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ABSTRACT 

Ionic liquids (ILs) are known as the  replacement solvent over volatile organic 

compounds because of their novel properties. The purpose of this study was to evaluate 

the performance of Aliquat 336 on mercury (Hg) removal  using hollow fiber liquid 

membrane (HFSLM) system. The system consists of a feed phase , a stripping phase 

and a membrane phase. In this study, the membrane mixture was prepared by mixing 

Aliquat 336 with [Emim][NTF2] as co-extractant/carrier. The prepared membrane 

mixture was used to extract Hg from the feed phase. In the feed phase, Hg solution was 

prepared in lower concentration which was 50 ppb. In addition, thiourea acted as the 

stripping agent to strip Hg from the membrane phase . The optimization of the process 

was carried out through investigation on the parameters: effect of concentration of co- 

extractants, stripping agent concentration, circulation time of extractants, flow rates of 

feed and stripping phase and the number or separation cycles. The findings pointed to 

the introduction of co-extractant was the key factor for Hg removal as it improved 

membrane stability and provided more Hg-complexes formation. Thus, the performance 

of HFSLM can be enhanced. An optimization study showed that the maximum Hg 

removal efficiency was achieved at 99.99% Hg removal with the used of 0.12M Aliquat 

336 with 0.18M  [EMIM][NTF2] as the extractants, 0.1M thiourea as the stripping agent 

with the flow rates of feed and stripping solution of 100 ml/min at 3-cycle separation.  
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ABSTRAK 

 

Cecair ionik (ILS) yang dikenali sebagai pengganti kepada pelarut sebatian organik 

meruap kerana ciri-ciri novel mereka. Tujuan kajian ini adalah untuk menilai prestasi 

Aliquat 336 pada kecekapan penyingkiran merkuri (Hg) dengan menggunakan sistem 

serat berongga membran cecair (HFSLM). Sistem ini terdiri daripada fasa suapan, fasa 

pelucutan dan fasa membran. Dalam kajian ini, campuran membran telah disediakan 

dengan mencampurkan Aliquat 336 dengan [Emim] [NTF2] sebagai pelarut ekstraktan. 

Campuran membran digunakan untuk menanggalkan Hg dari fasa suapan. Di dalam fasa 

suapan, larutan Hg disediakan pada kepekatan yang rendah iaitu 50 ppb. Di samping itu, 

thiourea bertindak sebagai ejen pelucutan untuk menanggalkan Hg dari fasa membran. 

Pengoptimuman proses dijalankan melalui siasatan kepada beberapa parameter: kesan 

kepekatan pengekstrakkan bersama, kepekatan ejen pelucutan, masa peredaran 

pengekstrakkan, kadar aliran pada fasa suapan dan fasa pelucutan dan bilangan nombor 

kitaran pemisahan. Hasil kajian ini menunjukkan bahawa penambahan pelarut 

ekstraktan merupakan faktor utama dalam penyingkiran Hg dengan meningkatkan 

kestabilan membran dan menyediakan lebih banyak pembentukkan Hg kompleks. Oleh 

itu, prestasi HFSLM boleh dipertingkatkan. Pengoptimuman kajian ini menunjukkan 

bahawa kecekapan penyingkiran maksimum telah dicapai pada pada 99.99% dengan 

menggunakan ; 0.12M Aliquat 336 dengan 0.18M  [EMIM][NTF2] sebagai ekstraktan, 

0.1M thiourea sebagai ejen pelucutan pada 3 kitaran pemisahan dengan 100 ml/min 

kadar aliran pada fasa suapan dan fasa pelucutan. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of Study 

Mercury (Hg) is one of the heavy metals that  present in industrial effluent originating 

from urban and industrial discharges, agricultural wastes, mining and combustion 

activities (Miretzky & Cirelli, 2009). Hg is recognized as highly toxic, persistence, 

carcinogenic and non-biodegradable in nature (Chakrabarty et al., 2010b). According to 

the World Health Organization (WHO), Hg may cause toxic effects on digestive and 

immune systems, the nervous system, lungs, kidneys, skin and eyes. Exposure to small 

amount of Hg can cause serious health problems such as threat to the development of 

the child in utero. Hg exists in three forms, which are elemental, inorganic and organic 

forms (Bose-O'Reilly et al., 2010). Human may be exposed to inorganic and organic 

form of Hg through their occupation and the consumption of contaminated fish and 

shellfish (Al-Saleh, 2009), respectively.  

According to the Malaysia Environmental Quality (Industrial Effluents) 

Regulations 2009, the maximum allowable Hg discharge concentration in the effluent is 

5 ppb (Hui, 1979). In oil and gas industries, produced water is the largest waste stream 

generated that contains Hg and other heavy metals. Several treatment methods have 

been suggested for the effective removal of Hg, e.g. solvent extraction, membrane 

separation, ion exchange, precipitation, adsorption, filtration, flotation, coagulation, 

electrochemical technique, biological process, sedimentation and reverse osmosis 

(Bansal et al., 2005; Chakrabarty et al., 2010b). However, these methods were reported 

as ineffective at low concentration of Hg and other heavy metals (Inbaraj et al., 2009). 

Liquid membrane has been suggested as an effective alternative to separate low 

concentration of Hg from its aqueous phase (Bansal et al., 2005). In comparison to other 
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methods which have limitations such as high control costs and development, process 

limitations, various interferences and maintenance problems (Stojanovic & Keppler, 

2012), liquid membrane is the promising alternative to separate Hg. Most of liquid 

membrane techniques utilise organic solvents which are normally flammable, toxic and 

volatile and these lead to poor membrane stability and loss of membrane solvent. In 

contrast, ionic liquids could be the alternative replacement to organic solvents as they 

have unique properties. In this study , liquid membrane technique is the focus and ionic 

liquids are used as the extractant in liquid membrane to remove Hg from the aqueous 

phase. 
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1.2 Research Objectives 

This study embarks on the following objectives:  

i. To evaluate the performance of ionic liquids Aliquat 336 on Hg removal using HFSLM. 

ii. To investigate the effect of various parameters such as concentration of co-extractants, 

concentration of stripping agent, circulation time of extractants, flow rates of feed and 

stripping phase and the number or separation cycles . 

iii. To optimize the process parameters on Hg removal by varying the effect of co-

extractant concentration, stripping concentration, flow rate of feed and stripping phase 

and the number of separation cycles by using Response Surface Methodology to gain 

optimum Hg removal. 
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CHAPTER 2    

 LITERATURE REVIEW 

2.1 Mercury 

Hg is one of the heavy metals that are present in the aquatic system. It is highly toxic, 

carcinogenic and non-biodegradable in nature. Hg is found in various forms, such as 

elemental Hg, ionic Hg (also known as inorganic Hg, and exists as Hg (II) mercuric 

compounds) and organic Hg. The toxicity of Hg is strongly dependent on its redox state 

and the most toxic form is Hg2+ which has high tendency to bind with proteins (Gupta et 

al., 2013).  

The major sources of Hg are from various industries such as urban and industrial 

discharges, agricultural wastes, mining and combustion (Miretzky & Cirelli, 2009). 

Besides that, Hg is also found to present in waste oil together with other metals and 

inorganic compounds such as arsenic, cadmium, cobalt and copper. Once Hg is released 

into the environment, the inorganic Hg is converted to a more toxic methyl Hg by the 

action of microbial activity under aerobic conditions. This could risk the wildlife and 

humans as this species may disrupt the blood chain barrier and upsetting the metabolism 

of nervous systems.  

 Hg promotes several health hazards such as brain damage, chromosome 

breakage and dysfunction of liver, kidney, and central nervous system. It also induces 

cellular toxicity by binding to intracellular sulfhydryl groups even at very low 

concentration (Ghodbane & Hamdaoui, 2008; Hassan et al., 2008; Inbaraj et al., 2009; 

Miretzky & Cirelli, 2009). Besides that, Hg is also persistent, bio-accumulative, and  

has the ability to evaporate from soil and water. This can further cause chronic exposure 

and acute exposure for human through skin absorption and inhalation. Chronic exposure 
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of low levels Hg over an extended period may damage the central nervous system. On 

the other hand, acute exposure to high levels of Hg vapor may cause severe respiratory 

damage.  

 

2.2 Liquid Membrane 

The conventional methods such as precipitation, ion exchange coagulation, 

electrodialysis , adsorption, solvent extraction, chemical oxidation and reduction and 

reverse osmosis have been used by researchers and industries for treating Hg 

contaminated water. However, these methods are ineffective at low Hg concentrations 

of  less than 100mgL−1(Inbaraj et al., 2009). In addition, the application of the treatment 

methods mentioned above is also limited due to various interferences, development and 

control costs, maintenance problems, and process limitation (Stojanovic & Keppler, 

2012). In contrast, liquid membrane emerges as an effective tool for the separation of 

metal ions from its aqueous phase when the amount of ion in the solution is traces 

(Bansal et al., 2005). 

Liquid membrane technology is well known for its wide application in the 

separation of organic compounds (Le et al., 2002; Gonzalez-Munoz et al., 2003; Cichy 

et al., 2005; Chakrabarty et al., 2009) and metal ions (Gasser et al., 2008; G. 

Muthuraman et al., 2009). Liquid membrane serves as a semi-permeable liquid which 

forms a barrier between the feed phase and the stripping phase and it allows the targeted 

components to diffuse across it from one phase to another phase. This method can be 

treated as a simultaneous multistages extraction and stripping processes which is 

notable for its combined ability of extraction, diffusion, and stripping of the targeted 

component. In general, liquid membrane can be defined as a homogenous, non-porous, 
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thin film of organic liquid interposed between two aqueous phases of different 

compositions.  

 

The system consists of a feed phase, a liquid membrane phase and a stripping 

phase. The feed phase is a solution containing the target component. The stripping 

phase is a solution which extracts the target component from the liquid membrane into 

it via diffusion and complexation. In contrast, the liquid membrane phase is a layer that 

is impermeable by these phases and it allows the target compound to pass through it 

only. In general, there are three types of liquid membranes which are bulk liquid 

membrane (BLM), emulsion liquid membrane (ELM) and supported liquid membrane 

(SLM). Among them, BLM is easy to operate but offers lower surface to volume ratio 

for mass transfer. On the other hand, ELM offers a large surface area to volume ratio 

but the stability of emulsion remains a major concern in the effective use of ELM 

especially at larger scale. In contrast to them, SLM shows numerous advantages such as 

low capital investment and operating cost, low energy consumption, low liquid 

membrane requirement and simple to operate. SLM gains a broad range of separation 

applications and it is sustainable for continuous flow operation. It demonstrates 

promising removal of metal ions such as nickel, uranium, chromium, and copper from 

the effluent streams (Prakorn & Pancharoen, 2003; Lothongkum et al., 2009; Usapein et 

al., 2009; U. Pancharoen et al., 2010). The details for each type of liquid membrane are 

discussed in Section 2.2. 
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2.3 Types of Liquid Membranes 

2.3.1 Emulsion Liquid Membranes  

ELM consists of a membrane phase (carrier, surfactant, diluents) and internal stripping 

phase (Park & Chung, 2003). ELM is renowned due to their extraordinary capability to 

recover heavy metals (Mortaheb et al., 2009), organic compounds (Chakrabarty et al., 

2010a), and pharmaceutical compounds (Sahoo & Dutta, 1998). ELM has very high 

surface area per unit of volume and has low thickness, which means that the separation 

process and the mass transfer of solute is fast (Park & Chung, 2003) .This provides 

several advantages such as the versatility of the extraction and stripping processes , 

relatively low cost (Rousseau, 1987) and  non-dependence on the equilibrium 

consideration.  

