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Master thesis: Fadi Jaghl  ABSTRACT 

ABSTRACT 

Sample preparation, in bioanalysis, is one of the main steps in the analytical process. The frequently 

used complex matrix of biological samples may have adverse effects on the study without proper 

sample preparation, such as deterioration of instrument performance and false positive or negative 

outcomes. Miniaturization is a development within sample preparation processes, thereby possibly 

reducing the volume of sample, solvent and other chemicals needed. Electromembrane extraction is 

a new technique based on the principles of liquid-liquid extraction and electrophoresis. In EME 

electrical field facilitates the extraction of target analytes from an aqueous sample, through a 

supported liquid membrane (SLM), and into an acceptor solution (EME) [1]. Which offers a fast and 

simple way that provides efficient isolation, pre-concentration and clean-up of the target analyte from 

real and complex samples, resulting in high analyte recoveries within minutes. 

The effect of ion balance (ratio of ions in sample and acceptor solution) has been discussed in previous 

papers, but the findings are inconsistent. Therefore, the present work has for the first time analyzed 

in more detail the impact of ion balance on electromembrane extraction (EME) of basic drugs of 

different polarity from aqueous samples. The ion balance was adjusted carefully by using different 

types of buffer solutions to create different ion balance levels. Theoretically, low χ-values benefit 

EME; high-concentration buffer anions in the acceptor migrate into the SLM, and the target cations 

enter into the SLM to maintain electro-neutrality. A large number of experiments have been 

performed in the present work to investigate the effects of the ion balance. Nineteen basic drugs were 

used as model analytes (log P -3.10 to +5.04), and 2-nitrophenyl octyl ether (NPOE), 5 % di(2-

ethylhexyl) phosphate (DEHP) in NPOE and 2-nitrophenylphenyl ether (NPPE) were used as SLM. 

With phosphate buffer pH 2.12 (χapp-values=1 & 10) and formate buffer pH 3.75 (χapp-values = 0.01, 

0.1 & 10) as sample and acceptor, the impact of χ was studied without bias from differences in pH. 

Here model analytes were unaffected by ion balance. More hydrophobic background buffers 

including propionic acid, butyric acid, and valeric acid, with log P values of 0.33, 0.92 and 1.37, 

respectively, were also tested. These buffer ions migrated more into the SLM, and affected recoveries 

in several cases. However, this was due to ion pairing rather than effects of ion balance. The similar 

behaviors were observed from sodium chloride and urine samples with different χ values. As a 

conclusion, there was almost no noticeable effect of ion balance, and this was attributed to very low 

partition of background buffer and matrix ions into SLM. On other hand, extractions were in several 

cases influenced by ion-pairing phenomena.    
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Master thesis: Fadi Jaghl  INTRODUCTION 

1 Background 

 

1.1   Introduction 

1.1.1 Sample preparation in bioanalysis  

 

The main objective of analytical chemistry is to identify and quantify compounds of interest 

(analytes) as accurately as possible from a given sample; however in most cases, sample matrices 

such as biological, environmental, and food samples cannot be analyzed directly with analytical 

instruments. This is because they contain matrix components, which can give a false positive 

response, suppress the signal for the target analyte or deteriorate instrument performance. Therefore, 

sample preparation is required. There are many different types of sample preparation procedures that 

can be used to isolate the analytes from the sample and to make the analytes more suitable for 

separation and detection. In the modern age of analytical chemistry, much of the focus is on 

bioanalysis (analysis of biological samples) that includes samples such as urine, feces, plasma, serum, 

whole blood, hair, nails, saliva, cerebrospinal fluid, synovial fluid and tissue (Biopsies). About 80% 

of total analysis time [2] is used to separate the target analytes from sample matrix which include 

salts, proteins, cells, lipids and other compounds present in biological samples. Another challenge in 

bioanalysis is when the concentration of the analyte in the sample is too low to be detected and pre-

concentration is needed [2-6]. 

There is a wide range of sample preparation techniques available, including solid phase extraction 

(SPE), liquid-liquid extraction (LLE), protein precipitation (PPT) and dilute and shoot (DAS). These 

are the most popular and frequently used procedures in bioanalytical routine laboratories [3]. In PPT, 

proteins precipitate when a solvent is added to the sample, and are removed by filtration or 

centrifugation [3, 7]. SPE is based on retention of analyte on a solid stationary phase, followed by a 

wash to remove matrix components, and then elution with an appropriate solvent. The concept behind 

LLE is based on partitioning of the analyte between two immiscible solvents [3, 8]. DAS is only a 

dilution of the sample with a proper solvent [3]. The physio-chemical properties of the analytes and 

the composition of the sample matrix will decide the appropriate technique to use.  

https://en.wikipedia.org/wiki/Quantification_(science)
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Unfortunately, these methods have many disadvantages. LLE is difficult to automate, and like SPE, 

both consume considerable amounts of organic solvent which can be toxic. In addition, both methods 

are time-consuming. The disposable equipment used in SPE makes it more expensive compared to 

the other methods. 

 

1.1.2 Microextraction techniques 

 

The need for more environmentally friendly solutions led to development of different microextraction 

techniques during the last two decades. Much work has been and is currently done, into improving 

these techniques and developing new ones with higher outcomes, more environmental friendly and 

less time-consuming.  

One step toward automatization was the development of 96-well formats for sample preparation [9-

11]. Furthermore, solid-phase microextraction (SPME) was introduced as the first microextraction 

technique in 1990 [12], and is considered to be a miniaturization of SPE. This was followed by liquid-

phase-microextraction (LPME) as a miniaturization of LLE [13]. LPME is further divided into single-

drop microextraction (SDME), dispersive liquid-liquid extraction (DLLME), and hollow fiber 

microextraction (HF-LPME) [14]. Among many benefits of these techniques to the environment are 

the significant reduction of the volume of organic solvent and sample, as it is to reduce the overall 

cost of the procedure [15]. 

HF-LPME was described for the first time by Pedersen-Bjergaard and Rasmussen [13]. The principle 

behind it is to adjust the pH in both donor-phase and acceptor-phase, to create a pH-gradient to 

stimulate the transport of the neutral analytes from donor solution based on passive diffusion, through 

a thin layer of organic solvent applied to a supporting material (a hollow polypropylene fiber) creating 

a supported liquid membrane SLM, and further into an acceptor solution inside the hollow fiber where 

analyte is ionized. However, passive diffusion requires a relatively long extraction time to reach 

steady-state, which is the main disadvantage of HF-LPME [13, 16, 17]. 
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1.1.3 Supported liquid membranes (SLMs)  

 

The idea of using SLM in bioanalysis was introduced first by Audunsson in 1986 [18], and the interest 

for SLM increased again in the late 1990s [19-21]. SLM is created simply by adding a few micro 

liters of an organic water-immiscible solvent to a porous polymeric membrane, which will be 

sustained by capillary forces in the pores of the “supporting membrane” [1, 18] as illustrated in 

Figure 1. In previous literature, most supporting membranes have been made of 

polytetrafluoroethylene (PTFE or Teflon) [18, 22, 23] or polypropylene (PP) [1]. 

The aim of SLM extraction is to separate the analytes from the sample, via the SLM, into an aqueous 

acceptor solution. The separation is stimulated by pH-gradients. Unionized analytes actively diffuse 

from the donor solution and into the SLM. Then, the analytes are ionized when entering the pH-

adjusted acceptor solution. Thereby back-extraction into the organic SLM is prevented. Typical 

extraction time for SLM extractions with the flat membrane configuration is 10-20 min [18-21, 23]. 

 

                              

Figure 1. simple concept of supported liquid membrane extraction (SLM), reproduced from [19] 

 

1.1.4 Electro enhanced extractions 

Because of the comparatively long time extraction of LPME, an electrical field has been applied to 

accelerate the passage of charged analytes through organic-aqueous phase boundaries several times 

since 1994. In 2006, electromembrane extraction (EME) was introduced first by Pedersen-Bjergaard 
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as a new microextraction sample preparation technique based on an electric field across the SLM of 

HF-LPME system [1]. 

 

1.2  Electromembrane extraction EME 

1.2.1 Principle 

 

EME is an analytical micro-extraction technique designed to extract charged basic and acidic analytes 

(such as drug substances) from different types of aqueous complex samples, including biological 

fluids and environmental waters, through a supported liquid membrane (SLM) and into an aqueous 

acceptor solution, under the influence of an external electrical potential (DC) [1, 24], as illustrated in 

Figure 2. 

