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Abstract

Determination of the retention factor of ionized compounds in microemulsion
electrokinetic chromatography requires two mobility measurements at the same pH: one
in the presence of the microemulsion and another in plain buffer. However, it has been
observed that in some cases subtracting one mobility from another determined in a
different medium leads to negative retention factors, which makes no sense from a
chemical point of view. This indicates that there is some error in the process which has a
direct impact when retention factors are used for further applications.

Here, we evaluate how the components of the microemulsion confer different properties
to the buffer medium, particularly varying the viscosity parameter (which is inversely
related to mobility). Whereas sodium dodecyl sulfate, the surfactant used in the
microemulsion, has little effect on the medium viscosity (only an increase of 5%-6%),
the presence of 1-butanol, used as a stabilizer, increases it by around 30%. Meanwhile,
heptane, which is used as an oil, provokes a slight decrease. Consequently, the mobilities
obtained in the microemulsion system are shifted to higher values (less negative
mobilities) compared to mobilities obtained in the aqueous buffer, and so one cannot be
directly subtracted from the other. Since the microemulsion-buffer medium cannot be
directly reproduced, we propose a correction that takes into account the variation of
viscosities. This is determined from the electrophoretic mobility of the benzoate ion. As
this ion does not interact with the microemulsion, the ratio of its mobilities (measured in
plain buffer and microemulsion) is equivalent to the ratio of viscosities, and can be used
as the correction factor for other measurements. Thus, mobilities in buffer and
microemulsion media are placed on the same scale, overcoming the errors in retention

factor determination.



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Abbreviations

CMC: critical micelle concentration

CZE: capillary zone electrophoresis

DMSO: dimethyl sulfoxide

EOF: electroosmotic flow

F: Fisher’s F parameter

I: ionic strength

k: retention factor

A: wavelength

ME: microemulsion

MEKC: micellar electrokinetic chromatography
MEEKC: microemulsion electrokinetic chromatography
RZ: determination coefficient

SD: standard deviation

SDS: sodium dodecyl sulfate

UV-vis: ultraviolet-visible
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1. Introduction

Capillary electrophoresis is a widely used technique that separates different solutes
depending on their charge/size ratio. Although this technique cannot separate non-
charged compounds, over the last few decades other modalities of the technique that can
separate neutral compounds, such as micellar electrokinetic chromatography (MEKC)
[1,2] and microemulsion electrokinetic chromatography (MEEKC) [3], have been
developed. In these latter techniques, the solutes become distributed between an aqueous
buffer and a pseudo-stationary phase. In MEEKC, the pseudo-stationary phase is a
microemulsion (ME) formed by an ionic surfactant, a cosurfactant, and an oil that are
mixed together in an aqueous solution at specific concentrations. The surfactant and the
cosurfactant act as stabilizers, reducing the surface tension that exists between the oil
droplets and water, and allowing the creation of the ME [4]. MEEKC has been used in
different applications over recent years, as a separation technique for highly hydrophobic
compounds [5-7], or as a method to predict biopartitioning properties, such as
lipophilicity, which can be estimated from the retention factor of compounds in the ME
media [8-11], among others.

The determination of the retention factor (k) of neutral substances is not a complex issue
in MEEKC, as the migration of the compound is affected only by its partition between
the buffer and the charged ME. For neutral solutes, k can be calculated from the mobilities
of the compounds and the ME. However, the mobility of partly ionized compounds
depends on the partition of the neutral form that is within the ME and also on the
electrophoretic mobility of the charged forms [12,13].

In order to evaluate how ionized compounds are partitioned between the aqueous buffer
and ME phase, the contribution of the electrophoretic mobility of the compound (i.e. the

ionic mobility of the compound caused by the application of an electric field) must be
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subtracted from the observed mobility. Therefore, two different analyses of the
compounds are required: one under MEEKC conditions, in which observed mobility is
measured; the other only in the plain buffer (capillary zone electrophoresis (CZE) mode),
in which the electrophoretic mobility of the compound is measured [12]. In addition, the
acid-base compound has to be equally ionized in both media, i.e. both solutions must be
at the same pH.

