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Selective Separation of Lead and Mercury lons
from Synthetic Produced Water viaa Hollow
Fiber Supported Liquid Membrane

S. Suren, U. Pancharoen

Abstract—A double module hollow fiber supported liquid
membrane (HFSLM) was applied to selectively separate lead and
mercury ions from dilute synthetic produced water. The experiments
were investigated on several variables. types of extractants
(D2EHPA, Cyanex 471, Aliquat 336, and TOA), concentration of the
selected extractant and operating time. The results clearly showed
that the double module HFSLM could selectively separate Pb(l1) and
Hg(ll) in feed solution at a very low concentration to less than the
regulatory discharge limit of 0.2 and 0.005 mg/L issued by the
Ministry of Industry and the Ministry of Natural Resource
Environment, Thailand. The highest extractions of lead and mercury
ions from synthetic produced water were 96% and 100% using 0.03
M D2EHPA and 0.06 M Aliquat 336 as the extractant for the first
and second modules.

Keywor ds—Hollow fiber, Lead ions, Liquid membrane, Mercury
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|. INTRODUCTION

I N offshore oil and gas production, produced water
contaminated with toxic metals, in particular lead and
mercury came along with oil and gas. The amounts of
contaminants that expose to the environment increase with the
amount of produced water due to high petroleum demand.
Lead almost appear in PbCl, form [1] and mercury in the
Hg(ll) form [2, 3]. Without an appropriate treatment of
produced water, lead and mercury or their compounds may
contaminate the ecosystem through surface water, underground
water and soil. They can occur both severe acute and chronic
poisoning to human health [4, 5]. The Ministry of Industry and
the Ministry of Natural Resources and Environment, Thailand,
have been issuing the regulatory discharge limits of lead and
mercury from industrial wastewaters not higher than 0.2 and
0.005 mg/L [6]. In practice, toxic metal ions in produced water
are treated by using precipitation, coagulation, adsorption and
ion exchange together and the system was controlled by on-
line monitors. However, sometimes the system has been
problematic to achieve the desired discharge concentrations of
metal ions.
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It is reported that these conventional methods are aways
ineffective at a very low concentration of the contaminated
metal ions in ppm or ppb level, eg., lower than 100
mg/L [7].

According to severa studies of using hollow fiber supported
liquid membrane (HFSLM) to treat metal ions from aqueous
solutions or wastewaters, inevitably, HFSLM is an effective
method to treat a very low concentration of metal ions [8-10].
The HFSLM system combines separation and striping stepsin
one single-step operation. This makes the process very
compact and reduces energy consumption and capital and
operating costs. The separation by HFSLM prefers highly
selective separation [11, 12]. High surface area of hollow fiber
module gives the sufficient separation rates for industria
purposes. The hollow fiber modules can be connected
consecutively in series or parallel for a large capacity [13].
Thus, the HFSLM was investigated to cope with the constraint
due to very low-level concentration of metal ions.

Types of extractants and stripping solutions play significant
roles on removal of metal ions via the HFSLM. Then, they
were reviewed from the following literature. Escobar et al.
[14] used hollow-fiber contactor to extract lead(I) from
cadmium(ll) in chloride media using di-2-ethylhexyl
phosphoric acid (D2EHPA) dissolved in n-heptane as the
extractant. The result showed that lead(l) was removed about
97% after extraction for 7 h a 0.1 M D2EHPA and 0.1 M
chloride media. Fabrega and Mansur [15] studied the
extraction of Hg(ll) from HCl solution by liquid-liquid
extraction using Aliquat 336 dissolved in kerosene as the
extractant. Mercury(ll) was amost totally extracted within 5
min and it was stripped out satisfactorily by using thiourea as
stripping solution. Francis et al. [16] demonstrated that Cyanex
471X could be used as a potential extractant for the extraction
of mercury(ll) from the brine dudge of the Chlor-Alkali
industry. Hg(Il) of about 99% was recovered by thiosulfate,
ammonium chloride, or sodium chloride. Pancharoen et al.
[17] investigated the selective extraction of Hg(ll) from
produced water at a very low concentration via HFSLM using
TOA dissolved in toluene as the extractant and NaOH as the
stripping solution. The amount of mercury ions that complied
with the regulatory limit was obtained in 6-cycle separation at
2% (v/v) TOA and 0.5 M NaOH.
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Recently, we observed that 0.9 M HCIl was the best Il. THEORETICAL BACKGROUND
stripping solution for stripping Pb(ll) from D2EHPA PbCL, HgCh, and NaCl were used for preparing feed
extractant [18]. This work focuses on the selectigparation solution. PbGl presents in the form of Pband HgC} in the
of lead and mercury ions from dilute synthetic proetd water Presence of chloride ions dissociates to HGGL9]. In the
via a HFSLM to comply with the regulatory dischatgeits. ~HFSLM operation, feed and stripping solutions azpasated
Types of extractants, concentration of the seleetacactant, bY the supported liquid membrane embedded withrgarnc

