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Abstract

The simultaneous separation of arsenic and mercury ions from produced water was well achieved by
a synergistic extractant via a hollow fiber supported liquid membrane (HFSLM). Aliquat 336, Bromo-
PADAP, Cyanex 471 and Cyanex 923 dissolved in toluene were used as the organic extractants. The study
parameters were types of the extractants, concentration of the extractant, concentration of H,SO, in feed
solution, types of stripping solutions, concentration of stripping solution, and number of column. The results
indicated the superior performance of mercury removal to arsenic by every single extractant in this study. The
synergistic effect on arsenic removal was observed by adding Cyanex 471 in Aliquat 336 resulting in the
synergistic coefficient of 2.8. The regulate mercury discharge to the environment not higher than 5 ppb was
attained within 1-column separation by using the mixture of 0.22 M Aliquat 336 and 0.06 M Cyanex 471 as
the synergistic extractant and 0.1 M thiourea as the stripping solution with 0.2 M H,SO, in feed solution. By

2-column separation, 94% arsenic extraction, which was below the legislation limit of 250 ppb, was obtained.
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b. IHRUHMINANVUDNATY {emulsion liquid membrane, ELM) [19]
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usafaiatiaf Lisouiir (hydrophobic surfactant) d1vsudiatuvenir lurtiniy uazesaausafian
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a. BN IR INNEINIBFI5OITUUDUUAYILY (flat sheet supported liquid membrane)
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A = v v v 3 L,
b. IEBUAMIHINNENAEMNHAWNIY (spiral-type supported liquid membrane)
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c. msanamedauruvaInngIned1lunals (hollow fiber supported liquid membrane,
HFSLM)
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liquid membrane
! microporous

1
! stripping solution |:>

uaasdnyuems lnanuumiunisfuresigninmsazarwtiounazarsazauiinduuu

€l
=

=),
j—
w

Y 2y A ' A 3 ¥
idulsnaramiaduluganaasubourumainngsniodulonaia [16)

1.6.2 m3ana
o g ¥ 4 I o ¥ ' o '
msaiaildlunssuumsiWounumatansaswunldiiu 5 nqu audnuuzyony
o A s o @ . @ o a
Hadduidiuesddsznouvesasada nalnmsafia uay metal species Wuile msafayiawe a3

ANAYUANAN M3 ANABUA chelating A5ANAFUANTA LATATANATUA ligand [22]

1. msanasHaue

LY a ~ Y a a o :.:l). ~ d a a
ﬁ]iﬁﬂﬂ‘lﬂ‘l«lﬂlﬂﬁ‘ﬂi‘lﬂ‘ﬁﬂ]ﬂ!‘IfUi]3l‘f]u‘w’Jﬂlf)Hllﬁ:lli]llimutmlavlﬁﬂ‘liUﬂi]ﬁQiJ (quaternary

1Y

¥ ¥
ammonium halides) NITTMINAUINTZVIUMI o Tuvoundouou Tudioy (ammonium  salt) ¥iia

Ugugil (primary, RNH,) ¥1an@unl (secondary, R,NR) ¥lanfunil (tertiary, R,N) tinzsiiavggil
fl

b4
(quaternary, R,N")  lszdniamvesmisadialossulanzdrsaisadadimainieliniuegiy
anuensalumssudrvesasilsznoulosouTanzoglugiiszqau (anionic species) Tuigan

b4 1
a =)

14 3 b4
msazmeveni nsdlvesmsadayiandegiiuelimsuanasuilszydvloseuTanzifiniu
a Y - ] A A A o aan as a a
eiiu (R,N) doutldou lleglugilveoundewiiuiminzaulasmsilasondunsa (HA) avaumsh

(1.4)

RN+H'A == RNHA (1.4)

1 »
~ as

a a [ A X ao - @
nnaumMsn  (1.4) eiiuszswdrfunyaihundeveusiudyelidr RNH'A) Tuigninves

-}

a ) L] a P dyw o :::i Vv
msazawauméf mamn1axaw’0u‘mJuﬁuNtm‘umsa:mwmumﬂs:ﬂﬂﬂﬂau"laaauTawx

MyY™) szamsuanilasuilszgAsaums (1.5)



aR,NH'A) + MY" <= (RNH)MY" +nA (1.5

dre019ms 1Fmsafinwiiaafugil 191 trioctylamine (TOA, R,N) afin losoutlsoniioglugil
HgCL, te Imseria R,N annsadhiljisonfulesoulsenlddneududeudon Hecl, Woglugil

¥94 HgCl,” Taumsidunsa HCI [23, 24] Asason luaums# (1.6)
HgCl,+2CI <= HgCl,” (1.6)

4 @ @ W a + L& [} o [
iife R,N dudaiu HCl ludgmamsazawtlou RN 929 protonate 1ilu RNH'CI #aglugiliidae
mstinlfaTen Asaumsa (1.7) 91miu HgCl” vzinamsuanildouilszgiu RNH'CL Tudgaaas
afie [4, 25] AaauMs N (1.8)

—_—

R,N+HCI == R,NH'CI (1.7)

—_—

2R,NH'CI + HgCl” = (R,NH),HgCl, + 2CI (1.8)

ﬁ]ﬁ%ﬂﬁ]iﬁﬁﬂ‘lﬂﬁﬂﬂﬂqﬁl‘ﬁu trioctylmethylammonium chloride (Aliquat 336, (R3N+CH3)C1‘)
aunsehilfisondumsdseneudadeuiidiulszyavld lao lideslinsadrsunl§asomsada
[15] Auerasaun1sh (1.9)

—_—

HgCl,” + 2(R,N'CH,)CI == (R,N'CH,),HgCl,” +2CI (1.9)

2. msanarHanan
o o < A o A X o Ad
msafafieangniilunarmiemsafariiasealdn (solvating) Wuasafanlimmizaou
mesnfaliaunsouanlusaeuld Tesoulansluigmnasazmeiiezgnadauazipeaiiy
a Yy dat cdf Y o aaa Y a
mslsznoudsreuniilscqilunans Tasanuammnselumsiilgasnvesmsadastianaisee
Fuagiuanuaws o lumsalaougddiumsiseroudsdouvetlonouTanzluigmamsazaioh
WuRuatunsflvesmsadasiae drednmsatariayeannitonldlumsive wu msada
tri-isobutylphosphine sulphide (Cyanex 471) @134 trioctyl phosphine oxide (Cyanex 921) (lag@13
i@ tributylphosphate (TBP) 1iludu Tumsadalesoulansiumsadavianais wu TBP wada
mslszneuFadouveslosoulanzi lifilsyq 1 Taverfunsadlu co-extractant 19un3A H,S0, A9

o A y ¥ 5 o o A
uﬁﬂﬂl&ﬁhﬂﬁ‘n (1.10) TﬂUllJf]ﬂ'ﬂlll'Ull'UuﬂlﬂQﬂiﬂq@ﬂluﬂ?1nﬁ'11ﬂiﬂﬁluﬂ1iﬁﬂﬂﬂﬂ3q0iluﬂ1ll [13]
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n(TBP.H,0) + H,AsO, + H + HSO, ~— (TBP.H,0) H,AsO,H,SO, (1.10)

1

=1

wonnezanalosouTanzi lifidszgldudrasadamianansdeaunsoaialoooulans

Tilszqanlddie uaamnsoadalesoun lifilsyylddndTaslszdniamlunsadalesoulanzi
v » ¥ v

aglugihlszqaveaunsaminiu1dTaomsidunsaaslumsazarwvoniniesh v lovouTanzogly

Ui laifilseq [26]

3. MIANAY A ligand

msafiariia ligand szmilousumsafarianmaluuifions adauaasgdidnasen (electron
pair) i looou Tanzudmeiuludmvesmsiialuas seneuFedousulossu lave Tavasadna
110 ligand 92U ligand §18u Tuenslsznoudedouvodlosoulans udnsdivosasanawiia
narelfanisunudifuvea ligand F0619v09n13 a3 adawiiai 9y Tumsadalesou pd 910
msazmonsaunaaidounas 156 Tauld mono-oxime (R,C-NOH) Humsafadauaasluaumsi
(1.11) |