The use of two different media can sometimes be an important handicap in the accurate
determination of k values. For instance, some works report negative MEKC retention
factors for ionizable compounds, especially for quite polar ones [14,15]. In a strict sense,
the two media in which we determine the values that are subtracted one from the other
should be the same, except for the presence of the ME. Therefore, some attempts have
been made to emulate the aqueous composition of the solutions that contain micelles
(MEKC) or microemulsions (MEEKC). Muijselaar et al. [16] pointed out an increase in
the absolute mobility value of ionized acids when surfactant monomers below the critical
micelle concentration (CMC) were present in the CZE buffer, compared to the value
obtained just in plain buffer. This difference was greater for the most hydrophobic
compounds. Other authors have proposed other approximations, such as adding sodium
chloride to the CZE buffer in order to compensate for the difference in ion composition
between solutions [17], or adding the cosurfactant (1-butanol) to the buffer used in CZE
measurements [18,19]. The addition of the cosurfactant produced important differences
between the mobility values obtained with or without it, although the reason for these
differences has not been systematically studied. Taking into account that the retention
factor of a substance in a given system is often used to estimate other of its properties,
such as logPow [8-11] or biopartitioning parameters [20-24], it is very important to

ensure it is determined correctly.
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In the present work we evaluate the effect of the medium on the electrophoretic mobility
of ionizable compounds, which in turn is directly related to the retention factors obtained.
To this end, we determine the retention factor vs. pH profiles of six monoprotic acids
selected as test compounds. Then, the influence of the different components of the ME
on the electrophoretic mobilities used to calculate the retention factors is evaluated, and

finally we propose a correction of the medium effect.

2. Theory

Due to the similarity between the retention mechanisms involved, we indistinctly apply
equations developed for MEKC [12] to MEEKC in the present study. The retention factor
of an acid is defined as the weighted average of the retention factor of the ionized (A)

and the neutral (HA) species (Eqg. 1):

k= ammkara + da-ka- Eq. 1

where kna) and kea.) are the retention factor of the fully protonated and the totally ionized
forms of the acid, respectively, and aa) and aa.) are their mole fractions. If the acidity
constant of the compound is known, the mole fractions of both species can be calculated

for any pH value using the following equations:

_ _[HY]
Ky
(X(A_) = m =1- a(HA) Eq 3

where Ka’ is the apparent acidity constant of the acid. Substituting Egs. 2 and 3 into Eq.

1, and reorganizing terms, we obtain:
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1+10PH-PKg

Eq. 4 relates the retention factor of a monoprotic acid with the pH of the media. This
expression has been used by several authors [12,15,16] to model the retention behavior
of ionizable acids in micellar systems. Nevertheless, there is a lack of studies based on
the retention of ionizable compounds in ME-based systems.

As mentioned in the introduction, to calculate the retention factor of an acid, its
electrophoretic mobility has to be subtracted from the overall observed mobility. Khaledi
et al. [12] proposed an equation for MEKC in which the overall observed mobility of
acidic compounds is expressed as a weighted average of their mobilities in the aqueous

phase in absence of micelles and in the micellar phase. This equation can be adapted to

MEEKC:
n= [ﬁ] HmEg + [ﬁ] Ho Eq. 5

where W is the overall observed mobility, y,,. the mobility of the ME phase, and |, the

mobility of the compound in an aqueous buffer without ME. Rearranging Eqg. 5, the

following expression is obtained:

The mobility of a compound can be calculated from its retention time as follows:
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In this expression, tris the retention time of the compound of interest, to the retention time
of the electroosmotic flow (EOF) marker, Lt the total length of the capillary, Lp the
effective length of the capillary, that is, the portion from the inlet to the detector, and V

the voltage applied.

3. Experimental

3.1 Apparatus and conditions

A capillary electrophoresis system equipped with a diode array from Agilent
Technologies (Santa Clara, CA, USA) was used to obtain the MEEKC measurements.
The effective length of the capillary was 25 cm or 30 cm, depending on pH.

A GLP 22 pH-meter from Crison (Barcelona, Spain) was used to measure the pH of the
buffer solutions.