EME offered a fast and simple way that provided efficient isolation, pre-concentration and clean-up 

of the target analyte from real and complex samples, resulting in high analyte recoveries within 

minutes. EME has been reviewed several times recently, and applications were mostly within 

pharmaceuticals and bioanalysis on different types of drugs from different types of samples;  

hydrophobic basic drugs [1, 17, 25-27], hydrophilic basic drug [1, 27-29], acidic drugs [30] and 

peptides [31]. EME is compatible with complex bio-samples such as human plasma [32] , whole 

blood [33], urine [34] and even from breast milk [34]. In addition, EME is compatible with 96-well 

formats, using only a few micro-litres of organic solvent per sample [1]. EME is under commercial 

development, and is expected to be used widely in the future for extraction of very polar organic 

acids, bases, and small biomolecules [35]. 

The selectivity of the system is controlled by the direction and magnitude of the electrical field, the 

chemical composition of the SLM and the pH conditions in the donor and acceptor [24]. The SLM 

extractions provide an extra selectivity aspect compared to traditional LLE, because the most polar 

compounds will not partition into the SLM while the most hydrophobic will not partition from the 

SLM into the aqueous acceptor solution. In addition, the acceptor solution is aqueous in the SLM 

extractions, which offers greater compatibility with the methods of analysis [3].  
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Figure 2. Illustration of the principle of EME for a) cations and b) anions. Reproduced from [36] 

 

1.2.2  Supported liquid membrane and organic solvent  

 

The purpose of the SLM is to create a barrier between the donor and the acceptor solution, another 

advantage of the SLM is to act as a resistance in the electrical circuit in the EME configuration. In 

order to avoid electrolysis, sufficient SLM-stability of the organic solvent in the pores of the 

supporting membrane is required [25, 27, 28, 37, 38]. 

Different kinds of organic solvents lead to different stability in the supporting membrane. EME setups 

with organic solvents that are either soluble in the sample or acceptor solution will reduce the 

resistance and hence improve current flow in the system [38]. The lack of resistance in the SLM 

would also stimulate electrolysis in both the sample- and acceptor solution. Electrolysis in EME is 

generally disfavored since it creates gas bubbles and pH changes that may disturb the extraction 

process. Non-volatile, low viscous and immiscible in both sample- and acceptor solution should be 

an ideal organic solvent in EME. Many organic solvents with various physical-chemical properties 

have been investigated as SLM in EME. 

Nitro-aromatic solvents such as 2-nitrophenyl octyl ether (NPOE), 1-ethyl-2-nitrobenzene (ENB), 1-

isopropyl-4-nitrobenzene (IPNB) and 2-nitrophenylpentyl ether (NPPE) showed to be suitable as 

organic solvents for EME of basic drugs [14]. The extraction recovery can be increased by adding 

carrier molecules such as di(2-ethylhexyl) phosphate (DEHP) in case of extraction of analytes of 

polar character logP≤2 [28]. DEHP created hydrophobic ion-pair complexes with the protonated polar 
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analytes at the interface between the sample solution and the SLM, which led to increase the 

distribution into the SLM [1]. 

 

1.2.3 Extraction kinetics across the supported liquid membrane  

 

A theoretical model for the analyte ion flux in electromembrane extraction (EME) has been 

introduced in previous studies [26]. The theory and calculations were obtained from iontophoresis 

which is the diffusion of drugs across a skin barrier (biological membrane) supported by the use of 

an electric field [39, 40]. Iontophoresis is similar in concept to EME. This section explains the 

theoretical model briefly, which serves as the foundation for the section on results and discussion. 

In a simple EME system as shown in Figure 3A, where the ionic concentration on either side of the 

SLM is equal (χ =1), the conductivity of the two aqueous compartments is equal, and when voltage 

is applied, a symmetric electric field is created. Under these conditions flux (Ji) is represented in the 

following equation [41, 42]:  

𝐽𝑖 = −
𝐷𝑖

ℎ
(

𝑣

1−𝑒𝑥𝑝(−𝑣)
) (𝑐𝑖ℎ − 𝑐𝑖0 𝑒𝑥𝑝(−𝑣))     Equation 1  

        

Di is the diffusion coefficient for the ion in the SLM, h is the thickness of the SLM, and 𝑣 is a 

dimensionless driving force proportional to the applied voltage [26]. The analyte concentrations cih 

and ci0 are those at the sample/SLM and SLM/acceptor interface, respectively. 
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Figure 3. Illustration of A) EME under symmetric ionic strength conditions (χ = 1) and B) under asymmetric ionic strength condition 

producing a low ion balance (χ < 1). 

 

The symmetric electric field concept cannot be applied on the EME systems, because they normally 

operate with different concentrations of ions on both sides of the SLM, such as when the sample is a 

biological matrix. Therefore, EME systems frequently operate under asymmetric electrical field 

conditions Figure 3B. In Equation 2, for flux under asymmetric ionic strength condition, the ion 

balance (χ) appears to account for conductivity variations on either side of the SLM: 

𝐽𝑖 = −
𝐷𝑖

ℎ
(1 +

𝑣

𝑙𝑛 𝜒
) (

𝜒−1

𝜒−𝑒𝑥𝑝(−𝑣)
) (𝑐𝑖ℎ − 𝑐𝑖0 𝑒𝑥𝑝(−𝑣))   Equation 2 

χ is the ion balance defined as the ratio of the total sample-side ionic concentration to that of the 

acceptor-side [26]. 
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1.2.4 Ion balance 

 

The EME system comprises not only analyte ions but also H+ and OH-, salt ions, and other organic 

and inorganic ions present in the sample matrix and buffer ions. The latter are added to the system by 

the user to stabilize pH. In previous theoretical research, the migration of analytes through the SLM 

was mentioned as being based on the ion balance (χ), defined as the ratio between the total ionic 

concentrations of the sample and acceptor [26]. Analyte ions are typically present in low-μM 

concentrations, and maybe less in most EME applications. Therefore, in most situations, the 

contribution to the ion balance from analyte ions is insignificant, because other ions usually exist 

within the concentration range of mM. The concentration of the analytes was therefore not included 

in this work when determining the ion balance. 

χ is the ion balance which is the total ionic concentration on the donor side divided by the total ionic 

concentration on the acceptor side. As defined in the original paper [26], χ was initially calculated by 

the following equation: 

𝜒𝑎𝑝𝑝 =
∑ 𝑐𝑖ℎ+∑ 𝑐𝑘ℎ

∗
𝑘𝑖

∑ 𝑐𝑖0𝑖 +∑ 𝑐𝑘0
∗

𝑘
       Equation 3   

c*kh and c*k0  are the concentration of the kth anionic substance in the sample and the concentration 

of the kth anionic substance in the acceptor, respectively. As reported later in the same article, 

Equation 3 is true on the assumption that partition coefficients for ions into the SLM are equal [26]. 

This assumption is not accurate in EME and should, therefore, include the individual partitioning 

coefficients of the ith cation and jth anion when calculating the true ion balance: 

 

𝜒𝑡𝑟𝑢𝑒 =
∑ 𝑐𝑖ℎ𝐾𝑖ℎ𝑖 +∑ 𝑐𝑗ℎ

∗ 𝐾𝑗ℎ𝑖

∑ 𝑐𝑖0𝐾𝑖0𝑖 +∑ 𝑐𝑗0
∗ 𝐾𝑗0𝑖

       Equation 4   

Here, Kih and Kjh are distribution coefficients for the ith cation and jth anion from the sample into the 

SLM, and the corresponding sample/SLM interface concentrations of the ions are cih and c*jh. 

Similarly, Ki0 and Kj0 are distribution coefficients for the ith cation and jth anion from the acceptor 

into the SLM, and the corresponding SLM/acceptor interface concentrations of the ions are ci0 and 

c*j0. Due to the various ionic concentrations of the solutions the same ion may have different 



12 
 

distribution coefficients in the sample and acceptor. In addition, the values defined by Equation 3 are 

referred to as the apparent ion balance (χapp) and the values defined by Equation 4 are referred to as 

the true ion balance (χtrue). To simplify, the term apparent ion balance will be replaced with “ion 

balance”.  

According to Equations 2 and 4, the flux of analyte ions at a specific time point is increasing with 

(a) rising voltage, (b) increasing diffusion coefficient, (c) reducing SLM thickness, and (d) increasing 

analyte concentration gradient through the SLM. Theoretically, the flux is also increasing with 

decreasing value for the true ion balance, as discussed in Section 1.2.4.1. 

 

1.2.4.1 Flux stimulation  

 

Figure 4 displays flux (Ji) as a function of the true ion balance (χtrue), based on calculations from 

Equation 2. For the simulation, typical values of the EME parameters in Equation 2, were used to 

illustrate a relative fold improvement in the flux, compared to χtrue = 1 (equal concentration of ions in 

sample and acceptor). Hence, when the graph is above the dotted line (flux at χtrue = 1) the extraction 

progresses faster, and conversely slower when below the dotted line. The flux is almost unchanged 

by the ion balance of χtrue values greater than 2, as seen by the simulation. However, with the ion 

balance lower than 2, the flux increases very rapidly as χtrue declines.  