and operating time were investigated. extractant. Figs. 1 and 2 show schematic mass poaiss of
Pb(Il) and Hg(ll). The target ions Pb(ll) and HY(lh feed

solution react with the organic extractant at gedfmembrane
interface to form complex species. Subsequently,cttmplex
species diffuse across the liquid membrane to tamionane-
striping interface to react with the stripping g@ua. Then, the
metal ions are released to the stripping phase.

Feed phase Liquid membrane Stripping phase

Pb2* — < 2HR \ _» Pb?
\/ ,
//\ PhD / A

2H" « PbR; T 2H*

Fig. 1 Schematic mechanisms of the extraction &mgping of Pb(ll) using D2EHPA as the extractanta1Cl as the stripping solution

Feed phase Liquid membrane Stripping phase

_» HgCl, [(NH,CSNH,),
/

HgClZ™ — < 2(CH;R;NY)CI
4 \/ 33

\
/ AN
2cI «” \ (CH4R;N "), HgCIZ ~~ y(NH,CSNH,)

Fig. 2 Schematic mechanisms of the extraction &iybing of Hg(ll) using Aliquat 336 as the extrant and thiourea as the stripping solution

The extraction of Pb(ll) and Hg(ll) from feed sadut by  ppR, +2H* - P + 2HR A3)

D2EHPA (HR) and Aliquat 336 (CHsRsN*)CI™) as shown

TN 2- ; ;
in Figs. 1 and 2 can be described as (1) and (2). In the case ofCH;R;N "), THACl; species, it react

continuously with NHCSNH, at the membrane-stripping
interface to strip Hg(ll) to the stripping phase falows:

P + 2HR ~—  PDR +2H' 1)
(CH3R3N™), HgCIy + y(NH,CSNH,) <——
HgCIy +2(CHRN)CIT < 2CH RN )CI™ + HgCl, (NH,CSNH,), (4)
(CH3R3N™), [HgCIF™ +2CI 2)

I1l. EXPERIMENTAL
A. Reagents and Solutions

Extractants were D2EHPA (di-(2-ethylhexyl)phosphori
acid) from Merck Ltd., Cyanex 471 (tri-isobutylpipdéne
sulfide) from Cytec Canada Inc., Aliquat 336 (triydanethyl
ammonium chloride) from Cognis Ltd., and TOA (tri-n
octylamine) from Sigma-Aldrich. Toluene for using diluent

The overbar denotes the species in the organicepigsid
membrane phase).

The complex species oPbR. react continuously with
hydrogen ion at the membrane-stripping interfacestop
Pb(ll) to the stripping phase as follows:
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was obtained from Merck Ltd. PbCIHgCL, and NaCl for B. Apparatus
preparing feed solution were obtained from Sigmarigh The single and double module HFSLM systems wera/sho
Co.LLC, Ajax Finechem Pty Ltd., and LobaChemie;

. . ) c in Fig. 3. Each system was composed of a hollowr fibe
respectively. AR grades of hydrochloric acid andbuhea module, two gear pumps, two rotameters with vaeiatdw

(NH.CSNH,) as stripping solution were obtained from Merck e controllers, and four pressure gauges. Thievadiber
Ltd. and RFLC (New Zealand). Hydrochloric acid andnqoqyle is Celgaf® microporous polypropylene fibers woven
thiourea were sel_ected as stripping solutlons_ fip #¢ad and i fabric and wrapped around a central-tube feedisupply
mercury, respectively, because from previous woley he ghell side fluid. The propertics of the hollobefi module
showed high lead and mercury recovery [18, 20]. are listed in Table I. The magnetic stirrer (moGAIT-V1)
from Protronics Intertrade Co., Ltd. was used tdadeg feed
and stripping solutions. The inductively coupledagpha
optical emission spectrometer (ICP-OES) from JY ®ODY
JOBIN YVON was used to determine the concentratién

metals ions.
e
(4]
@
o  o®
-® |
e|'ir-|
e
Inlet feed reservoir Stripping reservoir Outlet feed reservoir
()
1 st module 2 " module
(5) [5) Y-
)
o © 4
©1
(2]
|
o .
|
Inlet feed reservoir Stripping reservoir Feed reservoir Stripiing reservoir  Outlet feed reservoir

