngaailufulilannisnisainaziiluseannig (2.13)
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Phase | Phase llI
Phase Il

Feed solution Strip solution

Liquid

membrane

UO 2+
? uoz*

.
Na Na*

£ rr 4
1 F 4 |
N 2.6 wnudeiannanistramaasleeaulavziaslalnsienlessuresnisdiamuuuiiieldansaris

224 4
B 4
¢ A, j
adad b /4

7 o I
s b F
- .,;:f,

analunana

—_— e

NI 7R .
anuaufan)senewaaaluglil 2.6 azdiulidn leeausadlanziie UOZ azdram

v
=

' o
TSN HNAIAATNNH L 94

o ‘3 - _’/ I ! 1
anunarivleseudszaus FEN4IN9TEMNIAULLAILIA

N

a | 1 Aﬂl ¥ o tdl oA dl o
UM counter-transport wirnsa e ldansanaidunsnne lesaundsunteiuleaau

Tangldldlalnsian widluleasuudnaianaw (luiiiae Na’)

aviuladn ansanpiea Nt aazdean AN AWl lusuIasa1IazANE

%

ndedld nalnnisdamuna anen2.1  ilunisaglaaaziannesnisldasannaiin

1 dl Y o ¥ 2 AI d%’
ﬁ]’N"ILW@GLVWI’W]Q’WNLﬁlqlﬂiﬂ\‘i’]ﬂﬂxﬂlu



= = P o A
A1TNN 2.1 @;ﬂi’m@:mﬂmmmﬂmmmnmummﬂ

ANSANATUR ASANATURA | FITANATUR
nsm VIR NAad
A15azangilau Wganan Wunemnan Wlunsmnan
A19ASALUINAL Wlunganin Wluuanan Wluganan
NNSONUNNIA AUN NIUAITU ANUNY
laaaunanawnlil laTnsiau lalngian lalasiau
nulasaulans

2.1.4 TUAAUNITANEINUIRELLEALEMAIR N LLNEaNITY 5 TuRaL

(Usens, 2544)

1)

nnsunsaadlaaaulanzainaisazaisila lilsstinaaatiautiuimad

a o o

milﬁmﬂﬁﬁ?mm@ﬁfﬂ@@uiwzﬁummﬁmLﬁmﬂumiﬂi:ﬂ@uFﬂﬁfauﬁm NH 2

NP e A Lol AR IR Yo

NN9UNTIR9A17U e NALIT T AU N RN A N AU A Ta LA A U LLE A LEUAN

Wl aRndudara9E anpuLaLa1Ia et LN AL

aa

nafedfisenfeunduaesarsiszneudsieunarafulessulavziazans

o oz

AP NN AN AUDLE ALAULAZANTA AN UINAL

nnguwsradlaaaulanzanniinuadtiautuiman ldfasnsazanetinndu

29
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2.2 noufiifaafunsAuIn
2.2.1 mamAmsiannarestjise (K,,)
INENN19N1381A (Clifford, 2001; Chimuka, 2003)

U02+

3" +2NO;  +2TBP,  «~=—-UO,(NO,), - 2TBP, (2.14)

Y1 d‘ A
%1@?1?@@‘1/1%@@ AR

— [UO,(NO,), - 2TBP]
- [UOZZJr]aq[NO:%_]iq [TBP]grg,free

(2.15)

as | o~ Z Ef = o | Y | =
Qﬁﬂ’]?‘w’]ﬂ’]ﬂﬁ%@ﬂ@ﬂuui@ﬂﬂﬂﬁ]"'\]ﬁi[ﬁl@\i“l/]’]ﬂ’]ﬁ’]ﬂ@@ﬂL‘WT’J‘VI’Wﬂ’]ﬂQ’]NLﬁIN“ﬂuﬂ’ﬂﬂ@W?ﬁl’]\ﬂW

a o

annzanaauaztinA lldluannisairamannaluaunis (2.15) QNN HUNN
wudnAAsnannateslise lunisaingiaiiien (annisn (2.15)) Aa 251.2 LY/mol’ (Stas

et al., 2005)

2.2.2 ANduLlseAnanisnizang (distribution coefficient)

ANANANL T ANTNIZNITane (distribution  coefficient) #7aluuN9A171871a1E A9

. . . . A o ] Y v dl 1 dl 1 [
distribution ratloﬂ'ﬂ'ﬂlﬂﬁ"]@’)uﬂmﬂﬂqqﬂL‘I.INﬂuﬂ@ﬁ1‘ﬂ‘ﬂ‘ﬂui@ﬁ3ﬂ@%1uLﬂﬂLLNHLM@’JﬂUﬂfJ’]N

L7

dinduaeslassulansialuatsazans (Seader and Ernest, 1988; Rathore et al., 2001)

v
o o |

Aty AN distribution coefficient aB9nsanAg s ReNAILARS LFAIaNNT

org

D [UO,(NO;,), - 2TBP]
[U]total,aq

(2.16)
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2.2.3 N1SMIAIANLENEN15TNEN (permeability coefficients)

Danesi (1984) liiauaannisresdulsransnisiuninu Ingldannmgiung A
distribution ratio 1849119611 @17azansta T ade Lt naniuuInN9IIaInIesL

dl ] o o o 3| 1 ¥
Eaudumanldgsansazararinnduduednaun Tnaldannis

u
V, In % —Ap—% (2.17)
[UT; a+1
GR
" A (2.18)
PLenN,

\Ha P A Anduilsz@nanistiuen [U], uaz U] Aermududuasslesauaae oo

Qi dl QI £ [ o A dy all !
NIAT T BASVIATNAUAINAIAL A LAY Vf AR NUANITONLNNIA UAT UTUIATUDY

o

arravanailay  AmNaIsy Q, AedmsIndluares  asavatailau  luilwie uay
L,N,r,&,v, An Anneereddulanasy, aaunudulanansluluga, falneluaesduly

NAaay, ﬁ’)’]NWﬁ;um‘ﬂ\‘lLﬁuﬁLﬂﬂ@’N LAY AANNLTITBNANTAZAYTIRY ATNANAL

M. AR ; . Ul | .
inazvnAIdnLlsc@nsnistusuldlaenig @f1e nswsznansV, In W Y
f

[~3 Qs a ] o 1 1 o/ ) QA‘
nan (t) Aagldrnuduasansvae AP—1 Feazinl9iuAn P vise Avdudse@nannsan
a+

pints 16
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224 WULRIABNNITOENNNIAUASNITUIANRNLITEANENITOINNIA (mass  transfer

coefficient)

< =2 \

v
AN UIBILLLRNARINITEN N NIAT A UAL 1T AN AN 72 AN a N1 9 EN LN T e 1

v
o

b

naatawptell Tunszuaunisnistamuiatiu e dannmgaungn nsdiamueaiy
# 3 dumau (Kumar et al., 2000) #3317 2.7 Aa
dl 1 ?Ij/ a 6 v a o/ o/ 1 ?/ a o o/ dl 1
1. delessulanzingmainduianundebindudassudnatulaniude wluman
2. \Waleaauwidedeu (Miinaanleaauteslansinljisaniuansain) diamann
flagnsazanetlau llgiansasanssinna

3. WalaaaulanzNiinauunlenemnainduilan 2 NsaRndudaseninetulay

AUANTAZANEIWINAL

(U

(U)s

v

2.7 wuudsnItemNIai WU WwMAn

[ |

[Ha9anANa9dNLsrANEN1s TN WITNA T INe LA AN EmMKRaT8 T UABUNNITNELM

UIATDIT 3 TURAUNNAINNT  ANNITTBIANANNUTIZUINAIFNLIZANTN9TNNIU AD

(Aamrani et al., 1999)
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1 1. nl1 nl (2.19)
I:)U i r-Im I:,m r-o ks

R | 9/ A 1 o a ‘Qf 1 y
Taer 1, AafAl log-mean 1aadulanany , k uaz k, AaAduilsz@nanistnamuisaesis
flay waytndu mIwa1Au P ARAY permeability 101 EAULHWLMAY  TRANAUSTILAY

partition coefficient (H ) (Kumar et al., 2004) AI&NN1T

= Hk = K, [UO;" 1., INO; 1%, [TBP1S; frec K (2.20)
oR k. AedudszAnan nshawmsaesdeusiumag
¥ P aunnsnilgluaamsi 2.20) lundluaninns? (2.19) azlddn
i=i+L 1 - ! 2.21)
P, ki N [U02+]aq[NO ]aq[I'BP]Org ree Ko k

dll a6 v |aaa ¥ ; o [ % a é’ [ KX o 9 dl
LL@ZLu‘ﬂ\WWﬂL?”I@ZLIZLIﬁliﬂﬂ{]ﬂﬁ‘ﬂ’]ﬁ’]uﬁ]\‘]u’mﬂh NAUULTININ ANAALNDHYANILUDIANNITN

(2.21) @an (Aamrani et al., 1999) Ll

= = — (2.22)
I:)U ki r-Im K [UO ]aq[NO ]aql.-rBP]org free m

[ % :J/ dl % 1 1 o 1 Id
AN LBLTIAT19N I NIEndne — iy — ﬂ'ﬂ“’lﬂﬂﬁ"ﬁ/\lVILﬂuL@uﬁIN NH
I:)U [NOS ]aq
o 1 o rl 1 o 4 1 4 ] 1
mqmumqﬂu— o M linnen k, aanuald  dqueinas k,
[UO ]aq [TBP]org free m

o b2 o/ 1
%mmmimmmmmmmu —

u
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2.2.5 N1IMANNITNIUIEATNANTUBNN 1T ENNNIA

1 1
g

1 dgl dl ¥ o 1 o '8 1 1 = %
saldilisnazannisildiiuneAwdnduesnisdiemuaaainapsiisie e liun
7Rl v d’l QI o o 1 v
wldnauniihdl Guain nuuasdauisnau Taeld
Ul,, unuanmdudusesansiseneuidstaussndnginiloniuansainluibe
wHuuan Aatu [U],,, =[UO,(NO,), - 2TBP]

org

a o o

U],  wiuanudnduaesansilszneuidstaussndngiailoniuaisananmoduda
22196170 A TIa1 ALLE B ULNLIAY

ANANNIIANAIANAA Az 1530
L 2 <
[U]org,i = Kex[NOS]Z[TBP] [U()Z2 ]f,i (223)
anannsnand Wawasannaelutiaudumas (a1 2.7 sznew)

J. R, =[U]0rg’i —[U]Org'S (2.24)
A Y A o o s Y Ay A A
nedianndinduresgisfisunasinuaisazanaiinau( U], ) suiliesuinideiey
o Y pry A . PO Y v
Aunnesnutlen  Wiesannlun1enaaeslunaieans 40 wiiwinty  Anududuaea
guilanluansazarstiinduasdaliininnauaza s aisld (Aamrani et al, 1999) A9

wiaaLly
‘JmRm :[U]org,i (225)

i v
¢ A a o

AMNANNIINANE LHANANTUIRINTURNTAZANITTAU AU A NERIZ I a8z aetlau LAy

D

Eausuman (g 2.7 sznaw) azlsda
‘JiRi :[UOZZ_]f _[Uozz_]f,i (2.26)

Tpa? R uay R AaANAIUNIUNIstnemuaa ludiuaasidauiumnaiuasdaunes
arrazanetlew AINAAU  dew [UOZ 1, A fduangl
e w [UO, ] wat [UO, ] AR AINITNT UL DDAUIDY

gullanluasazanetlon  uasitodudassudnaansazarailen  Audeawiuwmaiogn

LR ANANGL
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WU U]y TuaunnsT (2.25) adlugunnag (2.23) azlgin
J R
[UO; ], = e — (2.27)
" K4INO; J°[TBP]

LAZUNU ANNNTN (2.27) A9 lUANNIN (2.26) WAZENNA Win1seemuaaldulLy steady

state iupa J =J, =J fazilisuannisrasandldaanuima

K [NO; T°[TBP]*

= U0z 2.28
R, + R K, [NO, J"[TBPT 2 11 229

Wansnunanninaniazed NO,  azlsdn

[NOET]O y [Nog]free + 2[U] (2'29)

org,i

Taed [NO; ], wanens anadaduaes NO, Tuduilau Noanizusiu
e pondnduaes [NOy ], Hdades wiaztlszuinilsdn Tanaaes NO; ynluanaii

Ufisenivleasuresginiian Awinainanniei (2.29) axlddn

[NO3_]0 = 2[U]org,i (230)
AN PINFNNNST (2.23) waz (2.30) WnAreiw wazanFeelud azlsaanuln
NO;
NO; J*[TBP]? __ING) (2.31)
4% 14F" 2K, [UO; 1y ;
WAL TaunaT (2.30) WAz (2.31) wiaslugunnai (2.29) az g9
NO;
[NO ], [UO ], (2.32)

J —
2R, [UO; ], + Ri[INO; ],

AINANNNIN (2.32)  aziudn I ldarunminAtaas [UOZZ’]fYi (Audinduaeslana

o

guailenniadudassudineansazatstlauiuitiewsumag) 16 Auiudeannasaulsau
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WU TAEILNAN [UOZZ‘]f'i a1N@NN1IN (2.26) UNUA luaNnIIh (2.32) wazAnFe v

a¢1FaanNNUANNITNNAIRDIAIANNT

2J°R,R, - (2R, [UOZ ], + R[NO;1,)J +[NO;],[UOZ ], =0 (2.33)

wazdnFeanNnig i 1oty

] 2R, [UOZ 1, +RyINO; Iy + /(2R [UO; 1, +R,[NO; ],)* —8R,R,[NO; ],]UO; 1,
B 4R, R,

(2.34)

ileaann \/(2Rm[UO§’]f+Ri[NO;]O])2—8RmRi[NO3‘]O][UO§‘]f HuiiAtieandn

2R [UOZ ], +R,[NO;1, 2einaain  Aetiuasananansinmas

\/(ZRm[UOZZ‘]f +R[NO;1,1)° -8R, R[NO; 1,][VO; 1, pananaNnnsf (2.34) 14

wasaniuang nadlonlu

/ :[[UOS'L +[No;](,J 235)
2R 4R

anannsnandlugivialiaeanisanamiealuiiouluimag (Chaudry,1996; Su-Hsia and
Ruey-Shin, 2001) Ag
3= -d[Uo; ], v

— 2.36
dt A ( )
vinaunns? (2.35) WAZ (2.36) N3N Uazl@9n
d U02+ U02+ | §
1 [ 2 ]f \L:[ 2 ]f +[NO3]0 <237)

dt
wasaniuaniinsaleeldresiande 9 t=0, [UOZ'], =[UOZ 1,

>

2R, 4R

I m

anvinsnanazlfann1sAI AN LT uTeseaitsy laaaun19suaNTa ANt tia ﬁmm‘lm

a

9 -
Zhe

N

“RINO;J, RINO:

207 _ 2 __A 2.38
wo: ], oz, + RO oA 239

m m

oA

Tuund 4 aziini31nannisn (2.38) Wl uavBauiauiuaanimaaaenls 918a0uN

InAAsanuinesls
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luuniiaznanaemeazidanaesnimaaeanidunisdfic lddnaziiuansad

4 a e - 4 a ey e o a e
ATaeian 1t TeazidtnadeTastaN M LarAanITAELNIIMAaadINFaIniaingls
3.1 A15LAN:

Tunmeaes gunilonildiluansazanetewazl(NH),U,0,  douneSuuie
Th(OH), TmﬂiﬁmmwLmﬁizﬁmﬂzﬁﬁﬁmmﬂ?m%L‘ﬁ@ﬁuﬁ Tuansazanailen azldnge
lussn HNO, e lansazanailowdlungn  daugnsainiazld Tri-n-butylphosphate
(TBP) wazazaneluinguiig dnsazansasilay g lanenlansanlas (NaOH) avanely
tindu e iluasazanaia el 3.1 Humanaglesazidantesaisaiiliy

ANTATZAEIF "]

9 0

~ A Y A '
A1FNN 3.1 ﬁ'?ﬁlﬂl]VlﬁlﬁlﬂLﬁgﬂ"IWHWTIGluﬁWiaZa"IﬂﬂWQ“]

An9azany FnvINaza agnavans 1 INaTany 2 | fagnazane 3
an70zane feed vind (NH,),U,0, Th(OH), HNO,
Fausuman wAlsdu TBP - -
#1978 aN8AF L nndu NaOH - -

3.2 iasasiaunazailnsainldlunisnaans

3.2.1 ganeaal Liqui-Cel ® Liguid/Liquid Extraction System ;'u Cat. #5PCM-106 184
1319 Hoechst Celanese Corporation ﬂﬁ?:ﬂ@uﬁqmﬂé‘ﬂmu °I;®M‘LI@NMWNL§‘Q
NEIIANAT A WAZNAATIARINKAL %wmmhmm@mmLﬁm"mélué’millwi@ (tube)
uazilaen (shell) ﬁumﬂugﬂ‘ﬁ 3.1 1Ay 3.2

3.2.2 Fagesfutadulunansues Celgard ® X-30 240 Microporous Polypropylene Hollow
Fiber Inefigaidulanansiifeyamuazdansomaad 3.2

323 \Asesdiefinendaeianisenudasfiansai (Nuclear Activation Analysis 9178 NAA)

TUAZIRLARARNINAWLA LUNIALWAN 1.




o o 9 , < vy
gﬂ‘l/l 3.1 ‘gﬁﬂ’]i‘ﬂﬂﬂﬂ\‘m’ﬁ@ﬂﬁﬂ')ﬂm@LLNHLM@QWWENWJEIL@HIEIT]@QQ

19NN 3.2 MeaziBeATeIaNFsIg 7 1eagadilenady (Hoechst Celanese

Corporation, 1995)
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GENST]

UM / YUA

1%

Tasudulanana
Wuluaudnaesn g luzesdulanans

Euehuguenasnevenaaadulanans

1
a a

aa
PUNAFNIUNALITTANTN N
AINNNUIRILAUTEINAN

AYHNAUUANFINEIE A

=

dg, dla dld a
NuNEaNNLsz@nsnIn

v 1 1
a a

[ % ' A A aa
AU UNFAaLTNNATNNL s ANEN N

1eguun R lunslfimRnnsgegn

q u Q

FRaaermdulanana (D x L)

q

Nalnglnaw (Polypropylene)
240 lulasiums

300 lulasiums

0.05 lulmsiums

30 %

4.2 Kg/om2 (60 psi)

14 m7(15.21)

29.3 cm’ /Cm3(74.4 m”/ m3)
1°c 9 60° C

8 28 cm (2.5 8inch)
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A

1 7

U7 3.2 nsdfummemms g msluazesatsazatedun UM
Tne? 1 Apdninesansazanaila, 2 Aeilugu, 3 AexnasinaNAUIEN, 4 AauAsdRAITN

o A o o A s A A 9
AUARAN, 5 ﬂ@N’][ﬂﬁ"]ﬂ@ﬁl‘i’m'ﬁ‘iﬂﬂ, 6 ﬂﬂ“ﬂﬂ@ﬂﬂ?mﬁuﬂﬂﬂ@%‘i, 7 ARLNLNATANTATANE

TNAL (stripping)

3. 96N15NAAAY

3.3.1 AnwuauedAInuANNduesnse lussnluaisazaislausenisans
UENAITASANE NANEITLHENUASYIDITHNOONANAUAILIEIDUEUIAITINENAIEI

dulenassuazainnudlunsa-ane A i ladseansnmlunsaingsigs

= Z; o ar dg/
NUUBABUNITNIONY

(1) FFaNgnTazaetlau %'\1LﬂummmwmammgjL@Lﬁﬂmmzmﬁ‘ﬂmﬁm%’u
300 d@quluanudan ( ppm) 13499 5 ams nealumanlugnsazaietlan
0.2 Tuasedns wazifusieehagnsazanailauBuduan 3ol
AT

(2) wiRtnasararetinnduaaiuansaranelnmeslansenlafidudu
0.5 lwameanILzuIAg 5 AMT WAALALAIDEINTEIANTAZANLUNNAL

o A o a - = P P
ﬂJﬁLﬂJ’]LWﬂ‘Lﬂiﬂ')LﬂiﬁzﬁﬁﬁﬁmﬂmmmﬂuL:‘LuﬂuLLZ\]ZV]@L‘IFJM@@@UL?NM%
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- - ¥ o
{3) anummzmmﬂﬂunumn'ﬁqLﬂuﬂﬁmzmuiaqmmﬂn 8P lu

uufsaududuraiy 5% Tneiuams

(4) Hauarrazartdauduvandr ) lulugasesdongudulonasans
0 . i - -‘ - ¥
naduidovie uazdanlfen Wilveduudszunn 20 uii Welvibeusdy

wandneglupnqugamaseadulunans

(5) flausrazatotlen uazarrazarsdindudrgyanimessadulanads
wieu q fuludnemeatunsiuusrinaulaeddnmnirivasaniones
fafi 100 ﬁaﬁimﬁamﬁﬁh;ﬂﬁ 3.2 til‘!ﬁue}nmmnnnmﬁuﬁwﬂwma
amarasiisuuazamazaminduiei AnesimBug ey

uaENe Fuu

- £ . 4 >
(6) Manimmaaedsde 1 D315 Tmowlfsumtududureantaluminlu

araacaindandlu 0.2, 0.3, 0.4, 0.7, 0.8, 0.9 uax 1.0 Tuaredns

W J - .l
(7) Fagtaniuldaangnnimessslldinmsiviroudndusssginiiog

uazveFauAeEn1ra UTaRTEY (NAA) NussiBusegluniAuuan 1.

2 Anwruauaen AT NI eIl ua e T Tua178zR Y
Uausen 1z8iAUEnNRITaS A8 NANYITITENLAINATENEaNIINIUAE
Hourhunsaimgenaedulenassuazpasilunsa-wea i bl
Ar@nbamlunaIaAgIR AT REURITIIAT

(1) WinuaTazaelleu 44lﬂumm:n".ﬂunmmqmﬁuuuﬂ:mﬁﬂu
Windu 300 goulududou (ppm) UFuez 5 &Rt uaznealuminly
arrasantien il 0.2 luasefnr ussindetinarazaotlauFusu

e it s

(2) wisuarazaeinduiaiuanrazaevedlnidonlansanles
ATIMIENTY 0.5 TuareRnrFuamg 5 &n7 udaiudietaeeeans
L] - 4 L] el
arrazarsiinduriduiein Ao inueesyndouuss

valFunlesauiFuiu
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i - '
(3) I‘.!TEI!Jﬂ"liﬂt'ﬂ"I!.II.!.I‘HI.I.N‘I-.I.lHﬂﬂd-&LﬂHﬂ'ﬂﬂEﬂﬁﬂiﬂ-ﬂﬂ'ﬁﬂﬁh 8P lu

vniufaaduduriniy 5% e Funns

(4) fleuarrazarmidoudumandallulugasesdangaduly naosais
yaduilavie ussda@en Winaduusnnn 20 uni e lideusdy

wamTeglugnuganinrsadulanans

(5) tleussazallou uazarrazaminduiirgyanimassadulonang
wian  Muludnenzarumasiuuas manulasidnsnisivaresioaes
Ha¥l 100 NndRardawRRegi 32 deduganimassufudetiisres
arazanilauuasarrazarsiinduainiiein ldinss i i

yunilanuasne iy

(6) Wnmanaednde 1 545 Iapalfeumudinduresgniouuase oy
Tuarazauilew 1w 400, 500 uas 600 ppm

“ y ; ..-
(1) virdaetasiifiuldanynnimesedlffiiassinnacududuses
ginituNuasnalFuNAENIT8IuTIRTaN (NAA)  TiaaziBunagly

NIAHUIN 1.



unn 4

) S

4

HANITNARNBILASIANTURNANTITVNIANRN

Tuunazudailuaesdaulugpe  Tuiade 4.1 andlunisuansnanimaaedly
= = o ! [~ 1 o v
nsuengadenlessuuaznaenlegauassnainiudinailuednsls ueneanainiuléa

e lluazuannaredsaulsse e saiauarnsinAL  TuAe navesA g

= a ¥ ¥ ¥ a
gaggLaiiostarnalzanlosaulugaisazarsandruazaosduduassnsaluninly
arsavarerdn  Weded 4.2 azanguinldnaal§uuni 2 a0ld AenisiiAnildann
NANNINARBININIAIAITINITTNNIY (Permeability, P) NAuidnduaes HNO, Asing)
wazthaafradunsmuazldneninldunAiuamni s he k; waz k, sdeld neu

v 4 = o 1 d‘ o % U dl % dl a
aavintazinistinAnAauInieansn il ldluaunisnasaamunanldunainuny 2 an
v = = i o i Apy Y v P '
Aogl uarANITILIT 81T I 9HAN1INARAIN LAY lAaInann s NI AHLANGNS

=l v o =
Y70 AN LN LA

4.1 WANISNARDILUNISUENELTIUENAANANYIALTENRANAINNY

A o = = > Y o
LN@V}M@@MﬂmLLEIﬂ?;_uILiLUE}ﬁJi@@'ﬂu'ﬂ@ﬂ@’mV}@L?ﬂ&li’ﬂ@@uimﬂ%mﬂuL‘?Jmm‘ﬂm

HNO, sine7iu Ag 0.2, 0.3, 0.4, 0.7, 0.8, 0.9 uaz 1.0 luasedns WeuAuwaeulY

' '
a A

Anuanmaaedlugii 4.1 feruazdunaiiugenhanlasgassilsznig Usenisuan Ae
anNnsnuenlaaauaadgsiantaznaBanaanainduldetdraiuniinala ey
= o A o < A ' o v X o
auifianlesaugnanauaneanin luansinaganlesautuneuazignadnee  vistiilu
ez e MERIWIeNdsana TBP lu 5% natlinamns azamnsnanalfiansleseu
ARaHENINGU (patak,1999; 1Ty, 2544 ) senisiiaey WalidaNudnduaingg

Tusisn, agiiasadannsalunsanngeanidhuduiingizainannisnnaana
UOZ* +2NO; +2TBP < UO,(NO,), - 2TBP (2.11)

dl al Y Y uI/ A QI — [ a rd‘
PHALNNANHLINTLULRY HNO, UUABLTILNH NO3 ATNUANNITANANUDIARTADTLLTLNE

Y v :J/ L% o QI g o & dl a o [ é/ dl o
AANULANUNURIANTH mumﬁlmwmu%wﬂmm@@L@@ﬂﬂVW@’]iN@mnmmmwummnm



43

y v o4 Y o co < 2 2 X o4
annald  ezdwdamnaududuses HNO,  wlefifusinisainaiuauaanLiv
(Uszns, 2544) uazisraztmanimaaesaingt 4.1 1 lAwsmneiasisnesely
TuduAnIsAR@entinu (selectivity) uananeladnde 100% esannlessuraamne Fas
2 A . o A , o . P ~
dwnavazlignainesnuaaiay leasundramitutauliumaiuslasauaasgsiiia
winilu Tneazanisnannuansingailaneanunling 37 42 49 uaz 50% eI
dndusasgistanuaznazanluansazaailawiliy 300 400 500 uaz 600 ppm AMNATAL

dougnsazarstinnauuldlnaanlansanlas Wud 0.5 Tuasaang

80

70

60

—&— msaingilan

o a
T AT MNFANANALTEN

v 40 W mgtndug e
o
:'@ 30 oA msinduveiun
20 -
B e
» L L..-A
10 == . .A
= B A
"I BEPRE B -
0 T
0 0.2 0.4 0.6 0.8 1 1.2
AN NTUYeIna lumanluansazanstlau (INasaans)
gnar n Havedn Nl Ndueensn lussnselesifusinsafinuasnisiinduiiianau

dinduaesgsiionuaznazanloaauu 300 ppm
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70
60
50 H
—&— nsanmagLin
= 40 ---B - AN9AnANalTaN
[N
=
s o o =
2 50 —A— nsindugsie
@
=
CA pstnALYeFYN
20 —
10 H
0
0 0.2 0.4 0.6 0.8 1 1.2
AN NdUIa9nIn AN ludnsazatailen (Tuaseans)
l:i £ Y a 1 c @ 6 [ dl £ ¥ =
71N 4.1 9. N@’ﬂmm’mLmumumBQﬂim1uﬁ1iﬂﬁ1@LﬂmmummmnmmemLﬂJN‘uu“ﬂqu?LuﬂmLm
naireNlaaauiili 400 ppm
70 -
60 —
—— nsaingsien
50 H ®
sl ﬂqﬁ‘@ﬁ,ﬁw’ﬂg‘ﬂﬂ
\,P\i 40 + / —a— msdnaugilon
=
= o o
s !, M~ = s« | | ..
‘“é 30 A NITUINALUNALTUN
= / /

0 0.2 0.4 0.6 0.8 1 1.2

AN T uneInge lumanuasazanetlan ((uaseans)

9171 4.1 A wavespNdRduresnsalusEnsaafiduinisaiauaznisiinduiannududuaes

astianuaznaFanleaaiuily 500 ppm
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lafidus (% )

60
50 —
—®— nsanngaton
40 —a L.
- sanAneleN
30 —+— nsthndugiaidlen
“--A - ngtnaunelien
20
10
.—"'.--“-.
m- "
0 = "
0 0.2 0.4 0.6 0.8 1 1.2

AN duaaIngs lusisnlugnsazatetlen (Inamnedans)

7 4.1 9. uaresAnNdnduaensa lusEnsewasiiuinisainuaznsiinduienanu

dnduaesgintanuaznasonlasaudlu 600 ppm

4.2 MFUMOHYNISANENNIANT LT bUNITTINUILHANTNIARD

Tudquiidunsimgeiresuudiasamnaminaansnlidnanlfluunn - 2 w14
Fuannuuan1Ineaedude 410 < 4. 19 1 0MNANAIANITT MR (Permeability, P) Ainanu
dinduaes HNO, A uaziinnasadunanialdnswnldunAe i Adntlszans
nnstnaNaRIZnIsatsacaredlatuaziausuvag (k) tesdutsz@Ansniatiemauaaly
wauswmag (k) waiank, uaz k,aenunld azihldldluaunisnisonamanai léun

all = v QI all U ) 1 ai % 1 o 1 dl %
NUNd 2 andae  wardanazenallldAanistinA Rl udneean1InaaeeiuAN iann

o = o 1 A v A ' [ L =
NNﬂW?VI’WH’]ﬂN@NWL‘Lﬁ?ﬁl‘]_lLWﬂUﬂuQWNﬂqqﬂiﬂ@Lﬂﬂﬁﬁ?’ﬂ uanseiuNNNTae e la
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4.2.1 AMUIUATAINNITTNENY

andayalugii 4.1 1918 ITNNIATUIUAIAIAINNITNNTY (Permeability ,P)

1lne lfanun97 (2.17) An

Wl ) pp o (2.17)

Vi, In 5
[UT; a+1

1,

0
f

TnaairanswlszndnaV, In AU e t Al 4.2 azldnsvesnududunsand

¢

ANNTNAL APﬂ LIRTUNANAIANFTNEY (Permeability, P) l#anAtmansndues
_I_

neldueuaziennudadiuaas HNO, waewl Apeiinsturnufiaz sl dae
mﬂgﬂ‘ﬁ 4.1 14 fepnaiduduses HNO, Fisdn nsaraaldRT R uAAin st
dufideafindugng taeiirnAnud e HNO, #Aiu 0.2, 0.3, 0.4, 0.7, 0.8, 0.9,
10 Inasiedns azanunInR wInsAnAsinnsdusueensnlfidu 2.42x10%, 5.93x10*,

1.40X10°, 6.16X107,7.10X10”, 8.30X10”° uay 8.89X10° cm/s MINAFL

5000 — =

Slope = 78.8 & [HNO3]=02M
4500 [ 1=0.