For the analysis, fused-silica capillaries from Polymicro Technologies (Lisle, IL, USA)
were used. The effective length of the capillaries was 25 cm (pH 2.0 and pH 3.0) or 30
cm (other pH values studied), with the total length of the capillaries being, respectively,
33.5 and 38.5 cm. Different conditions (pressure and voltage) were used at each pH in
order to obtain the best possible electrophoretic window. The applied voltage ranged
between 8 and 15 kV, and the pressure applied during separation between 0 and 50 mbar.
In all cases, the temperature was set at 25°C. The solutes were injected applying a pressure
of 50 mbar for 5s, and detected at A = 200, 214 or 254 nm (depending on the solute). A

minimum of 3 replicate measurements were performed for each determination.

3.2 Reagents and materials
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Sodium dihydrogen phosphate monohydrate (>99%), dimethyl sulfoxide (DMSO,
>99.9%), hydrochloric acid (1 N Titrisol™), and sodium hydroxide (0.5 N Titrisol™)
were from Merck (Darmstadt, Germany). Methanol (HPLC grade) was obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Sodium dodecyl sulfate (SDS, >99%),
1-butanol (>99.7%), heptane (99%), sodium phosphate dodecahydrate (>98%), and
dodecanophenone (98%) were from Sigma-Aldrich (St. Louis, MO, USA). Disodium
hydrogen phosphate (99.5%) and sodium acetate anhydrous (99.6%) were from Baker
(Center Valley, PA, USA). Water was purified using a Milli-Q plus system from
Millipore (Bedford, MA, USA), with a resistivity of 18.2 MQ cm.

The test compounds were ibuprofen (>98%), 2,4,6-trichlorophenol (98%), ketoprofen
(>98%), and naproxen (>98%) from Sigma-Aldrich; benzoic acid (99.99%) from Baker;

and 3-bromobenzoic acid (98%) from Merck.

3.3 Preparation of solutions

3.3.1 Buffer preparation

Different buffer solutions in the pH range between 2.0 and 8.0 were prepared. Aliquots
of a 0.2 M sodium dihydrogen phosphate stock solution were adjusted with 1 M
hydrochloric acid to prepare the buffer solutions at pH 2.0 and pH 3.0. The pH 4.0 and
pH 5.0 buffers were prepared also by addition of 1 M hydrochloric acid to aliquots of a
0.2 M anhydrous sodium acetate stock solution. Finally, the other buffer solutions used
(pH 6.0, 7.0, and 8.0) were prepared by mixing different amounts of 0.2 M sodium
dihydrogen phosphate and 0.2 M disodium hydrogen phosphate stock solutions. A buffer
solution at pH 11.0 was prepared by mixing different amounts of 0.2 M disodium

hydrogen phosphate and 0.2 M sodium phosphate dodecahydrate. All the buffer solutions
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were prepared maintaining the ionic strength (1) at 0.05 M. Table 1 shows the final
concentration of individual buffer components.
Additionally, another full set of buffer solutions in which SDS was added at a

concentration of 2 mM (just below the CMC) was prepared.

3.3.2 Microemulsion preparation

In the present work, the ME was composed of SDS (surfactant), 1-butanol (cosurfactant),
and heptane (oil). The ME was prepared by first dissolving 1.30 g of SDS in 70 mL of
the aqueous buffer. Then 8.15 mL of 1-butanol and 1.15 mL of heptane were added. The
additions were performed at room temperature, employing a burette and under continuous
magnetic stirring. If after stirring the ME remained turbid, it was sonicated until it
clarified [8]. Finally, more buffer solution was added up to 100 mL (total final volume).
The final concentrations of each component with respect to the total volume of the ME

were: 1.30% w/v of SDS, 8.15% v/v of 1-butanol, and 1.15% v/v of heptane.

3.3.3 Sample preparation

For the MEEKC analysis, the test compounds were dissolved at a concentration of 200
mg L in a microemulsion:methanol mixture (9:1, v:v). Similarly, in the CZE analysis,
they were dissolved at 200 mg L in a water:methanol mixture, also at a 9:1 (v:v) ratio.
The ME marker was dodecanophenone (200 mg L), and the EOF marker was DMSO

(0.2% v/v) [25].

