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Summary of thesis 

 EME is an emerging sample preparation technique and a supported liquid membrane (SLM) is 

an important part of it. In this literature-based study, organic solvents used as SLM was 

reviewed. Prior to discussing SLMs, introduction to EME, classification and common 

properties of liquid membrane are given. 

In EME, charged analytes are extracted from sample solution into acceptor solution through 

organic solvent (SLM). The mass transfer has been described by a steady state model and transit 

model. Strong acids and bases are used to maintain pH and ionization of target analytes. The 

stability of EME system is obtained by controlling pH and providing low extraction voltage. 

EME devices uses supported liquid membrane and free liquid membrane as organic solvent 

configuration. Commonly used devices for EME are static EME, dynamic EME, one chip EME, 

parallel EME, continuous flow EME and micro EME.  

Liquid membranes are classified into emulsion liquid membrane (ELM), bulk liquid membrane 

(BLM) and supported liquid membrane (SLM); and according to transport mechanism, liquid 

membranes are classified into simple transport, facilitated transport and active transport. 

General properties of good liquid membrane and carriers are also discussed. 

Liquid membrane used in EME of non-polar basic drugs, polar basic drugs, non-polar acidic 

drugs, polar acidic drugs, small inorganic cations, small inorganic anions, amino acids and 

peptides are reviewed in this thesis. Physicochemical properties like charge of analytes, log P, 

pKa and EME recoveries of analytes are presented. Water solubility, boiling point, viscosity 

and vapor pressure of organic solvents used as LM are described. Organic solvents used in EME 

are pure solvents, mixture of solvents, pure solvents containing ionic carriers and mixtures of 

solvents with ionic carriers. 
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1. Introduction to electro membrane extraction 

Preparation of sample is an initial step during chemical analysis of biological and environmental 

samples. The complex nature of these samples is challenging and tends to interfere in separation 

and analysis during instrumental analysis such as mass spectrometry (MS), electrophoresis and 

chromatography [1-3]. It is important to decrease the complexity of the sample matrix to avoid 

contamination of instruments during analysis [4].  

Commonly, liquid-liquid extraction (LLE) and solid-phase extraction (SPE) are used for the 

sample preparation. However miniaturized extraction methods have been developed as an 

alternative to LLE and SPE such as solid-phase microextraction (SPME), single droplet 

microextraction (SDME), hollow-fiber liquid phase microextraction (HF-LPME) and 

dispersive liquid-liquid microextraction (DLLME) [1, 2, 4-6]. The main purpose of the 

development of these techniques was to reduce the use of hazardous organic solvents, cost, 

sample preparation time, sample evaporation, and to facilitate automation with an accelerated 

extraction efficiency [3, 4, 7]. 

Electromembrane extraction is a miniaturized form of HF-LPME that was first introduced in 

2006 with the name of electro-membrane isolation by Stig Pedersen-Bjergaard and Knut 

Rasmussen [1, 2, 5, 6, 8-10]. It is a three-phase system where analyte transfer occurs through 

two-phase boundaries and driven by an electrical potential. The species of interest migrate from 

donor phase, through organic solvent which is impregnated on solid support as SLM, into 

accepter phase [9].    

 

1.1. Principle of EME 

Principle of electro membrane extraction is shown in Figure 1 [2]. The supported liquid 

membrane (SLM) is a fundamental part of the EME system, and is organic solvent immobilized 

on a small piece of porous hollow fiber of polypropylene. Charged target analyte are separated 

through SLM from the aqueous sample solution, which is located in a sample reservoir placed 

on an agitator to the accepter phase present in the lumen of a hollow fiber. Two electrodes, 

cathode and anode, are placed in donor and accepter compartment. Both donor and acceptor are 

coupled to an external power source. The difference of potential is the force causing the 

movement of charged analyte from donor to acceptor solvent.[2, 4-6, 9, 11]. 
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Figure 1: Principle of EME [2] 

The cathode is placed in the acceptor phase during EME of cationic substances and pH in the 

sample and the acceptor phase are adjusted to acidic or neutral to ensure their protonated state 

(positively charged) as shown in Figure 2a. 

 

Figure 2: Interpretation of EME principle (a) for cations (b) for anions [1] 

The anode is set in the acceptor phase for the extraction of anionic targets and pH in acceptor 

and sample accustomed to the basic for ensuring negative charge on them as shown in Figure 

2b [1, 2, 6, 11]. 

 



7 

 

1.2. Fundamentals of EME 

After the introduction in 2006, researchers have described basic aspects of the EME. These are 

not fully explained yet and it demand more research in the future to fully understand all of its 

fundamental concepts [1]. 

1.2.1. Transfer of mass 

In EME mass transfer occurs by both passive diffusion and by electrokinetic migration, due to 

this reason, it is called a hybrid technique [1, 5]. Two theoretical models have been proposed 

to understand mass transfer in EME. These models help to explain the basic concept but none 

of them explains the transfer mechanism completely. These are called (a) steady-state model 

and (b) transit model [1-5, 8, 11]. The steady-state model illustrates the transition of mass 

through the SLM and the transit model describes the time-dependent concentration of the 

analyte in the acceptor solution [2]. 

(a) Steady-state model 

This mass transfer model is explained by a mathematical equation based on the Nernst-

Planks flux equation. It is based on assumptions that (1) all analytes have the same charge, 

(2) there is free transport through SLM and (3) there is electro neutrality in the SLM [2]. 

The analyte flux  𝐽𝑖 expressed in moles per unit time and per unit area is calculated by using 

the equation (1) [2-4].  

𝐽𝑖 =  
− 𝐷𝑖

ℎ
(1 +  

𝑣

ln 𝜒
) (

𝜒−1

𝜒−exp (−𝑣)
) (𝐶𝑖ℎ −  𝐶𝑖0exp (−𝑣))                         (1) 

Di = kT/6πηR                                                                                        (2) 

ν = ziFΔφ ∕ RT                                                                          (3) 

χ =
∑ cih+∑ c∗khki

∑ ci0+∑ c∗k0ki
                                                                              (4) 

In this equation (1) ℎ is the thickness of SLM, −𝐷ⅈ is the diffusion coefficient which is 

defined in equation (2), 𝑣 is the driving force, determined by the electrical potential 

difference as given in equation (3). χ is the ionic strength in the sample and the acceptor 

phase as shown in equation (4), 𝐶𝑖ℎ is the concentration of analyte at the interface between 

sample and SLM and 𝐶𝑖0 is concentration of analyte at interface between SLM and acceptor 

solution. Simple benefit of using this model is that the complexity of differential equations 
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is reduced and it gives valuable knowledge about the factors affecting the mass transfer [1, 

2] as shown in equation (1). 

According to equation (1), factors affecting on the flux ere SLM thickness, diffusion 

coefficient, voltage, and ion balance across the SLM. For high extraction, the SLM should 

be thin and with low viscosity. Extraction recovery improves with increase in potential 

difference up to a certain level and analyte transfer is not much affected by ion balance 

across SLM [2]. 

Other factors influencing the mass transfer are the polarity of the analyte [10] and the 

agitation [5]. Transfer of analytes with log P-value < 1 (hydrophilic nature) is limited as 

compared to less polar analytes with log P-value (1<log P<4) [10]. The agitation of EME 

system increases the extraction recovery and reduces the extraction time [5]. Addition of 

ionic carriers in SLM also improve the mass transfer of polar basic drugs[12] and a 

combination of two different organic solvents also promote the analyte transfer [13, 14].  

(b) Transit model  

The transit model is also called the time-dependent model. To explain this model, it is 

speculated that, (1) there is a lag time based on analyte residence time in SLM (2) mass 

transfer is unidirectional (3) there is sufficient convection between sample and acceptor 

solution [1, 2, 5]. Most practical investigations have been in accordance this model and it 

strongly illustrates the effect of surface area and SLM-analyte affinity [1]. Time-dependent 

analyte concentration 𝐶𝐴𝑖(𝑡) in acceptor phase is calculated by the mass transfer equation 

(5) [2, 8, 11]. 

𝐶𝐴𝑖(𝑡) =  
𝑉𝐷𝐶𝐷𝑖

0 − 𝐶𝐷𝑖
0 ·exp(−

𝐴𝑓 · 𝑃𝑖
𝐷→𝐴

𝑉𝐷
·𝑡)(𝑉𝐷+ 𝐾𝑑

∗  · 𝑉𝑚)

𝑉𝐴
                                   (5) 

In this equation 𝑉𝐷  is the volume of the sample, surface area of SLM is 𝐴𝑓, 𝐶𝐷𝑖
0  is the analyte’s 

initial concentration in the sample, 𝑃𝑖
𝐷→𝐴 is permeability coefficient of SLM for the analyte,  𝑉𝐴 

is acceptor solution volume, the volume of the SLM is 𝑉𝑚 and distribution coefficient is 

represented by 𝑘𝑑
∗  and given in the equation (6) [2, 8]. Graphical illustration of the equation (5) 

is shown in the Figure 3 [2]. The decrease in concentration of the analyte in sample solvent 

leads to a consequential increase in concentration in the SLM. In acceptor phase, the initial 

amount of the analyte is zero but it increases with time. The system enters in the steady state 

after a certain time period and the process will be stopped at this stage [2]. 
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According to the equation (5), the analyte concentration in acceptor solution 𝐶𝐴𝑖(𝑡) is directly 

related to the initial concentration in the sample 𝐶𝐷𝑖
0  [8]. 

𝑘𝑑=
∗ exp (

Ȥ𝑖𝐹

𝑅𝑇
(𝛥0

𝑤𝜑 − 𝛥0
𝑤𝜑𝑖

0))                                                              (6) 

In equation (6), 𝛥0
𝑤𝜑 is the Galvani potential difference across sample-SLM interface, absolute 

temperature is 𝑇, the charge of analyte is Ȥ  and 𝛥0
𝑤𝜑𝑖

0 is the analyte distribution parameters 

[8].  

 

Figure 3: Analyte concentration in donor, acceptor and SLM as function of time [2] 

 

Theoretical recovery 𝑅𝑖(𝑡) can be estimated by using a time-dependent model given by the 

equation (7). Here 𝑛𝑎 and 𝑛𝑑 is the molar concentration in the acceptor and donor solution 

respectively, and  is the molar concentration in the donor phase [2]. The volume of the acceptor 

solution is 𝑉𝑎  and the volume of donor phase is  𝑉𝑑, the analyte concentration in the acceptor 

phase at time t is 𝐶𝐴𝑖(𝑡) and  𝐶𝐷𝑖
0  is the original amount of analyte in the donor solution [4]. 
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𝑅𝑖(𝑡) =
𝑛𝑎(𝑡)

𝑛𝑑(𝑡=0)
× 100% =

𝑉𝑎

𝑉𝑑

𝐶𝐴𝑖(𝑡)

𝐶𝐷𝑖
0 × 100%                                        (7) 

Factors affecting the mass transfer according to equation (5) are sample volume, distribution 

coefficient, the surface area of SLM, permeability coefficient, time and applied voltage [1, 2, 

5, 11]. As compared to a large sample volume, extraction is faster with small sample volumes 

[2].  

The permeability coefficient depends on the composition of SLM and physiochemical 

properties of analyte. The permeability coefficient and extraction rate increases as the surface 

area of SLM increases [2]. The higher extraction recovery is obtained by prolonging the 

extraction time steady state and increasing voltage to a certain level [5]. Permeability and 

distribution coefficients are strongly affected by the applied voltage [2]. Experimentally mass 

transfer is optimized by altering the features of SLM, sample and applied electric field [1]. 

1.2.2. Effect of pH shift and electrolysis  

Charged species can be separated very efficiently by EME. For effective extraction, pH should 

be maintained to a certain level so that the acidic and basic analytes get ionized [15]. Hence, 

acidic pH in acceptor and donor phases can ionize the basic analytes and vice versa [10, 16]. 

Strong acids like HCL and formic acid, and strong bases like NaOH are used for pH adjustment 

[15]. 

During EME, the application of electric voltage causes an electric current to pass through the 

system. Due to excessive current, the electrolysis occurs at the electrodes as demonstrated by 

equations (8) and (9) [2, 5, 9]. 

 

Cathode    :      2𝐻+ + 2𝑒− → H2                                                              (8) 

Anode     :     𝐻2𝑜 → 2𝐻+ +
1

2
𝑂2 + 2𝑒−                                                   (9) 

Thus, pH may increase or decrease at cathode and anode respectively [15]. This change in pH 

can be monitored by using an aqueous indicator solution. The change in color of an indicator 

solution means change in pH as shown in Figure 4. 
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Figure 4: Effect of pH change during EME by using an acid-base indicator (Congo Red) in 

catholyte [1]. 

 

The change of pH is minor in the sample phase and major in the acceptor section [15]. 

Substances with a low degree of deprotonation pass through the SLM undoubtedly during EME 

and vice versa. The partial deprotonation of the analyte occurs due to an increased pH in the 

acceptor boundary layer. The pH is higher at interface between acceptor and sample as 

compared to bulk acceptor solution as given the Figure 5 [15]. The protonated analyte may 

convert to deprotonated form at acceptor/SLM interface, and electrokinetic migration of the 

analyte is reduced [15]. 

 

Figure 5: Schematic illustration of acceptor boundary layer [15] 
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This change in pH is reduced by using a buffer solution as a background electrolyte. Electrolysis 

is reduced by using low current in EME and this is achieved by careful selection of the SLM 

solvent and the voltage [5]. 

1.2.3. System stability 

During electrolysis 𝑂2 and 𝐻2 were produced at cathode and anode, respectively, as shown in 

equations (8) and (9). This bubble formation is increasing with an increasing current in the 

system [1, 5, 9]. The stability of the system is very critical for effective analyte extraction. A 

stable pH in acceptor phase and low steady extraction current are required for a stable EME 

system [1].  

By using a small volume of the sample phase [2] and SLM solvent [1] the stability of the EME 

system can be improved. Background analytes, stirring rate, temperature and surface area of 

the SLM are other important factors that affect the stability of the system. A stable extraction 

process is achieved with a careful adjustment of the practical specifications (pH , voltage) [1]. 