° B [HNO3]=0.3M
4000 o Slope =75.4

/ A [HNO3]=0.4M
()
3500 Slope= 67.9 ¢ [HNO3]=0.7M

A ¢ A [HNO3]=0.8M
3000

p/ Slope =61.5 ® [HNO3]=0.9M
2500 ® [HNO3]=1.0M

5//' Siope = 42.9
2000 v * <
// _

1500

)

3\

-VIn(C/C,,0) (cm

1000
Slope= 7.5 _
500
Slope= 3.3 _
0 -
0 10 20 30 40 50 60

AT (W)

sn42  newlszwde—V, In Au el t Aronduduresnsalusznaisiig
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4.2.2 NMSATUIMIANANLSERNENISONELNNIA

° 1 1 i 1% v % 1 1 o 1 [
m%mumﬂmmmm@ 421 d1RTNNNTENdNN = Ay —
P [NO; ]
U7 4.3 Wawauiuanng
1 1 1
e R — — > (2.22)
I:)U |(i rIm Kex[UOZ ]aq[NO3 ]an.TBP]org,freekm
« ne e P A 1 o ey
Aazlinanniudunsadd pouduiaiy —— N 1¥unAN

I‘m Kex [UO§+]aq [TBP]grg, free I(m

v o " > 1 Y LT
K, 0001118 dqupnred K agAruanldainanfann ALY 1 leen K,

u

way k eanun An 582 X107 and 7.44 X10" cm/s NS AINANBaNNIAZLiLl

¥

1 v
9k, HAtaandnk, agnin wansdanisgnamNea udeulumaiudIndinauunsidng

2
o

EARHWMAININ  TUABUAILIANNITIYINIa AR TURaLNIT W laeauiTetauaas

=l = | o
%L?LMHNIMLH@LLNHLM@QHML@\‘I

x 10°

45

40

35 N —=U.JJul

30 /
25 /
20
/
15

s
y=0.0002x + 18.8 /
D2 — N O00ON1 /

1/P (s/cm)

10 15 20 25 30
1/[NO3]? (cm*/mol)?

' ' < 1.
7N 4.3 nawldumseitlfannimdensyndn — iy ———
P [NO;]
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4.3 mslianmsyugnanisanarainsaamgisiiaalanay

anund 2 ldannisannudnduresyissonlaseuniefuansazans feed Naanlnf

A
AR

241 _ Ri[Noz_]o 2+ Ri[Nos_]o _i 2.38
[UO; ], = R +[[U02 ]f,o + T jEXp( R, t) ( )

m m

' -11’ o ' EON V) = dl ! ¥
miﬂum%mmmmm ﬂ’)’mLmJ‘ﬂu"llﬂﬂ%L?Luﬂwiuﬂﬁiﬂﬁi@’]ﬂﬁ’ﬂuﬂ LQ@”I[F]’N"’II@EII‘H@NT]’]?

71 (2.38) wazauiuA1aINHanImaasy  IneAapsising i ldluannishe

R, =18.79s/cm R, = 1844.08 s/cm
A= 14,000 cm’ V = 10,000 cm’

dl | a 1 1 dl v 1 dl v o
917 4.4-n-o0 ilumanisulaniieusznIgAMAaINNIIMAaes wazAf lFaInnnsATwng
Ineldannnsi (2.38) AANdNduaadnsnluFsnlugnsazans feed Faus 0.2-1.0 LATAIN

dindusesginiianluansarateiiawili 300 ppm

350 T

300

250

laaau (ppm)

AINNTATUITU

200

=

AAMHEVNULUBD I LTLLEIN

150 B 3 nnNnaaeg

U

100

v v

50

0 5 10 15 20 25 30 35 40 45 50 655

a
AN (W)

917 4.4 n. WsuWeusendnananmaassiuranisaunlaeldannisi (2.38)
Waaudnduasgitanluaisazaailewdu 300 ppm wazaudndy

189030 luFsn A uasazanetlauandilu 0.2 luaseans



350

300

250

laaeu (ppm)

200

=

ANLUNTUBNELTLUEIN

150

v

100

>

50

AINNNTANUI T

AMNNITNAXNBN

0 5 10 15 20 25 30 35 40 45 50 55

=
LA (W)

917 4.4 9. WsuWauszdnanismaassnuranisAanlae ldannisi (2.38)

Waandnduaesesiiianluaisazanailandu 300 ppm wazanuidud

184n30 1usan luauansazatetlauadail 0.3 luaseans

350

300

250

laent (ppm)

200

a

AIMNLANUUUBNE LTLUEIN

150

v

100

v

50

| —

AINNNTATUITY

AMNNIINAKDY

0O 5 10 15 20 25 30 35 40 45 50 655

al
LA (WD)

U7 4.4 A, WRBLRBUIENd AN IMAReIiLNaNIAWIIRe FaNN9T (2.38)

warududusesgsilonluasazareiiawiiy 300 ppm uazarndudu

184n30 s N A uasazanetlausdilu 0.4 Tuareans
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50

350
E 300
o =
g 250
«
=
. 200 ANNNITATUITY
&
& 150 B annInaaed
2
)
= 100
<
=
&
© 50

0

0 5 10 15 20 25 30 35 40 45 50 55
a1 (W)

917 4.4 9. Wheuiiusyudnnanamasesiuranisaualaaldannisy (2.38)
Warnudnduaeseatanluaisazaiaiiawiu 300 ppm wazanudndy

1a9n3a lupan s uasazatetlauand e 0.5 luaseans

AINNTAUI T

AMNNITNANDY

350 ~y
g
a 300
=
& 250
&
%
& 200
G
= 150 u
2
g \I\-
%
& 100 -
=
g 50+
c
[cw

0

0 ® 10 15. 20 25 30 35 40 45 50 "55
AN (W)

917 4.4 a. usumsuszienanmasesiuNanisAaualng ldannsn (2.38)
Warnududusesgsiionluasazaraiiawiu 300 ppm wazanudndy

189n3a luwpan lusuasazanetlauand il 0.6 Tuasaans
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350

300

250

—— AINNITATUIUY

200 =

\-\.\ LY REPTY. TN
0 \.\.\
100

50

laaay (ppm)

a

AITNLANTULBNE LTIUEN

v o

0 5 10 15 20 25 30 ) 40 45 50 55

o
AN (W)

3171 4.4 2. WlrsufsuszudaanananaaasiuranisAuanlaeldannish (2.38)
Wapnududuretentianluaisazanailewilu 300 ppm uazandinduy

984n30 Tusan s uaazanatlauangil 0.7 asedans

350

300 \
a
a
250

laaay (ppm)

200 - QINNNTATUITY

=

a

B 3nnInaaeg

150

v

100 ~ =

v

50

AMNLUNUUUDILLTLULIN

0 5 10 15 20 26 30 35 40 45 50 55

-
1987 (179)

917 4.4 9. usuWsuszuinananmasasiunanisaualng ldaunisn (2.38)
Wapududusaseniflanluaisazaailewdu 300 ppm wazanududu

1a9n3a lupan lusuasazanetlauandiilu 0.8 luasaans
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350
€
§ 300
2
« 250
@
=
vg 200 AINNTAIUITY
(o
g’ 150 B QI NNINARES
2
&
‘*g 100
g
2 50
c
I

0 3"

0 5 Omhome?0 O S0mmobmmd®d 45 50 55
A1 (1)

UM 4.4 9. WFauWaussudaan snaesnuranisauanlaaldannig (2.38)
WHapoududuaesesifianluarsazanailaiu 300 ppm uazanududu

189030 lupan lusuaaza etlauandnil 0.9 luaseans

350 2 "
s * \
9 U
g 250 '\\
@
=
& 200 \\.\ AINNITAIUIDY
=
g 150 B q1n15NAaed
=
= \.\\
ag 100
Py [ ]
- \-
Jad 50
@«
0

0 5 10 15 20 25 30 35 40 45 50 55

=
1AM (W)

917 4.4 a1, uBaLPRUsTHINHANIMAReTUNaN1sAwITae lFann 9T (2.38)
Waanudndusasgniiasluaisazarailewdu 300 ppm uazaudndu

aa4n3n lupsn lusuasazanetlauandidu 1.0 laseans



wazgin 4.5-n-o lunanisuFaunausyndneaildainnimaaes LazAMlgaInng
Alngldannisi (2.38) Nronudnduaesnsa lussnluansazans feed Faus 0.2-1.0

wazAdnduaasenitanluasazanatiowdu 400 ppm

500

400 —

laant (ppm)
[ ]
[ ]
[ ]

300 AN TATUINU

=

AINTNLUNULUBRNE LTLUEIN

B 31nNINAaed

200

U

1%

100

1%

0O 65 10 15 20 25 30 35 40 45 50 655

=
1IN (W)

3171 4.5 n. Wlsusussudnamaniamasasiunanisauanlae ldaunisi (2.38)
Warudnduaasgaiionluasazaaiiamili 400 ppm wazaduidudu

ga4n30 Tusan lusuansazanatlautdgle 0.2 asedans



54

450
400
350

lemaus (ppm)

300

250

=

AINNLUNUUTENELTLUEIN

200

150

[ YY)

100
50

AIANNTATUITUY

B 310N Neaed

10 156 20 25 30 35 40 45 50 55

=
LA (WIN)

917 4.5 9. nBauWeuszuInananIImasasiunanisAIuanlag ldannsy (2.38)

Wapoudnduaesesiiianluaisazanailaniu 400 ppm wazaauidud

984n30 usN luaugnrazanatlauadal 0.3 luaseans

laeaus (oom)

prsdidhenacensidien

E1]

¥ 9

500

400

300

200

100

AINNITATUITUL

L il bA YT YN,

0

5 10 15 20 25 30 35 40 45 50 55

=
L1281 (1N)

s 4.5 A Whsumeusendnamanimaassiuranisauinlaeldannisi (2.38)

warudnduesgstionTuasazareiiowilu 400 ppm uazaHdudy

184030 1WFsN A uasazanetlousdilu 0.4 Iareans



55

< 500
o}
&
= 400
@
=
o 300
o
ot
& 200 -
=
p=
g
ag 100
%
(o
(a4
&« 0 7
0O 5 10 15 20 25 30 35 40 45 50 55
=
LIAN (19)

AINNITAUIT

AMNNITNANDY

9171 4.5 9. WlEsufsussudnawanIsmnaasiunanisatuanlagldaunisi (2.38)

Wapudiuduaasgsdanluarsazarailaudu 400 ppm uazAnudndy

189n3a luman AN ug1sazaNetlaudnle 0.5 INamaang

500 =

400

lanau (ppm)

300

a

AIMNLTNAUABNE LTLUEIN

200

F 7 74

100

0 5 10 15 20 25 30 35 40 45 50 55

=
1IA1 (19)

AINNITAIUIDL

AINNITNANBN

U 4.5 A, ulFauiauszwdeuaniImaassiunantsAuanlagldannisi (2.38)

Wapndinduresgnanluaisazaraileudu 400 ppm uazanudndy

984n30 1WFN A uasazanetle gl 0.6 THameaRs



56

450
400
350
300

laeau (ppm)

250

=

AIMHLTNTUTBNE LTLUEIN

200

150

[

100

50

AINMTATUITY

AMNNIINARD

—

T

10

15

20 26 30 35 40 45 50 655

a
LA (W)

U7 4.5 2. WhauifiauszudenannInesesiuransAnlagldannisi (2.38) e

wannudnduaesestian luarsazanetiowilu 400 ppm wazadudindu

184030 1WFn luA ua 28z A etle gl 0.7 Tuaseans

450

T 400

8

:_; 350

@

g 300

e

4

@ 250

&

& 200

[}

a

= 150

g

Z 100

&

< 50
0

AINMIATUINS

AMNNITINANEDN

10

5

20 25 380 35 40 45 50 55

=1
1A (WN)

917 4.51. uBsuWsuszuiauanimaaasiunanisAualagldanns (2.38) e

psdndusesgiionluansaraediawiu 400 ppm uazaNdndy

aa4n3n lussn lusuansazanatlanadiil 0.8 uasaans



57

450

400

350

300

leaeu (ppm)

250

=

AIHLUNUULBNE]LTLUEIN

200

2

150

[

100

50

= ]

AINNTATUIN

AMNNITNAADY

IO 20, 2% 3035 ™70Me45 50 55

=
1390 (W)

U7 4.5 9. nlFauWauszidnananismaassiunanisa unlag ldann1n (2.38) Lile

AdRduaesgsdenluarsazaietiaii 400 ppm uazaaadindu

184030 lWFan leua1sazatetlauandngly 0.9 Tuasreans

450
400
350
300

leaau (oppm)

250

=

AIMNLTNTUTENE LTLUEIN

200
150

¥ ¥

100
50

ANNNNTAUITY

AMNNITNAXNBN

0 5 10 15 20 25 30 35 40 45 50 55

=
LIRN (WIN)

917 4.5 i nBauWsuszIraniaaasiunantsAulagldann19 (2.38) 1o

AddRduaasgslonluasazaneiawdu 400 ppm uazaandndu

aa9n3a lupan lusuasazatetlauandiiu 1.0 luasaans



58

dl 3| = 1 1 dl % 1 dl v o
gﬂ‘Vl 4.6-n-td Lﬂum@ﬂqﬂ‘]ﬁ?ﬂuLV]EI‘LI’Q‘ZZ‘MQ’\\‘]ﬂ’W]VLW’\’mﬂ’]ﬁ“V]ﬁ@@\‘I LL@ZZV’YW]LLGW’]ﬂﬂW?ﬂWu‘Jm

Ineldaun9n (2.38) NAudNtuIaansalumanlua1sazant feed Faus 0.2-1.0 LAY

Audndupasgnanluarsazaieiiawilu 500 ppm

600

500

400

laseu (ppm)

300

a

U

200

[ YY)

100

AIMTNLUNUULBNE LTLUEIN

10

15

20 26 30 35 40 45 50

a
IR (WIN)

55

AINNNTATUITL

AMNNITNANDN

717 4.6 n. WEaLsusEndNranIIMAaesiuNansATWInlaeldamn9T (2.38)

Warnudnduseeg N iuaisasaiailamili 500 ppm tazaududuy

ga4n3n TussnluAugNazanetlautdnle 0.2 aseans



59

Henlaaau (ppm)

ATNLUNTLIDIE|LTLUEIN

v v

600

500

400

300 -

AINNITATIUY

[INNIINARIAN

200

100

10

15

20

25 30 09, 40 45 50 55

nan (W)

717 4.6 2. WhsuWausndenanimaassiuranisaiuanlaeldannisi (2.38) e

posdndusesgtiunluatsazaratlaniu 500 ppm uazadNdNdy

109030 lWmsn A Ua13az ATl auaNdN T 0.3 INAFeART

fleleasy (ppm)

AIMNEUNULUBNE] LTLUEIN

LY

600

500

400

300

200

ANNMIATUIY

MNNITNAREN

100

10

15

20

25 30 35 40 45 50 55

=
A1 (119N)

3171 4.6 A. WlFaLRBUTzMINRAN IARasiUNanIsAwIlaeFaun1sh (2.38)

Waaudnduresgnilonluaisazarailaniu 500 ppm wazAuidud

aa4n3m lusan lusuanazanatlauadigl 0.4 asedans



60

600
=
3 500
RS
=
@
g 400
= AINNTAIUIDS
o 300 B @ nnaveaand
g?
@
[
= 200
B
=2
< 100
@«

0

0 5 10 15 20 25 30 35 40 45 50 55

1A (17)
9117 4.6 9. WlranfsuszvaNRan manasiuranisaualagldannish (2.38)
Waaudnduaese giianluaisazanaileuiu 500 ppm uazaududy
109099 lussnlABansazattlauadile 0.5 luadedns
600 = —
=
Q
a 500
=
@
@
€ 400
%
1= AINNTATUITL
% 300
o B 3nMINnaed
@
& 200
e
oG
2 100
c
«

0

0 ~5.°10 15 20 25 30 35 40 45 50 55
=
IR (UN)

U7 4.6 A, WlEaLsUsEnd AN IMAseITLNaNIA IRt lFaNN9T (2.38)

Warududusesgsilonluasazaadiawili 500 ppm wazaududy

184030 s n luduasazanetla gl 0.6 Iuasedns



61

600

500

laaei (ppm)

400

AINNNTANUITL

a

300

U

B 31nnnaey

200

k7

A HdNduanag LN

100

0 5 10 ilfS” #20F 77258 \SOL NS5 Md0s, 45 50 55

=
1321 (W¥11)

717 4.6 2. WRauBUIIdIRANNINAaesiuNaNsATalla Ldaun97 (2.38)
Waandnduaesegsiianluaisazanailamtu 500 ppm uazaaudndu

184030 1WFTN MAInNa1Tazafetla il 0.7 INaseans

600

Heulesau (opm)

AIMNLANUUABNE LTLUEIN

¥ v

300

200

100

500 J\-\-\.\
400

\.\_\_\

1\.\.

AINNNTATUITY

B 31nnINAaad

0 5 10 15 20 25 30 35

=
1A (W9)

40 45 50

7171 4.6 9. WsuWsusEnInan maaesiuranisaunlagldannisi (2.38)
Waandnduesgniiiasluaisazaailendu 500 ppm wazaaudndy

984n30 usan lusuansazanetlantdnil 0.8 uasedans



62

600

°00 .\.\.\.\
400

laant (ppm)

AINNTATUID

a

300

U

B 31AMINAaeY

200

[

[

100

AITNLTNUAUUDNE LT LGN

0 5 10 15 20 25 30 35 40 45 50 55

=
a7 (W)

9171 4.6 4. WlFauisuszwinsanIsmaaesiuranisAualag ldaun1sh (2.38)
Waaudndusesegsiiianluaisazanailamiu 500 ppm uazaududu

184030 lWFan leanua1sazatetlanandngly 0.9 luasreans

600
>0 '\-\.\l
400
\\\.\\\q.\\\!\\ QUM TATUICU
300
‘\!\\\!\\\.\\\. B anmomaaes
200

100

laaet (ppm)

=

AIMHLUNULUARNELTLUEIN

a

¥ v

0O 5 10 15 20 25 30 35 40 45 50 55

=
LIAN (W)

3171 4.6 1. nFaLRRLszUIRAN IMAsBsTUNaNIIA W Tae I aNN19T (2.38)
Waaudndusasgnifiasluaisazaailewdu 500 ppm uazaudndu

1849030 luFsn A ugsazanetlauand i 1.0 luaseans



63

wazgin 4.7-n-o lumanisuFaunausidngaildainnimaaes LazAmlgaInnIg

Aurnlne ldanni19n (2.38) NAMHENTUI89nIA man lua1asans feed FaWA 0.2-1.0

wazAdnduaasgitonluasazanstiowdlu 600 ppm

fenloaau (ppm)

ANLANTUUDIGLILULIN

LYY

700

600

500

400

300

200

100

QINNNTANUITUL

INNITNANDN

10

15

20

25 30 35 40 45 50 55

=
1387 (W)

7U7 4.7 n. WhauisusendwuanisnaaesiunanisAtuantaeldannisi (2.38)

Waanudnduaasesitanluaisazadaileudlu 600 ppm uazaauidudu

189030 lumsn A ua1sazanetlaud e 0.2 Tuaseans



64

700

600

500

lanau (opm)

400

a

AIMNLTNTIUIBNE LTLUEN

300

v

200

k7

100

AINNITAWITUY

AMNNITNANRY

0 5 10 15 20 25 30 35 40 45 50 55

=
A1 (W19)

717 4.7 2. WhsuWauszndnuanimaasiunan1sAnilaa ldannisi (2.38)

Warudnduese o luasazaediamiliy 600 ppm uazadHidNdy

aa4n3n lussnlusuanazanatlanagil 0.3 luareans

700

600

500

laaau (ppm)

400

=

ATNLTN T UL BNE LTLUEN

300

1

200

(%

100

\\

*\.\,\_\-\.

0 5 10 15 20 25 30

=
A1 (W)

35

40

45

50

55

AINNTANUINS

B 3 nmMInaaeg

317 4.7 A, Wrsuiauszndnananimaaedniunanisaunlaeldaunism (2.38)

Wapududuresgnilanluaisazarailaniu 600 ppm wazaaudud

1a9n3a luman s uasazanatlauandiilu 0.4 luasaang



65

700

600

laaau (ppm)

P

a

500 -

400 —

B 31N9NAaY

AINNTATUINS

300

[

200

ANt Ndwanse L Han

100

=
LIA7 (W)

917 4.7 9. WlrauinsuszudnamanIsnnaesiuuanisatwanlag ldannisy (2.38)

Warnududuaesgsiienluaisazane ey 600 ppm uazauidudy

984n30 WFN Msna19azanatla gy 0.5 Tasedans

700
B
g 600
=
g 500
@
4
& 400
G
= 300
s
2 200
g
£ 100
(a4
@

0

0

5

10

15- 200 25 30 '35 40 45 50

=
IR (UN)

55

QINNITANUILL

AMNNITNANDN

717 4.7 a. WlrauWauszndnananimaassiunanisauniag ldanni (2.38)

warududuesgsilonluasazarediawiliy 600 ppm uazaHdudu

984n30 Tusan lusuanrazanatlautdnigl 0.6 Iasedans



66

700
T 600
Q
o
& 500
@
@
@
% 400 AINNITANUITS
12
& B 31ANINAad
= 300
=
=
S 200
A=
=
& 100
«
0
0 5 .10 1520 25 30 35 40 45 50 55
AT (W17)
3171 4.7 2. Wlsuifsuszunawanisnnaesiunanisauanlagldaunish (2.38)
Waaonduduaesgsialuatsazaailanly 600 ppm wazaauidudu
984n30 1usTn I ugnsazanadlanutdnile 0.7 aseans
700 -~
600
€
Q
S 500
=
@
Cﬂ o
% 400 - AINNTATUITUY
od
"§ B nmMInnaed
2. 300
=
=
= 200
B
=
& 100
@«
0

=
a1 (W)

50

55

917 4.7 1. uBsuWsuszuinauanimaaasiunanisAuanlag ldaunis (2.38)

WarudnduesgiionTuasazarediawiliy 600 ppm uazaHdNdy

aa4n3m lussn lusuansazanatlanadng 0.8 Tuasaans



67

700

600

500

laants (ppm)

400

=

AIMHLTHNTUADILLTLUEIN

300

¥

200

¥

100

AINNTATUITU

AINNITNANDN

0 5 10

15

20

26 \\30

187 (W)

S5

40

45

50

55

917 4.7 9. uBsuWsuszudnauani masasiurantsAuanlag ldannis (2.38)

Wanaududuese aiianluaisazanailamiu 600 ppm wazaauidud

aa4n3n lussn luFuanazanatanadliile 0.9 Tuanaans

700

600

500

leaeu (opm)

400

=

AIMNLTNUTUTBANELTLULIN

300

o

200

1Y

100

AINMIATUITS

AMNNITNANBDY

0 5 10

15

20

25 30

=
IR (WD)

35

40

45

50

55

917 4.7 o wWrauiausendnamanismaaesiuuanisaunlaeldauniem (2.38)

Waaududuesgnilosluaisazatailandu 600 ppm uazaududu

1a9n3a lusan lusuasazanetlauand il 1.0 luasaans



68

fmnmmimmam%\mmﬁﬂugﬂﬁ 4.4-47 azdildinfieanaduduaeanselusin
Fausl 0.4-1.0 Wasedns N3 (2.38) Woinunsnanmaseddmiduiiiinela laidiay
dufirududuzesymilonlesauiy 300 400 500 uaz 600 ppm  iaeaglddn
ANNNIT (2.38) annsaldinunenanisaiauengaiionlasausananmeFaslaasulng

P | = [% 1% e v o vy
1 faunumaangssadulonansld Tasanizildniiunenalsae

1. FLALIAN 0-50 U
Audnduaanse lussnluasazanaleutAmaus 0.4-1.0 luasadng
AN dusasg i tanuasne s lasanluaisazaisflauiiAnseus 300-600 ppm

¥a3amAa TBP ANIdNTU 5% lasifFuing

o M W N

1% NaOH flugansazanstinnanf maaudady 1.0 Tuasaans

4.4 NMFANUIUMAINIGTNENTY (Permeability)

Tun1sAuI I AN TR LY axin lilaenswaannswszudns -V, In
f,0

AU a1 t TANNANNIIR-(2.17) AL tPnaNaa NN LNTN N AN T

¢

winiy APﬂ LTRTUNATASAINITTNENY (Permeability, P) TdannAtAanuduasns v
+

ues fdnatneluglin 4.2 . 917 4.8 luaruduiusseninsannududuasansalussn
TuansazanetlaniudinisiuraunAudNduaegyintanuaznaman luasaranatlou
Al 300 400 500 uaz 600 ppm  anglazifiuléidn WainANdnduransnlussn

Tugngazatetlanazin AN STURMAANAY 1189910 THdNNIIN94 i

UOZ" +2NO; + 2TBP <> U0, (NO,), - 2TBP (2.11)

-8

WainAMdnduaes HNO, uAa iy NO; AMNUANNITANARTBLADTADT LIS

P

dl ¥ ¥ zl/ % o nal té( ° v 4 dl a [ I3 é/
WaANNITNTWIa9aN9F9UA IR LT s Tiay @m@@ﬂﬂm\‘lmwa ANTUNNINTULND

Fnunaunald asdwdaiuaududues HNO, AMNITTURNIUASANTIUATLIIY



69

diumtaiuswreslasidusinisain  uazilaiuanududureslesaunianuay

NRABEN ANNITTUENUAZANATIBIANNAIAA Concentration Polarization (Eiji et al., 1997)
aI/ = dl Y v o 1 ai 1 v Aa o o
HUABLNAAITN TN ULNINT lanaulanzazlildnaananisanemnung Razarewmnlldatinduda

[l 1
seineaIazanetlauniu LEI"PJLLNIHLM@’J u‘ﬂﬂ"ﬂ']ﬂﬁﬁ\iﬂqﬁlﬁﬂ’ﬂﬂﬁﬁﬂﬂ’ﬂ\i@q?@Z@’Wﬂ‘ﬂ’ﬂuﬂqﬂ

1% '
=X A 5L9/|

AN IAINITTNRIUAARS AagNN17289 Nernst (Schulz, 1988; Cussler, 1997)

D= Ke T (4.1)
67nr

]
A 1 P

e D Aa duilss&nBn19und (diffusion coefficient) k, AaA1ASH Boltzman's 7Aa AN

A o A

pNuile 1 AefANvedlNianaTea s ungiIN UaY T A gouugiaednisund  an

R @ 2= 2 R ° v a £ ) ]
ANN97N (4.1) aziulddnmanuniininauazin A dulsr@nsnisunianadiazAnig

=K 1 @ 1 = o
FNHNNUN LA LN

003 T @ w3

°

0.025 — ¢ 300 ppm
g =400 ppm
o .
= 0.02 ® 500 ppm
% A 600 ppm
3 L]
E
S 0.015 T *
= * |
P
"=
b
% 001 . .
=
_g . "

d ° A
0.005 o ; ¢
°
A
‘
) :
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012

¥ w a 3
ﬂ’l']NL“llN"llu‘ll'ﬂﬂﬂ‘iﬂlumiﬂ ( mol/cm’)

Q; [ ' ' = ' o L7 a = =
g‘ﬂ‘ﬂ 4.8 mmzﬁ“uwuﬁ?wmqmmﬂmmuﬂ‘ummmmmummmmiumn, %L?LMENLL@:ZV]'E]LTEINI%

ansazaneilan



4.5 AMWANGUBINITANLNNIA (Flux)

o

70

dayagqarinangidudasnisiazingus tuhe AWANT vse dRsnstnamNaasie

u
]
= |

d‘gl dl I 1 = o ¥ L7 4
NUNADUUIELINN mmummmmmmﬁimmqmnmma‘wmm Ine iAo N NTa

41302081 LATaaN mmmmmﬁuﬁﬁwmﬁuﬁlﬂﬂmq runsaaslavialaziaa

(95mnd, 2542)

NIANKAN

ANUIAANNITUANANT LS saazidaani1sA U IawlsaNn

UN 4.9-4.12 uassAandideasuandndurensalusinluaisazans

flaunaudnduaasesbionuazna@asiily 300, 400, 500 WAL 600 ppm AMNAAL

350

~

N
w
S
S

(HaanTu/ans 1)

250

a o

200

a

150

100

AndnnsanenHag

o

50

W

. —& g

| —4— yaiuu
. . \ . = /

0 0.2 0.4 0.6 0.8 1 1.2

ANdNturaansalumsnluasazaatiou (uasaans)

dl ¥ v a 1 1 o ¢ 1 -ﬂl ¥ v
zﬂ‘Vl 4.9 uaaaspudnduaesnsalumnluaisazatailausaAnandaasnisanemuaiaaududu

PoIgIaHE a0 FaN luansazadilauu 300 ppm



400
= 350
=
=
& 300
(&
a
=
- 250
A
[
(&
& 200
&
= 150
g
2
-G 100
Go
e
£ 50
&
=
0

& gugten

—A— a5y

»

A A
A - * \ \

2 4 6 8 10

ANNduaednsalussnluansazatatlen (lasedans)

71

dl k7 v a ' ! o Ly J dl v k73
gﬂ‘V] 410 N@‘*ﬂmmwmeummﬂ';‘mvl,umﬂslummmwﬂeummﬂmmmmammmm@’wmwmeu

= al
wasgiaiienuazne Fen luasazanailenily 400 ppm

450

)

=

400

a

350

300 -

a_ o

250

TaAnTN sla ART UIN

a

(

200

150

— giniflan

—A— naduy

100

ANTUAINTTOLNNIA

o

50

il

" X . 1 X /

& & * A % \ \

0.2 04 0.6 0.8 1 1.2
AL NTWaInsa lussnluanrazanailon (Tuasnaans)

dl k73 k7 a 1 1 o G 1 dl
gﬂ‘V] 4.1 NZWJ@QW]’]QJL°]J3J°]Ju°1|‘ﬂ<1ﬂiﬂiuﬁlﬁ‘ﬂiu@%‘@zﬂqﬂ‘ﬂ@u[ﬂﬂﬂ’]W@ﬂsﬁ"ﬂ@\‘m’]i‘ﬂ’]ﬂLV]?J']ZWW’]"J’]JJ

dinduaesgisdonuaznaGenluaisazarailawiluy 500 ppm



72

450

400

)

=

(Na@andu sin ang U

350

a

300

o

=
250 - — %L‘J\Luﬂﬂ

aa

a

200 —A— naFe

150

100
.