—_—

2R,C=NOH + PdCl,” - == (R,C=NOH),PdCl, + 2CI (1.11)

aun1s59 (1.11) mono-oxime 2 Tuanah IunuiTudwmisves e Tas pdcl,” ave I
° ~ a a g ' a = = J '
ponu1 2 Tuana Mld levouveswnamouiiifaduazarvedluigmnvesaisazarvdunsduas i

azanelui [22]

4. M3ANAYHA chelating
as a q 3 aaa w a a9 et
asafawiia chelating oyl fAsu1dulooouTany (M™) szifaiiiuemsilsznouFedoundl

szpiiunans ® M) nanldos 1 lilfaigmavesmsazarotiou 221 Awaasluaunsi (1.12)
+ - o + 2-
[2RH]_+[M" S0, <= [RM], + [2H'], + [SO,"],, (1.12)
P <2 a . o 4? 1
aunsi (1.12) uaasdanisuanilasutlszquanTasidanisuanaouTeoonuvusznin

»
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5. MIanayHansa

msadarianialsznoudronyiladduresdiufid i §3501 190 —CooH, =P(0)OH,
-SOH tﬂiﬁﬁﬂ%ﬁﬂﬁﬁf]mﬁnﬁaﬂwlﬂﬁUNOdNﬂf’ﬁUﬁ"utﬂiﬁﬁ'ﬂ%ﬁﬂ chelating ttaz s anAYIANAIN
Famanfasomesmsadasiiansazadiodunsdivesasadasila  chelating tuinlumsi
UfAT Ay loveuTanzezifmiiuleeouiiiyszqiiunate (MR ) munsaazain1daluigninves
myaraodunid aumsihlddmiumsadalesouTansdwmsatariansauanslddacumsii
(2.10)

—

nRH + M" =— MR +nH C(L13)

aums (1.13) uaastanmsuanilasuilszquansenin H dulesoulans Tavanuamnse
¥ v
yoamsanadudunnuiunsa-ua vosmsazarwilou Mednasadasiiansailddnuiodig
\ s L} A o ]
unsrareluilagiin 191 D2EHPA (di-2-ethylhexylphosphoric acid, (R0),PO,H)) ¥aUHY =P(O)OH il

panilsznou dmsumsl¥msada D2EHPA afin zn™ UfAsomsadauaaslddeaunisd (1.14) [22]
4(RO),POH + Zn" <= [(RO),PO,},Za[(RO),PO,H], + 2H  (1.14)

Tuaumsi (1.14) win1&hlunsvfasnd RoPoH 2 Tuagaddes B oonu
wuRoarums AT owesasasawiia chelating Tuvnedn 2 Tuanaliife H Sunioufums
afarianag

a6 lsfamluuedisiimssuunasafasenilu 3 yila flo msafariiama asadasie
e nazansafawiansa 271 TaoutamumyilsdFuiifivesisznon FesRnsanldmsadaiia
Ligand 88 1unguidoifiuasadasiianaly uazasafinyiia chelating 8glunguiduifuasaiasiia
N3 L‘fi'mmnﬁgmauﬁﬁmmdnaé’waﬁaf‘\"u wennIniidaiimsdumnms afaoeniilugman hard
base, soft base, hard acid L@% soft acid manuﬁ Hard Soft Acid Base (HSAB) 3nay Iﬂﬂﬁﬁﬁﬁ'ﬂ“?}
(U hard base 9331 TooouUTIIY hard acid 14@ wwReITUEafaiiil soft base, hard acid LAE soft
acid Aoz 0 TooounITI soft acid, hard base 1A soft base laaniTespufinnmilunsa - e a

N Hard Soft Acid Base 1flupt199u [17, 28, 29]
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1.6.3 mmﬁ’mmmﬁ?uqné (synergistic extraction)

mafauuuaSugns vuoi msafauonlesouTans Tavldmsasadessianaufuuda
1&syaninmgeniudeioufumahmsafananessiiaduuenfuadaudnihramsadam
PR UG

1.63.1 ffuﬂ'izﬁnémmﬁmmma‘%uqﬂé

msafauuuaugns mnods measalaoidmsafacoianauiuuda 18z dninwgs
auilofouiumsiims afarsaeeriainnuonfuasaudnimans afauisudu Ta
Uszdnimwmsasainsanlumenveadinlsy AnFn1snszatu (distribution coefficient, D) F381020

1dnnaums# (1.15) [30]

- D = [leooulanzlumsazawsunidnanizaunal (1.15)

[eoouTanzlumsazmolloufianzaugal

v 4 v z
ﬂ15Wi]15iu]’J1lﬁf)ﬁ1ﬁ15ﬁﬂﬂﬁ@ﬁ‘]fu@]lﬂﬂﬁllﬂu%xlﬂﬂﬂ”liﬁﬂﬂllUULﬁSNQﬂﬁH?QVlIJNUﬂz
a f a @ a = . & a @ ‘:i
‘W'in'iiu15]1ﬂﬂ1ﬁllﬂ'i$ﬁﬂﬁﬂﬁﬂﬂﬂll'ﬂ'ﬂlﬁ‘iﬂﬂﬂﬁ (synergistic coefficient, R) ¥IUHIUAIGTUNTN (1.16)

Taud R iAmnandi 1 uaaaiufamseadauuumeasugns [31]

R :_D$ (1.16)
(D, +D,)

4 4 e o
o dulszdnimsnszawgagavesleeeulanziioldms afnaosiinumay

=)

P
W D

max

ﬁe

v
a

a & b @ a oA
? ﬁllﬂizfT‘V]‘ﬁfﬂiﬂ‘i$%10%04106@1&16”3!“01‘5?”5ﬁﬂﬂ‘lﬂ-&ﬂﬂl

Dp

3

a

a A y @ a 4
D, #fo duiszdnimsnszawvesleooulanziiieldmsadiayiian 2
TunuidviiTeooumsnyuazsoneglugldues HAs0, waz HeCl” auddy dwsy
auMsMs i lopoUAITUYAIY Cyanex 471 (TIBPS) HAUAU Aliquat 336 (CH,R,N') 1er@ 69 s

1 (1.17) daudumsms ada losouvelseniiog lugives HeCL waasdaTumsi (1.18) [32]

H,AsO; + CH,R,N* + m(TIBPS) <= (CH,R,N*)-(H,AsO;)-(TIBPS),  (1.17)

HgCI?™ +2(CH,R,N*) + n(TIBPS) == (CH,R,N"),-(HgCI>)-(TIBPS),  (L.18)



1.6.3.2 aUQAMIANA (extraction equilibrium constant, K )
nnaumsmaafialesoumsnyuazdsenluaumsf (1.17) uaz (1.18) #NsofIuIN

uaz K .) 1daq

nINanga (equilibrium constants) dmFumsafialosoumsnyuazilsen (K, ,, e

quMSA (1.19) uag (1.20) Mudeu

_[(CH,R,N")-(H,As0;) - (TIBPS), ]
=% [H,AsO;][CH,R,N*][TIBPS]"

(1.19)

K . = [(CH,R,N"), - (HgClI)- (TIBPS), ] (120
*fe "~ [HgCI*|[CH,R,N*]*[TIBPS] " '

L] d. ﬂl ~ % £=Y QJ
nnmashaugaluaumsh (1.19) uag (1.20) musodonlugdvosdulssdnsmsnszay
ld' 1] L =y QJ
yoamsafialosoumsny (D,) lAdsaumsh (121 daudulszdnimsnszatvoatlsen (D,,)

UEAIRITUMIS A (1.22)

[(CH,R,N")- (H,As0,) - (TIBPS),,] _

D = ex,As
[H,AsO;] ’

As

[CH,R,N*][TIBPS]™  (1.21)