1.2.4. Supported liquid membrane 

Organic solvents used as SLM are a very important part of the EME extraction. Basic criteria 

for the selection of a solvent as SLM and their physicochemical properties are discussed with 

more details in chapter 2 of this thesis. 

 

 

1.3. Classification of EME formats 

There are two main types of EME devices based on the configuration of organic solvent namely 

(1) supported liquid membrane (SLM) (2) free liquid membrane (FLM) and these can be further 

categorized as shown in Figure 6 [5]. The main features of different EME devices are given in 

 

Table 1 [5]. On the basis of performance, EME is categorized into exhaustive EME, soft EME, 

selective EME, simultaneous EME and high-throughput EME [1]. 
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Table 1: Main features of EME devices [5]. 

Features Static EME Dynamic 

EME 

One-chip 

EME 

Parallel 

EME 

Continuous-

flow EME 

𝝁- 

EME 

Enrichment +++ ++ ++ + +++ + 

Recovery ++ ++ ++ ++ + + 

Low sample 

volume 

++ ++ + +++ + +++ 

Throughput - - - + - - 

Infusion - - - - - + 

Automation - - - + - + 

 

In the SLM-based systems, the organic solvent is impregnated in a polymeric membrane. It is 

further categorized into hollow fiber and flat membrane [5]. The conventional EME uses a 

hollow fiber made of polypropylene [9]. It is the most popular EME format [1, 5-7] and even 

setups using multiple hollow fibers have been reported [1]. 

An organic solvent is impregnated on a chemically resistant hydrophobic polymer and the 

lumen of the fiber serves as the acceptor compartment. The advantages of this setup are high 

enrichment and favorable extraction kinetics. The HF is inexpensive and cross-contamination 

can be avoided due to its disposable nature [5]. 

Dynamic-EME is used to reduce the disadvantages of the conventional setups where liquids 

are constantly renewed in the sample and acceptor phase by agitation. High enrichment and 

recovery are obtained by reducing the renewal flow rate and increasing extraction time. The 

pH remains the same in the whole extraction process and prevents back-extraction [5, 6]. 
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Figure 6: Classifications of EME format [5] 

A higher recovery is obtained with FM-EME as compared to HF.EME. One-chip EME and 

parallel-EME use thin flat membranes [5].Initial on-chip EME was semi-dynamic and consisted 

of a stationary acceptor and a dynamic donor phase. In the advanced form of one-chip both 

phases are dynamic. Consecutive one-chip EME and simultaneous one-chip are the most 

superior forms of this category [1, 6, 7, 11]. 96 well-plate parallel-EME and multiple extractions 

are achieved using flat membranes [5, 16]. 

In the second type (FLM), the devices do not use the physical membrane to give support of 

organic solvent [1, 5] and consist of  3-phase electroextraction, micro-EME and continuous- 

flow EME [5]. In 3-phase electroextraction, organic solvents with different densities are placed 

in a vertical container to form an organic extraction membrane. The micropipette is used for 

injecting the acceptor phase in the organic SLM. Enrichment up to 80-fold is obtained by this 

method and automation can be achieved by directly connecting it with the MS [5].  

Very small sample volume ≤1 μL is used in micro-EME and can be effective for small-volume 

biological samples. The organic solvent (FLM) is sandwiched between the sample and the 

acceptor phases in a horizontal transparent polymeric tubing [5, 6]. Due to the small 
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surface area as compared to SLM and no possibility of agitation, longer extraction time is 

required to get the same recovery. In continuous-flow EME, a diluted sample is continuously 

renewed in the donor compartment. One-chip two-phase EME system is used to perform this 

[5, 6].  
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2. Classification and common features of liquid 

membranes 

2.1. Definition and general description of membrane and liquid 

membrane 

A membrane is defined as a semipermeable barrier between two phases, which is a thin and 

porous film [17-19]. Semipermeable membranes can be used for separation of certain solutes 

from a complex mixture of substances (feed or sample) as illustrated in Figure 7 [19]. 

Separation requires a driving force for solute particles to move across the membrane and into 

permeate (acceptor), and a membrane that is selective for certain type of solutes. The driving 

force is typically a concentration gradient, while membranes can be selective based on 

molecular size, charge, or charge density of solutes [17, 18].  

 

 

Figure 7: Transport behavior of solute and solvent [3] 

Membranes are categorized into liquid membranes (LMs) and solid membranes (SMs) 

depending upon their nature. Solid membranes can be either porous or non-porous. Most 

industrial processes such as reverse osmosis, microfiltration, and ultrafiltration use porous solid 

membranes. The LM process is more effective in terms of mass transfer as compared to non-

porous solid membranes, due to higher diffusion in liquids rather than in solids. LMs are more 

selective, and SMs are more stable [20]. 
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The LM consists of a thin layer of immiscible organic solvent that separates the aqueous feed 

and the aqueous permeate [18, 19, 21]. Extraction and separation of solutes occur on the basis 

of their permeability coefficient, which is the product of solubility and diffusivity in the LM 

[17]. The use of LMs for extraction was introduced in 1902 [22]. The term liquid pertraction, 

suggested by Schlosser and Kossaczky [20], is also used for LMs and help to describe the 

process effectively. This term is more expressive to explain solvent extraction (solute transfer 

from feed to LM) and solvent stripping (solute transfer from LM to permeate) in one process 

[20]. To increase facilitated transport through LMs, certain carriers can be added [21].  

Liquid membrane is easy to form but there are stability issues during the extraction process. 

These stability issues can be resolved by using some reinforcement to give support to LM. Two 

different methods are used to give support to LM. In one method, the organic phase is filled in 

pores of porous membrane structure as shown in Figure 8a, or in another method surfactant is 

used to form a thin LM in emulsion type mixture as shown in Figure 8b, in 2nd method. The 

porous membrane should be highly porous and small pour size to support LM and these are 

made from polytetrafluoroethylene e.g. Gore-Tex® or polyethylene e.g. Cellgard® [23].  

 

Figure 8: a SLM, and b ELM [7] 

 

 

2.2. Classification of liquid membrane/ pertraction 

The LMs are classified into different types according to model design configuration, transport 

mechanism, membrane support type, carrier types and application [18]. Some of these are 

discussed below 
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2.2.1. Classifications according to model design configurations 

According to model design configuration, liquid membrane or pertraction is classified as shown 

in Figure 9 [17, 18, 22]. It is conditional classification because these cannot be differentiated 

clearly and are very similar to classical Liquid-Liquid Extraction. Phase separation is involved 

in emulsion liquid membranes (ELM) and bulk liquid membrane (BLM ) while supported liquid 

membrane (SLM) are without phase separation [20]. 

 

Figure 9: Classification of liquid membrane/ pertraction according to configuration [4] 

 

2.2.1.1. Bulk liquid membrane (BLM) 

BLM is known as the simplest form for LMs [24] and the bulk immiscible organic phase is used 

to separate bulk donor and receiving phases [18]. There are two types of BLM configurations, 

as shown in Figure 12 [20].The aqueous phases can be separated by using porous support as 

shown in Figure 10 [18] or without a porous support as shown in Figure 11 [22]. 
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Figure 10: BLM with porous support [2] 

The BLM structure with solid support uses cylindrical or rectangular vessels and H and U-tube 

vessels are used for BLM composition without solid support [20]. As shown in Figure 11, two 

concentric cylinders are present as main compartments where the inner cylinder is used for the 

strip or receiving phase and the outer cylinder is used for the donor or feed phase. The difference 

between the heights of the inner and outer cylinders is used to behold or contain BLM [22].  

 

Figure 11: BLM setup without porous support [5] 

The density of BLM can be higher and less then aqueous phases as shown in Figure 12. In 

Figure 12 a and c, the organic phase is connected with partially separated aqueous phases but 

the receiving phase is enclosed by the donor phase as shown in Figure 12 b and d. The BLM is 

in contact with two feed and receiving phases and these are partially separated as shown in 
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Figure 12 a and c and feed or donor phase is around the receiving phase as shown in Figure 12 

b and d [20]. 

 BLMs are used to study the factors affecting the mass transfer on a laboratory scale. It is also 

used to test the effect of the different carriers during separation and analytical separation [17, 

20, 22] . A high degree of phase separation, small solvent volume, remarkable membrane 

stability and simple setup are the main advantages of the BLM [17, 20, 24]. The main causes 

of low solute flux are large membrane thickness, small interfacial area per unit volume and high 

membrane resistance [17, 21, 24]. The organic phase viscosity, stirring speed and operating 

temperature are important factors that effects membrane resistance [24]. The summary of the 

main advantages and disadvantages of BLM is given in Table 2 [21]. 

 

Figure 12: Schematic representation of BLM system [4] 

 

 2.2.1.2. Supported or immobilized liquid membrane 

(SLM) 

Scholander described SLM first time by using aqueous hemoglobin solution impregnated on 

the cellulose acetate support for the transport of oxygen [18].In SLM, the liquid organic phase 

is impregnated in the pores of thin hydrophobic solid support by capillary forces as shown in 
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Figure 13 [21, 22]. The analyte of interest is extracted from the aqueous sample phase to 

aqueous receiving phase thorough SLM and that’s is why this is called a three phase system 

[19]. The membrane extraction is non-equilibrium and dynamic process, and concentration 

difference of analyte between two phases is main driving force [18]. 

Table 2: Summary of main advantages and disadvantages of BLM, SLM and ELM [6] 

Advantages Disadvantages 

Higher flux of analyte as compared 

to the solid membrane 

BLM: Small membrane surface area per unit 

volume 

High selectivity SLM: Low system stability 

High flexibility and easy scale up ELM: Low emulsion stability 

Low operational cost  

Possibility to use expensive extracrant  

High donor/acceptor phase volume ratios  

 

The porous structure is not involved in the separation process directly, but it gives support to 

the LM and is an essential part of the process. The SLM is classified into hollow fiber, flat sheet 

and spiral-wound  based on the  configurations and applications [17-19]. Polyethylene, 

polypropylene and polysulfone are the most commonly used hydrophobic porous polymers [17, 

19]. 

 

Figure 13: Supported liquid membrane (SLM) [2] 

The mechanical stability of porous support, chemical stability of carrier and integrity of liquid 

film are the main stability issues of SLM [17, 18]. The factors affecting the mechanical  stability 

of SLM include polymeric support, pours radius, organic solvent and method of preparations 
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[21]. Modified SLM technologies, such as gel liquid membrane, ion-exchange membrane and 

polymeric inclusion membrane, are developed to overcome these stability problems [18]. The 

advantages and disadvantages of SLM are given in Table 2[21]. 

 

2.2.1.3. Emulsion liquid membrane (ELM) 

Li invented the emulsion liquid membrane in 1968 [17, 18]. An EML is formed by emulsifying 

receiving phase in immiscible organic phase and dispersing this water-in-oil (W/O) emulsion 

into external feed solution [17, 18, 25, 26]. It consists of three phase dispersion system as shown 

in Figure 14 [25].The membrane phase consists of homogeneous mixture of surfactant, 

extracting agent (carrier) and organic diluent which enclose strip phase to form ELM [27, 28].  

 

Figure 14: Schematic representation of W/O/W emulsion [9] 

 

The extraction and stripping of analyte occurred in one step in ELM process [27]. The diluent, 

carrier, concentration of surfactant and agitation level are important factors effecting on ELM 

system [26]. The emulsions are thermodynamically unstable which causes creaming, 

flocculation, coalescence, cracking and swelling of emulsion [25, 28]. The swelling of emulsion 

is calculated by comparing the volume of internal receiving phase before and after treatment 

with donor phase and given by Equation 2.1 [28].  

Swelling (%) =  
𝑉𝑖,𝑡−𝑉𝑖,0

𝑉𝑖,0
× 100                      (2.1) 
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Where 𝑉𝑖,0 is initial volume and 𝑉𝑖,𝑡 is volume of internal phase after time `t´. An illustration of 

ELM process consisting of preparation, permeation and breaking of emulsion is shown in 

Figure 15 [28].  

Demulsification of the emulsion is occur by applying heat, electric field and centrifugation after 

extraction process. The liquid membrane phase containing of surfactant and carrier is treated 

for reuse, and phase containing extracted solute is used for further analysis [29]. The structure 

of emulsion is studied by using measuring techniques such as spectrophotometry, NMR, image 

analysis and ultrasound spectroscopy [25]. The Table 2 shows some strong and week sides of 

ELM [21]. 

 

Figure 15: ELM process illustration [11] 
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2.2.2. Classification according to transport mechanism 

Diffusion ,selective transport and chemical reactions inside membrane phase and emulsion are 

important mass transfer mechanism in LM [29]. Total membrane flux can be explained by 

Fick’s first law of diffusion [30-32] that means analyte diffusion occurs from its high 

concentration to low concentration and apply to free diffusion and solution across membrane 

and given by Equation 2.2 [30]. 

𝐷ⅈ𝑓𝑓𝑢𝑠ⅈ𝑜𝑛 𝑟𝑎𝑡𝑒 =  −𝐷𝐴 𝑑𝑐/𝑑𝑥                                                 (2.2) 

Where D is diffusion coefficient, A is cross sectional area and dc/dx is concentration gradient 

of analyte [30]. On the basis of transfer mechanism, LM is classified into following types [18].  

2.2.2.1. Simple transport 

In this type, transport of analyte (S) from feed phase (F) through LM (E) to receiving phase (R) 

occur due to solubility of analyte in LM [18, 33, 34]. There is no chemical reaction between 

analyte and it passes through LM without its chemical changing as shown in Figure 16. 

Extraction process completes after system enters equilibrium [18].   

 

Figure 16: Simple transport [2] 

The transfer of analyte can be via passive diffusion. Concentration gradient of solute is driving 

force in passive diffusion and passive diffusion can be simple passive diffusion or facilitated 

passive diffusion. The driving force by simple diffusion for analyte transfer is determined by 

free energy change ∆𝐺 is given by Equation 2.3  [30]. 

