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A B S T R A C T

This study presents a fast method for the characterization of solute-solvent interactions in micellar and micro
emulsion electrokinetic chromatography based on the linear solvation energy relationships proposed by 
Abraham. The magnitude of the different types of interactions between solutes and chromatographic phases is 
determined from the differences in migration observed for pairs of solutes, and the effect of the different cohesion 
of the dispersed phase and the dispersive medium is determined from the injection of a mixture of homologous 
compounds, using in all injections nonanophenone as dispersed phase marker. For excess polarizability in
teractions (e), the compounds 8-hydroxyquinoline and 1,2-dimethoxybenzene are used. The dipolarity/polar
izability coefficient (s) is assessed with 1,4- or 1,2-dicyanobenzene and 2-methylbenzaldehyde. To evaluate the 
solute hydrogen bond acceptor capacity (a), 3-ethoxyphenol and 2-chloroacetophenone are employed, and the 
hydrogen bond donor capacity (b) is characterized using 2,3,5,6-tetramethylpyrazine and 2,6-dimethylanisole. 
Finally, the cavity term (v) is determined using a mixture of n-alkyl phenone homologues in the range of ace
tophenone to heptanophenone, depending on the nature of the electrokinetic system. This fast approach allows 
for results comparable to the conventional methodology, which is based on the injection of a relatively large 
number of solutes and subsequent analysis using multiple linear regressions, but significantly reducing the time 
and resources invested in the characterization of electrokinetic chromatography systems. This novel method was 
assayed with micellar solutions prepared from bile salts (SC, SDC), anionic surfactants (SDS, LDS), and cationic 
surfactants (CTAB, TTAB), and microemulsions consisting of heptane, 1-butanol, and surfactants (SDS, SC, and 
TTAB) at different concentrations and pH values. Provided that electrokinetic chromatography has a high po
tential mimicking biological systems due to the availability of surfactants and cosurfactants of different natures 
and the wide operational pH range, this study aims to contribute to the development of biomimetic chroma
tography by proposing a screening method based on the Abraham’s solvation parameter model, widely used in 
the characterization of biological systems.

1. Introduction

1.1. Biomimetic chromatography

The principles of liquid chromatography, which rely on the parti
tioning of a solute between two immiscible phases, are effectively used 
for physicochemical profiling and characterizing the binding properties 
of compounds [1–7]. Biomimetic chromatography is primarily 
employed in drug discovery to forecast how drug candidates will 
interact in biological processes, such as blood/brain distribution, plasma 

protein binding, tissue partitioning, skin penetration, and toxicity. This 
technique accelerates the drug discovery process, as chromatographic 
assays are easier and faster to implement and apply than biological ones. 
Additionally, it reduces the need for animal testing, thereby addressing 
ethical concerns and cutting down on costs. It is conducted in a column 
format, using stationary phases that contain phospholipids or proteins to 
mimic the biological environment, along with a buffered mobile phase 
that simulates physiological conditions. Biomimetic chromatography 
also plays a role in environmental research, applied to model aquatic 
toxicities and soil absorption.
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Biomimetic separation techniques in the field of electrokinetic 
capillary chromatography have been mainly assayed with liposomes, 
since they are expected to better mimic biological membranes [8]. 
However, the required lipids are expensive, liposome preparation is 
complex, and these systems often encounter issues related to homoge
neity and stability. The potential use of alternative electrochromato
graphic approaches with common non-lipidic dispersed phases (such as 
micellar or microemulsion-based systems) remains largely unexplored 
for biomimetic applications, probably due to the lack of a reliable and 
rapid method for the characterization of the main solute-solvent in
teractions affecting the chromatographic behavior.

In this work, we propose the development of biomimetic electroki
netic chromatography in capillary format, using micellar and micro
emulsion media as running buffers, instead of liposomes or columns 
with stationary phases containing lipids or proteins. Columns func
tionalized with proteins and lipids, unlike fused silica capillaries, must 
be carefully stored and used, and are much more expensive. Addition
ally, electrokinetic systems represent lower consumption of reagents and 
energy, both in the preparation of the chromatographic support and in 
regular operation, promoting the principles of green chemistry. Given 
the wide variety of surfactants that can be used to create micellar and 
microemulsion media, it is necessary to develop a method that allows for 
the simple and rapid characterization of electrokinetic chromatographic 
systems.

1.2. Characterization of physicochemical and biological processes: the 
Abraham’s solvation model

In 1993 Michael H. Abraham proposed a linear relationship between 
the overall free energy involved in a solvation process and the sum of 
energies related to specific solute-solvent and solvent-solvent in
teractions involved [9]. The general expression for this linear solvation 
energy relationship (LSER) involving liquid phases and unionized sol
utes is: 

log10SP = c + eE + sS + aA + bB + vV (1) 

The dependent variable in Eq. (1) is the decimal logarithm of a 
property related to the free energy variation of a solvation process, 
either physicochemical or biological. For instance, (SP)i could be the 
partition ratio of a solute in two immiscible solvents (such as in liquid 
chromatography), or some biological response as the permeation of a 
solute from aqueous solution through human skin or blood tissue dis
tribution. The independent variables E, S, A, B and V are molecular 
descriptors of the solute, commonly in the range from 0 to 3, available 
from commercial [10] and open [11,12] sources. These databases pro
vide the complete set of molecular descriptors for more than 7000 
compounds and, additionally, algorithms for their estimation from 
molecular estructures. When the estimation of solute descriptors is 
required because of the lack of experimental data, an interesting option 
is the use of machine learning and group contribution approaches pro
posed by Green and collaborators, available as a web-based tool [13]. Vi 
is the McGowan characteristic volume [14] of the solute (in units of (mL 
mol− 1)/100 to be of a similar magnitude of the other molecular de
scriptors [15]), which is easily calculated from the solute structure. The 
product terms involving the independent variables represent free energy 
specific contributions due to: eE, excess polarizability interactions of the 
solute n- and π-electrons with solvent molecules (in relation to an alkane 
of the same size); sS, dipolarity/polarizability solute-solvent in
teractions; aA and bB, the hydrogen bonding donation from solute to 
solvent (solute hydrogen bonding acidity) and from solvent to solute 
(solute hydrogen bonding basicity), respectively; and vV, the creation of 
a cavity in the solvent to accommodate the solute and their related 
dispersion interactions. In a system consisting of a solute partitioning 
into two condensed phases, the solvent (or system) coefficients (e, s, a, b 
and v) reflect the different behavior on the particular free energy 
contribution between the phases. For example, in the case of 