In theory, the flux increases significantly at very low χtrue levels, as the curves show. This is not more 

than of theoretical interest, because such low levels cannot be obtained when extracting from real 

samples. The effect of the ion balance depends on the applied voltage. Thus, with an increase in 

voltage from 0.1 to 1 V, the influence of low χtrue values on flux increases, while this influence is 

very similar going from 1 V to higher voltages such as 100 V. 
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Figure 4. Theoretical improvement in flux (fold relative to χ = 1) at voltages of 0.1 V, 1 V and 100 V. Calculation were performed 
with the following parameter settings: SLM thickness: 100 µm, analyte conc. sample: 1 µM, analyte conc. acceptor: 0 µM, 

temperature: 298°K (25°C), analyte charge (z): +1, and diffusion coefficient (D): 𝟓 ∙ 𝟏𝟎−𝟗 𝒎𝟐𝒔−𝟏. 

 

1.2.4.2 Explanation of the ion balance effect on a molecular perspective 

 

Based on the discussion presented in Section 1.2.4.1, the flux equation indicates that the true ion 

balance should play a significant role under low χtrue conditions, and this effect increases as voltage 

increases. The equations do however not explain the molecular mechanism that gives rise to this 

effect. The mechanism has also not been discussed in any EME literature, despite the ion balance is 

frequently evaluated as part of method optimization. The following description therefore provides the 

first account of this mechanism.  

A fundamental concept that explains the ion balance effects is electro-neutrality. Electro-neutrality 

on a microscopic scale, simply means that the sum of the charges from ions in a specific position in 

the SLM is equal to zero (neutrality), with the ion being either positive or negative. Electro-neutrality 

is generally thermodynamically favorable and the system will thus behave so that electro-neutrality 

is maintained.  
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Generally, there are two factors that affect the transference of ions in and out of SLM, diffusion and 

electro-migration [26]. Diffusion forces the ions to move naturally towards lower concentrated areas. 

Therefore, if there is no voltage applied, the cations and anions within the background buffer of the 

aqueous phases will flow naturally and evenly into the SLM, thereby ensuring electro-neutrality. 

Upon application of voltage, cations electromigrate towards the cathode, while the anions 

electromigrate towards the anode. This is illustrated in Figure 5 where the surplus of ions in the 

acceptor solution creates a low ion balance. Because there are more ions in the acceptor solution, the 

migration creates a surplus of anions within the SLM, assuming that all partitioning coefficients are 

equal. To retain electro-neutrality, analyte cations in the sample (not depicted) are then "sucked" into 

the SLM, which increases the flux. In case of low ion balance, the suction effect increases due to 

higher concentration of anions in the acceptor compared to the concentration in the sample. 

Additionally, at high voltages, the suction effect is also higher, because the surplus of anions in the 

SLM increases with voltage. Conversely, at reverse conditions (high ion balance) the flux is 

decreased, but is seen in Figure 4, the impact is less drastic. This is because the pure component of 

electro-kinetic migration in the flux becomes more dominant over the suction effect, as the suction 

effect decrease at high levels of ion balance. In practice, because the distribution coefficients of ion 

species present are different, the partitioning of ions must also be accounted for as discussed for 

Equation 4.   

 

Figure 5. Illustration ion migration upon application of voltage with a low ion balance. Because there are many more ions in the 
acceptor solution, a surplus of anions migrate into the SLM. To maintain electro-neutrality conditions, analyte cations are then 

sucked into the SLM which increases the flux. 
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1.2.5 Extraction voltage   

 

The applied voltage is essential in EME as described in Equation 2. Both the direction and the 

magnitude of the applied electrical field in the EME-setup can easily be modified. Two electrodes 

are inserted inside of acceptor and donor solutions, respectively, and the direction of the electrical 

field is dependent on the type of ionic substances. Thus, for extraction of positively charged analytes, 

the cathode is located in the acceptor solution and the anode is located in the sample. For negatively 

charged analytes, the direction of the electrical field is reversed  [24].  

1.2.6 Agitation 

 

In most EME systems, agitation is considered important to have high extraction efficiency, since the 

transport of ions from bulk sample to sample/SLM interface may otherwise become the rate limiting 

step. Agitation of the system during extraction was for example shown to improve the recovery from 

8-10% without agitation to 70-79% with efficient agitation when five model drugs were extracted[1].  

1.2.7 Extraction Time 

 

Recovery has been previously studied in EME as a function of the time of extraction. With increasing 

extraction time, the extraction recovery will typically rise to a level where a steady-state level is 

established. The time to reach steady-state and the highest recovery level is highly dependent on the 

specific analyte and extraction conditions [1]. 

1.2.8 Temperature  

 

The EME parameters mentioned above are the most important but there are other relevant parameters. 

Rising temperature is increasing the extraction rate, by rising the diffusion coefficient and the 

dimensionless driving force v. However, all articles written about EME have been performed at room 

temperature.  
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1.3  Equipment  

1.3.1 Equipment and setup of the EME system 

 

The 96-well EME is a new miniaturized liquid-phase extraction method. As illustrated in Figure 6 

and Figure 7, the sandwich-like system consists of a stainless steel 96-well plate body in which the 

top layer of the body have cavities with an upward-opening formed in the body and a sealing pad 

separated by a flat membrane impregnated with organic solvent. Same-batch treatment of 96 samples 

can be performed; Cross-contamination between samples is not a risk if it is performed correctly, 

relatively high recovery, simple in overall form, relatively small production costs, light in weight, 

easy to handle, and reusable. 96-Well EME can perform multiple samples simultaneously in only 15–

60 min [43-46]. 

 

Figure 6. Left) Schematic illustration 96 –well plate setup. Modified from [45]. Right) Top-view photograph of the steel sample 

plate. 
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Figure 7. Schematic illustration of a 96-well EME setup. Figure curtesy of Frederik Hansen 

 

1.3.2 High performance liquid chromatography 

 

High-performance liquid chromatography (HPLC) is the most commonly used technique in the 

qualitative and quantitative determination of drugs in pharmaceutical preparations and in biological 

samples [3]. A typical layout of an HPLC is shown in Figure 8. A pump regulates mobile phase 

supply and velocity through the injection system, where the sample is injected and fed into the 

analytical column. The sample will be mixed with the mobile phase, passed through the column, 

forwarded to the detector, and deposited in the waste. The use of gradient elution will often be 

beneficial as it can provide better separation of the analytes and shorter analysis time when analytes 

have large differences in the degree of interaction with the stationary phase. This is due to the 

principle on which liquid chromatography is based on [3]. 

During passage through the separation column, the analytes from the injected sample will be retained 

due to interactions with the stationary phase. The physical and chemical properties of the stationary 

phase, the mobile phase and the analytes determine the degree of interaction between them, and thus 
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the degree of retention. This is mainly due to the different phases of polarity. Based on the above, the 

passage time of the different analytes will be different and they will be separated [3]. 

 

 

Figure 8. Main structure of liquid chromatography system, reproduced from [3] 

 

1.3.2.1 Stationary phases 

Reverse-phase chromatography 

A stationary phase of a suitable material is chosen based on the target analytes that one intends to 

separate. When using a stationary phase that is more polar than the mobile phase, this concept is 

called normal phase chromatography. Conversely, reverse-phase chromatography, where the column 

is made of hydrophobic phase, is the most popular and one of the most applicable chromatographic 

separation concepts. In most cases, the stationary phase consists of silica particles chemically surface 

modified with various hydrocarbon structures of different lengths including C2, C8, C18, C30, 

phenyl, and CN. These particles can be fully porous or have a solid core (core shell particles). The 

particles are compressed in columns, and smaller particles and longer columns usually contribute to 

more efficient separation but also lead to greater backpressure. This form of stationary phase retains 

most hydrophobic analytes, and with longer hydrocarbon chains such as C18 and C8 retention 
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improves. In reverse phase chromatography, C18 is the most commonly used as stationary phase 

material. Silica-based stationary phases are usually stable in the pH 2-8 range. The particles are 

packed in columns, and generally speaking, smaller particles and longer columns lead to more 

efficient separations, but also causes increased back-pressure [3].  

 

Figure 9. Effect of particle diameter (𝜇m) and internal column diameter (Ø) on peak signal. Reproduced from [3]. 