ANTNITOYL NN

wwr
(o))

o o
|

>

-

0 0.2 04 0.6 0.8 1 1.2

k7 v a
mwmeummﬂmiumﬂlummmwﬂ@u

917 4.12 usvespnudinduaeInsalusinluaisazaailousioAndnduesnisaamunaninoig

dinduaesisfouuaznatunluansazaiatiewily 600 ppm

i 1 14
a1ngLi 4.9-4.12 aziiulddinisisawsesdndidull luiananaoiuiudesiduingg

anaainANdnduaana lussnluasazaetion deamsnamuntaiuA AN

'
o A

WANNIIANARLDADT LB TAINNAITUAY



unn 5

dgUuan1snnang

1e87LHaNIMAaedet e ardu lunsazuangsiianeanainne e
1% dl 1 dl 1% aI/ N dl ¥ I =
AeElausdmanngeidulunate 1iume elsednIazuangailaneanainnaies

% dl 1 dl % ¥ :j/ % = o [ d’j
AIELEIBLLNLLURINNEIAIE Eulananetiy azfasiiladefail

1. ANNIENTWIR9 TBP wlu 5% lnatlfunmns
AN NduaaInsa lusanlul 0.4-1.0 Tuasaans

lmpanTngan kaLuansaraietinnadl

A w0 W®

ANNIINUNYUANNTNARDY LHANIANNTEN 1-3  a1nFasniIgninuie ladinu

50 W uazANNIdRduInE it NLAZNaEENFILS 300 - 600 ppm B

B Ri[NO;]O +

[Uo;"], =

2+ R|[NO:;]0
([Uoz 9% s j

m

A
exp(— t
(- )

m I

i’/ % a 1 o A 1 . A P2
AINUANNINARBIIN  (1azAnAINIIARLABNKNW(selectivity) a1aDalddly
= = o , o = o Ha '
100% Wesannleseuramedautiuneuazlignaineanuane luwinuideiiasaulausnig
temNatesyinlaNmIil - leeauithamiuBauRumaaus laaeuuesgsiiuninty
anazlunisuanfangafe Naoxdnduaes TBP i 5% lnglsunnsuaraauiduduaes
nan
Tussnilu 1.0 Tasiedns lasavaninsnadpuansingatiaraanualdne 37 42 49 uaz
&I ¥ P2 = =
50% e AnNdnduresgnifianuasneFanluaisazaneiiawiu 300 400 500 uay
600 ppm BINAIAY ~ annagAuIuing g EnrE eI NaTRATMInIAN AN Az

o

ANBNIIONLNNIA (mass transfer coefficient) wadN19A1Ua1Tazaatlon (k:

) warluige
welnian (k) wuda A0k, waz k, 8Alu 5,32 x10% uay 7.44 x107 cm/s ARA1AL T
e uRauAILANNNITNINIAReTuRauN TN lae e dauase o TuiEe
| = o = : ' P = . ~
WEUIIAY  uazinsdngEgnIstiemNIanMANAINTTENEIY  (Permeability) Tmgiie
v g X = = Y A = !
ANdNTuasansazaratlauNINTUANAITINT TN WATARAY  UaTgATingRARRnIIU AN

o o

] a v A A YDy ] ' Y
an m@ﬂﬂq?ﬂqﬂL‘V]N(J@ﬂﬂﬁrJﬂLW@V]@%i@QJﬂ@Nﬂ@m@\‘]ﬂ’]ﬁ‘ﬂqﬂLVINQ@@E’]\‘]@?UQQH



75

aa '8 o dy ¥R dp 4 (=3 P v A 4 %
Audinusatiuiuinazuesliangaude aviulddn faeuldsqusnaing
NefUIANIsAN A aaudn e iunaztinanisneaniunn sz ne ldau
o & a a g o dgl @ Y v [l dl 1
nligedinusatuiiadaanysnild  lddnazidu luisesaes sanlanssng
nsuenlesaulane nsafin Wauduman Wulanade avsaia nsdiewmues nalnnig

o ° o ~ ~ A A ey a - o
AN/ NI1TUINAL TIRELTIUEN TIRNDLTEN Lﬂ?'ﬂ\ﬂiﬂ'ﬂl”ﬁ%ﬂ@ﬂﬂLL@::QLV‘W?']%V LL@xﬂ’]ﬁfIfﬁ

=

NOHNITEENNIANINIUIENANITNARDY - Frepnunddngeruazlafuaciuiaing )
o X Y

= < ' ~ Ay o @ o = ¥ o
UNUDRUUUBEINNINNGA LWZ]‘VI%J LmﬂuLﬂummmﬂqmummnmmmﬂmunmju

1
=

= o ° 1y [y e a o Ry ' =
ﬂ’]ﬁ‘ﬁﬂ‘]:fﬂﬂﬂ’]%LL@tVl’]ﬂfJ’]NL‘ﬂﬂ@imﬂuﬂmm Wmﬂ’mmﬂumﬂﬂﬁ‘]ﬂ’mL°IJ’15LN’1EI NANLALIN

o g a

Animatipdanisdn ey Asusetdiasuldsausndays innimasesunnasn 3 1

a

i &
yaa o

= A A o o ) )y o o P A
ﬂ']?ﬁﬂ‘i:mL‘W@‘V]@:ﬁu’]ﬂqqﬂﬁwgﬂﬂ@ﬂﬂﬂqiﬁuﬂqgﬂqﬂmqﬂ@\?ﬂﬁzsﬂqﬂu@rlﬂﬂ'}\?Lﬂuﬂﬁlqﬂﬂ\iqq

au

¥
¢ o A

aa ° KR A ~ a =~
@ngwuﬁﬂuuu@Zu"mﬂsﬁ\mﬂﬂ’]’muwmqﬁ’)ﬂ:‘ﬁ‘&l LAN



5181N152149D4

) AR 2544, nasafipgsllianuaznaGanannus i ladine ldveainuuuany

IS a a

Nl NENANUSLB o NnNLUdia NAYTI AAINTINIAN AT
FANIINANARNT NAINTINNNINENAE,

dszng 3una. 2544, nsusnlassunanaeuauninuazilafilon  Inelditiaueiu

wasnnessdulenany. AneUwusIB O NMTNTR  NNATTBAINITNLA

ALY AAINITNANAAT AWIAINTDINNNINENAE.

o

A9 TTanamann 2541. ANTNAUAIAIN N NI UIDIANTAL AL NANNTADETANAL

- a p o > Ay = , A o Y
ML@EN@:%LMMM@MMT]@LLF;Iﬂ%ﬂ@‘L&Mﬂ%@MEILEI@LLNHL‘MMVIWQQMEL@uiﬂﬂ@Qﬂ.

I ANUST NN Tdia - A1AENIAANTINIAN ANEAAINTTNANART

NAINIUNNNINEAEL

[

qns Auwn@nad. 2549,  nusadhgEfiauaznamananus i las Inalduearin

b

R a

wuyauilzinAnAsnuazilauaraugas-. SnadnusUsoyayinnidgn

NNATTNRANNITNIAN AUEAAINIINAIART ARNAINIDINUIAINLNAR,
anANTIPAL fuaLszinAlng. lailien. NNWMWNYNUAT. 2549,

anANdaAR S Utz g, AR, NTUNNNIILAT. 2549.

9

aunANdalpdsfuetlssmalne. n1satassiilpan1aeiutiangay  Neutron  Activation

Analysis (NAA). NTUNNNUIUAT. 2549
MEIENNg
Aamrani, F.Z., Kumar A., Beyer L., Florido, A: and Sastre, A.M. 1999 Mechanistic study

of active transport of silver(l) using sulfur containing novel carriers across a liquid

membrane. Journal of Membrane Science.152 :263-275.

Alan, G., Sun-Tak, H. 1999. Hollow fiber membrane contactors. Journal of Membrane

Science. 159: 61-106.

Chaudy Ashraf M., Shahid Amin and M. Tayyib Malik, 1996. Tri-n-octylamine-Xyline-
Based Supported Liquid Membranes and Transport of Ce(lV) lons. Separation
Science and Technology. 31(9):1309.




7

Chimuka, L., Cukrowska, E., Soko, L. and Naicker, K. 2003. Supported-liquid membrane
extraction as a selective sample preparation technique for monitoring uranium in

complex matrix samples., Journal of Separation Science. 26.

Clifford, A. A., ZHU, S., Smart, N. G., Lin, Y., Wai, C. M., Yoshida, Z., Meguro, Y.

and lIso. S. 2001. Modelling of the Eextraction of Uranium with superficial

carbondioxide. Journal of Nuclear Science and Technology, 38(6).

Cotton, F.A.Advanced Inorganic Chemistry, 5" ed. John Wiley & Sons, 1988

Cussler E.L. 1997. Diffusion mass transfer in Fluid Systems Cambridge University Press,

USA.

Dahuron L., E.L. Cussler. 1988. Protein extractions with hollow fibers, AiChE.
34(1):130.

Danesi P. R. 1984. A simplified model for the coupled transport of metal ions

through hollow fiber supported liquid membranes, Journal of Membrane Science.

20:231-248.
Francisco, J. A. and Antonio, C. 1999. Solvent Extraction with LIX973N for the selective

separation of copper and nickel, . Chem. Technol Biotechnol, 74.

Kertész R., Schlosser S. and Simo M. Mass-transfer characteristics of a spiral-channel
SLM module in pertraction of phenylalanine Desalination, 163(1-3):103-117
Kulkarni, P.S. 2003. Recovery of uranium(Vl) from acidic wastes using tri-n-

octylphosphine oxide and sodium carbonate based liquid membrane, Chemical

Engineering Journal.92:209-214.

Loiacono, O.,Drioli, E.and R.Molinari.1986. Metal-ions separation and concentration

with supported liquid membranes, Journal of Membrane Science. 28:123-138.

Luccio M. Di, Smith B .D., T. Kida, T .L.:M. Alves and-C .P. Borges, Evaluation of flat
sheet and hollow fiber supported liquid membranes for fructose pertraction from
a mixture of sugars, Desalination, 148 (2002) :213-220.

McCabe, W.L., Smith, J.C. and Harrott, P. 1993. Unit Operations of Chemical

Engineering. 5" Edition.McGraw-Hill, Inc.
Pancharoen, U, Ramakul, P. and Pattaweekongka, W. 2005. Purely extraction and
separation of mixture of Cerium(lV) and Lanthanum(lll) via hollow fiber supported

liguid membrane, Journal of Industrial and Engineering Chemistry. 11(6):926-931




78

Pancharoen, U., Ramakul, P., Pattaweekongka, W., Hronec, M. 2006. Feasibility Study
on the Separation of Uranium and Thorium by a Hollow Fiber Supported Liquid
Membrane and Mass Transfer Modeling Journal of Industrial and Engineering
Chemistry, 12(5): 673-681

Patthaveekongka, W., Vijitchalermpong, N. and Pancharoen, U.,2003. Selective
Recovery of Palladium from Used Aqua Regia by Hollow Fiber Supported with
Liquid Membrane. Korean Journal of Chemical Engineering, 20(6):1092-1096.

Patthaveekongka W., Ramakul, P., Assabumrungrat, S. 2006. Transport of Cerium,
Lanthanum, Neodymium and Palladium via Hollow Fiber Supported Liquid

Membrane Based on Equilibrium Theory. Journal of Chinese Institute of

Chemical Engineer., 37(3) :1-11.

Pathak, P .N, Veeraraghavan R., Prabhu D.R., Mahajan G.R. and Manchanda V.K. 1999
Separation Studies of uranium and thorium using di-2-ethylhexyl isobutylamide

(D2EHIBA) Separation Science and Technology., 34(13).

Porter C.1990. Handbook of Industrial Membrane Technology New Jersey: Noyes

Publications.
Ramakul, P. and Pancharoen, U., 2003. Synergistic Extraction and Separation of

Mixture of Lanthanum and Neodymium by Hollow Fiber Supported Liquid

Membrane, Korean Journal of Chemical Engineering. 20:724-730.
Ramakul, P., Nakararueng, K. and Pancharoen, U. 2004.0One-through Selective

Separation of Copper, Chromium and Zinc ions by Hollow Fiber Supported

Liquid Membrane. Korean Journal of Chemical Engineering. 21(6):1212.
Ramakul, P., Pancharoen U. and Hronec M. 2005. Selective separation of trivalent and
tetravalent lanthanide from mixture by hollow-fiber supported liquid membrane.

Journal of Chinese Institute of chemical Engineers. 36(5):1-7.

Ramakul, P., Pattaweekongka, W. and Pancharoen, U.2006. Mass transfer modeling
of membrane carrier system for extraction of Ce(IV) from sulfate media using

hollow fiber supported liquid membrane. Korean Journal of Chemical

Engineering. 23(1):85-92.
Ramakul, P., Songkun, E., Pattaweekongka, W., Hronec, M. and Pancharoen, U. 2006.

Permeation study on the hollow-fiber supported liquid membrane for the



79

extraction of Cobalt(ll).Korean Journal of Chemical Engineering. 23(1)

117-123.

Rathore, N.S., Sonawane J.V., Kumar, A., Venugopalan, A.K., Singh, R.K. D.D. Bajpai
and J.P. Shukla. 2001. Hollow fiber supported liquid membrane: a
novel technique for separation and recovery of plutonium from aqueous acidic

wastes Journal of Membrane Science. 189:119-128.

Schulz, G., 1988. Separation Techniques with Supported Liquid Membrane,
Desalination. 68:191-202.

Sheng, S. F, Mastuyama H. and Teramoto M. 2004. Ce(lll) recovery by supported liquid
membrane using polyethylene hollow fiber prepared via thermally induced phase

separation”, Separation and Purification Technology., 36:17-22.

Stas, J., Dahdouh, A. and Shlewit, H. 2005. Extraction of Uranum (VI) From Nitric Acid

and Nitrate Solutions by Tribytylohosphate/kerosene, Periodica Polytechnica

Ser. Chem. Eng. 49(1):3-18.

Seader,J. D. and Ernest, J. H. 1984. Separation Process Principles. John Wiley and

Sons, Inc.:231-248.
Su-Hsia, L., Ruey-Shin, J. 2001 Mass-transfer in hollow-fiber modules for extraction

and back-extraction of copper(ll) with LIX64N carrier. Journal of Membrane

Science.188:251-262.

Tavlarides, L. L., Bae, J. H., and Lee, C. K. 1987. Solvent Extraction, Membranes and
lon Exchange in Hydrometallurgical Dilute Metals Separation.  Separation
Science and Technology.,22(2&3):581.

Yadvendra, K. Agrawal , Pranav Shrivastav and Shobhana K. Menon 2000. Solvent

extraction, separation of uranium (VI) with. crown ether”, 'Separation and

Purification Technology. 20:177-183.

Valenzuela, F., C. Fonseca, C. Basualto,. O. Correa , C. Tapia and J. Sapag.2005.
Removal of copper ions from a waste mine water by a liquid emulsion

membrane method. Minerals Engineering,18(1):33-40.




JMAHUIN N

AnnmevhaurasstuLEeuHumMAIngssedulanads

) -
MARUINT N1 mMsuanssUssumianewin

n.1.1 nzuenleeaureamesuns landey uasdinzd

1TARIANNNLUI9AYT - The Korean Joumal of Chemical Engineering 7 21
-
atiuit 6 wih 1212 99784 “One-through Selective

HAMINARBI.

Separation of Coppeér, Chromium and Zinc ions by

Hollaw Fiber Supported Liguid Membrane”, Li'iiﬂ 2004

mMIndl n-1 avedasTlinaaA RaRcENEuTasamazA I INA LAY

arazaeiisumeenlulignidilonacii 1 uns 2

Anow | mowadudu | motudidiues | mouadidiumes | wefidudme | alefifuinn
dlunsm | 189nTR=En ANTAAY | mﬂ'mﬂuﬂawﬂ anm (%) am (%)
fna | vndululuge | dandululios | 1'!1'1

um (ppm) | Taga(ppri —- W

CulCrlzn|Cu| Criizn| Cu| G |20 | Cu| Cr |2n| Cu | Cr | 2n
1.0 15(0|0|0|#ato]os | 8]0 2 |16 |0]|15]|113]0
15 as | oo fol128lo]os |8 lw0] 5418|035 128]|0
20 81 |o|w0lo|w8|0|9 |78 |[100] 1022 |0|81]|168|0
25 116 0| 0|0 |253] 0865|698 (100|135 (302| 0 [116|253] 0
3.0 1m2|0| 0|0 |235| 0863|729 100|137 |271] 0 |112|235] 0
35 121 | ge| 0 L0175, 0] 854 |79, 100} 146 23 0 [121 |75 0
40 122 [0 |o]| @ |L35i400 864 |83 || J00c| 146 | 7ol 0 |122]| 15 | DO

an1=ie : Audiduees Allquatdds uas WeT LIXB4-1 = 1% teeffms anududuesvsauns
Taaiiiey yaedaried = 100ppm A diAWIRIntadainludsrhzatutlon = 100

ppm SRrnrluarerazatelleuuaziingu = 100 gnuiaiisuliumssieuni




A1 n-2 uatesaudiudures Lixed- Wwiflsutuvaodennududuresanrasans

unduuazarazatutieuneenlulugadulonansi 1 uas 2

A | Aowidudures | audindures | Aowdudures | wefidudnng wefidusine
dindu | awazanw ANTATAIE arrazaetiou aiim (%) WINdU%)
e | dndululuge | dndululuge 88N

LixB4-1 | usn (ppm) fiaea(ppm)

Cu|Cr|Zn|Cu| Cr |Zn| Cu | Cr (Zn | Cu [ Cr |Zn| Cu | Cr | Zn
10 |[11.2]|00|00|00|251|00| 87 |69.5|100| 13 [305|00|11.2| 261 | 0.0
15 |[120|00|00|00|216|00|\85,|714|100| 15 [286|00| 12 | 216 | 0.0
20 |175(00|00|00|230]00| 795|720 100|205| 28 |00 |175| 23 |00
25 | 220000000225 |00 |67.2] 731400 | 328 | 287 |00 | 22 | 225 00
30 |270|00|00|00|226|00 |688 | 685 100|342 | 30.1 | 00| 27 | 226 00
35 |283 00|00 [00]215100| e |700] 100|340 30 [0.0[283]213 00
40 |272|00 |0.0.400]| 20000 ﬁé‘a 69.0 | 100 |32 | 31 |00 272 20 |00

anasiid mwﬁuiuny;kﬁf’a{;l'# 259 1n

=100 ppm. .ﬂr}ﬂhﬁ'ﬂﬁ'fﬁ
4 ¥ F v

mﬂanm pH ssaa A etleu = 2.5 Arsidindu
remasunalaniien Miﬁm?aio&-ﬁ'&m aridndureansadaninluasasauleu
zmiﬂw:ﬁﬂnﬁ: = 100 gnunafiduRumssieni

4

2,
Jr A 44
oo B

.

L\

g 2 (VN




82

- f i
Ase N3 uavesAuddues Aliquat336 luEiausiumaaramridinduees

o - ~
ﬂ']'?ﬂ:ﬂ'!ﬂu’]ﬂﬁ'.l.mﬂ:ﬂ"!3ﬂ='ﬂ"|ﬂﬂﬁu1'lﬁﬂn.lutuﬂﬂlﬁu.lﬂnﬂﬂﬁ 1ufs 2

A | Aradindures | audiidiures | Aradindures wefitudnig wefidufng
udu ATRSATY ATRTAN arazaotleu aim (%) ans (%)
o9 | windululuga | dndululuge 88N
Aliquat |  wn (ppm) fiaea(ppm)

Cu|Cr|2Zzn|cu| Cr |Zn|cu | Cr |Zn|cCu| Cr |2Zn| Cu | Cr |2Zn
10 |250|00|00|00|235|00(664|765]| 100336300 00|250|235]00
15 [261|00|00|00|312|00 666|688 | 100|334 |363|0.0|261(31.2]00
20 |232|00/o00/00]420]00 /664 58.0 | 100 [ 336 | 50.0 [ 0.0 [ 232 | 42.0 | 0.0
26 |24400|00|00{513]00 677|487 | 100 | 323 | 666 | 0.0 | 244 | 513 | 0.0
30 |24.1)|00|00(00]612}00|67.0 38871900 3308603 0024161200
35 |250]|00| 0000 ‘ﬁ_.?‘_iﬂ.ﬂ 66.9 | 33.3 | 100:|.33.1 | 87.5 [ 0.0 [ 250 | 66.7 | 0.0
40 2450000 )00 704 |00 863 | 26| 100 {337 | 91.0 | 0.0 | 2455 | 70.4 | 0.0
45 |248|00]|00[00] 723 00 .33_0 27.7 | 100 | 34.0 [ 90.0 | 0.0 | 248 | 723 | 0.0
50 |246|00]|00]|00 ;ﬂi.j 0.0 | 658289 | 100|342 |915| 00| 248 71.1|00

anazile mrududuess LIX84- 1= 1% Tngfiing pH vesnuasaietleu = 2.5 poudindu
romawunslnifioy kazfansd= 100 ppm memididureansadarfintussnsmetiow
= 100 ppm as Mz luasesnssssaeliouuastingu = 100 gnuafidufivmsseundi

I

- 47
2z




83

kerean J. Chem. Eng., 21{6), 1212-1217 (2004)

One-through Selective Separation of Copper, Chromium and Zinc Ions
by Hollow Fiber Supported Liquid Membrane

Ramakul Prakorn, Nakararueng Kwanta and Pancharoen Ura'

Department of Chemucal Engineenng, Chulalongkom University, Payatal Road Bangkok, Thailand 10330
(Received 7 June 2004 « accepied 30 August 2004)

Abstract—The separation of a mixture of Cu(IT}, Cr(VI) and Zn(11) simultaneously from a sulfate media using two
consecutive hollow fiber microporous liqguid membrane extraction systems has been studied. The experiments were
made in the one-through mode. LIXB4-1 and Aliquat336 were used as cammier extractants for copper and chromium in
the first and second hollow fiber modules, respectively. Pure copper and pure chromium ions are extracted and stripped
from first and second hollow fiber modules, respectively, but zinc jons eannol be extracied by both extractants due to
pH conditions used in this study and remain in the raffinale. Results indicate that the percentage of extraction is highly
dependent on pH of the feed solution and the pH value is 2.5 for the maximum extraction. The pereentage of extraction
of copper and chromium ions is enhanced when the coneentration of LTX84-] and Aliquat336 is increased of which
both maximum value is 0.5 M, and these resulis also oceur in stnipping phase, The influence of sulfunc acid and sodium
hydroxide concentration in strip selution of cach column was examined, and it was found that the percentage of
extraction and stripping is further increased due o the difference of driving force. The maximum percentage of extrac-
tion for copper is 33% and 92% for chromium. The expenmental resulis indicated the feasibility of separation and re-

covery of these metals from the dilute solufion by using membrane technology.

Key words: Extraction, Liquid Membrane, Hollow Fiber, Copper, Chromium, Zine

INTRODUCTION

The presence of copper, chromium and zinc jons m the emanoa-
ol s @ major concemn due to their toxicity to many hife forms,
These bearvy mictals are widely used in various applications. Chro-
mim has numerous industrial applications inchuding their vse
wd electroplate coating chromate presenvative. Copper is currently
wed in kitchen utensils, as thermal and electric conduetors, and m
snstion. Copper solution is used in various chemmical processes,
md zinc and its compounds are used m production of alloys (brass,
wome) as anticormosion coatings (galvanization) of steel and won
weducts, in electrical apparatus, especially dry cell batieries, in the
tal manufacture [Seiler, 1994], The major components of effluent/
vastes of some metallurgicalfplatim ndristines an zinc and copper
Cementates of the zine industry are obtaned during the: hydromet-
lwgical zinc-wirming process, and the waste contams Cu (28 6%)
wd Zn (22.4%). Similarly, the plating industry waste contains zind,
wopper and some chromium [Sarangi, 2004],

Far this reason, the selechive extraction and sepamation of these
metals from ther mixed solution is of great interest m hydrometal-
hgcal processes due to the possibility of recovening the metal val-
tes, as well as addressing the environmental pollution problems,
This separation or removal of copper, zine and chromium can be
wchieved by liquad membranes systems that have been wadely ap-
plied 1o the extraction and recovery of metal jons from solutions
The simultaneous extraction and stripping operation is very attrac-

"o whom correspondence should be addressed.
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tive because metal jons can move from low 1o high concentration
solutions. The membranes contain an extractant or a carrier which
possesses the potential for selective permeation by using the facili-
tated transport mechanism [Gherrou and Hacene, 2002]. This tech-
mque has been widely applied to the extraction and recovery of me-
tal jons. One promising technique of hiquid membrane is the use of
micro porous hollow fiber modules as liquid-liquid phase contac-
tors. The basic prnciple of hollow fiber supported liquid membrane
(HFSLM]} is the immobiliaion of organic extractant into the pores
of a hydrophobic membrane [Loiscono et al, 1986; Sheng et al,
2004].

The potential advantages of HFSLMs over traditional separa-
tion techmaques are: lower capital and operating costs, low energy
and low extractant consumption factors and high fluxes compared
1o solid membranes [Lowcono et al,, 1986; Sheng et al., 2004], Due
to these advantages, SEMs may be very wseful for the recovery of
metals from solutions.

The processes of most of researches that deal with the separa-
tion of copper, zme or chromium orother mixed ions cannot purely
separaté From their mixed solution: 100%5 selectivity cannot be ob-
tained [Sarangs and Das, 2004, Kyuchoukoy, 2000, Chusy, 1998],

In this paper, we focused on the separation of three component
wors—copper, zne and chromium—from mixture by using one-through
flow: Two modules of hollow fiber supported liquid membrane were
comected in series. Because of hugh selectivity of extractant, pure
copper and pure chromium ions were separated from the first and
second module, respectively. 100% selectivity could be achieved

LID{84-1 was used for extracting copper (Cu™) from mixture of
three component ions because LIXB4-1 is a strong copper extract-
ant [Femado and Haris , 2000]. Aliquat336 was used for extracting
chromium (HCrO;) because quatemary ammonium salt is known
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o be an efficient extractant of marty solutes, such as amonic species
[Bertn et al., 2004]. Copper and chromium are extracted selectively
d smultaneously, and zinc was in the residue.

THEORY

A liqud membrane an extractant; camer was mmmobilized in
e pores of a hydrophobic microporous supporter which binds one
of the components very selectively from the feed solution. The SLM
spamied the aqueous feed solution and the stnp solution. The spe-
oes are accurnulaied in the stnip at a concentration generally great-
o than that in the feed solution. The permeation of the species is
die io a chermical potential gradient (the driving force of the pro-
oems) excisting between two opposite sides of the SLM [Schulz, 1988,
Ramakud end Pancharoen, 2003).

The transpori of metal ions by extractant, the facilitated trans-
port [Adguacil, 2002], is described as follows [Porter, 1920]:

The metal jons are complexed by extractant af the micrince fied-
pusemembrane and the complesc formed diffisses through the mem-
brre phase 1o the interface membrane/stnp-phase whese the de-
semplexation of the metal 1ons occurs. In the gase that the camer
& being an acidic extractant (HA), the ample extraction reaction is
shown as follows [Porter, 1990, Ramakul and Pancharoen, 2003

"+ 2HR ++ CuR,+2H" (1)

The driving force is achieved by the hydronium ion (pH) gradient.
The hydronium jon is counter-transported with metal jon. This case,
aalled counter-transport, is presented in Fig. 1. The forward reac-
bon oocurs af the feed-membrane mierphase and the backward reac-
hon ocours at membrane/strip interphase.

The other case occurs when the metal carrier is a basic or neu-
il extractant. This process, shown m Fig, 2, called co-transport, 1s
driven by the concentration gradient of the OH". The hydroxde ion
5 counier-transported with metal jon. As a result, hydrogen and
metal ions are transported in the same direetion, co-transport, and
metal ons must be in anion complex: form [Porter, 1990]. The chem-
sty of extraction is shown in Eq (2). X i5 denoted as CI” for the
frsl cycle of extraction of extractant and denoted as OH for the
net cviele [Makararueng, 2004).

Phase | Phasc 111
Feed Strip solution
solution
o' \
Cu
m m
State | Stare 2
Metal solution Sullfuric solution

Fig. 1. Counter-transport scheme for acidic extractant.

Phase 1 Phase 111
Feed solution Strip solution
HOry
Kl CrO,
X NaX
M
o a0H solution

Fig. 2. Co-transport scheme for basic extractant.

Teed solution

Fig. 3. Flow pattern in hollow fiber supported liquid membrane.