octanol-water partition, v would represent the difference between the 
easiness of cavity formation in the octanolic and aqueous phases and 
differences in general dispersion interactions. Thus, the range of solvent 
coefficients include negative, null and positive values. The intercept c in 
Eq. (1) accounts for system factors unaffected by solute-solvent in
teractions, such as the normalization or conversion of the solvation 
property used as dependent variable.

The Abraham’s model has been widely used for the characterization 
of solute-solvent interactions in physicochemical and biological systems 
[16,17]. Among the firsts, there are a good number of liquid/liquid 
partitions [17–21], liquid [22–29] and electrokinetic [30–36] chroma
tography systems, and regarding biological processes, blood-tissue 
(liver, lung, kidney, heart, brain, muscle…) distributions [37–40], in
testinal absorption [41], skin permeation [42,43]. Environmental pro
cesses, such as aquatic toxicities, have also been characterized through 
this model [36,44,45]. Thus, there are a large number of physico
chemical and biological/environmental processes characterized by 
means of the same model, which makes it possible to compare the main 
solute-solvent interactions playing a fundamental role in each of them. 
This represents not only a valuable tool in the selection of the most 
promising physicochemical system for the resolution of a particular 
analytical challenge, or in the estimation of the expected biological 
behavior of a specific compound of pharmaceutical interest or the 
environmental impact of a molecule, but also the possibility of 
comparing systems within this two categories with the focus on bio
mimetic chromatography [46–48]. In fact, the present work aims to 
provide a tool for a faster characterization of chromatographic systems, 
fostering their study as possible physicochemical surrogate models of 
biological and environmental interest.

The conventional application of the model requires the measurement 
of the solvation property (log10(SP)i in Eq. (1)) for a relatively large set 
of molecules with known molecular descriptors (independent variables) 
and fitting the system coefficients by multilinear regression analysis. 
Since this method is time and reagents consuming, a fast approach based 
on Abraham’s model was developed for the characterization of solute- 
solvent interactions in liquid chromatography systems, particularly 
reversed-phase and HILIC [49]. According to this method, a system 
coefficient can be measured dividing the difference in retention of two 
solutes with four (out of five) very similar molecular descriptors by the 
difference in the dissimilar descriptor: 

x =
log10k1 − log10k2

X1 − X2
(2) 

where x is the evaluated system coefficient (e, s, a, b or v), k1 and k2 are 
the chromatographic retention factors of the test compounds, and finally 
X1 and X2 are the respective molecular descriptors (E, S, A, B or V) 
responsible for the difference in retention. In liquid chromatography the 
retention factor is suitable solvation property, since it is related to the 
partition of the analyte between the mobile and stationary phases. In 
this study, the application of a similar approach to electrokinetic chro
matography systems is evaluated.

1.3. Micelles and oil microdroplets as dispersed phase in EKC

Electrokinetic chromatography (EKC) is a capillary separation tech
nique based on a combination of electrophoresis and interactions of the 
analytes with additives (e.g., surfactants, oils), which form a dispersed 
phase moving at a different velocity than the analytes [50]. The 
dispersion medium is the bulk aqueous buffer solution, and the 
dispersed phase commonly consists of micelles or oil microdroplets. In 
order to successfully separate the analytes from the dispersed phase 
under the action of electrophoresis, either the analytes or the micel
les/micropdroplets need to be charged. Very often ionic surfactants are 
used in the preparation of the dispersed phase, and thus upon applica
tion of an electric field the charged micelles or microemulsion oil 
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droplets migrate with an observed electrophoretic velocity, and neutral 
analytes with no affinity at all with the dispersed phase migrate with the 
electroosmotic flow velocity. These two limiting velocities set the sep
aration window, and the closer the electrophoretic mobility of the an
alyte to that of the micelles or oil microdroplets, the higher its partition 
into the dispersed phase.

The choice of the appropriate surfactant plays a key role in the 
selectivity of micellar electrokinetic chromatography (MEKC) [51–53]. 
Common anionic surfactants consist of a long alkyl chain and a polar 
sulfate or sulfonate groups (e.g., sodium dodecyl sulfate –SDS, lithium 
dodecyl sulfate –LDS, lithium perfluorooctane sulfonate –LIPFOS) or a 
bile salt (sodium cholate –SC, sodium deoxycholate –SDC, sodium 
taurocholate –STC, sodium taurodeoxycholate –STDC). The former 
surfactants aggregate in a spherical micelle due to the association of 
their long hydrocarbon tails, remaining the hydrophilic polar head 
groups on the surface. The latter surfactants are usually composed of a 
saturated hydrophobic cyclopentanophenanthrene nucleus with 
alpha-oriented hydrophilic hydroxyl groups, and an aliphatic tail ter
minating in a hydrophilic carboxylic or sulfonate group. This planar 
polarity leads to complex micellar structures still under debate [54]. 
Cationic surfactants are commonly long-chain alkylammonium salts (e. 
g., hexadecyltrimethylammonium bromide (generally known as cetyl
trimethylammonium bromide – CTAB), tetradecyltrimethylammonium 
bromide – TTAB), which are prone to be adsorbed on the negatively 
charged wall surface of the fused-silica capillary. Nonionic poly
ethyleneglycol derivatives (e.g., Brij® 35, Tween® 20, Tween® 80) and 
zwitterionic surfactants (e.g., CHAPS) are used, together with ionic 
ones, in the preparation of mixed micellar systems to obtain improved 

selectivities. The surfactants included in this work are presented in 
Table 1, together with their critical micellar concentrations (CMC) and 
dissociation constants. Notice that CMC is expected to decrease with the 
ionic strength of the medium [55], and therefore the surfactant con
centration required to form micelles in a buffered solution is lower.