 

 Hydrophilic interaction liquid chromatography (HILIC): 

HILIC is a chromatographic principle used to separate extremely polar analytes, for which the 

reversed-phase mode provides little-to-no retention. The stationary phases are very polar (e.g. silica 

or silica derivatized with polar groups (amide, diols, zwitter ions, etc.)). The mobile phases used in 

HILIC usually contain between 60 and 95% of a relatively polar organic solvent (e.g. methanol or 

acetonitrile), and the rest is water. The less water in the mobile phase, the stronger the retention of 

the analytes. Retention of analytes can happen by multiple mechanisms depending on the specific 

functionalization of the stationary phase. This includes ionic interactions, but the majority is based 

on partitioning of polar analytes to an immobilized water layer surrounding the polar groups of the 

stationary phase. Therefore, water is the strongest solvent in HILIC as it disrupts this partitioning. In 

situations where reversed-phase chromatography is less effective, the HILIC mode can be successful 

for analysis of polar and ionic compounds [3]. 
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1.3.2.2 UV-detector 

 

UV detection is based on the absorption of UV light by the analytes. Those analytes which are able 

to absorb UV radiation can be detected by UV detection. This requires the analyte to contain a 

chromophore (functional groups that can absorb UV light), which in the molecule typically is at least 

one double bond. The wavelength spectrum is between 190 and 400 nm, and the visible spectrum up 

to around 800 nm can be used at higher wavelengths [3, 47].  

In the traditional UV detectors, light from a source is sent through a slit and split into radiation of 

different wavelengths in a monochromator. Selected wavelengths are filtered into the sample with a 

filter or grating. For all compounds which absorb light of the correct wavelength, a signal will be 

obtained [48].  

 

Figure 10.Schematic diagram of (A) single wavelength UV detector and (B) diode array detector. Reproduced from [3]. 
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1.4  Aim of the study  

 

Electromembrane extraction is a sample preparation technique that is gaining increasing interest 

within analytical chemistry. Important parts of the development of the technique have been 

establishment of the theoretical models, as described above. In these models, the ion balance has been 

a factor. Several studies have previously evaluated the effect of ion balance in experimental systems. 

In an early study, experimental results for haloperidol and methadone were reported, they have been 

extracted from samples of 10, 1 and 0.1 mM HCl as background buffer, and into 10 mM HCl as an 

acceptor [26]. Therefore, the χapp values were 1.0, 0.1, and 0.01 respectively. Data showed that low χ 

values benefited extraction kinetics, but the influence of the ion balance in relation to recovery was 

uncertain at a steady-state. Another study also showed a slightly positive impact of low ion balance 

on nortriptyline and papaverine kinetics [49]. There is not much data about steady-state recoveries at 

different low χ values. However, nortriptyline, haloperidol, and papaverine have been reported to be 

more or less unaffected [49, 50], while Hg (II) improved in extraction efficiency at low χ values [51]. 

Several other studies discussed recoveries under various conditions of ion balance, but none of them 

have ever studied the ion balance under steady-state conditions [27, 52, 53]. Moreover, recent 

(unpublished) research has shown that a low ion balance can be very effective for polar analyte 

extraction. These are usually very difficult to effectively extract due to poor partitioning of a polar 

ion into and through an organic solvent, and positive effects of ion balance would be very beneficial 

for this challenging class of analytes. Furthermore, despite that ion balance is frequently described as 

an experimental parameter to evaluate, there has been no description of the mechanism by which the 

ion balance should affect extraction kinetics. Therefore, the aim of this project has been to investigate: 

- Is a low ion balance particularly favorable for electromembrane extraction of very polar 

analytes? 

- Are there particular experimental conditions where an asymmetric ion balance may affect 

extraction kinetics and steady-state recoveries?  
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2 Experimental 

2.1 Drug analytes 

 

Formic acid, sodium formate, propionic acid, butyric acid, valeric acid, sodium hydroxide, sodium 

chloride, 2-nitrophenyl octyl ether (NPOE), bis(2-ethylhexyl)  phosphate (DEHP), pyridoxine, 

adenosine, metformin, thiamine, pethidin hydrochloride, papaverine hydrochloride, promethazine 

hydrochloride, prochlorperazine dimaleate, amitriptyline hydrochloride, verapamil hydrochloride, 

perphenazine, tyramine, sotalol, atenolol, metaraminol bitartrate, ephedrine hydrochloride and 

metoprolol tartrate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol and 

acetonitrile were from Merck (Darmstadt, Germany). We used water purified by a Milli-Q water 

purification system (Molsheim, France) for all solutions. Analytes have been divided into different 

categories depending on polarity.  

 

2.1.1 Polar basic drug mixture 

 

Table 1. Highly polar basic drugs: Values of log P and charge of individual analytes were calculated with an online calculator 

(https://chemicalize.com/app, n.d.) 

Analytes Log P Charge Log D 

pH 1 pH 4 pH 1 pH 4 

Pyridoxine -0.95 +1.0 +0.97 -2.40 -2.17 

Adenosine -2.09 +1.0 +0.89 -4.0 -2.36 

Tyramine +0.68 +1.0 +1.0 -1.95 -1.95 

Atenolol +0.43 +1.0 +1.0 -2.82 -2.82 

Metformin -0.92 +2.0 +2.0 -5.75 -5.75 

Thiamine -3.10 +2.0 +2.0 -4.87 -4.45 

Epinephrine  -0.43 +1.0 +1.0 -2.94 -2.944 
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2.1.2 Moderately polar basic drug mixture 

 

Table 2. Moderately polar basic drugs: Values of log P and charge of individual analytes were calculated with an online calculator 

(https://chemicalize.com/app, n.d.) 

Analytes Log P Charge Log D 

pH 1 pH 4 pH 1 pH 4 

Sotalol -0.4 +1.0 +1.0 -3.194 -3.192 

Tyramine +0.68 +1.0 +1.0 -1.95 -1.95 

Atenolol +0.43 +1.0 +1.0 -2.82 -2.82 

Metaraminol -0,05 +1.0 +1.0 -2.451 -2.449 

Ephedrine +1.32 +1.0 +1.0 -1.924 -1.922 

Metoprolol +1.76 +1.0 +1.0 -1.483 -1.482 

 

2.1.3 Non-polar basic drug mixture 

 

Table 3. Non-polar basic drugs. These analytes have previously been demonstrated to easily be transported into and through the SLM 

during EME [29, 53]. Values of log P and charge of individual analytes were calculated with an online calculator 

(https://chemicalize.com/app, n.d.) 

Analytes Log P Charge Log D 

pH 1 pH 4 pH 1 pH 4 

Perphenazine + 3.69 + 1.897 + 1.008 - 0.924 + 0.359 

Amitriptyline + 4.81 + 1 + 1 + 1.308 + 1.311 

Verapamil + 5.04 + 1 + 1 + 1.542 + 1.545 

Promethazine + 4.29 + 1 + 1 - 0.786 - 0.798 

Papaverine + 2.74 + 1 + 0.99 + 1.63 + 1.73 

Prochlorperazine + 4.36 + 1.92 + 1.01 - 0.34 + 1 

Pethidin + 2.47 + 1 + 1 - 1.05 - 0.96 

 

2.2 Equipment and procedures for electromembrane extraction (EME) 

 

The 96-well EME system and its components used in the present work are depicted in Figure 6-7. 

Two conductive sample plates of different size made of stainless steel(Instrument Workshop Physical 

Institute, UiO, Oslo Norway) with 96 wells were used to house the samples (100μL and 300µl) for 

high throughput experimentation. A commercially available 96-well PVDF filter plate from 
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(MAIPN45, Merck Millipore, Billerica, MA, USA) served as support for the supported liquid membrane 

(SLM) and housed 100 μL of acceptor solution. Electrical contact for each acceptor was established 

by using a conductive cover plate (aluminum, laboratory built) with 96 electrode rods. The conductive 

sample and cover plates were attached to an external power supply device model ES 0300-0.45 (Delta 

Electronika BV, Zierikzee, Netherlands) and served as anode and cathode, respectively. The current 

was monitored with a Fluke 287 multi-meter (Everett, Washington, USA) during the extraction.  

For extraction experiments, 100µl or 300µl of sample solution was first pipetted into the wells of 

sample plate. Then, 3-µL of organic solvent was pipetted into the pores of the filter to prepare SLM. 

After 15-20 seconds, when the organic solvent was evenly distributed over the PVDF membrane by 

capillary forces, any excess volume was gently wiped away with tissue paper. The acceptor and 

sample plate were then put together, 100 µl of acceptor solution was pipetted into the wells of the 

acceptor plate, followed by sealing the wells by cover plate. EME was initiated by simultaneous 

application of the external potential and agitation. The latter was with a Vibramax 100 (Heidolph 

Instruments, Kelheim, Germany) at an agitation rate of 900 rpm. When EME was completed, the 

acceptors were collected immediately and analyzed by UHPLC-UV. 

 

2.3 Solutions 

2.3.1 Stock solutions 

The following stock mixtures were prepared: 

 A) Perphenazine, amitriptyline, verapamil, promethazine, papaverine, prochlorperazine and 

pethidin dissolved in ethanol at 3 mg/ml and stored at 4°C and protected from light. 

B) Sotalol, tyramine, atenolol, metaraminol, ephdrine and metoprolol dissolved in ethanol at 

3mg/ml and stored at 4°C and protected from light. 

C) Pyridoxine, adenosine, tyramine, atenolol, metformin and thiamine dissolved in ethanol at 

3mg/ml and stored at 4°C and protected from light. 