+ . 2- .
DHg — [(CH3R3N )2 (Hg(zjlat ) (TIBPS)n] — KexH [CH3R3N+]2[TIBPS] n (122)
[HeCI{'] o

m ez 7 Tuaumsi (1.21) uaz (1.22) fotauuiams §uius (stoichemistry) F914MSMIAI0 m 11
I8 Taomssagiaumsii (1.21) Tugalvesdionni3itu (logarithm) Aaaasluaunsii (1.23) Nmiun
n51M5ENI logD,, A log[TIBPS] Tass1uee m Analdsiannuduueans 1 wwdaduaived »
w18 Tasmssagaleumsdi (1.22) Tuziveadonni3fty (logarithm) Sauaaaluaunisd (1.24) I
1ANSTHIZNIN logD,, 11 log[TIBPS] Taua » f1uam Idninanuduvesns v

log D, =log(K,, . -[CH,R,N*])+ mlog[TIBPS] (1.23)

ex,As

log Dy, =log (K -[CH,R,;N*T*) + nlog [TIBPS] (1.24)

ex,Hg



2.1 msndnlFlunisnanog

=
unn 2

MR UHUNSIVE

a15a1a199 M 1¥lumsneassuaasdalumaiad 2.1

8 ~aq 9
M3190 2.1 a5l lumsneass

¥
&

¥iia ¥oms gasluana U3EN
lovouTangii | a1y As(II), As(V) -
ABIMILUBN son He(1)
myazawilou 51%@91anuagmm: - M3t Tas@ounna
MBI TUBIA UszinstIne 18a
(UYFU)
M3ana
wilane Aliquat 336 CH,N[(CH,),CH,],CI Sigma-Aldrich
Bromo-PADAP CH,BrN,O Sigma-Aldrich
FUANA Cyanex 471 (CH,-CH,(CH,)-CH,?),PS | Cytec Candada Inc.
(solvalting) Cyanex 923 PR,0 !f}@ R @ CH, Cytec Candada Inc.
HAUAY CH,,
dhazanw Tngou CH, Fisher Scientific Inc.
aMsazay Tyfouleason’lad | NaOH(aq) Merck Ltd.
wWnduy ¥ihflsrnnTosseuy H,0 ATFven
i D
naluasn HNO,(aq) Merck Ltd.
nIAFanITn H,S0,(aq) . Qrec
thiourea NH,CSNH,(aq) RFCL Ltd.

qas Insaadwansana Aliquat 336, Bromo-PADAP, Cyanex 471 118y Cyanex 923 Uar@3Aa31 2.1
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— —_ HO

+
R \ /R
N crr N(C>Hs)2
RN L4
R CH,
Iy o—
Aliquat 336 1§10 R = CH,(CH,),CH, [15] Bromo-PADAP [17]
R\
R——P==0 CHy—CH,CH,\-P=3
/ 3 f 2 2
R CH,
) 3
Cyanex 923 (iio R 1ilu C 1, Cyanex 471 [33]

HAUAU CH,, [10]

d' Y P} o Aq Y
3uUh 2.1 gas Taseaiumaniivosmsanan g lumsnanes



2.2 ginsainilylumsnaaos
v acy v Y e/ o
2.2.1 MIsnaavediadsmsafadiadaiazan
[. INSDINIUNHL
2. ATILENAN

3. ¥nglyuy

v dA = Yy oy
2.2.2 minaavanlsginsaiidenrumalNngadimdulonai
I fnnes
2. yenaaod Liqui—-Cel  Liquid/Liquid Extraction System Ju Cat. #5SPCM- 106 4 8 3
1THN Hoechst Celanese Corporation Usznoume
4' d’d o o 1 Pl
- 1n50agY 2 ya Niidas1 Inagage 1 Aasaound
- wesiauazyanIuguensIns ua 2 4@
- MAIIAANUAY 2 gA
3 T i & as 5 o
3. gunsalibeudumarnnysdandulonade FelidrsesFudludulonarswed Insn
= a o v ® = Yy v @ 3 a =
Auptiallgnyu JU Celgard  X-30 Nlsznoudnaisiuiiuvega asuanaslugdin 3.2
HozUaNIARIN1519% 3.2
4. 19599 Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) Perkin

Elmer Model PLASMA-1000 193ns1zvia nududuveslosouvesmsnyuazilson

——

i |

E = g é iﬁ @
2 : & & iF & i o
1 S AR | I
43 r . POl OF TF e i
- - . ] ':

1
ya
J
#
|
x
. 1

Feed K Feed

‘.a\.; Rl

51l 2.2 vegavoabeuriumaringsdrdulonarsn1dlunmsnaass [21]
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M519N 2.2 mniavesdisessudulonalawed Ins Indunldlumsnaans [21]

Aouanlia ¥Ha / 11
Faqidulonads wod Ins lwau
Sradulonans 10,000

¥ A4
ANunuveudulonala 30 o s ua
Y 1 4 b4
uruguinaameluveudulonais 240 luTnsns
durugudnaranwuenvoudulonads 300 TuTasiuns

et a a

wagnuhnlszaninm 0.05 lulnsiuas
& da da (o a
wunRINlszansam L4 M310095 (15.2 M3194e)
a v 4:’ Ay a Aa a a N ¢
ons1aHvesNUNdes as ATilsednTaw 29.3 MINIUATADYNIANIAG
tavesygaidulonals (O x L) | 2.5x 81
ANUAULANANG YA 4.2 Alansuaens1uums
¥guuiilumsifianisgaga 1 - 60 DIA B AT

2.3 I8 utiumsiIve
=f o o dl A Y ooy (v v
231 fawivdamsafafiminzandemsanalessumsnyuazilsenlagdismsaiadoe

amaza

¥ ¥ v
o a A ¥ o @ a

L wSowmsazmotleonlufifinorineiaadunsnisuduie 19fuaisazarotlon
e 100 Fadans Taotinihmafaasandnividunnussm M3 Tas@ouma
szmalne $1fa @maw) nnseuerdsanilsnoenlasldnszamnsoaved 1 uazify
Frothesudu 50 Sadans
2. wisuEmsana Aliquat 336 Tudahiare Tngduldlianududu 0.22, 0.44, 0.66, 0.88 uaz
1.09 Tuanoans YSuim 50 Naaans
3. hansagaetloutsum so dadans Taluviagdvuyuuia 250 Tadans (waaernned

a o

Tws Inaw) werufumsada Aliquat 336 USinm 50 fiadaas imsilunnadiunm 25
wiit e lfidrdanzanga uddeslfuondu  mbufiudedismsazmotlon
U510 50 Nadans

4. Wmsmanestunileuds (1) §1 Q) unildouriavesmsaialudihazareTngdudiu
BROMO-PADAP 114U 0.0005, 0.001, 0.002, 0.003 1Az 0.004 luaasans Cyanex 471
Wt 0.02, 0.04, 0.06, 0.08 Az 0.1 Tuanoans Cyanex 923 1WWudu 0.25, 0.51, 0.76, 1.01

iaz 1.26 luasoaas Lay Cyanex 471 MUY Aliquat 336
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o w t A g a o 1YY v
5. Wideduiinunminaasslllmsizianududuveslessumsnyuazilsenday

1584 ICP-AES aadawiianmnzauaztitllldlunsdnuilesvas 11l

o a é LY
232 Anwwavesnnudaduvesmsanalumsazrmedunidaenmsaialosoumsnyuas

Usenmationsiunadfingamadilenala

¥ .
o w a a

¥ kd v ¥
L wisumsazarwioulsuiw 5 das Taninihmsiaaduwinduniniudvunseaeds
anisnoonlasldnseaunseuves | uaziduiedasudy 50 Jadans
2. wivyasazawlmdoyleasenladidudu 05 Tuadedas USuw s ans weldilu
Msazmuiingy
= A ] a aa = o A 9 d'
3. wisumsazautouumal 300 fadans laowssuninmsadaimunzauandof
2.3.1 azawludviazai Ingou
4. flouarsazarngouiumandinisdiunouazdunlfonvesueqgaidulonans
MW lvarwiflunar 25 writ eldidoudumaransalugnuganinveadulonad
Tugananes vimiutlouth DI dimeduveuazduildenvesnegaiie laais
afafnAeglureuaznlfenveudulonadg
Y ¥ 4 o o y b'd A
5. dleumsazarilowdinudiunonazmsazarviihndumd imuduildonvesuega
Y] a o o oA a aa ' a o o
dulonans Taelidnsinms nawihidud 100 adaasaouil dnuuzms inadlunuvuaiu
1Y T : Y =Y v
iy uaz TnakugamsnaasauuuasuAel doduganisnaasunudieismsazay
Hlouvivonuazasazaethinduvioonsdisay 50 adans
o :’ Y P [T 1 Yy ¥ a s
6. MMInaaeE1de (1) 09 (5) uanldsumanududuvesmsaia Cyanex 471 Tu Ingdu
({1 0.04, 0.06, 0.08 taz 0.08 Tuadsdns muddy Tasld Aliquat 336 Tanududuasi
10.22 Tuanoans
o W 1 A g a I'd y 9
7. hdredniinuainmsnaasslddmsizdmanududuves losoumsnyuazilsen