                              ∆𝐺 = 𝑅𝑇 In[𝑠0
′ ] ∕ [𝑠0] + 𝑍𝐹∆𝛹                                                (2.3) 
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2.2.2.2 Facilitated or carrier-mediated transport 

The driving force in the facilitated transport is concentration gradient, but a carrier is used to 

facilitate the process [30, 33]. The solute chemically reacts with carrier dissolved in LM [18, 

34] as shown in Figure 17 [18].  

 

Figure 17: Facilitated or carrier mediated transport [2] 

This reaction is selective and reversible and increase solute flux. After diffusion, free carrier 

diffuses back into LM because reaction between carrier and analyte occurs at internal and 

external phases [29]. The carrier can be added into sample phase or organic liquid phase. A 

water insoluble quaternary ammonium chloride, Aliquat 336, is added into organic phase for 

extraction of arsenic compounds by using single drop microextraction (SDME) [35]. Carrier-

mediated transport of Bipyridilium herbicides can be given as another example [36]. 

2.2.2.3. Facilitated coupled counter or cotransport 

The acidity of feed (F) and strip phase (R), causes solute-carrier formation and deformation, 

plays important role in this type of transport [33]. The opposite direction movement of solute 

co-ion complex occur in the counter coupled transport shown in Figure 18 A [18]. 
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Figure 18: Facilitated coupled counter and cotransport [2] 

 

The solute and co-ion, combined stoichiometrically, moves in the same direction in co-coupled 

transport as shown in Figure 18 B [18].The formed complex of solute, co-ion and carrier 

diffuses through membrane. This complex formation takes place at interface between feed (F) 

and organic phase (E). The decomposition of this complex occur at membrane-receiving phase 

(R) interphase and carriers diffuses back into LM [34]. 

 2.2.2.4. Active transport  

In this type, solute transfer is driven by oxidation-reduction, catalytic reactions and biochemical 

conversions on membrane interphases [18, 33] as illustrated by Figure 19 [18]. 
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Figure 19: Active transport [2] 

 

There are two types of active transport. In primary active transport, the movement of solute 

occurs by using energy against the electrochemical gradient. It is also called direct active 

transport or Uniport [30, 37]. The electrochemical gradient is generated by energy-dependent 

movement of ions in secondary active transport. The movement of solute is coupled with this 

gradient in same direction called Symport or opposite directions called Antiport [30, 37]. 

2.2.3. Classification according to types of membrane support and 

carrier  

According to types of porous support, LM is classified into hollow fiber membranes, capillary 

hallow-fiber membranes, ion exchange membranes, flat sheet spiral module membranes and 

neutral hydrophilic, hydrophobic membranes [18]. 

Different types of carrier are used in liquid membrane extraction. On the basis of carrier, liquid 

membrane is classified into water soluble polymer, water immiscible organic carrier, and 

electrostatic ion exchange carrier [18]. 
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2.3. General Properties of good liquid membrane  

Material that are used as liquid membrane should have following general properties 

 LM should be liquid at room temperature [38] and immiscible with water and can be easily 

impregnated in the pores of support. This prevents loss of organic solvent from pores and 

dissolution with sample phase during agitation [3, 39-41]. 

 LM should have low vapor pressure, low viscosity and high boiling point to avoid loss of 

solvent during process. Due to these properties, stability of system and distribution coefficient 

increase, which results increase in extraction recovery [3, 4, 38, 39]. 

 For appropriate extraction, charged analytes should have reasonably higher solubility in the 

organic phase (LM) [3, 41].  

 LM should have sufficient electrical conductivity to establish a continuous electric field within 

entire system. The electrical resistance should be appropriate to maintain current at lowest 

possible level after applying high voltage [3, 41, 42]. 

 The solvents used as LM should have dipole-dipole moment or hydrogen bonding capability to 

promote mass transfer from sample into LM [4, 41]. 

  LM should be classified on the bases of function instead of material used in its preparation 

[43]. It should be commercially available and in reasonable price [38]. 

2.3.1. Advantages of Liquid Membrane 

Liquid membrane has certain advantages as compared to other membrane processes with 

respect to high transport rate, low energy utilization, large available area per unit volume and 

high selectivity. The process is cost effective, as small amount of extractant is required to 

perform the separation and loss solvent is low. Mass transfer is fast also at low concentrations 

of the species to be transferred [19, 21]. 

2.3.2 Disadvantages of Liquid Membrane 

Although the advantages as mentioned above, there are some disadvantages with liquid 

membrane. Due to system instability, industrial scale application is limited. The extraction 

efficiency and selectivity are influenced by loss of organic solvent and carried from pores of 

support. Membrane resistance, blockage of pores of support by carrier, type of support and pore 

radius play a role in LM instability. LM is new technology and with more research these 

drawbacks can be minimized [19, 21]. 
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2.4. Properties of carrier used in liquid membrane  

The facilitated transport process is catalyzed by addition of certain carriers. The carrier form 

hydrophobic complex with solute and are transported through LM by diffusion. Therefore, 

careful selection of carriers is very important for process effectivity and important properties of 

carriers are given below [34]. Some commonly used carriers for extraction of different analytes 

given in chapter 3 of this thesis. 

 The solute-carrier complex should be insoluble in water and soluble in organic phase. 

 The stability constant of solute-carrier complex should be in medium range. The 

transfer of solute from feed is limited if the solubility constant is low and become 

difficult to release in strip phase if it is high. 

 The stability of complex is greatly affected by functional groups and cavity size of 

carriers. 

 These should be insoluble in aqueous phases and selective for specific solutes. 

 The molecular weight and water solubility play important role in extraction rate of 

solutes  
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3. Purpose and method of study 

3.1. Purpose 

EME is a microextraction technique where substances are extracted using a supported liquid 

membrane (SLM). The purpose of this master thesis (a literature-based study) is to obtain an 

overview of the scientific literature with focus on SLMs for extraction of polar and non-polar 

acidic and basic drugs, small inorganic cations and anions, and peptides and amino amides. In 

addition, the chemical properties of efficient SLMs are discussed in terms of theory, and 

practical examples are given.  

3.2. Method 

The method selected to complete this master thesis was literature study. Laboratory work gives 

more information how a method is performed in practice, but prevalence, popularity and 

development opportunities are provided by literature study. Due to Covid-19 restrictions, most 

part of this thesis was performed from home with continuous online supervision of supervisors 

through zoom. It was recommended to find minimum 75 published articles on EME for this 

study. The recommended databases were PubMed, web of science, and Scopus for collection 

of articles for this study. To get access to these databases, and other electronics books, 

magazines and articles, UiO library search engine Oria was used. 

For this study, 116 articles were selected through Oria. The selection criteria were following: 

 The articles should be related to analyses where EME was used as sample preparation 

technique. 

 The substances analyzed should be polar acid and basic drugs, non-polar acid and basic 

drugs, small inorganic cations, small inorganic anions, peptides and amino acids. 

 The articles published within last 5 years were preferred but older articles published, 

after 1st time EME introduction in 2006, were also considered. 
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4.Use of organic solvents as liquid membrane in EME 

The proper selection of organic solvents as SLM is very important for high extraction efficiency 

in EME. The electric current through system and distribution coefficient is dependent on nature 

of the organic solvent [38, 39]. The important parameters for selection of organic solvent as 

SLM are discussed in Chapter 2. Solvents have to be immiscible with water, and  NPOE, ENB 

toluene, 1-octanol, 1-pentanol, 1-hexanol and 1-dodecanol are examples of typical solvents[44, 

45]. 

The Kamlet-Taft parameter, alpha (α), beta (β) and pi star (π*) also describe nature of liquid 

membrane. The organic solvents with high dipole moment and proton acceptor abilities are 

efficient for EME of basic analytes [38]. The alpha (α) parameter measures the ability of solvent 

to donate hydrogen bond (hydrogen bond acidity) and the beta (β) parameter expresses 

hydrogen bond accepting ability of organic solvents (hydrogen bond basicity). Pure solvents 

have relatively high values for beta (β) parameter because oxygen atom is not coordinated and 

act free as hydrogen bond acceptor. The polarizability and dipolarity of solvent are calculated 

by pi star (π*) parameters [46, 47]. 

The organic solvents are divided into three types, on the bases of their suitability to EME.  

 Efficient solvents:  

The EME system remains stable after 5 minutes of extraction with these solvents and 

extraction recovery is above 5%. These are further categorized into less efficient with 

extraction recovery (ER)  5-25% and more efficient with ER >25% [38]. 

 Inefficient solvents: 

These solvents provide less than 5% extraction recovery but EME system remains stable 

with them. 2-octyl-1-dodecanol, caprylic acid and tris(2-butoxyethyl) phosphate are 

examples of inefficient solvents [38]. 

 Unsuitable solvents:  

The EME system is very unstable with these solvents. The reasons for instabilities are 

high system current, difficulties with impregnations on the wall of hollow fiber and 

solvent related interferences during HPLC-UV analyses. 2-nitroacetophenone and 3-

tolunitile are examples of such solvents [38]. After going through literature for this 

study, most popular groups of organic solvents and their examples used as liquid 

membrane in EME is given in Figure 20. 
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Figure 20: Groups of organic solvents used as liquid membranes 

 

4.1. Organic solvents as SLM in EME of non-polar basic 

drugs 

For electro membrane extraction of non-polar basic drugs, pure organic solvents and mixtures 

of organic solvents have been used as SLM as shown in Table 3 and Table 4. From the articles 

collected for this study, different pure organic solvents used as SLM are summarized in Table 

3. Examples of extraction performance are included, expressed as % recovery. In addition, log 

P, pKa and charge values are summarized for the drug substances. Generally, high recovery 

was achieved for non-polar basic drugs using NPOE, 2-ethyl hexanol, ENB, diallyl phthalate 

NPPE, TBP, IPNB while 1-octanol and 1-heptanol are not efficient as exemplified in Table 3. 

4.1.1.1. Frequently used pure organic solvents for non-

polar basic drugs 

NPOE is a very suitable solvent for EME of non-polar basic drugs [16, 48-53]. It has high 

boiling point (351.2 °C) and log P is 4.8. NPOE is immiscible with water and non-volatile, with 

a water solubility of 0.001 mg/ml and vapor pressure of 0.5 mmHg at 25°C. For efficient 

Organic solvents in LM

Aliphatic 
Alcohol

1-octanol

1-heptanol

1-hexanol

1-undecanol

2-ethyl hexanol

Nitroaromatic 
ether

NPOE

NPEE

Phosphites

DEHPi

di-butyl hydrogen 
phosphite

di-benzyl hydrogen 
phosphite

tri butyl phosphite 

tri phenyl phosphite

Phosphates

DEHP,TBP

TEP,TEHP

TBoEP

Phthalates

di allyl 
phthalate

di octyl 
phthalate

di ethyl 
phthalate

benzyl butyl 
phthalate

Nitriles

dodecanenitrile

o-tolunitril

5-fluoro

benzonitrile

2-phenyl 
butyronitrile

Benzene

1-ethyl-2-
nitrobenzene

nitrobenzene 
(NB)

Long chain 
hydrocarbens

n-undecane

kerosene
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extraction, low viscosity solvents are preferred because diffusion coefficient improves with 

decreasing viscosity [14, 52]. NPOE has high Kamlet-Taft beta (β)-value (hydrogen bond 

basicity) and zero alpha (α)-value (hydrogen bond acidity) [50]. Thus, hydrogen bonding is 

expected to play a major role during transfer of protonated bases into the SLM. The protonated 

bases thus act as hydrogen bond donors, while NPOE serve as hydrogen bond acceptor. 

A study conducted in 2018 for EME of benzodiazepines with pKa < 5 illustrates typical 

conditions used with NPOE [53]. Strong basic conditions were required in sample and acceptor 

solution for extraction of analytes with low basicity. 96-Well EME was conducted by using 

100μl sample solution containing 20mM formic acid, and 100μl acceptor solution of 250 mM 

trifluoroacetic acid (TFA). The SLM was sustained in a PVDF membrane with pore size of 

45μm, and 3μl of NPOE was used as SLM. The voltage applied was in the range of 10-30V and 

the set-up was agitated at 900rmp.Extraction time was 15 minutes. The recovery was 20-59% 

at 0V from pure water samples and mass transfer occurred due to passive diffusion. The 

recovery increased to 42-99% after application of 30 V, and this demonstrated the impact of 

the electrical field [53]. 

For EME from plasma samples, the voltage was decreased to 20V and the time was extended 

to 15 minutes. Due to protein binding, recoveries were lower from plasma samples than from 

water samples, and ranged between 38 and 74% as illustrated in Table 3. 

NPOE has also been used for Nanoliter-scale EME, where recoveries where less than 1% as 

shown in Table 3. In Nanoliter-scale EME [49], 70μl sample solution was extracted by using 

NPOE as SLM into 6nL acceptor solution of 10mM formic acid. The applied potential 

difference was 15V for 5 minutes. By using this setup, less than 1% recovery and high 

enrichment was achieved. Soft extraction was obtained due to large sample to acceptor volume 

ratio and small surface are of the SLM (0.06mm2). RSDs for this experiment were less than 

23%. Soft extraction is interesting in cases where biological equilibria in the sample should not 

be affected. 

While NPOE has been the most popular solvents for EME up to date, also 2-ethyl hexanol has 

been used for non-polar basic drugs Table 3. It is immiscible solvent with water, and with 

solubility 0.88mg/ml at 25°C. As compared to NPOE, it has low boiling point(184.6°C) and 

viscosity (9.8 CP). The value of log p is 2.73 and vapor pressure is 0.14mmHg. 
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In one example of using ethyl hexanol, rotating electrode in EME (REEME) was tested to 

increase mass transfer of analyte [54]. By using 2-ethyl hexanol as SLM, higher extraction 

recovery of verapamil (43%) was obtained by with REEME as compared to EME [14] where 

extraction recovery was (15%).The thickness of double layer at the interphase between the 

sample and the SLM was reduced by stirring, and therefore extraction efficiency increased 

[54].The target analyte was extracted from 6.5ml sample solution (pH 5) through 2-ethyl 

hexanol as SLM to 30μl acceptor solution (pH 2). The rotating electrode was adjusted to stirring 

rate 1400rpm for sample solution and of 64rpm for acceptor solution. A potential difference of 

170V was applied for 16 minutes. The extraction efficiency of 2-ethyl hexanol was better as 

compared to other organic solvents tested in this experiment as shown in Figure 21. After 

applying optimized conditions, relative recovery with rang 78 to 105% was achieved. 