In microemulsion electrokinetic chromatography (MEEKC), the 
spheric microdroplets constituting the dispersed phase consist of an oil 
(e.g., octane, heptane), surfactant (e.g., SDS) and a cosurfactant (e.g., 1- 
butanol). Changing the nature or concentration of the surfactant, the 
cosurfactant or the addition of organic modifiers have a potential impact 
on the chromatographic selectivity [53,56].

The high tuneability of EKC (surfactant, cosurfactant, organic mod
ifier…) and relatively low running costs makes this technique a prom
ising candidate for biomimetic chromatography applications. However, 
the conventional characterization of EKC systems by multilinear 
regression analysis of Abraham’s model is excessively time consuming 
for screening purposes. The present work tries to fill this gap with the 
proposal of a high-throughput approach for the determination of the 
most relevant intermolecular interactions in particular EKC systems.

1.4. EKC mass distribution ratio as a measured solvation property

The mass distribution ratio in EKC (kEKC) is defined as the ratio be
tween the chemical amounts of the analyte between the dispersed phase 
(ndp) and aqueous buffer solution (naq), and therefore it is related to the 
distribution constant of the analyte (K) and the ratio of volume phases: 

kEKC =
ndp

naq
= K

Vdp

Vaq
(3) 

Table 1 
Critical micelle concentration (in pure water and 25 ◦C), pKa values and structures of the surfactants used in the present study.

Surfactant Structure CMC (mM) pKa

SDS 8.2 [62] 
8.1a [67]

< 0 [68]

LDS 9.0a [69] ​

SC 13b [70] 4.98 [62]

SDC 5 [62] 
10b [70]

5.15 [62]

CTAB 0.92 - 1.00 [62] 
0.91a [67]

–

TTAB 3.78a [67] –

Determined through aconductimetric and bsurface tension measurements. c20 ◦C.
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Assuming that the volumes of secondary (Vdp) and aqueous (Vaq) 
phases remain constant in a particular EKC system, kEKC is directly 
related to the distribution constant (K) of the analyte and thus it can be 
used as a measure of a solvation property (log SP = log kEKC) in the 
Abraham’s model. For electrically neutral analytes, which is the domain 
of application of the model, kEKC can be directly measured from the 
electropherogram data using the electroosmotic hold-up time (teo) and 

the migration times of the analyte (tm) and the dispersed phase (tdp) [50,
53]: 

kEKC =
(tm − teo)

teo
(
1 − tm

/
tdp

) (4) 

Uncharged compounds with negligible partition into the micellar or 
microemulsion dispersed phase, such as methanol or dimethyl sulfoxide, 
are commonly used as electroosmotic flow markers, whereas lipophilic 
uncharged solutes with a very high affinity for the micelles or oil 
microdroplets, such as dodecanophenone, are selected as dispersed 
phase markers.

2. Materials and methods

2.1. Instrumentation and equipment

All separations were performed by using a 3D Agilent 7100 (Wal
dron, Germany) system with UV diode array detection. Polyamide- 
coated capillary (Polymicrotechnologies, Phoenix, USA) with 50 μm 
ID, 375 μm OD, and an effective length of 50 cm was used. The cassette 
temperature was set to 25 or 30 ◦C, and an external pressure of 50 mbar 
was applied in all the measurements. The MEKC and MEEKC samples 
were injected by applying a pressure of 35 mbar for 2 s and 50 mbar for 
10 s, respectively. The voltage (positive for anionic surfactants and 
negative for cationic ones) was set constant for a particular EKC in order 
to develop current intensities in the range of 30 µA. Capillary pre
conditioning was performed by flushing the capillary for 120 s with 
separation buffer and postconditioning with 1 M sodium hydroxide and 
water for 120 s each.

The pH was measured with a Crison GLP 22 pH meter (Barcelona, 
Spain) with a 5014-combination glass electrode using 3 M aqueous 
potassium chloride solution as salt bridge. MEKC and MEEKC solutions 
were sonicated at a power of 360 W in an ultrasonic bath, J.P. Selecta 
(Barcelona, Spain), until the solution became clear.

2.2. Chemicals and solvents

Tap water was deionized to the resistivity of 18.2 MΩ cm by a Milli- 
Q® plus system from Millipore (Billerica, MA, USA). All chemicals and 
organic solvents were of high purity grade and purchased from J.T. 
Baker (Phillipsburg, NJ, USA), Carlo Erba (Cornaredo, Italy) and Merck 
(Darmstadt, Germany).

2.3. Preparation of running buffers

The composition of the running buffers corresponds to that described 
in the literature, in order to compare the results of applying Abraham’s 
fast method with the conventional approach.

All separation solutions for MEKC system were prepared in 20 mM 
buffer. The following surfactants were used, all of them above their 
critical micelle concentrations: a) anionic surfactants: SDS (40 mM), LDS 
(40 mM), SC (80 mM), and SDC (40 mM); b) cationic surfactants: CTAB 
(20 mM) and TTAB (20 mM). SDS, SC, CTAB, and TTAB running buffers 
were prepared by dissolving the surfactants at room temperature in 20 
mM sodium dihydrogen phosphate and then adding small amounts of a 
concentrated sodium hydroxide solution until pH 7.0. LDS was dissolved 
in 20 mM phosphoric acid and concentrated lithium hydroxide was used 
to adjust the pH to 7.0. The separation buffer containing SDC was pre
pared from sodium phosphate-sodium tetraborate (65:35) at pH 8.0. The 
pH values used depend on the nature of the surfactant employed and are 
chosen to ensure it is fully ionized under working conditions (Table 1). 
All the prepared solutions were filtered using syringe filter (0.45 µm) 
right before use.