3.4 Data analysis

10
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Retention profiles were adjusted with TableCurve 2D v5.01 from Systat Software Inc.
(San Jose, CA, USA). Data calculations were performed using Excel 2010 from Microsoft
(Redmond, WA, USA).

The pKaand the logarithm of the octanol-water partition coefficient (logPow) of the test
compounds were obtained from Bio-Loom database v1.7 from BioByte Corporation

(Claremont, CA, USA).

4. Results and discussion

We selected 6 compounds with different acidity and lipophilicity values to study their
behavior in MEEKC. They all have pKa values in the electrophoretic working pH range
(2.0-12.0), and contain chromophore groups in their structure (in order to be detected by
UV-vis). Moreover, their different lipophilicity values allowed us to test their different
degrees of partition with the ME. The six compounds selected were: naproxen,
ketoprofen, and ibuprofen (non-steroidal anti-inflammatory drugs); 2,4,6-trichlorophenol
(a potentially polluting substance used as a fungicide, insecticide and preservative);
benzoic acid (an important chemical precursor); and 3-bromobenzoic acid (a derivate of
benzoic acid). Their physicochemical properties (pKa and logPonw) are presented in Table
2 [26-38]. The most acidic of the compounds studied was 3-bromobenzoic acid, and
benzoic acid was the least lipophilic. Meanwhile, 2,4,6-trichlorophenol and ibuprofen
were the solutes with the highest logPow value, so they are supposed to be those that

interact most with the inner hydrophobic core of the ME.

4.1 Determination of the retention factor vs. pH profiles
The retention factor of the selected compounds was calculated at each pH value between

2.0 and 8.0. To this end, mobility was measured under MEEKC conditions, and also in

11
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CZE using the 50 mM constant-ionic-strength buffers. Eq. 7 was used to obtain the
mobility values from the migration time, and then the retention factor was calculated from
these mobilities according to Eq. 6. Figure 1 shows the experimental k vs. pH profiles
(circles), and also the fitting profile (dashed line). Table 3 shows the results of the fitting
together with statistics (determination coefficient, R?; Fisher’s F parameter, F; and
standard deviation, SD) of the fit. The k and pH values were the input data and pKa’, k),
and kna) were obtained from the fit.

The profile was similar in all cases and, as expected, the neutral form of the compounds
had a stronger interaction with the ME than the ionic form. The point of inflection of the
curve corresponds to the pKa’ value. If the pKa” values obtained (Table 3) are compared
to those in Table 2, quite good agreement is observed. This indicates that the presence of
the ME seems to have only a minor effect on the acidity of the compounds. As regards
the interaction with the ME, the neutral form of ibuprofen and 2,4,6-trichlorophenol are
those that show the greatest retention factors, whereas benzoic acid is the compound that
shows a weakest interaction with the ME. This behavior is in agreement with the log Pow
values shown in Table 2, which indicates the correlation between retention in the ME
system studied and the hydrophobicity of the compounds. Anyway, the results obtained
for ibuprofen must be treated with caution, as this compound demonstrated a very strong
interaction with the ME at pH values below 4.0, always co-eluting with the ME marker.
As a consequence, k could not be determined experimentally at low pH values, and
considerable extrapolation was necessary in the fit. Therefore, it is quite likely that the

ibuprofen pKs’ and k,,,,, values are not properly estimated and therefore present a high

(HA)
uncertainty.
The most notable fact derived from Figure 1 and Table 3 are the negative values obtained

for some of the retention factors of the ionic form of the compounds; this cannot be
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realistic but is also seen in other studies [14,15]. As explained in the introduction,
subtracting mobilities obtained in two different media to calculate k can influence the
value obtained if the two systems (one with and one without ME) are not really

equivalent.