Y] A
AT ICP-AES

I v Al A v [ b 4‘
233 Anwwaveansadaiii3nlumsarmstoudemsaialessums nyuazdsonadluie

' o vy v
llNul'ﬂa')ﬂWf{dﬂ')UlﬁlﬂUﬂﬂ’N

vy ¥ b d v .
oo = @ o @ A

1L wioumsazawilowlSine 5 aas Taninhisfiaadumdmihiuavinnseed
andsnoonTasldnszaunsovuey 1 ududunsadanasald ldnnududu 0.2
Tuasedns uaziiufediasudu so daddas

2. wssumsazanla@Eonleasonladidudy 05 Tuadedas Ysiw s aas el

msazarviinay
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Yy v A

wssnasarartouruivad lnoldadanmuizausinde 23.1  dreanuudun
MINEEAUINYD 2.3.2 UT U1 300 Hadansg
t:'i ] 9 Vv T kY & y
floumisazaudouduiand muduvonazduildonvoansgaidulonadg
I~ P=1 : : J

I Tvarudumar 25 wid sanfuileuri DI 1sd 1 uvonazd1unldenuoss

& ] a d'ﬂl v ] A v
veqative lasisadanaveglunouazildenveudulunass

b 9 1 o LY Y ¥ &
floumisazarvfloudimediuvenazmsazarhindudinisduldonvesuaga
b A o Ve oo a aa [ A o
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LY [] : a 4 Qy d LY [
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Houvieonuazmsazartinguv1oonod190s 50 NaAANS
b4 .

WMMIsnaaai1ve (1) 84 (5) ualfounnududuvesnsasans nluaisazarotlowiy
0.2 -0.9 Tuaseans MudIAu
o w [ A ] a I's 9/ 9
hdredalinuinmsnaas ldiinszimanududuveslesoumsmyuazilsen
f101A599 ICP-AES

2.3.4 finvmavaamsazawiihndunemsaialesaumsvyiazUsenadlmtioudunadinga

v v
maaulunadg

1.

~ a a Y a @ a v ¥ y 9 " @
wisumsazmetloutSuia 5 aas ududunsadan3nld laanududusuany
Wuduiminzauends 2.3.3 uazfudietaus udu 50 Naaans
wisuasazawlafonleasonlaqdudu 0.5 Tuadedns USuiu s Aas weldidu
aMsazaInay
WTOUAT AL MOITBLUHUMANTIAINUDTD 2.3.3 UTuIa 300 Hadans
A ' Y] [y ' Y A ¥
Houarsazarnbourumaidinieduvonazdruildenvesvogaidulonais
2 a o s '
19 Tvasrwidluman 25 urf anfutleuti DI It uneuaza1ulionves
& 1 o o 9/ 1 ] A 3y
vegarie lamsadanfeegluveuazilfenveudulonang
Houmsararwdowdimedursuazmsazamhindmdimedunlienvesuega
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Tuanoans nsagan s adudu 0.5 TuaAodns Laz@15ATANY thiourea WUUU  0.03
Tuasedns A1y
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8. tharednfinuainnisnaasslifinsiziminnududuseslessumsnyuazilsen

1
&101n3 09 ICP-AES
235 ﬁnmﬁmmaaé’mﬁﬁmmzamiamsaf‘fﬂ"laaawmmsﬁyamzﬂsaﬂ
wiouasazatedon @1saza1niindy uaza1saza1oBoNHLMAY 1A T RIS NARDY
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Pt
UNn 3

HamIFanazIosaiwaniaddy

msnlssunouilsy@ninmmsadauaziiinduerinisananmisvaznMsana (percentage of
. 3 ° @ = {
extraction, %E) LA I080sN1IUINAY (percentage of recovery, %R) Fafua ldnnaunisy 3.1 way

(3.2) MU/

C in—C u
%E =L L 100 3.1
Cf,in
CJOH
%R = — %100 (3.2)
Cf,in

¥ b 4 [ 14 b 4 v ¥
dmsmhnnaadnsminiuauildnasesluauiseitldsuanueyasiginnusim

[
0o a &

~ ] o @ I~
51l Tas@ouuvalszmea ne $1da (umwu) Tasesdilsensuvoninedldiiluasazaioilou

aaoaauIvuiilsinelosou Tanzaeg daluaised 3.1

b 4 b 4 ) ¥ . b 4
@ °

d' a 6o A da &K v oa
MINN 3.1 ﬂsmm"l'a'a'auTam1uu1mwmwmnuumuﬂu

lovouTangluthie | As@D | He() | Fe(ll) Mg()) Ca(l) Na(l)
anududu ~3.984 |~0.300 |0.169 2.400 -2.414 | 15.167 | 1821.500
(Haansunvaas)

3.1 wavasriiamsananiidemsaialossumsnyuazisenlagismsanadaiiazae
31 3.1 nlSsuifisudevazmsatagegalumsadialosoumsnyuazlsenvosmsadaud

a a { P @ @ v
azrilaTasAinsunianududuisalifesaznsadaleseullsengegaiiundn singagil1dn

e

Usy@ninmwgegalumsadalossumsnyvesmsadaudazsiiaSvadrwusinmnaldnides 1ddadl
Aliquat 336-Cyanex 471 > Aliquat 336 > Bromo-PADAP > Cyanex 471 > Cyanex 923 dmilszansnw
lumsadalesouilsenvesmsadauaazriasvadrwuninuinlyvitesldaeil  Aliquat  336-

Cyanex 471 > Aliquat 336 > Cyanex 923 > Cyanex 471 > Bromo-PADAP
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TumsAnsuioAnsaninsadialossumsnylasldarsada Aliquat 336 naufvmsadia
Cyanex 471 ﬂzmﬂumsﬁﬁmmma?nqw%{ﬁ?a"lij wﬁmsmﬁnnmt‘fnﬂszt‘fﬂ%{miaﬁﬂuuum?qu%’
(synergy coefficient, R) @auaassiwazdoaluaunmsi (1.16) Tuasanpieslsf Aliquat 336 e
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uaazwlialdimissazmsadagega dmsumsadaloooumsnylavidarsada Aliquat 336 n5o
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31# 3.2 mdwmlsedninmsnszaves lessumsmyiioldmsafaunazania

91314 3.2 i 1dms 19 Aliquat 336 Tumsafaloosumsnylimdulsz@ninsnszao
@u 111 daumsadaleseumsnylavld Cyanex 471 Wmdudszd@nimanszanindiu 027 o
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afa lovoumsny lavldasania Aliquat 336-Cyanex 471 IZedanlssAntarradauueSugniilu
28 §afimnn 1 ugashimsadaloooumsnylavl¥msaia Aliquat 336-Cyanex 471 shufiems

AOAUVLATUONT (synergistic)
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0.08 3.984 0.243 1.953 0.025 0.117 0.006 5099 | 89.71 | 2.94 | 247
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As Hg As Hg As Hg As Hg As Hg
0.0 3.984 0.243 1.610 0.032 0.042 0.006 58.00 86.83 1.05 2.47
0.1 3.984 0.243 1.554 0.025 0.160 0.008 61.00 89.71 4.00 3.29
0.2 3.984 0.243 1.509 0.007 0.261 0.030 61.12 97.12 6.55 12.35
0.5 3.984 0.243 1.731 0.020 0.203 0.015 56.55 91.77 5.10 6.17
0.7 3.984 0.243 1.938 0.040 0.012 0.012 51.36 83.54 2.00 4.94
0.9 3.984 0.243 1.812 0.020 0.264 0.013 41.00 78.00 6.63 5.35
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The simultaneous separation of arsenic and mercury ions from natural-gas-co-produced water was well
achieved by a synergistic extractant through a hollow fiber supported liquid membrane (HFSLM). Aliquat
336, Bromo-PADAP, Cyanex 923 and Cyanex 471 dissolved in toluene were used as the organic extractants
or carriers. The transport system was studied on several variables: types of the extractants, concentration
of the synergistic extractant, concentration of H,SO4 (a co-extractant) in feed solution, types of stripping
solutions {NaOH, DI water, HNOs, H,S04 and thiourea), and the number of separation cycles. The results

ﬁz’:ﬁ;ds" indicated the superior performance of mercury removal to arsenic by every single extractant in this study.
Mercury The synergistic effect on arsenic removal was observed by adding Cyanex 471 in Aliquat 336 resulting
Synergistic in the synergistic coefficient of 2.8. The regulate mercury discharge to the environment not higher than
HFSLM 5ppb was attained within 1-cycle separation by using the mixture of 0.22M Aliquat 336 and 0.06 M

Cyanex 471 as the synergistic extractant and 0.1 M thiourea as the stripping solution with 0.2 M H;S0,4
in feed solution. By 3-cycle separation, 94% arsenic extraction, which was below the legislation limit of

Co-produced water

250 ppb, was obtained.