Aqueous buffers for MEEKC were prepared according to the pro
cedure described in the literature to reproduce the experimental 

Fig. 1. Representative examples of the linear dependence of the mass distri
bution ratio of n-alkyl phenome homologues with the molecular volume: (■) 
MEKC, 1.3 % SDS, 20 mM NaH2PO4/Na2HPO4, pH 7.0; (●) MEEKC, 40 mM 
SDS, 8.15 % 1-butanol, 1.15 % heptane, 20 mM NaH2PO4/Na2HPO4, pH 7.0.

Table 2 
Cavity coefficient values (v) and standard errors (in parentheses) for the studied 
MEKC systems reported in the literature [32] by multilinear regression analysis 
(Eq. (1)) of a large set of compounds (in italics) and obtained in this work by the 
homologous series approach (Eq. (5)).

SDS LDS SC SDC CTAB TTAB

Literature 2.72 
(0.06)

2.61 
(0.06)

2.27 
(0.10)

2.42 
(0.13)

2.71 
(0.05)

2.63 
(0.05)

Homologous 2.40 
(0.10)

2.61 
(0.11)

2.60 
(0.12)

2.40 
(0.10)

2.87 
(0.13)

2.85 
(0.12)

Table 3 
Cavity coefficient values (v) and standard errors (in parentheses) for the studied 
MEEKC systems reported in the literature and obtained in this work by means of 
the homologous series approach.

1.3 % SDSa [35] 1.4 % SDSb [31]

pH 7.4 pH 
10.0

pH12.0 pH 7.0 pH 8.0 pH 
10.0

pH 12.0

Lit. 2.34 
(0.18)

2.21 
(0.13)

2.18 
(0.12)

2.32 
(0.14)

2.27 
(0.09)

2.07 
(0.07)

2.33 
(0.12)

Ho. 2.41 
(0.21)

2.31 
(0.05)

2.15 
(0.07)

2.42 
(0.06)

2.00 
(0.09)

2.15 
(0.07)

2.18 
(0.05)

​ 3.3 % SDSa [35] 3.4 % SCb [31] TTABc 

[61]
​ pH 7.4 pH 

10.0
pH 12.0 pH 7.0 pH 8.0 pH 9.0 pH 10.0

Lit. 2.46 
(0.16)

2.15 
(0.15)

2.18 
(0.13)

2.17 
(0.17)

2.20 
(0.14)

2.29 
(0.18)

2.35 
(0.06)

Ho. 2.01 
(0.03)

2.53 
(0.02)

2.09 
(0.16)

1.92 
(0.09)

1.84 
(0.01)

1.97 
(0.08)

2.15 
(0.20)

a 25 ◦C, 8.15 % 1-butanol, 1.15 % heptane; b30 ◦C, 8 % 1-butanol, 1.2 % 
heptane; c 1.7 % TTAB, 8.15 % 1-butanol, 1.15 % heptane
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conditions. For 1.3 % SDS and 3.3 % SDS [35], by addition of concen
trated sodium hydroxide solution to 10 mM sodium dihy
drogenphosphate (pH 7.4), 20 mM boric acid (pH 10.0), 10.0 mM 
sodium hydrogenphosphate (pH 12.0); for 1.4 % SDS and 3.4 % SC [31], 
by addition of concentrated sodium hydroxide to 50 mM sodium dihy
drogenphosphate (pH 7.0 or 8.0) or to 10 mM sodium hydro
genphosphate (pH 12.0), or by mixing 20 mM sodium borate and 30 mM 
sodium phosphate (pH 10.0). 50 mM ammonium chloride solution was 
used for 1.7 % TTAB and pH (10.0) was adjusted with sodium hydroxide. 
All separation buffers were prepared at room temperature by dissolving 
1.3, 1.4 or 3.3 % w/v SDS or 1.7 % w/v TTAB or 3.4 % w/v SC in the 
aqueous buffer while magnetically stirring until the mixture became 
transparent and colorless. This was followed by the gradual addition 
using a burette of 1-butanol (8-8.15 % v/v) and heptane (1.15-1.2 % 
v/v), keeping the magnetic stirring of the turbid solution for five more 
minutes. The solution was then sonicated to restore its clarity. It was 
then allowed to sit at room temperature for a minimum of one hour and 
finally passed through a syringe filter (0.45 µm) just before being used as 
running buffer.

2.4. Sample preparation

The solutes in MEKC samples were dissolved in methanol, which also 
acted as electroosmotic flow marker, whereas in MEEKC the running 

buffer was used as sample solvent and dimethyl sulfoxide as marker. The 
solute concentration was in the range between 0.5 and 2.0 mg mL− 1.

3. Results and discussion

3.1. Selection of the dispersed phase marker and determination of v 
coefficient

The migration window in EKC (Eq. (4)) is defined by the behavior of 
two unionized UV-active compounds with opposite lipophilic behavior. 
The electroosmotic flow marker must be a very hydrophilic compound, 
which is supposed to remain exclusively in the dispersive medium, 
whereas the dispersed phase marker is expected to be lipophilic enough 
to partition exclusively into the micelles or the oil microdroplets. 
Typical examples of the former marker are methanol or dimethyl sulf
oxide (measured log Po/w of -0.77 and -1.35, respectively [57]), and 
dodecanophenone (estimated log Po/w = 6.87 [57]) is commonly used 
for the latter purpose. However, this phenone with a 12-carbon alkyl 
chain, solid at room temperature, is poorly soluble in the running buffer, 
even in the presence of micelles or oil microdroplets. Thus, it would be 
interesting to evaluate the convenience of other dispersed phase markers 
of higher solubility, but lipophilic enough to still be excluded from the 
dispersive aqueous medium.