2.3.2 Standard solutions 

From the mixtures mentioned above, solutions were prepared, at 20µg mL-1 in the desired buffer 

solution and stored at +4°C.  

Urine was obtained from a healthy volunteer and stored at -28°C.    

2.3.3 Organic solvents 

- 5% DEHP in NPOE as SLM; 46,4mg of DEHP was added to 928mg of NPOE  
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- Pure NPPE as SLM 

- Pure NPOE as SLM 

2.3.4 Mobile phases for HPLC 

 

2.3.4.1 For polar basic drugs: 

- Mobile phase A: 80:20 v/v MQ:ACN, 10 mM ammonium acetate: 

Prepared 500 mL using a volumetric flask by first, adding 100 mL ACN and ~200 mL 

MQ water. Added 385 mg ammonium acetate and shaked until dissolved. Added more 

MQ water until the mark (400 mL in total), degassed by sonication for 10 min.    

- Mobile phase B: 5:95 v/v MQ:ACN, 10 mM ammonium acetate: 

Prepared 1000 mL using a volumetric flask by first, adding 50 mL MQ water and ~400 

mL ACN. Added 770 mg ammonium acetate and shaked until dissolved. Added more 

ACN until the mark (950 mL in total), degassed by sonication for 10 min.   

- Mobile phase C: 50:50 v/v MQ water: ACN 

Prepared 500 mL using a volumetric flask by adding 250 mL ACN to 250 mL MQ water, 

degassed by sonication for 10 min.   

2.3.4.2  For moderately polar and non-polar basic drugs: 

- Mobile phase A: 95:5 v/v 0.1 % HCOOH in MQ water: Methanol 

Prepared 1000 mL using a volumetric flask by first, adding 50 ml methanol and ~400 mL 

MQ water. Added 1 mL formic acid and shaked until dissolved. Added more MQ water 

until the mark, degassed by sonication for 10 min.   

- Mobile phase B: 5:95 v/v 0.1 % HCOOH in MQ water: Methanol 

Prepared 1000 mL using a volumetric flask by first, adding 50 ml MQ water and ~400 mL 

methanol. Added 1 mL formic acid and shaked until dissolved. Added more methanol 

until the mark, degassed by sonication for 10 min.   

- Mobile phase C: 50:50 v/v MQ water: Methanol 

Prepared 500 mL using a volumetric flask by adding 250 mL methanol to 250 mL MQ 

water, degassed by sonication for 10 min.   

2.3.5 Buffer solutions 

- Phosphate buffer pH 2,12   
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1.20 g NaH2PO4 was dissolved in MQ water to a volume of 100 ml to get 100 mM NaH2PO4 

solution. Then, 658 µl orto-phosphoric acid 85 % was diluted with MQ water to a volume of 

100 ml to get 100 mM orto-phosphoric acid. The later was titrated to 100 mM NaH2PO4 solution 

with a pH meter to get a pH of 2.12  

- Formic acid buffer pH 3.75:  

2.35 ml of formic acid was diluted in MQ water to a volume of 250 ml to get 250 mM formic acid 

solution. Then, 4250 mg sodium formate as a corresponding base was dissolved in 250 ml MQ 

water to get 250 mM sodium formate solution. By mixing these two solutions, the final solution 

is 250 mM formate buffer in pH 3.75 

- Butyric acid buffer pH 4.75:  

0.91 ml of butyric acid solution diluted in MQ water to a volume of 100 ml in order to get 100 

mM butyric acid solution, then it was titrated with 1 M NaOH to create a buffer solution with pH 

4.75 

- Propionic acid buffer pH 4.75: 

0.77 ml of propionic acid solution diluted in MQ water to a volume of 100 ml in order to get 100 

mM propionic acid solution, then it was titrated with 1 M NaOH to create a buffer solution with 

pH 4.75 

- Valeric acid buffer pH 4.75: 

1.09 ml of valeric acid solution diluted in MQ water to a volume of 100 ml in order to get 100 

mM valeric acid solution, then it was titrated with 1 M NaOH to create a buffer solution with pH 

4.75 

 

2.3.6 Software 

MarvinSketch (ChemAxon, Budapest, Hungary)  

Chemical structure software to find physical-chemical properties of a substance. 

Graphpad Prism 8.0 (GraphPad Software Inc, California, USA)  

Software to create graphs and perform statistical operations. 

Chromeleon software 7.2 SR5 (Thermo Scientific) 

Software used to process the analysis and to collect the data from UHPLC-UV 
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2.4 HPLC-UV conditions 

 

The UHPLC-UV analysis was performed using an Ultimate 3000 system (Thermo Scientific, 

Waltham, MA, USA) equipped with a pump (LPG-3400RS), a column oven (TCC-3000RC), an 

auto-sampler (WPS-3000RS) and a VWD-3400RS UV/VIS detector. Operational conditions are 

summarized in Table 4-7. 

Table 4. HPLC-UV instrument conditions for non-polar drugs 

Parameter Value 

Column ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm) 

Mobile phase A 95:5 v/v 0.1 % HCOOH in MQ water: Methanol 

Mobile phase B 5:95 v/v 0.1 % HCOOH in MQ water: Methanol 

Flow rate 0.4 ml/min 

Gradient 0-1 minute – 15 % mobile phase B  

1-15 minutes – 15-70 % mobile phase B  

15 minutes – 100 % mobile phase B  

15-17 minutes – 100 % mobile phase B   

17-23 minutes – 15 % mobile phase B 

Injection volume 5 µl 

Analysis time 23 minutes 

Column temperature 60 °C 

Detection wavelength 210 nm, 254 nm 

 

Table 5. HPLC-UV instrument conditions for moderately polar drugs 

 Parameter  Value 

Column ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm) 

Mobile phase A 95:5 v/v 0.1 % HCOOH in MQ water: Methanol 

Mobile phase B 5:95 v/v 0.1 % HCOOH in MQ water: Methanol 

Flow rate 0,4 ml/min 

Gradient 0-1 minute – 0 % mobile phase B  

1-6 minutes – 0-100 % mobile phase B  

6-7 minutes – 100 % mobile phase B  

7-14 minutes – 0 % mobile phase B   

Injection volume 2 µl 

Analysis time 14 minutes 

Column temperature 60 °C 

Detection wavelength 254 nm, 280 nm 
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Table 6. HPLC-UV instrument conditions for highly polar drugs 

 Parameter  Value 

Column Acquity UPLC® BEH Amide column (150 x 2.1 mm ID, 1.7 µm) 

Mobile phase A 80:20 v/v MQ:ACN, 10 mM ammonium acetate 

Mobile phase B   5:95 v/v MQ:ACN, 10 mM ammonium acetate 

Flow rate 0.4 ml/min 

Gradient 0-1 minute – 90 % mobile phase B  

1-5 minutes – 90-60% mobile phase B  

5-7 minutes – 40 % mobile phase B  

7-15 minutes – 90 % mobile phase B   

Injection volume 5 µl 

Analysis time 15 minutes 

Column temperature 30 ℃ 

Detection wavelength 254 nm, 280 nm 

 

Table 7. HPLC-UV instrument conditions for quantitation of propionic acid, butyric acid and valeric acid 

 Parameter  Value 

Column ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm) 

Mobile phase A 50 mM phosphoric acid in 95:5 v/v MQ water: Methanol 

Mobile phase B 100% methanol 

Flow rate 0,3 ml/min 

Gradient 0-5 minute – 0-80 % mobile phase B  

5-11 minutes – 0% mobile phase B  

Injection volume 5 µl 

Analysis time 11 minutes 

Column temperature 60 °C 

Detection wavelength 210 nm 

 

2.5 Calculation of recovery and enrichment 

 

The recovery (R %) was calculated by the following equation for each analyte: 

𝑅 (%) =
𝐶𝑎,𝑓𝑖𝑛𝑎𝑙

𝐶𝑠,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
×  

𝑉𝑎

𝑉𝑠
 × 100%    Equation 5    

Where 𝐶𝑎,𝑓𝑖𝑛𝑎𝑙 and 𝐶𝑠,𝑖𝑛𝑖𝑡𝑖𝑎𝑙  are concentration of the analyte finally collected in the acceptor solution 

and the concentration of analyte originally present in the sample, respectively.  

𝑉𝑎  is the acceptor volume and 𝑉𝑠 is the sample volume. 
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3 Results and discussion 

 

In this work, EME of basic drugs of different polarity was performed from samples with different 

content of donor solution. The influence of the composition of the donor solution determines the 

value of ion balance based on Equation 3. Ion balance in EME has never been studied in detail before. 

Consequently, experiments have mainly been focused on evaluating different experimental 

conditions where ion balance may have an effect.  

Nineteen basic drugs with log P in the range of (-3.10 to +5.04) were extracted as model compounds, 

and subsequently analyzed in UHPLC-UV. In previous literature, the majority of studies have used 

hydrochloric acid (HCl) for sample and acceptor acidification, as well as for ion balance adjustment. 