ELM comprises of aqueous internal phase which is surrounded by the only 

membrane phase. The internal phase resides in the oil phase as fine droplets, which is 

recognized as poly-dispersed in the oil phase. Nevertheless, the whole system can be 

inferred as homogeneous water in oil system due to the very small diameters of 1-10µm 

for the dispersion, which are stabilized by the surfactants. This homogeneous emulsion 

is further dispersed in another aqueous phase, which is known as feed phase and the 

system eventually becomes three phase water- oil -water (W/O/W) system. The feed 

phase is a solution that contains the target solutes that are to be extracted. During the 

extraction process, a gentle stirring is provided to enhance the distribution of globules 

mixture. From this, the solute is transferred from the feed phase to the internal phase 

through the membrane phase. In this case, the membrane phase acts as a barrier which 

selectively allows the target solute to pass through it. The schematic diagram of ELM is 

illustrated in Figure 2.1. 
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However, it is worth noting that ELM has a major drawback, which is the 

stability issue. The instability can be caused by different mechanism such as repeated 

coalescence of the internal droplets on the interface, creaming due to density difference, 

Ostwald Ripening and flocculation (Goyal et al., 2011b). To improve the membrane 

stability and preventing the disadvantages given by emulsion leakage, the ELM 

treatment process has to be conducted in several unit operations and this make it less 

technologically attractive. 

 

 

Figure 2.1:  Emulsion liquid membrane (Patil & Ghodke, 2015). 
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2.3.2 Bulk Liquid Membranes  

Bulk liquid membrane (BLM) consists of an aqueous feed and stripping phase 

which is separated by a water – immiscible liquid membrane phase in a U-tube. BLM is 

known as the simplest liquid membrane and it is often used to study the transport 

properties of novel carriers/extractant. The schematic diagram of BLM is illustrated in 

Figure 2.2. BLM emerges as the cheapest liquid membrane separation techniques due to 

its low capital cost and there is no support for the membrane phase as it separates the 

feed and stripping phases only by means of its immiscibility.  

In comparison to other types of liquid membrane, BLM has less contact surface 

area. Hence, its permeation rate and separation efficiency are lower than other liquid 

membranes, such as ELM (Kaminski & Kwapinski, 2000). Thus, BLM is not widely 

used in the industry. 

 

 

 

Figure 2.2: Bulk liquid membrane (Govindaraju Muthuraman & Ibrahim, 2013). 
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2.3.3 Supported Liquid Membrane 

The membrane liquid in SLM is embedded in a hydrophobic membrane support by the 

capillary forces. The hydrophobic membrane support creates an immiscible layer 

between feed and stripping phases, allowing the targeted components to diffuse through 

it from one phase to another. The membrane is normally consists of an extractant, a 

diluent which is an inert organic solvent for adjusting the viscosity and a modifier to 

avoid third phase formation. In comparison to BLM and ELM, SLM draws more 

industrial interests due to its high selectivity, low energy consumption and it only 

requires very little amount of membrane solvent in comparison to other liquid 

membranes (Matsumoto et al., 2005; Malik et al., 2011). 

From the view of membrane support, several configurations are available such 

as plate and frame, spiral, tubular and hollow fibers (Molinari et al., 1989). Among 

these types of membrane supports, flat sheet supported liquid membrane (FSSLM) and 

HFSLM are commonly used. HFSLM is extensively studied by researchers due to its 

high selectivity and rapid transportation of the desired target components. The transport 

rate of the target component is driven by the concentration gradient between the feed 

phase and the stripping phase. The schematic diagram of HFSLM is illustrated in Figure 

2.3. Based on this, HFSLM is chosen as the type of membrane support in this study. 

SLM system has several advantages over BLM and ELM. Unlike BLM, SLM 

only requires small amount of liquid membrane to fill in the membranes, therefore the 

use of expensive carriers is possible. In addition, in comparison to ELM, SLM is a 

continuous one step operation whilst ELM is a batch process and is energy consuming. 

Furthermore, SLM is also free from emulsion stability issue which is faced by ELM 

(Kim, 1984). Thus, SLM is chosen as the liquid membrane configuration in this study. 
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Figure 2.3:  Hollow fiber supported liquid membrane (Gabelman & Hwang, 1999) 

 

 

2.4 Supported Liquid Membrane 

2.4.1  Supported liquid membrane preparation 

In general, SLM contains two major components which are carrier/extractant and 

solvent. In this process, the membrane mixture is prepared by mixing these two 

components using a mechanical stirrer. The types and concentration of the components 

are highly dependent on the application of SLM. The carrier should react 

thermodynamically with the target solute to form a complex and the complex should 

react kinetically with the stripping agent to release the solute into the stripping phase 

(Bhowal & Datta, 2001). In this study, Aliquat 336 was chosen because it contributed to 

anion displacement reaction between the target solute and the carrier and this reaction is 

relatively fast in comparison to other complex formation (Björkegren & Karimi, 2011). 

Then, the membrane solution was circulated into shell and tube side of the membrane 

module for the impregnation of the membrane into the pores of membrane support. 
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2.4.2 Diffusion of solute in Hollow Fiber Supported Liquid Membrane. 

HFSLM acts as an immiscible layer with an organic extractant embedded into the 

micropores of hydrophobic membrane that separates the feed phase and the stripping 

phase. The target component in the feed phase reacts with the extractant in the 

membrane phase to form a complex species at the feed-membrane interface. The 

complex diffuses through the liquid membrane and reacts with the stripping agent at the 

membrane-stripping interface, and thus the target component is stripped into the 

stripping solution. The extraction and stripping processes can be accomplished 

simultaneously in a single step (Lothongkum et al., 2011).  

Generally, the mass transfer mechanism through the liquid membranes can be 

classified into two types which are ; (i) the solution – diffusion mechanism , and (ii) 

facilitated transport mechanism. The solution – diffusion mechanism describes the 

transfer of the target species in the absence of chemical reaction or complex formation . 

On the other hand,  the facilitated transport mechanism or carrier – mediated transport 

takes place  when a selective extractant that can form complexes with  the target species 

is used in the liquid membranes system (Bringas et al., 2009). Facilitated transport 

occurs when the target component reacts reversibly and selectively with the 

carrier/extractant in the liquid membrane. The facilitated transport can be classified into 

simple facilitated transport and coupled facilitated transport .The simple facilitated 

transport is mainly for the transport of neutral species. On the other hand, coupled 

facilitated transport occurs in the extraction of ionic species whereby the 

electroneutrality of the system must be maintained (U Pancharoen et al., 2011). 
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Figure 2.4 illustrates the schematic diagram for facilitated transport. In simple 

facilitated transport, the feed phase consists of target components (A) and co-ion (B) 

whereas the organic extractant (C) is embedded in membrane phase. The transport 

mechanism is observed when organic extractant (C) reacts with target components (A) 

and complex species (𝐴𝐴𝐴𝐴����) is formed. The complex (𝐴𝐴𝐴𝐴����) is decomposed at membrane–

stripping interface and the target components (A) is recovered at stripping solution, as 

shown in Figure 2.4 (a). On the other hand, the coupled facilitated transport can be 

classified into two types, which are coupled facilitated co-transport and coupled 

facilitated counter-transport. In coupled facilitated co-transport, the organic extractant 

(C) reacts with the target component (A) and co-ion (B) to form organic complex 

(𝐴𝐴𝐴𝐴𝐴𝐴������). Organic complex (𝐴𝐴𝐴𝐴𝐴𝐴������) will diffuse to the membrane–stripping interface. Both 

ions are released and this regenerates the extractant .This mechanism is common for 

neutral and basic extraction. In contrast, co-ion (B) is transported from the stripping 

phase to the feed phase in the coupled facilitated counter-transport. The extractant (𝐴𝐴𝐴𝐴����) 

reacts with target components (A) to form organic complex (𝐴𝐴𝐴𝐴����) and this releases co-

ion (B) into the feed phase. The organic complex (𝐴𝐴𝐴𝐴����) diffuses across liquid membrane 

to membrane-stripping interphase. The target components (A) is then released into the 

stripping solution and the organic extractant (C) is regenerated. This mechanism is more 

common for acidic extraction (Bringas et al., 2009). 
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Figure 2.4:  Schematic diagram for simple and coupled facilitated transport    
mechanism.(Bringas et al., 2009) 

 

In the present study, the extraction of Hg fits the coupled facilitated co-transport 

mechanism. The transport of Hg through the hollow fiber membrane clearly explained 

in Figure 2.5. The Hg in the feed phase diffuses to the diffusion layer of the feed phase 

(a). Then , Hg reacts with the extractant at the feed- membrane phase interface (b) to 

form Hg-complex. The complex diffuses across the membrane to the membrane-

stripping interface (c). A reaction between the complex and the stripping agent takes 

place at the membrane-stripping phase interface (d) where Hg is released into the 

stripping phase (e). Simultaneously, the extractant is regenerated and is transported back 

to the membrane phase (f) , for further complex formation.  
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Figure 2.5:  Schematic diagram of Hg transport through a hollow fiber membrane. 
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2.5  SLM Stability  

Despite the advantages of SLMs as discussed in Section 2.2.3, SLMs is only used in 

small scale due to the lack of long-term stability. According to Kemperman et al., 

(1996) , there are several factors that can lead to membrane instability , such as :  

i. solubility of the liquid membrane in the aqueous feed and stripping phase,  

ii. the pressure difference over the membrane, 

iii. wetting of pores in polymer support by the aqueous phases,  

iv. blocking of membrane pores by carrier precipitation, and  

v. osmotic pressure difference over the membrane. 

 

 Dreher and Stevens (1998) considered two major mechanisms in contributing SLM 

instability, which are emulsification of the liquid membrane and the osmotic pressure 

difference over the membrane. The other factors which cause membrane instability can 

be avoided by a properly design and operation of a SLM system. Many attempts have 

been done to improve SLM stability such as the use of ionic liquid as membrane solvent 

(Fortunato et al., 2005), re-impregnation of the liquid membrane phase in the support 

(Tanigaki et al., 1988) and the use of plasma polymerization surface coating (Yang et 

al., 2000). 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



17 
 

2.6 Ionic Liquid 

Recently, ILs have gained great attentions in worldwide as the perfect replacement for 

the conventional volatile organic solvents. ILs are compounds that are composed of 

either organic or inorganic anions and organic cations .ILs are also known as room 

temperature ionic liquids (RTILs) due to their characteristic of low melting point 

whereby they normally have melting points of less than ambient temperature 

(Goharshadi & Moosavi, 2008). The terms RTILs, non-aqueous ionic liquid, molten 

salt, liquid organic salt and fused salt have all been used to describe these salts in the 

liquid state (Welton, 1999). 