The members of a n-alkyl homologous series, despite their 

Table 4 
Conditions for the selection of test compound candidates for the characterization of a particular interaction (xi) in EKC systems.

Search within Abraham’s database for pairs of solutes (1) and (2):

- fully characterized with known E, S, A, B and V molecular descriptors
- with one dissimilar molecular descriptor of interest (Xi): ΔXi =

⃒
⃒Xi,1 − Xi,2

⃒
⃒ ≥ 0.5

- with the four remaining molecular descriptors (Xj∕=i) being similar: dXi∕=j =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑4

i∕=j=1

(
Xj,1 − Xj,2

)2
√

≤ 0.05

- unionized in a broad pH range (acid/base properties)
- with absorbance in the ultraviolet range (ease of detection)
- soluble enough in the background electrolyte and with relatively low toxicity
- commercially available and relatively unexpensive

Table 5 
Abraham molecular descriptors [11] and structures of the most promising pairs of compounds for the characterization of the studied EKC systems.
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differences in the number of carbon atoms (molecular volume), present 
very similar molecular interactions. This reasoning, in the context of the 
Abraham’s model, implies that excess polarizability (E), dipolarity/ 
polarizability (S), hydrogen bonding acidity (A) and basicity (B) de
scriptors remain nearly constant throughout the whole series of homo
logues. Thus, as long as the EKC system remains unchanged (same 
running buffer composition) and the intercept (c) and chromatographic 
coefficients (e, s, a, b, and v) are constant, the dependence of the loga
rithm of the mass transfer ratio (log10 kEKC,i) with the molecular volume 
of a homologue (Vi) can be linearized as: 

log10kEKC, i = r + v⋅Vi (5) 

where the intercept r is a constant depending on the EKC system and the 
homologous series under study (r=c+e⋅E+s⋅S+a⋅A+b⋅B) and the slope v 
is the system coefficient accounting for the difference in the ease of 
formation of a cavity in the dispersed phase in relation to the aqueous 
dispersive medium.

The fitting accuracy of Eq. (5) was tested with the n-alkyl phenone 
homologous series, from the smallest and less lipophilic acetophenone 
(measured log Po/w = 1.58 [57]) to the well-known dodecanophenone. 
In fact, in this range the homologues show similar Abraham’s molecular 
descriptors (E = 0.78±0.03, S = 0.96±0.02, A = 0, B = 0.50±0.01) 
except for the molecular volume (1.01 ≤ Vi ≤ 2.42). Coelution was 
generally observed in the studied MEKC systems for homologues larger 
than valerophenone (estimated log Po/w = 3.17 [57]), whereas for 
MEEKC coelution took place after heptanophenone (estimated log Po/w 
= 4.23 [57]). This observation is consistent with the larger separation 
windows offered by MEEKC, attributed to the lower interfacial tension 
between oil microdroplets and the dispersive medium, allowing the 

solutes to penetrate more easily the surface of the droplet [58–60]. The 
surfactant molecules have the polar groups oriented towards the 
aqueous phase, with the cosurfactant molecules in between contributing 
to reduce electrostatic repulsion. Fig. 1 shows two representative plots of 
the linear dependence of log10 kEKC with the molecular volume of the 
homologues for MEKC and MEEKC systems.

The smaller size of nonanophenone (9-carbon alkyl chain, est. log Po/ 

w = 5.28) in relation to the commonly used marker dodecanophenone 
(12-carbon) does not produce any difference in the migration behavior 
of the studied EKC systems, and both solutes partition into the dispersed 
phase to the same extent. However, nonanophenone shows the benefits 
of being more soluble in the sample and running buffers, and easier to 
handle because of its liquid state at room temperature. In fact, dodec
anophenone precipitated inside the sample vial for some of the studied 
EKC systems, leading to a decrease in the marker peak in replicate 
analysis, whereas for nonanophenone a higher repeatability was 
observed along time. Therefore, nonanophenone was selected as a 
dispersed phase marker, instead of dodecanophenone, in the subsequent 
experimental work.

As shown in Tables 2 and 3, the obtained values for the cavity co
efficient (v) are large and positive, indicating that dispersed phase, 
either the hydrophobic part of the surfactant molecules forming the 
micelles in MEKC or the oil microdroplet in MEEKC, are less cohesive 
than the aqueous dispersed medium. Consequently, a lower amount of 
energy is required to disrupt interactions (mainly of dispersive nature) 
within the solvent molecules in the hydrophobic phase compared to the 
aqueous dispersive medium, mainly governed by polarity and hydrogen 
bonding interactions, and thus larger solutes partition more favorably 
into the dispersed phase. Good agreements are found between the v 
values obtained from multilinear regression analysis in previous works 
and the fast approach presented in this study, either in MEKC (Table 2) 
or MEEKC (Table 3).

3.2. Determination of pairs of solute candidates for e, s, a, and b 
coefficients determination

We performed an extensive search within the Abraham’s database 
looking for pairs of solutes with four similar molecular descriptors and 
one significantly dissimilar, suitable to be used in the characterization of 
EKC systems. The searching criteria, presented in detail in a previous 
work [49], is summarized in Table 4. Further refinement was carried out 
estimating their mass distribution ratios in EKC systems already char
acterized by means of the Abraham’s model, in order to find solutes with 
significant partition in the dispersed phase and the dispersive medium, 
and thus preventing the solute peak from appearing at the edges of the 
separation window and avoiding coelution with the electroosmotic flow 
and micelle/microdroplet markers. Solutes with negative values of log 
kEKC are prone to coelute with the electroosmotic marker, and com
pounds with relatively large ones, with nonanophenone. All pairs of 
compounds assayed in this work are described in the supplementary 
material (Table SP1), and the compounds that have provided results 
most similar to those in the literature are highlighted in Table 5. Notice 
that some of the test compounds selected as final candidates for the fast 
characterization of column liquid chromatography systems, such as 
pentacene and dibenz [a,c]anthracene for dipolarity/polarizability in
teractions or dibenzofuran for polarizability contributions from n- and 
π-electrons, are not suitable in EKC systems due to their low solubility in 
the running buffers (and insufficient UV detection) or because of the 
coelution with the dispersed phase marker.