4.2 Effect of SDS monomers on electrophoretic mobility

In MEEKC and MEKC the aqueous phase is saturated with SDS monomers, whereas the
CZE buffer solution is not. Some authors [16] point out that determination of the k value
in MEKC should take into account the presence of SDS monomers in the aqueous phase
in order to make them fully comparable. That is, the buffer for CZE analysis should also
contain the surfactant monomers at a concentration corresponding to that of the CMC.
Fuguet et al. [39] observed that the CMC of a surfactant is related to the concentration of
counter-ions (C) in the electrolyte used to prepare the electrophoretic buffer. The equation

obtained for SDS, with the sodium ion as counter-ions was:

logCMC = -3.230 -0.486 log C Eq. 8

The concentration of sodium present in the buffers in this study was never above 50 mM,
so the CMC, according to Eg. 8, cannot be lower than 2.5 mM. Thus, in order to test the
effect of the free monomers on the k values obtained, p-pH profiles were performed with
plain buffer and using buffers with a concentration of SDS just below the CMC (2 mM)
to avoid the formation of micelles.

Similarly to Eq. 4 for k, z—pH profiles can be fitted to Eq. 9:

!
_ Heua)*iea—) 10PHPKa
1+10PH-PKg

u
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where, « is the mobility of the acid at a specific pH value, and Hn) and Hpy @r€,

respectively, the electrophoretic mobility of the neutral and the fully ionized acid. As

Hia) is referred to a neutral compound, its value is equal to 0, simplifying the equation
to:

.10PH-DPKG
y = hasy10 Eq. 10

1+10PH-PKg

Figure 2 shows the results for comparison. No differences are apparent between the
experimental conditions since the mobilities are practically the same in both media, for
all the compounds. Thus, the presence of monomers of SDS in the CZE buffer does not
have a direct effect on k calculation, at least not for compounds such as those used in this
study. Nonetheless, it becomes evident that some other phenomenon, mostly related with

the different nature of the solutions used in MEEKC and CZE analysis, is present.

4.3 Evaluation of the different mobility contributions in retention factor determination

In order to understand the reason behind the negative retention factors obtained, we
analyzed the different mobility values involved in the calculation of the parameter (Eq.
6). Figure 3 shows the variation of the mobilities for benzoic acid (the compound with
the largest negative k values) with pH. Thus, three profiles are presented: benzoic acid in
CZE (circles); benzoic acid in MEEKC (squares); and dodecanophenone in MEEKC,
which acts as the ME marker (triangles). All the mobilities are negative as they
correspond to anionic compounds. Moreover, in MEEKC a compound not interacting
with the ME would have u=0. As can be observed, the mobility of the ME is not pH

dependent. In MEEKC, benzoic acid elutes between the EOF (u=0) and the ME marker

14
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(u=pme). Thus, the denominator of Eqg. 6 is always negative (ume-p < 0), and the
numerator has to be negative to obtain k > 0, i.e. o> Y. The mobility plot for benzoic
acid in CZE (po) always has to be between 0 (for neutral benzoic acid) and p (for
benzoate), and this is not the case for pH > 4.0. The reason for this disagreement must lie

in the different natures of the running buffers in CZE and MEEKC.

4.4 Effect of the microemulsion components on medium viscosity and electrophoretic
mobility

To test how different the mobilities of the same compound are in the two media, the
mobility of benzoic acid was determined at pH 11.0 in solutions with different
concentration of SDS. At this pH value, benzoic acid is totally ionized, so it is expected
to have the same mobility in the different media (Figure 4, squares). In the plot, 0%
corresponds to measurements in plain buffer solution, 100% to measurements in a
solution with 1.30% w/v of SDS (the amount of SDS equivalent to that in the ME), and
the other percentages are measurements in electrophoretic buffers which are mixtures
(v/v) of these two solutions. The mobility of the benzoate ion in CZE is -29.9-10° cm?s”
-1, meanwhile a solution of SDS at 1.30% w/v shows a mobility of -28.1-10° cm?stVv-
!, This indicates that SDS decreases the mobility of benzoate by around 6% in absolute
value.