1. Introduction

In offshore oil and gas production, co-produced water contami-
nated with organic and inorganic compounds, salts, hydrocarbons,
radioactive elements, trace heavy and toxic metals, and chemi-
cal additives used during well drillings came along with oil and
gas [1]. The amounts of the constituents that expose to the envi-
ronment increase with the amount of co-produced water due to
high petroleum demand and older oil and gas wells. In practice,
co-produced water is partially reused and treated before discharg-
ing to the environment or re-injecting into the originated reservoir
depending on its quality and the environmental constraints. Basi-
cally, in the Gulf of Thailand, trace heavy and toxic metals in
co-produced water are arsenic and mercury. The arsenic appears
in As(V) form [2] whereas the mercury appears predominantly
in the element form with the rest in inorganic (such as HgCly),
organic (such as CH3HgCH3 and C;H5HgC,Hs) and organo-ionic
compounds (such as CIHgCH3) [3,4]. Arsenic and mercury toxic-
ity can occur both severe acute and chronic poisoning to human
health |5-7].

* Corresponding author. Tel.: +66 022186891; fax: +66 022186877.
E-mail address: ura.p@chula.ac.th (U. Pancharoen).

0376-7388/3 - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2010.12.013

© 2010 Eisevier B.V. All rights reserved.

According to the permissible discharge limits by both the
Ministry of Industry and the Ministry of Natural Resources and
Environment, Thailand, it is a must for the operators to remove
arsenic and mercury from the offshore waste discharges to no
greater than 250 ppb and 5 ppb, respectively [8]. Chevron, Thailand
has been applied a continuous chemical treatment process to fit
these regulations. However, sometimes the on-line As and Hg
monitors have been problematic to achieve the desired discharge
concentrations |3]. In addition, it is reported that the conventional
methods of metal treatment, for example, precipitation, coagu-
lation, electrolysis, reverse osmosis, carbon adsorption, solvent
extraction, ion exchange, chemical oxidation and reduction are,
however, ineffective at a very low concentration of the contami-
nated metal ions |9].

In accordance with several studies of using liquid membrane
(LM) to remove trace metal ions from aqueous solutions, in par-
ticular, the simultaneous separation of mercury and lignosulfonate
fromdilute synthetic solution by a flat sheet supported liquid mem-
brane |6] and our previous works via hollow fiber supported liquid
membrane (HFSLM) for industrial wastewaters [10,11] and co-
produced waters [12,13], inevitably, HFSLM is a promising method
to treat a very low metal ions concentration effectively. The selec-
tion of types of the extractants and stripping solutions for arsenic
andfor mercury separation was reviewed from the following litera-
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Fig. 1. Schematic mechanisms of the extraction and stripping of H;AsO4~, H3AsO3, H3AsO4 and HgCls2- by a mixture of Aliquat 336 and TIBPS (Cyanex 471) with thiourea

as the stripping solution.

ture because they played important role in the separation. Iberhan
and Wisniewski [14] extracted As(lll) and As(V) by Cyanex 925,
Cyanex 301 and their mixtures of different volumetric ratios by
liquid-liquid extraction with sulfuric acid as a co-extractant. The
result showed that As extraction increased with sulfuric acid con-
centration in the synthetic aqueous feed. Cyanex 301 provided
higher extraction of As(lll) than As(V). The mixture of Cyanex 925
with Cyanex 301 helped remove As(V) significantly, while pure
Cyanex 925 could extract As{V) a little better than As{lll). Fab-
rega and Mansur [15] also used liquid-liquid extraction to remove
Hg(Il) from HC! solution by Aliquat 336 dissolved in commercial
Kerosene Exxol D-80 as the extractant. Mercury was almost totally
extracted within 5minat pH > 1 and satisfactorily stripped of about

99% by using thiourea as the stripping solution. Chakrabarty et al.
|6] found that in the supported liquid membrane (SLM) system,
trioctylamine (TOA) could extract Hg(Il) from pure solution better
than lignosulfonate-mixed solution. Sangtumrong et al. {16} simul-
taneously separated Hg(Il) and As(l1l) ions from chloride media via
HFSLM by TOA dissolved in toluene as the extractant and NaOH
as the striping solution; about 95% Hg(ll) was recovered but none
of As(Ilt). Prapasawat et al. [17] applied HFSLM to separate As(llI)
and As(V)ions from sulfate media and used Cyanex 923 dissolved in
toluene as the extractant and water as the stripping solution. It was
found that As(V) could be extracted more than As(ll1); and the per-
centage of extraction increased with the concentration of H,SO4,
a co-extractant, in feed solution. Uedee et al. [18] attained 100%

Fig. 2. Schematic counter-current flow diagram for one-through-mode separation by hollow fiber supported liquid membrane. 1. inlet feed reservoir; 2. gear pumps: 3. inlet
pressure gauges; 4. outlet pressure gauges: 5. flow meters; 6. outlet stripping reservoir; 7. hollow fiber- module: 8. inlet stripping reservoir; 9. outlet feed reservoir {13].
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Table 1
‘Compositions of co-produced water (pH=6).

Compositions Concentration {ppm)

As 3.984
Hg 0279
Fe 0.169
Mg 2.014
Ca 15.167
Na 18215

extraction and 97% recovery of Hg(Il} ions from chloride media via
HFSLM using TOA dissolved in kerosene as the extractant and NaOH
as the stripping solution.

Recently, Pancharoen et al. separated arsenic and mercury ions
from co-produced water from different gas fields in the Gulf of
Thailand by HFSLM. For co-produced with pretreatment of mercury
to nil, about 91% arsenic was extracted by Aliquat 336 dissolved
in kerosene, and 72% was stripped by NaOH [12]. In the case of
co-produced water from a different gas field without mercury
pretreatment, mercury were highly selective extracted by TOA
dissolved in toluene with NaOH as the stripping solution. The
amount of mercury ions that complied with the regulatory limit
was obtained in 6-cycle separation by using 2% (vfv) TOA and 0.5 M
NaOH ata pH of feed solution of 2.5, and equal flow rates of feed and
stripping solutions of 50 ml/min [13]. Therefore, this current work
focuses on the synergistic extraction to enhance the simultaneous
arsenic and mercury separation from co-produced water via HFSLM
for their regulatory discharge limits because various combinations
of two or more extractants can produce a synergistic effect which
the extractability of a mixture of the extractants is greater than the
sum of their individual extractabilities [19-25]. The mechanism of
the synergistic extraction, types of the extractants, concentration of
the synergistic extractant, concentration of H,SO4 (co-extractant)
infeed solution, types of stripping solutions (NaOH, Dl water, HNO3,
H,S04 and thiourea), and the number of separation cycles were
studied.

2. Theory

The HFSLM system consists of an aqueous leed containing metal
ions and a stripping solution. Feed and stripping phases are sepa-
rated by the supported liquid membrane embedded with one type
of an organic extractant or a mixture of two types of extractants
to enhance the separation. As shown in Fig. 1, the target metal
ifons react with the extractant at the feed-membrane interface to
form complex species. Subsequently, the complex species diffuse
across the liquid membrane (organic phase) to react with the strip-
ping solution at the opposite interface of the membrane then are
stripped into the stripping phase. Thus, the target metal ions can be
extracted and stripped simultaneously in a single step. The trans-
portation rate of metal ions is driven by the concentration gradient
between feed and stripping phases.

Table 2
Properties of the hollow fiber module.

Properties Descriptions
Material Polypropylene
Number of fibers 10,000
Module length 203cm
Module diameter 6.3cm
Porosity 30%

Pore size 0.05mm
Contact area 1.4m?