HCT o HRCH NG #-= (R CHINIHC IO X (2)

The extraction and stnpping steps in Fig. 1 and Fig 2 occurred
n hollow fiber modules as shown in Fig. 3. The hollow fiber mod-
ule consists of a liquid membrane and two sides for aqueous solu-
tiors. The liguid membrane was trapped in hydrophobic micropore
e 1o capillary force [Schulz, 1988 and separated feed and strip
solution. Feed solution and strip solution flow countercurrently and
liquid membrane was between them [Ramakul and Pancharoen,
2003],

Irvthis work:, two kinds of metal jons, copper, zinc and chromium
were mixed together in feed solution Copper and zinc are in cation
(Cu™ and Zn™) but chromium is n an amion comphex form (HCO5),
Copper jons cin be extracted by an acidic extractant, LIX84-1 from
first hollow fiber module while HCrO; can be extracied by a basic
extractant, Aliquat336, from the second one

In this experiment, the percentage of extraction was determined
as follows;

C

®aexiraction =Eﬂl€_—=-ﬂx 100 (3)
1 fwd

and the percentage of recovery:
Korean .I. Cheme Eng.(Vol. 21, No. 6)
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'.*nipp'mg=?-"=xlm @ used. It 15 composed of three gear pumps, three variable speed con-
C.. trollers, three rotameters and three pressure gauges.
The selectivity is defined as follow: * pi was measured by pi-meter HIS418A
-mmmumurﬂmnmlmmmb; In-
&Eqﬁ.._ ) ductively Coupled Plasma Spectroscopy (ICP),
20 3. Procedure
=l

where G, s g Gy, are the concentration of feed, mifinate, outlet
#ap of component 1, respectively,

EXPERIMENTAL

L Chemicals

Fer a feed solution, Cu(S0O),-5H,0, Zn(50), THIO and K.,CrO),
were spplied by Merck, LIX84-1 from Henkel The Lid and Meth-
Vinocty lsmmonitm Chloride (Aliquat336) from Merck were used
& liquid membrane. H,SO, and MaOH were used as strip solution
Al chernicals were AR grade.
1 Apparatus

Two of the Liqui-Cel® Extra-Flow modules offerad by CELGARD
LLC {Charfotte, NC; formerly Hoechst Celanese), were wsed as a
wppori matenial. This module uses Celgard® microporous poly-
sfylenc fibers that are woven imto fabric and around a
seatral tube feeder that supplies the shellside fluid Woven fabric
alows more uniform fiber spacing, which in wm leads to hgher
The properties of the hollow fiber module are shown m Table 1.
The fiber is potted mio a solvent-resistant polyethylene tubesheet
and shell casing in pobypropylene.

The Liqui-Cel® Laboratory Liqud/Liquid Extraction Sysieim was

CaHig
(a) th)

Fig. 4. Chemical structure of the extractant. (a) LIXB4-1, (b) Ali-
quatia,

Table 1. Properties of hollow fiber module [Ramakul, 2002]

Properties Description
Matenals Polypropylene
Inside diameter of hollow fiber 240 pm

Outside dimmeter of hollow fiber 300 pm

Size of pore 0.05 pm

Porosity 30 %

Maximum pressure drop 4.2 kgfem® (60 psi)
Contact area 139 m*

Dimension of module {2.5=8 inch)

Kovember, 2004

The feed solution was made by dissolution of CuS0,-5H.0, K,
CrO, and ZnSO),, and pH was adjusted by H,SO, The liquid mem-
brane phase was prepared by dissolution of LIX84-] for the first
hollow fiber module and Aliquat336 for the second hollow fiber
module, Both extractants were dissolved in kerosene. The strip solu-
ton was H,50, and NaOH for the first and second hollow fiber
muodules, respectively. The organic solution which contained LIEX84-
I'and Aliquat336 was cireulated in the tube and shell side of the
first and second hollow fiber modules, respectively, for 20 minutes.
Then, the expenment was started by flowing the feed solution mto
solution was pumped mio the shell side of hollow fiber module coun-
dingram is shown in Fig. 5 [Nakararueng, 2004,

RESULTS AND DISCUSSTION

1. The Effect of the pH of Feed Solution

The effect of pH on concentration of stripping solution from the
first and the second hollow fiber module and the raffinate is shown
in Table 2. Good agreement of a material balance can be obtained
“The selectivity was caloulated by using Eq, (5) and 100% selectiv-
ity of copper and chromium can be achieved.

The percentage of extraction and stripping was calculated by using
Egs. (3) and (4), respectively, as shown in Table 2. The dependence

3
i~y a_..q' -
b' "!ﬂ r i ¥ * .
]

Qe “Gu

m
i
v & [T 11} L | ™

Fig. 5. Schematic counter-current flow diagram for one-through-
miode operation in hollow fiber supported liquid membrane
1. Fead reservoir-to first hollow fiber module
2. Grear purmp
3, Inlet pressure gauges

4. Outlet pressure gauges
5, Flow meters

6. Strip outlet reservoir for copper extraction

7. First hollow fiber module

8. Second hollow fiber module

9. Raflinate reservoir
10. Inlet strip reservorr for chromium extraction
11 Inbet strip reservoir for copper extraction
12. Strip outlet reservoir for chromium extraction
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Tible 2. Effect of pH on concentration of stripping solution from first, second column and raffinate while using 1% (v/v) Aliquat336,
100 ppm Cu™, HCrO, and Zn*, 0.1 M H,50, and 0.5 M NaOH for Strip solution in the first and second hollow fiber modules,

respectively
Concentration of stnipping Concentration of stnpping Concentration of  Percentage of  Percentage of
i solution from first column (ppm)  solution from second column (ppm)  raffinate (ppm)  extraction (%) strnpping (%)

Cu Cr Zn Cu Cr Zn Cu Cr Zn Cu C Zn Cu Cr Zn
10 L5 0 0 ] 11.3 0 98 B 100 2 16 0 15 113 ©
15 35 o 0 ] 128 0 95 82 100 5 18 0 35128 ©
0 8.1 0 0 1] 16.8 0 9 78 100 10 22 0 £l 168 O
15 1.6 0 0 0 253 0 865 698 100 135 302 0 116 253 0O
w112 ] 0 0 235 1] 86.3 729 100 137 271 O 112 235 O
15 12.1 0 0 0 17.5 0 854 79 100 146 21 0 121 175 0
“Wwo 122 0 0 0 15 0 54 83 100 146 17 0 122 15 0
5¢ = 1ons i an acid solution only. Therefore, the percentage of extrac-
2 tion reaches & constant when the pH is higher than 2.5,

II-E Vo !r._...'..TJ: In the second hollow fiber module, the chromium jons are car-
!:5! ¥ Y - h:r‘ ried by Aliquat336 from the raffinate sohution of the first hollow
; /TN 2R e ol trough e i membrane Aliquu%6 s 3 basc
In V. \ [ af wice| extractant in which the concentration gradient of hydroxide ion is
i . - [!__- ] the driving foree and counter-current (or co-current with the hydro-
= nium wons) transport oecurs, The dependence of the percentage of
¥ extraction of tons on the pH value of feed solution is shown in Fig.
§ 6. 1t is found that the percentage of extraction increases with de-
s creasing pH value in the range of 4.0 back to 2.5. A1 pH value of
‘ : 2.5, the percentage of extraction is maximum. When the pH value

% a e -

0 a5 1 15 2 25 3 35 4 &5
pil of Foed solution

Fig. 6. Plot of pereentage of extraction and stripping sgainst pH
of feed solution for the membrane using mixture of 1%
LIXNB4-1 and 1%aAliquat336 and using 100 ppm Cu™, HCr-
0; and Zn™ in feed solution and 0.1 M ELSO,, 0.5 M NaOH
for strip solution in first and second hollow fiber module,

respectively.

of the percentage of extraction and stipping of copper and chro-
i jons on the pH value of feed solution is showniin Fig. 6,

In the first hollow fiber module, the extractant that carmies cop-
per jons from the feed solution throtgh the ligrad membrane is acad-
¢ extractant (L.D{84-1) in which the concentration gradient of hy-
dogen ion is the drving foree, and countercuament transpor occurs,
s evident that the percentage of extraction incneases with increas<
g pH value in the range of 1.0 to 2.5, When pH value is lugher
fmn 2.5, the percentage af extraction 1s constant and all of these
readlts also oceur in the stripping phase as shown Fig 6.

Selectivity of Cu and Cr was calculated by using Eg (5). The
wsentration of stripping solution from first and second hollow
Fher colurrm s pure Cu and Cr, respectively, as shown in Table 2.
The 100% of selectivity can be obtained in both Cu and Cr.

The extracted reaction of copper ions by LIX84-1 i the first hol-
b fiber module can be expressed as in Eq. (1). From Le Chate-
s principle, when hydronium ion concentration decreased (pH
nerense), the metal ions were extracted more and converted (o the
poduct. As LIX84-1 is an acidic extractant, it can react with metal

15 lower than 2.5, the percentage of extraction abruptly decreases
and these results also occur in the stripping phase.

The extracted reaction of chromium ions in the second hollow
fiber module by Aliquat336 can be expressed as in Eq (2). From
Le Chatelier’s prnciple, when the concentration of hydroxide 1ons
was decreased (pH decrease) the chromium jons were extracted
more and comverted 1o the product. As Aliquat336 is a basic extract-
ant, it can reaet with metal jons in a basic or low acidity solution
only [Thomton, 1992], Therefore, the percentage of extraction de-
creases when the pH s lower than 2.5. From the resull of the ex-
periment, the pH for the maximum percentage of extraction of cop-
per and chromium from their mixed solution was 2.5 and the pH
of the following experimentswas fived at 2.5.

It should be noted that a high pH value n the aqueous phase may
cause the metal ions to precipitate and these would hinder the ex-
traction |Campderds et al, 1998). I the first colurmm, copper was
extmacted by LIX84-Lonly because 1:[X84-11s a strong copper ex-
tractant which acts by caton exchange m a chelate-type complex for-
mation. Cu(ll) is able to form a chelate complex with the oximic
extractant and release a hydrogen ion into the aquecus solution from
which the metal was extracted Under the pH conditions used in
these experiments, Zn(1l) cannot be extracted [Femnado and Hans,
2000]. Hydroxyoximes, the active components of LIX84-1, contain
two chemnically active groups: a phenolic group of low acidity and
oNImMmo group containing nitrogen with a free electron pair. As a re-
sult, a stable complex with the structure as shown m Fig. 7 is formed,
especially with Cu(II) 1ons [Francisco and Antonio, 1999). In the
second column, zinc also carmot be extracted by Aliquat336 because
Aliguat336 only reacts with anion metal complex. Consequently, zme

Korean J. Chem. Eng.(Vol. 21, No. 6)
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Fig. 7. The structure of the copper-Lix84-1 complex [Francisco and
Antonio, 1999].

s remained n the mffinate.
LThe Influence of LIX84-1 and Aliquat336 Concentration
n Liquid Membrane

The variation of percentage of extraction LIXS4-1 concentrmtion
1 the extraciant concentration is shown in Fig. &

When LIX84-] concentration was 1-2.5% (w/iv), the percentage
o the extraction of copper ions rose abruptly by mereasing its con-
snimiion, as shown m Fig. 8. As the concentration of LIX84-1 was
15% (viv), the percentage of extraction and stipping was maxi-
mum For the extraction of chromium jons m the second column,
e percentage: of extraction rose gradually when the Aliquat336 con-
smiration increased and L.IX84-1 concentration was fixed af 2.5%
{vh), as shown in Fig 9. When the concentration of Aliquat336
uis 4% (viv), the percentage of extraction was maximum. How-
ever, with the concentration of LIXB4-1 and Aliquat336 exceeding
1% (viv) and 4% (vAv), respectively, both percentages of extrac-
b were: conistant due to the viscosity of membrane being mcreased
weonding 1o the molecular kinetic interpretation of Nemst. The dif-
fision coeflicient (D) can be defined as [Schul, 1988].

P ——— |
H s SIS | B . —
i L By o "% | u!
in = .'f k- T R
: - :{ A = - '.I.t.’u!
2 = |
1 ¥ £ - (e Sy
s _.__,../. | = '.\iH"rl
: = | -La Gusunt

] |

5

|
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0 | 2 3 4 b

Uomambrgsien of LIXE3D (8

Fig 8 Plot of percentage of extraction and recovery against
LIX84-1 concentration while using 1% (v/v) Aliqua336 for
the membrane, 100 ppm Cu®, HCrO; and Zn" in feed so-
jution and 0.1 M H,S0,, 0.5 M NaOH for Strip solution in
the first and second hollow fiber modules, respectively.

Sevember, 2004

Fig. 9. Plot of percentage of extraction and recovery against Ali-
quatids concentration while using 25% (viv) LIXB41 for
the membrane, 100 ppm Cu®, HCrO; and Zn™ in feed so-
ution and 0.1 M H.S0,, 0.5 M NaOH for strip solution in
the first and second hollow fiber modules, respectively.

e ©
where 1] is the viscosity of the liquid membrane r, and T the radius
of the diffusion component and process temperature, respectively.
Hence, all the followng LIX84-1 and Aliquat336 concentrations
will be fixed at 2.5% (vAv) and 4% (v/v), respectively.

3. The Influence of Sulfuric Acid and Sodium Hydroxide Con-
centration in Strip Solution

The effect of H50, and NaOH concentration in the first and sec-
ond hollow fiber modules on the stnpping was shown m Fig, 10 and
Fig. 11, respectively.

The stripping of copper jons by LIX84- in first hollow fiber mod-
ule and chromium jons by Aliquat336 in the second hollow fiber
module can be expressed as in the backward reaction of Eq. (1) and
(2), respectively, From the principle of Le Chatelier, when hydro-
AT #on concentratiof) increases, the concentration difference of
Trydronium on between feed and stnip solution increases. Therefore,

o0 —
. @ =
3 -\‘ F.‘_,_,_.--..
“ m o i
; - '|--I—-' Fx, U
E. | | —m—Ex. Cr |
I @ - s, fn
g 5 - LRS- N T
g 40 L N LT
£ | & 51 Sn
z 0 |
44K |
£ S0
. .

1] L L L - - L

5] 03 1 LS 2 x5

Sillere acid comconbation (M

Fig. 10. Plot of percentage of extraction and recovery against sul-
furic acid concentration in first hollow fiber module while
using 2.5% (v) LIX841 for the membrane, 100 ppm Cu”,
HCrO; and Zn™ in feed solution and 01 M HS0, 05 M
NaOH for strip solution in the first and second hollow fi-
ber modules, respectively.
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good material balance agreement can be obtained.

CONCLUSIONS

The hollow fiber supported Liquid membrane can be wsed (o ex-
ract the copper, chromirn jons by one-through flow: Copper 1ons
e be purcly extracted by LIX84-1 and chromium ions can be pure-
by edtracted by Aliquat336, but zine ions cannot be extracted by any
erractants under the expenmental conditions investigated in this
'?hpnwmgcofmﬁmud stripping is hughly dependent
on pH of feed solution, which has & maximum value of 2.5 The
sppropniate concentration of LIX84-1 and Aliquat336 was 2.5% (v
¥l and 4% (vA), respectively, When sulfuric acid and sodium hy-
donide concentration in the strip solution were increased, the cop-
per and chromium ioris, respectively, wene extracted and stripped
more info its strip solution.
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Abstraci—The transport of Colll) through hollow-fiber-supponted liquid membrane containing di-(2-ethythexyl) phos-
phoric acid (DZEHPA) diluted in kerosene was examined. The mass transfer rate, expressed as permeability, P, focused
on diffusion through the aqueous layer in the feed solution, the orpanic laver and the aqueous layer in the stripping
solution. Experiments were performed as a function of aqueous feed solution velocity {100-500 ml/min), carrier con-
centration (0.1-20% viv), aqueous stipping solution velocity {100-1,000 miimin) and feed concentration ( 100-1,000
ppm) with 0.1 M HCI in the product phase. pH of the feed solution was 5.0, The measured permeabilities were com-
pared 10 generally accepted mass tmnsier comclations. The validity of the prediction was evaluated with the experimen-
tal data, and the data were found to tie in well with the theoretical values. The model is the reported describing that
the rate: limiting step in the transport of the on was the diffusion through both aqueous films, feed and stripping, whenes
the organic resistance of the membrane was negligible. From this study, the model has pood potential for the prediction

of permeability of Co{ll).

Key words: Cobal, Hollow Fiber, Liquid Membrane, Modeling, Permeation

INTRODUCTION

The presence of metal ions in the environment is a major con-
cem due to their toacity to many life forms. For this reason, the
separation of metal ions from solution is of great interest in hydno-
metalhurgical processes for recovering the metal values, as well as
be achicved by liquid membrane sysiems that have been widely
applied 10 the exiraction and recovery of metal jons from solutions
[Rathore, 2002; Campderros and Marchese, 2000]. A sultansous
extraction and siripping operation is very attractive becmse metal
ions can move from low 1o high concentration solutions. The mem-
branes contain an extractant or a carmier which possesses the poten-
tial for selective permeation by using the: facilitated ransport mech-
anism [Ghermou and Kerdioudi, 2002; Poner, 1990]. This technique
hass been widely applied to the extraction and recovery of metal ions.
One promising techmgque of bguwd membrane is the use of micro-
porous hollew fiber modules as liquid-liquid phase contactors. The
basic principle of hollow fiber supported liquid membrane (HFSLM)
is the immobilization of organic exiractant into the pores of a hy-
drophobic membrane [Ramabul and Pancharoen, 2003; Sheng et
al., 2004].

The potential acvantages of HESLMs over radinonal separation
and low extractant consumption factors and high fluxes companed
1o solid membranes [Lowcono o al., 1986; Sheng o al., 2004]. Due

"To whom comespondence should be addressed,
E-mail: umpimchulaac th
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1o these advantages, SLMs may be very useful for the recovery of
metals from solutions.

In this suudy, we focused on the modeling of hollow fiber sup-
poried liquid membrane to recover cobali ions. Knowledge of the
raie determining siep is of importance for designing or modeling
the mass transfer process at larpe scale. The permeability of the jon
was evalusied as a function of flow raie of both the feed and the
sripping solution, s well as the extractant concentration. Mass trans-
fir models have been used 1o describe the cobal permeability through

THEORY

1. Liquid Membrane
The system consists of two aqueous phases, the feed solution (in
the inner side of the fiber) and the stripping solution (on the ower
side of the fiber). Both aqueous solutions are separated by the sup-
ported liquid membrane formed by the extractant denoted as (HX).
and the organic diluent solution confined within the fiber pore via
capillary actior. This forms two aqueous-onzanic mierfacoss with
well defined transfer areas. This system is represented i Fig. | and
15 refermed to counter coupled transportation because the metal won
and the proton are ransported simulaneously m opposne dinec-
tions [Ramakul et al, 2004]. The-reaction between the metal and
the oganic extractant is an ion-exchange reaction which can be de-
seribed by an equation like the following [Drioli et al., 1989].
Colj+ AHX), -+ CoX2HX,, +2H_,

The extractuion and stnpping processes schematically ilhustrated
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Fig. 1. Schematic representation of cobalt coupled transport with
DZEHPA (HX). the eomection of the eylindrical shape of the fibers. The mathematical
mnded of a hollow fiber supported liquid membrane for the separ-
fion of cobalt using permeability coefficient depends on three of mass
! uansier nesistances since the number of steps of transport mecha-
©, Micropones hellow fiber I rguare] gz mism is three. The model takes into consideration three resistances
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Fig. 2. Flow pattern in hollow fiber supported liquid membrane
[Ramakul and Pancharoen, 2003].

Fig. 1 oocurred in hollow fiber module as shown in Fig. 2 [Ramakul,
2002] The mside of the hollow fiber module consists of a Liquid
membrane and two sides for aquecus solutions. The liquid mem-
brane is trapped in hydrophobic micropors and this liquid mem-
and the stripping sohution flow countercurrently and the hiqusd mem-
brane is between them.
1. Mass Transfer Modeling

The equilibrium constant, K. can be nepresented by its logarith-
mac form:

o [CoX.-2HX JH. ]

e [COLNHX)sm ] iy

The K., can be-obtained by-liquid-liquid extraction. The-expen-
mental data are shown in Fig. 3, from where the equilibrium con-
stant is 9.0 10 and the value of the shope comoborates the proposed
relationship [Eq. (1)}

A fhe density equation was derived by Marchese [Marchese et
al, 1993] for a fla-shest supporied liquid membrane. [t can be used
for the description of the permeability through hollow-fiber liquid
membranes because the elementary steps are the same, except for
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for transport:

One of them is the resistance when the liquid flowing through
the hollow fiber lumen. The second resistance is the diffision of
the cerium complex across liquid membrane that immobilized in
the porous wall of the fiber. The thind resistance is due 1o the strip
sofution and organic interface at outside of fiber.

The resistance of other steps such as interfacial reactions of com-
plexation and the diffusion of H' in both aqueous stagnant layers
have been neglected. A1 low fractional saturation of the extractant
species, the concentration of the free extractant (HX) is much higher
than the concentration of the complexed extractant (CoX(HX), valid
that ', (initial extractant concentration). In the mathematical de-
seription the transport process through the stagnant layer and organic
phase is governed by Fick's law,

Equaling the different expression obtained for each step in steady
state and adequate rearmangement, the overall permeability of cobak
P through the liquid membranc is given by [Marchese, 1993]:

RR [ o

= R,
g [([H‘]]'-r[!l'];’}ﬁ,_c‘u. 4

where R, R, and B, are the aqueous phase, orpanic phase and strip
phase resistance, respectively, and they were defined as:

= organic phase resistance:

R=L/Di g )
= aqueotss feed phase resistance:

B=1% (5
R=1%k, (©)

where [, is the effective thickness of the membrane, D__ the effiec-
tive diffusion coefficient of the metal complex in the organic phase,
K and k, mass wansfer coefficients of the feed and stripping phases,
respectively. In accordance with our experimental conditions, the
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profon concentration in both feed and stripping sides have been kept
constant and [H'],<<[H"L., so the overall permeability of the metal
can be writlen as;

I O A

p"[ﬂ+k,+i:.] (7

where

)
B=|— - = @
[Drﬂ_.le‘d.m[H ]'.]
3. Evaluation of Effective Membrane Thickness, [,
The fiber geometry s known, but the membrane thickness has
1o be comected for the spherical shape of the fiber by means of the
inner and outer fiber diameter [Haan ef al., 1989), as follows:

-‘,.=r.ln? (i)

where r, is the radius of the fiber on the feed side and 1, and r, refer
1o the outer and inner diameter of the fiber, respectively. The aqueous
films are also sphenically shaped, but this effect is alneady meluded in
the mass transfer coefficient.

4. Evaluation of Effective Diffusion CoefTickent in Liquid Mem-
brane, (D__)

brane depends upon the diffision coefficient of eobalt complex n
the organic phase, D__, calculsted by the Stokes-Einstein equation,
as well as the tortuasity ( 7 and the porosity (£ of the support [Breer-
brock et al., 1998]

Dl.=Le= (10)
5. Evaluation of the Mass Transfer Parameters

For the calculation of the permeability from Eq. (7)), muss rans-
fer rate perameters have o be known. These include the mass frans-
fer through the aqueous film layer of the feed phase and the mass
transfer through the aqueous film layer of the stripping phase. In
this work the feed solution flowed inside the fibers and the sirip-
ping solution on the outer side of the fibers.

The flow through the hollow fibers, which is in the tube side,
can be calculated 1o be always laminaz The following comelation
is commionly wsed 1o describe the miss ransfer coefficient (k) in
the stripping solution [Bird, 2001; Breembrock, 1998]:

Sh=al" (n

%:{QI:J;—:? (12)
where Sh s the Sherwood number, Gz the Graetz mumiber, d, the
hydraulic diameter defined as four times the cross-sectional flow
area divided by the wetted perimeter, <v.> the mean liquid velooity
in the outer side of the fibers and L their lengilt, and D, the aqueous
diffusion coefficient of the metal salt. For the feed sohaion, the mass
transfer coefficient (k) is given by the equation.

kad, diiv, "
%n{ﬁf (13)

where <v > 15 the mean liquid velocity mside the fibers.

Table 1. Property of bollow fiber module [Hoechst Celanese Cor-

poration, 1995]
Propertics Deseription
Materials Polypropylene
Inside diameter of hollow fiber 240 pm
Ouitside diameter of hollow fiber 300 pm
Size of pore 0.05 pm
Porosity 0%
Hydraulic diameter 488 pum
Surface area 1.4 m*
Area per unit volume 293 emlem’
Module diameters 6.3 cm
Module length 203 em

EXPERIMENTAL

1 2-ethiy] hexyl) phosphoric acid (D2EHPA) from Flube was
used o the extractant. It is freely miscible with non-polar onganic
solvents in which it exists mainly as a dimer [Jakubec et al,, 1986].
Kernsene was used as an onganic solvent for its low solubility in
water, high surfixce tension and low volatility, which makes the hiquid
membrane highly stable, The kerosene was JP1 grade used without
further purification.

The aqueous feed solution was an aqueous solution of Colll) as
CoCl,6H,0 (Merck) at an jonic concentration of 100-1,000 ppm
in distilled water buffered with acetic-acetate 10 keep the pH value
near 5 where the extraction of cobalt jons is maximum. The strip-
ping solution was distilled water buffered 10 an appropriate value
{pH=1.0). Aralytical grade reagents were used throughout The
hollow fiber membrane was microporous
fibers (Goretex, Japan). The support has excellent properties such
#s flexability and high chemical and mechanical resistance. Some
chamctenistics of the fibers are shown in Table 1.

The feed solution was made by dissolution of CoCl.-6H.0 and
pHl was adjusted by HCL. The liquid membrane was made by dis-
solution of Di(2-ethry] hexyl) phosphoric acid (D2EHPA) in kero-
sene. The sinipping sohation was 0.1 M HCl and the organic solu-
tion containing DZEHPA was circulated in tube and shell side of
the: hollow fiber for 50t minutes. The experiment started by flowing
the: fieed solution in the wbe side. Simultaneously, stripping solution
was pumped mnto the shell side coumteraumently and one-through-
mode operation was used. The flow diagram is shown in Fig. 5.

In this work, fieed solution contasres 100-1,000 ppm of cobab1T)
while the stnpping solution containing 0.1 M HCL A sample of 5
o’ was taken out 8t the end of each experiment from the feed and
stnpping tanks and the concentration of cobali(IT) jons was deter-
mined by Atomic Absorption Spectrophotometer (AAS).

1. Apparatus
= The Liqu-Cel® Labortory Liquid/Liquid Extraction System
which is composed of two gear pumps, two variable speed con-
trollers, two rotameters and four pressure gaupes was used.

» The Liqui-Cel® Extra-Flow module offered by CELGARD
LLC (Charlotte, NC; formerly Hoechst Celanese), shown in Fig. 4,
wml.mdasamppu‘lmw This module uses Celgand® X-10

microporous polypropylene that are woven into fabric and wrapped

Korean J. Chem. Eng.(Vol 13, No. 1)
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Fig. 4. The Liqui-Cel® Extra-Flow module.

around a central twbe feeder that supplies the shell side fluid. Woven
fisbric allows more uniform fiber spacing, which in wm leads
fibers. The property of hollow fiber module is shown in Table 1.
The fiber is potted into a solvent-resistant polyproprylene tube sheet
and shell casing in polypropylene.

* Brookfield Viscometer model LV-DVIH was used 10 measun:
the viscosity of the liquid membrane.

= Atomic Absorption Spectrophotometer, Model [L551, AA/AE
Spectrophotometer Instrumentation Laboratory Inc. was used 1o
mssure the concentration of cobalt jons.

* pH was measured by pH-meter HIB418A
1. Procedure

The omganic phase was introduced by capillary action by filling
the fiber lumen with organic solution and mamtaining it for | b
then the organic phase was removed from the module by gravity:
A stream of water removes the excess. Feed and sinipping solutions
are fied cocumently upwards by two peristaltic pumps (Misterfle) at

P g
’ v@= 7 @]
N A
z *é‘

Fig. 5. Schematic counter-current flow diagram for one-through-
miode operation in bollow fiber supported liquid membrane.
I. Feed reservioir 6. Stnpping outlet reservoir
2. Gear pump 7. Hollow fiber module
3. Inlet pressure gauges 8. Raffinate reservoir
4, Outlet pressure gauges 9. Inlet sinpping reservoir
5, Flow meters
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side of the fiber and the stnipping one on the outer side. The flow
dingram s shown in Fig. 5. Acidity wes measured with a Metrohm-
Hersa pH-meter and a combined glass Ag/AgCl electrode. The
pemmeation of cobalt was monitored by periodically sampling both
effluent solutions a steady state and was analyzed after appropriate
dilution by a Vanan AA 50 somic absorption spectrophotometer,
The measurements were made in duplicate, and the differance be-
tween the two values was less than 5%,

The expenmental tests were camied out for 40-60 mimues. Dur-
mg the nms no substantial change in the SLM behavior because of
breakdown, fouling or liquid depletion was noticed. The experimen-
tal mass balance with the assumption of instantaneous strip neac-
tion [Kumar et al., 2000] was calculated by:

F-ﬂC“Lu-F:DL J""F_qul.;; {14)
where F, is the volumetric flow raie; [Co] is coball ion concentration
at steady state and the subscripts in, out, 1, 2 refer o inlet, outle,
fied and stnpping respectively.

RESULTS AND DISCUSSION

Permeation experiments were performed to investigate both the
influence of exractnt concentration n the HFM (hollow. fber mem-
brane] and the flow rate of solutions upon cobalt permeability. All
of the feed solutions were an aqueous solution of Co at pH=5 and
the: strippang solution was 0.1 M of HCL These conditions were es-
ant concentration in the fiber was vaned between 0,1-20% viv. The
fioed vedocaty was vanied between 3,601 = 107 and 1.8+ 107 més (Rey-
nolds number, Re=12.6-62.8) with constant stripping velocity, and
then the: latter was vaned in the range of 6.95% 107 1©0695= 10" m/s
(Re=273-2TLE) with constant feed vedocity, The expenmental vahse
of permeability, P, [Marchese et al,, 1993] was defined as Eq. (15)

F‘,[rﬂlr.‘
AldColL,
The average value of [Col, , was also given as:

Pa= (15

{{Col. - [Cola)
In{[Col. /[Col..)

Subsututing Eq. (15) by Eq. (14) and (16). then

[Co).,= (16
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Fig. 6. Experimental permeability of cobalt jons as a function of
flow rate of feed solution while the Bow rate of stripping
sodution=100 mlmin, extractant concentrution=207 viv and
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7. Experimental permeability of cobalt jons s a function of
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rate of stripping solution=100 ml'min, flow raie of feed so-
hution=100 mi‘min and feed concentration= 1,000 ppm.
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where F, is the volumetric flow of the siripping solution and A_ 5
the mean surface of transfer area, [Col.. . is the average cobalt jons
concentration in the exit of the smpping solution and [Col. , the
mean concentration of the coball jons in the feed. Coball perme-
ation experiments and theoretical result are given in Fig. 6 and Fig.
7 as a function of flow rate of feed solution, respectively, with the
flow rate of stripping solution was 100 mUmin, extractant and the
feed concentration was 1,000 ppm.