 

Figure 21: Effect of organic solvent on extraction recovery [54] 

 

1-ethyl-2-nitrobenzene (ENB) is another alternative SLM, and two examples are summarized 

in Table 3. With boiling point 232.5°C and water solubility 0.00mg/ml at 25°C, ENB (log P 

2.58) was efficient solvent for EME with extraction recoveries in the range 40-80 % for selected 

non-polar basic drugs. ENB is similar to NPOE in terms of Kamlet Taft values, with high 

hydrogen bond acceptor properties.  
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4.1.1.2. Less frequently used pure organic solvents for non-

polar basic drugs 

As shown in Table 3, dodecanitrile, diallyl phthalate, NPPE, TBP, IPNB, 1-octanol and 1-

hexanol have also been used as SLMs for EME of non-polar basic drugs. 1-octanol and 1-

heptanol are not efficient SLMs for non-polar basic drugs. Only 3-6% recovery was achieved 

when these solvents were used as SLM as shown in Table 3.  

Although they belong to very different chemical groups, dodecanitrile (log P=4.5), diallyl 

phthalate (log P =3.23) and tributyl phosphate (log P =4) were closely related to NPOE (log 

P=4.8) in term of Kamlet Taft parameters. All these solvents have high hydrogen bond basicity, 

zero hydrogen bond acidity [50, 53, 55]. For diallyl phthalate, the water solubility is 0.1mg/ml, 

boiling point 158°C, vapor pressure 0.02mmHg and viscosity 13mPa at 25°C. With this solvent, 

extraction recoveries were between 46 to 85% for selected non-polar basic drugs as shown in 

Table 3. For dodecanenitrile, boiling point is 277°C boiling point, water solubility is 

0.001mg/ml, and vapor pressure is 0.00mmHg. As shown in Table 3, high extraction recoveries 

(ER) (44-103%) were obtained by using dodecanitrile as SLM for basic drugs. Tributyl 

phosphate (TBP) was more efficient for pethidine (ER 51%), nortriptyline (ER 71%) and 

methadone (73%) and less efficient for haloperidol (ER 7%) and loperamide (10%) as shown 

in Table 3. The boiling point, water solubility and vapor pressure of TBP at 25°C are 289°C, 

0.28mg/ml and 0.00mmHg respectively.  

NPPE (log P 3.5) is another alternative to NPOE. The boiling point of NPPE is 315.1°C, water 

solubility is 0.024mg/ml and vapor pressure is 0.0008mmHg. As shown in Table 3, extraction 

recovery of Fluvoxamine, Fluphenazine and Paroxetine were in the range 63 to 81%, and 

extraction efficiency increased when NPOE was replaced by NPPE as SLM. This was probably 

due to the lower viscosity of NPPE. The viscosity of NPOE is 12.35CP and 7.58 CP for NPPE. 

As viscosity decrease diffusion coefficient increase and extraction recovery increases [52]. 

Table 3: Properties of non-polar basic analytes with percentage recovery after extraction with 

pure solvents. 

SLM Solvents Analytes Charge1 Log P 2 pKa 3 Recovery 4 References 

2-ethyl hexanol Verapamil +1 5.23 9.68 43% [54] 

˝ Haloperidol +1 3.7 8.05 44% [54] 
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˝ Rivastigmin +1 2.45 8.89 52% [54] 

Diallyl phthalate Pethidine +1 2.9 8.16 85% [50] 

˝ Haloperidol +1 3.7 8.05 63% [50] 

˝ Nortriptyline +1 4.65 10.47 63% [50] 

˝ Methadone +1 4.14 9.12 72% [50] 

˝ Loperamide +1 4.44 9.41 47% [50] 

˝ Quetiapine +1 2.93 7.06 46% [50] 

Dodecanenitrile Pethidine +1 2.9 8.16 103% [50] 

˝ Haloperidol +1 3.7 8.05 84% [50] 

˝ Nortriptyline +1 4.65 10.47 88% [50] 

˝ Methadone +1 4.14 9.12 88% [50] 

˝ Loperamide +1 4.44 9.41 44% [50] 

˝ Quetiapine +1 2.93 7.06 72% [50] 

NPOE Methadone +1 4.14 9.12 0.36% [49] 

˝ Amitriptyline +1 5.1 9.76 0.30% [49] 

˝ Cocaine +1 1.97 8.85 0.30% [49] 

˝ Pethidine +1 2.9 8.16 0.27% [49] 

˝ Amphetamine +1 1.85 10.01 0.04% [49] 

˝ Dextromethorphan +1 3.75 9.65 64% [48] 

˝ Verapamil +1 5.23 9.68 12% [14] 

˝ Riluzole 0 2.83 4.57 5% [14] 

2-ethyl hexanol Verapamil +1 5.23 9.68 15% [14] 

˝ Riluzole 0 2.83 4.57 5% [14] 

1-octanol Verapamil +1 5.23 9.68 6% [14] 

˝ Riluzole 0 2.83 4.57 2% [14] 

1-heptanol Verapamil +1 5.23 9.68 3% [14] 

˝ Riluzole 0 2.83 4.57 2% [14] 

1.ethyl-2-nitrobenzene Pethidine +1 2.9 8.16 63% [56] 

˝ Nortriptyline +1 4.65 10.47 40% [56] 

˝ Tramadol +1 2.71 9.23 - [56] 

˝ Methadone +1 4.14 9.12 56% [56] 

˝ Haloperidol +1 3.7 8.05 42% [56] 

˝ Loperamide +1 4.44 9.41 29% [56] 

NPOE Fluvoxamine +1 2.89 8.86 13% [52] 

˝ Paroxetine +1 3.1 9.77 13% [52] 

˝ Fluphenazine +1 4.4 8.21 0 [52] 

˝ Perphenazine +1 4.15 8.21 0 [52] 

˝ Citalopram +1 3.58 9.78 48% [52] 

˝ Fluoxetine +1 4.09 9.8 55% [52] 

NPPE Fluvoxamine +1 2.89 8.86 81% [52] 

˝ Fluphenazine +1 4.4 8.21 24% [52] 

˝ Paroxetine +1 3.1 9.77 63% [52] 
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1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 

3Analyte pKa from database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%)  

 

˝ Perphenazine +1 4.15 8.21 6% [52] 

TBP Pethidine +1 2.9 8.16 51% [15] 

˝ Nortriptyline +1 4.65 10.47 71% [15] 

˝ Methadone +1 4.14 9.12 73% [15] 

˝ Haloperidol +1 3.7 8.05 7% [15] 

˝ Loperamide +1 4.44 9.41 10% [15] 

NPOE Pethidine +1 2.9 8.16 98% [15] 

˝ Nortriptyline +1 4.65 10.47 71% [15] 

˝ Methadone +1 4.14 9.12 55% [15] 

˝ Haloperidol +1 3.7 8.05 38% [15] 

˝ Loperamide +1 4.44 9.41 33% [15] 

2-ethyl hexanol Imipramine +1 4.53 9.2 67.8% [57] 

˝ Clomipramine +1 5.04 9.2 51.2% [57] 

˝ Zolpidem 0 3.15 5.65 32% [58] 

NPOE Pethidine +1 2.9 8.16 89% [55] 

˝ Quetiapine +1 2.93 7.06 58% [55] 

˝ Sertraline +1 5.06 9.85 45% [55] 

NPOE Pethidine +1 2.9 8.16 3% [51] 

˝ Nortriptyline +1 4.65 10.47 18% [51] 

˝ Methadone +1 4.14 9.12 72% [51] 

˝ Haloperidol +1 3.7 8.05 17% [51] 

˝ Loperamide +1 4.44 9.41 74% [51] 

1-ethyl-2-nitrobenzene Pethidine +1 2.9 8.16 63% [51] 

˝ Nortriptyline +1 4.65 10.47 78% [51] 

˝ Methadone +1 4.14 9.12 80% [51] 

˝ Haloperidol +1 3.7 8.05 80% [51] 

˝ Loperamide +1 4.44 9.41 54% [51] 

IPNB Pethidine +1 2.9 8.16 59% [51] 

˝ Nortriptyline +1 4.65 10.47 86% [51] 

˝ Methadone +1 4.14 9.12 93% [51] 

˝ Haloperidol +1 3.7 8.05 91% [51] 

˝ Loperamide +1 4.44 9.41 88% [51] 

NPOE Nitrazepam 0 1.95 2.61 71% [53] 

˝ Flunitrazepam 0 2.2 1.7 65% [53] 

˝ Oxazepam 0 2.01 -1.5 45% [53] 

˝ Alprazolam 0 2.23 5.08 69% [53] 

˝ Phenazepam 0 3.39 2.89 51% [53] 

˝ Diazepam 0 2.63 2.92 38% [53] 
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4.1.2. Mixture of organic solvents used as SLM for non-

polar basic drugs 

EME systems are more stable when the organic liquid using as SLM has low water solubility, 

high viscosity, high interfacial tension and low surface tension. High viscosity on the other hand 

reduce diffusion and reduce the extraction efficiency [59]. By decreasing viscosity and 

increasing polarity of SLM, the extraction recovery increased. Such changes can be induced by 

using mixture of solvents rather than a pure solvent. Change in extraction efficiency is due to 

change in the physical properties like polarity, conductivity and viscosity [14]. 

The results of an experiment [14] where two mixtures of organic solvent namely NPOE + ETH 

and  ETH +1-octanol, were used as SLM is given in Table 4. A 6ml sample solution with pH 

4 was used, and extraction with mixtures of said solvents as SLM was into 30mM HCL acceptor 

solution. The system was agitated at 1200rpm and 100V voltage was provided for 20minutes. 

The extraction recovery of verapamil increased to 30% (Table 4) when NPOE+ETH (1:1) used 

as SLM, as compared to 12% (Table 3) with pure NPOE and 15% (Table 3) with pure ETH. 

As shown Table 3, the extraction recovery of verapamil and riluzole was 6% and 2% 

respectively when pure 1-octanol was used as SLM and increased to 25% and 15% respectively 

when ETH+OCT (2:1) was used as SLM as given in Table 4. Similar pattern was observed 

with pethidine. The extraction was 51% with pure TBP as given Table 3 and improved to 66% 

when TBP+NPOE (60:40) was used as SLM as given Table 4. This mixture is very efficient 

SLM for non-polar and polar basic drugs [55], and examples are given in Table 4 for non-polar 

and Table 6 for polar basic drugs. 

Table 4: Properties of non-polar basic analytes with percentage recovery after extraction with 

mixtures of solvents. 

1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 3Analyte pKa from 

database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%) 

SLM Solvents Analytes Charge1 Log P 2 pKa 3 Recovery 4 References 

NPOE + ETH (1:1) Verapamil +1 5.23 9.68 30% [14] 

˝ Riluzole 0 2.83 4.57 5% [14] 

ETH + OCT (2:1) Verapamil +1 5.23 9.68 25% [14] 

˝ Riluzole 0 2.83 4.57 15% [14] 

NPOE + TBP Pethidine +1 2.9 8.16 66% [55] 

˝ Quetiapine +1 2.93 7.06 48% [55] 

˝ Sertraline +1 5.06 9.85 36% [55] 
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4.2. Organic solvents as SLM in EME of polar basic drugs 

Polar basic drugs (log P < 2) have lower affinity towards SLM and therefor these are more 

challenging to extract using EME [12, 60]. The polar basic drugs are categorized into medium 

polar (1<log P<2) and highly polar compounds (log P<1). The most frequently used solvent for 

non-polar basic drugs, namely NPOE, is inefficient for polar basic drugs due to low NPOE-to-

water distribution ratios [52].  

4.2.1.1. More efficient pure organic solvents for polar basic 

drugs 

The more efficient solvents for EME of polar basic drugs are tributyl phosphate (TBP), tris(2-

butoxyethyl) phosphate (TBoEP) and bis(2-ethylhexyl) phosphite (DEHPi) as shown in Table 

5.  The chemical structure of these three solvents are given in Figure 22. The high efficiency of 

these solvents for polar basic drugs are due to presence of common P=O element in their 

structure [55].  

These solvents have high hydrogen bond basicity, high Kamlet-Taft π* value and zero 

hydrogen-bond acidity (α values). The hydrogen-bond donors (pronated basic drugs) interact 

through hydrogen-bonding with hydrogen-bond acceptors (SLM). The alkyl groups consist of 

12-18 carbon atoms in these three solvents. The solvents with less than 12 or more than 18 

carbon atoms are less efficient [55]. 

 

Figure 22: Chemical structure of more efficient solvents used for polar basic drugs [16] 
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Among above mentioned solvents, highest extraction recovery was achieved using DEHPi (Log 

P=0.86) as SLM as exemplified in Table 5. At 25 °C, the boiling point of DEHPi is 138 °C, 

water solubility is 161.45 mg/ml and vapor pressure is 0.38mmHg. This solvent is compatible 

with biological samples and because of its non-ionic nature, system current remains low and 

high extraction of polar analytes was achieved [55].   

Metraminol, benzamidine, Sotalol, ephedrine and trimethoprim were extracted with 10μl 

DEHPi as SLM [60]. The volume of sample solution was 600μl that was prepared by diluting 

300μl human plasma with 300μl of 10mM phosphate buffer of pH 4. The acceptor solution was 

100μl of 10mM formic acid. The electrical potential difference of 100V was applied for 20 

minutes. Under above mentioned optimized conditions, extraction recoveries were 34% for 

metraminol, 50% for benzamidine, 25% for sotalol, 32% for ephedrine and 91% for 

trimethoprim as given in Table 5. The repeatability was 7% to 15% RSD. The reason for high 

extraction values was strong hydrogen bonding and dipole interactions [60]. 