The reason for the change of ionic mobilities when the SDS at 1.30% w/v is added to the
buffer is presumably the change in viscosity caused by the SDS. According to Eq. 11
[40], the viscosity (1) of the electrophoretic solution is inversely related to the mobility
of the compounds. Provided that at a given pH the charge (q) of a compound is the same

in MEEKC, MEKC, and CZE, and assuming that the hydrated radius (r) does not change,

15
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differences of mobility for a given compound in two different solutions could be

attributed to the differences in viscosity between the solutions.

p=—2 Eq. 11

- 6nnr

Some works [41-43] show that the addition of a surfactant to an aqueous solution causes
an increase in the viscosity of the solution. Kushner et al. [41] measured the viscosity of
aqueous solutions containing different SDS concentrations at 25°C. Their results show an
increase in the viscosity of the solution of more than 3% from 0% to 0.8% (w/v) of SDS
content (Figure 5a). In the present work, the SDS content in the ME is 1.3% (w/v) which,
if we assume linear behavior, would imply around a 5% difference in viscosity between
the aqueous buffer and the SDS solution. This percentage matches the difference in
mobility between CZE and MEKC shown in Figure 4. Muijselaar et al. [16] already
pointed out that the differences in viscosity may have an effect on the calculation of
retention factors from MEKC measurements; although they concluded that this difference
was small enough to be considered negligible. Note that typical SDS concentrations in
MEKC are around 50 mM, which corresponds to 1.44% (w/v); so viscosity differences
should be close to 5%-6%. This variation agrees with that expected from Figure 4, but it
is not enough to explain the variation in the mobility plots in Figure 3, which is about
20%-30%. Thus, we also investigated the effect of the other ME components.

The literature indicates that the viscosity of 1-butanol and heptane, the cosurfactant and
oil used in the ME respectively, are quite different from that of water [44-47]. Thus, the
overall viscosity of the ME-buffer medium may be significantly altered. As the proportion
of 1-butanol in the ME is much greater than that of heptane, the differences in mobilities

due to the change in medium should mostly be attributed to the former. In fact, 8.15%
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(v/v) of 1-butanol increases the viscosity of an aqueous solution by more than 30%,
according to Figure 5b [44-46]. Figure 5c is a plot of the dynamic viscosity of 1-
butanol/heptane mixtures at different mole fractions. As can be seen in the figure, an
increase of heptane in the mixture leads to a reduction of the overall dynamic viscosity
[47]. A heptane mole fraction of 0.08 (that in the ME, taking into account only 1-butanol
and heptane as components), implies a decrease of dynamic viscosity of around 15%,
compared with pure 1-butanol. This suggests that the heptane present in the ME will
slightly diminish (by around 15%) the increment of the viscosity due to the 1-butanol also
present. Unfortunately, it is not possible to evaluate the individual effect of 1-butanol in
the CZE buffer directly because, although it is miscible with water, it is not miscible with
the buffer due to the presence of salts that increase the polarity of the aqueous phase.
Furthermore, heptane is not miscible with water and so could not be tested either.

As it was not possible to evaluate the effect of each compound independently, we studied
the effect of the overall ME on mobilities. Figure 4 shows the electrophoretic mobility of
the benzoate ion at different proportions of aqueous buffer and ME (circles). As before,
the point at 0% shows the mobility of the benzoate ion in CZE (uo = -30.2-10° cm?stv-
1, with no ME; and the point at 100% shows its mobility in the MEEKC conditions used
in this work (u = -22.9-10° cm?stV1). There is an important difference in mobilities
when comparing the CZE and MEEKC values (around a 24% decrease in absolute value).
Taking into account all contributions, and being aware that the viscosities of the different
components of a mixture are not additive at all, the ME is expected to have a viscosity
some 20%-30% higher than that of the buffer solution (according to Figure 5). This
matches the shifted mobilities obtained from Figure 3 and Figure 4. Therefore, we can
conclude that differences in mobility due to the different solutions can mostly be

attributed to differences in viscosity between the media involved.
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As can be observed in the profiles in Figure 1, this situation has an important impact on
calculation of k, since mobilities in MEEKC and CZE will be different, not only due to
the retention of the compound in the ME, but also due to the considerable difference in
viscosity between the solutions. As a consequence, mobility in CZE becomes more
negative than mobility in MEEKC, especially for those compounds that show a weak
interaction with the ME, leading to negative retention factors when direct subtraction of
mobilities in MEEKC and CZE is performed for the numerator of Eq. 6. This error may
be negligible in MEKC because the increase of viscosity caused by the addition of

surfactant is not very high, but it becomes much more important in MEEKC.