Table 6 allows the comparison of system coefficients obtained for the 
studied MEKC systems using the proposed fast method and by applying 
Abraham’s model through the injection of a large number of solutes 
followed by multiple linear regression analysis (Eq. 1). In the extensive 
characterization work conducted in 2002 with the collaboration of Prof. 
Abraham [32], chemometric methods were used to ensure the repre
sentativeness of the 71 selected solutes for characterization, which were 

Table 6 
System coefficient values (e, s, a and b) and standard errors (in parentheses) for 
the studied MEKC systems reported in the literature [32] by multilinear 
regression analysis (Eq. (1)) of a large set of compounds (in italics) and obtained 
in this work by the fast approach (Eq. (2)), together with the mean absolute 
difference (MAD) between the results of both approaches.

SDS LDS SC SDC CTAB TTAB MAD

e 0.56 
(0.07)

0.59 
(0.09)

0.69 
(0.13)

0.93 
(0.20)

1.11 
(0.09)

0.90 
(0.08)

–

E1 0.37 
(0.02)

0.51 
(0.02)

0.88 
(0.18)

0.60 
(0.03)

1.07 
(0.02)

1.18 
(0.02)

0.18

E2 − 0.26 
(0.07)

0.23 
(0.08)

0.82 
(0.08)

0.76 
(0.06)

0.76 
(0.02)

0.88 
(0.06)

0.22

s − 0.60 
(0.06)

− 0.60 
(0.07)

− 0.69 
(0.10)

− 0.87 
(0.15)

− 0.76 
(0.05)

− 0.62 
(0.05)

–

S1 − 0.52 
(0.01)

− 0.47 
(0.01)

− 0.60 
(0.01)

− 0.52 
(0.01)

− 0.48 
(0.16)

− 0.49 
(0.01)

0.17

S2 − 0.45 
(0.02)

− 0.43 
(0.01)

− 0.39 
(0.01)

− 0.44 
(0.01)

− 0.26 
(0.17)

− 0.28 
(0.03)

0.31

a − 0.27 
(0.05)

− 0.32 
(0.05)

0.12 
(0.08)

0.07 
(0.14)

0.82 
(0.04)

0.77 
(0.04)

–

A1 − 0.48 
(0.02)

− 0.54 
(0.06)

− 0.18 
(0.01)

0.03 
(0.09)

0.39 
(0.02)

0.76 
(0.16)

0.18

A2 − 0.19 
(0.06)

− 0.27 
(0.06)

− 0.14 
(0.05)

0.29 
(0.05)

0.45 
(0.03)

0.59 
(0.31)

0.19

b − 1.67 
(0.07)

− 1.57 
(0.07)

− 1.94 
(0.11)

− 1.79 
(0.15)

− 2.44 
(0.05)

− 2.41 
(0.06)

–

B1 − 1.67 
(0.09)

− 1.36 
(0.01)

− 2.08 
(0.03)

− 1.64 
(0.02)

− 2.84 
(0.03)

− 2.50 
(0.05)

0.17

B2 − 1.80 
(0.08)

− 1.45 
(0.17)

− 2.02 
(0.04)

− 1.86 
(0.03)

− 3.30 
(0.03)

− 2.26 
(0.06)

0.24

E1: 8-Hydroxyquinoline/1,2-Dimethoxybenzene; E2: 3-Bromobenzenesulpho
namide /1-Monomethylphalate
S1: 1,4-Dicyanobenzene/2-Methylbenzaldehyde; S2: 1,2-Dicyanobenzene/2- 
Methylbenzaldehyde
A1: 3-Ethoxyphenol/2-Chloroacetophenone; A2: 4-Propoxyphenol/Methyl 4- 
methoxybenzoate
B1: 2,3,5,6-Tetramethylpyrazine/2,6-Dimethylanisole; B2: 2,3,5,6-Tetrame
thylpyrazine/4-Ethylanisole
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structurally different and covered the largest possible chemical space. 
The chosen micellar marker was dodecanophenone and all measure
ments were performed in triplicate, implying the need of more than two 
hundred injections for the characterization of a single chromatographic 
system. In contrast, the fast approach requires only a single injection of 
solute pairs to obtain the e, s, a, and b coefficients, and a single injection 
of a series of homologs for v; even in triplicate, the approach requires 
only a total of fifteen injections. Using the values from the article as a 
reference, Table 6 presents the two pairs of solutes that show the 
greatest similarity for each coefficient along the various surfactants 
included in the study, calculated as the mean absolute difference. The 
selected pairs of candidates for e, s, a and b coefficients are, respectively, 
8-hydroxyquinoline / 1,2-dimethoxybenzene (E1), 1,4-dicyanobenzene 
/ 2-methylbenzaldehyde (S1), 3-ethoxyphenol / 2-chloroacetophenone 
(A1), and 2,3,5,6-tetramethylpyrazine / 2,6-dimethylanisole (B1). 
Although the different nature of the surfactant, all micelles present a 
higher capacity of interaction with the solutes in relation to aqueous 
buffer through loose electrons (e > 0), and a lower ability to donate 
hydrogen bonding (b < 0) and stablish polarity/polarizability in
teractions (s < 0). However, significant differences can be observed in 
the hydrogen bond acceptance capacity of the micelle of cationic sur
factants, which is greater than that of the dispersive medium (CTAB, 
TTAB: a > 0), while the opposite phenomenon is observed for anionic 
surfactants (SDS, LDS: a < 0). For a more detailed analysis of the 
physicochemical implications of the signs and magnitudes of the chro
matographic coefficients, readers are referred to the original article [32]