 ILs are known as potential replacement of conventional volatile organic solvents 

(Welton, 1999; Wasserscheid & Keim, 2000; Seddon, 2003). The outstanding properties 

of ILs such as negligible vapor pressure, excellent thermal stability, wide interval of 

hydrophilic-hydrophobic balance, good dissolution properties with many organic and 

inorganic compounds including polymers or cellulose, and low flammability (Aslanov, 

2011) attract great attention to the researchers for nearly two dozens of years. These 

liquids are generally colorless with relatively high viscosities. Their polarity, 

hydrophobicity and physical properties can be tailored by selection of anion or cation 

combination. For example, the water solubility of ILs can be controlled by the length of 

the alkyl group whereby the increase of the length of alkyl chain improves the 

hydrophobicity of the ILs (Visser & Rogers, 2003). In addition, the choice of anion such 

as halide, nitrate, acetate, trifluoroacetate, and tetrafluoroborate also strongly affects the 

chemical and physical properties of ILs. For example , imidazolium based ILs with the 

anions halide, nitrate, acetate, trifluoroacetate are totally miscible with water, whereas 

hexafluorophosphate and bis(trifluromethysulfonyl)imide anions provide water 

immiscible ILs (Seddon et al., 2000) . 
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Table 2.1 shows a comparison between ionic liquids with the conventional 

organic solvents. ILs possess several advantages over conventional organic solvents 

because of their outstanding properties mentioned above. This makes them 

environmentally compatible (Seddon, 1996; Welton, 1999; Brennecke & Maginn, 2001; 

Lagrost et al., 2003; Yang & Dionysiou, 2004; Shariati et al., 2005; Shariati & Peters, 

2005). ILs also play important role in separation science such as in gas chromatography, 

extractions and supported liquid membrane as they have a very high solvent properties 

in dissolving a wide range of organic and inorganic molecules, including , salts, fats, 

proteins, amino acids, surfactants, sugar,crude oil, inks, and even DNA (Renner, 2001). 
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Table 2.1: Comparisons of ionic liquids with the organic solvents (Plechkova & 
Seddon, 2008) 

Properties Ionic liquids Organic solvents 

Number of solvents ˃1,000,000 ˃1,000 

Applicability Multifunction Single function 

Vapour pressure Negligible vapour pressure 

under normal conditions 

Obeys the Clausius–

Clapeyron equation 

Flammability Usually nonflammable Usually flammable 

Solvation Strongly solvating Weakly solvating 

Polarity Polarity concept questionable Conventional polarity 

concepts apply 

Tuneability Virtually unlimited range 

means ‘‘designer solvents’’ 

Limited range of solvents 

available 

Cost Typically between 2 and 100 

times the cost of organic 

solvents 

Normally cheap 

Recyclability Economic imperative Green imperative 

Viscosity, cP 22–40,000 0.2–100 

Density, g /cm3 0.8–3.3 0.6–1.7 
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2.6.1 Ionic liquid as extracting agents for heavy metals 

ILs are known as “designer solvent” due to their ability to be fine tuned for specific 

properties for particular needs. The selection of negatively charged anions and 

positively charged cations will design a task specific IL in the extraction of solute from 

a solution. The IL are normally consisted of an organic cation from imidazolium, 

quartenary ammonium, pyrrolidinium, pyridinium and tetra alkylphosphonium   group 

as illustrated in Figure 2.6 (a), and a polyatomic, inorganic anion such as chloride, 

hexafluorophosphate) or an organic anion (e.g. bis[(trifluoromethyl)sulfonyl]imide), 

trifluoromethylsulfonate) as shown in Figure 2.6 (b) (Brennecke & Maginn, 2001).  

 

 
Figure 2.6 (a):  Example of cations for ILs. 
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Figure 2.6 (b):  Example of anions for ILs. 

 

Di-alkylimidazolium is the most popular cation for ILs due to the ease of 

synthesis and its attractive physical properties. Several research works have been 

published and it is reported that classical hydrophobic RTILs based on imidazolium 

cations show positive behaviour on the extraction of different metals such as alkali 

metals, Cobalt, Nickel, Zinc and Manganase from aqueous solutions (Kozonoi & Ikeda, 

2007; Fujii et al., 2008; Umebayashi et al., 2008; Zuo et al., 2008).  

 [Cnmim][PF6] ILs have been investigated as an extracting agent at pH of 4.68 

for removing Hg from aqueous solutions using acetate buffer (Germani et al., 2007). It 

is reported that the alkyl chain length strongly affects the hydrophobicity of the ILs and 

the anion concentration in the aqueous phase. This further affects the performance of the 

extraction system. 

Besides imidazolium based ILs, quartenary ammonium based ILs are also 

applied as extraction agents for heavy metal removal due to they have improved thermal 

and chemical stability than pyridinium and imidazolium based ILs. Furthermore, their 

unique miscibility, solvating properties and higher viscosity also enhance their use in 

specific applications. In fact, the study on the utilization of quaternary ammonium based 

Univ
ers

ity
 of

 M
ala

ya



22 
 

ILs, Aliquat 336 as ion exchanger for the removal of different metal species from acidic 

solution had been started since 1960s. Nayl (2010) has successfully separated Co(II) 

and Ni(II) from acidic sulfate solutions using a mixture Aliquat 336-kerosene. Their 

study showed that the increase in pH and Aliquat 336 concentration increased the 

extraction efficiency. The performance of Aliquat 336 to extract Hg from acidic 

solution was also investigated by Fabrega and Mansur (2007). A very fast reaction 

kinetic was reported whereby Hg was quantitatively extracted within 5 minutes at pH ≥ 

1. The regeneration test also showed that Hg can be stripped out in a satisfactory 

performance when thiourea was applied as the stripping agent. 

Besides acting as single extractant, the ability of Aliquat 336 as co-extractant 

together with Bromo-PADAP, Cyanex923 and Cyanex471 in the extraction of arsenic 

and Hg from natural gas co-produced water from Gulf of Thailand has also been 

investigated  by Lothongkum et al. (2011).The combination of two or more extractants 

can produce a synergistic effect in the extraction of metal ions. Among the extractants, 

0.22M Aliquat 336 with 0.06M Cyanex 471 were identified as the best combination in 

the study as they showed the highest extraction efficiency with the synergistic 

coefficient of 2.8. 

Moreover, the design of task specific ionic liquids (TSIL) in the removal of 

cadmium and Hg from contaminated water was investigated by Visser et al. (2002). 

Different TSILs cations were produced by appending alkyl groups namely thiourea, 

urea and thioether into the immidazolium cations. This synthesized TSILs were 

combined with [PF6] anions and their extraction performance were tested. The results of 

the study indicated that the TSILs had lower thermal stability and better extraction 

performance than [Cnmim][PF6]. 
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2.6.2 Ionic liquid in supported liquid membrane 

The application of ionic liquid as liquid membrane in SLM has been studied due to the 

nature of SLM which is more stable than ELM and BLM. The work of  Zeng et al., 

(2012) which utilized RTIL in hollow fibre liquid phase microextraction for cadmium 

removal showed that 1-butyl-3- methylimidazolium hexafluorophosphate [C4mim][PF6] 

can be immobilized in the pores of hollow fiber and acted as acceptor solvent for 

cadmium absorption. Other than heavy metals removal, ILs has also been utilised for 

organic compounds extraction. This was observed in the work of Zhang et al. (2014) for 

the separation of toluene and cyclohexane using hollow fiber supported ionic liquid 

membrane. Two types of ionic liquids were used in this study, namely N-

Butylpyridinium tetrafluoroborate ([Bpy][BF4]) and 1-Butyl-3-methylimidazoliumte 

trafluoroborate ([Bmim][BF4]). It was reported that the interaction between 

([Bpy][BF4]) with toluene was stronger in comparison to cyclohexane. In addition, 

supported ionic liquid membrane also showed good long term stability due to the high 

viscosity of the ILs. 

This is also supported by Nosrati et al. (2011) who investigated the use of ILs 

based on 1-n-alkyl-3-methylimidazolium cation, [CnMIM]+[X]− for the removal of 

phenol from wastewater. By the aid of polytetrafluoroethylene hydrophobic membrane 

filter in the SLM, the use of 1-Butyl-3-methylimidazolium hydrogensulfate, 

[BMIM][HSO4]  can achieve 85% phenol removal with a membrane stability of more 

than 24 hours. 

 Other than imidazolium based ionic liquids, quarternary ammonium based ionic 

liquid has also been investigated as liquid membrane. The use of Aliquat 336 as phase 

transfer catalyst in reducing chloride content in brackish water using HFSLM was 

investigated by (Hofmeister et al., 2013). A positive result was obtained whereby the 

process was mainly due to the ion exchange between the phases through the membrane. 
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The study showed that the transport mechanism was mainly governed by two criteria, 

which were the concentration of Aliquat 336 and the viscosity of the liquid membrane. 

The increase of Aliquat 336 was reported to improve chloride removal. However, it was 

worth noting that an excessive high Aliquat 336 concentration could lead to high 

viscosity of the liquid membrane, which was not favoured for mass transfer. 

 
In the present study, the role of hydrophobic ionic liquid Aliquat 336 as 

extractant or carrier was evaluated extensively. Aliquat 336 contains an electron 

deficient nitrogen group and mobile chloride counter ion. Thus, it can behave as a 

bridge for an active reaction, as  known as anion displacement reaction, which occurs 

between the extractant and the metal ion.  
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CHAPTER 3 

METHODOLOGY 

 

3.1 Chemicals  

Mercuric chloride (HgCl2) and hydrochloric acid (HCl) which were used as the 

feed solution, were supplied by R&M chemicals. The ILs , 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl imide [Bmim][NTF2], 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl imide [Emim][NTF2], and 1-hexyl-3-

methylimidazolium bis(trifluoromethylsulfonyl imide [Hmim][NTF2] were supplied by 

Merck Sdn Bhd whilst tri-octyl methyl ammonium chloride (Aliquat 336) was 

purchased from Sigma Aldrich. Thiourea, which was applied as the stripping agents in 

this study was supplied by R&M chemicals. Stannous chloride 99.99% (SnCl2) and 

sulfuric acid 98 % (H2SO4) were used for Hg analysis and they were purchased from 

Sigma Aldrich and J.T Baker, respectively. De-ionized water was used in the 

preparation of solutions in this study. 

 

3.2 Apparatus 

  

3.2.1 Hollow fiber supported liquid membrane system 

The HFSLM  system used in this study was fabricated by Lotus Scientific (M) Sdn Bhd. 

The system consisted of two gear pumps, two flow rate controllers, four pressure gauge 

and four reservoirs were used. The schematic diagram of the system is as shown in 

Figure 3.1.The membrane module used in this study consists of several numbers of 

fibers , as shown in Figure 3.2. The membrane module was prepared by arranging the 

fibers into a bundle and the ends of the fibers were embedded into two glass tubes that 
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were made of polyurethane potting material. Then , the plug was sliced at the glass tube 

end when the potting material was hardened to allow the passage of the aqueous 

through the lumen of the fibers. Following that, the fibers were inserted into the outer 

shell of the module. Finally, the potted fibers was fixed in the shell with O- ring screw 

caps . 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic counter-current flow diagram for one-through-mode operation 
separation by HFSLM.(a) feed reservoir, (b) gear pumps, (c) inlet pressure gauges, (d) 
outlet pressure gauges , (e) flow meters, (f) outlet stripping reservoir,(g) outlet feed 
reservoir ,(h) inlet stripping reservoir and (i) HFSLM module. 
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Figure 3.2:  Schematic diagram of the hollow fiber supported liquid membrane 
module(A. J. Kemperman et al., 1997). 

 

 

3.2.2 Membrane 

The HFSLM module was supplied by Liqui-Cel® Laboratory Liquid .The membrane 

support was made of Celgard® microporous polypropylene. The properties of membrane 

are shown in Table 3.1. 

 
Table 3.1 Properties of hollow fiber supported liquid membrane module 
 

Membrane characteristic 
 

Properties 
 

Membrane material Polypropylene 

Membrane surface area 1.4 m2 

Effective length 15 cm 

Inner diameter of hollow fiber 220 µm 

Outside diameter of hollow fiber 300 µm 

Number of fibers 10,800 

Membrane porosity 40% 

Membrane pore size 0.04 µm 

Membrane tortuosity 2.6 
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3.3 Analytical Instruments 

 

3.3.1 Cold Vapor Atomic Absorption Spectrometry (CVAAS)  

 CVAAS was used for Hg analysis as the limit of detection of CVAAS are in ppb. The 

model of CVAAS used in this study was (RA-3, NIC), and was purchased from 

Kromtek Sdn Bhd. Hg analysis was conducted by reducing Hg2+ into Hg using SnCl2 

solution. Then, CVAAS was used to convert the Hg in the aqueous sample into gaseous 

stream. The optical absorbance at a wavelength of 253.7 nm was measured when the 

gaseous stream passed through the cell. 