Thee nesults show that the pemeasility is dependent on the feed
flow rate but not on the extractant concentration when the concen-
tration higher than 5% wiv, The transpon rate is therefore limited
through the aqueous film on the feed side of the membrane in this
region. To calculate the permeability P from the miodel swith g,
(7). constant paraficters ane needed: [H'], =1.00= 10" M, D, are
502 107", 6.90= 107", 762= 107", B.00= 107" and 1.07=10"m’ /s
when the concentration of feed is 1,000, 800, 500, 300 and 100 ppm,
respectively. D _ are 202= 1075, 201 = 1077, 332= 107, 34121077,
354=10°" and 357 107" nr'ls when the concentration of D2EHPA

P.= (7

are 20, 10, 5, 0.5 0.1% viv respectively. The value of k, can be ob-
tamed by caloulation from Eq. (13), where m and n are well known
the value of Leveque comelations [Leveque, 1928]: 1.62 and 033,
respectively [Gabelman and Hwang, 1999). This comelation was
denved in analogy with the heat transfer comelation, and it is used
to describe laminar flow through a whe.

To evaluate the parameters a and b for the mass transfer coeffi-
cent of snpping. The k, experiments of Co(Il) permeability as a func-
tion of stripping linear velocity <v.>, with constant feed solution
velocity of 1.8= 107" m/s were camied oul. The extraciant concen-
tration was 20¢% viv. Then the fining the parameters a=4.83 and
b=033 for the mass transfer coefficient of stnipping were evalu-
ated from the logarithmic and represented in Eq. (12). The experi-
mental data is fining well as is shown in Fig. 8.

The fitung of the expenmental data is very good as 1 shown
Fig. 6, 7 and 9. These results confirm the proposed model for cobalt
eoupled transpont and the comelations used in the calculations of the
rrss transfer coefficients. The term B, which contains the onganic
resistance, s much lower than the other contributions, so it can be
neglected.

With the mass trmnsfer rate pammeters determined, Eq. (7) was also
uesed 1o fit the experimental value of permeability of cobalt through

-4 B

4ﬁ2

&
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2 750342174 g,
k3 R = 09977
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log <wg>
Fig. 8. Logarithmic representation of Eq. (12) for different strip-
ping velocity (<v,>=1.8x10" m/s, [D2EHPA]=20% v/v).
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Fig. 9. Model fitting of cobalt jons permeability as a function of
flow rate of stripping solution while the flow rate of feed
saolurtion= 100 mlimin, extractnt concentration=20 viv and
feed concentration= 1,000 ppm.
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Fig. 11. Mode fitting of coball jons permeability a5 a fonction of
feed concentration while the flow rale of siripping solu-
tion=100 mi/min, the flow rate of feed solution=100 ml/
miin and the extractant concentration=20% viv.

the aqueous fieed. The results are shown in Fig. 9 for an edmctant
conceniration of 20% v/v. The predicted mass transfer mte param-
eters adequately interpreted the experimental permeability. values
calculated from Eq. (14), validating the model. The results confirm
that in these operating conditions the aqueous kryver nesistances are

When the concentration of feed solution was increased the dif-
fusivity of feed solution decreased as shown in Fig. 10. From this
result and Eq. (13}, the mass transfer coefficient also decressed. Con-
sequently, in Fig. 11, the permeability décreased by Eq. (7).

To obtnin a higher mass wansfer rate, the flow re of the feed
can be increased, but the higher the flow rate, the higher the pres-
sure drop over the module and the larper the possibility of the leache
mg of the extractant. The optmal fiow raie wall be a balance betwesn
pressurc drop and mass ransfer raie. The extractant concentration
can be kept low (0.5-1.0 M) because the reaction mte and the dif-
fusion through the membrane ane not rate limiting.

CONCLUSIONS

The permeation of coball ons was investigated with D2EHPA
s the extrictant in a hollow fiber modube, It was found that the rate
limiting step in the transport of the ion was the diffision through
both aqueous films: the feed and the stripping sides of the mem-
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branc. The permeation of Co{ll) is increased with the increase in
the flow rate which makes evident the existence of boundary layers
in the aqueous phase. The organic resistance: of the membrane was
negligible since the permeability of cobalt is practically constant with
the variation of extractant concentration in the fiber above 02 M.

A mass ransfer model 1o predict extent of Cofll) permeation was
proposed, taking into account resistances typically present in a cou-
nces. Accepted mass ransfer comelations were used and the fitting
parameters were evaluated 1o compare the measured permeahility.
The results were in reasonable agreement for the experimental con-
by diffusion through aqueous film, irespective of the extractant
concentration. The proposed model permits the calculation of cobalt
permeability for different fieed and stripping rate velocities in a hol-
low-fiber system like that used in this wordc The studied system
wass effective for performing a reduction of cobalt content in water
10y penmil levels without any contamination of the environment and
was fast and economical; however, it is necessery 1o perform a com-
plete analysis of the experimental conditions such as extractanis,
organic sobvent, pH of aqueous: phases, membrane stability, and trans-
fier area in onder 10 obtain a process more suitable for industrial op-
erations.
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NOMENCLATURE

: mean surface of mass transfer [m?]

: term defined in Eq. (8)

: initial concentration of the extractant [M]

: diameter [m]

: aqueous. diffusion coefficient of the metal salt [m's™]

: diffusion coefficient through in liquid membrane [m's™]
: effective diffusion coefficient in liquid membrane [m’s™)
: volumetric flow [m’s™']

: equilibrium constant, Eq. (2)

: mass transfer coefficient of the feed phase [m s™']

: mass transfer coefficient of stripping phase [ms™']
membrane thickness [m)

- length of fiber [m]

: permeability [m s™']

: internal radius of the fiber [m]

- imternal radius of the fiber [m]

: aqueotss fieed phase resistance [s m™')

s organic phase resistance [s m™']

+ adquieous stripping phase resistance [sm™']

: mean liquid velocity through fibers [m s7']

AREES - 'ﬂ!"v."'?-'Fz'i,'ﬂIU_IUnU n-nqtﬂih

Greek Letters
£ porosily



98

Permeation study on the hollow-fiber supported liquid membrane for the extraction of Cobahi11) 123

v :kinematic viscosity [Pa 5]
T Isupport loruosity

Subscripts, Superscripts
ab :exponential and pre-exponential factors in Eq. (12)
m,n :exponential and pre-exponential factors in Eq. (13)

Dimensionless Numbers

Gz : Graewz number (d*<v=/LD,)
Re :Reynolds number (d<v=/v)
Sh  :Sherwood number (kdD, )

REFERENCES

Bird, . B, Stewart, W, E. and Lightfoot, E. N., Transport phenomena,
2nd ed ., Wiley, New York (2001,

Breembrock, G R. M., Straalen, A. van, Witkamp (3 J. and Rosemalen,
G M. van, “Extraction of cadmium and copper using hollow fiber
supported liquid membranes]” J. Membr: Sci, 146, 185 (1998),

Breembrock, G R. M., Witkamp, G J. and Rosmalen, G M. van, “Ex-
traction of cadmium with trilaurylamine-kesosene through a fat-sheet
supported liquid membeane! /. Membr: Sci., 147, 195 (1998).

Campderros, M. E. and Marchese, ., “Facilitated transpon of niobium
as extractant] J. Memby: Sci., 164, 205 (2000),

Drioli, E., Lotacono, O, Molinari, B and Pantana, G, “Transpont of Cd™
ion through supported liquid membranes: a kinetic and fluid dynamic
study]” Chimsicooggi, 4, 25 (1989).

Gabelman, A. and Hwang, S, “Hollow fiber membrane contactors]’ J.
Membr: Sci., 61, 159 (1999),

Gherou, A. and Kerdjoudi, H., “Removal of gold as Au(Tu), complex
with a supported liquid membeane containing macrocyelic polyethers
ligands as extractants] Desalination, 144, 231 (2002).

Haan, A. B, Bartels, P V. and Grauw, J., “Extraction of metal ions from
wastc water. Modeling of mass transfer in a supported liquid mem-

brane process, J. Membr: Sci., 45, 281 (1989).

Jakubec, K, Haman, J. and Rod, V., *“Separation of calcium from con-
centrated magnesium chlonde solutions by solvent extraction with
d2-ethyl hescyl) phosphonic acid]” Hydromesaliurgy, 17, 12 {1986)

Kumar, A., Haddad, R, Benal, G, Ninou, B and Sastre, A. M., “LUse
of modified membrane carmier system for recovery of gold cyanide
firm alkaline cyanide media using hollow fiber supported liquid
membranes: feasibility studies and mass transfer modeling?” S
Membr: Sci, 174, 17 (2000),

Leveque, X, “Les lois de b transmittion de chaleur parconduction]” At
Mines., 13, 201 (1928).

Laoiacono, 0, Drioli, E. and Molinari, B, “Metal jons separation and
concentration with supported liquid membranes)” J Membre S0l 28,
123 (1986).

Marchese, J., Campderrds, M. E. and Acosta, A, “Mechanistic study of
cobalt, nickel and copper transfer across a supported liquid mem-
beane" ). Chem. Technol. Biotechmol., 57,37 (1993).

Porter, C., Handbook of industriad membrane technology, New Jersey,
MNoyes Publications (1990).

Ramakuil, P. and Pancharoen, L., “Synengistic extraction and scparation
of mixture of peodymium and neodymium by hollow fiber sup-
ported liquid membrane’ Korean J. Chem. Eng., 20, T24 (2003).

Ramalaul, P, Nakarmrueng, K. and Pancharoen, U., “One-through selec-
tive separation of copper, chromium and zinc ions by hollow fiber
supported liquid membrane]’ Korear . Chem. Eng., 21, 1212 (2004,

Rathore, M. 5., Sonawane, J. V., Kumar, A, Venugopalan, A. K., Singh,
R. K., Bajpai, I, D. and Shukla, J. P, “Hollew fiber supported lg-
uid membrane: 3 noved technique for separation and recovery of plu-
tonium from aqueous acidic wastes?".J. Membr: Sci, 189, 119 (2002).

Seider, E. M. and Tte, G E., “Heat transfer and pressure drop of liquids
in tubes.” frd . Eng. Chem., 28, 1429 (1936).

Sheng, 5., Mastuyama, H. and Teramoto, M., “Ce(]1I} recovery by sup-
wia thermally induced phase separation]” Sep. Prrifi Tach., 36, 17
(2004).

Korean J. Chem. Eng.(Vol 13, No. 1)



=l
manuany n.2  msuen@sdszumlavzwenn

n.2.1 masenuaunisasilleAdunesnaniudoudeusumaaiings

Aaendulonase

1ARIANNWLUAT98S : The Korean Journal of Chemical Engineering ﬂﬁ 20
AUt 4 wiih 724-730 Faideq “Synergistic Extraction

and Separation of Mixture of Lanthanum and

Neodymium by Hollow Supported Liquid Membrane”,

el 2002

-

HANITYIAREL

919 N1 uasesmagaidungs-Aslusisasaieileunenisainuenuaun iy
o ) . -
un:ﬁaﬁgsﬁuy- sanaaniudoudeutiumnaingadondulunans

.“_‘

,f“ Wni’mi -4 YARBIATIN 2

pH unumﬁ!{pp(nh ' msiiﬁah (ppm) usum i (ppm) fileAdlou (ppm)

g1 eagf 02 tﬁ 7“ 980 1 88N i 28N
1.0 11.05 Lg?._aa ;_11,514 | 1132 10.04 9.91 10.46 10.31
15 10.32 A007 1 11.07 | 10.85 10.98 10.69 1.7 10.87
20 11.18 10494915 |~ 8.87 11.25 10.36 9.15 8.77
25 9.78 7790 | 967 | Bt 12,18 9.42 9.47 7.87
3.0 fyiLs—_,_m 9023\ 83541025 | 824 | 1002 | 845
35 1104, | 9131 | 1055 | 883 | 1003 | 840 10.61 9.05
4.0 1091 | 9.127 11.93 1035 | ©876 8.42 12.08 10.68
45 10.21 8.588 11.21 9.84 10.34 8.84 11.64 10.35
5.0 1057 9,209 1067 9,35 053 8.17 9.74 8.66

an12ei e : ATt saumm LA TR EEN = 10 ppm, Uhramremmazanoileouuss
WAnAus 5 ART A ELUIUIRI HTTA, = 0.01M A3l HALI8. TOA = 15wy,
sanmilvasasnnrasa e ilotusstingy = 100 grunafisuRuiesseud, lva

3
uvutusafiseaussluaacunaiy




I N4 uamdiayan TAnnareIAdENTuTeIaNIaia HTTA Aeniadauan

- Prr—— - - . -
usunninuarilsAdonesnaniusmsidaudumaiingadrodulanas

100

Tusrusrazaeiiau
nARBIAT 1 naasInian 2
[HTTA] uAuUNNIN (ppm) HlaAdiou (ppm) uaunii(ppm) fllafdioy (ppm)
(lunsieding) i 28N i 88N Wi 88N W 28N
0.005 11.03 10.85 11.33 11.23 10.45 10.15 11.58 11.40
0.010 9.78 7.79 9.69 8.21 12.18 9.43 9.47 7.69
0.020 9.85 B.10 11,50 9.74 10.04 8.10 10.22 8.46
0.030 10.05 9.45 1043 /1 / 10000 9.44 879 9.35 9.06
0.040 9.82 948 | 1143 “fijs’ 1122 | 1087 | 1033 | 1007
ania=iig mwﬁui'mmunumﬁwn;ﬂhitﬂhu = .m ppm; iy rrreanrasatntleauua:
wndu= 5 fing, AN EuElae HTrLA = 0.01M, A xdIduIes TOA = 1%, SRTINTT
'iun'lwmma'ﬁ@uﬁﬁﬁﬁnﬁ‘u = ?Dinmnﬁﬂﬁwmﬁamﬁ, nwneuafaden
unzluaaunaeiu )
e
A1974 N-5 u.unqiaq{;@;ﬁnﬁthainﬂ%liqiunammﬁ‘n HTTA sianisafiausn
I.!.'I'I‘Im'I'I.TJ-Iliﬁf:ﬁjiikﬁﬂMﬁjﬁﬁﬁﬂﬁ}lﬁﬂiﬁﬂﬂﬁﬁlﬂﬁﬁﬁﬂqaﬁﬂﬂLﬁumn'h"m
ukussazanedindy %; .
W anaATe 1 ',% > NARDIATIT 2
[HTTA] usunml (ppm) | HleAdiustppm) waun i (ppm) TaAdiun(ppm)
(lundeding) | @n | esn | T 7 | e | een Ly 28N
0.005 000 - 0.18 0.00 0.21 ﬂﬂﬁ:i';;’ 0.23 0.001 0.18
0.010 000 | 0.4 0.00 0.11 000~ | 211 0.003 1.02
0.020 000 .| 148 0.00 1.40 0.00 1.68 0.01 1.56
0.030 0.01 0.49 0.00 0.47 0.00 0.54 0.01 0.46
0.040 0.00 029 0,00 042 090 0.40 0.00 0.31

an1=i1e : mrnduiisusumiiaeTlaAd o =10 ppm, e sazanileuuss
WA= 5 Amz, Arsdinduees HITA = 0.01M, adsidiuduzes TOA = 1%viv, dmrns
Tuarsanizazanniioukasinngl = 100 gniiafiguRsinsreuti, lua Wk uAf R

unzluaasunaiu




101

AT N6 HATEIATNIENTUTRIaNTArT e TOA AN ranmuenuaAUN NINURE

- - -
nlafdisuesnsniudaidawdumacinegadomdulonasaludu

anrazanuileu )

[TOA] naaeIAki 1 /:/ " -
(%6vV) wmannis | iﬂm‘:‘ usun i (ppm) | illeAudlen(ppm)
pan | dh 28N i 28N
0 Q77T 10.54 10.37 10.58 10.51
1 8.21 12,18 9.43 9.47 7.76
2 ' BSO 10.08 8.14 1127 | 1044
3 N2 10.46 8.79 1039 | 9.950
4 10,72 11.04 10.42 1054 | 1045
5 7.99 791 \vgrz1 | 875 | 1070 | 1048 | 1125 [ 1143
8 896 | {1051 :7.\:]2/&1:-.5& 1006 | 993 997 | o984

oz : audidusssauniidasTilendlon - 10 pm, Fumsresmzazaiatiouuss
ndu= 5 ARg, mwuljnm HTTA Wﬂn:ﬂmﬂqmmmﬂuﬂwun:
dndu = 100 gnurAfisuRismsdaui, 1ﬂnuumi'maﬂﬁ5;‘@nﬂunmmﬁu
N -

7 X

!
~/



AI979 N-7  HATEIAT NENSUTRanTan A TOA AeNIFANALENLAUNINURS

P - W -
ileAdivuessnaniudoideutumarimgadandulunasdludn

102

ATASAIBUINAL

[TOA] — 1 Fh // /. naaaIpfsi 2
(%6viv) uaun iy (ppm). ﬂfﬁﬂm@’ UMM (ppm) ileAdiou (ppm)
g [een i m_s-f—_ i 28N i 88N
0 000 “|" 000~ 000 | 086 | 000 | 000 | o000 | o
1 0.00.1 Y/ :ﬂ.oi 1.04 0.00 2.07 0.00 0.94
2 0.00 /l%‘t/ u.aft 0.53 0.00 1.59 0.00 0.47
3 0.00 147 /| o00- | 033 | 000 140 | o000 | o024
4 unn/ g{ ) Emﬁ . 0.8 0.00 0.72 0.00 0.09
5 000 4 @427 | 000 ] o002 [ mor | o1 | o000 | o004
6 000 [ foos “|“ o0 T} 000 | 000 0.09 0.00 0.00

an1=ie - Armdudureaus u&ﬁ&iﬁﬂﬂ_ﬁppm. Qimnnﬂmmm"mﬁuuun.

R

dndu= 5 fng, madiiduses

vnfu = 100 qmwﬂ@yﬂmﬂ@gﬂwhmmuﬂmmmﬁu

HTTA % anrnmrluarenimasaniiounas

VA

.

U»

L_!"\‘(L/

A

—
i

T




103

194 n-8  waresdulugadulanatauazuareandniuIsusun UG

Hleadlonlessu luarazaallaursniradauenuaunnivuaztilsmdiou

- - ' -
sanyniumsibeutumammegaimdulonans

uaunminuas arazanilen arazauilauyiesn arazateilouriesn

fileAdonlu i | gt izl 2

mncatoflow | uewnnin | SloAdion | Galy | MeAdlen | wewnmiy | Tleddlen

(ppm) (ppm) (Ppm) | (ppm) (ppm) (ppm)

10 'Tff%/; ,w"m_* 9.24 9.99 8.39 9.73
30 > 3;,35" ‘29.9‘ 2506 | 2885 23.00 28.29
50 "4 ;_/,-’ ' | 5ash, 45.44 51.57 43.10 50.10
70 /sa}mj‘ ;" 264 | 598 69.37 54.58 67.86
90 /64:?6 /| sa229 " 79% B9.86 71.94 87.89

an1sie  pH 1mmmznwij§'ru = 2.5, tsnnmresdnmesauilsuuasiingu= 5 Ang, arsudindu

989 HTTA =0.01M, pamdudinen: Tt‘.té{ 3% (viv) firsnmrluaseaansasaiotleuuss

s

\ )
A

it S

N = 100 gru AR uRssew ¥,

t

]

S

.

e b

~4

|

.

L\

g 2 (VN

e Fadeouas uaaoumaiy




M99 n-9 Haresduulugadulanassuasuaresm IR IuaUN INUAS

flafdiouleassy luarrasasdinduAan I TAR ALONUAUN I LAS

- - ) -t
filaAdiuyussnainiudtuibaudumaonngadudulunana

104

ATURI VT anrazauiieu arazauiieusiesn arazauilaurieen

HlaAdtualy dh Hlugad 1 snilugadl 2

meacaneilon | usunmin | Gleddlon | uwewnnln | TleAdlen | usunnln | TleAdiow

(ppm) opm) | | ~_opm) (ppm) (ppm) (ppm)

10 0.00 000 F_ffj:aa : 0.11 168 0.20
30 000 0.00 296 | 038 5.10 0.49
50 P{{Jﬁg&} 7/ n}.oila 743 0.84 9.74 1.79
70 J 10.00, 7.60 156 11.86 3.42
90 !mg: /; /‘h q.uﬁi_ 4| eo0 16.00 2.23 333

A oH 1&41&1?&%‘1{&1#\4 =285, 'Ll‘mqunmﬂmrjﬂmmnﬂnnﬁ'u 5 fime, Aty

183 HTTA =0.01M, A dunes T
Yndu = 100 qrm;‘irﬂ.ﬁanmtﬁamﬁjhmgmnmﬁﬂmun.hmwmqﬁu

".-' F/N

T
".fr/j[J
iy

—

Y

3% (viv) Baninrluaresnrasaintileuuns

o]

Nl b
~ .




Korean J Chem. Eng., J0(4), T24-730 (2003)

105

Synergistic Extraction and Separation of Mixture of Lanthanum and Neodymium
by Hollow Fiber Supported Liquid Membrane
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Abstract—Separation of lanthanum and neodymium by supporied liquid membrane has been studied. Synergistic
extraction and recovery of lanthanum and neodymium with thenoyhrifluoroacetone (HTTA) in benzene have been
found by the addition of Trioctylamine (TOA ). Results indicate that percentage of extraction is highly dependent on
pH of feed solution, which the maximum valee 15 2.5, When TOA was added 10 HTTA, the percentage of extraction
and recovery considerably mereased duc to synergism. Lanthanum can be extracted and recovered more than neodym-
ium because of the adduct formation constant, . The [ values decreased with an increase in atomic numbser of lantha-
nide and showed a difference between lanthanum and peodymitm. Percentage of extraction and recovery is enhanced
when the HTTA concentration is increased, but its difference is larger when TOA concentration is increased. Finally,
multi-column module of supported hollow fiber membrane was used and the percentage and difference of exraction
and recovery was found to be more increased duc 1o resident time,

Key words: Liquid Membrane, mﬂm Recovery, Hollow Fiber

INTRODUCTION
Lanthanide metals have recently drawn considerable attention m
uous apyplications exploiting ther dindic. ogfical

lanthanide metals found in a lange part of monazie and basnasite

ares [Cotton, 1988]. However, they tend 10 come in @ mixture form.
Therefore, there has been a great interest in frying o purily these
elements. The liquid membrane separation process i an allmactive
method 1o separaic metal jons from the solution. Liquid membrnes
have been widely applied 1o the extraction and recovéry of metal
jons, The membranes contain an extractant of & camiar wiich pos-
itated transport | Portcr, 1990] mechanism. This technique has been
widely applied to the extraction and recovery of metal jons. In gen-
eral, liquid membranes come either in an emulsion or & supported
fiorm. Emulsion liquid membrane (ELM ) has o large transport ares
with a thin membranc [Ching-Yet and Pai-Zon, 1993]. Hence there
is a fast soluic extraction. Noncthelesf, the complicated demulsifi-
cation process for recovery of the concentrated solute as well as of
the membrane liquid makes the Emulsion Liquid Membrane pro-
cess very difficult to commercialize. In addition, ELM suffers from
swelling instability of the mner phase. As for supported liqusd mem-
brane (SLM), the membrane is held in porous structure which 5
usually in porous membrng, The metal is extracied into a porc hig:
uid at the feed solution-membrane interface. Al the stripping solu-
tion-membrane interface, the metal is extracted back and concen-
truted in the stopping solution [Y1,1995; Chaudny etal., 1997, Yang
and Fanc, 1999], Although the low permeation rate and degrada-
tion of hiquid membranes are the weak poinis of this method, the
utilization of hollow fibers in the liquid membrane surface area is

"To whom cormespondence should be addressed.
E-mail: Prakom, Ra@student chulasc th

still available. The degraded membranes can be easily regenerated.

Thene are many kinds of supported liquid membrane, flai-plate-
cause there are several advantages of hollow fiber supported by lig-
uid membrane such as lower amount of extractant than solvent ex-

traction, long life ime, low energy and high selectivity [Loiacono

et al,, 1986). Therefore, in the present paper, the process of hollow
fiber supported liquid membrane was examined experimentally for
separation of @ mixture of lanthanum and neodymium ions from

- aqueous solution. Here the liquid membrane is contained on the

124

porous of hollow fiber. The aqueous feed solution flows mside of
the tube side of the hollow fiber module and aqueous stripping so-
hution flows inside of the shell side. Each aqueous-organic inter-
phase is immobilized at the pore-mouth with capillary force. Both
was not equal. Therefore, the lanthanum and neodymium were se-
pamted,
1. Theory
1-1. Liquid Merribranc Mechanism

A supported liquid membeane (SLM) consists of an organic so-
lution of an extractant (camier), which & held n polymenc micro-
pore by capillary force [Schultz, 1988]. Mechanism which trans-
ports the Thetal jons through liquid membrane is schematically il-
lustrated m Fig. |. The supporied hiquid membrane is between the
aqueous solubon initially containing metal jons (feed solution) and
the aqueous solution initially containing no metal ions (strip solu-
tion). Trnsportation of ions is due 1o the driving force between the
wo opposite side of aguents phase. In the case of metal camier such
as an acidic extractand (HR ), the simple extraction reaction is as fol-
lows [Porter, 1990]:

M R el MR, +nH’ (1

The driving foree is achieved by hydronium jon (phl) gradient. The
transpont mechanism of metal ions that occurs i this case, called



106

Synergistic Extraction and Separation of Mixture of Lanthanum and Neodymium by Hollow Fiber SLM 725

/,’”M.‘
; S

Fig. 1. Counter-transport scheme for acidic extractant.

M
‘anm-l
H_‘_.,..--"

Liquid Membrane

IMYT" M-
Xb ..z"""..’

¥ RaNH'[MYT™ W

Sirip Solution

]
Fig. 2. Co-transport scheme for basic extraciant.

counter-transport, is shown in Fig. 1. Forward reaction occurs &t
feed-membmne nterphase and backwand reaction oceurs a1 mem-

n Fig. 2, occurs when the metal cammier s hasic or neutral extract-
ant (A)

M”40 +A ==l MX A 2
This process is driven by concentration gradient of the H' bt M™
and H' ions are transporied in the same dmection.

The extraction and stripping processes in Fig, | and 2 were oc-
curring in hollow fiber module as shown in Fig. 3. Inside of hol-
low fiber module, it consists of a liquid membranc and two sides
for aqueous sohutions. The hiquid membrane is trapped 6 hydo-
phobis micropore and this liquid membrane sepamte the fted and

, o vl s o] oy s, ’,f e aipin
_.f w
! ' i o angy
Fl R OPE 04 o hguid membrane
|18 [ ha” I.
1IlI \ N ¢ e 1
b T feed selution ‘l
o . T, T _— -
L gl
wid pe
nwﬂdn >
Rl
sirippng solution | >

Fig. 3. Flow pattern in hollow fiber supported lguid membrane.

currenthy and hiquid membrane is formed between them.

tic, aciche and basic extractanl. They cooperated 1o extract lantha-
num and neodymium from mixture and extract by biquid membrane
system [ Joong and Ju, 2002},

1-1. Synergistic Extraction

The phenomenon in which two extrciants taken together ex-
tract a metal ion species with much higher efficiency as compared
0 the nommal additive effect of these extractants (sepanaiely) is called
synergism [Mathur, 1983]. Therefore, in this work, two exiractants
were minied together, Thenobytrifluomacetone (HTTA) and Trio-
ctylamine (TOA), for enhancing the efficiency of extmction and
L et S i 2 :
has been only performed in solvent extraction process. Therefone,
another objective in this study was 1o investigate the possibility that
synergistic extraction was applied for liquid membrane process.

The extraction of metal ion (M™) by a mixture of monoacidic
chelatng agent (HR) and a neutral donor ligand [Peppard, 1969]
shows the synergistic enhancement, it is due to the formation of
one or several adduct complexes between the chelate MB, and the
donor ligand S i onganic phase. Thus, if X~ denotes an inorganic
amon in aqueous phase, o least three species can be assumed 10 be
simulianeously present in the organic phase, ie., MXS,, MR, and
MRS, and various equilibria involved can be written as [Duyck-
acrts and Desreux, 1977),

M +nHR —==le MR, +nH’ i3
M™ +aX +pS ==Ll MX.5, {#)
M* +aHR 428 —="le M{HR)S, +nH' (5)

where k. ke ; and k. |, refer o equilibrium constant in presence
of monoackdic extractant alone and in presence of neutral ligand,

5, alane and in presence of both extractants, respectively. The value

ofk, , k. :and k_ ,., can be given as

IH I'[MR.]
IM"IIHM
__IMXS,)
(7
e IMTIIXTTSY
_ [H'IIMX.S,]
U IMT IS (HAY
The neutral ligand, S, s offen very weak extractnt by itself. There-
fore, kand Eq. (3) can be neglecied. When Eq. (4) is subtracted
by Eq; (3}
MR, +45 =51 MRS, (9)

Eq. (%) becomes the synergistic feaction in organic phase (liquid
miemibrane): Where

(6]

(%)

et
A (10

represents the stability constant of the synengistic reaction in ongan-
ic phase and [, is the ratio of equilibrium constant in presence of
both extractants and equilibrium constant n presence of monoa-

Korean J. Chem. Eng.(Val. 20, No. 4)



107

726 R. Prakom and F. Lir

cidic extractant alone [Duyckaerts and Desreux, 1977].
In this experiment, the percentage of extraction was determined
as [ollows:

%:;mim:%ﬁxim an
and percentage of recovery:
% recovery ='"1—'*-L_C“-"x 100 (12)

where C, C_. C, ... C, .. are concentrations of feed, maffinate, inlet

EXPERMENTAL

1. Chemicals

For liquid membrane, Thenayltri flusrmacetone (HTTA) and. Tr-
n-octylamine (TOA) supplied by Sigma and Merek were used. LaCl,;
TH.O and Nd.O, from Merck and Aldrich were used as feed so-
lution. HNO, was used as stripping solution. All chemicals wene
AR grade.
1-1. Apparatus -

= The Liqui-Cel® Laboratory LiquidLiguid Exmaction System
which is composed of two gear pumps, two vanable speed con-
trollers, twio rotameters and four pressure gauges was used

* The Ligui-Cel* Exta-Flow module offered by CELGARD
LLC {Charlotte, NC; formerly Hoechst Celanese), shown in Fig. 4,
was used as a support material. This module uses Celgand” micro-
porous polyethylene fibers that are woven inlo fabnc and wrapped
around a central tube feeder that supplies the shellside fluid Woven
fabric allows mome uniform fiber spacing, which in tum lesds o

Liqui-Cel

ErreFlos Vermessa Coresrker i

Fig. 4. Schematic representation of the structure of Liqui-Cel lig-
uid membrane contractor.