Area per unit volume 29.3cm?fcm?
Fiber ID 240 pm
Fiber OD 300 pm

It is noted that co-produced water from the Gulf of Thailand
consists of arsenic in undissociated forms (H3AsOs3, H3AsO4) and
dissociated form (H;AsO47), mostly HyAsO4~, residual mercury
after pretreatment as HgCl, and so on. The dissociated form of
H,;AsO4™ is usually converted to H3AsOy. In general, HgCl; is con-
verted to HgCl4%~ in the presence of chloride ions [12,26,27]. Due
to the hazardous waste management regulations, various attempts
have been made to treat HyAsO4~ and HgCl 2~ from co-produced
watersimultaneously. The synergistic extraction by using a mixture
of the selected extractants with favor on specific forms is of great
interest. it is known that the extractant plays an important role
on a separation of metal ions. A hard base extractant, for example,
Aliquat 336 (tri-octyl methyl ammonium chloride: CH3R3N*Cl—)
can extract both dissociated and undissociated forms in a basic
or weak acidic condition but dissociated forms are high favor.
While a neutral extractant like Cyanex 471 (tri-isobutylphosphine
sulfide: TIBPS), which is classified by a hard soft acid base the-
ory [28,29] as a soft base, normally reacts with undissociated
forms but in an acidic condition it can react with dissociated
forms[12,17,28-32]. The extraction reaction of (CH3R3N*)CI~ with
HzAs04~ and HgCl4?~ in co-produced water are shown in Egs. (1)
and (2), and by (CH3R3N*)Cl~ mixed with TIBPS are in Egs. (3) and
(4):

HzASO; + (CH3R3N+)CI_ = (CH3R3N+) . (HzASOZ) +CI™ (1)

HgCI2~ + 2(CH3R3N*)CI™ = (CH3R3N*), - (HgCI2 ™) + 2C1™ (2)

HAsO; + CH3R3N* + m(TIBPS)

= (CH3R3N*) . (H,As0;) - (TIBPS),, (3)

HgCI2~ + 2(CH3R3N*) + n(TIBPS)

= (CH3R3N*), - (HgCI2™) - (TIBPS), (4)

where the over bars represent the complex species, m and n are the
stoichiometric coefficients to be calculated from the distribution
coefficients of the relevant ions at various concentrations of the
extractant used.

To enhance the extraction of undissociated forms by either
basic or neutral extractant, commonly, it is recommended to add
acid solution as a co-extractant |6,16-18,31]. Thus, the reaction
of undissociated arsenic of H3AsO3 and H3AsO4 from co-produced
water with TIBPS is as follows:

M + H*HSO; + TIBPS = M - HSOy - TIBPS (5)

where M stands for H3AsO3 or H3AsO4 and the over bar is the
complex species. ’

Fig. 1 shows the descriptive schematic mechanisms of HyAsO4~
and HgCl42~ with the synergistic extractant and stripping solu-
tion. The complex species reacted with the stripping solution. Large
anion in the structure of thiourea (NH,CSNH, ) was strong enough
to strip mercury complex ion from Aliquat 336, which was com-
posed of a large organic cation associated with a chloride ion [15].
The undissociated complex form of H3AsO3 or H3AsO4 was stripped
by an aqueous solution of thiourea. Water in thiourea solution was
presumed to take part as the stripping solution same as Prapa-
sawat et al. used pure water in As(lll) and As(V) separation [17].
The stripping reactions can be proposed in Eqs. (6) and (7):

(CH3R3N*), - (HgCI2™) - (TIBPS), + y(NH;CSNH;)

= 2(CH3R3N*)CI™ + HgCl, - (NH,CSNHy ), + n(TIBPS) (6)
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Table 3
The reviewed methods for arsenic and mercury ions removal.

Authors Feed solutions lons removal Extractants Methods Separation (%)
{concentration
of feed
solutions:
ppm)
Arpa et al. |39] Synthetic Pb(11), Hg(l1), - IE 1.81 for Hg and
water cd(in (100 Pd, and 1.4 for
each) cd
Wisniewski Synthetic As(il1) (5,000), Cyanex 923 LL 40 for As(111) 63
[30} water As(V) (5.000) for As(V)
Francis et al. Wastewater Hg(I1) (20) Cyanex 471X LL =100
140] from Board of
Radiation and
[sotope
Technology
(BRIT), India
Meera et al. Synthetic Hg(1l) (20) Cyanex 923 LL ~100
[41] water
Huebra et al. Contaminated Hg(1)(4.75) LIX 34 LL 95
[42] sludge
Fabrega and Synthetic Hg(11) (401.2) Aliquat 336 LL =100
Mansur [15] water
Jabbarij et al. Synthetic Hg(i) (10) DC18C6 BLM 95
[43] water
Perez [31] Synthetic As(V)(75) Cyanex 921 SLM 94
water
Fontas et al. Synthetic Hg(l)(10) N-benzoy!- HFSLM 100
[44) water, Sea N’ N'-
water diheptadecylthiourea
Sangtumrong Synthetic Hg(11) (20), TOA HFSLM 100
etal. [16} water - As(111) (20)
Prapasawat Synthetic As(111) (20), Cyanex 923 HFSLM 46
etal.[17] water As(V)(20)
Pancharoen Co-produced As(I1) (1.2842) Aliquat 336 HFSLM a1
etal. [12] water
Pancharoen Co-produced Hg(11) (1248) TOA HFSLM =100
etal. [13] water
This work Co-produced As(V)(0.279), Mixture of HFSLM 98 for As 100
water Hg(1) (3.982) Aliquat 336 for Hg
and Cyanex
471

Note: IE, ion exchange; LL, liquid-Jiquid extraction; BLM, bulk liquid membrane; SLM, supported liquid membrane; and HFSLM., hollow fiber supported liquid membrane.

H3As04 - H2S04 - TIBPS + HpO = H3AsO4 + H;504 + TIBPS + H,0
7

Luo et al. determined the synergistic coefficient (R) in terms of
the distribution coefficients [25]:

Dmax .
*=,+Dy) )

where Dpax 1s the maximum distribution coefficient or distribu-
tion ratio of the synergistic system to extract the specified ions. For
example, the synergistic systems are the mixture of the extractants
A and B or A and C to extract arsenic ions. (D) + D) is the summa-
tion of the distribution coefficient in each single extraction system,
viz.A,Bor A, C. The greater synergistic coefficient of Aand B system
than that of A and C system is, the higher extraction of arsenic by
the mixture of A and B was obtained.

The extraction equilibrium constants (Kex) of arsenic and mer-
cury ions are as follows:

[(CH3R3N*) - (H,As0; ) - (TIBPS),,]
[H2As0; lICH3R3N* |[TIBPS]™

(9)

Kex,As =

Koo e — [(CH3R3N*), - (HgCI2™) - (TIBPS),]
ex, -
¢ [HgCI2~ |[CH3R3N* *[TIBPS] #

(10)

The distribution coefficients (D) for arsenic and mercury extrac-
tions by the mixture of Aliquat 336 and Cyanex 471 can be
calculated by

_ [(CH3R3N*)- (H,As0;) - (TIBPS),,|

D
As [H2As0; ]
= Kex'As[CH3R3N+|[TIBPS]"' (11)
pre.  \(CH3RsN"); - (HgClIZ™) - (TIBPS), |
Hg = _
[HgCl3™]
= Kex, ng| CH3R3N* *[TIBPS] " (12)

The permeability coefficient (P) by Denesi |33] is expressed as

Gy B
=Vrin <—Cr—o> _Al’mt (13)
where
R
= PLenNr, (14)

where P is the permeability coefficient (cm/s); V; is the volume
of the feed (cm3); C¢, is the mercury ion concentration at time 0
(mol/L); Gy is the mercury ion concentration at time ¢ (mol/L); A is
the effective area of the hollow fiber module (cmz); t is the time
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(min); Qs is the volumetric flow rate of feed solution (cm3/s); L is
the length of the hollow fiber (cm}); ¢ is the porosity of the hollow
fiber (%); N is the numbers of hollow fibers in the module; r; is the
internal radius of the hollow fiber (cm); The relevant mass transfer
coefficients (k; and ks) and permeability coefficient are as follows:

1 1 Ty 1+ri]
Nm Pm  Toks

LR (15)

I'm and r, are the log-mean and external radius of the hollow fiber.
P is the membrane permeability coefficient which is related to the
distribution coefficient as shown [34]:

P = Dkm (16)

Therefore, the membrane permeability coefficients for arsenic
(Pm.as) and mercury (Pm g ) are as follows:

P as = Kex, askm[CH3R3N* ][ TIBPS]™ (17)
Prn. g = Kex, Hgkm| CH3R3N* I [TIBPS]" (18)

where kg, 1s the membrane mass transfer coefficient.