 

3.4 Experimental Procedures 

  

3.4.1 Preparation of hollow fiber supported liquid membrane  

The HFSLM consists of three phases. They are feed phase, stripping phase and 

membrane phase. For liquid membrane phase, the ILs functioned as the extractants. The 

ILs used in this study were tri-octyl methyl ammonium chloride (Aliquat336) (1-butyl-

3-methylimidazolium bis(trifluoromethylsulfonyl imide [Bmim][NTF2], 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl imide [Emim][NTF2], and 1-hexyl-3-

methylimidazolium bis(trifluoromethylsulfonyl imide [Hmim][NTF2] .The membrane 

phase was prepared by dissolving appropriate amount of ILs into toluene. This was 

prepared in a 1000 mL unbaffled beaker. The mixture was homogenized using a motor 

driven homogenizer (IKA, model : T25 digital ultra Turrax) for 5 minutes. Then, the 

mixture was circulated into the shell and tubes sides for 20 minutes to embed the liquid 

membrane into the pores of the membrane support. 
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3.4.2 Mercury extraction  

The feed phase was prepared by dissolving HgCl2 into deionized water for producing 50 

ppb Hg solution . The pH of the solution was adjusted by HCl to below 1.0 in order to 

maintain the pH difference between the feed and stripping phase, which was the driving 

force for Hg diffusion through the membrane during the experiments. The mixture was 

stirred gently for 10 minutes.  

 The stripping solution was prepared by dissolving a theoretical amount of 

thiourea in HCl solution. Then, the mixture was stirred gently for 10 minutes. After 

conducting liquid membrane impregnation as discussed in Section 3.4.1, the feed and 

stripping solutions were placed in the feed and stripping reservoirs, respectively. These 

two solutions were pumped into the shell and tube side for 40 minutes at a flow rate of 

100mL/min. Then, a 20 ml sample was collected from the feed and stripping reservoir 

after 40 minutes of the experiment. The extraction of Hg was determined through the 

changes of solute concentration in the feed phase.  

 

3.5 Analytical Methods 

 

3.5.1 Preparation of Standard and Calibration Curves 

A series of standard Hg solution of 0, 2, 4, 8, and 10 ppb were prepared using HgCl2 

and the deionized water. The standard solution for stannous chloride, H2SO4 and Hg 

standard were prepared and then were scanned through CVAAS at the absorbance of 

253.7 nm. A linear plot of absorbance versus Hg concentration was obtained. These 

tests were triplicate to determine the accuracy of the calibration curve. 
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3.5.2 Dilution of samples 

The samples taken from the feed phase were diluted before analysis due to the limitation 

of the maximum detection by CVAAS. The final concentration of Hg detected by 

CVAAS was multiplied by the dilution factor to obtain the actual Hg concentration in 

the sample. 

 

3.5.3 Mercury concentration analysis 

 

The removal efficiency and recovery efficiency of Hg using HFSLM process was 

calculated using Equation (3.1) and (3.2) where Ci , Cf  and Cs were the initial Hg 

concentration of the feed phase, final Hg concentration of the feed phase and final Hg 

concentration of the stripping phase, respectively. 

Removal efficiency : 
𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓 
𝐶𝐶𝑖𝑖

 𝑥𝑥 100                                        (3.1) 

Recovery efficiency, % = Cs
Ci
𝑥𝑥 100       (3.2) 
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3.6 Precautionary Steps for Chemicals Handling 

The precautionary steps on the handling of chemicals are as follows: 

i. Full face respirator with Hg vapor filter and nitrile glove were worn during the 

preparation of ILs, HCl, thiourea solutions and also during the whole experiments. 

ii. The preparations of liquid membrane, feed and stripping solutions were conducted in a 

fume cupboard. 

iii. The chemicals were stored in a dark place to prevent any degradation of chemicals by 

exposure to light. 

iv. After completing each experiment, the used glassware were cleaned by soaking in the 

detergent and rinsed using the distilled water. The glassware were dried in the dryer 

before being reused. 

 

3.7 Error Minimization 

The experiments were repeated to verify the accuracy of the experimental data. The 

instruments were calibrated before using so that the systematic error could be 

minimized. The readings were triplicated during the analysis in order to reduce the 

measurement error. Furthermore, the sequence of the experiment was assigned 

randomly using Microsoft Excel on order to average out the unknown nuisance factor. 
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CHAPTER 4 

RESULTS AND DATA ANALYSIS 

4.1 Introduction 

This chapter covers six sections; which are i)  identification of the role of ionic liquid 

Aliquat 336 in HFSLM, ii) the removal of Hg by HFSLM using Aliquat 336 as the 

extractant and imidazolium based ionic liquids as co- extractant, (iii) the mechanism on 

the Hg extraction by mixture of ionic liquid Aliquat 336 and [Emim][NTF2] , (iv) 

parameter optimization for the extraction process using Aliquat 336 and [Emim][NTF2] 

stabilized supported liquid membrane, (v) permeability coefficient and (vi) design of 

experiment using Response Surface methodology. 

 

4.2 Identification of the role of single ionic liquid Aliquat 336 in hollow fiber 

supported liquid membrane 

Aliquat 336 was chosen in this study due to its higher melting point and outstanding 

properties such as solvating properties and miscibility behavior. In comparison to 

imidazolium and pyridinium based ILs, quaternary ammonium  cation  has improved 

thermal stability and is chemically stable. The physical and chemical properties of 

Aliquat 336 are as shown in Table 4.1. 
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Table 4.1: Physical and chemical properties of Aliquat 336 
Properties Value 

Density ( at 25 oC ) (g /ml) 0.880 

Viscosity ( at 30 oC) ( mPa ) 1450  

Solubility in water ( at 20 oC ) ( g/L ) 10 

Boiling point (oC) 225 

pH  (at 100 g/L water (25 oC)) 3.5 

 

 

4.2.1 Identification of the role of Aliquat 336 in hollow fiber supported liquid 

membrane without imidazolium cations 

In the first stage of this study, the role of single extractant was investigated  using 

Aliquat 336. The results and discussion was as shown in the sub-sections. 

 

4.2.1.1 Consideration of  Aliquat 336  as a extractant 

In order to identify the role of Aliquat 336 as the extractant, the membrane solution was 

prepared by dissolving Aliquat 336 into toluene. The role of extractant in this study is to 

facilitate the transport of targeted metal through the membrane.  

Aliquat 336 has been applied in supported liquid membrane for the transport of 

phenylalanine (Campbell et al., 1994) , amino acids (Adarkar et al., 1997) and tantalum 

and niobium (Buachuang et al., 2011). According to (Hofmeister et al., 2013), Aliquat 

336 is the best choice for single transfer due to several reasons : 
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i. Reasonable price. 

ii. Easy to handle as Aliquat 336 is not highly volatile in comparison to other conventional 

solvents and is chemically and thermally stable. 

iii. The salts produced from Aliquat 336 reaction are insoluble and thus the precipitates 

may be filtered out easily. 

iv. Aliquat 336 is a stronger extractant in comparison to tertiary and secondary amines in 

the trend of R4N+ > R3NH+ > R2NH2+ > RNH3+  

 

In this study, the concentrations of Aliquat 336 in a range of 0.05 M to 0.20 M 

was used. Figure 4.1 shows that the removal of Hg is increased when Aliquat 336 

concentration is increased from 0.05 M to 0.12 M. The removal efficiency was found to 

decrease when Aliquat 336 concentration was exceed 0.12M. This suggested that 

Aliquat 336 was less efficient in the formation of metal-complexes when an excessively 

high Aliquat 336 concentration was applied due to higher viscosity of the extractant 

which hindered the extraction process. The decrease in extraction efficiency can be 

explained by the increase of mass transfer resistance as a result of  high Aliquat 336 

concentration. 

Moreover, an excessive high extractant concentration also caused higher 

operating cost without significant improvement in the system performance. According 

to Lv et al., (2007), the facilitated transport mechanisms involved in liquid membrane 

was less affected by the extractant concentration. 
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Figure 4.1: The removal efficiency of Hg using Aliquat 336 as the extractant. 
(Stripping phase: 0.1M thiourea , flow rate for feed and stripping phase :100 mL/min). 

 

 

4.2.2  Consideration of  Aliquat 336  as the extractant and  imidazolium cations as 

co -extractant 

Section 4.2.1 shows that Aliquat 336 is a good extractant for Hg removal. This was in 

line with the work of Nayl (2010) which showed successful separation of Co(II) and 

Ni(II) from acidic sulfate solutions using a mixture of Aliquat 336 and kerosene. The 

extraction mechanism is based on anion exchange and the reaction is very fast 

compared to other complex formation due to the strong electrostatic interactions 

between electrons (Björkegren & Karimi, 2011). Moreover, mercury exhibits a strong 

tendency to form complexes with ligands containing nitrogen, sulphur or phosphorus as 

donor atoms rather than with oxygen containing electron donors (Fabrega & Mansur, 

2007). 
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 The observation as shown in Figure 4.2 (a) shows that membrane solution is 

stable up to five hours when ionic liquid 0.1 M [Bmim][NTF2] is added into the solution 

mixture. On the other hand, the membrane solution only stable up to three hours when 

[Bmim][NTF2] is absent. The increase of membrane stability by [Bmim][NTF2] can be 

explained by the Coulumbic interactions of the charged ions between Aliquat 336 and 

[Bmim][NTF2] (Goyal et al., 2011a). 

 Based on this observation, it was suggested that the introduction of ionic liquid 

[Bmim][NTF2] prolonged the membrane stability. Thus, the performance of HFSLM 

can be enhanced.  

                                  (a)                                                                  (b) 

  

 

 

 

 

 

Figure 4.2: Membrane solution prepared with  (a) 0.12 M Aliquat 336 and  0.10 M 
[Bmim][NTF2] (b) 0.12 M Aliquat 336  only. 

The miscibility of these ionic liquids was also studied by mixing 2 mL of 

Aliquat 336 with 2 mL of imidazolium based ionic liquids and 1 mL of HCI. Table 4.2 

shows that all the ionic liquids tested resulting on homogenous liquid phase. This 

suggested that Aliquat 336 tends to form a good interaction with imidazolium based 

ionic liquids where the clear phase was formed . Hence, the study of Hg extraction 

efficiency by the mixture of ionic liquid- Aliquat 336 was conducted for [Emim][NTF2], 

[Bmim][NTF2] and [Hmim][NTF2]. 
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Table 4.2: Miscibility of Aliquat 336 with imidazolium based ionic liquids 

Extractant Co - extractant Observation 

 

Aliquat 336 

[Emim][NTF2] Miscible, a very clear phase was formed 

[Bmim][NTF2] Miscible, a clear yellowish phase was formed 

[Hmim][NTF2] Miscible, a clear yellowish phase was formed 

 

4. 3 The removal of mercury by hollow fiber supported liquid membrane using 

Aliquat 336 as the extractant and imidazolium based ionic liquids as the co- 

extractant. 

Section 4.2.2 revealed that, the addition of [Bmim][NTF2] improves the stability of 

membrane solution. Thus, the imidazolium based ionic liquids were introduced as co-

extractant in the membrane solution. Three types of imidazolium based ionic liquids 

were used, namely [Emim][NTF2], [Bmim][NTF2] and [Hmim][NTF2]. The 

concentration of ionic liquids was kept at 0.10 M.  

 The mixture of Aliquat 336 - [Emim][NTF2] ,  Aliquat 336 - [Bmim][NTF2]  and 

Aliquat 336 - [Hmim][NTF2] were utilized as the membrane solution for Hg removal. 