Table 1. Property of hollow fiber module

Properties Description
Muterials Polypropylene
Inside diameter of hollow fiber 240 um

Outside diameter of hollow fiber ino

Size of pore 0.05

Porosity I

Maximum pressure drop 4.2 Kglem' (60 psi)
Contact area 139 m’

Dimension of module { 2.5=8 inch)

July, 2003

fibers. The property of hollow fiber module was shown in Table 1.
The fiber is potted into a solvent-resistant polyetiylene wbesheet,
and shell casing in polypropylene.

* pH was measured by pH-meter HIZ418A | Hanna Instrument.

* Concentration of Lanthanum and neodymium were measured
by Inductively Couples Plasma Spectroscopy (ICP).
1-2. Procedun:

The feed solution was made by dissolution of LaCl,-TH,O and
Nd, 0y m 0.5 M HNO, and pH was adjusted by LiOH. The liquid
membrane was made by dissolution of HTTA and dilute of pure

& , ® ' , ®
dal

H HE

Fig. 5. Schematic counter-current flow diagram for one-through-
m&wﬂﬁnihﬁwhmmm

1. Feed reservoir 6. Strip outlet reservoir
2. Gear pump 7. Hollow fiber module
3 Inlet pressure gauges #. Raffinate reservoir
4, Outlet pressure gauges 9. Inlet strip reservoir

5. Flow meters

oy & w1 N
- L X - Lg s 3
= j; .
‘B e

Fig. . Schematic counter-current flow disgram for one-through-
mele operation in hollow fiber supported liguid membrane.
I. Feed reservoir to module 9. Hollow fiber

no, | module no, 2
2. Gear pump 10, Raffinate reservoir from
3. Inlet pressure gauges module no. 2

4, Outlet pressure gauges 1. Outlet strip reservoir
5. Flow meters from module no. 2 w
6. Strip outlet reservoir maodule no. |

from module no. | 12. Inlet strip reservoir
7. Hollow fiber module no. | to module no. 2

B. Raffinate reservoir from
module no. 1 and feed 1w
maodule no. 2
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TOA in benzene. In all cases, the sinpping solution was 0.5 M HNO,
and the organic solution comtaining HTTA and TOA was circu-
lated i tube and shell side of hollow fiber for 20 minutes. Then,
experiment was staried by flowing feed solution in the wbeside.
Simultaneously, stripping solution was pumped into the shellside
countercurrently and once-through-mode operation was used. The
flow diagram was shown in Fig. 5 [Ramakul, 2002].

In a double-column operation, the system in Fig. 6 was wsed [Ra-
makul, 2002]. When the feed solution passes the first module, ph
dropped drastically. Hence, some amount of LiOH was added 1o
the raffinate to adjust the pH in onder 1o increase driving force off
feed solution in the second module.

RESULTS AND DISCUSSTION

1. Synergistic Effect in the HTTA+TOA System
From synergism theory, Eqg. (1), extraction of metal by HTTA
alone can be presented by

Ln" +IHTTA —=—Slam [n(TTA), +3H" (13)

From Eqg. (5), the synergistic effect in the HTTA+TOA, sysiem arisc
from the reaction

Ln" +3IHTTA +xTOA ==l Tn(TTA), TOA, +3H' (14)

Because TOA 15 a basic extractant and reacts with anion, extract
reaction in Eq. (4) does not occur and synergistic effect in onganic
phase is

Ln(TTA), +XxTOA —=—bme [n(TTA), TOA, (15
From the result, lanthanum ions can be extracted and stripped mon:
than neodvmium jons due o the fact that § value of lnthamm
ions is higher than neodymium ions.

25

-

-
ot

-
[=]

(5]

Percentage of extraction/

0 1 2 3 4 5 6
pH of feed solution

—— EMF *&Tm“——_‘_m ~a— Stripping of lanthanum
«@. Extraction of neodymium -4 Stripping of neodymium

Fig. 7. Plot of percentage of extraction and recovery against pH
of feed solution for the membrane using mixture of 0.01 M
HTTA and 1% TOA and using 10 ppm La™ and Nd ™ in
feed solution,

The B values decrease as the atomic number of lanthanide in-
creases [Farbu Alsiad, 1977) and showed a difference between lan-
thanum and neodymium with atomic number of 57 and 60, respec-
tively.

The effect of operating conditions (pH of feed solution, concen-
tration of extractant and its composition, number of columns and
concentration of lanthanide ions in feed solution) on the extraction
and sepamtion of Lanthanum and Neodymum was examined.

2. Effect of pH of Feed Solution

The transport of La* and Nd"' from feed solution through tiquid
mernbrane that contams acidic extractant is a counler-transport pro-
cess in which the concentration gradient of hydrogen ion is the driv-
ing force. The dependence of the percentage of extraction of La"
and Nd" on the pH value of feed solution is shown in Fig. 7. It is
evident that percentage of extraction increases with increasing pH
wvalue in the range of 1.0 o 2.5. At pH value of 2.5, percentage of
extmction is maximum, When pH value s more than 2.5, percent-
age of cxiraction is gradually decreased and all of these resulis also
ooctir in sripping phase.

The extraction of lanthanum and neodyrmium ions by HTTA alone
and by synergistic effect can be expressed as in Eqs. (13) and (14),
mespectively. From both equations, the principle of Henryi Louis
Le Chatclier, when hydronium ions concentration was decreased
more (pH increase), the metal jons wene extracted more and con-
verted o the product. However, the HTTA is an acidic extractant.
It can react with metal ions m an acid soluton only, Thenefore, the
percentage of extraction decreases when the pH is higher than 2.5,
3. Effect of HTTA Concentration in Liquid Membrane

The percentage of extraction riscs abruptly by increasing the HTTA
concentration while TOA concentration was 1%, as shown in Fig.

] 001 0.02 003 0.04 0.05

—=— Extraction of lanthanum ——+— Stripping of lanthanum
«--m.. Extraction of neodymium --&-- Stripping of neodymium

Fig. 8. Plot of percentage of extraction and recovery against HTTA
concentration which mixed with 1% TOA for the mem-
brane and using 10 ppm La™ and Nd** and pH 2.5 for feed
selution.

Korean J. Chem. Eng{Vol. 20, No. 4)
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8. When HTTA concentration was higher, the metal ions reacled
more and converied 1o complex compound in membrane and back-
wand reacted at membrane-strip phase; therefore, the percentage of
recovery was higher too. As concentration of HTTA was 0.0] mol/
dnt', the percentage of extraction and recovery ane maximurm. How-
ever, with the HTTA concentration exceeding 0.01 moldm’, the
perceniage of extraction is decreased due to the viscosity of mem-
brane being increased acconding to the molecular kinetic interpreta-
tion of Memst. The diffission coefficient D can be defined as [Schulte,
1988]).

D;_B_'L (16)

Lhal

whene 1) is the viscosity of the liguid membrane r and T the radius
of the diffusion component and process tlemperature, respectively.
Moreover, the difference between lanthanum and peodymium is
smaller because of higher HTTA concentration than TOA concen-
tration also, Eq. (13) occurs more than Eq. (14).
4. Effect of TOA Conceniration in Liquid Membrane

In Fig. 9, at concentration of TOA in membrmne & 72em or HTTA
extracts metal ions alone. Percentages of cxtmet and reeoery were
very small, about 2%. When TOA was added i 001 M HTTA in
membrane, the percentage of extract and recovery abrptly nereased.
This phenomenon is called synerstc extraction. Morsover, the
difference between Lanthanum and neoadymium is increased with
mereased TOA concentration because extraction reaction in’ Eq,
{14) occurs more, And Eqg, (14) is bound 1o exiract lanthamum more
than neodymium ions due to B value of lanthanum ions is higher

25

—e— Extraction of lanthanum —s— Siripping of lanthanum
«m- Extraction of necdymium & -- Stripping of neodymium

Fig. 9. Plot of percentage of extraction and recovery against TOA
concentration which mixed with 0.01 M HTTA for the

membrane and using 10 ppm La™ and Nd* and pH 1.5 for
feed solution

July, 2003

than neodymium ions. However, when TOA concentration & morne
than 1%, the percentage of extract and recovery of both ions de-
creases because viscosity of membrane is oo high [Schultz, 1988).
5, Effect of Number of Hollow Fiber Module

In hollow fiber modules, the extmct reaction or the exchanging
of metal and hydrogen ocourred. So, pH of raffinate is usually less
than that of feed solution and the driving force is lower. When the
double-column (hollow fiber module) was used, the pH of mifinate

o 25
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Fig. 10, Relation of number of hollow fiber modube and percent-

age of extraction and recovery at 01 M HTTA, 3% TOA,
10 ppm La* and Nd ™ of feed solution.
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Fig. 12. Plot of flux of recovery against feed concentration for the
membrane using mixture of 0001 M HTTA and 3% TOA
and pH 2.5 for feed solution.

from first module was adjusted to 2.5 again by LiOH and fed as
feed solution 1o second module contimiousty, The result is shown
in Fig. 10. Obwiously, when the double-colurmn was used, percent-
age of extraction and recovery increased because driving force was
recovered.

6. Effect of Concentration in Feed Solution

When the concentration of lanthanum and peodymium ions in -

feed solution mcresed from 10 ppm o 30, 50, 70 and 50 ppm, there
was no changing of percentage of extraction and recovery but flux
was increased. This result comesponded to the theoretical model
proposed by Rovirm and Sastre [1998] that the extraction flux of
metal jons in the supponted liquid membrane is proportional to the
concentration of metal jons in the feed solution when the concen-
tration is extremely small. The result is shown in Fig. 1. From Egs.
{13)and (14), increasing the concentration of lanthanide ons in feed
solution results in the increase: in the ransport of the lanthanide jons
to stripping solution, which enhances the decrease in pi of feed
solution because of the counter-transport of hydrogen ions, More-
over, the double-column was used for cach expeniment 1o prove
that it can increase the percentage of extract and recovery from sin-
gle column

CONCLUSIONS

Hollow fiber supported liquid membrane can be used 1o exiract
lanthanum and neodymium ions. When TOA was added o FHTTA,
the percentage of extraction and recovery considerably increased.
The appropriate ph was 2.5 and lanthanum could be extracted and
recovered more than neodymium jons. Percentage of extrmaction and
recovery rises when the HTTA concentration i increased, but its
difference s lanzer when TOA concentration is increased. Double-
column module of supported hollow fiber membrane can increase
percentage and difference of extraction and recovery.

NOMENCLATURE

A neutral extractant

C, :concentration of feed

., :concentration of raffinate

C, . :concentration of inlet strip

C,, . : concentration of outlet stnip

HR : acidic extractant

k., :equilibrium constant of extraction neaction in presence of
monoacidic extractant alone

k., ! equilibrium constant of extraction reaction in presence of
neutral ligand alone

k.. ;. : equilibrium constant of extraction neaction in presence of
both extractants

Ln" : trivalent lanthanide ions

M™ :metal ions
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Supported Liquid Membrane
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Abstract— The separation of tetravalent and trivalent lanthanide ions, Cerium (I'V) and
Neodymiun (111}, respectively, from a sulfalc solution through a liquid membrane was
examined. TOA was used as camer exiractants and dissolved in kerosene, The liguid membrane
was supported by hollow fiber microporous, Sodium carbonate was used as stripping solution,
Pure tctravalent lanthanide, Cerium (1V) wons were oblamned while rivalent, Neodymium (1),
ions could not be extracted and stripped due 1o the different in form of trivalent and tetravalent
lanthanide ions in sulfaie solution. The transpont svstem was studied as a function of several
variables: concentration of sulfonc acid feed solution, concentration of TOA in liquid
membrane, concentration of sodium carbanale in stripping solution, and flow rate of feed and
stripping solution. The results indicated that the percemage of extraction is highly dependent on
the concentration of sulfuric acid the feed solution and the concentration is 0.2 M for the
maximum extragtion. Percentage of extraction was enhanced when the concentration of TOA
was increased. However, when the concentration of TOA was higher than 4% (viv) the
percentage of extraction was nof increased because of the viscosity of liquid membrane. The
percentage of extraction and stripping further increased when the concentration of sodium
carbonate was increased until the sodium carbonate concentration was 1.25 M. The maximum
percentage of stripping for Cerium (1V) of 71% and 100% sclectivity was obtained. When the
flow rate of feed or salution was incrensed the percentage of both extraction and stripping
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decreased due 10 resident lime.
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INTRODUCTION

Lanthanide or rare earth metal can be found in
a large part of monazite and basnasite ores (Cotton ef
al., 1988). It has recently drawn considerable-attention
in various applications exploiting its fluorescent
magnetic substances, optical glass, fiber oplics, cata-
Iytic, laser property colorants for TV screen and in
ceramic industries. Lanthanide metal is composed of
tetravalent and trivalent metals. However, these met-
als tend to come in a mixture form. Therefore, there
has been a great interest in trying to purify these ¢le-
ments.

The liguid membrane, the liquid contains an ex-
tractant or a carrier which has the potential for selec-
tive permeation by using the facilitated  transport
mechanism (Gherrou and Kerdjoudi, 2002 ) has been
widely applied to the extraction and stripping of
metal ions because it is a combination of the extrac-

M To whom all corespondence should be addressed

tion unit and stripping unit of liguid-liquid-extraction
process Lo single operation. This technique has been
widely applied to the extraction and stripping of
metal ions. In general, liqguid membranes come either
in-an-emulsion or a supported form. Emulsion liquid
membrane (ELM) has a large transport area with a
thin membrane (Ching-Yel and Pai-Zon, 1993).
Hence there is & fast solute extraction. Nonetheless
the complicated demulsification process for recovery
of the concentrated soluie as well as of the mem-
brane Tiquid makes the Emulsion Liquid Membrane
process very difficultto commercialize. In addition,
ELM suffers from swelling instability of the inner
phase. Mean while as for supporied liquid membrane
is held in-porous structure which is usually in porous
membrane, The metal is extracied into a pore liquid
at the feed solution-membrane interface. At the
stripping solution-membrane interface, the metal is
extracted back and concentrated in the stripping so-
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lution (Yi, 1995; Yang and Fane, 1999). Although
the low permeation rate and degradation of liquid
membranes are the weak points of this method, the
utilization of hollow fibers in the liguid membrane
surface area is still available. The degraded mem-
branes can be easily regenerated.

There are many kinds of supported liquid
membrane: the flat-plate-type, spiral-type, and hol-
low fiber type. The hollow fiber supported by liquid
membrane has several advantages of such as lower
amount of extractant than solvent extraction, long
lifetime, low energy and high selectivity (Loiacono
et al., 1986), therefore, in this paper, liqguid mem-
brane process was examined experimentally for
separation of mixture of tetravalent and trivalent lan-
thanide ions from agueous solution by using modules
of hollow fiber liguid membrane contacior. In this
work, Cerium (IV) and Neodumium (1il} are the rep-
resent of tetravalent and trivalent lanthanide, respec-
tively. Here the liquid membrane is contained in the
porous of hollow fiber. The aqueous feed solution
flows in the wbe side of the hollow fiber module and
the aqueous stripping solution flows inthe shell side.
Each aqueous-organic interphase is immobilized at
the pore-mouth with capillary force.

It should be noted that inthe feed solution. the

ion forms of tetravalent and trivalent lanthanide are

different when they arc in sulfate media. Conse-
quently, pure Cerium (IV}) fons were :clmuvcl;ru
separated by TOA while Mmdymium (111} ions were.

left in the raffinate. Therefore, 100% selectivity

could be achieved.

THEORY
Liquid membrane mechanism

The liquid membrane consists of an drganic so-
lution of an extractant. The mechanism which trans-
ports the metal ions through the liquid membrane is
schematically illustrated_in Fig. 1. The liquid mem-
brane is between the aqueous solution initially con-
taining metal ions (feed solution) and the agueous
solution initially containing no metal ions (stripping
solution). Transportation of ions results from the
driving force between the opposite sides of theaque-
ous phase. In this exprimeént) cosrafsponation
{Ramakul and Pancharoen, 2003; Porter, 1990) oc-
curred.

Because of the Ce(50y); in presence of higher
sulfuric-concentration will. resuli in anion coniplex
form, Cet80, )i "(Chaudry, er'al., 1996) as shown in
Eg. (1)

Ce{S0O,), + H,80,=

H,Ce(S0,), = Ce(S0,); +2H". (1)

Phase | Phase 111
Feed Strip solution
solution
CelSOu)" N Col 504y
m’ MOk

Fig. I. Transport scheme of the extraction and stripping.

Tri-octylamine molecules in an  acidic aqueous
solution will form a neutral species, which is extract-
able into the organic phase. Cerium (IV) ions in sul-
furic. acid can be extracted as Ce(S0,),(R,NH),

2H" +Ce(S0,);” + 2R,N = Ce(SO, );(R;NH), .(2)

From hq { 1) we found that Cerium (IV) in 5u1-
fate solution is in anion complex form as Ce(S0, ;
but Neodymium (111} is in cation form as Nd
From this result, Cerium (1V) can be extracted be—
cause TOA only reacts with anion metal complex
{Ramakul er al., 2004) while Neodymium (111} can-

- not be extracted. Consequently, Neodymium (IlI)
ions remain in the residue.

In the presence of sodium carbonate in the
stripping phase the reaction on the stripping side

- membrane will be (Chaudry er al,, 1996)

(RyNH),Ce(S0,), + Na,C0, =
Na,Ce(SO, ), + 2R, N+ H,0+ €O, . (3)

'l'l'jﬂfnm, Cerium (1V) can be purely recovered and
the selectivity w_u. 100%.

' The supported liquid membrane

The extraction and stripping processes sche-
matically illustrated in Fig. | and occurred in hollow
fiber module as shown in Fig. 2 (Ramakul, 2002).
The ingide of the hollow fiber module consists of a
liguid membidne and two sides for aqueous solutions,
The liquid membrane is trapped in hydrophobic mi-
cropore and separates the feed and stripping solu-
tions. Feed solution and stripping solution flow
countereurrenily. and liquid_ membrane is between
them.

In this work, TOA which is a basic extractani
was used to extract Cerium (1Y) from mixture. Ce-
rium (IV) ions were separated from the mixture of
Cerium (I'V) ions and Neodymium (I11) ions by lig-
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! microporous hollow fiber  liguid membrane

Fig. 2. Flow pattern in hollow fiber
membrane.

supported  liquid

uid membrane system. The percentage of extraction
was determined as follows:

Crn=C
Spextraction = % =100, (4)
f.m
and the percentage of stripping ¢
¥,
%stripping = :f‘:,. 100, (5)
VeCo
The selectivity is defined as follow:
5= ::”L. {6)
zlct:ﬂ.!‘
™
where C . Cr oy s Cy i » and €, are the concen-

tration al‘ inlet feed, outlet faed in!et stripping and

outlet stripping solution of compenent §, respectively.

EXPERIMENT
Chemicals

For feed solution, CelS0rSHsO-and-MNds(y
were used. For liquid membrane, Tri-n-Octylamine
{TOA) was used whereas Sodium ecarbonate was
used as stripping solution. They were A.R grade and
supplied by Merck. Kerosene was used as diluent
and supplied from Thaioil Co. Lid.

Apparatus

* The Ligui-Cel® Laboratory Liguid/Liquid Ex-
traction System which is composed of two gear
pumps, . two. variable ‘speed ' controllers, two ro-
tameters and four pressure gauges was used.

= The Ligqui-Cel® Extra-Flow module offered by
CELGARD LLC (Charlotte, NC; formerly
Hoechst Celanese), shown in Fig. 3, was used as a
support material. This module uses Celgard®

1. Feed reservoir 4. Duilet pressure ganges 7. Hollow fiber module

1 Gear pump 5. Flow meters 8 Raffinate reservomr
3, Indet pressure 6. Stripping outlet 9. Inlet stripping
ALgEs TESErVOir FESErvodr

Fig. 4. Schematic counter-curment flow  diagram  for one-
through-mode operation in hollow fiber suppored
liguid membrane.

microporous polyethylene fibers that are woven
into. fabric and wrapped around a central tube
feeder that supplies the shellside fluid. Woven
fabric allows more uniform fiber spacing, which
in turn leads to higher mass transfer coefficients
than those obtained with individual fibers. The
property of hollow fiber module is shown in Ta-
ble 1. The fiber is potted into a solvent-resistant
polyethylene tubesheet and shell casing in
polypropylene.

Brookfield Viscometer model LV-DVII+ was
used 1o measure the viscosity of the liquid mem-
brane.

Inductively Couples Plasma Spectroscopy (ICP)
was used to measure the concentrations of Cerium
and Neodymium.

Procedure

The feed solution was made by dissolution of
Nd;0;.and Ce(S0,)-4H-0 in 0.2 M H,850,. The lig-
uid membrane was made by dissolution of TOA in
kerosene. The stripping solution was 0.25 M NayCO,
and the organic solution containing TOA was circu-
lated in tube and shell side of the hollow fiber for 20
min. The experimenl started by flowing the feed so-
lution in the tubeside. Simultaneously, stripping so-
lution was pumped into the shellside countercur-
rently and once-through-mode operation was used.
The flow diagram is shown in Fig. 3.

In this work, feed solution contains 100 ppm of
Cerium (IV) and Neodymium (I11) in sulfate media
while the stripping solution containing 0.5 M sodium
carbonate. A sample of 2 cm’ was taken out at the
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Corporation, 1995),
Properties Dieseription
Muterial Polypropylene
Fiber i.d. 240 pam
Fiber 0.d. 3040 pum
Size of pore 0.05 pm
Mumber of fiber 240
Porosity 30 %
Contact area 14m
Area per unil volume 29.3 em’fem’
Module diameter 6.3 cm
Module length 20.3 em
100 =
0 ﬂ-.\_\ ——%Ex. Ce [
b | —m—%Ex. Nd [
s \ —
£ w N »
E s N
5 w0 R
& e
30 —— e
20 ' &
|o 3 = — —— o —
o - : '
0 02 04 06 a8
H,50, concentration (M)

Fig. 4. Plol of percentage of cxtraction against HyS0,
concentration  while using‘;z%‘prh! TOA o the

liquid membrane, 100 ppm Ce'™ and Nd™ in feed
solution, 0.5 M Na,CO, for stripping solutica. The
flow rate of both the feed and Stripping solulions was
100 cm’/min.

end of each experiment from the feed and stripping
tanks and the concentration of Ce (I1V) and Nd {111}
ions was determined by ICP.

RESULTS AND DISCUSSIONS

The influence sulfuric acid concentration in
feed solution

The effect of sulfuric acid coneentration-on the
extraction of Ceriunt {1V ¥ fons is showmin Fig-

The extractant that, carries Cerium (IV) ions
from the feed solution through the liquid membrane
is basic extractant in which the concentration gradi-
ent of hydrogen jom, is-the driving foree-and co-
current transportation occurs. It is evidenl thal the
percentage of extraction decreases when the sulfuric
acid concentration higher than 0.2 M. It should be
noted that a low value of sulfate concentration in the
aqueous phase may cause the Cerium ions to precipi-

100
90 —— %5 (e
80—
70
m —
50

w0 =

2 -

% Stripping

20 e
10 :
ol = - - - -
0 I 2 3 4 5 3
H;50), concentration (M)

Fig. 8 Plot of percentage of stripping egainst H,S0,
concentration while mhimmr} TOA for the liquid
membrane, 100 ppm Ce' and Nd™ in feed solution,
0.5 M MayCOy for stripping solution The flow rate of
hoth the feed and stripping solutions was 100 cm’/min.

tate and these would hinder the extraction. Therefore,
the suliuric concentration in the feed solution must
starl from 0.2 M. However, TOA is basic extractant.
50, it can react with metal ions in a basic solution or
not high acidity solution (Ramakul er al., 2004). All
of these results also occur in the stripping phase as
shown in Fig. 5.

' ‘The percentage of extraction and stripping were
calculated by using Eqs. (4) and (5), respectively as

- shown in Table 2. Good agreement of material bal-

ance can be obtained. 100% selectivity of Cerium

{IV) ions can be achieved. Some error occurred due
o the accumulation in liquid membrane,

The influence of TOA concentration in liquid
membrane

When TOA concentration was 1-4% (v/v), the

 percentage of the extraction of Cerium (IV) ions rose

abruptly by increasing its concentration as shown in
Fig. 6. As the concentration of TOA was 4% (v/v),
the percentage of extraction was maximum.

When the TOA concentration exceeded 4%
iv/v) both percentages of extraction and stripping
decreased due lo-an excessive increase in extraciant
concentration produces an increase in the absolute
viscosity of the membrane, which generates a lower
diffusion-speed of the species and affects the mass
transfer process ( Valenzucla-er al, 2005). The vis-
cosities of liqguid membrane which contain of TOA
of 0%, 1%, 2%, 3%; 4%, 5%, 6%, and 7% are 3.20,
3.37, 339, 3.57, 3.64, 435, 449, and 4.69 cP, re-
spectively. According to the molecular kinetic
interpretation of Nemst, The diffusion coefficient (D)
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Table 2. Effect of sulfuric acid concentration in feed solution on the percentage of extraction and stripping while using 2% (viv)
TOA, 100 ppm Ce* and Nd™, 0.5 M NayCO, for stripping solution.

Concentration of Feed Sol mio:f Concentration of Strippi s::;: Percentage of Percentage of
Sulfunc Acid in ) Raffinate (ppm) PPing ) Extraction (%) Stripping (%)
i 57 T e T Ce Nd Ce | Na| Cc | Na
0.2 100 {11] 13.0 100y 55 0 87 0 55 1]
03 100 1040 191 100 50.5 ] 0.9 0 50.5 0
04 100 100 43.0 100 36.7 0 57.0 0 36.7 L]
03 100 100 60.2 100 250 ] ELE 0 250 0
0.6 100 100 68 8 100 14.6 0 312 0 14.5 0
w— B0
ﬂ
o L - . = |
2 Pl N\ it |
/ 3 ) —
] ‘
g e 0 !
z 50 — =
- —a— %51 Ce
40 — 0 1
® a0 1 ™ —m— %S Nd |
s A |
= : ﬁ%ﬂ la |
e s N
0 - - L — - e " B " r g
0 I 2 3 r i & 7
: b Sadium carbanste concentration (M)
TOA concentration \ —— 3
‘ ' _Fig. & Plot of percentage of siripping against Na,CO,
. y g concentration in stripping solution while usi
Fig. 6. Plot of percentage of exiraction againsi TOA 0.2 M H;80,, 100 mﬁ“id Nd™ in feed mlmg

concentration in liguid membrang while using 0.2 M~

Hy50,, 100 ppm Ce*’ and Nd'*in feed solution, 0.5

M MaC0y for siripping solution. The flow rate of

bath the feed and stripping suluﬁur-1'WIs Im'cm"."nﬂu.

0 I 2 3 4 5 f 7
TOA concentration {%ev.v)

Fig. 7. Plot “of " percentage- of stnpping  agamst TOA
concéntration in liguid membrane while using 0.2 M
HyS0,, 100 ppm Ce*' and Nd"' in feed solution, 0.5
M Na;C'Oy for stripping solution. The flow rate of
both the feed and stripping solutions was 100 ¢m’/min

and 4% (v/v) TOA in liquid membrane. The low rate
of both the feed and stripping solutions was 100
e /min.

can be defined as (Schulz, 1988; Cussler, 1997 ):

p=tal

. b
where kg is Boltzman's constant, 5 is the viscosity
ol the liquid membeane, r and 7 are the radius of the
diffusion component and process lemperature, re-

(7

All of these results also occur in the stripping
phase as shown Fig. 7. From this result, the maxi-
mum value of TOA was 4% (v/v).Hence, TOA con-
centrations will be fixed at 4% (v/v) in the next ex-
periment.

The influence of sodium carbonate
concentration in stripping solution

The elfect of sodium carbonate concentration
was shown in Fig. 8. The stripping of cerium ions by
TOA can be expressed as in the backward reaction off
Eq. {1} From the principle of Le Chatelier. when
hydroxide ions or hydronium ion increased, the con-
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Fig. 9. Plot of percentage of extraction against volumetric
flowrate of feed solution while using 0.2 M H;50,,
100 ppm Ce* and Nd*" in feed solution and 4% (v/v)
TOA i liguid mm:hm: and ow rate ofslnppmg
solution was 100 em'/min..

% Stripping
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Fig. 10.Plot of percentage of stripping against volumetric

flowrate of feed solution while using 8.2 M H S0,

104 HHII'CI: and Nd** in feed mlmmm{m;

TOA in liguid membrane and Now rale of stripping
solution was 10 r.m:’.fm

centration difference of hydronium ion between feed
and stripping solution increased. Therefore, more ce-
rium jons were extracted into liquid membrane and
recovered into the stripping solution. However, when
the sodium carbonate concentrations were higher
than 1.0 M, the percentage of stripping was constant
due to the limitation-of mass transter area of hollow
fiber (Ramakul er all. 2004; Pataweckongkaler al.,
2002).

Material balance were not shown for all ex-
periments, However, good agreement ol material
balance can be oblained.

The influence of flow rate of feed solution

The influence of the Now rate of feed was also
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Fig. 11.Plot of percentage of stripping against volumetric
Mowrate of feed solution while using 0.2 M H 50,
100 ppm Ce*' and Nd™ in feed solution and 4% (viv)
TOA in liquid membm'n: and flow rate of feed
solution was 100 cm ' fmin,

examined. When the flow rate of the feed solution
was increased, the percentage of extraction de-
creased due to the resident time (Ramakul, 2003).
From this result, the percentage of stripping was also
decreased. The results were shown in Fig. 9 and Fig.
10 and they can be described by the percentage of
stripping in Eq. (5).

The influence of flow rate of stripping solution

In addition, Fig. 11 is not in accordance with
Eg. (5); even though the flow rate of the stripping so-

lution increased, the experiment showed that the per-
~ centage of stripping did not increase. This was the
effect of the resident time which decreased.