In addition of DEHPi, also TBP and TBoEP may provide high efficiency for polar basic drugs 

as shown in Table 5. The water solubility, boiling point, vapor pressure and Log P values for 

TBP are 0.28mg/ml, 289 °C, 0.00mmHg and 4.0 respectively and similar values for TBoEP are 

0.053mg/ml, 220°C, 0.03mmHg and 3.75 respectively.  

To evaluate the efficiency of TBP and TBoEP for polar basic drugs, the EME was performed 

for 20 minutes by applying 20V with TBP and 3V with TBoEP. The sample solution was 300μl 

plasma diluted with 300μl of 10mM phosphate buffer of pH 4. The donor solution was 100μl 

of 10mM HCL [55]. The extraction recovery with TBP was 37-46% and 14-51% with TBoEP 

as shown in Table 5 with metraminol, benzamidine, sotalol, ephedrine and trimethoprim as 

model analytes.   

4.2.1.2. Less efficient pure organic solvents for polar basic 

drugs 

NPOE, NPPE, diallyl phthalate and dodecanenitrile are less efficient solvents for EME of 

polar basic drugs as shown in Table 5. This is due to poor partitioning of polar basic drugs 

and low sample-to-SLM distribution ratios. To increase extraction recovery by using these 

solvents, ion-paring agents has been added into SLM [13, 52, 55] as shown in Table 7 and 

discussed below. 
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Table 5: Properties of polar basic analytes with percentage recovery after extraction with pure 

solvents. 

SLM Solvents Analytes Charge1 Log P 2 pKa 3 Recovery 4 References 

Diallyl phthalate Metraminol +1 -0.59 9.68 1% [50] 

˝ Benzamidine +1 -0.8 11.53 30% [50] 

˝ Sotalol +1 -0.85 9.43 3% [50] 

˝ Ephedrine +1 1 9.52 13% [50] 

˝ Trimethoprim +1 1.26 7.16 45% [50] 

Dodecanenitrile Metraminol +1 -0.59 9.68 1% [50] 

˝ Benzamidine +1 -0.8 11.53 17% [50] 

˝ Sotalol +1 -0.85 9.43 2% [50] 

˝ Ephedrine +1 1 9.52 13% [50] 

˝ Trimethoprim +1 1.26 7.16 10% [50] 

NPOE Epinephrine +1 -0.43 9.69 <11% [13] 

˝ Pyridoxine 0 -0.95 5.58 <11% [13] 

˝ Norepinephrine +1 -0.68 9.5 <11% [13] 

˝ Metformin +2 -1.8 12.33 <11% [13] 

˝ Thiamine +1 -2.1 5.54 <11% [13] 

˝ Amphetamine +1 1.85 10.01 6% [52] 

˝ Metoprolol +1 1.8 9.67 Nd [52] 

˝ Procaine +1 2.1 8.96 5% [52] 

NPPE Amphetamine +1 1.85 10.01 Nd [52] 

˝ Metoprolol +1 1.8 9.67 3% [52] 

˝ Procaine +1 2.1 8.96 26% [52] 

DEPHi Metraminol +1 -0.59 9.68 25% [55] 

˝ Benzamidine +1 -0.8 11.53 33% [55] 

˝ Sotalol +1 -0.85 9.43 17% [55] 

˝ Ephedrine +1 1 9.52 19% [55] 

˝ Trimethoprim +1 1.26 7.16 53% [55] 

TBP Metraminol +1 -0.59 9.68 46% [55] 

˝ Benzamidine +1 -0.8 11.53 50% [55] 

˝ Sotalol +1 -0.85 9.43 38% [55] 

˝ Ephedrine +1 1 9.52 37% [55] 

˝ Trimethoprim +1 1.26 7.16 46% [55] 

TBoEP Metraminol +1 -0.59 9.68 14% [55] 

˝ Benzamidine +1 -0.8 11.53 20% [55] 

˝ Sotalol +1 -0.85 9.43 15% [55] 

˝ Ephedrine +1 1 9.52 15% [55] 

˝ Trimethoprim +1 1.26 7.16 51% [55] 

NPOE Metraminol +1 -0.59 9.68 1% [55] 

˝ Benzamidine +1 -0.8 11.53 1% [55] 
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1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 

3Analyte pKa from database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%) 

 

4.2.2. Mixtures of organic solvents as SLM for polar basic 

drugs 

Different mixtures of organic solvents were also tested as SLM for extraction of polar basic 

drugs. EME was performed by mixing 1:1 v/v of TBP/NPOE, TBP/DEHPi, TBoEP/DEHPi and 

TBoEP/NPOE by applying 8-15 V for 20 minutes. The polar basic analytes were extracted from 

600μl sample solution (300μl plasma+300μl 10 mM phosphate buffer) into 100μl of 10mM 

HCL as acceptor solution [55]. Extraction recoveries are summarized in Table 6 and shows 

high extraction recovery when using such mixtures of solvents.  

The extraction recovery of metraminol, benzamidine, Sotalol, ephedrine and trimethoprim were 

improved from 1 - 2% when using NPOE as SLM to 38 - 72% by using NPOE/TBP as SLM as 

shown in Table 5 and Table 6. Similarly, extraction recoveries for these polar basic analytes 

increased from 15–20% using TBoEP alone as SLM to 20-28% when using TBoEP/DEHPi and 

15-46% TBoEP/NPOE as shown in Table 5 and Table 6. The optimum efficiency was observed 

when TBP: NPOE used as SLM 60:40 shown in Figure 23. This combination of TBP and NPOE 

is very effective for polar and non-polar basic drugs as shown in Table 4 and Table 6. 

˝ Sotalol +1 -0.85 9.43 1% [55] 

˝ Ephedrine +1 1 9.52 1% [55] 

˝ Trimethoprim +1 1.26 7.16 2% [55] 

˝ Epinephrine +1 -0.43 9.69 0% [61] 

˝ Dopamine +1 -0.98 8.93 0% [61] 

˝ Norepinephrine +1 -0.68 9.5 0% [61] 

DEPHi Metraminol +1 -0.59 9.68 34% [60] 

˝ Benzamidine +1 -0.8 11.53 50% [60] 

˝ Sotalol +1 -0.85 9.43 25% [60] 

˝ Ephedrine +1 1 9.52 32% [60] 

˝ Trimethoprim +1 1.26 7.16 91% [60] 



43 

 

 

Figure 23: Effect of NPOE content on extraction efficiency of TBP [26] 

 

Table 6: Properties of polar basic analytes with percentage recovery after extraction with 

mixture of solvents 

SLM Solvents Analytes Charge1 Log P 2 pKa 3 Recovery 4 References 

TBP+NPOE Metraminol +1 -0.59 9.68 38% [55] 

˝ Benzamidine +1 -0.8 11.53 74% [55] 

˝ Sotalol +1 -0.85 9.43 42% [55] 

˝ Ephedrine +1 1 9.52 56% [55] 

˝ Trimethoprim +1 1.26 7.16 62% [55] 

TBP+ DEHPi Metraminol +1 -0.59 9.68 40% [55] 

˝ Benzamidine +1 -0.8 11.53 45% [55] 

˝ Sotalol +1 -0.85 9.43 34% [55] 

˝ Ephedrine +1 1 9.52 35% [55] 

˝ Trimethoprim +1 1.26 7.16 84% [55] 

TBoEP + DEHPi Metraminol +1 -0.59 9.68 22% [55] 

˝ Benzamidine +1 -0.8 11.53 28% [55] 

˝ Sotalol +1 -0.85 9.43 20% [55] 

˝ Ephedrine +1 1 9.52 22% [55] 

˝ Trimethoprim +1 1.26 7.16 77% [55] 

TBoEP + NPOE Metraminol +1 -0.59 9.68 15% [55] 

˝ Benzamidine +1 -0.8 11.53 46% [55] 

˝ Sotalol +1 -0.85 9.43 17% [55] 

˝ Ephedrine +1 1 9.52 32% [55] 
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1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 

3Analyte pKa from database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%) 

 

4.2.3 Organic solvents containing carrier as SLM for polar 

basic drugs 

To improve the extraction recovery for polar basic drugs, certain carriers have been added to 

pure solvents as shown Table 7. The most efficient ones reported are ionic carrier di(2-

ethylhexyl) phosphate (DHEP) and non-ionic carrier tri(2-ethylhexyl) phosphate (TEHP) [12, 

52, 60-62]. The highly polar analytes (log P<1)were extracted more efficiently with DEHP [60, 

61]. The water solubility, boiling point and vapor pressure of DEHP at 25 °C are 148.69 mg/ml, 

200.3°C and 0.137mmHg respectively. The log P value for DEHP are 0.45. 

The negatively charged DEHP form hydrophobic ion pair with protonated polar basic drug at 

the interphase between sample and SLM. The mass transfer occurred due to ionic interactions. 

The major disadvantage by using DEHP is that high system current was observed during EME 

which made the system less stable and facilitated transfer of background electrolyte ions and 

sample matrix ions [55, 60, 61]. The extraction recovery of highly polar basic drugs was 4 to 

17% by using DEHP as carrier with NPOE as SLM as given in Table 7. 

Improved mass transfer was observed for medium polar drugs (1<log P<2) using TEHP. The 

extraction recoveries of selected medium polar basic drugs were 37 to 70% when NPPE 

containing TEHP as carrier, used as SLM as shown in Table 7. Due to non-ionic nature of 

TEHP, mass transfer of medium polar drugs occurred due to dipole-dipole and hydrogen 

bonding interactions [60, 61]. TEHP has high boiling point (220°C) and vapor pressure 

(1.9mmHg) as compared to DEHP. The water solubility of TEHP is less than 1mg/ml at 17°C 

and the log P value 9.1.  

In a study conducted to investigate parameters affecting  EME of basic drugs [52] the sample 

solution was acidified with 0.1mM HCl, and 10mM HCl served as acceptor solution. NPPE 

was used as SLM with 10% TEHP and 50% DEHP as carrier. EME was conducted at 300V for 

˝ Trimethoprim +1 1.26 7.16 51% [55] 

NPOE + DEHPi Dopamine +1 -0.98 8.93 14% [61] 

˝ Epinephrine +1 -0.43 9.69 3% [61] 

˝ Nor-epinephrine +1 -0.68 9.5 6% [61] 
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30 minutes. The extraction recovery of procaine (26%) and metoprolol (3%) with pure NPPE, 

improved to 70% and 36% respectively when NPPE with TEHP was used as SLM as shown in 

Table 5 and Table 7. Similarly, amphetamine was not detected with pure NPPE but showed 

60% extraction recovery with NPPE containing TEHP as carrier. 

The confirmation of improvement in extraction recovery of polar basic drugs using carrier was 

given in experiment where EME conducted using sacrificial electrodes. The advantages of 

using such electrodes are low electrolysis, reduced bubble formation and stable pH of the 

system [13]. EME in 96-well format was used where volume of 10mM HCl sample and acceptor 

solution was 100μl. The SLM was 3μl NPOE with 10% DEHP. The system was agitated with 

900rpm for 15 minutes. The extraction was performed at 100μA (75-150V) and 500μA (300V). 

The extraction recovery of pyridoxine, metformin and thiamin was less than 11% with pure 

NPOE and improved to 50%, 70% and 60% respectively when 10% DEHP was added into 

NPOE as shown in Table 5 and Table 7. The graphical explanation of this was given in Figure 

24 [13]. 

 

 

Figure 24: Effect on extraction recovery by addition of DEHP with NPOE [24] 
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Due to its ability to form ionic interaction with positively charged polar drugs, DEPH is 

frequently used carrier with NPOE [13]. In one experiment, highly polar catecholamines in 

10mM HCl sample solution (pH 2) was extracted through NPOE/DEHP 10% w/w into 20mM 

phosphate buffer (pH 5) using 300V for 5 minutes and the agitation speed of 900rpm. No 

extraction recovery was observed with this system and this confirmed that it was not suitable 

for extraction of highly polar catecholamines as shown in Table 7. To improve the extraction 

recovery, DEHPi containing 25mM 4-(Trifluoromethyl) phenylboronic acid (25mM TFPBA) 

as complexing agent, was used as SLM. A potential difference of 50V was applied for 15 

minutes. The sample solution was adjusted to pH 4 using 10mM HCl and acceptor solution was 

20mM formic acid. The extraction recovery was 10%,15% and 29% epinephrine, nor-

epinephrine and dopamine respectively [13].  

Table 7: Properties of polar basic analytes with percentage recovery after extraction with 

solvents containing ionic carrier. 