(b)

Fig. 3Schematic counter-current flow diagram for separatia HFSLM by continuous flow of feed and cirdirg flow of striping solution.
1. gear pumps; 2. flow meters; 3. inlet pressureygs; 4. outlet pressure gauges; 5 hollow fiberutesd (a) Single module HFSLM
operation. (b) Double module HFSLM operation

C. Procedures time were investigated. The suitable types of examts and

Double module HFSLM system were applied to selettiv their concentration of the highest selective sejmareof lead
separate lead and mercury ions, one module forctsede and mercury were studied by using single module IS
separation of lead ions and another module for umgripns. ~ Finally, the double module HFSLM system was applied
Types of extractants (D2EHPA, Cyanex 471, Aliquas Znd study the operating time on the selective separatidead and
TOA), concentration of the selected extractant, apdrating Mmercury ions.
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The single module and double module HFSLM operation To selectively separate lead and mercecury ion&§HFPA
were shown in Fig. 3. The extractant dissolvingaluene as and Aliquat 336 were selected for further studies ather
liguid membrane was circulated simultaneously iellsend relevant variables.
tube sides of the hollow fiber module for 25 min. 100

Subsequently, distilled water was fed through thiolv fibers o | ] ] -
to flush excess liquid membrane. After that, edloaV rates of «

feed and stripping solutions were simultaneousty iféo the < 80 ¢ —
tube and shell sides of the HFSLM with continuolasvfof S 70t

feed and circulating flow of striping solution. Fnoprevious § 60 |

work [18], these flow patterns of feed and strigpsolutions >

attained a high concentration of Pb(ll) in thegging solution G SO |

with less-solution consumption. Finally, 10 mL feeohd % 40

stripping  solutions were sampled to determine the § 30|

concentrations of lead and mercury ions by the G study s

the effects of types of extractants and conceomatf the & 20|

selected extractant, 1 L of feed and stripping tauhs was 10 |

used and the solutions were sampled at 10 min.effleet of 0 ‘ I_

operating time was studied by using 8 L of feedisoh and 1

e . . D2EHPA Cyanex471 Aliquat 336 TOA
L of stripping solution. The solutions were samptdevery ’
10 min up to 80 min. HCI and thiourea were usesttip lead Types of extractants
and mercury ions, respectively. The concentratafridCl and B Pb(n 0 Hg(lh = Na())

thiourea were 0.9 M and 0.1 M which were the sl#ab Fig. 4 Percentage of metal ions extraction agaypsts of extractants
concentrations from previous works [18, 20]. (0.03 M each) using single module hollow fiber b9 ¥ HCI as
striping solution with continuous flow of feed aaidculating flow of
TABLE |

PROPERTIES OFTHE HOLLOW FIBER MODULE

Characteristics

Descriptions

striping solution at equal flow rates of 100 mL/min

B. Effect of D2EHPA Concentration on the Selective

Material Polypropylene Separation of Lead lons
Module diameter 6.3cm
Module length 20.3cm D2EHPA was used to study the selective separafidead
Number of hollow fibers . 35,000 ions from feed solution containing Pb(ll), Hg(IRnciNa(l). As
'O”S't‘;%:'32§2{e?f;?§12‘;:3}’;$$er gggum shown in Fig. 5, the percentage of Pb(ll) extractabruptly
Effective length of the hollow fiber 15 cFan increased with the cor)centra_tlop of D_2EHPA. _Th|s
Contact area 1.4 nt corresponded to Le Chatelier's principle that if aeactant is
Area per unit volume 29.3 crffem® added to the system, the system reacts in a wagdat up.
ﬁg:gssiize 2-59)/3 mm When the concentration of D2EHPA increased to (M)3
Tortuog;ty 2_6° Pb(ll) was almost totally extracted. The highestcpatage of
Pb(ll) extraction was 96%. Hence, 0.03 M D2EHPA was
IV. RESULTS ANDDISCUSSION recommended.