3. Experimental
3.1. Reagents and materials

The feed solution was co-produced water from the gas sep-
aration plant in the Gulf of Thailand and supplied by the PTT
Exploration and Production Public Company Limited (PTTEP).
The compositions of the co-produced water, shown in Table 1,
were analyzed by the inductively coupled plasma spectroscopy
(ICP). Different types of extractants dissolved in toluene were
Aliquat 336 (tri-octyl methyl ammonium chloride, 94% purity
from Cognis Ltd.), Bromo-PADAP (2-(5-bromo-2-pyridylazo)-5-
(diethylamino)phenol, 98% purity from Sigma-Aldrich PTE Ltd.),
Cyanex 471 (tri-isobutylphosphine sulfide, 98% purity from Cytec
Canada Inc.) and Cyanex 923 (trioctylphosphine oxide, 94% purity
from Cytec Canada Inc.). Sulfuric acid, analytical grade, was used
as the co-extractant. Four stripping solutions from Merck Ltd. were
sodium hydroxide (98% purity), nitric acid (65% purity), sulfuric acid
(97% purity) and thiourea (98% purity). All stripping solutions were
aqueous solutions except thiourea was dissolved in dilute HCl acid
solution.

3.2. Apparatus

The hollow fiber supported liquid membrane (HFSLM) system
from Liqui-Cel® Laboratory Liquid/Liquid Extraction System, which
was composed of two gear pumps, two variable flow rate con-
trollers, two rotameters and four pressure gauges, was used. This
hollow fiber module was Celgard® microporous polypropylene
fibers woven into fabric and wrapped around a central-tube feeder
to supply the shell side fluid. The property of hollow fiber module is
shown in Table 2. The concentrations of arsenic and mercury were
determined by the ICP.

3.3. Procedures

The potential extractants from literature reviews to remove
arsenic and mercury were tested by solvent extraction using var-
ious concentrations to select a suitable type of the extractant and
its concentration of the highest arsenic and mercury extractability
for further study in the HFSLM system. The single-module HFSLM
operation is shown in Fig. 2. The selected organic extractant was
circulated in shell and tube sides of the hollow fiber module for
20 min to ensure the extractant was entirely embedded in micro
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Fig.3. The maximum percentages of metal ions extraction from co-produced water
against types of the extractants by solvent extraction: {A) 0.22 M Aliquat 336, (B)
0.002 M Bromo-PADAP. (C) 0.06 M Cyanex 471, (D) 0.51 M Cyanex 923, (E) 0.22 M
Aliquat 336-0.06 M Cyanex 471.

pores of the fibers. The co-produced water feed solution and strip-
ping solution were pumped counter-currently into the tube side .
and shell side of the HFSLM, respectively. The effects of types of
the extractants, concentration of the synergistic extractant, con-
centration of H,SO4 (a co-extractant) in feed solution from 0 to
0.9 M, types of stripping solutions (NaOH, DI water, HNOs, H,SO4
and thiourea), and the number of separation cycles on arsenic and
mercury removal were studied. According to our previous work, the
optimum flow rates of feed and stripping solutions of 100 m}/min
for the highest mass transfer by HFSLM were fixed [18].The operat-
ing time for each separation cycle was 40 min. A 10-ml sample was
taken from the feed and recovery reservoirs to determine arsenic
and mercury ion concentrations by the ICP.

4. Results and discussion

4.1. The effects of extractants on the extraction of arsenic and
mercury by solvent extraction

The maximum percentages of arsenic and mercury extraction
from co-produced water (pH about 6) of each potential extrac-
tant at its concentration are shown in Fig. 3. It was found that
all of the extractants had much higher extractability of mercury
than arsenic. The single basic extractants, 0.22 M Aliquat 336 and
0.002 M bromo-PADAP, could extract arsenic more than the single
neutral extractants of 0.06 M Cyanex 471 and 0.51M Cyanex 923
due to the extractive capability of both dissociated and undissoci-
ate arsenic forms [32]. When Cyanex 471 was added with Aliquat
336, the percentage of arsenic extraction abruptly increased. This
is because of synergistic effect of Cyanex 471 with the synergis-
tic coefficient (R) to arsenic ions of 2.8 by Eq. (8) [25] and Fig. 4.
Higher synergistic coefficient of Aliquat 336 and Cyanex 471 system
than 1 means that the system has the synergism on arsenic extrac-
tion. The combination of these extractants is considered to generate
the complex species, (CH3R3N* ) - (H,AsO3 ) - (TIBPS),, in the mem-
brane phase (see Fig. 1), that are more hydrophobic than the species
obtained by the single extractant of Aliquat 336 or Cyanex 471. This
agreed with those found and explained by Atanassova and Gaik-
wad [35,36]. As a result, by using a binary mixture of Aliquat 336
(a hard base extractant) and Cyanex 471 (a neutral extractant clas-
sified as a soft base) in this study, the amount of As which could
not be extracted much by only one extractant increased due to the
synergistic effect.
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Fig. 4. The distribution coefficients of As(V) against types of the extractants.

The sequences of percentages extraction of metal ions were
shown as follows:

As: Aliquat 336-Cyanex
PADAP> Cyanex 471> Cyanex 923,
Hg: Aliquat 336-Cyanex 471 > Aliquat 336> Cyanex 923 > Bromo-
PADAP = Cyanex 471.

471> Aliquat 336> Bromo-

4.2. The effect of synergistic extractant concentration

Fig. 5 shows the correlation between the percentages of extrac-
tion and recovery against the concentration of the mixture of the
synergistic extractantof Aliquat 336 and Cyanex 471.From Fig. 5(a),
the percentages of arsenic and mercury extractions increased when
the concentration of Aliquat 336 in the synergistic extractant
increased. The same phenomena were observed in case of Cyanex
471 in Fig. 5(b). The percentage of mercury extraction was slightly
increased while that of arsenic was distinctly increased because
most of mercury ions was almost completely extracted by a sin-
gle extractant of Aliquat 336 and Cyanex 471; while arsenic ions
could be extracted actively by the synergistic elfect of the selected
extractants |25,37]. This could be explained by Le Chatelier’s prin-
ciples that the extraction increased when the concentration of
the extractant increased. The maximum arsenic extraction was
attained at the concentrations of Aliquat 336 and Cyanex 471 in
the mixture of synergistic extractant of 0.22 M and 0.06 M, respec-
tively. The percentage of arsenic extraction was then decreased
due to the excessive viscosity from high concentration. Accord-
ing to the molecular kinetic interpretation by Stokes and Einstein,
the increase in high viscosity leads to lower diffusion coefficient
resulting in lower extraction. Chakrabarty et al. |38] also observed
that the viscosity of membrane phase increased with the extractant
(TOA) concentration, resulting in the decrease of flux.

4.3. The effect of H,504 concentration in feed solution

The results in Fig. 6 implies that by adding H,SO4 (0-0.9M) in
feed solution of co-produced water helps increase the extraction
and recovery of arsenic and mercury by the mixture of basic and
neutral extractant. It is reported that the highest extraction of mer-
cury was obtained by using TOA, a basic extractant, with a weak
acidic feed containing 0.2 M HCI [16]. Perez et al. [31] found that a
neutral extractant (Cyanex 921) reacted well with arsenic in feed
added 1.6 M H,S04. The extraction percentage was lower at very
low concentration of H,S04. In accordance with the results shown
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Fig.5. Percentages of metal ions extraction and recovery against the concentrations
of the extractants via HFSLM by using 0.5 M NaOH as the stripping solution without
the co-extractant: (a) Aliquat 336 mixed with 0.06 M Cyanex 471. (b) Cyanex 471
mixed with 0.22 M Aliquat 336. .

in Fig. 6, a basic extractant as Aliquat 336 performed effectively
in a basic solution in general, or in weak acidic solution (low acid
concentration in feed solution). Therefore, we recommend to add
a little H,S04 (0.2 M) in feed solution to enhance the extractability”
for arsenic and mercury of the extractant as found in this work and
for a longer lifetime of the membrane.