SLM Solvents Carriers Analytes Charge1 Log P 2 pKa 3 Recoveries 4 references 

NPOE DEHP Dopamine +1 -0.98 8.93 Insufficient [61] 

˝ ˝ Epinephrine +1 -0.43 9.69 ˝ [61] 

˝ ˝ Nor-epinephrine +1 -0.68 9.5 ˝ [61] 

NPPE ˝ Pyridoxine 0 -0.57 9.4 94% [12] 

˝ ˝ Atenolol +1 0.57 14.08 92% [12] 

˝ ˝ Metformin +2 -1.8 12.33 91% [12] 

˝ ˝ Tyramine +1 -0.14 10.41 70% [12] 

˝ ˝ Adenine 0 -0.38 10.29 84% [12] 

˝ ˝ Thiamine +1 -2.1 15.5 83% [12] 

NPOE DEHP Epinephrine +1 -0.43 9.69 ≈10%5 [13] 

˝ ˝ Pyridoxine 0 -0.95 5.58 ≈50% [13] 

˝ ˝ Nor-epinephrine +1 -0.68 9.5 ≈5% [13] 

˝ ˝ Metformin +2 -1.8 12.33 ≈70% [13] 

˝ ˝ Thiamine +1 -2.1 5.54 ≈60% [13] 

NPPE DEHP Metraminol +1 -0.59 9.68 4% [52] 

˝ ˝ Sotalol +1 -0.85 9.43 15% [52] 

˝ ˝ Salbutamol +1 0.44 9.4 17% [52] 

˝ ˝ Hydralazine 0 o.66 6.4 17% [52] 

˝ TEHP Amphetamine +1 1.85 10.01 60% [52] 

˝ ˝ Metoprolol +1 1.8 9.67 36% [52] 

˝ ˝ Methamphetamine +1 2.23 10.21 43% [52] 

˝ ˝ Procaine +1 2.1 8.96 70% [52] 

NPOE DEHP Ephedrine +1 1.32 9.52 32% [62] 

˝ ˝ Clonidine +1 2.55 8.16 34% [62] 
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1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 

3Analyte pKa from database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%) 

5≈ values are taken from graph. That’s why used this symbol that mean round about to given value 

 

4.3. Organic solvents as LM in EME of non-polar acidic 

drugs 

EME is also used for the determination of acidic drugs from complex biological fluids. The 

most commonly used and efficient solvent for basic analytes, namely NPOE, is inefficient for 

EME of acidic drugs [63]. The long chain alcohols like 1-octanol are very efficient organic 

solvent for EME of acidic drugs [63-65] due to their strong proton acceptor ability [66]. These 

alcohols, and especially 1-octanol, have high values of Kamlet-Taft polarizability (π*) and 

hydrogen bond acidity (α) [63, 64].  

Usually propylene hollow fiber membrane is used as support for liquid membrane but different 

support material like molecularly imprinted polymer, agar film containing silver nanoparticle, 

propylene decorated with silver nanoparticles and polymer inclusion membranes are also used 

for EME of acidic drugs [67-70]. Dihexyl ether (DHE) is not efficient solvent when used with 

hollow fiber of propylene as support due to power cuts (interruption of electrical current) but 

shows better extraction performance when used with non-metallic agar film as support for EME 

of NSAIDs [67].  

Normally, EME of acidic drugs is with neutral or alkaline conditions in the sample and acceptor. 

In a few cases, samples have been acidified while the acceptor has been alkaline, and this 

difference in pH has boosted mass transfer [64]. EME is dependent on the electrical resistance 

of the SLM, and therefore current flowing in the system is also measured [65]. 

4.3.1.1. Frequently used pure organic solvents for non-

polar acidic drugs 

The most frequently used liquid membranes for EME of non-polar acidic drugs are 1-hexanol, 

1-heptanol, 1-octanol and 1-nonalol as exemplified in Table 8. High extraction recoveries were 

obtained using 1-heptanol (in the range from 25% for Naproxen to 100% for Fenoprofen) and 
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1-octanol (in the range from 90% for Ibuprofen to 94% for Naproxen). Extraction recoveries 

were similarly 25-62% with 1-hexanol and 1-nonalol as shown in Table 8. 

The first experiment for EME of non-polar acidic drugs was conducted 1-heptanol as organic 

solvent [66]. 1-heptanol have very low water solubility (1.67mg/ml) and high boiling point 

(176.4 °C). The values for vapor pressure, viscosity and log P of 1-heptanol are 0.22mmHg, 

7.4mPa and 2.62 respectively. Under optimized conditions, donor solutions of acidic drugs were 

300μl and extraction was through 1-heptanol as SLM in the wall of hollow fiber. The volume 

of acceptor solution was 30μl. The pH of both solutions was adjusted to 12 by using NaOH. A 

potential difference of 50V was applied while the system was agitated with 1200rmp for 5 

minutes. The extraction recoveries obtained were in the range of 8 to 100 % as shown in Table 

8. The value for enrichment factor was 0.8-10 and RSD was in the range of 8-29%. 

In another example, different alcohols were tested to optimize the SLM for non-polar acid drugs 

[63]. The pH of sample solution and acceptor solution was 10.5 and 12.8 respectively. The 

volume of sample solution was 4ml while volume of acceptor was 20μl. The cathode was in 

sample solution and the anode was in acceptor solution, and the whole system was agitated at 

1000 rpm. The extraction time was 28 minutes and applied voltage was 6V.  1-hexanol, 1-

heptanol, 1-octanol, 1-nonaol and 1-decanol were used as SLMs for extraction of Ibuprofen and 

diclofenac and results are shown in Figure 25.  

 

Figure 25: EME of Ibuprofen and Diclofenac using different higher alcohols as SLM [27] 
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As shown in Figure 25, highest extraction recoveries were obtained using 1-octanol. Under 

optimized conditions, the extraction recovery for Ibuprofen was 68% with RSD of 2.4% and 

extraction recovery for Diclofenac was 69% with RSD of 2.5% as shown in Table 8. As 

compared to 1-heptanol, the water solubility of 1-octanol is lower (0.54mg/ml) and the boiling 

point is higher (195.1°C). The values for vapor pressure, log P and viscosity are 0.082mmHg, 

3.0 and 7.28mPa respectively. 

4.3.1.2. Less frequently used pure organic solvents for non-

polar acidic drugs 

Less frequently used solvents for EME of non-polar acidic drugs are given in Table 8, including 

NPOE, nitrobenzene and dihexyl ether. To check the efficiency of less frequently used solvents, 

an experiment was conducted where popular solvents like 1-hexanol,1-hepatanol,1-octanol, 1-

nonanol were compared with NPOE, nitrobenzene and dihexyl ether as SLM [65]. EME using 

carbon nanotubes (CNTs) reinforced hollow fiber was used for extraction of Ibuprofen and 

Naproxen. Partition coefficient increased due to presence of CNTs, based on their high 

adsorption capacity and high surface area [65]. The system was agitated at 500rpm and 5V 

potential difference was applied for 10 minutes. The acceptor phase was 20μl of 100mM NaOH 

(pH 12) and pH of donor solution was 7.4. The results are given in Figure 26, and showed that 

NPOE, nitrobenzene and dihexyl ether were less efficient SLMs for non-polar acidic drugs. 

This is due to poor hydrogen bon acidity. 
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Figure 26: Comparison of more and less efficient SLMs for non-polar acidic drugs [29] 

 

Table 8: Properties of non-polar acidic analytes with percentage recovery after extraction with 

pure solvents. 

SLM Solvents Analytes Charge1 Log P 2 pKa 3 Recoveries 4 References 

1-Hexanol Ibuprofen -1 3.5 4.85 ≈38% [65] 

˝ Naproxen -1 3.29 4.19 ≈41% [65] 

1-Heptanol Ibuprofen -1 3.5 4.85 ≈58% [65] 

˝ Naproxen -1 3.29 4.19 ≈62% [65] 

1-Octanol Ibuprofen -1 3.5 4.85 ≈93% [65] 

˝ Naproxen -1 3.29 4.19 ≈95% [65] 

1-Nonalol Ibuprofen -1 3.5 4.85 ≈62% [65] 

˝ Naproxen -1 3.29 4.19 ≈61% [65] 

NPOE Ibuprofen -1 3.5 4.85 ≈41% [65] 

˝ Naproxen -1 3.29 4.19 ≈43% [65] 

Dihexyl ether Ibuprofen -1 3.5 4.85 ≈38% [65] 

˝ Naproxen -1 3.29 4.19 ≈40% [65] 

Nitrobenzene Ibuprofen -1 3.5 4.85 ≈31% [65] 

˝ Naproxen -1 3.29 4.19 ≈30% [65] 

1-Octanol Ibuprofen -1 3.5 4.85 90% [65] 

˝ Naproxen -1 3.29 4.19 94% [65] 

˝ Phenytoin 0 2.26 9.47 55% [69] 
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1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 

3Analyte pKa from database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%) 

5≈ values are taken from graph. That’s why used this symbol that mean round about to given value 

4.3.2 Organic solvents containing cationic carrier as SLM 

for non-polar acidic drugs 

The presence of cationic carriers like C60 Fullerene, Aliquat® 336 and high nitrogen doped 

graphene (HND-G) in 1-Octanol as SLM often increases partition coefficient of acidic analytes, 

and this results in increased in extraction recovery [63, 64, 70]. In one example [63] 1-Octanol 

was used as SLM and C60 fullerene served as carrier (Table 8 and Table 9). The extraction 

recovery of ibuprofen and diclofenac was 68% and 69% using aqueous sample respectively 

with pure 1-octanol, but improved to 94% and 90% respectively from water samples and 85% 

and 83% from urine samples upon addition of fullerene (Table 9). To check the effect of 

concentration of C60 fullerene, an experiment was performed with 1-octanol and increasing 

amount of C60 fullerene as SLM, voltage 20V for 5 minutes and pH of donor and acceptor was 

8 and 12 respectively [63] and results shown in Figure 27. The optimum extraction was 

observed when C60 fullerene was used in concentration 0.6% (w/v). The increase of extraction 

recovery with increasing concentration of C60 was ascribed to strong adsorptive character of 

1-Hexanol Ibuprofen -1 3.5 4.85 ≈10% [63] 

˝ Diclofenac -1 4.98 4 ≈15% [63] 

1-Heptanol Ibuprofen -1 3.5 4.85 ≈8% [63] 

˝ Diclofenac -1 4.98 4 ≈15% [63] 

1-Octanol Ibuprofen -1 3.5 4.85 68% [63] 

˝ Diclofenac -1 4.98 4 69% [63] 

1-Nonalol Ibuprofen -1 3.5 4.85 ≈25% [63] 

˝ Diclofenac -1 4.98 4 ≈40% [63] 

1-Heptanol Diclofenac -1 4.98 4 74% [66] 

˝ Ibuprofen -1 3.5 4.85 61% [66] 

˝ Naproxen -1 3.29 4.19 25% [66] 

˝ Fenoprofen -1 3.87 3.96 100% [66] 

˝ Flurbiprofen -1 3.57 4.42 86% [66] 

˝ Gemfibrozil -1 3.61 4.42 48% [66] 

˝ Hexobarbital 0 1.8 8.41 8% [66] 

˝ Indomethacin -1 5.25 3.79 34% [66] 

˝ Ketoprofen -1 3.29 3.88 82% [66] 

˝ Probencid -1 2.44 3.53 91% [66] 

˝ Warfarin -1 2.41 6.33 11% [66] 
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the carrier. The reduction in extraction recovery after this optimal concentration was due to 

incomplete desorption of analyte from fullerene to acceptor phase [63].  

 

Figure 27: Effect of %C60 fullerene in 1-octanol on EME [27] 

 

A new cationic carrier, high nitrogen doped graphene (HND-G), improved the extraction of 

EME of naproxen and diclofenac when added into 1-octanol as SLM [64]. The partition 

coefficient of acidic drugs and value of ion balance (χ = ratio of ionic concentration in sample 

to that acceptor phase) increased due to presence of cationic pair reagent HND-G, based on 

ionic interactions [64]. The analytes were extracted form 10ml aqueous sample solution with 

pH 9.6 into 30μl acceptor phase with pH 12.3 through 1-octanol containing 0.6% w/v of HND-

G. The system was agitated with 1000rpm for 16 minutes to equilibrium. The potential 

difference was 68V. The extraction recovery of diclofenac and naproxen was 90.8% with RSD 

4.8% and 96.5% with RSD 5% respectively form aqueous sample as shown in Table 9. The 

extraction recovery was decreased to 71.5% for diclofenac and 74.6% for naproxen with RSD 

6.5% to 6.7%, when extracted from urine sample. 
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Table 9: Properties of non-polar acidic analytes with percentage recovery after extraction with 

pure solvents containing carriers. 

 

1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 

3Analyte pKa from database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%) 

 

4.4. Organic solvents as SLM in EME of polar acidic drugs 

EME of polar acidic analytes is challenging because as polarity increases, recoveries decrease 

even with the carrier mediated EME. The presence of carriers promotes distribution of polar 

substances (acidic or basic) in the SLM by ion-pair formation with charged analytes [71].  

Recently (2018), an experiment was performed for EME of NSAIDs and polar acidic drugs by 

using polymer inclusion membranes (PIMs) as SLM support [70]. 1-Octanol was used as SLM 

and Aliquat® 336 was added as cationic carrier. Faster extraction, large available area for ion 

transport, minimum used hazardous chemical and easy operation are major advantages of PIMs 

[70]. The thickness and diameter of PIMs used was 25μm and 6mm respectively which was 

consisted of 29% (w/w) cellulose triacetate (CTA) and 71% (w/w) Aliquat® 336 as cationic 

carrier. The donor solution was 10ml and adjusted to pH 4. The volume used for acceptor 

solution (pH 10) was 300μl. The system was agitated with 300rpm and potential difference of 

50V was applied for 30 minutes. Other organic solvents tested in these experiments were 

dihexyl ether, 2-ethylnitrobenzene, heptanol, NPOE and dimethylformamide (DMF). The 

nature of PIMs was affected by DMF, so it was rejected. The other solvents were also unsuitable 

SLM Solvents Carriers Analytes Charge1 Log P 2 pKa 3 Recoveries 4 references 

1-Octanol C60fullerene Ibuprofen -1 3.5 4.85 94% [63] 

˝ ˝ Diclofenac -1 4.98 4 90% [63] 

˝ ˝ Ibuprofen -1 3.5 4.85 85% [63] 

˝ ˝ Diclofenac -1 4.98 4 83% [63] 

1-Octanol Aliquat® 336 Ketoprofen -1 3.29 3.88 35% [70] 

˝ ˝ Ibuprofen -1 3.5 4.85 48% [70] 

˝  ˝ Naproxen -1 3.29 4.19 37% [70] 

1-Octanol HND-G Diclofenac -1 4.98 4 90.8 [64] 

˝ ˝ Naproxen -1 3.29 4.19 96.5 [64] 

˝ ˝ Diclofenac -1 4.98 4 71.5 [64] 

˝ ˝ Naproxen -1 3.29 4.19 74.6 [64] 
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as compared to 1-octanol. The extraction recoveries of NSAIDs was 35% to 48% shown in 

Table 8 and polar acidic drugs tested, recoveries were in the range 34% to 81% as shown in 

Table 10. The experiment was repeated by using urine sample. HPLC chromatogram for urine 

sample spiked at 500μg/L are shown in Figure 28. Even when EME was tuned for polar acidic 

substances, only few matrix components were observed in the chromatogram.  