The different concentrations not only caused different values of ion balance, but different pH-values 

that may have affected several parameters involved in the extraction process. Firstly, pH influences 

both charging and partitioning through the SLM for a given analyte, by change the log D value, which 

may therefore influence the kinetics of extraction. Secondly, there are numerous example where the 

ionic carrier phosphate bis(2-ethylhexyl) (DEHP) has been used [51, 54, 55], and where a low ion 

balance adjusted by pH apparently resulted in majorly improved extraction. However, the mechanism 

of action and efficiency of DEHP was very recently reported to depend greatly on the sample pH 

[56]. Thus, the effects of ion balance are in many literature reports confounded with other mechanistic 

effects. 

The experiments presented in the following sections have evaluated different experimental conditions 

of asymmetric ion balance. A few initial experiments were performed using different concentrations 

of phosphoric acid, at different pH values Section 3.1. However, all subsequent experiments were 

performed with phosphate buffer (Section 3.2,3.3 and 3.4) and formic acid buffer (Section 3.5 

and 3.6), to create different ion balance while avoiding bias from varying pH. Other experiments 

have been performed to evaluate the effect of ion balance using more hydrophobic buffer ions 

(Section 3.7). Also, one experiment using sodium chloride to create an asymmetric ion balance was 

performed (Section 3.8). The last experiment was performed on urine sample (Section 3.9).  
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3.1 Impact of ion balance on extraction of highly polar analytes with phosphoric acid 

(different pH) 

 

In this initial experiment, the aim was to replicate previous data (unpublished) that indicated a very 

positive effect of maintaining a low ion balance for extraction of highly polar basic analytes. For this, 

six model analytes with log P values from -3.10 to +0.68 were selected. The ion balance was adjusted 

with phosphoric acid that also ensured that the basic analytes were charged. The acceptor solution 

was adjusted with 10 mM phosphoric acid for all experiments, while 0.1 mM and 100 mM was used 

in the donor solution to generate a low and high ion balance of 0.01 and 10, respectively. The solutions 

were thus approximate pH 4 for 0.1 mM, pH 2.4 for 10 mM and pH 1.5 for 100 mM phosphoric acid. 

All the extractions for this experiment were carried out by extraction from 300µl aqueous donor 

solution spiked with 20µg/ml of analytes mixture mentioned in Table 1, while the acceptor solution 

was at 100 µl. The agitation speed was 900 rpm and 75 V was applied during the extraction. The 

extraction time was 3, 5, 10, 15, 30 and 45 minutes, and thus covered both the initial kinetics of 

extraction and the final stage where the system had entered steady-state. The impact of ion balance 

was investigated using different SLM solvents (Section 3.1.1 to 3.1.3), in order to evaluate potential 

interactions between the SLM and ions in the aqueous solution.  

3.1.1 5% DEHP in NPOE as SLM 

 

The first SLM solvent tested was composed of 5 % DEHP in NPOE. This is often considered as the 

golden standard for extraction of highly polar basic analytes [28, 57]. As seen in Figure 11, for most 

compounds there was a major increase in extraction efficiency when a low ion balance was used. For 

adenosine, the difference was less pronounced and the data was more variable. This could be 

attributed to a low pKa value of adenosine, which meant that it was only partially charged at pH 4 

(0.1 mM phosphoric acid). The same experiment was performed with pure NPOE (Section 3.1.2) and 

NPPE (Section 3.1.3), in absence of ionic carrier. For these experiments, epinephrine replaced with 

pyridoxine because epinephrine was found to be partially unstable. 
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Figure 11. Highly polar analytes extracted with different ion balance values (χ=0.01 and χ=10) adjusted with phosphoric acid 
(different pH) 5% DEHP in NPOE as SLM. Each time point was performed with 4 replicates and the error bars indicate the standard 

deviation.  

 

3.1.2 Pure NPOE as SLM 

 

The second SLM solvent tested was pure NPOE, which is an effective artificial liquid membrane for 

hydrophobic basic drugs (log P > 1.7) [28]. As expected here, using NPOE as SLM to extract more 

hydrophilic basic drugs (log P <1.0) caused very low recovery for most of the target analytes. There 

was a large variation in much of the data for atenolol, pyridoxine and adenosine. Therefore, it was 

difficult to conclude anything for these compounds. However, for other analytes like metformin and 

thiamine there was a very clear difference (thiamine did not extract at all at χ =10) as shown in Figure 

12. 
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Figure 12. Highly polar analytes extracted with different ion balance values (χ=0.01 and χ=10) adjusted with phosphoric acid 
(different pH) Pure NPOE as SLM. Each time point was performed with 4 replicates and the error bars indicate the standard 

deviation. 

 

3.1.3 Pure NPPE as SLM 

 

NPPE was included in the third experiment because a recent paper described this to be better than 

NPOE for highly polar basic analytes [58]. Time points 5 and 10 minutes were not performed here to 

reduce the workload.  

As shown in Figure 13. With the same general trend as for NPOE, pyridoxine was extracted fairly 

similarly for both ion balance levels while tyramine and atenolol showed a large difference between 

the two ion balance levels. Metformin and thiamine were not extracted at all in χ = 10.  
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To conclude, these experiments showed a big difference between the two levels of ion balance, but 

the explanation for this was not clear. 

 

Figure 13. Highly polar analytes extracted with different ion balance values (χ=0.01 and χ=10) adjusted with phosphoric acid 
(different pH) Pure NPPE as SLM. Each time point was performed with 4 replicates and the error bars indicate the standard 

deviation. 

 

The previous experiment has confirmed unpublished results that indicated a low ion balance may 

benefit the extraction of highly polar analytes. However, because the pH was different without using 

any buffer solution, the final results may not be due to ion balance effect. Therefore, the next 
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experiment was performed using the same parameters except for adding the buffer to the solution to 

maintain the pH values during the extraction.   

 

3.2 Impact of ion balance on extraction of highly polar analytes with phosphate buffer 

 

This experiment was performed on using analytes mentioned in Table 1, the same conditions as the 

previous experiment (Section 3.1.1) except for adding phosphate buffer pH 2.12 (10 and 100 mM) 

into donor solution and 10 mM phosphate buffer pH 2.12 into acceptor solution. In order to create an 

ion balance χ =1 and χ =10, respectively, while maintaining of pH control during the extraction. 

As shown in Figure 14, there was no apparent effect between the two ion balance levels for 

pyridoxine and tyramine, while adenosine did not extracted at all. There was a slightly better 

extraction for metformin and thiamine, but the variability was high. Thus, the major difference in 

recovery in the last experiments was most likely obtained because of the variation of pH values. It 

was hard to conclude anything here due to the poor recovery and high variability of highly polar 

analytes. Therefore, the next experiment was performed on less polar analytes which were easier to 

extract with higher recoveries values and less variability compared to these highly polar drugs in the 

last experiment.  
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Figure 14. Highly polar analytes extracted with different ion balance values (χ=1 and χ=10) adjusted with phosphate buffer pH 
2.12 .with 5% DEHP in NPOE as SLM. Each time point was performed with 4 replicates and the error bars indicate the standard 

 

3.3 Impact of ion balance on extraction of moderately polar analytes with phosphate 

buffer 

 

The aim of this experiment was to compare the previous outcome of highly polar drugs with that of 

less polar substances. In order to study the impact of ion balance, phosphate buffer pH 2.12 was added 

to the sample and donor solution to create an ion balance of χ=1 and χ=10, respectively, while 

maintaining pH control under the extraction. 
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All the extractions for this experiment were carried out by extraction from 300 µl aqueous donor 

solution with phosphate buffer (100mM and 10mM) spiked with 20 µg/ml of analytes mentioned in 

Table 2, which contains selected basic model analytes (log P 0.0 to 1.8). For comparison, tyramine 

and atenolol were also included in this mixture. 100 µl of 10 mM phosphate buffer was used as 

acceptor solution. 5% DEHP in NPOE served as SLM. The agitation speed was 900 rpm, 50 V was 

applied. The extraction time was 15, 30 and 45 minutes. Additionally, the same experiment was 

performed using pure MQ water in donor solution (without phosphate buffer) which created an 

infinitely low ion balance. The pH of this was approximately 7 and pH effects may thus have been 

present. 