The results obtained for the different microemulsion systems are 
summarized in Table 7. Similarly to MEKC systems, the characterization 
presented in the literature was carried out considering an extensive 
number of solutes (85 for 1.3 % and 3.3 % SDS (38 neutral, 36 acidic, 
and 11 basic) [35], 57 for 1.4 % SDS and 3.4 % SC [31], and 61 for TTAB 
[61]), and thus the rapid method we propose represents a significant 
saving of time, laboratory resources, reagents, and solvents. The three 

pairs we proposed for the characterization of e, a and b in MEKC are also 
the most suitable for MEEKC. In the case of dipolar interactions, the pair 
recommended for MEKC ranked second, behind the first choice 1, 
2-dicyanobenzene / 2-methylbenzaldehyde (S2). In microemulsions, 
the trends and differences previously discussed for micellar systems 
formed from different surfactants are observed, but they are more 
attenuated, likely due to the presence of oil (heptane) and the cosur
factant (1-butanol) in the dispersed phase.

Some of the molecules presented in Table 5 show acid/base prop
erties. The hydroxyquinoline has a basic pyridine nitrogen and acidic 
phenol groups, with pKa values of 4.91 and 9.81, respectively [62]. 
Therefore, ionization of the phenolate group is expected to be significant 
in water at pH 10 and above. Similar pKa values are expected for 
3-ethoxyphenol and 4-propoxyphenol (9.6±0.1 and 10.3±0.2, respec
tively [63]), and even for the acidic hydrogen of the 3-bromobenzene
sulfonamide (9.8±0.6 [63]). Before experimentally testing these 
compounds, we thought that the ionization of the molecules would 
represent a difficulty in the application of the fast characterization 
approach, since the molecular of ionized compounds are different from 
those of the uncharged ones. For instance, a reduction in the hydrogen 
bond acidity, but an increase in basicity and polarity, would be expected 
upon deprotonation of the phenol group. This effect would even be more 
pronounced for the carboxylic group of the monomethyl phthalate, with 
a pKa of 3.3±0.1 [63], which is expected to be fully ionized yet in 
moderately acidic running buffers. The first consequence would be the 
migration of the ionized analytes inside the capillary upon the influence 
of the electric field, as an additional mechanism to the partition with the 
charged dispersive phase. Secondly, the differences in the migration 
behavior of a pair of test compounds could not be uniquely attributed to 
a dissimilar molecular descriptor and the application of Eq. (2) would be 
inaccurate. Despite these issues, the correspondence of the system co
efficients obtained with these presumably ionized compounds with the 
reference ones obtained from literature is better than that achieved with 

Table 7 
System coefficient values (e, s, a and b) and standard errors (in parentheses) for the studied MEEKC systems reported in the literature (in italics) and obtained in this 
work, together with the mean absolute difference (MAD) between the results of both approaches.

1.3 % SDS [35] 1.4 % SDS [31] 3.3 % SDS [35] 3.4 % SC [31] TTAB [61] MAD

pH 
7.4

pH 
10.0

pH 
12.0

pH 
7.0

pH 
8.0

pH 
10.0

pH 
12.0

pH 
7.4

pH 
10.0

pH 
12.0

pH 
7.0

pH 
8.0

pH 
9.0

pH 
10.0

e 0.38 
(0.11)

0.36 
(0.10)

0.43 
(0.08)

0.50 
(0.11)

0.28 
(0.05)

0.35 
(0.04)

0.35 
(0.08)

0.09 
(0.17)

0.25 
(0.21)

0.40 
(0.08)

0.40 
(0.11)

0.33 
(0.07)

0.26 
(0.09)

0.47 (0.08) –

E1 0.60 
(0.05)

0.62 
(0.06)

0.49 
(0.20)

0.34 
(0.04)

0.23 
(0.09)

0.09 
(0.16)

0.67 
(0.04)

0.01 
(0.07)

0.13 
(0.12)

0.05 
(0.02)

0.25 
(0.02)

0.27 
(0.02)

0.44 
(0.12)

0.89 
(0.01)

0.19

E2 0.51 
(0.04)

0.20 
(0.04)

0.44 
(0.02)

0.15 
(0.03)

0.12 
(0.07)

0.23 
(0.10)

0.02 
(0.03)

0.11 
(0.01)

0.02 
(0.08)

0.01 
(0.07)

− 0.19 
(0.09)

0.02 
(0.04)

0.31 
(0.03)

0.90 
(0.01)

0.23

s − 0.70 
(0.11)

− 0.47 
(0.10)

− 0.67 
(0.09)

− 0.89 
(0.20)

− 0.41 
(0.06)

− 0.44 
(0.05)

− 0.62 
(0.09)

− 0.61 
(0.10)

− 0.52 
(0.11)

− 0.66 
(0.09)

− 0.71 
(0.19)

− 0.41 
(0.09)

− 0.40 
(0.15)

− 0.69 (0.06) –

S2 − 1.24 
(0.01)

− 0.59 
(0.01)

− 0.58 
(0.04)

− 0.56 
(0.01)

− 0.39 
(0.19)

− 0.60 
(0.09)

− 0.57 
(0.06)

− 0.55 
(0.01)

− 0.61 
(0.01)

− 0.58 
(0.01)

− 0.40 
(0.15)

− 0.49 
(0.01)

− 0.31 
(0.02)

− 0.45 
(0.01)

0.16

S1 − 1.33 
(0.01)

− 0.66 
(0.01)

− 0.65 
(0.05)

− 0.94 
(0.01)

− 1.30 
(0.07)

− 0.70 
(0.09)

− 0.66 
(0.06)

− 0.65 
(0.04)

− 0.74 
(0.07)

− 0.66 
(0.01)

− 0.54 
(0.06)

− 0.67 
(0.01)

− 0.57 
(0.12)

− 0.69 
(0.01)

0.21

a − 0.22 
(0.22)

− 0.10 
(0.16)

0.07 
(0.14)

− 0.18 
(0.11)

− 0.26 
(0.08)