Figure 4.3 shows that the order of extraction efficiency follows a trend of Aliquat 336 - 

[Hmim][NTF2]  ˂ Aliquat 336 - [Bmim][NTF2]  ˂ Aliquat 336 - [Emim][NTF2]. Aliquat 

336 - [Emim][NTF2] gave the highest Hg removal efficiency at 95% in comparison to 

single ionic liquid Aliquat 336. Even though the work of de Ios Rios et al. (2008) 

claimed that the performance of ionic liquid can be improved by enlarging the length of 

alkyl chain in the cation, the present study showed that the alky chain of the cation had 

little effect on the extraction efficiency enhancement. Instead, the increase of alkyl 

chain length on imidazolium based ionic liquids increases the viscosity of the ionic 

liquids lowering the removal efficiency. 
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Figure 4.3: The effect of co – extractant on the removal efficiency of H. ( Stripping 
phase : 0.1M thiourea , flow rate for feed and stripping phase  :100 mL/min). 
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4.4  The mechanism for mercury extraction using the  mixture of ionic liquid 

Aliquat 336 and [Emim][NTF2] 

In HFSLM process, the extraction and stripping occur simultaneously in single step 

through the transport of Hg across the liquid membrane via the extractant in the 

membrane pores. The transport of Hg from feed phase to stripping phase is driven by 

the concentration gradient between the two phases, which is proportional to the pH 

difference between the phases. 

 The feed phase was prepared by dissolving the theoretical amount of HgCl2 in 

the HCl solutions. Hg ion existed in various form in aqueous phase such as Hg2+, HgCl+, 

HgCI2, HgCl3
-  and HgCl4

2- (Sato & Nakamura, 1980). In the presence of Cl-, HgCl2 was 

converted to HgCl4
2- , especially when the concentration of Hg in the feed phase was  ˂5 

ppb . The deprotonation of Hg by HCl in the feed phase is as shown in Equation (4.2). 

HgCl2 + 2HCl → HgCl4
2- + 2H+  +2Cl-                   (4.2) 

 In the membrane phase, two types of ionic liquid extractants was present , 

namely Aliquat 336 and [Emim][NTF2] . The reaction between HgCl4
2-  with Aliquat 

336 and [Emim][NTF2] took place at the membrane interface. The extraction of HgCl4
2-  

with the mixture of extractants Aliquat 336 [(CH3R3N+)Cl- ] and [Emim][NTF2]  

yielded Hg complex, as show in Equation (4.3): 

HgCl4
2- + 2[(CH3R3N+)Cl- + m[Emim]+[NTF2]-           [(CH3R3N+). HgCl4

2- . (EMIMNTF2)m
���������������������������������������������

  (4.3) 

 

where m represents the stoichiometric coefficients. 
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The complex formed diffused across the membrane phase to membrane - 

stripping interface. This complex reacted with thiourea, the stripping agent. The Hg ion 

was stripped by thiourea at membrane stripping interphase as HgCl4
2- ion and the ionic 

liquid extractant was regenerated , as shown in Equation (4.4). The schematic 

mechanisms of the extraction and stripping of HgCl4
2- are shown in Figure 4.4.  

[(CH3R3N+).HgCl4
2- .(EMIMNTF2)m

��������������������������������������������
      + y(NH2CSNH2)      

2�CH3R3N+�CI- + HgCl2 (NH2CSNH2) y����������������������������   +  m(EMIMNTF2)     (4.4)
                                   

 

 

 

 

 

 

 
Figure 4.4: The schematic mechanisms of the extraction and stripping of HgCl4

2- by a 
mixture of ionic liquid Aliquat 336 and [Emim][NTF2] with thiourea as stripping agent. 
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4.5 Parameter optimization for mixture of Aliquat 336 and [Emim][NTF2] 

stabilized supported liquid membrane extraction process 

The performance of HFSLM technology is dependent on several factors such as the 

types of extractant, co–extractant and stripping agent, circulation time for the extractant, 

the flow rates of feed and stripping phases and the number or separation cycles. Other 

important process parameters are the pHs of the feed and the stripping phases which are 

the main driving force in Hg migration. The effects of process parameters to Hg 

removal were investigated in this study. The concentration of Aliquat 336 was kept 

constant at 0.12 M , which was the optimum concentration, in all experiments. The 

results are presented in the following sub-sections.   

 

4.5.1  Effect of co- extractant concentration on HFSLM performance 

The effect of co-extractant was investigated using [Emim][NTF2] at a  range of 0.1M-

0.26M. In this study, Aliquat 336 was kept constant at 0.12M. Figure 4.5 shows that the 

removal efficiency for Hg increases with the increase of co – extractant concentration 

up 0.18M due to enhanced stability of the membrane. When [Emim][NTF2] 

concentration was increased,  more Hg-complex formation took place . However, this 

also resulted in the increase of high viscosity of HFSLM and thus the mass transfer 

resistance . This eventually caused the reduction in Hg removal when the co-extraction 

concentration was ˃ 0.18M. 

Chakrabarty et al., (2010b) also reported that the increase in liquid membrane 

viscosity resulted in the reduction of Hg recovery. This phenomenon also explained by 

the physical observation during the experiment whereby the changes in liquid 

membrane turbidity was observed when high concentration of co–extractant was 

applied. According to Ghosh et al.,(1995), the extraction of cephalosporin C through 
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Aliquat 336 based SLM showed a similar extraction efficiency trend as in this study. 

The extraction efficiency increased with the increase of extractant concentration. 

However, beyond the optimum concentration, the transport of cephalosporin C 

decreased due to the increase in Aliquat 336 which reduced the diffusion process in the 

membrane phase (Ghosh et al., 1995) .Nevertheless, Figure 4.5 illustrates the optimum 

Hg extraction and recovery efficiencies that are achieved at 0.18M [Emim][NTF2] 

concentration.. 

 

 

 

Figure 4.5: The effect of co – extractant concentration on the extraction and recovery 
efficiency for Hg. (Aliquat concentration 336 : 0.12 M , stripping phase : 0.1M thiourea, 

feed and stripping flow rate = 100 mL/min.)
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4.5.2  Effect of stripping agent concentration on HFSLM performance 

Thiourea was selected as the stripping agent in this study due to the structure of Aliquat 

336. The quaternary ammonium cation was difficult to be stripped compared to the other 

amines. Hence, the stripping agent chosen must be strongly attracted to the quaternary 

ammonium cation rather than the anion (Fabrega & Mansur, 2007). Thiourea was chosen as 

stripping agent as there is  no formation of precipitate in the stripping solution. This can 

further reduce the membrane fouling which can cause the decrease in stripping efficiency 

(Fabrega & Mansur, 2007; Chakrabarty et al., 2010b; Lothongkum et al., 2011). 

Thiourea was used as the stripping agent to strip Hg ions from Hg–complex as 

shown in Equation (4.4). The Hg species formed in the stripping phase was impermeable to 

the membrane phase. In this study, thiourea concentration in a  range of 0.05 M - 0.25 M 

was used in order to investigate the effect of stripping agent concentration on the stripping 

efficiency in HFSLM system. Figure 4.6 shows that Hg stripping efficiency is increased 

from 31% to 35% when thiourea concentration is increased from 0.05M to 0.1M. However, 

it is worth noting that when thiourea concentration is ˃ 0.1M, a lower stripping efficiency 

of 10- 25% is observed, as shown in Figure 4.6. Thus, an optimum thiourea concentration 

of 0.1M was taken for further investigation. 
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Figure.4.6: The effect of stripping agent concentration on stripping efficiency . (Aliquat 
336 concentration : 0.12M ; Emim][NTF2]  concentration : 0.18M, feed and stripping flow 

rate : 100 mL/min.) 
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4.5.3  Effect of circulation time of extractants on HFSLM performance 

The circulation time of extractants is also another important parameter that influences Hg 

removal efficiency. In this study, the effect of circulation time on the stability of HFSLM 

was investigated from the view of liquid membrane loss from the membrane module. The 

range of the circulation time investigated was 20-80 minutes. 

 Figure 4.7(a) depicts that the membrane solution is stable after 20 minutes of 

circulation. In contrast, milky solution is observed when the membrane solution is 

circulated for 40, 60, and 80 minutes, as shown in Figure 4.7(b). This suggested that poor 

membrane stability was observed for the tests of 40, 60 and 80 minutes circulation time. 

This is supported by the experimental results that the extraction efficiency for Hg is 

negligible in these tests (Figure 4.8), indicates that the failure of liquid membrane. 

 

            (b) 

 

 

 

 

 

 

 

 

 

Figure 4.7: Membrane solution prepared with 0.12M Aliquat 336 and  0.18 M 
[Emim][NTF2] : (a) 20 minutes of circulation time ; (b) 40- 80 minutes of circulation time. 
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When ionic liquid/membrane solution was circulated for 20 minutes, a stable 

solution with yellowish layer was formed, indicated that the membrane phase remained 

stable. This can be explained by the appearance of excess ionic liquid on the membrane 

surface that needed to be removed. The immobilized ionic liquid remained inside the tube 

and shell sides of the membrane module. On the other hand, a prolonged used of membrane 

circulation of  ˃ 20 minutes resulted in the diminish of membrane stability and this further 

deteriorated the membrane efficiency. This could be due to several reasons, such as 

chemical degradation, loss of membrane solution at prolonged circulation time and 

formation of emulsion  (Zha et al., 1995). In this study, the best circulation time, for 

membrane solution to achieve maximum of 99.99 % Hg removal efficiency was 20 

minutes. 

 

Figure 4.8 : The effect of circulation time for membrane solution on Hg removal 
efficiency. (  Aliquat 336 concentration :  0.12 M; [Emim][NTF2] concentration :   0.18 M;  

flow rate for feed and stripping phases : 100 mL/min ; stripping phase : 0.1 M thiourea). 
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 4.5.4  Effect of flow rates of feed and stripping phase on HFSLM performance 

The effect of feed and stripping flow rates on Hg removal efficiency was evaluated in a  

range of 50 mL/min – 250 mL/min. Figure 4.9 illustrates that the increase in feed and 

stripping flow rates from 50 mL/min to 250 mL/min increases the removal efficiency. This 

was mainly due to the formation of internal droplet in the process. When the speed of the 

homogenizer was increased, droplets with smaller size were produced. This resulted in 

higher contact surface area and thus increased the mass transfer rate (Hanna & Larson, 

1985).  

In addition, the increase in flow rates also resulted in the reduction of boundary 

layer thickness between the feed-membrane-stripping phases (Gabelman & Hwang, 1999). 

This reduced mass transfer resistance and induced higher mass transfer flux for the solute, 

in this case, Hg across the membrane (Shen et al., 2009; Zidi et al., 2010). 

However, it is worth noting that as the flow rate of feed and stripping phases 

increase from 100 mL/min to 150 mL/min, a sudden decrease in removal efficiency is 

observed, as shown in Figure 4.9. This was plausibly to be caused by the reduction in 

residence time for mass transfer, as a result of high flow velocity. Low residence time 

resulted in less contact time between Hg and the membrane, and this lead to lower diffusion 

rate and removal efficiency. From this study, the best flow rates for the feed and stripping 

phases were 100 mL/min. Univ
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Figure 4.9: The effect of feed and stripping flow rates on Hg removal efficiency. (  Aliquat 
336 concentration :  0.12 M; [Emim][NTF2] concentration :   0.18 M; stripping phase : 0.1 
M thiourea) 
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4.5.5 Effect of the number or separation cycles on HFSLM performance 

Previous experiments were conducted in 1 cycle (40 minutes) operation. In order to further 

evaluate long term application of ionic liquid membrane in HFSLM, a study on the 

investigation of multiple number of separation cycles was carried out in order to obtain the 

optimum removal efficiency. 

 Figure 4.10 depicts that a slight increment in removal efficiency from 97% to 

99.99% is observed when the separation cycle is increased from 1 to 3. However, the 

removal efficiency is found to reduce when the number of separation cycle was exceed  3. 

This was mainly due to the loss of membrane stability via pore fouling at prolonged 

operation (120 minutes). Hence, in order to maintain the removal efficiency and to 

minimize ionic liquid loss from the membrane pores, the operation was suggested not to 

exceed 120 minutes. 