 

 

Figure 28: HPLC chromatogram of human urine sample spiked at 500μg/L after EME [34] 

 

Carrier mediated EME of highly polar acidic drugs was performed by using new nanostructured 

support, Tiss®-OH, which is made by electrospinning [71]. High specific area, hydrophilicity, 

insolubility in aqueous and polar medium, high mechanical strength and high temperature 

resistance are important features of this membrane [71]. A membrane (Tiss®-OH) of 100μm 

thickness was used as support to the organic solvent (1-octanol) containing 5% w/v cationic 

carrier (Aliquat® 336). Polar analytes were extracted from 10ml aqueous sample solution (pH 

4) into 300μl acceptor solution (pH 6). The apparatus was agitated with 300rpm for 10 minutes, 

while applied voltage was 100V. The obtained extraction recoveries were 77% for nicotinic 

acid, 60% for amoxicillin, 62% for Hippuric acid and 85% for salicylic acid as given in Table 

10. The values of %RSD were between 6 to 8%. 

Table 10: Properties of polar acidic analytes with percentage recovery after extraction with 

pure solvents containing cationic carriers 

SLM Solvents Carriers Analytes Charge1 Log P 2 pKa 3 Recoveries 4 references 

1-Octanol Aliquat® 336  Nicotinic acid -1 0.29 2.79 77% [71] 

˝ ˝ Amoxicillin 0 0.75 3.23 60% [71] 
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1Analyte charge during EME (-2, -1, +1, +2), 2Analyte log P from database (drugbank.ca) 

3Analyte pKa from database (drugbank.ca), 4EME recovery (<20%, 20-70%, >70%) 

4.5. Organic solvents as SLM in EME of small inorganic cations 

Pollutants belonging to heavy metal cations have strong effect on environment and human 

health [44, 72]. Therefore, it is important to consider determination and separation of these 

agents in environmental and biological samples [72, 73]. EME can be used as 

sample preparation technique for analysis of inorganic cations and examples are given in Table 

11 and Table 12. 

4.5.1. Pure solvents used in EME of small inorganic cations 

 1-Octanol is an example of pure solvent, which can be used as SLM in extraction of Chromium 

and gold ions as shown in Table 11. Chromium exists naturally in two oxidized form, Cr (III) 

which is an essential dietary supplement and Cr (VI) which is a carcinogenic agent [45, 

72]. Instrumental analytical methods such as inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES) and ICP-mass spectrometry detect total chromium but don’t 

differentiate between Cr (III) and Cr (VI) [72]. In-tube electro membrane extraction (IEME), 

was used to determine chromium (VI) followed by flame atomic absorption spectrometry [72]. 

As support for the SLM, polypropylene thin sheet was inserted into tube in IEME. As all form 

of Cr(IV) and Cr(III) have negative and positive charge, respectively, they were separated from 

each other based on application of electric field [72]. In this experiment the volume of donor 

˝ ˝ Hippuric acid -1 0.23 3.59 62% [71] 

˝ ˝ Salicylic acid -1 1.96 2.79 85% [71] 

˝ ˝ Nicotinic acid -1 0.29 2.79 81% [70] 

˝ ˝ Amoxicillin 0 0.75 3.23 52% [70] 

˝ ˝ Hippuric acid -1 0.23 3.59 78% [70] 

˝ ˝ Salicylic acid -1 1.96 2.79 50% [70] 

˝ ˝ Anthranilic acid -1 0.78 4.89 34% [70] 
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phase, acceptor phase and LM was 5ml,105μl and 1.0μl respectively. The extraction time was 

25 minutes and applied voltage was 250V. Organic solvents like 1-octanol, NPOE and NPOE 

with 10-20% DEHP was used and highest recoveries were obtained with 1-octanol as shown in 

Figure 29. 

 

 

Figure 29: Effect of SLM composition on extraction recovery of Cr (VI) [72] 

 

Under optimizes conditions, the extraction recovery was 46% from standard solution (a solution 

prepared in lab with known concentration and used as reference ) as shown in Table 11, and 

RSD was lower than 8.6%. Relative extraction recoveries were between 97 to 106% from real 

samples under same conditions and given in Table 11. In another example of chromium 

extraction [45], 71% recovery was obtained from standard solutions and relative recoveries 

were between 80 and 105% from real samples (solution with unknown concentration) as given 

in Table 11. The repeatability (%RSD) of this experiment was in acceptable (8.9%). 

Gold (Au) is an important metal with its use in jewelry, medicine and catalyst in various organic 

synthesis and have toxic effects on humans, animal and plants [73]. EME was carried out for 

extraction of gold from aqueous samples [73], where 1-octanol was used as SLM. The graphical 

representation of this experiment is shown in Figure 30. 
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Figure 30: Graphical representation for EME of gold [73] 

 

A hollow fiber was used as support for the SLM in this experiment [73]. The volume of 

acceptor solution was 50μl while sample solution was 20ml. The applied potential difference 

was 25V and system was agitated 300rpm for 15 minutes. The extraction recoveries were 

between 94 to 98% from real samples under optimized conditions (Table 11). The %RSD was 

in range of 2.6 to 6.7%. 

Table 11: Properties of small inorganic cations with percentage recoveries after extraction 

with pure solvents. 

 

    * PubChem   ** from Chemaxon, www.chemicalize.org 

 

 

SLM Solvents Analyte Molecular formula* Log P** 

 

Recoveries References 

1-Octanol Chromium Cr+6 -0.15 97-106% [72] 

˝ ˝ ˝ ˝ 46% [72] 

1-Octanol Chromium Cr+6 -0.15 80-105% [45] 

˝  ˝ ˝ 71% [45] 

1-Octanol Gold Au+ 0.03 94-98% [73] 

http://www.chemicalize.org/
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4.5.2. Pure solvents containing carriers used in EME of 

small inorganic cations 

Certain carriers like bis (2-ethylhexyl) phosphate (DEHP) and bis (2-ethylhexyl) phosphonic 

acid (D2EHPA) has been used in combination with 1-octanol and NPOE for EME of small 

inorganic cations as exemplified in Table 12. The presence of carrier in the organic solvent 

increases solubility and electro mobility of analytes. The transport mechanism involves proton 

exchange between carrier and analyte ions [40]. 

Uranium is released in the environment by nuclear activities and it is a toxic and radioactive 

element.  Uranium has been extracted by EME [74]. A piece of hollow fiber was dipped into 

organic solvent for 5 second. The acceptor solution was 20μl of 10-4 M nitric acid. The pH of 

acceptor solution was 4.0 which promote conversion of UO2
2+ into UO2(OH)+. The donor 

solution was concentrated nitric acid solution with pH 1.5. The applied voltage was 80V. The 

extraction time was 14 minutes and stirring rate was 1000rpm. 

 

Figure 31: Effect of SLM composition on EME of uranium [72] 
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NPOE and 1-octanol was tested alone, and mixed with TBP and D2EHPA as carriers. As shown 

in highest recoveries were obtained with NPOE and D2EHPA. This method showed good 

sample cleanup and reduced effect of interfering ions. Interfering ions can fluctuate the 

extraction efficiency (±5%) due to their competition with target analytes. The interference can 

be reduced by high sample clean-up and selectivity of proposed EME [40, 72, 73]. Under 

optimized conditions, extraction recovery for uranium was 54% from real sample solutions as 

shown in Table 12, and high enrichment factors (64.7) were obtained. 

Another example of using carrier with organic solvent is given in Table 12, where 1-octanol 

was used as SLM with DEHP for EME of bismuth ions [40]. The donor solution was 5 mmol/L 

of sulfuric acid and volume was 5ml. Hollow fiber (3.5cm) was dipped into organic solvents 

for 10 seconds. The acceptor solution was 10μl of 300 mmol/L sulfuric acid. The apparatus was 

put on agitator with speed 700rpm for 10 minutes and applied voltage was 50V. The extraction 

recovery was between 90 to 102 % with average 96% as shown in Table 12. The RSD values 

for this experiment was < 6%. 

Table 12: Properties of small inorganic cations with percentage recoveries after extraction 

with pure solvents containing carriers. 

* PubChem   ** from Chemaxon, www.chemicalize.org 

 

4.6. Organic solvents as SLM in EME of small inorganic 

anions                                                                                    

Normal concentration of inorganic anions is very important for proper body functions. The 

physiology and biochemistry of many diseases can be explained by anions profiling. The 

abnormal level of these ions indicates presence of specific disease. The biomarker for exposure 

Liquid 

membrane 

Carrier Analyte Molecular 

formula* 

Log P** 

 

Recovery Reference 

NPOE D2EHPA Uranium U+6 0 54% [74] 

1-Octanol D2EHPA  Manganese Mn+2 -0.15 42% [44] 

˝ ˝ Cadmium Cd+2 -0.07 24% [44] 

˝ ˝ Lead Pb+2 0.03 17% [44] 

˝ ˝ Zinc Zn+2 0.15 34% [44] 

˝ ˝ Cobalt Co+2 0.23 39% [44] 

˝ ˝ Cupper Cu+2 0.156 15% [44] 

˝ ˝ Nickel Ni+2 0.156 39% [44] 

1-Octanol DEHP  Bismuth Bi +3 0.15 96% [40] 

http://www.chemicalize.org/
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of tobacco smoke are thiocyanate ions, and iodide ions are responsible for proper functioning 

of thyroid hormones [75]. The most commonly used techniques for inorganic anions are multi-

step solid phase extraction (SPE), UV-VIS spectrophotometry and ion chromatography (IC). 

Due to some limitations and drawbacks of above mentioned techniques, EME is an interesting 

technique for extraction of inorganic anions [42, 75]. 

4.6.1. Pure solvents used in EME of small inorganic anions 

Methanol, 1-pentanol, ethyl acetate and 1-heptanol are commonly used pure organic solvents 

used for extraction of small inorganic anions as shown in Table 13. As an example [75], 

experiment was conducted where methanol was used as SLM and extraction efficiency was 

compared to other organic solvents as shown in Figure 33. Methanol (log P -0.77) have low 

boiling point (64.7 °C), viscosity (0.544 mPa) and high vapor pressure (127 mmHg) and water 

solubility (413.5 mg/ml) as compared other solvents (1-octanol and 2-propanol) tested in the 

experiment. As methanol is miscible with water, the stability of system can be achieved by 

providing low voltage and short extraction time (5 minutes). System enters into equilibrium 

after 5 minutes and after that decrease in extraction observed after 5 minutes due to loss of 

solvent. Due to presence of methanol in sample solution, conductivity was reduced which 

resulted in low voltage and rapid transfer of analyte [76, 77].     

A 5ml sample solution (pH 4) was used along with 100μl acceptor solution (pH 12) of 10mM 

NaOH. The applied voltage and agitation were 12V and 500rpm respectively for 5 minutes. As 

shown in Figure 32, methanol was most suitable SLM and provided high extraction recoveries 

for adipate, oxalate, iodide and perchlorate 95.7%, 90%, 107.5% and 96.6% respectively, using 

amniotic fluid as sample. (Table 13). As compared to other tested solvents, best repeatability 

was obtained with methanol [75]. The value for relative stander deviation (% RSD) was 6.6 to 

17.5%. 



61 

 

 

Figure 32: EME of small inorganic anions using 1-octanol, 2-pranolol and methanol as SLMs 

[75] 

1-Heptanol is another commonly used solvent for extraction of anions, and this solvent was 

used for EME followed by ion chromatography (IC) [42]. The values of log P, vapor pressure, 

and viscosity of 1-heptanol are 2.62, 0.22mmHg and 7.4 mPa respectively. It has high boiling 

point (176.4°C) and low water solubility (1.67 mg/ml at 25°C). 

 

Figure 33: Effect of SLM solvents on EME of anions [42]  
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The volume and pH of sample solution was 5ml and 7.0 respectively while volume and pH of 

acceptor solution was 30μl and 10.0 respectively. The extraction time was 5 minutes and 25V 

was applied while system agitated with 1200rpm. Different organic solvents were tested and 

1-heptanol showed best results as shown in Figure 33. Extraction recoveries were in range of 

40 to 70% as shown in Table 13. 

Table 13: Properties of small inorganic anions with percentage recoveries extracted with pure 

solvents. 

SLM solvents Analytes Molecular formula* Log P** 

 

Recoveries References 

Methanol Adipate C6H8O4
-2 0.491 95.7% [75] 

˝ Oxalate C2O4
-2 -2.26 90% [75] 

˝ Iodide I- 1.02 107.5% [75] 

˝ Perchlorate ClO4
- -0.098 96.6% [75] 

1-Pentanol Perchlorate ClO4
- -0.098 94% [78] 

Ethyl acetate Chloride Cl- 0.61 87% [79] 

˝ Bromide Br- 0.79 110% [79] 

˝ Sulfate SO4
-2 -0.84 76% [79] 

1-Heptanol Fluoride F- 0.15 49% [42] 

˝ Chloride Cl- 0.61 70% [42] 

˝ Nitrate NO3
- 0.84 46% [42] 

˝ Nitrite NO2
- 0.16 47% [42] 

˝ Bromide Br- 0.79 40% [42] 

˝ Phosphate O4P
-3 -1.02 51% [42] 

˝ Sulfate SO4
-2 -0.84 46% [42] 

* PubChem   ** from Chemaxon, www.chemicalize.org 

 

4.6.2. Pure solvents containing carriers used in EME of 

small inorganic anions 

The presence of carrier leads to improvement of EME selectivity and efficiency. The presence 

of carriers in SLM decreases the electrical resistance of organic solvent which results in 

increased recovery [77]. As shown in Table 14, nitrobenzene (NB) was used as SLM with 

addition of Bambus [6] uril (BU6) as carrier. Pure NB is a highly resistive organic solvent and 

no extraction recoveries of inorganic anions, was obtained. NB has high viscosity (1.86mPa) 

and high boiling point (210.8 °C). The values for water solubility, vapor pressure and log P are 

1mg/ml, 1mmHg and 1.85 respectively.  

http://www.chemicalize.org/
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Figure 34: Structure of BU6 [77] 

BU6 is nonionic macrocyclic compound, consist of six glycoluril units which are connected by 

methylene bridges. Anions are connected through central cavity of the macrocyclic compound 

by hydrogen bond interactions. The structure of BU6 is given in Figure 34 and has high affinity 

for bromide, iodide and perchlorate ions and low affinity for other interfering ions like chloride, 

sulphate and nitrites. BU6 have three times more affinity for iodide ions as compared to chloride 

[77]. 