4.5 Determination of corrected retention factors

Since it is not possible to measure the mobility in the exact ME-buffer medium, we
propose a mobility correction based on the difference of viscosity of the 2 solutions (that
with ME and the plain buffer), which can be calculated very easily. We selected benzoic
acid to do the correction, because it is a relatively small compound, quite polar, with
absorbance in the UV range, and it is not supposed to interact with ME when it is fully
ionized (I0gPomw(benzoate) = -1.3 [48]).

Eq. 11 gives the relation between x of a compound and the viscosity of the electrophoretic

solution. If constant terms are grouped together (c), we obtain:

Eq. 12

10

In this way, the difference in viscosities and mobilities between the ME and CZE

conditions can be related thus:
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£ _ Mo
. Eq. 13

So, the calculation of the retention factor for any compound can be corrected by the

difference of viscosity according to the expression:

- (T:]—O)'Ho

MME—H

k = Eq. 14

Viscosities are not directly measured, but since the ratio of viscosities is the inverse of
the ratio of mobilities of the benzoate ion (Eq. 13), for any compound the correction is

given by:

_(* .
" (uo)benzoate Ho Eq 15
HME—H

k =

We then recalculated retention factors of the test compounds in accordance with this

correction (the viscosity correction (ui)benzoate has a value of 0.76). The profiles
0

obtained (squares) and results of the fit (solid line) are shown in Figure 1 and Table 4,
respectively. No significant differences are observed for pKa’ and ka) values compared
to those in Table 3. Notwithstanding, values of k" are now all positive, being zero or
close to zero for benzoate and 3-bromobenzoic acid, a bit higher for naproxen and
ketoprofen (which indicates a slight interaction of their anionic form with the ME), and
relatively high for ibuprofen and 2,4,6-trichlorophenol (the two most hydrophobic
compounds). In the last two cases, there is a clear interaction between the anionic forms

of the compounds and the ME. The plots in Figure 1 demonstrate that differences in the
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nature of the solutions needed for the calculation of k can be compensated by a correction

using a compound that does not interact with the ME.

5. Conclusions

This work demonstrates that the nature of the solutions used for the calculation of
retention factors of ionizable compounds in MEKC and MEEKC can have a considerable
effect on the values obtained. This is especially so when the viscosities of the aqueous
buffer and the micellar or ME solutions are very different. This effect is not so important
in MEKC measurements, since the presence of surfactant micelles does not increase the
viscosity of the aqueous buffer to a great extent. However, it can make an important
contribution to MEEKC retention factors, as the viscosity of some of the components of
microemulsions can be very different from that of water (mainly that of 1-butanol in this
case). As the viscosity of different microemulsions can change to a greater or lesser extent
depending on the proportion and viscosity of the components used in their formation, a
viscosity correction has to be introduced. In the present work, we propose a calculation
of this viscosity correction using the ratio of mobilities (in MEEKC and CZE) of a
compound that does not interact with the pseudo-stationary phase, such as the benzoate
ion.

With the proposed correction, the error introduced into the determination of the retention
factor in MEKC and MEEKC due to the different viscosities of the media is removed. It
has been demonstrated that such an error is especially important for quite polar ionizable
compounds, and the correction should always be performed when the retention factor is
used for further applications, such as the optimization of analytical separations or the
estimation of biological or physicochemical parameters of compounds through

guantitative structure-activity relationships.
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Figure captions

Figure 1: Retention factor vs. pH profiles of the six test compounds in MEEKC, before
(*) and after (=) viscosity correction. The dotted and solid lines show the result of the fit
of Eq. 4 to the experimental points, respectively, before and after viscosity correction. a)
benzoic acid, b) 3-bromobenzoic acid, c) naproxen, d) ketoprofen, e) ibuprofen, and f)

2,4,6-trichlorophenol.

Figure 2: Mobility profiles of the six test compounds in CZE, in plain buffers (©), and in
buffers containing 2 mM SDS (X). The lines are the fit of Eq. 10 to the experimental points
in plain buffers (dotted red line), and in the buffers containing 2 mM SDS (dashed black
line). a) benzoic acid, b) 3-bromobenzoic acid, c) naproxen, d) ketoprofen, e) ibuprofen,

and f) 2,4,6-trichlorophenol.