 

Figure 4.10: The effect of separation cycles on Hg removal . (  Aliquat 336 concentration :  
0.12 M; [Emim][NTF2] concentration :   0.18 M; flow rate for feed and stripping phases : 

100 mL/min ; stripping phase : 0.1 M thiourea) 
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4.6 Permeability coefficient 

 

The permeability of ionic liquid membrane was determined from the mass transfer rate 

equation, as shown in Equation (4.5) (Danesi, 1984):  

−Vf ln � Cf
Cf,o
� = AP β

β+1
t                                    (4.5) 

where, β = Qf
PLεπri

 

Vf : volume of feed (cm3) 

Cf : concentration of mercury ions at time t (mol/L) 

Cf,o : concentration of mercury ions at time 0 (mol/L) 

A : affective area of hollow fiber module (cm2) 

P : permeability coefficient (cm/s) 

Qf : feed solution volumetric flow rate (cm3/s) 

L : length of hollow fiber (cm) 

ε : porosity of hollow fiber (%) 

N : the number of hollow fiber in the module  

ri : internal radius of hollow fiber (cm) 

 

 The permeability coefficient of Hg was determined from the gradient of the plot of 

−Vfln �
Cf
Cf,o
� versus t. The value of P (cm/s) at different extractant concentrations are as 

shown in Table 4.3. The permeability coefficient of Hg was increased from 0.327x10-2cm/s 

to 2.056x10-2cm/s when the concentration of [Emim][NTF2] was increased from 0.1M to 

0.18M. However, a further increase of [Emim][NTF2] concentration reduced the 

permeability coefficient. This could be due to the high viscosity of the extractants which 

resulted in low mass transport.  
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Table 4.3: The permeability coefficient of Hg at 0.1-0.26 M [Emim][NTF2] .(Aliquat 336 
concentration : 0.12 M ; stripping phase 0.1 M thiourea ; feed and stripping flowrate = 100 
mL/min) 

[Emim][NTF2] Permeability coefficient of mercury ( x10-2 cm/s) 

0.1 0.327 

0.14 0.339 

0.18 2.056 

0.22 0.451 

0.26 0.287 
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4.7 Design of experiment 

Design of experiment provides statistical models that help in understanding the interaction 

between the operating parameters and subsequently analysing the results. Response surface 

methodology (RSM) is one of the techniques that are commonly applied in many fields. 

RSM is a collection of statistical and mathematical approaches that help researchers to 

model, analyse the response of interest and optimize the responses (Montgomery, 1997). 

RSM not only explores the optimum level for each process parameter but also connects the 

interaction between the parameters and provides the impacts on the measured responses. In 

comparison to normal factorial experiment design, this methodology offers some 

advantages such as it requires fewer numbers of experiments without affecting the 

interactions between the parameters. 

 The purpose of this study was to evaluate the interaction effect between co-

extractant concentration, stripping concentration, flow rates of feed and stripping phases 

and the number of separation cycles on Hg removal efficiency. 

 The study was conducted using Box-Behnken design (BDD) through the aid of 

Design-Expert 6.0.8 software. The design consisted of 29 experiments including five 

replicates for centre point experiments. BDD was used to estimate the coefficients of 

response function which denoted as second order polynomial as given by Equation (4.6), 

where Y is the predicted response, βi , βj  and βij are the coefficients estimated from the 

regression, X is the value of the parameters investigated,   i is the linear coefficient, j is the 

quadratic coefficient, k is the number factors and e is the random error. 

Y= βo + ∑ βi Xi +k
i=1 ∑ βj Xi 

2+ ∑ ∑ βij Xi Xj +…k
j +k

i<j  k
i=1 e   (4.6) 
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The range of the parameters investigated and the sequence of the experiments are as 

shown in Table 4.4 and Table 4.5, respectively. 

 

Table 4.4: The operating parameters and their levels in response surface methodology 
study. 

 
 

Parameters 

 Levels 

-1 0 1 

Co- extractant concentration 

(Molar)( X1) 

0.1 0.18 0.26 

Stripping agent concentration 

(Molar)( X2) 

0.05 0.15 0.25 

Flowrate feed and stripping 

phase (mL/min)( X3) 

50 175 300 

Number of separation cycles 

(cycles)( X4) 

1 3 5 
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Table 4.5: Box-Behnken design matrix 

 
Experiment 

 
X1 

 
X2 

 
X3 

 
X4 

 
Hg removal efficiency 
 

1 0.10 0.15 175 5.0 96 
2 0.18 0.15 50 1.0 97 
3 0.26 0.15 50 3.0 92 
4 0.18 0.25 175 5.0 83 
5 0.18 0.05 50 3.0 93 
6 0.18 0.15 175 3.0 94 
7 0.10 0.25 175 3.0 90 
8 0.18 0.05 175 1.0 78 
9 0.18 0.15 175 3.0 92 
10 0.18 0.15 175 3.0 88 
11 0.18 0.25 50 3.0 87 
12 0.18 0.05 175 5.0 79 
13 0.18 0.25 175 1.0 83 
14 0.18 0.15 300 1.0 79 
15 0.18 0.25 300 3.0 78 
16 0.18 0.05 300 3.0 70 
17 0.26 0.15 175 1.0 90 
18 0.26 0.15 175 5.0 90 
19 0.26 0.05 175 3.0 90 
20 0.18 0.15 300 5.0 88 
21 0.18 0.15 50 5.0 90 
22 0.10 0.15 300 3.0 90 
23 0.10 0.15 175 1.0 85 
24 0.26 0.25 175 3.0 98 
25 0.18 0.15 175 3.0 99 
26 0.10 0.15 50 3.0 96 
27 0.26 0.15 300 3.0 94 
28 0.18 0.15 175 3.0 99 
29 0.10 0.05 175 3.0 78 
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4.7.1 Interactions and optimization of the parameters 

In the design of experiment (DoE), Hg removal efficiency was the predicted response. The 

experiments were conducted in the same sequence as provided in Table 4.5. All of the 

experiments conducted followed the matrix given while keeping constant value of 20 

minutes circulation time of the extractants. The methodology of the experiments followed 

the same procedure as described in Chapter 3. The optimum values of selected parameters 

were obtained from the model by solving the regression equation and analyzing the 

response surface contour plots (Krishna et al., 2013). 

Based on the experimental results, quadratic model was suggested by the ANOVA 

analysis. The summary of ANOVA is illustrated in Table 4.6.  The table shows that the 

Model F-value of 4.47 implies the model is significant whereby there is only a 0.29% 

chance that a Model F-Value this large could occur due to noise. For the model terms 

analysis, values of Prob > F of less than 0.05 indicate that the model terms are significant. 

In this case, C, B2
 and D2 are significant model terms. Besides that, the Lack of Fit F-value  

of 1.13 also implies that the Lack of Fit is not significant in relative to the pure error, which 

is desired for the model. 

In addition, the Predicted R2 of 0.3586  is in reasonable agreement with the 

Adjusted R2  of 0.5536. The Predicted R2 is the prediction of a response value estimated by 

the model. To maintain the adequacy of the model, the difference between Adjusted R2  and 

Predicted R2 should be less than 0.20. In this model, the difference of 0.195 implies that the 

model is adequate. Furthermore, an adequate precision of 7.774, which is greater then 4 

also indicates that the model is adequate and is suitable to be used to navigate the design 

space. This is further supported by the diagnostic of the model whereby the predicted value 
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fits the experimental values in a deviation of ±5%, as illustrated in Figure 4.11. Based on 

the ANOVA, the coded statistical model was obtained, as shown in Equation (4.5), where: 

Y = 72.9 – 74.4X1+ 286.8 X2 – 0.02X3 + 5.02X4 + 261.7 X1
2 – 857.5X2

2 – 1.7x10-4X3
2 – 

1.17X4
2 -1.25X2X4 + 0.016X3X4              (4.5) 

 

 

Table 4.6: ANOVA analysis for Hg removal efficiency 

Source Sum of 
Squares 

DF Mean 
Square 

F value Prob ˃ F  

Model 1100.37 14 110.04 4.47 0.029 significant 

A 30.08 1 30.08 1.22 0.2834  

B 80.08 1 80.08 3.25 0.0880  

C 261.33 1 261.33 10.62 0.0044  

D 16.33 1 16.33 0.66 0.4259  

A2 18.20 1 18.20 0.74 0.4011  

B2 476.96 1 476.96 19.39 0.0003  

C2 47.29 1 47.29 1.92 0.1826  

D2 143.29 1 143.29 5.82 0.0267  

BD 0.25 1 0.25 0.010 0.9208  

CD 64.00 1 64.00 2.60 0.1242  

Residual 442.87 18 24.60    

Lack of Fit 89.20 14 25.26 1.13 0.5008 not 
significant 

Pure Error 89.20 4 22.30    

Cor Total 1543.24 28     
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Figure 4.11: Predicted results versus experimental result for Hg removal efficiency. 
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4.7.2 Response surface (Contour plots) 

 
Figure 4.12 illustrates the effects of separation cycle and stripping concentration on Hg 

removal efficiency. The removal efficiency was increased when the separation cycles and 

stripping agent concentration were increased up to the optimum values of 3 cycles and 

0.12M, respectively. Beyond the optimum values , the removal efficiency is found to 

decrease. This was mainly due to the instability of HFSLM when membrane fouling took 

place at prolonged operation. Furthermore, the increase of stripping concentration beyond 

the optimum conecentration retarded the stripping process, as the reaction was shifted to the 

left hand side (Equation 4.4) , as suggested in Le Chatelier’s principle. 

 

 

Figure 4.12: The effect of separation cycles and stripping concentration on Hg removal 
efficiency. 
 

 

Univ
ers

ity
 of

 M
ala

ya



59 
 

 
The interaction effect of separation cycles  and the flowrates of feed and 

stripping phases on Hg removal efficiency is as illustrated in Figure 4.13. The removal 

efficiency decreased when the feed and stripping flow rates were increased. On the other 

hand, the increase of separation cycle up to three gave the optimum Hg removal at 98%. 

However, there was a reduction in the removal efficiency when the number of cycle was 

further increased. This was mainly due to the instability of HFSLM when membrane 

fouling took place at prolonged operation. Nevertheless, it was worth noting that the 

interaction between these parameters was small. 

 

 

 

Figure 4.13: The effect of separation cycles and flowrate feed and stripping phase on Hg 
removal efficiency. 
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4.7.3 Optimization study 

An optimization study was conducted using Design-Expert 6.0.8 based on the four 

parameters studied in Section 4.7. The optimum Hg removal efficiency could be achieved 

at 98% under 0.17M co-extractant concentration, 0.12M thiourea concentration, feed and 

stripping phases flow rates of 110 mL/min and three separation cycles. This combination 

was validated through an experimental study. The values of optimized parameters were 

found in good agreement with the experimental data, as shown in Table 4.7. This suggested 

that the model fits the experimental results and is statistically valid. 

 

Table 4.7: Optimized value for the experimental result versus predicted result 

Parameters Experimental result Predicted result 

co-extractant concentration (M) 0.18 0.17 

stripping concentration (M) 0.10 0.12 

flowrate feed and stripping phase 

(mL/min) 

100 110 

number of separation cycles 

(cycle) 

3 3 

Removal efficiency (%) 99.99 95.00 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The investigation on the ability of Aliquat 336 and imidazolium based ionic liquids as 

extractant and co-extractant in liquid membrane was carried out. The addition of 

[Emim][NTF2] as co-extractant was found to enhance the stability of HFSLM and Hg 

removal efficiency, as a result of strong dipolar and ionic interaction between Aliquat 336 

and [Emim][NTF2]. In contrast, [Bmim][NTF2] and  [Hmim][NTF2] showed relatively 

lower enhancement in comparison to [Emim][NTF2]. 