CONCLUSION

The hollow fiber supported liquid membrane
“can be used 6 separate mixture of Cerium (1V) ions
and Neodymium (111) which are rl:pcfmtn.twc of tet-
ravalent and trivalent lanthanide jons, respectively.
Cerium (IV) ions can be purely extracted by TOA
because they can form anion metal complex with sul-
fate in feed solution and TOA reacts with anion only.
Neodymium (111} is left.

Theextraction and stripping is dependent on
sulfuric acid concentration of feed solution, which
has a maximum value of 0.2 M. The appropriate
concentrition of TOA was 4% (v/v). When sodium
carbonate concentration in the stripping solution in-
creased, the Cerium (IV) ions was stripped more.
When the Mow rate of feed solution was increased,
the percentage of both extraction and stripping de-
creased due to resident time. The maximum percent-
age of extraction and stripping of Cerium (IV) was
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71% and pure cerium was separated. The experimen-
tal results indicated the feasibility of separation and
stripping of tetravalent and trivalent lanthanide or
rare earth metals from the dilute solution by using
membrane technology.
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NOMENCLATURE
c concentration of the component, ppm
5 selectivity .
vV volumetric Mlow rate, cm fmin
Superscript
i component §
Subscripts
in inlet
out outlet
I feed solution
5 stripping solution
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Abstract: We have examined the separation of tetravalent and trivalent lanthanide ions, Cerium(IV) and
Lanthanum(Ill}, respectively, from sulfate media through a liquid membrane. Tri-n-octylamine (TOA) was
used as an extractant dissolved in kerosene. The liguid membrane was supported by a hollow-fiber micro-
porous. Sodium carbonate was used in the recovery solution. Pure Cerium(IV) ions were extracted and
recovered, but Lanthanum(lil} ions were not extracted by TOA because of the different forms of the
Cerium(1V) and Lanthanum(11) ions in the sulfate solution. The transport system was studied as a function of
several variables: the concentration of the sulfuric acid feed solution, the concentration of TOA in the liquid
membrane, the concentration of sodium carbonate in the stripping solution, the flow rates of the feed and
stripping solutions and the Lanthapum(I11) that remained in the raffinate. The results indicate that the per-
centage extraction was highly dependent on the concentration of sulfuric acid in the feed solution; a concen-
tration of 0.2 M provided the maximum extraction. The percentage extraction of cerium was enhanced when
the concentration of TOA was increased. However, when the concentration of TOA was higher than 5 % (v/v)
the percentage extraction no longer increased because of the increased viscosity of the liquid membrane. The
influence of the sodium carbonate concentration in the recovery solution of each column was also studied; we
found that the extraction and recovery percentages increased further because of differences in the driving force
until the sodium carbonate concentration reached 1.0 M, and these phenomena also occur in recovery phase.
The maximum percentage of recovery for Cerium{(IV) was 67 %; 100 % selectivity was obtained.

Keywords: cerium, lanthanum, extraction, liguid membrane, hollow fiber

Introduction

Cerium(IV) and Lanthanumi{lll) are rare earth metals
that are found in large amounts in monazite and basnasite
ores [1]. Recently they have drawn considerable atiention
for use in various applications: fluorescent magnetic sub-
stances, optical glasses, fiber optics, catalysis, laser pro-
perty colorants for TV screens, and in ceramics indus-
tries. However, these metals tend to be provided in
mixture forms. Therefore, there is great interest in
methods for purifying these elements.

Liquid membrane processes seem to be promising
approaches because of their selectivity and facilitated

! To whom all correspondence should be addressed,
{e-mail: ura.p@chula.ac.th)

transportation of the desire metal [2]. The simultaneous
extraction and stripping operation of a liquid membrane
system is very attractive. Metal ions can move from low-
to high=concentration solutions through facilitated trans-
port [2-4]. The membranes contain an extractant or a car-
rier that possesses the potential for selective permeation.

Liquid membrane extraction has received considerable
attention because of the advantages of combining liguid-
liquid extraction with membranes in a single operation.
The potential advantage of membrane extraction process
are:
1) Only small amounts of the complexing agent are re-
quired because of the continuous regeneration associated
with the reversible reaction;

2) Extraction and stripping can be performed simul-
taneously in one piece of equipment, thereby reducing



126

Purely Extraction and Separation of Mixture of Cerium{[V) and Lanthanumy(11l} Via Hollow Fiber Supported Liquid Membrane 927

L'
..-\‘ - T
— MR, et \\\m

J Feed Solution | Liquid Memibane 1 Revovery

Figure 1. Counter-transport scheme for an acidic extractant.
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Figure 2. Co-transport scheme for a basic extractant.

investment costs;

3) Backmixing effects and loss of the complexing agent
can be minimized when an appropriate membrane confi-
guration is used;

4) Highly selective separations are possible. This fea-
ture is most useful at low solute concentrations, where an
excess of the complexing agent is present and the com-
plexation reaction is very efficient. This feature is an
contrast to other separation processes, which usually do
not work well at low solute concentrations,

A nev. type of liquid membrane configuration, the
membrane contactor [6], has the potential o eliminate
the shoricomings of supported liquid membranes while
retaining its advantages. The advantages of Hollow-
Fiber-Supported Liquid Membranes (HFSLMs) over
traditional separation techniques using solid membranes
are their lower capital and operating costs, low energy
and extractant consumption factors, and high fluxes
[7.8]. Due to these advantages, SLMs may be very useful
for the recovery of metals from solutions. It should be
noted that in the feed solution, the ionic forms of
tetravalent and trivalent Janthanides are different when
they are in sulfate media. Consequently, pure Certum(IV)
ions can be selectively separated by TOA while Lantha-
num(IIl} ions remain in the raffinate. Therefore, 100 %
selectivity can be achieved.

Theory

The liquid membrane (SLM) consists of an organic
solution of an extractant (carrier), which is held in a
polymeric micropore through capillary forces [9]. The
mechanism for the transportation of the metal ions
through the liquid membrane is illustrated schematically

hegeaie} membrange

T TURIrOuS

é? ' y ‘::: feed solution

g _[j{-.,i_._._,_.___ e s

i
focovery solulion :::3"

Figure 3. Flow pattern in a hollow-fiber-supported liquid
membrane.

in Figure 1. The liquid membrane is positioned between
the aqueous solution initially containing the metal ions
(feed solution) and the aqueous solution initially con-
taining no metal ions (recovery solution). Transportation
of ions results from the driving force between the two
opposite sides of the aqueous phase. In this experiment,
the metal carrier, such as an acidic extractant (HR),
mediates the simple extraction reaction as follows [5]:

M+ nHR —='— MR,+nH" )

The driving force is achieved by a hydrogen ion gradient.
The transport mechanism of metal ions that occurs in this
case is called counter-transport because the metal ions
and hydrogen ions transport countercurrently, as shown
in Figure |. The forward reaction occurs at the feed-
membrane interface and the backward reaction occurs at
the membrane-recovery interface.

The other case occurs when the metal carrier is a basic
or neutral extractant (A) and the metal must exist in the
anion complex form [10]:

Md n X4 A 2 XA 2)
This process isalso driven by-a concentration gradient of
hydrogen ions, ‘but in this case the metal ions and
hydrogen ions transport in the same direction. Therefore,
this transport mechanism is called co-transportation,

The extraction and recovery processes illustrated sche-
matically in Figures | and 2 occur in the hollow fiber
module shown in Figure 3 [11]. The inside of the hollow
fiber module consists of a liquid membrane and two
sides for aqueous solutions. The liquid membrane, which
is trapped in hydrophobic micropores, separates the feed
and recovery solutions. These solutions flow counter-
currently and a liquid membrane is formed between
them.

In this work, TOA, a basic extractant, was used to
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Table 1. Properties of Hollow Fiber Module [12,13)

Property Description
Material Polypropylene
Fiber i.d. 240 ym
Fiber 0.d. 300 ym
Size of pore 0.05 ym
Number of fibers 240
Porosity 30 "!-‘61
Contact area ldm”
Area per unit volume 293 em*/em’
Module diameter 6.3 cm
Module length 203 cm

928 Pancharoen Ura, Ramakul Prakorn, and Pattaweekongka Weerawat
CsHir  CsHir
CeH17
Figure 4. Chemical structure of the Tri-Octylamine (TOA).
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Figure 5. Schematic counter-current flow diagram for one-
through-mode operation in a hollow-fiber-supported liquid
membrane. 1 Feed reservoir, 2 gear pump, 3 inlet pressure
gauges, 4 outlet pressure gauges, 5 flow meters, 6 recovery
outlet reservour, 7 hollow fiber module, 8 raffinaie reservoir, 9
inlet recovery reservoir.

extract Cerium(IV) from a mixture of Cerium{IV) and

Lanthanum(TIT) ions through a liquid membrane system.
The percentage extraction was determined as follows:

_ Cipw—Cin
Yeextraction Cine = 100 (6)

and the percentage recovery:

Seextraction = TC'-*-"— * 100 (7

The selectivity is defined as follows:

E"l =
Zcu

where Ci feed, Cinfyraind Ciy, are the concentrations of the
feed, raffinate, and outlet recovery of component i, re-

spectively,

S;= (8)

Experimental

Chemicals
For the liquid membrane, tri-n-ogtylamine (TOA) was
used. LaCl; - TH:0 and Nd:0, from Merck and Aldrich

were used in the feed solution whereas sodium carbonate
was used in the recovery solution. All chemicals were
AR grade and supplied by Merck.

The chemical structure of the tri-octylamine is shown in
Figure 4.

Apparatus

A Hollow Fiber manufactured by Hoechst Celanese,
Charlotte, NC (Liqui-Cel®™ Extra-Flow module) was used
as the support material. This module uses Celgard micro-
porous polyethylene fibers that are woven into a fabric
and wrapped around a central tube feeder that supplies
the shell side fluid. The woven fabric allows a more
uniform fiber spacing, which in tum leads to higher mass
transfer coefficients than those obtained when -using
individual fibers [12]. The properties of the hollow fiber
module are listed in Table 1. The fiber was potted into a
solvent-resistant polyethylene tubesheet and a shell

casing in peqlg’pmpylm:,

Liqui-Cel™ Laboratory Liquid/Liquid Extraction Sys-
tems were used. They are composed of two gear pumps,
two variable-speed controllers, two rotameters, and two
pressure gauges. The flow diagram is shown in Figure 5.

A Brookfield LV-DVII+ Viscometer was used to mea-
sure the viscosity of the liquid membrane.

Inductively Coupled Plasma (ICP) Spectroscopy was
used to measure the concentrations of Cerium and

Neodymium.

Procedure

The feed solution was prepared by dissolution in 0.2 M
H:;S0s. The liquid membranie was prepared by dis-
solution of TOA in kerosene. The recovery solution was
0.25 M Na;CO;; the organic solution containing TOA
was circulated in tube and shell side of the hollow fiber
for 20 min. The experiment began by flowing the feed
solution in the tubeside. Simultaneously, the recovery
solution was pumped into the shell side countercurrently;
a once-through mode of operation was used. The flow
diagram is shown in Figure 5.

The concentrations of three metal ions were ineasured
by using
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Figure 6. Plot of percentage extraction against H-5C. con-
centration when using 1 % (v/v) TOA as the liquid membrane,
100 ppm Ce"* and La™" in the feed solution, and 0.5 M Na:CO,
in the recovery solution. The flow rates of the feed and
stripping solutions were both 100 cm’/min.

ICP Spectroscopy.
Results and Discussions

Influence of Sulfuric Acid Concentration in Feed Solu-
tion

From the liquid membrane mechanism, Ce{504); in the
presence of higher sulfuric acid concentrations will result
in Ce(SO4)s”type species [14]:

Ce(SOu); + H:S04 & HyCe(SOu) ¢ Ce(SOu)'s + 2H (3)

Amine nmiolecules in an acidic aqueous solution will form
a neutral species that is extractable into the organic
phase. Cerium(IV) ions in sulfuric acid can be extracted
15 Ce(SO.h(R:NH),.

2H" + Ce(SOL)"s + 2R:N & Ce(SO)3(RINH), ()

From Eqs (3) and (4), we find that Cerium(1V) in sulfate
solution exists in the anionic complex form Ce(SO:)™,
but Lanthanum(Ill) exists in the cationic form. La .
Thus, Cerium(IV) can be extracted because TOA only
reacts with the anionic metal complex; Lanthanum(IT)
cannot be extracted. Consequently, Lanthanum(IIl) ions
remain in the residy e.

In the presence of sodium carbonate in the recovery
phase, the reaction on the recovery side membrane will
be:

(RNHYRCe(80,)s + Naz:COs =
Na:Ce(SO)+2RN+H04C0,  (5)

Therefore, Cerium(IV) can be recovered purely and the
wlectivity being 100 %o,
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Figure 7. Plot of percentlage recovery against H:S0, concen-
tration when using 1 % (v/v) TOA in the liquid membrane, 100
ppm Ce' and La" in the feed solution, and 0.5 M Na:CO; in
the recovery solution. The flow rates of the feed and stripping

solutions were both 100 cm’/min.

The extractant that carries Cerium(lV) ions from the
feed solution through the liquid membrane is basic when
the concentration gradient of hydrogen ions is the driving
foree and co-current transport occurs. From Figure 6, it is
evident that the percentage extraction decreases when the
sulfuric acid concentration is higher than 0.2 M. It should
be noted that a low sulfate concentration in the aqueous
phase may cause the Cerium ions to precipitate, which
would hinder extraction [15]. Therefore, the sulfuric
concentration in the feed solution should not be lower
than 0.2 M. However, the basic extractant, TOA, can
react with metal ions only in basic or low-acidity
solutions [16]. Thus, the percentage extraction decreases
when the sulfuric acid concentration is higher than 0.2
M; all of these results also occur in the recovery phase,
as shown in Figure 7.

The extraction and recovery percentages were calculated
using Eqgs. (6)-and (7), respectively, as shown in Table 2.
Good agreement for ‘material balance can be obtained.
The selectivity was caleulated by using Eq. (8); 100 %%
selectivity for Cerium(IV) ions could be achieved.

Influence of TOA Concentration in Liguid Membrane

When 'the TOA concentration was 1=2 % (v/v), the
percentage extraction of cerium ions rose abruptly upon
increasing its concentration, as shown in Figure 8 When
the concentration of TOA was 5 % (v/v), the extraction
and recovery percentages were maximized. When the
TOA concentration exceeded 4 % (v/v) both the ex-
traction and stripping percentages decreased because an
excessive increase in the extractant concentration pro-
duced an increase in the absolute viscosity of the mem-
brane, which generated a lower diffusion speed of the
species and affected the mass transfer process [17]. The
viscosities of the liquid membrane containing different
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Table 2. Effect of H:50, Concentration in Feed Solution on the Extraction and Recovery Percentages while Using 2 % (viv) TOA,
100 ppm Ce*" and La’", and 0.5 M Na;CO:s in the Recovery Solution

Concentration of | Concentration of feed |  Concentration of Concentration of Percentage Percentage
e acid in solution (ppm) raffinate (ppm) | recovery solution (ppm) extraction (%) recovery (%)
feed solution M) | e La Ce La Ce La Ce La Ce La

0.2 2N 100 11 100 50 0 87.9 0 54.9 0
0.3 87.7 90.8 1717 50 45 0 80.4 0 51.3 0
0.4 86.8 94.1 3732 94 30 0 570 0 345 0
0.5 95 93.2 57.5 93 n 0 394 0 234 0
0.6 98.6 972 68.5 97 13 0 30.5 0 132 0
[LLE] ] -
e
s o S ; ——— - —
i n r;- o7 oy 4 L
£ o || e i a £
- &0 ) ; _,.4-*"'"'_.__‘/
T 50 j %
i~ 2
0
1] 1
10 o -
¢ y 0 2 ‘ 6 ' 10
" s . - TOA conce mratiun b liguid o oabrane (M)

Figure 8. Plot of percentage extraction against TOA
concentration in the liquid membrane when using 02 M
H:504, 100 ppm Ce'* and La"" in the feed solution, and 0.5 M
NayCOs in the recovery solution. The flow rates of the feed and
siripping solutions were both 100 em’/min.

L =% Cr
-a— % 5 La

4 8 & 8 8 2
,

Peresange nf Hacavery (81
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Figure 9. Plot of percentage recovery against TOA con-
centration in the liquid membrane when using 0.2 M H.50,
100 ppm Ce*" and La"" in the feed solution, and 0.5 M Na:CO:
in the recovery solution. The flow rate of the feed and stripping
solutions were both 100 cm’/min.

concentrations of TOA are shown in Figure 10,

According to the molecular kinetic interpretation of

Nernst, the diffusion coefficient (D) can be defined as [9]

kgT

D= 2= (6)

where kg is Boltzman's constant, 7 is the viscosity of the

Figure 10, Plot of viscosity against TOA concentration in the
liquid membrane.

liquid membrane, and r and T are the radius of the
diffusion component and process temperature, respec-
tively. Hence, the TOA concentrations was fixed at 5 %
(viv) for the next experiment.

All of these results occur also in the recovery phase, as
shown Figure 9. The optimum value of TOA was 4 %
(VIV).

Influence of Sodium Carbonate Concentration in
Recovery Selution

The (effect_of the soditm carbonate conceiualion is
shown in Figure 11. The recovery of cerium ions by
TOA can be expressed as in the backward reaction of Eq.
(1). From thie Le Chatelier principle, when the hydroxide
ion’ or ‘the ‘hvdrogen fon concentration increases, the
concentration difference of the hydrogen ions between
the feed and recovery solutions increases. Therefore,
more cerium ions were extracled into the liquid mem-
brane and recovered into the recovery solution. However,
at sodium carbonate concentrations higher than 1.0 M,
the percentage recovery remained constant because of the
limitations of the mass transfer area of the hollow fiber
18].

[M!ltcrial balance was not shown for all experiments.
However, good agreements of the material balance were
obtained.
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Figure 11. Plot of percentage recovery against Na:COy
concentration in the recovery solution when using 0.2 M
HiSO4, 100 ppm Ce** and La™ in the feed solution, and 5 %
{v/v) TOA in the liquid membrane. The flow rates of the feed
and stripping solutions were both 100 can’/min,

Conclusions

A hollow fiber-supported-liquid membrane ean be used
to extract Cerium(IV) ions from Lanthanum(11I) ions by
one-through flow. Cerium(TV) ions can be extracted
purely by TOA because Cerium(IV) forms an anionic
metal complex with sulfate ions in the feed solution and
TOA reacts with anions only. Lanthanum(IIl) remained
in the residue.

The extraction and recovery percentages were depen-
dent upon the sulfuric acid concentration of the feed
solution; the optimum value was 0.2 M. The appropriate
concentration of TOA was 5 % (v/v). When the sodium
carbonate concentration in the recovery solution in-
creased, the Cerium(1V) ion recovery increased into the
recovery solution.
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Nomenclature

concentration of feed of component i (ppm)

: concentration of raffinate of component { (ppm)

: concentration of outlet strip of component i (ppm)
: acidic extractant

: basic extractant (tertiary amine)

: selectivity (%)
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Abstract—A theoretical and experimental study on the exiraction and stripping of Ce(1V) ions from sulfate media
using microporous hydrophobic hollow fiber supported liquid membeane has been performed. The experiments were
made in the recycling mode. Tri-n-octylamine (TOA) was used as extractant diluted in kerosene and sodium hydroxide
was use as strip solution. The mathematical model focused on the extraction side of a liquid membrane system. The
aqueous feed mass transfer coefficient (k) and the onganic mass transfer coefficient (k.) which were calculated from
the model were 9.47 =10~ and 6303 cm/s, respectively. Therefore, the rale controlling step is the diffusion of the cerium
complex across a liquid membrane. In addition, the mass transfer modeling was performed and the validity of the de-

veloped model was evaluated with experimental
centration of TOA was higher than 5% (w/v).

| dats and found o tie in well with the theoretical value when the con-

Ky words: Cerium, Extraction, Liqusd Membrane, Hollow Fiber, Modeling

INTRODUCTION

Licuid membrane extraction is an attractive hydrometallungical
process for separate precious or rare earth metal jons from aqueous
sohutions. Metal jons can move from low to high concentration soli-
tions by driving force. The membranes contain an extraciant or a
camier which possesses the potential for selective permeation by
usmg the facilitated transport mechanism [Gherrou and Hacene,
2002). Liquid membrane extraction has received considerable aften-
fion due to the advantages of combining liquid-liquid extraction and
membranes in a single operation.

The potential advantages of membrane extraction process are:

1. Only small amounts of complexing agent are required due o
the continuous regeneration associated with the reversible reaction.
As a consequence, operating costs can be reduced;

2. Extraction and stripping can' be cafriad ‘out Simultanedusly’ in
one equipment, reducing investment costs;

3. Backmixing effects and loss of complexing agent can be min-
imized when an appropriate membrane configuration is used.

4. Highly selective separations are possible. This feature is most
useful at Jow solule concerltration whereas excess of complexing
agenit is present and the complexation reaction is very efficient. This
is in contrast 1o other separation processes, which do not usually
work well at low solute concentrations.

A new type of liquid membrane configuration, the membrane
contactor [Kiani et al,, 1984], with the potential 1o eliminate the shon-
comings of supported liquid membranes while retaning its advan-

o whom comespondence should be addressed.
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iages is gaining importance. It has been applied (o a large vanety
of systiems inchuding exraction of fermentation products [Hano et al,,
1993; Basu and Sirkar, 1991; Dahuron and Cussler, 1988], pollut-
ant [Basu et al., 1998; Yun et al, 1992; Tompkins et al., 1992] phar-
maceutical products [Prasad and Sirkar, 1989; Basu and Sirkar, 1992]
and melals [ Alexander and Callahan, 1987; Matsumoto et al,, 1987;
Y1, 1995; Yang and Fane, 1999). The advantages of Hollow Fiber
Supported Liquid Membranes (HFSLMs), over traditional separa-
tion techniques include lower capital and operating costs, low energy
and low extractant consumption factors and high fluxes compared
1o solid membranes [Loiscono e al., 1986; Sheng et al., 2004]. Due
1o these advantages, SLMs may be very useful for the recovery of
metals from solutions,

In this paper, we focused on the modeling of hollow fiber sup-
ported liquid membrane 1o recover cerium jons from sulfate media
A model is presented which descibes the transport mechanism,
indeating | different rte-controlling steps, the effect of TOA con-
ceniration on-the permeability coefficient, the aqueous feed mass
transfer coeffient (k) and the organic mass ransfer coeffient (k).
all of which were investigated by the model in order 1o find their
value and the rate-controlling setp. Moerover, the theoretical and
experimental data were companed.

THEORY

A liquid membrane composed of diluent and extractant was im-
muohiltzed in the pores of a hydrophobic microporous supporter which
hinds one of the components very selectively from the feed solu-
tion. The SLM separated the aqueous feed solution and the strip
solution. The species are accumulated in the strip at a concentra-
tion generally greater than that in the feed solution. The permeation
of the species is due 10 a chemical potential gradient (the driving
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Fig. 1. Co-transport scheme for extraction of Ce(TV).

force of the process) existing between two opposite sides of the SLM
[Schulz, 1988; Ramakul and Pancharoen, 2003] and is described
as follows [Porter, 1990):

The metal ions are complexed by extractant at the interface feed-
phase/membrane and the complex formed diffuses through the mem-
brane phase 1o the interface membrane/strip-phase where lhe de-
complexation of the metal ions occurs. In this case, the camer is
being a basic extractant. The transport mechanism of metal jons
that occurs in this case, called co-transport, is shown in Fig. 1. and
metal jons must be in anion complex. form [Porter, 1990]. The chem-
istry of extraction is shown in Eq. (2) [Famakul, 2002],

The hollow fiber module consists of a liquid membrane and two
sides for aqueous solutions. The liquid membrane, sohution of TOA
in kerosene, was trapped in hydrophobic micropore due to capil-
lary force [Schulz, 1988] and separated feed and strip solution. 1n
this work, cerium sulfate as feed phase was flowing in be side
and sodium hydroxide as stripping phase was flowing in the shell
membrane was between them as shown in Fig 2 [Ramakul and Pan-
charoen, 2003; Ramakul et al., 2004].

1. The Extraction Equilibruim

The extraction of Ce(IV) by TOA as extractant dissolved in ker-
osene has been studied and described elsewhere [Pattaweekongka,
2004]. The Ce(S0O,). in presence of higher sulfuric concentration
will result in Ce(SO,);" - type species [Chaudry, 1996]-

Ce(S0.);+H,S0,=H,Ce(S0,),= Ce(S0,); +2H’ (1
Amine molecules in an acidic aqueous solution will form a reutral

microporons hollow liber liguid membrine

mm

F— — — feed salubion jr

|-H

L.F_‘r AN rm T

—

Fig. 2. Flow pattern in hollow fiber supported liquid membrane
[Ramakul and Pancharoen, 2003).

strip solulion

January, 2006

species, which is extractable into the organic phase:
2H 4 Ce(S0,); + 2R N = Ce(S0,),(R,NH), 2

Ce{1V}) ions in sulfuric acid can be extracted as Ce{S0,).
In the presence of sodium hydroxide in the stripping phase the
reaction on the stripping side membrane will be:
(R,NH),Ce(50,),+NaOH + RN
=N, Ce(50,), +2R,N+N,0 3

From the extract neaction in Eq. (2), the extraction equilibrium (K_.)
can be described as:

» |{R,NH},C:{SD.}.|=
[RNH 1 Ce(S0.)] .y

D, the distribution ratio for Ce(1V), is given by

(4)

! R NHY Ce(SOu ], RNTH
[CE ]. K-rl. ] ]u:i ]lll ':5:"
The distribution ratio could be present as
logD = logK .+ 2log[R,N],, - 2pH (6)

The value of K, for Ce(1V) with TOA was found to be 0,653 [Pat-
taweekongka, 2004].

2. Determining of Permeability Coefficients

tions and the distribution ratio of metal jons between feed and mem-
ability could be expressed as suggesied by Danesi [1984].

"w"(c%.) -A'Pﬁ%i 7
whene
P ®

P is permeability coefficient. C,and C,, are cerium ions concentra-
tion at time t and 0, respectively. A and V, are effective area of the
membrane and volume of the feed, respectively, (), is volumetnic
flow rate of feed solution that flows through the tube side. Plot V,
In{C,/C, ) versus © Therefore, AP(S #+1) is the slope and P can be
obtained by analytical calculation. Where L, N, r,, and £are the length
of the fiber, number of hollow fibers in the module, internal radius
of hollow fiber and porosity of hollow fiber, respectively,
3. Mass Transfer Modeling

The mathematical model of a hollow fiber supported liquid mem-
brame for the separation of cerum(1V) using permeability coefficient
depends on three mass transfer resistances because the number of
steps of the transport mechanism is three. One of them is the resis-
tance when the liquid is flowing through the hollow fiber lumen.
‘The second resistance 15 the diffusion of the cerium complex across
liquid membrane that is immobilized in the porous wall of the fiber.
“The third resistance is due to the strip solution and organic inter-
face at the owtside of the fiber. The mass transfer resistance is the
reciprocal of the mass transfer coefficient and the relation is given
as the following [Rathore, 2001 ]:
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1 1,6l ,5l 3} @t A
Pk TP Tk, @) @]
where r,, is the log-mean radius of the hollow fiber, k, and k, are M?’
the aqueois and stripping mass transfer coefficient in tube and shell i .

side, respectively. P, is the membrane permeability, which is related
to the distribution ratio (D)

p=URNCelS0D)y g rrNp [HTE, (10)
[Cel50:):]
and the relation of D and P is [Rathore, 2001]
P=Dk_ (1)
Combining Egs. (10) and (11), we get
Pa= Kok [RMNILIHTL, (12)

where k_ is the membrane mass transfer coefficienL

Substiuting P, in Eq. (12) into Eq. (9) and assuming the strip re-
action is instantaneous, the contribution of stripping phase is neglected.
Therefore, Fq. (9) is expressed as
1 1.5 |

(13)
Pk ek kRN H'T,

EXPERIMENTAL

1. Reagents

Ce(S0,), 41,0 and H,50, were used in feed sohution. Tri-n-Octy-
lamine was used as extractant and the diluent was kerosene and NaOH
was used as strip solution. All chemicals were AR, grade and sup-
plied by Merck.
2. Apparatus

The Hollow Fiber, which is manufactured by Hoechst Celanese,
Charlotte, NC (Liqui-Cel™ Extra-Flow module), was used as a sup-
port material. This module uses Celgand® microporous polyethyl-
ene fibers that are woven into fabric and wrapped around a central
more uniform fiber spacing, which in fum leads to higher mass fmns-
erty of the hollow fiber module is specified in Table 1. The fiber is
potied into a solvent-resistant potyethylene mbesheet and shell cas-
ing in polypropylene.

The Liqui-Cel* Laboratory LiquidLiquid Extraction Systems

Table 1. Property of hollow fiber module [Hoechst Celanese Cor-

poration, 1995]

Propertics Description
Materials Polypropylenc
Fiber i.d. 240 pum
Fiber o.d. 300 pm

Size of pore 0.05 pm
Porosity 30%
Contact arca 1.39m’

Area per unit volume 29.3 emem’
Module diameters 6.3 cm
Module length 20.3 cm

Fig. 3. Schematic counter-current flow diagram for recydling mode
aperation in hollow fiber supported liguid membrane.
1. Feed reservoir 5. Flow meters
2. Gear pump 6. Hollow fiber module
3. Inlet pressure gauges 7. Strip reservoir
4, Ouitlet pressure gauges

were used. They ane composed of two gear pumps, two vanable
speed controllers, two rotameters and two pressure gauges. The flow
diagram is shown in Fig, 3.

The concentration of cerium ions were measured by Inductively
Coupled Plasma Spectroscopy (ICP).

3. HFSLM Preparation and Methods

The feed solution was made by dissolution of Ce(S0,),-4H.0
and H.S0,. The concentration of Ce(IV) was 100 ppm and the con-
centration of H,SO, was 0.5 M due to the optimized concentration
[Chaudry, 1996]. The liquid membrane phase was prepared by dis-
solution of TOA in kerosene. The strip solution was NaOH. The
organic solution which contained TOA was circulated in the tube
and shell side for 20 minules. Afler that, the experimen! was started
by flowing the feed solition into the twbe side of both hollow fiber
modules. Simultaneously, the strip solution was pumped into the
shell side of hollow fiber module countercurrently, and once-through-
miode operation was used. The maodule was operated in recycling
mode and schematic of the process is shown in Fig. 3. In this work,
feed Containing 100 ppm CE1V) in sulfate media and strip con-
taining 0.5 M NaOH was used. Samples of 2 cm’ were taken out
at different times from the feed and strip tanks Membrane perme-
ahilities were determind by monitering Ce(SO,F" concentration by
ICP in the raffinale and as a function of time.