As seen in Figure 15, there was little apparent effect between ion balance levels for ephedrine, sotalol 

and metoprolol, even with MQ water in sample. While metaraminol, tyramine and atenolol, showed 

a slightly increasing of recoveries when performed on MQ water in the donor. This may however 

have been due to pH effects.  
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Figure 15. Moderately polar analytes extracted with different ion balance values (χ=1 and χ=10) adjusted with phosphate buffer pH 
2.12 .with 5% DEHP in NPOE as SLM. Each time point was performed with 4 replicates and the error bars indicate the standard 

deviation 

 

3.4 Impact of ion balance on extraction of non-polar analytes with phosphate buffer 

 

In this experiment, the aim was to perform the extraction with the same ion balance levels (1 and 10) 

on a set of non-polar analytes, which can be extracted more efficiently using EME system without 

adding DEHP to SLM. DEHP as mentioned in Section 1.2.2 can create hydrophobic ion-pair 

complexes with the protonated polar analytes at the interface between the sample solution and the 

SLM.  
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Extractions were performed from 300 µl donor solution which contained phosphate buffer (10 and 

100 mM) pH 2.12 spiked with analytes mentioned in Table 3 (log P 2.5 to 5.0). Buffer solutions 

created χapp-values=1 and 10 respectively. 100 µl of 25 mM phosphate buffer was used as acceptor 

solution. Pure NPOE was used as SLM. The agitation speed was 900 rpm, the voltage was 50 V and 

the extraction time was 1, 5, 10, 15 and 30 minutes.  

This experiment showed clearly that χapp-values=1 and 10 has no effect on the extraction of non-polar 

analytes, as seen in Figure 16. For perphenazine and prochlorperzine, the recoveries at steady-state 

were somewhat favored by the lower ion balance, but the difference was not statistically significant. 

 

Figure 16. Non-polar analytes extracted with different ion balance values (χ=1 and χ=10) adjusted with phosphate buffer pH 2.12 
with pure NPOE as SLM. Each time point was performed with 4 replicates and the error bars indicate the standard 

 

A challenge with all previously discussed experiments  was that it was difficult to create lower ion 

balance than χapp=1 because phosphate buffer with pH=2.12 cannot be prepared using a lower ion 
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concentration than approximately 10 mM, depending on the following equation for H+ ions at acidic 

conditions: 

𝑝𝐻 = − 𝑙𝑜𝑔(𝐻+) ⇔ 𝐻+ = 10−𝑝𝐻 = 10−2.12𝑀 = 7.6 𝑚𝑀   Equation 6 

The next experiments were performed with a different buffer solution to create even lower ion 

balances. This was important since the effect of ion balance is mainly expected at low levels as 

discussed in Section 1.2.4.1. Therefore, a series of experiments were done using formate buffer at pH 

3.75. The theoretical concentration of H+ ions was 0.17 mM (according to Equation 6) and the 

contribution to the ionic strength was therefore considered negligible. 

 

3.5 Impact of ion balance on extraction of non-polar analytes with formate buffer 

 

All the extractions for this experiment were carried out by extraction from 100 µl aqueous donor 

solution with pH 3.75 formate buffer in MQ water spiked with 20 µg/ml of analytes mentioned in 

Table 3, which contained selected basic model analytes (log P 2.5 to 5.0) buffers strength were 250 

mM, 2.5 mM and 0.25mM. Due to the buffering properties, the pH was maintained at approximately 

3.75 for all dilutions. Buffer solutions created χapp-values =10, 0.1 and 0.01, respectively. 100 µl of 

25 mM formate buffer was used as acceptor solution. Pure NPOE was used as SLM. The agitation 

speed was 900 rpm, the voltage was 50 V and the extraction time was 1, 5, 10, 15 and 30 minutes.  

The time-dependent extraction recovery of target analytes at the different values of ion balance 

appears to be similar for all three levels of ion balance as shown in Figure 17. The initial extraction 

kinetics were found marginally slower at 𝜒𝑎𝑝𝑝 = 0.01, specifically for pethidin and papaverine, 

compared to the other ion balance levels. This was actually opposite to what the theory states, namely 

that the kinetics should be faster with a low ion balance. For all compounds, the steady-state recovery 

obtained after 30 minutes was however equal at all levels of ion balance.  
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Figure 17. Non-polar analytes extracted with different ion balance values (χ=0.01, χ=0. 1 and χ=10) adjusted with formate buffer 
pH 3.75 .with pure NPOE as SLM. Each time point was performed with 4 replicates and the error bars indicate the standard 

deviation 

 

3.6 Impact of ion balance on extraction of moderately polar analytes with formate buffer 

 

The previous experiment was repeated with analytes mentioned in Table 2 which contained selected 

basic model analytes (log P 0.0 to 1.8) using the same conditions except for using 5% DEHP in NPOE 

as SLM. The aim of this experiment was to see if the same trend that was observed for the non-polar 

compounds also would be present for the moderately polar analytes when DEHP was included into 

the SLM. 

As shown in Figure 18, the extraction recoveries were generally lower for these compounds, 

compared to the non-polar analytes in the last experiment, as could be expected for more polar 

compounds. For these, extraction kinetics were slightly slower at 𝜒𝑎𝑝𝑝=10, compared to 0.1 and 0.01. 

After approximately 15 minutes, the recovery was however almost identical at all levels of ion 
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balance. This trend remained after 30 minutes where several of the compounds were at steady state. 

Thus, in terms of steady state behavior, the polar and non-polar model analytes were very similar.  

 

Figure 18. Moderately polar analytes extracted with different ion balance values (χ=0.01, χ=0. 1 and χ=10) adjusted with formate 
buffer pH 3.75 .with 5% DEHP in NPOE as SLM. Each time point was performed with 4 replicates and the error bars indicate the 

standard deviation 

 

3.7 Impact of ion balance on extraction of non-polar analytes with hydrophobic acid 

buffers 

 

The experiments performed above showed no or very small effect on the flux during only the initial 

phase of extraction. As discussed in Section 1.2.4, the theory says that only ions inside SLM will 

contribute to the ion balance. Given that the partitioning of phosphate and formate ions is expected 

to be extremely limited into organic SLM, due to their polar nature, these ions are thus not expected 

to affect the true ion balance. Therefore, in the next experiment, the effect of ion balance using more 
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hydrophobic buffer ions was evaluated. These were short-chained fatty acids, propionic acid (C3), 

butyric acid (C4), and valeric acid (C5). The log P values of these are 0.33, 0.92 and 1.37 respectively, 

and they were thus expected to have a larger degree of partitioning into the SLM. Log P values were 

calculated with MarvinSketch (ChemAxon, Budapest, Hungary). 

Acceptor solution contained 100 mM at pH 4.75 from each acid prepared as buffer and pure NPOE 

was used as SLM. The initial extraction kinetics was represented with 5 minutes extraction time, 

whereas steady state data was obtained from 30 minutes extraction. This was performed with and 

without voltage (50 V) without analytes present, to initially evaluate the partitioning of each 

hydrophobic buffer. After the completed extraction, the samples solution was collected and the 

amount of anion transferred was quantified by HPLC-UV as described in Section 2.4 (Table 4). 

As shown in Table 8, partitioning of the three background buffer anions into SLM increased with 

increasing of hydrophobicity. Passive diffusion was a significant part of the driving force, as seen by 

the transition at 0 V and 50 V. This is consistent with previous reports that NPOE is a poor SLM for 

EME of anions [30]. Even though, the hydrophobic buffer ions have partly migrated from the acceptor 

solution into and through the SLM within the initial phase (5 minutes), and contributed to the true 

ion balance as explained in Equation 4. 

Table 8. Relative amount of hydrophobic buffer ions transferred from the acceptor solution to the sample solution, after 5 and 30 
minutes, respectively (n=4). Extraction conditions: NPOE as SLM, sample was 2.5 mM formate buffer pH 4.75 and acceptor 
solution was 100 mM hydrophobic ion buffer, 50 V. The pH value remained stable throughout the extraction. 

%Transference  

(%RSD) 

5 minutes 30 minutes 

0 V 50 V 0 V 50 V 

Propionic acid 0.2 (2) 0.2 (10) 1.1 (3) 1.2 (3) 

Butyric acid 0.5 (7) 0.7 (9) 2.1 (17) 3.2 (7) 

Valeric acid 2.2 (5) 2.8 (8) 5.4 (10) 14.3 (5) 

 

The extractions were then performed again with the same model analytes used in Table 3 dissolved 

in 2.5 mM formate buffer pH 4.75 to maintain pH control. The acceptor solution was 100 mM and 

pH 4.75 respective buffers (formic acid, propionic acid, butyric acid and valeric acid). This created a 

low true ion balance. Using NPOE as SLM and 50 V was applied during the extraction, the extraction 

recoveries were measured after 5 and 30 minutes, respectively.  

Extraction recovery after 5 minutes provided an indication of the analyte flux during the initial phase 

of the extraction. As Table 9 shows, all analytes were extracted with similar or less efficiency using 

the hydrophobic acid buffers compared to formic acid buffer. For pethidin, the recovery with both 
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propionate and butyrate buffers was relatively higher. That may be an indicator that a low true ion 

balance increases the flux. Using the hydrophobic buffers, recoveries generally decreased after 30 

minutes (steady-state), and the variability in the results was somewhat larger. This was a clear 

indication of the formation of ion-pair between the buffer ions and analyte ions, which could trap 

analytes inside the SLM. Pethidin was slightly affected, while the other compounds showed a greater 

reduction. This is consistent with ion-pair formation inside the SLM, as pethidin is the least 

hydrophobic model compound and therefore less susceptible to become trapped. Therefore, for EME 

of the non-polar model analytes, utilizing the current collection of hydrophobic buffer ions, the results 

of ion-pairing dominated the steady-state behavior while suppressing any effects from ion balance.  