 A further study was conducted for evaluating the effect of various operating 

parameters on Hg removal efficiency. They were : co-extractant concentration, stripping 

concentration , number of separation cycle and the flow rates for feed and stripping phase. 

The co-extractant concentration was the key factor for Hg removal as it improved 

membrane stability and provided more Hg-complexes formation. However, an excessive 

high concentration for co-extractant led to low mass transfer rate. Statistical study on these 

parameters using Box-Behnken based Response surface methodology revealed than the use 

of optimum conditions of 0.12M Aliquat 336 with 0.18M  [EMIM][NTF2] as the 

extractants, 0.1M thiourea as the stripping agent with the flow rates of feed and stripping 

solution of 100 ml/min at 3-cycle separation achieve 99.99% Hg removal. As a conclusion, 

HFSLM using ionic liquid is an efficient method in Hg separation in which the 

concentration of Hg is low. 

As the future work, the use of task-specific ionic liquids (TSILs), where the anion 

and cation of the ionic liquid are tailored specifically for Hg removal should be studied. 

The role of anionic and cationic part of the ionic liquid can be explored in further study 
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using the different types of anions (FAP, PF6) and cations. Besides that, the effect of 

temperature in the extraction of Hg should also be further studied. 

From the view of equipment, the use of double membrane module in enhancing the 

stability of membrane is proposed to be further studied. Single membrane module was used 

to extract the Hg ion from the feed phase. The addition of extra module can provide higher 

surface area and thus providing higher contact surface between the Hg ions with the 

membrane for better removal efficiency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



63 
 

REFERENCES 

Adarkar, J. A., Sawant, S. B., Joshi, J. B., & Pangarkar, V. G. (1997). Extraction of amino acids 
using an immobilized liquid membrane. Biotechnology Progress, 13(4), 493-496. 

 
 
Al-Saleh, I. A. (2009). Health implications of mercury exposure in children. International Journal 

of Environment and Health, 3(1), 22-57. 
 
 
Aslanov, L. A. (2011). Ionic liquids: Liquid structure. Journal of Molecular Liquids, 162(3), 101-

104. 
 
 
Bansal, B., Chen, X. D., & Hossain, M. M. (2005). Transport of lithium through a supported liquid 

membrane of LIX54 and TOPO in kerosene. Chemical Engineering and Processing, 
44(12), 1327-1336. 

 
 
Bhowal, A., & Datta, S. (2001). Studies on transport mechanism of Cr(VI) extraction from an 

acidic solution using liquid surfactant membranes. Journal of Membrane Science, 188(1), 
1-8. 

 
 
Björkegren, S., & Karimi, R. F. (2011). A study of the heavy metal extraction process using 

emulsion liquid membranes. (Master’s Thesis), Retrieved from 
http://www.umlib.um.edu.my/publications/apa-guide.pdf.   

 
  
Bose-O'Reilly, S., McCarty, K. M., Steckling, N., & Lettmeier, B. (2010). Mercury exposure and 

children's health. Current problems in pediatric and adolescent health care, 40(8), 186-
215. 

 
 
Brennecke, J. F., & Maginn, E. J. (2001). Ionic liquids: Innovative fluids for chemical processing. 

Aiche Journal, 47(11), 2384-2389. 
 
 
Bringas, E., Roman, M. F. S., Irabien, J. A., & Ortiz, I. (2009). An overview of the mathematical 

modelling of liquid membrane separation processes in hollow fibre contactors. Journal of 
Chemical Technology and Biotechnology, 84(11), 1583-1614. 

 
 
Buachuang, D., Ramakul, P., Leepipatpiboon, N., & Pancharoen, U. (2011). Mass transfer 

modeling on the separation of tantalum and niobium from dilute hydrofluoric media 
through a hollow fiber supported liquid membrane. Journal of Alloys and Compounds, 
509(39), 9549-9557. 

 

Univ
ers

ity
 of

 M
ala

ya

http://www.umlib.um.edu.my/publications/apa-guide.pdf


64 
 

Campbell, M. J., Walter, R. P., Singleton, R., & Knowles, C. J. (1994). Investigation of the 
Stability and Selectivity of Phenylalanine Transport across a Supported Liquid Membrane. 
Journal of Chemical Technology and Biotechnology, 60(3), 263-273. 

 
 
Chakrabarty, K., Krishna, K. V., Saha, P., & Ghoshal, A. K. (2009). Extraction and recovery of 

lignosulfonate from its aqueous solution using bulk liquid membrane. Journal of 
Membrane Science, 330(1-2), 135-144. 

 
 
Chakrabarty, K., Saha, P., & Ghoshal, A. K. (2010a). Separation of lignosulfonate from its 

aqueous solution using emulsion liquid membrane. Journal of Membrane Science, 360(1-
2), 34-39. 

 
 
Chakrabarty, K., Saha, P., & Ghoshal, A. K. (2010b). Simultaneous separation of mercury and 

lignosulfonate from aqueous solution using supported liquid membrane. Journal of 
Membrane Science, 346(1), 37-44. 

 
 
Cichy, W., Schlosser, S., & Szymanowski, J. (2005). Extraction and pertraction of phenol through 

bulk liquid membranes. Journal of Chemical Technology and Biotechnology, 80(2), 189-
197. 

 
 
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(3), 231-
248. 

 
 
de los Rios, A. P., Hernandez-Fernandez, F. J., Tomas-Alonso, F., Rubio, M., Gomez, D., & 

Villora, G. (2008). On the importance of the nature of the ionic liquids in the selective 
simultaneous separation of the substrates and products of a transesterification reaction 
through supported ionic liquid membranes. Journal of Membrane Science, 307(2), 233-238. 

 
 
Dreher, T. M., & Stevens, G. W. (1998). Instability mechanisms of supported liquid membranes. 

Separation Science and Technology, 33(6), 835-853. 
 
 
Fabrega, F. D. M., & Mansur, M. B. (2007). Liquid-liquid extraction of mercury (II) from 

hydrochloric acid solutions by Aliquat 336. Hydrometallurgy, 87(3-4), 83-90. 
 
 
Fortunato, R., Afonso, C. A. M., Benavente, J., Rodriguez-Castellon, E., & Crespo, J. G. (2005). 

Stability of supported ionic liquid membranes as studied by X-ray photoelectron 
spectroscopy. Journal of Membrane Science, 256(1-2), 216-223. 

 
 

Univ
ers

ity
 of

 M
ala

ya



65 
 

Fujii, K., Nonaka, T., Akimoto, Y., Umebayashi, Y., & Ishiguro, S. (2008). Solvation Structures of 
Some Transition Metal(II) Ions in a Room-Temperature Ionic Liquid, 1-Ethyl-3-
methylimidazolium Bis(trifluoromethanesulfonyl)amide. Analytical Sciences, 24(10), 1377-
1380. 

 
 
Gabelman, A., & Hwang, S.-T. (1999). Hollow fiber membrane contactors. Journal of Membrane 

Science, 159(1), 61-106. 
 
 
Gasser, M. S., El-Hefny, N. E., & Daoud, J. A. (2008). Extraction of Co(II) from aqueous solution 

using emulsion liquid membrane. Journal of Hazardous Materials, 151(2-3), 610-615. 
 
 
Germani, R., Mancini, M. V., Savelli, G., & Spreti, N. (2007). Mercury extraction by ionic liquids: 

temperature and alkyl chain length effect. Tetrahedron Letters, 48(10), 1767-1769. 
 
 
Ghodbane, I., & Hamdaoui, O. (2008). Removal of mercury(II) from aqueous media using 

eucalyptus bark: Kinetic and equilibrium studies. Journal of Hazardous Materials, 160(2-
3), 301-309. 

 
 
Ghosh, A. C., Borthakur, S., Roy, M. K., & Dutta, N. N. (1995). Extraction of Cephalosporin-C 

Using Supported Liquid Membrane. Separations Technology, 5(2), 121-126. 
 
 
Goharshadi, E. K., & Moosavi, M. (2008). Thermodynamic properties of some ionic liquids using 

a simple equation of state. Journal of Molecular Liquids, 142(1-3), 41-44. 
 
 
Gonzalez-Munoz, M. J., Luque, S., Alvarez, J. R., & Coca, J. (2003). Recovery of phenol from 

aqueous solutions using hollow fibre contactors. Journal of Membrane Science, 213(1-2), 
181-193. 

 
 
Goyal, R. K., Jayakumar, N. S., & Hashim, M. A. (2011a). Chromium removal by emulsion liquid 

membrane using [BMIM](+)[NTf(2)](-) as stabilizer and TOMAC as extractant. 
Desalination, 278(1-3), 50-56. 

 
 
Goyal, R. K., Jayakumar, N. S., & Hashim, M. A. (2011b). Emulsion stabilization using ionic 

liquid [BMIM](+)[NTf2](-) and performance evaluation on the extraction of chromium. 
Journal of Hazardous Materials, 195, 55-61. 

 
 
Gupta, S., Chakraborty, M., & Murthy, Z. V. P. (2013). Optimization of process parameters for 

mercury extraction through pseudo-emulsion hollow fiber strip dispersion system. 
Separation and Purification Technology, 114, 43-52. 

Univ
ers

ity
 of

 M
ala

ya



66 
 

 
Hanna, G. J., & Larson, K. M. (1985). Influence of preparation parameters on internal droplet size 

distribution of emulsion liquid membranes. Industrial & Engineering Chemistry Product 
Research and Development, 24(2), 269-274. 

 
 
Hassan, S. S. M., Awwad, N. S., & Aboterika, A. H. A. (2008). Removal of mercury(II) from 

wastewater using camel bone charcoal. Journal of Hazardous Materials, 154(1-3), 992-
997. 

 
 
Hofmeister, M., Slusarek, T., Madaj, R., & Strömbäck, W. (2013). Chloride reduction from 

brackish water by hollow fiber supported liquid membranes (HFSLM) using ionic liquids 
as a carrier. Universitat Politècnica de Catalunya. Environmental Quality (Sewage And 
Industrial  Effluents) Regulations, 1979 (1979). 

 
 
Inbaraj, B. S., Wang, J. S., Lu, J. F., Siao, F. Y., & Chen, B. H. (2009). Adsorption of toxic 

mercury(II) by an extracellular biopolymer poly(gamma-glutamic acid). Bioresource 
Technology, 100(1), 200-207. 

 
 
Kaminski, W., & Kwapinski, W. (2000). Applicability of liquid membranes in environmental 

protection. Polish Journal of Environmental Studies, 9(1), 37-43. 
 
 
Kemperman, A. J., Rolevink, H. H., van den Boomgaard, T., & Strathmann, H. (1997). Hollow-

fiber-supported liquid membranes with improved stability for nitrate removal. Separation 
and Purification Technology, 12(2), 119-134. 

 
 
Kemperman, A. J. B., Bargeman, D., vandenBoomgaard, T., & Strathmann, H. (1996). Stability of 

supported liquid membranes: State of the art. Separation Science and Technology, 31(20), 
2733-2762. 

 
 
Kim, B. M. (1984). Membrane-Based Solvent-Extraction for Selective Removal and Recovery of 

Metals. Journal of Membrane Science, 21(1), 5-19. 
 
 
Kozonoi, N., & Ikeda, Y. (2007). Extraction mechanism of metal ion from aqueous solution to the 

hydrophobic ionic liquid, 1-butyl-3-methylimidazolium nonafluorobutanesulfonate. 
Monatshefte Fur Chemie, 138(11), 1145-1151. 

 
 
Krishna, D., Krishna, K. S., & Sree, R. P. (2013). Response surface modeling and optimization of 

chromium (VI) removal from aqueous solution using Borasus flabellifer coir powder. 
International Journal of Applied Science and Engineering, 11(2), 213-226. 