RESULTS AND DISCUSSION

1. The Effect of TOA Concentration on the Extractability
of Ce(1V)

Fig. 4 shows the relation of cenum concentration in feed solu-
tion versus time al different concentrations of TOA, which shows
that the extractability was very poor when TOA concentration was
lower than 5% (v/v) but abruptly increased when the TOA con-
centration was higher than 5% (v/v) 10 10% (viv).

1. Calculation of Permeability

Korean J. Chem. Eng.(Vol. 23, No. 1)
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Fig. 4. Plot of cerium concentration in feed solution against time
while using different TOA concentration.
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Fig. 5. Plot of -V, In{C,/C, ) of fieed tank against time while using
different TOA concentration.

The relation of =V, In{C,/C, ) versus time: is shown in Fig. 5, and
the permeahlity can be calculated from Eq. (7) and Eq. (8). The per-
meabilities of Ce(IV) which will be used with the calculation for
the concentration of TOA of 2, 3, 4, 5, 6, 7, 8, 9, 109 (v/v) weme
543x10°, 1.61x107, 1.76%10°°, 4.10=107, 197107 3.04 <107,
3.60%107,4.77=107 and 7.12> 107, respectively.

3. Calculation of Mass Transfer Coefficients and Diffusion
Coefficient

The aqueous and membrane mass transfer coefficient, & and k.,

respectively, can be evahuated by using Eq. (14) as follows:

l_,_ fi 1 . ’ (14)
K MK k[ RNTL[H

-

When we plot{1/P) as a function of 1/]R,NJ for different concen-
trations of R,N as shown in Fig. 6, a straight line with slope r/r K k.
and ordinate of 1/k, results. Therefore, from Fig. 6, the values of k,
and k_ can be calculated from the slope and ordinate as 9.47= 107
and 6.303 cm/s, respectively. The membrane mass transfer coeffi-
cient (k) was much higher than the aqueous feed mass transfer co-

January, 2006

Fig. 6. Plot of 1/P as a function of 1/[H']'[R,N]".

efficient (k). From this result, the rate controlling step is the mass
transfer in aqueous film between feed solution and liquid membrane.
4. Flux Modeling of Cerium(IV)

We consider the reaction of extraction in Eq. (2). We denote [Ce],,
and [Ce]™ as the concentration of cerium complex in onganic phase
and at the interface between the feed and organic phase, respectively.

Where

[Celug= [{RNHRC(S0,); ]y (15
and from equilibrivm constant in Eq. (4), we can rewrite that

[Ce )= KRN [H']'[Ce(SO.) ], (16)
From the relation [Aamrani, 1999)

Ju~{Celuy, a7
and

1,6,=[Ce(S0.); 1~ [Ce(S0.) 1, (18)

where f=1/k_ and #=1/k are the aqueous and organic mass trans-
fer resistances, respectively, and [Ce(SO); |, and [Ce(S0) ], are
the concentration of cenum ion complex in feed solution and at in-
terface at time 1, respectively.

[Ce]™ in Eg. (16) was substituted in Eq. (17) to obtain

‘[“u[Sﬂa}! i -.-_—].'-Eﬁh— “Q‘}
l !TIF K-[R!NIL[H.]I
Substituting this expression into Eq, (18) and assuming that J_=
1=1 due 1o stcady state, the flux equation is

o .|
= RelRHNISIN L icegsoi (20)
B+ BKRNLAH]
According to the membrane phase
[RNJ%= RN, +2[Cel., @n

where [R,N];" s the total concentration of tri-n-octylamine and [R,N].,
is the free extractant concentration. We assume [R,N],, can be ne-
glected. Therefore,

[RN]Z=2[Cel.. @)
Combining Eq. (4), Eq. (15) and Eq. (22) and rearranging, we gel
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[RNEJHT = —1RiNLs (23y  From the definition [Chaudry, 1996; Su-Hsia, 2001]

2K [Ce(50.):
Substituting Eq. (23) into Eq. (20) and rearranging, we obtain

- LAY — )
T0ICeSON 1o+ BTN o0k 24)

Because the concentration of cerium at interface (|Ce(SO,)]: )
cannol be measured, Eq. (18) was substituted and rearranged into a
quadratic equation.
216,68~ (26.[Ce(SO.); |+ BIR,NIZN
+[RNISICe(S0,) =0 (25)
The fhix equation was solved 1o
26.[Ce(S0.) |+ B[RN]Z

Jo +42EICe(S0); |+ BIRN]) - 86, BRN)SIC(SO) ),
26,8

(26)

Due to 80.0[R,N]=[Ce(SO.) ]<=< (20.[Ce(S0.) I+ AIR,
N]Z.), the term of 88.8[R,N]=[Ce(S0.); ] can be neglected.
‘Therefore, we get the final expression for cenum fl:

Ie [m:e(Si::vQ].*‘]r+ [RN]Z on
& 28, i
3
=
&

(5]
s
=
£
£
s '
E |
o 2o H
" B
L4 11 L1] 3 4 A0
Tima (min)
120 - |
. { (©
& (1] & & i
% |\ S -
Ltk 94 -
: o | \ﬂ-\...\_\_ ® Lxa
£ [ ““\\ —
| ~~
s
E 20 |
0 — - -
1] 10 20 i i in
Time (min)

_—d[Ce(S0.); ]V
I= & A (28)
Combining Eq. (27) and (28) to be
_d[Ce(SO)T |V _ [Ce(SON ], [RN]S @9
dt A a8 28,

and integrating with initial condition of t=0, [Ce(SO,)} |=<{Ce(SO.); ]..
the final equation of cerium ions concentration can be expressed as:

(Ge(500 1= —2Nles
- B[RNID A
fiee(s00} 1. + AL ex(- 2) (o)

In Fig. T(a)}{(e) is shown a comparison of the experimental data
and the calculation from Eq. (31). When the concentration of TOA
was lower than 5% (viv), the mass transfer model was poor, but
when the concentration of TOA was from 5% (viv) and higher, the
mass fransfer model was valid as shown in Fig. 8(a){e).

Due 1o the result shown in Fig, 4, at a low concentration the sep-
aration result is very poor, but after increasing the concentration of
ihe extractant o a certain level (5% (v/v)) the separation result comes
out very good at this range, which hits the optimum condition of
using the extractant concentration. Any higher than 106 (viv) the

E
a
=
o
-~
X ‘o
3 —Ca
E
[
-
w
5
o X
L]
U] (11} n L1} A bl
Tima [min)
AoV ud = W VW N
(d)
'
- - = .
Ll > -
.
= Emp,

= il

Concentrationof Ge [ppm)
r

Time jmin)

Fig.'?[aHd}.I’IntufmmtﬂthnHmhmmmmmmmmﬂmﬂmmm%ﬁﬁhhm

spectively, 100 ppm Ce(IV) in feed solution and 0.5 M H,S0, and 0.5 M NaOH for feed and strip solution, respectively. Solid
line is the result from experiment and the dashed line is from the calculation by Eq. (30).
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{¢). Plot of concentration of Ce(IV) in feed solution and time when the concentrations of TOA were 6%, 7%, 8%, 9%, 10% (vAv),
respectively, for the membrane. 100 ppm Ce(IV) in feed soltion and 0.5 M H,S0, and 0.5 M NaOH for feed and strip solu-

tion, respectively. Solid line is the result from experiment and the dashed line is from the calculation by Eq. (30}

it will increase the viscosity and slow down the membrane
ility [Ramakul et al., 2004].

CONCLUSIONS

‘e(1V) ions in the from of Ce{S0,); can be extracted and
by TOA as extractant from sulfate media by microporous
obic hollow fiber supponed liquid membrane. The ague-
mass transfer coefficient (k) and the organic mass transfer
nt (k) which were calculated from the model were 9.47=
6.303 em/s, respectively. Therefore, the rale conirolling
¢ mass transfer in aqueous film between feed solution and
1e. The mass transfer modeling was performed and the va-

, 206

lidity of developed model was evahuated with experimental data and
found 1o tie in well with the theoretical values when the concentra-

tion of extractant. TOA, was higher than 5% (v/v).
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: aqueous feed mass transfer cocfficient [em/'s)

: organic mass transfer coefficient [cm/s]

: effective diffusion coefficient [em®/s|

: extraction equilibrium [-]

: distribution ratio [-]

: membrane permeability [cm/s]

: thickness of the fiber membrane [em|

: the log-mean radius of the hollow fiber [cm|

: effective area of the membrane [em/s)

: volume of the feed reservoir [em’]

: volumetric flow rate of feed solution that flow through
the tube side [cm'/s]

: length of the fiber [cm)

: number of hollow fiber in module [-]

: internal radius of hollow fiber [em]

: external radius of hollow fiber [em)

LL>PPrPOFRDrr

Fa R B N

Greek Leiters

r  :tlorousity of the membrane |-

£ :porosity, of hollow fiber [-)

£, :organic membrane mass transfer resislances [s/cm |
f  :agueous and organic mass transfep resistances [s/cm]

Superscripis
ini :inirefer to al initial time
L crefertoat time t

Subscripts

f  :referioin feed phase

i : refer to at interface between feed and organic phase
org :refer to in organic phase
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Abstract: Extraction and stripping of uranium ions from nitrate media using a hollow fiber supported liquid
membrane were studied. Tributylphosphate (TBP) diluted in kerosene was used as an extractant and sodium
hydroxide was used as a stripping solution. Uranium ions were extracted using 5 % TBP (v/v) by rejecting
thorium ions into raffinate. The mathematical model focused on the extraction side of the liquid membrane
system. The mass transfer coefficients of the aqueous feed and the organic strip, calculated from the model,
were 5.32 = 107 and 7.44 = 10™ cm/s, respectively. Therefore, the rate-controlling step was the diffusion of
the uranium complex ions through the liquid membrane. In addition, mass transfer modeling was performed
and the validity of the developed model was evaluated through a comparison with experimental data. A good
agreement existed between the experimental data and the theoretical values when the concentration of HNO,

in the feed solution was higher than 0.3 M.

Keywords: uranium, exiraction, liguid membrane. hollow fiber, modeling

Introduction

Separation methods for the recovery of uranium are
useful at both the front and back ends of the nuclear fuel
cyele. The separation processes generally involve solvent
extraction methods, using reagents such as TBP (tri-n-
butyl phosphate) in the " PUREX eyele, a mixture of
DEHPA (di-2-ethyl hexyl phosphoric acid) and TOPO
{tri-n-octyl phosphine oxide) in the wet phosphoric acid
process, or tertiary  @mines.-for the recoveryfrom-a
sulphuric acid medium in the AMEX process [1,2]. Al
though these methods have found wide acceptance, there
is a growing need to develop energy-efficient separation
methods with a lower solvent inventory. Because the
solvent extraction-based methods require huge amounts

" To whom all correspondence should be addressed.
(e-mail; vra.pichula.ac.th)

of solvents that are harzardous and inflammable, liquid-
membrane-based methods are becoming increasingly
maore popular.

The liquid membrane process, in which the liquid
contains an extractant or a camrier that has the potential
for selective permeation by using the facilitated transport
mechanism (3], has been applied widely to the extraction
and siripping of metal ions because it combines the
extraction and stripping units of the liquid-liquid-
extraction process in a single operation. In general, liquid
membranes exist in either emulsion or supported forms.
The ‘emulsion’ liquid membrane (ELM) has a large
transport area and a thin membrane [4]. Hence, fast
solute extraction occurs. Nevertheless, the complicated
demulsification process for recovery of the concentrated
solute, as well as of the membrane liquid, makes the
ELM process very difficult to commercialize. In addi-
tion, ELM suffers from swelling instability of the inner
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phase. In supported liquid membranes (SLMs). a liquid is
introduced into a porous membrane. The metal is
extracted into the pore liquid at the feed solution/
membrane interface. At the stripping solution/membrane
interface, the metal is extracted back and concentrated in
the stripping solution [5,6]. Although the low permeation
rate and the degradation of the liquid membranes are weak
points of this method, the utilization of hollow fibers in
the liquid membrane surface area is still possible. The
degraded membranes can be easily regenerated.

There are many kinds of supported liquid membranes,
including flat-plate-type, spiral-type, and hollow fiber
supported liquid membranes. The advantages of hollow
fiber supported liquid membranes are that a lower
amount of extractant is used than is required in the
solvent extraction, they have a long life time, consume
low amounts of energy, and exhibit high selectivity [7].
Therefore, in this study, the hollow fiber supported liquid
membrane process was examined experimentally for the
separation of a mixture of uranium and thorium from
aqueous solution. This study focused on the possibility of
extraction and recovery of uranium ions from nitrate
media by the hollow fiber supported liquid membrane
while thorium ions were rejected into the raffinate
solution, and on the modeling of this precess. The model
presented to describe the transport mechanism reveals
different rate- controlling steps. The effect of the HNO,
concentration on the permeability coefficient was stud-
ied, and the mass transfer coefficient of the aqueous feed
(k) and the organic strip (k=) were determined using the
model. In addition, the rate-controlling step was found.
Finally, the theoretical and experimental data were

compared.

Theory

A liquid membrane, which is composed of a diluent and
an extractant and one of the components from the feed
solution, is very selectively bound and immobilized in
the pores of a hydrophobic microporous supporter. The
SLM separates the aqueous feed solution and the strip
solution. The species are. accumulated in ‘the strip at'a
concentration generally Chigher than 'that in the feed
solution. The permeation of the species proceeds as a
result of a chemical potential gradient (the driving force
of the process)existing between the two opposite sides
of the SLM [8.9]; the transport mechanism of the metal
ions is described as follows [10]:

The metal ions form a complex species with the extrac-
tant at the feed-phase/membrane interface. This complex
diffuses through the membrane phase to the interface
between the membrane and the strip phase, where
decomposition of the metal complex takes place. In this

Phase | Phase 111
Feed Strip solution
solution
vy - NOy H
™
Mo Nt

Figure 1. Transport scheme for extraction of uranium.

RalFimatc Rallinate

!

Sirig in ——==

'ﬁ.wi'r - —

Feed

Figure 2. Liquid extraction module scheme.

case, the camrier is a neutral extractant. The transport
mechanism of metal ions occurring in this case (called
counter-transport) is shown in Figure 1. The metal ions
must be in an anion complex form [11].

The hollow fiber module consists of a liquid membrane

and two sides for aqueous solutions. The liquid mem-

brane (a solution of TBP in kerosene) is trapped in
hydrophebic micropores as a result of capillary forces [8]
and separates the feed and strip solution. In this study,
uranium and thorium ions (the feed phase) flow in the
tube side and sodium hydroxide (stripping phase) flow in
the shell side. The feed and strip solutions flow counter-
currently and the liquid membrane is immobilized between
these solutions as shown in Figure 2 [9,12].

Extraction Equilibruim

When the concentration of TBP is 5 % (v/v), only
uranium ions can be extracted [13] and thorium ions are
rejected-into the raffinate.The uranium in presence of
nitric, acid (exists) inthe form> of {/p%*- type species
[13,14]:

The chemical extraction reaction is described [13-15] as
follows:

U0 % +2NO 5 +2TBP =U0,(NO,), - 2TBP (1)
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Uranium ions in niiric acid can be extracted as
{NH,),U>0;. In the presence of sodium hydroxide in the
stripping phase, the reaction on the stripping side of the

membrane will be [15]
U0,(NOy), 2TBP+ 2Na*« 110 %" + 2NaNO, -
(2)

From the ion-extraction reaction described in Eq. (1),
the extraction equilibrium ( & _) can be expressed as

- [ U0, (NO,).2 TBP] ()
“ [vo%1l No ;141 TBP)*

The distribution ratio for uranium, D, is given by

P =
[002%] = K [ No TV [ TBP)*

(4)

where the value of K _ for uranium extracted with TBP
was found to be 1.87 L'/mol" [16].

Estimation of Permeability Coefficienis

Considering linear concentration gradients, fast inter-
facial reactions, and the distribution ratio of metal ions
between the feed and membrane phases to. be much
higher than those between the membrane and stripping
phases, the final equation obtained for permeability can
be expressed as suggested by Danesi [17].

¢
= Ly R
Vin(gl)=-ap iy ®)
where

e | 1
°= "PLexNr, 7

P is the permeability coefficient; , and [, are the

uranium ion concentrations at time ¢ and 0, respectively;
Aand v, are the effective area of the membrane and the

volume of the feed, respectively: @, is the volumetric
flow rate of the feed solution thal flows through the tube

side. For the plot of Vv, In ( & ) as the function of
£0

time, t [Eq (6)], — AP?_"'_—[ is the slope and can be

obtained by analytical calculation. The descriptors L, N,
ri, andrare the length of the fiber, the number of hollow
fibers in the module, the intenal radius of the hollow
fiber, and porosity of the hollow fiber, respectively.

TBFP

Mass Transfer Modeling

The mathematical model of the hollow fiber supported
liquid membrane for the separation of uranium using the
permeability coefficient depends on three mass transfer
resistances because the number of steps of the transport
mechanism is three. The first resistance is that when the
liquid flows through the hollow fiber lumen. The second
resistance is the diffusion of the uranium complex
through the liqguid membrane that is immobilized in the
porous wall of the fiber. The third resistance is due to the
strip solution and organic interface outside of the fiber,
The mass transfer resistance is the reciprocal of the mass
transfer coefficient, and this relation is given as follows

[18]:

_—— v, | . 7|
L A *

where », is the log-mean-radius of the hollow fiber and
k, and j, are the aqueous and stripping mass transfer
coefficients in the tube and shell side, respectively. p

is the membrane permeability, which is related to the
distribution ratio (D) in Eq.(4); the relationship between
pand p,_is 18]

P.= Dk, 9)
By combining equations (4) and (9), we get
P,.= K. K. NO ;141 TBP]* (10)
where g_ is the membrane mass transfer coefficient.
By substituting p_ from Eq. (10) into Eq. (8) and
assuming the strip reaction is instantaneous, the con-

tribution of the stripping phase is neglected [19). There-
fore, Eq. (8) is expressed as

+ et e ()
K, #w K.k, NO 1 [TBP]

Experimental

Reagenis

(NHa U509, Th{OH )k, and HNO; were used in the feed
solution. Tri-n-butylphosphate (TBP) was used as an
extractant; the diluent was kerosene. NaOH was applied
as a sirip solution. All chemicals were of A.R. grade and
supplied by Merck.
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Table 1. Properties of the Hollow Fiber Module (Hoechst i @—: A
Celanese Corporation [20.21])
P i TR
Materials Polypropylene ' o
Fiber i.d. 240 um ‘@ ‘®
Fiber 0.d. 300 ym d|
Size of pore 0.05 pm {
Porosity 0% 4 L =
Contact area 1.39 m I Ga
Area per unit volume 29.3 cm’/em’ a e
Module diameters 6.3 cm |
Module length 20.3 cm ¥

Figure 3. Liqui-Cel™ Extra-Flow Module.

A pparatus:

« A Liqui-Cel® Laboratory Liguid/Liquid Extraction
System (composed of two gear pumps, two variable
speed controllers, two rotameters, and four pressure
gauges) was used.

« A Liqui-Cel® Extra-Flow module offered by CEL-

GARD LLC (Charlotte, NC:; formerly Hoechst
Celanese), shown in Figure 3, was used as a suppont
material. This module uses Celgard® microporous
polyethylene fibers that are woven into fabric and
wrapped around a central tube feeder that supplies the
shellside fluid. The woven fabric allows more-
uniform fiber spacing, which in turmn leads to higher
mass transfer coefficients than those obtained with
individual fibers. The properties of the hollow fiber
module are shown in Table 1. The fiber is potted into
a solvent-resistant polyethylene tubesheet, and the
shell casing in polypropylene.

* Research Reactor for the NAA method

* (Gamma Ray Spectrometer for the NAA method

HFSLM Preparation and NMethods

The feed solution was prepared by dissolution of (NHs):
U105 and HNOs. The concentration of uranium was 500
ppm and the concentration of TBP was 5 % (v/v), the
optimized concentration [13], The liquid membrane phase
was prepared by dissolution of TBP in| kernsene. The
strip solution was NaOH. The organic solution, which
contained TBP, circulated in the tube and shell sides for
20 min. The experiment began by flowing the feed
solution into the tube sides of both hollow fiber modules.
Simultaneously, the strip solution was pumped into the
shell side of the hollow fiber module counter-currently

Figure 4. Schematic counter-current flow diagram for the
reeycling mode operation in a hollow fiber supported liquid
membrane. 1) Feed reservoir, 2) gear pump, 3) inlet pressure
guapges, 4) outlet pressure guages, 5) flow meters, 6) hollow
fiber module, and 7) strip reservoir.

12
l'i:::""‘*m-ﬂm
08 IR I ® [HNO3]=0.3M

b i g * w | a[HNO3]=D.4M

| 3 £ 3 © + | o[HNO3}=0.7M

g‘“ 4 = [HNO3]=0.8M

0| HNo3)=0.9M
04 * | Lo pmosj=1.om
02

1
0 5 10 15 20 25 30 35 40 45 50 55

Time(min)
Figure 5. Uranium concentrations in feed solutions plotted as a
fumction of time while using different HNO; concentrations,

and the once-through-mode operation was used. The
module was operated in the recycling mode; a schematic
illustration of the process is shown in Figure 4. In this
study, a feed containing 500 ppm uranium in nitrate
solution and a strip containing 0.5 M NaOH were used.
The flow rates of both the feed and stripping solutions
were 100 ¢m’/min. Samples (2 cm’) were removed at
different times from the feed and strip tanks. Samples (2
em’) were removed at the end of each experiment from
the feed-and stripping-tanks, and the concentrations of
uranium jons were detérmined using the WNeutron
Activation Analysis (NAA) method. Membrane permea-
bilities were determind by monitoring the uranium
concentrations in the raffinate and as a function of time.
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Figure 6. Plots of -, In (EC_:_ ] of the feed ank against time
i )

at different HNOy concentrations,

Results and Discussion

Effect of HNOy Concentration on the Extractability of
Uranium

Figure 5 shows the relationship between the uranium
concentration in the feed solution as a function of time at
different concentrations of HNO;. The extractability was
very poor when the HNO, concentration was lower than
0.3 M, but increased abruptly when the HNOs concenira-
tion was higher than 0.3 M.

Calculation of Permeability

Figure 6 shows plots of — ¥,In ?C-f-] versus time.
The permeability for uranium ions 'wat calculated from
Eqs. (6) and (7) at concentrations of HNO, of 822, 0.3,
0.4, 0.7, 0.8, 0.9, and 1.0 M. The following permea-
bilities were obtained: 2.42x107, 593x10", 1.40x
107, 6.16%107, 7.10x107, B.30<10°, and 8.89<10"
cm/s, respectively.

Calculation of Mass Transfer Coefficients and Diffu-
sion Coefficient
The aqueous and membrane mass transfer coefficients,
k,and k_, respectively, were evaluated using equation
(11) When piutling—}; as ‘a function of —A]rnﬁ
at different HNO3 concentrations (shown in ]!'igm'e’]fll.
traight i ith.. the sl . i

a 5. ight line wi e'ﬂupe roK el TBPY®
obtained and the ordinate is ‘=1 Thus, from F igure 7,
the values of kpand 4 calclﬁﬁted from the slope and

ordinate were 5.32<107 and 7.44<10™ cm/s, respec-
tively. The membrane mass transfer coefficient (k)
was much higher than the agueous feed mass transfer
coefficient ( k). From these results, the rate-controlling
step is the mass transfer in the agueous film between the

y = Lnkly + I8 -

L] 5 L] L} . s | e

|1-u,|'-u'u-'-n-:
J_ ¥
Figure 7. Plot of P as a function of ._L_[ NO Tt
feed solution and the liguid membrane.

Flux Modeling of Uranium (V1)

Consider the extraction reaction described in Eq. (2).
[(],,and [(]], are the concentrations of the uranium
complex in the organic phase and at the interface
between the feed and the organic phase, respectively.
Where

[mﬂ=[UDz {NGJ}EETBF] (12)
and, from Eq. (4), in terms of the equilibrium constant,

[U) = K.l NOSVITBP[UOY ], (13)

The experiments were operated from 0 to 40 min. The
concentration of the strip solution started from 0 ppm
and was much lower than concentration of the feed
solution. Therefore, from the flux equation

JR.=[U;=1 U], (14)

the concentration of the strip solution can be neglected
[22]:

I-Ra=[w1' “5]
and
IR =T\W04 I+ Ve I (16)

where E_—'— and R_—’lt— are the agueous and organic
mass maf':r" resistances, respectively, and [ /0 %)
and [ U0 % ],, are the concentrations of the uranium
ion complexes in the feed solution and at the interface at
time t, respectively.

[{1,,; in Eq. (13) was substituted into Eq. (15) to
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obtain

[U0%), = LuR (7

K [ NO 31 TBP)

By substituting this expression into Eq. (16) and
assuming that j_=J = J (due to the steady state
conditions), the equation flux can be written as

e K [ NO ;1*[ TBP)*

2_
= Rt RKINOVITEPEL VO ) (19

The NO ; mass balance is

[ NO 31,=[ NO 71 jree+ 2L Ul py.s (19)

where [ NO 7], is the initial conceniration of nitric acid
in the feed solution.
When [ NO 3], is low, it can be assumed that all of
NO ; ions react with uranium ions. Therefore,

[ NO E]{rgzt muu.l’ {zﬂ}

By combining Eqgs. (13) and (20) and reamanging, Eq.
(21) is obtained.

[NO 11
2Kl U0 1y,

By substituting Eqs. (20) and (21) into Eq. (19} and
rearranging, Eq. (22) is obtained.

[ NO ;11 TBP)* = (21)

» [NO 3]s
2R, [ U051+ RINOS]y

J [U0%}], (2

B3 W oM X OB M M & 8 W 8
Vimss [, |

(a)

The concentration of wuranium at the interface
([ U0%],,) cannot be measured. Therefore, Eq. (16)
was substituted and rearranged into a quadratic equation:

2FRR~ (2R VO )+ RL NO 3107 +1 NO 31,0 O 5 1,=0

(23)
Therefore, the flux equation is
po Al L $ ) 2l N0 51+ (IR DO ], + B NO 1ol —BR.R] MO 3 ]d 0804
TK.R,
(24)
Because

VER.[ U031+ RINOT1,D*—8R.RI NG 1L U0 Y,
<< g U037 )+ Rl NO ;) the term

Vi2R.[ U031, + RI NO 31,7 —8RRI M0 ;1,1 U0 ], can be
neglected.

Therefore, we obtain the final expression for the ura-
nmium flux:

[U0i] [ NO 3]
;=( 2R,-1 Ly _”?_”] (25)

From the definition given in References [23] and [24],
the following equation is obtained:

L I+

By combining Egs. (25) and (26), the following
equation is obtained:

— e
" Ep

L] 5 L) 5 3 M b M 4x M 55
T [ min. )

(b

Figure 8. Concentrations of uranium ions in the feed solution plotted as a function of time at HNOs concentrations of 0.2 and 0.3
M; 500 ppm uranium in the feed solution; 5 % TBP in the liguid membrane; 0.5 M NaOH for the strip solution. The symbols
cormesponded (o the experimental values and the solid lines represent the values caleulated using Eq. (28).
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gure 9. Concentrations of uranium ions the in feed solution plotted as a function of time at HNOy concentrations of 0.4, 0.5, 0.6,
7, 0.8, 0.9, and 1.0 M 500 ppm uranium in the feed solution; 5 % TBP in liquid membrane; 0.5 M NaOH for the strip solution.
1e symbols corresponded to the experimental values and the solid lines represent the values calculated using Eq. (27).
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_ EI UDE=+IE_E= [UD.;)+]!+ [N‘Gi]ﬂ {-';?}
dt A 2R, iR,

and by integrating with the initial conditions f=( and
[U03],=[ UDO%"],, the final equation for the
uraniumion conceniration can be expressed as

[ vo37)= =203 4 (1 yo g0, + ELJEIL
(28)

In Figures 8a-b we provide a comparison of the experi-
mental data and calculated values obtained using Eg.
(28). When the concentration of HNO; was lower than
0.4 M, the mass transfer model was poor, but when the
concentration of HNO: was 0.4 M or higher, the mass
transfer model was satisfactory, as shown in Figures
Oa-g.

Conclusions

Uranium ions in the form (/0 %~ €an be purely ex-
tracted using 5 % TBP (v/v) while thorium ions are
rejected into the raffinate by the hollow fiber supported

liqguid membrane system. The mass transfer coefTicients

of the aqueous feed (k) and the organic phase ( k_).
calculated from the model, were 5.32 <107 and 7.44 10
cm/s, respectively. Therefore, the rate-controlling step
was the diffusion of the uranium complex through the
liquid membrane. Mass transfer modeling was performed
and the validity of the developed model was evaluated
with respect to the experimental data; agreement with the
theoretical values occurred when the concentration of
HNO; in the feed solution was higher than 0.3 M.
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Nomenclature
k, : agueous feed mass transfer coefTicient (cm/s)
. : organic mass transfer coefficient (cm/s)
D,  :effective diffusion coefficient (cm'/s. )
K, : extraction equilibrium ( - )
D : distribution ratio (- )

]uﬂ{—?ﬁ?—ﬂ

P, : membrane permeability (cm/s)

i : thickness of fiber membrane (cm)
¥ : the log-mean-radius of the hollow fiber (cm)
A : effective area of the membrane {cm:fs}
Vv, : volume of the feed reservoir (cm’)
Q; :volumetric flow rate of feed solution that
flows through the tube side (cm’/s)
L : length of the fiber (cm)
N : number of hollow fibers in the module ( - )
r. : internal radius of hollow fiber (cm)
s : external radius of hollow fiber (em)
R, :organic membrane mass transfer resistance
(s/cm)
R, : aqueous and organic mass transfer resistances
(s/em)
Gieek letters
T : tortousity of membrane ( - )
e : porosity of hollow fiber ( - )
Superscripts
ini : initial time.
1 : time .
Subscripts
f : feed phase
5 : stripping phase
i : interface between the feed and organic phases
org : organic phase
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