EME was performed using µ-EME setup for extraction of inorganic anions (iodide, bromide 

and perchlorate Table 14). A small piece (3cm) of hollow fiber was dipped into organic solvents 

for 10 seconds. The donor and acceptor compartments were filled with 3.5 ml donor and 20µl 

acceptor solution. The pH of 10mM donor solution was between 5.5 and 5.6, and pH of acceptor 

solution was 5.5. Electrical potential of 25V was applied for 15 minutes and agitation speed 

was 700rpm.  NB, NPOE and ENB were used as SLM. BU6 was sparingly soluble in NPOE 

and ENB and only 3% w/w was soluble in NB, so maximum extraction was achieved by this 

combination as shown in Table 14.  

Table 14: Properties of small inorganic anions with %age recoveries extracted with pure 

solvents containing carriers. 

SLM solvents Carrier Analytes Molecular formula* Log P** 

 

Recoveries References 

Nitrobenzene BU6 3% Bromide Br- 0.79 7.1% [77] 

˝ ˝ Iodide I- 1.02 11.5% [77] 

˝ ˝ Perchlorate ClO4
- -0.098 7.6% [77] 

* PubChem   ** from Chemaxon, www.chemicalize.org 

 

 

 

http://www.chemicalize.org/
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4.7. Organic solvents as SLM in EME of peptides and 

amino acids 

Amino acids are basic building units of proteins and peptides [80, 81] and possibly 50 amino 

acids connected through peptide bond to form peptides [82]. Amino acids are extremely 

polarized and zwitterionic compounds, and contain both positive and negative charge. Due to 

low affinity for  liquid membranes, EME is challenging [80]. Intermediate metabolism is 

represented by amount of free amino acids in fluids and their analysis is important for 

diagnostic, therapeutic and research purposes [81, 82].  

4.7.1. Pure solvents containing carriers used as SLM in 

EME of peptides and amino acids 

The transfer of peptides through SLM is difficult due to molecular size and polarity. EME of 

peptides is normally performed under acidic conditions, where peptides are net positively 

charged and where they migrate towards the cathode. applied both in sample and donor phase 

during EME [82-84].1-Octanol and ethyl nitrobenzene (ENB) with 5 to 15% di(2-ethylhexyl) 

phosphate (DEHP) are commonly used liquid membranes for EME of peptides and amino 

acids as shown in Table 15. 

EME of peptides was studied first time in 2008 [83] where NPOE, diethyl ether, 1-heptanol, 1-

octanoic acid, 1-nonalol, 1-octanol, 2-octanon, nitrobenzene, nitropentene and trihexylamine 

were tested as SLM. The addition of ionic carrier to the SLM improved the extraction recovery 

of peptides [81, 83-85], therefor DEHP was added as ionic carrier in 5,8,10 and 15% 

concentration with above mentioned organic solvents. Sample solution was 1mM HCl and 

acceptor solution was 100mM HCl. The volume of acidified sample and acceptor solution was 

500μl and 25μl respectively. The extraction was performed for 5 minutes with 50V and 

agitation at 1050rpm. No recoveries ware observed with NPOE, diethyl ether and trihexylamine 

(with DEHP), while below than 20% recoveries were observed with nitrobenzene, nitropentene, 

2-octanone (with DEHP). The experiment results confirmed that best extraction recovery (2-

53%) was achieved using 1-octanol with 15% DEHP as SLM (Table 15). 

 

EME of amino acids were also performed by using 1-heptanol, 1-octanol, NPOE and ENB as 

SLMs without and with DEHP (15%) [81]. Amino acids, as cations, were extracted from 900μl 

of 2.5M acetic acid donor solution which also contained 6mM Na+,0.2mM K+, 0.08mM Ca+2 

and 0.04mM Mg2+.The acceptor solution was 20μl of 2.5M acetic acid. Hollow fiber, 3cm long 
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piece, was impregnated with organic solvent (3μl) containing DEHP and acted as SLM. The 

extraction time, voltage and agitation speed were 10minutes, 50V and 500rpm respectively. 

ENB (high hydrogen acceptor properties) was more efficient as SLM as compared to the other 

tested solvents, and it prevented entering of matrix cations into accepter phase. The extraction 

recoveries obtained was in range of   0.1 to 10.8% as given in Table 15.  

 

In a paper published in 2018, twenty-two different organic solvents were evaluated as new 

potential SLM for endogenous compounds. Some of these solvents were not suitable for EME 

of peptides and amino acids due to solvent loss by evaporation, high conductivity by applied 

voltage and leakage of SLM in donor phase. NPPE was selected as most efficient SLM for polar 

substances due to high extraction and repeatability [86].  

Table 15: Physicochemical properties and percentage recovery of  peptides and amino acids 

using pure solvents containing carriers. 

SLM  

Solvents 

Carriers Amino acid / 

Peptides 

Log P* pKa Acidic 

/ basic* 

Isoelectric 

point* 

Recoveries Ref 

1-octanol DEHP 15% Angiotensin I 2.82 2.99/11.89 7.66 22% [83] 

" " Angiotensin II -5.22 3.57/11.44 7.45 49% [83] 

" " Angiotensin III -8.84 3.35/11.46 7.45 49% [83] 

" " Glu-Glu-Leu -3.71 3.32/8.15 3.59 2% [83] 

" " Ile-Pro-Ile -0.98 3.678.2 6.05 53% [83] 

" " Neurotensin -8.74 2.36/11.81 9.28 42% [83] 

" " Neurotensin  1–6 - - - Nd [83] 

" " Neurotensin  1–8 - - - 7% [83] 

ENB DEHP 15% Creatinine -1.45 10.45/4.96 8.99 10.8% [81] 

" " Lysine -3.22 2.74/10.29 9.82 4.7% [81] 

" " Arginine -3.15 2.41/12.41 10.77 8.4% [81] 

" " Histidine -3.61 1.85/ 9.44 8.02 5.9% [81] 

" " Glycine -3.40 2.31/ 9.24 5.77 1.4% [81] 

" " Alanine -2.84 2.47/ 9.48 5.98 2.1% [81] 

" " Valine -1.95 2.72/ 9.6 6.16 5.7% [81] 
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 *  from Chemaxon, www.chemicalize.org 

 

4.7.2.  Mixtures of solvents containing carriers used as 

SLM in EME of amino acids and peptides 

During EME of biological sample using 1-octanol as SLM, stability issues occurred which 

affected reproducibility. As shown in Table 16, mixture of 1-octanol with 2-ethyl hexanol and 

1-nonanol with 2-decanon (1:1) and 10-15% DEHP as carrier was used as SLM to resolve 

stability issues [87, 88]. 

In 2019, EME of synthetic peptides Leuprolide acetate (LA) and Triptorelin acetate (TA) was 

performed [87]. The volume of donor and acceptor was 4ml and 25μl while pH was 4.5 and 1 

respectively. The cathode was placed into sample solution and anode was into acceptor solution 

and connected to 5V power supply. The extraction time was 5minutes and stirring speed was 

1200rpm. Different organic solvents and their mixture containing DEHP were tested. Aliphatic 

" " Isoleucine -1.50 2.79/ 9.59 6.19 10.0% [81] 

" " Leucine -1.58 2.79/ 9.52 6.15 9.6% [81] 

" " Threonine -3.47 2.21/ 9 5.6 0.5% [81] 

" " Asparagine -4.28 2/8.43 5.22 0.1% [81] 

" " Methionine -2.18 2.53/ 9.5 6.02 5.5% [81] 

" " Tryptophan -1.08 2.54/9.4 5.97 10.5% [81] 

" " Citrulline -3.93 2.27/ 9.23 5.75 0.6% [81] 

" " Phenylalanine -1.18 2.47/ 9.45 5.96 10.1% [81] 

" " Proline -2.56 1.94/11.33 7.12 7.5% [81] 

" " Tyrosine -1.48 2/9.19 5.51 1.2% [81] 

1-octanol DEHP 5% Alarelin - - - 49% [84] 

" " Leuprolide -2.81 9.49/13.21 9.93 71% [84] 

" " Triptorelin -3.58 9.49/13.11 10.06 56% [84] 

" " Buserelin 2.52 3.26/12.24 9.67 58% [84] 

1-octanol DEHP 8% Angiotensin I 2.82 2.99/11.89 7.66 36% [85] 

" " Angiotensin II -5.22 3.57/11.44 7.45 25% [85] 

" " Angiotensin III -8.84 3.35/11.46 7.45 43% [85] 

http://www.chemicalize.org/
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alcohols with DEHP were efficient for peptides but mixture of 1-octanol and 2-ethyl hexanol 

was most efficient as shown in Figure 35. The extraction recoveries for  Leuprolide (83.3% ) 

and Triptorelin (75.5 %) using mixture of 1-octanol and 2-ethyl hexanol with 10% DEHP as 

carrier was SLM is given in Table 16. The values for relative standard deviation (RSD%) were 

between 7.3 and 8.8%.  

 

Figure 35: effect of SLMs using pure and mixture of organic liquids 

 

Mixture of 1-nonalol and 2-decanone was used for EME of selected peptides in an experiment 

[88] where same volume (600μl) of sample and acceptor solution was used. Sample and 

acceptor solutions were 25mM phosphate buffer with pH 3.5. The volume of SLM was 5-

10μl. EME was performed for 25 minutes and 15V power supply was applied. The extraction 

recoveries of  bradykinin (87%), angiotensin I (76%), angiotensin II (78%), neurotensin 

(72%) and Leu-enkephalin (60%) as shown in Table 16. The values of RSD for this 

experiment was <10%. 
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Table 16: Physicochemical properties and percentage recovery peptides and amino acids 

using mixtures of solvents. 

Liquid membrane Carrier Amino acid / 

Peptides 

Log 

P* 

pKa 

Acidic / 

basic* 

Isoelectric 

point* 

Recovery Ref 

1-octanol: 2-ethyl 

hexanol (1:1) 

DEHP 

10% 

Leuprolide -2.81 9.49/13.21 9.93 83.3% [87] 

" " Triptorelin -3.58 9.49/13.11 10.06 75.5% [87] 

1-nonanol: 

2-decanone  (1:1) 

DEHP 

15% 

Bradykinin 

acetate 

-6.36 3.88/11.9 10.88 87% [88] 

" " Angiotensin II 

antipeptide 

- - - 77% [88] 

" " Angiotensin II -5.22 3.57/11.44 7.45 78% [88] 

" " Neurotensin -8.74 2.36/11.81 9.28 72% [88] 

" " Angiotensin I 1.78 3.57/11.44 7.38 76% [88] 

" " Leu-

enkephalin 

-1.86 3.7/7.73 5.86 60% [88] 

*  from Chemaxon, www.chemicalize.org 
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5. Concluding remarks 

In this thesis EME literature was reviewed. Currently, 350 research papers are available and 

116 papers were included in this thesis. Primary focus was on the supported liquid membrane 

(SLM). The recovery of investigated analytes is majorly dependent on types and 

physicochemical properties of organic solvents used as SLM. Some important finding of this 

study are summarized below  

 EME is becoming increasingly popular as sample preparation technique. Due to its 

properties, EME can be applied for different types of analytes including non-polar and 

polar basic and acidic drugs, small inorganic cations and anions, and peptides and amino 

acids. A large number of research articles has been published, and the interest for EME 

is increasing. 

 The most commonly used organic solvents as SLM are nitro-aromatics, aliphatic 

alcohols, and alkylated phosphates. Hydrogen bond and dipole interactions between 

analyte molecule and the SLM solvent play a crucial role in EME. Low vapor pressure 

and viscosity, high boiling point, water immiscibility and electrical conductivity are 

important characteristics of ideal SLMs.  

 Currently most popular SLMs 

o NPOE is very popular for non-polar bases. Properties, which make NPOE an efficient 

SLM are high hydrogen bond basicity, low hydrogen bond acidity, dipole moment, low 

water solubility, low volatility and low viscosity. 

o NPOE + DEHP is popular for polar bases. Addition of DEHP as carrier is required to 

improve mass transfer into SLM. Although high recovery is achieved with the ionic 

carrier, DEHP causes increased current and stability issues. These stability issues can 

be minimized using non-ionic carrier, such as TEHP, as an alternative.  

o 1-Octanol is popular for non-polar acids. It has hydrogen bond donor properties and 

dipole moment. It has low water solubility (1.2 g/L) and is reasonably stable as SLM.  

o Currently very limited studies are available for polar acids, inorganic ions, amino acids 

and peptides. More SLMs should be tested to identify highly stable and efficient SLMs. 

 Mixture of solvents improves the diffusion coefficient and efficiency of solvents that can be 

used in EME and by this literature study it was confirmed that the extraction recovery of 

analytes was improved when extracted with mixture of solvents. Improved extraction efficiency 

of peptides was observed with mixture of solvents containing carriers. 
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 As EME is compatible with broad range of samples and analytes, short extraction times, low 

solvent consumption, it has a bright future but more research is required to discover liquid 

membranes for analytes where limited data is found in literature. With continuous research, 

revolutionary changes are expected in the field of analytical chemistry in near future.  

 Pure solvents, mixtures of solvents and pure solvents with carriers are used as SLM till now. 

After this study a new aspect is revealed that is mixture of solvents with carriers should be 

tested for all analytes as these was tested for peptides.  Future EME research should be 

continued with commercial EME equipment, which is now very close to market.   
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