Univ
ers

ity
 of

 M
ala

ya



67 
 

Lagrost, C., Carrie, D., Vaultier, M., & Hapiot, P. (2003). Reactivities of some electrogenerated 
organic cation radicals in room-temperature ionic liquids: Toward an alternative to volatile 
organic solvents? Journal of Physical Chemistry A, 107(5), 745-752. 

 
 
Le, Q. T. H., Ehler, D. S., McCleskey, T. M., Dye, R. C., Pesiri, D. R., Jarvinen, G. D., & Sauer, 

N. N. (2002). Ultra-thin gates for the transport of phenol from supported liquid membranes 
to permanent surface modified membranes. Journal of Membrane Science, 205(1-2), 213-
222. 

 
 
Lothongkum, A. W., Ramakul, P., Sasomsub, W., Laoharochanapan, S., & Pancharoen, U. (2009). 

Enhancement of uranium ion flux by consecutive extraction via hollow fiber supported 
liquid membrane. Journal of the Taiwan Institute of Chemical Engineers, 40(5), 518-523. 

 
 
Lothongkum, A. W., Suren, S., Chaturabul, S., Thamphiphit, N., & Pancharoen, U. (2011). 

Simultaneous removal of arsenic and mercury from natural-gas-co-produced water from the 
Gulf of Thailand using synergistic extractant via HFSLM. Journal of Membrane Science, 
369(1-2), 350-358. 

 
 
Lv, J. W., Yang, Q., Jiang, J. W., & Chung, T. S. (2007). Exploration of heavy metal ions 

transmembrane flux enhancement across a supported liquid membrane by appropriate 
carrier selection. Chemical Engineering Science, 62(21), 6032-6039. 

 
 
Malik, M. A., Hashim, M. A., & Nabi, F. (2011). Ionic liquids in supported liquid membrane 

technology. Chemical Engineering Journal, 171(1), 242-254. 
 
 
Matsumoto, M., Inomoto, Y., & Kondo, K. (2005). Selective separation of aromatic hydrocarbons 

through supported liquid membranes based on ionic liquids. Journal of Membrane Science, 
246(1), 77-81. 

 
 
Miretzky, P., & Cirelli, A. F. (2009). Hg(II) removal from water by chitosan and chitosan 

derivatives: A review. Journal of Hazardous Materials, 167(1-3), 10-23. 
 
 
Molinari, R., Drioli, E., & Pantano, G. (1989). Stability and Effect of Diluents in Supported Liquid 

Membranes for Cr(Iii), Cr(Vi), and Cd(Ii) Recovery. Separation Science and Technology, 
24(12-13), 1015-1032. 

 
 
Montgomery, D. C. (1997). Design and Analysis of Experiments ( fifth edition ed.). New York: 

Wiley. 

Univ
ers

ity
 of

 M
ala

ya



68 
 

Mortaheb, H. R., Kosuge, H., Mokhtarani, B., Amini, M. H., & Banihashemi, H. R. (2009). Study 
on removal of cadmium from wastewater by emulsion liquid membrane. Journal of 
Hazardous Materials, 165(1-3), 630-636. 

 
 
Muthuraman, G., & Ibrahim, M. M. (2013). Removal of anionic dye from aqueous solution using a 

cationic carrier. International Journal of Industrial Chemistry, 4(1), 15. 
 
 
Muthuraman, G., Teng, T. T., Leh, C. P., & Norli, I. (2009). Use of bulk liquid membrane for the 

removal of chromium (VI) from aqueous acidic solution with tri-n-butyl phosphate as a 
carrier. Desalination, 249(2), 884-890. 

 
 
Nayl, A. A. (2010). Extraction and separation of Co(II) and Ni(II) from acidic sulfate solutions 

using Aliquat 336. Journal of Hazardous Materials, 173(1-3), 223-230. 
 
 
Nosrati, S., Jayakumar, N. S., & Hashim, M. A. (2011). Performance evaluation of supported ionic 

liquid membrane for removal of phenol. Journal of Hazardous Materials, 192(3), 1283-
1290. 

 
 
Pancharoen, U., Lothongkum, A. W., & Chaturabul, S. (2011). Mass transfer in hollow fiber 

supported liquid membrane for As and Hg removal from produced water in upstream 
petroleum operation in the Gulf of Thailand Mass Transfer in Multiphase Systems and its 
Applications: InTech. 

 
 
Pancharoen, U., Somboonpanya, S., Chaturabul, S., & Lothongkum, A. W. (2010). Selective 

removal of mercury as HgCl(4)(2-) from natural gas well produced water by TOA via 
HFSLM. Journal of Alloys and Compounds, 489(1), 72-79. 

 
 
Park, H. J., & Chung, T. S. (2003). Removal of phenol from aqueous solution by liquid emulsion 

membrane. Korean Journal of Chemical Engineering, 20(4), 731-735. 
 
 
Patil, P. N., & Ghodke, S. (2015). A review paper on emulsion liquid membrane Journal of 

Technological Advances and Scientific Research, 1(3), 124-135. 
 
 
Plechkova, N. V., & Seddon, K. R. (2008). Applications of ionic liquids in the chemical industry. 

Chemical Society Reviews, 37(1), 123-150. 
 
 
Prakorn, R., & 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(4), 724-730. 

Univ
ers

ity
 of

 M
ala

ya



69 
 

Renner, R. (2001). Ionic liquids: An industrial cleanup solution. Environmental Science & 
Technology, 35(19), 410-413. 

 
 
Rousseau, R. W. (1987). Handbook of Separation Process Technology: J. Wiley. 
 
 
Sahoo, G. C., & Dutta, N. N. (1998). Studies on emulsion liquid membrane extraction of 

cephalexin. Journal of Membrane Science, 145(1), 15-26. 
 
 
Sato, T., & Nakamura, T. (1980). The Stability-Constants of the Aqueous Chloro Complexes of 

Divalent Zinc, Cadmium and Mercury Determined by Solvent-Extraction with Tri-N-
Octylphosphine Oxide. Hydrometallurgy, 6(1-2), 3-12. 

 
 
Seddon, K. R. (1996). Room-temperature ionic liquids: Neoteric solvents for clean catalysis. 

Kinetics and Catalysis, 37(5), 693-697. 
 
 
Seddon, K. R. (2003). Ionic liquids - A taste of the future. Nature Materials, 2(6), 363-365. 
 
 
Seddon, K. R., Stark, A., & Torres, M. J. (2000). Influence of chloride, water, and organic solvents 

on the physical properties of ionic liquids. Pure and Applied Chemistry, 72(12), 2275-2287. 
 
 
Shariati, A., Gutkowski, K., & Peters, C. J. (2005). Comparison of the phase behavior of some 

selected binary systems with ionic liquids. Aiche Journal, 51(5), 1532-1540. 
 
 
Shariati, A., & Peters, C. J. (2005). High-pressure phase equilibria of systems with ionic liquids. 

Journal of Supercritical Fluids, 34(2), 171-176. 
 
 
Shen, S. F., Smith, K. H., Cook, S., Kentish, S. E., Perera, J. M., Bowser, T., & Stevens, G. W. 

(2009). Phenol recovery with tributyl phosphate in a hollow fiber membrane contactor: 
Experimental and model analysis. Separation and Purification Technology, 69(1), 48-56. 

 
 
Stojanovic, A., & Keppler, B. K. (2012). Ionic Liquids as Extracting Agents for Heavy Metals. 

Separation Science and Technology, 47(2), 189-203. 
 
 
Tanigaki, M., Ueda, M., & Eguchi, W. (1988). Facilitated Transport of Zinc-Chloride through 

Hollow Fiber Supported Liquid Membrane .2. Membrane Stability. Separation Science and 
Technology, 23(10-11), 1161-1169. 

 
 

Univ
ers

ity
 of

 M
ala

ya



70 
 

Umebayashi, Y., Yamaguchi, T., Fukuda, S., Mitsugi, T., Takeuchi, M., Fujii, K., & Ishiguro, S. 
(2008). Raman Spectroscopic Study on Alkaline Metal Ion Solvation in 1-Butyl-3-
methylimidazolium Bis(trifluoromethanesulfonyl)amide Ionic Liquid. Analytical Sciences, 
24(10), 1297-1304. 

 
 
Usapein, P., Lothongkum, A. W., Ramakul, P., & Pancharoen, U. (2009). Efficient transport and 

selective extraction of Cr(VI) from waste pickling solution of the stainless steel-cold rolled 
plate process using Aliquat 336 via HFSLM. Korean Journal of Chemical Engineering, 
26(3), 791-798. 

 
 
Visser, A. E., & Rogers, R. D. (2003). Room-temperature ionic liquids: new solvents for f-element 

separations and associated solution chemistry. Journal of Solid State Chemistry, 171(1-2), 
109-113. 

 
 
Visser, A. E., Swatloski, R. P., Reichert, W. M., Mayton, R., Sheff, S., Wierzbicki, A., . . . Rogers, 

R. D. (2002). Task-specific ionic liquids incorporating novel cations for the coordination 
and extraction of Hg2+ and Cd2+: Synthesis, characterization, and extraction studies. 
Environmental Science & Technology, 36(11), 2523-2529. 

 
 
Wasserscheid, P., & Keim, W. (2000). Ionic liquids - New "solutions" for transition metal 

catalysis. Angewandte Chemie-International Edition, 39(21), 3772-3789. 
 
 
Welton, T. (1999). Room-temperature ionic liquids. Solvents for synthesis and catalysis. Chemical 

Reviews, 99(8), 2071-2083. 
 
 
Yang, & Dionysiou, D. D. (2004). Photolytic degradation of chlorinated phenols in room 

temperature ionic liquids. Journal of Photochemistry and Photobiology a-Chemistry, 
165(1-3), 229-240. 

 
 
Yang, Fane, A. G., Bi, J., & Griesser, H. J. (2000). Stabilization of supported liquid membranes by 

plasma polymerization surface coating. Journal of Membrane Science, 168(1-2), 29-37. 
 
 
Zha, F. F., Fane, A. G., & Fell, C. J. D. (1995). Instability Mechanisms of Supported Liquid 

Membranes in Phenol Transport Process. Journal of Membrane Science, 107(1-2), 59-74. 
 
 
Zhang, F., Sun, W., Liu, J., Zhang, W., & Ren, Z. (2014). Extraction separation of 

toluene/cyclohexane with hollow fiber supported ionic liquid membrane. Korean Journal of 
Chemical Engineering, 31(6), 1049-1056. 

Univ
ers

ity
 of

 M
ala

ya



71 
 

Zidi, C., Tayeb, R., Ali, M. B. S., & Dhahbi, M. (2010). Liquid–liquid extraction and transport 
across supported liquid membrane of phenol using tributyl phosphate. Journal of 
Membrane Science, 360(1–2), 334-340. 

 
 
Zuo, Y., Liu, Y., Chen, J., & Li, D. Q. (2008). The separation of Cerium(IV) from nitric acid 

solutions containing Thorium(IV) and Lanthanides(III) using pure [C(8)mim]PF6 as 
extracting phase. Industrial & Engineering Chemistry Research, 47(7), 2349-2355. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



72 

PUBLICATIONS 

Fauzi, E.M., Jayakumar, N.S., Hashim ,M.A. Yee- Sern Ng (2017). Application of Aliquat 
336 and [Emim][NTF2] in hollow fiber supported liquid membrane. Membrane Water 
Treatment Journal, Under Review. 

Fauzi, E.M., Jayakumar, N.S., Hashim ,M.A. (2013). Performance of ionic liquid on the 
extraction of mercury using hollow fiber supported liquid membrane (HFSLM).Paper 
presented at International Conference for Ionic Liquids 2013 (ICIL 13), Langkawi, 
Malaysia. 

Univ
ers

ity
 of

 M
ala

ya


	1
	2
	3 revised
	4 revised