− 0.26 
(0.09)

− 0.22 
(0.15)

− 0.04 
(0.11)

− 0.09 
(0.19)

0.02 
(0.14)

− 0.03 
(0.14)

0.05 
(0.11)

0.07 
(0.14)

0.19 (0.04) –

A1 − 0.27 
(0.03)

− 0.29 
(0.01)

0.17 
(0.13)

− 0.17 
(0.06)

− 0.37 
(0.03)

− 0.08 
(0.15)

− 0.01 
(0.02)

− 0.73 
(0.02)

− 0.48 
(0.02)

− 0.03 
(0.08)

− 0.25 
(0.02)

− 0.18 
(0.02)

− 0.03 
(0.06)

0.44 
(0.01)

0.20

A2 − 0.08 
(0.06)

− 0.08 
(0.08)

0.06 
(0.02)

− 0.08 
(0.08)

− 0.57 
(0.05)

− 0.68 
(0.16)

− 0.02 
(0.08)

− 1.16 
(0.01)

− 0.03 
(0.16)

− 0.02 
(0.04)

− 0.30 
(0.04)

0.33 
(0.05)

0.16 
(0.02)

0.58 
(0.13)

0.25

b − 1.90 
(0.18)

− 2.14 
(0.13)

− 1.83 
(0.10)

− 1.72 
(0.14)

− 2.06 
(0.11)

− 2.15 
(0.15)

− 2.02 
(0.11)

− 1.90 
(0.14)

− 1.88 
(0.15)

− 1.83 
(0.10)

− 1.66 
(0.18)

− 2.06 
(0.11)

− 2.15 
(0.15)

− 2.07 (0.07) –

B1 − 2.26 
(0.03)

− 2.38 
(0.02)

− 1.94 
(0.03)

− 1.45 
(0.21)

− 2.33 
(0.18)

− 2.63 
(0.47)

− 2.43 
(0.01)

− 2.20 
(0.02)

− 1.97 
(0.07)

− 1.86 
(0.05)

− 1.77 
(0.15)

− 1.91 
(0.04)

− 2.14 
(0.02)

− 2.56 
(0.01)

0.24

B3 − 2.16 
(0.01)

− 2.20 
(0.01)

− 2.34 
(0.02)

− 1.48 
(0.01)

− 1.70 
(0.01)

− 1.71 
(0.01)

− 2.14 
(0.24)

− 2.12 
(0.01)

− 2.21 
(0.08)

− 2.30 
(0.01)

− 2.05 
(0.06)

− 1.99 
(0.01)

− 1.94 
(0.06)

− 2.46 
(0.15)

0.29

E1: 8-Hydroxyquinoline/1,2-Dimethoxybenzene; E2: 3-Bromobenzenesulphonamide /1-Monomethylphalate
S1: 1,4-Dicyanobenzene/2-Methylbenzaldehyde; S2: 1,2-Dicyanobenzene/2-Methylbenzaldehyde
A1: 3-Ethoxyphenol/2-Chloroacetophenone; A2: 4-Propoxyphenol/Methyl 4-methoxybenzoate
B1: 2,3,5,6-Tetramethylpyrazine/2,6-Dimethylanisole; B3: Trimethylpyrazine/4-Methylanisole
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fully unionized solutes. The reasons behind these observations are not 
yet clear and deserve further investigation. In the 1930s Hartley 
observed the effect of positive and negative micelles on the color of 
acidimetric indicators [64], reviewed in [65], and proposed the exis
tence of a pH gradient between the interface of an ionic micelle and the 
bulk solution [66]. Thus, the interactions of the solutes with the charged 
dispersive phase (or its interface) might indeed change the acid/base 
behavior of the compounds. However, it cannot be ruled out that the 
effect of the migration of the charged might be less significant than the 
partition into the dispersive phase, or the differences between molecular 
descriptors of the same kind for the two solutes remain similar despite 
the ionization. The basic nitrogen atoms of both pyrazines, with pKa 
values below 3.2 [63], are expected to be fully deprotonated and 
therefore neutral at the working pH values of the studied EKC systems.

4. Conclusions

In this study, we propose a method based on Abraham’s solvation 
parameter model that allows the characterization of micellar electroki
netic chromatography and microemulsion systems with only five in
jections, using nonanophenone as a marker for the dispersed phase. For 
the determination of the cavity term (v), mixtures containing different 
homologues of n-alkyl phenones are used, and for the rest of the model 
coefficients, the following pairs of compounds are injected: 8-hydroxy
quinoline and 1,2-dimethoxybenzene for the characterization of 
dispersion interactions due to the solute’s π- and n-electrons (e); 1,4- or 
1,2-dicyanobenzene and 2-methylbenzaldehyde for dipolarity/polariz
ability type forces (s); 3-ethoxyphenol and 2-chloroacetophenone to 
characterize the hydrogen bond acceptor capacity of the dispersed phase 
relative to the dispersive medium (a), and 2,3,5,6-tetramethylpyrazine 
and 2,6-dimethylanisole for the donor capacity (b). The method has 
been tested with micellar systems containing bile salts (80 mM SC and 
40 mM SDC), anionic (40 mM SDS and 40 mM LSD) and cationic sur
factants (20 mM CTAB and 20 mM TTAB), and microemulsions con
sisting of heptane, 1-butanol and SDS at different concentrations (1.3 
–3.3 %) and pH values (7 – 12), or 3.4 % SC and pH 7 –9 or 1.7 % TTAB 
and pH 10. This fast approach constitutes a more efficient alternative to 
conventional characterization of EKC systems by means of multilinear 
regression analysis of a relatively large set of test compounds, aligned 
with the Green Chemistry principles of waste prevention and energy 
efficiency. It is expected that the implementation of the proposed 
methodology will allow an increase in the pace of characterization of 
EKC systems, thus raising the possibilities of developing chromato
graphic configurations suitable for biomimetic applications in pharma
ceutical and environmental sciences.
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