A. Effects of Extractants 100
The effects of extractants were studied by usinglsi %

module hollow fiber. The results are shown in Fi#. < 80

D2EHPA was found to be the best extractant for ctiele % 70

separation of lead ions. High percentage of leauaeton g 60 - —e— % Pb(ll)

without extraction of mercury by D2EHPA can be expéd 3 —e— % Hg(ll)

that lead ions in feed solution are in the*Plorm that can E 50 —A—% Na()

react well with the acidic extractant D2EHPA whitercury 2 40 ’

ions are in the HgGﬁ' form that cannot react with the acidic E 30

extractant [21].For the separation of mercury, Cyanex 471 20 |

was found to be the best extractant. Howerver,stilective &

seperation of mercury by Aliquat 336 and TOA waghkr 10 X

than that by the Cyanex 471. This is because tiouad 336 0 - &

and TOA are the basic extractant that can readtwittl anion 0 0.02 0.04 0.06 0.08 0.1

of HgCL* and does not react with cation. Basic extractént o

Aliguat 336 showed more performance in mercuryaetion

Concentration of D2EHPA (M)
Fig. 5 Percentage of metal ions extraction agaostentration of

than basic extractant of TOA because Aliquat 336 (®2EHPA using single module hollow fiber by 0.9 M H& striping

quaternary amine) is more basicity than TOA (aggrtamine)
[22].

solution with continuous flow of feed and circutagiflow of striping
solution at equal flow rates of 100 mL/min
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C. Effect of Aliquat 336 Concentration on the Selective 30
Separation of Mercury lons —e—PDb(ll) in outlet feed

To selectively separate mercury ions from feed tamiu | —o—Pb(ll) in outlet stripping
containing Pb(l1), Hg(ll) and Na(l), Aliquat 336 waelected —e—Hg(hin ouletfeed
as the extractant and 0.1 M thiourea which is bistatripping | —°—Ha(l) in outlet stripping
solution from previous work [20] was used as tlgging
solution. The results were shown in Fig. 6. It whswn that
the percentage of mercury extraction increased with
concentration of Aliquat 336. This corresponded lte
Chatelier's principles. The maximum percentage a(Ihi
extraction of 100% was attained at 0.06 M Aliqué&6.3

25

2.0

15

1.0 |

Concentration of metal ions (mg/L

Therefore, 0.06 M Aliquat 336 was recommended. 0.5
100 F 0.0
90 0O 10 20 30 40 50 60 70 8 90
S’E/ 80 - (a) First module
.% 70 k Time (min)
S el —— % Ph(ll)
< 3.0
2 50 —o— % Hg(l) o —e— Pb(ll) in outlet feed
o S —&— Pb(ll) in outlet stripping
L —— % Na(l =2 L
E 40 6 Nal) E 25 —e— Hg(ll) in outlet feed
& 30 F 2 —e— Hg(ll) in outlet stripping
o o 20t
g ¢ g
(]
10 ¢ E 15
ol—o—0—0——0 o o e
0 0.01 002 0.03 004 0.05 0.06 0.07 0.08 009 01 ¥ 10
Concentration of Aliquat 336 (M) E
2 05|
Fig. 6 Percentage of metal ions extraction agaiostentration of 8
Aliquat 336 using single module hollow fiber by Oithiourea as

striping solution with continuous flow of feed aaidculating flow of

striping solution at equal flow rates of 100 mL/min 0 10 20 30 40 S0 60 70 80 90

(b) Second

D. The Effect of Operating Time Time (min)

Fig. 7 Percentage of metal ions extraction agaipstating time with

Fig. 7 shows the concentrations of metal ions edfand continuous flow of feed and circulating flow ofiping solution at

strippir_lg s_olutions of the _first and seco_nd modtﬂgainst equal flow rates of 100 mL/min using 0.03 M D2EHB#d 0.9 M
operating time. The experiment was studied by usil@$ M ic| as the extractant and stripping solution fa finst module by
D2EHPA and 0.9 M HCI as the extractant and strigpin .06 M Aliquat 336 and 0.1 M thiourea as the extratand

solution for the first module. For the second med.06 M stripping solution for the second module
Aliquat 336 and 0.1 M thiourea were used as theaetdnt
and stripping solution. As shown in Fig. 7(a), leads were V. CONCLUSION

immediately extracted without extraction of merciggs. The
amount of lead ions in stripping solution continsiyu
increased with operating time due to the continuitig(ll)

This work focuses on the selective separation afl land
mercury ions from dilute synthetic produced watéa a
accumulation from the circulating of stripping stwwn. The HFSLM. to comply With the regulatory dischgrge Iisniﬂ'he
concentration of Pb(ll) in striping solution wasadtted higher separation - was StUdlgd on several variables: types
than that in feed solution after 20 min. This atited to Pb(ll) extract_ants_, concentration of the selected exmactand
in excess HCI is converted to PGkhich cannot recombine OPerating time. The results showed that double rieokollow
with the D2EHPA extractant. For the second modulercury [IP€r supported liquid membrane attained high sefect
ions were immediately extracted and were continyousSeparation of lead and mercury ions.
recovered by 0.1 M thiourea as shown in Fig. 7(It3.
concentration in stripping solution was kept higtiean that in ACKNOWLEDGMENT
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