Table 9. %Recovery (%RSD) after 5 and 30 minutes of extraction with 100 mM respective buffers at pH 4.75 in the acceptor 
solution (n=4). Sample solution was 2.5 mM formate buffer at pH 4.75. This created a low true ion balance. Other extraction 
conditions: NPOE as SLM, 50 V. 

%Recovery 
(%RSD) 

Formate Propionate Butyrate Valerate 
5 min 30 min 5 min 30 min 5 min 30 min 5 min 30 min 

Pethidin 58 (8) 92 (3) 63 (5) 91 (11) 73 (1) 84 (5) 49 (14) 82 (9) 

Papaverine 47 (12) 84 (1) 22 (18) 45 (19) 21 (14) 29 (10) 9 (7) 24 (3) 

Perphenazine 17 (20) 82 (14) 20 (13) 34 (23) 25 (15) 16 (8) 9 (12) 20 (21) 

Promethazine 33 (16) 87 (4) 34 (7) 59 (22) 37 (16) 32 (12) 11 (24) 34 (16) 

Prochlorperazine 11 (24) 82 (17) 10 (9) 24 (30) 13 (17) 13 (22) 0 (0) 9 (11) 

Amitriptyline 31 (17) 88 (4) 32 (24) 65 (19) 36 (15) 36 (13) 10 (35) 38 (14) 

Verapamil 33 (17) 83 (3) 31 (9) 40 (17) 36 (14) 22 (13) 12 (33) 29 (11) 

 

3.8 Impact of ion balance adjusted with salt on extraction of non-polar analytes 

 

In literature, the existence of salt in the sample solution is often observed to decrease the efficiency 

of extraction [53, 59-61]. This is often assigned to a high ion balance effect. To assess this, the ion 

balance was in the next series of experiments adjusted by adding 100 mM of sodium chloride (NaCl) 

to either the sample or acceptor solution. Using formate buffer the pH of both solutions was 

maintained at 3.75. Samples contained a pH 3.75 buffer of 2.5 mM formic acid spiked with analytes 

mentioned in Table 3, while acceptors were 25 mM formate buffer pH 3.75. However, as previously 

demonstrated in Figure 17, the concentration of formate buffer did not affect the extraction kinetics.  

Figure 19 demonstrates the time-dependent extraction curves of the non-polar model analytes. With 

exception of pethidin and papaverine, the recovery of all compounds was reduced at steady-state, 

compared with when there were only buffer ions (Figure 17). Nevertheless, it is interesting that the 
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reduction was larger when salt was applied to the acceptor solution (i.e. low ion balance), rather than 

the sample solution (i.e. high ion balance), as this goes against the theory. 

 

Figure 19. Effect on time-dependent extraction recovery from adding 100 mM NaCl to either the sample or the acceptor solution, 
to adjust the ion balance. Error bars indicate the standard deviation (n=4). Extraction conditions: NPOE as SLM, sample was 2.5 mM 
formate buffer (with/with salt) and acceptor solution was 25 mM formate buffer (with/without salt), 50 V. The pH value remained 

stable throughout the extraction. 

 

This highlights that there are multiple mechanisms involved in determining the extraction efficiency, 

and it may not necessarily be as simple as the ratio of ions in the sample- and acceptor solutions. In 

example [53], (Seip et al) have previously described that the reduction in extraction efficiency with 

salt in the sample may be related to ion-pair formation between the salt and the analyte ion. The ion-

pair formation caused a larger proportion of analytes to become trapped in the SLM. It is therefore 

very difficult to ascertain the pure effect of the ion balance, as other mechanisms simultaneously 
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affect the extraction. However, the present data show that a low ion balance adjusted by salt is not 

beneficial to the mass transfer of analytes.  

 

3.9       Experiments with ion balance adjusted with urine 

 

Another source of ions that contribute to the ion balance is the sample matrix. The last experiment 

was therefore performed on analytes mentioned in Table 3 to evaluate the effect of using a urine 

matrix to adjust the ion balance. This was done in three ways: 1) Spiked urine was added to the 

sample, while 25 mM formate buffer was used as the acceptor. The urine was mixed 1:1 with formate 

buffer to a final concentration of 125 mM, in order to obtain the same pH as the acceptor solution. 

This generated a high ion balance. 2) Spiked urine diluted 50-fold with formate buffer was added to 

the sample. The ion balance was thus reduced 50-fold. 3) Blank urine was added to the acceptor 

solution, while a 2.5 mM spiked formate buffer was used as the sample solution.  

The addition of urine to the acceptor solution generated a low ion balance and could thus be expected 

to benefit the extraction efficiency. All solution were adjusted with buffer to pH 3.75, in order not to 

confound the effect of ion balance with pH effects. The extraction was evaluated after 5 and 30 

minutes.  

As Figure 20 illustrates, after 5 minutes the recoveries were either similar for all ion balance levels, 

or marginally improved by applying urine to the sample solution (high ion balance). The extraction 

efficiency was therefore at all conditions equal after 30 minutes. Therefore, the ion balance adjusted 

with urine had no effect on the extraction, compared with urine-free extractions (Figure 20), and 

though there was a general decrease in extraction efficiency, this was not due to the ratio of matrix 

ion (i.e. ion balance). This result is consistent with the ion balance adjusted with NaCl (Figure 19). 

This observation again was assigned to the ion-pair formation, which seems to be much more 

important than ion balance. 
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Figure 20. Recoveries obtained after 5 minutes and 30 minutes, respectively, using urine to induce different levels of ion balance. 
Error bars indicate the standard deviation (n=4). Extraction conditions: NPOE as SLM, 40 V. The pH value remained stable 

throughout the extraction. 
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4 Conclusion 

 

The ion balance is defined as the ratio of total concentration of ionic species in the sample and 

acceptor in electromembrane extraction (EME). Mainly, background buffer added to control sample 

and acceptor pH and sample matrix are the most important ions contributing to the ion balance.  

The present work has used different approaches to investigate the impact of ion balance on extraction 

kinetics and steady-state recoveries in electromembrane extraction (EME). Furthermore, a few 

parameters like extraction time, the chemical composition of the SLM and different types of 

background buffer have been applied on nineteen basic drugs of different polarity (log P -3.10 to 

+5.04). Experiments with buffered solutions provided stable pH and allowed investigation of the 

impact of ion balance, without confounding the data with pH-related effects as shown in Section 3.1. 

The theoretical model indicates that the true ion balance is caused by only ions that are able to 

partition into an SLM and thus affect the extraction kinetics.  

The results from this work are in accordance with this theory. In systems with phosphate buffer and 

formate buffer as principal ions, with poor SLM partition, the ion balance affected neither kinetics 

nor steady-state recoveries. There was generally a decrease in extraction efficiency for sodium 

chloride and urine experiments, but this occurred regardless of the ion balance, and this was attributed 

to the ion-pair formation. When the hydrophobicity of buffer ions was employed, the ion-pairing 

effect was seen to such an extent that any impact of ion balance was obscured.  This highlights that 

it may be very challenging to design an EME system that actively utilizes ion balance asymmetry to 

improve flux. The present assessment points towards that ion balance being less efficient than 

previously considered. The experimental conditions were selected to simulate the typical EME 

application. However, this assumption may not apply to the EME systems that contain very different 

analytes, SLM solvents, or background ions, and is as such a limitation of this study. Moreover, the 

present research indicates that certain mechanisms, such as pH effect and ion-pair formation, may in 

fact be the explanation of previously reported effects of ion balance for both polar and non-polar 

analytes. For the future development of EME, this conclusion is significant, as the objective of the 

researches moves towards challenging application such as extraction of polar acids, bases, and small 

biomolecules. Therefore it is essential that EME is strongly anchored theoretically, which this thesis 

work has contributed to. 
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6 Appendix  
 

Table 10. Analytes chemical structure: obtained from (https://chemicalize.com/app, n.d.): 

Analyte Structure 

Pyridoxine 

 

Adenosine 
 

 

Tyramine 

 

Atenolol 
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Metformin 

 

Thiamine 

 

Epinephrine 

 

Sotalol 
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Metaraminol 

 

 

Ephedrine 

 

Metoprolol 

 

Perphenazine 
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Amitriptyline 

 

Verapamil 

 

Promethazine 

 

Papaverine 
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Prochlorperazine 

 

Pethidin 

 

Perphenazine 

 
 

 

 

 