4.4. The effects of stripping solutions

Among the stripping solutions used in this work, i.e.,, NaOH,
DI water, HNO3; H,S04, and thiourea (NH;CSNH;) was found to
be the best stripping solution for arsenic and mercury as seen in
Fig. 7. With large anion in the structure, thiourea was strong enough
to strip mercury complex ion. NaOH showed less performance in
metal ion stripping than thiourea, moreover, it yielded precipitates
of HgO or Hg that could cause membrane fouling leading to low
transport of mercury ions while no precipitates were found by using
thiourea [6,15].

The effect of thiourea concentration of 0.01-0.4M on the
recovery of mercury and arsenic ions were shown in Fig. 8. The per-
centage of mercury recovery progressively increased with thiourea
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Fig. 9. Percentages of metal ions extraction and recovery against the number of
separation cycles through HFSLM by using the mixture of 0.22 M Aliquat 336 and
0.06 M Cyanex 471 as the extractant and 0.1 M thiourea as the stripping solution
with 0.2 M H,S0, as the co-extractant.

concentration up to 0.1 M, subsequently decreased. Based on Le
Chatelier’s principle the stripping reaction moved forward when
the concentration of the stripping solution increased. The percent-
age of mercury recovery is much higher than arsenic due to higher
extractability of mercury than arsenic in the extraction stage. From
Fig. 8, for 1-cycle separation, the highest percentage of mercury
recovery about 46% was achieved at 0.1 M thiourea.

4.5. The effect of the number of separation cycles through the
hollow fiber module

It was found that by 1-cycle separation using the synergistic
extractant via HFSLM, the percentages of extraction of arsenic and
mercury were 62% and 97%, whereas the percentages of recovery
were 11% and 46%, respectively. The mercury level in co-produced
water reached the regulation of wastewater discharge issued by
the Ministry of Industry, Thailand, i.e., less than 5 ppb. From Fig. 9,
to enhance the extractability and recovery, a multiple-cycle was
investigated. The results were obtained with highly achievement.
By 3-cycle separation, 94% arsenic was removed; the arsenic level
in co-produced water decreased below the legislation discharge of
250 ppb.

" Table 3 summarises previous studies on arsenic and mercury
treatment using different methods. It is obvious that HFSLM is an
efficient method to separate a very low concentration of arsenic
and mercury from the feeds containing the contaminations, e.g.,
co-produced water in this work. It is worth to be noted that for
the feed having more than one contaminated metals or the same
metal with different oxidation states, by using a single extractant
may not be enough to accomplish the treatment. The well-matched
extractants must be considered for their synergism.

4.6. Distribution coefficients and extraction equilibrium constants

The distribution coefficients (D) of arsenic and mercury from the
separation by HFSLM, shown in Table 4, were estimated from the
linear curve in Fig. 5(b) and used Egs. {11) and (12). The increas-
ing of the distribution coefficient indicates the enhancement of
extractability. From Table 4, the distribution coefficients increased
with the concentration of Cyanex 471. The maximum distribution
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Table 4

The distribution coefficients of arsenic and mercury at Cyanex 471 concentration
from 0.02 to 0.07M mixed with 0.22 M Aliquat 336 (0.5M NaOH as the stripping
solution),

Table 5

The permeability coefficients of arsenic and mercury at TIBPS concentration from
0.02 to 0.07 M mixed with 0.22M Aliquat 336 and 0.5M NaOH as the stripping
solution.

Cyanex 471 (M) Distribution coefficients TIBPS (M) P(x10% cm/s) P(x103 cm/s)
Arsenic Mercury Arsenic Mercury

0.02 0.63 - 0.02 5.47 -

0.04 1.13 4.52 0.04 8.90 33.98

0.05 1.32 5.57 0.05 9.81 40.94

0.06 1.47 6.59 0.06 11.54 48.37

0.07 - 8.72 0.07 - 53.14

coefficients of arsenic and mercury were attained at 0.06 M Cyanex
471 and 0.07 M Cyanex 471, respectively.

The distribution coefficients in Eqs. (11) and (12) were rewritten
as follows:

log Dps = log (Kex.as - [CH3R3N*]) + m log [TIBPS] (19)

log Dyig = 108 (Kex 1ig - [CH3R3N* 1) + n log {TIBPS] (20)

The stoichiometric coefficients (m and n) were calculated from
the plots of log Das and log Dy against log | TIBPS]. The linear rela-
tionships with slopes m=0.7917 or 4/5 for arsenic extraction and
n=1 for mercury were obtained. The slopes, m and n, were substi-
tuted in the synergistic extraction equations (Eqs. (3) and (4)). The
equilibrium constants of arsenic (Kex as) and mercury (Key 1ig ) were
determined by Eqs.(9) and (10) and the slopes obtained in Fig. 10(a)
and (b). The equilibrium constant of mercury (1622 (I/mol)?) was
much higher than that of arsenic (62.7 (I/mol)®/3) suggesting that
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Fig. 10. The equilibrium constants: (a) plot of {{CH3R3N*)2(H2As04~ J(TIBPS)4s]
and [H2AsO,~ J|CH3RsN*|[TIBPS]¥S at equilibrium for As(V) and (b) plot of
[{CH3R3N* },(HgCly2~ XTIBPS)] and {HgCla2- J{CH3R3N* J2[TIBPS) at equilibrium for
Hg(Il).

the extraction of mercury was higher than arsenic which was in
accordance with the results obtained from the pilot scale.

4.7. Permeability and mass transfer coefficients

The permeability coefficients of arsenic and mercury, which
related to the concentration of Cyanex 471 from 0.02 to 0.07 M,
were obtained from Egs. (13) and (14) and the slopes (APB/(3+1))
of the plot between —V; In(Cy/Cy,) versus t. From Table 5, it could
be observed that the permeability coefficients increased with the
concentration of TIBPS. The permeability coefficients of mercury
were higher than those of arsenic, implying higher mass transfer
or higher extraction of mercury ions.

Eqgs. (21) and (22) were attained by substituting the membrane
permeability coefficients (Pm as) and (P yig) in Eqs. (17) and (18) to
Eq. (15); assuming the stripping reactions of arsenic and mercury
were instantaneous and no contribution of the stripping phase:

bt 1 21)
Pmas ki Nim o Key psken|CH3R3N* [ TIBPS]?/®
1 1 i 1
=+ g > (22)
Pmng ki N Ky ugkm[CH3R3N* | [TIBPS]

The organic-phase and aqueous-phase mass transfer coeffi-
cients (km and k;) of arsenic were determined from the plot of
1/Pmas against 1J(|CH3R3N* ]| TIBPS]%/3). The slope and the ordi-
nate were (r;/rm)(1/Kexas km) and 1/k;. Accordingly, km and k; of
arsenic were 1.02 x 10~4 and 0.0392 cm/s. Similarly, the values of
mercury were 1.27 x 107> and 2.210 cm/s from the plot of 1/Prng
against 1/([CH3R3N*J2[TIBPS]). The organic-phase mass transfer
coefficients were lower than the aqueous-phase mass transfer coef-
ficients showing that the mass transfer within the membrane was
the rate controlling step.

5. Conclusions

The outstanding feature of HFSLM technique is its ability to treat
metal ions of a very low concentration that are hardly treated or
not possible by general separation techniques. Moreover, the tar-
get metal ions can be extracted and stripped simultaneously in a
single step. In this work, the mercury contaminated in co-produced
water was almost totally extracted by every single organic extrac-
tant used. A greater mercury extraction was observed than arsenic
extraction. Of all the single extractants, Aliquat 336 showed supe-
rior mercury extraction. However, the synergistic effect on arsenic
extraction was obviously found by using the mixture of 0.06 M
Cyanex471and 0.22 M Aliquat 336. The calculated synergistic coef-
ficient to arsenic ions was 2.8. Thiourea was found to be the best
stripping solution. The discharge concentrations of mercury and
arsenic in co-produced water to the environment complied with
the legislation limits determined by 1-cycle separation and 3-cycle
separation, respectively. The highest percentages of arsenic and
mercury extractions were achieved by using 0.2M H;S0, in feed
solution, the synergistic extractant of 0.22 M Aliquat 336 mixed
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with 0.06 M Cyanex 471, and 0.1 M thiourea as the stripping solu-
tion at 4-cycle separation.
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