Figure 3: Effect of pH on the mobility of benzoic acid in CZE (e), and in MEEKC (m).

Effect of pH on the mobility of the ME (A).

Figure 4: Effect of amount of SDS (m), and ME (e) on the mobility of benzoate ion. The
analysis was performed applying a voltage of 12 kV and with no additional pressure, in a

buffer at pH 11.

Figure 5: Effect of individual ME components on dynamic viscosity. a) Mixtures of
SDS:water, according to the percentage (w/v) of SDS [41]. b) Mixtures of 1-
butanol:water, according to the percentage (v/v) of 1-butanol: (e) from [44], (A) from

[45], and (m) from [46]. ¢) Mixtures of 1-butanol:heptane, according to the mole fraction
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(X) of heptane [47].
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Table 1. Final concentration of individual buffer components expressed in molarity (M)

pH [Na*] [CI] [HsPO4] [H2PO4] [HPOs*] [POs] [HAc] [Ac]
20 0.040 0.033 0.023 0.017 - - - -
3.0 0.049 0.007 0.006 0.043 - - - -
40 0.050 0.042 - - - - 0.042 0.008
50 0.050 0.018 - - - - 0.018 0.032
6.0 0.047 - - 0.042 0.003 - - -
7.0 0.039 - - 0.018 0.011 - - -
80 0.034 - - 0.003 0.016 - - -
11.0 0.033 - - - 0.015 0.001 - -
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Table 2. Physicochemical properties (pKa and logPow) of the compounds tested

Compound pKa(SD)2  pKa’ (SD)® logPom® Ref.d
benzoic acid 419 (x0.02) 4.11(x0.02) 1.87 [26-31]
3-bromobenzoic acid 3.81 3.72 2.75 [32]
naproxen 4.24 (£0.10) 4.16 (x0.10) 3.18 [33-36]
ketoprofen 4.13 (x0.12) 4.04 (x0.12) 3.12 [31,34,35,37]
ibuprofen 4.36 (+0.08) 4.28 (+0.08) 3.50 [35-37]

2,4,6-trichlorophenol 6.17 (+0.04) 6.08 (+0.04) 3.69 [38]

2Average of the thermodynamic pKa reported in the literature
b pKy’ at 0.05 M ionic strength
¢ from Bio-Loom database v1.7

d references for pKa values
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Table 3. Parameters and statistics for fitting the retention factor to pH (Eq. 4). Standard

deviations are shown in brackets
Compound pKa’ Ka) KHA) R? F SD
benzoic acid 437 (0.16) -1.79(0.14) 0.98(0.16) 0985 99  0.20
3-bromobenzoic acid  3.61 (0.07) -1.19(0.13) 5.81(0.23) 0.997 478 0.21
naproxen 4.16 (0.07) -0.18(0.19) 852(0.24) 0.997 479 0.28
ketoprofen 3.99 (0.04) -0.08(0.07) 6.29(0.09) 0.999 1810 0.11
ibuprofen 3.99 (0.04) 0.54(0.11) 76.79(3.60) 1.000 17178 0.15
2,4,6-trichlorophenol  6.01 (0.12) -0.58 (0.78) 14.88(0.51) 0.988 160 0.94
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672  Table 4. Parameters and statistics for fitting the retention factor to pH (Eq. 4) after
673  viscosity correction. Standard deviations are shown in brackets
Compound pKa’ ki) KHa) R? F SD
benzoic acid 3.68(0.30) 0.13(0.07) 1.07(0.13) 0948 28 0.12
3-bromobenzoic acid  3.66 (0.08) 0.23(0.11) 5.84(0.19) 0.996 415 0.19
naproxen 4.29(0.08) 0.50(0.21) 8.54(0.25) 0.996 360 0.30
ketoprofen 4.10 (0.04) 0.52(0.07) 6.30(0.09) 0.999 1424 0.11
ibuprofen 4.21(0.05) 1.79(0.28) 67.04(3.55) 1.000 3448 0.36
2,4,6-trichlorophenol  6.15(0.14) 1.24(0.82) 14.87 (0.51) 0.983 119 0.94
674
675
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Figure 5
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