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Salting-out solvent extraction for the off-line
preconcentration of benzalkonium chloride in
capillary electrophoresis

The use of salting-out effect for the off-line preconcentration of charged analytes in
capillary electrophoresis is demonstrated for the first time. Using benzalkonium chlo-
ride (BAK) as model compound, a mixture of cationic surfactants consisting of even-
numbered alkylbenzyl quaternary ammonium homologues (C8–C18), the addition of
appropriate amounts of sodium chloride and acetonitrile in the sample solution (2 mL
sample volume) was found to be capable of providing ca. 40-fold enhancement in
detection sensitivity. In addition to affording a preconcentrating effect due to the
extraction of BAK in the smaller volume water-miscible organic solvent phase (aceto-
nitrile), the organic solvent also serves to improve the peak area and shape of the
longer chain surfactants. Optimal experimental conditions, such as volume of acetoni-
trile and concentration of sodium chloride, for the preconcentration of BAK with good
preconcentration factors and reproducibility were investigated. The usefulness of the
present method was demonstrated for the improved determination of BAK present in
commercially available industrial and pharmaceutical products.
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1 Introduction

A number of different on-column techniques have been
developed in recent years for improving detection sensi-
tivity in capillary zone electrophoresis (CZE) [1–4]. Field-
amplified methods, which rely on the lower conductivity
of the sample zone relative to the run buffer region (e.g.,
preparing the samples in water or in a diluted buffer solu-
tion of the same composition as the run buffer) to gene-
rate an amplified field at the injection point of the column,
appear to be most promising in terms of simplicity and the
extent of sensitivity enhancement [5, 6].

The applications of field-amplified methods for real sam-
ples analyses, however, have been limited, in part due to
the fact that this technique is prone to matrix interference
problems (e.g., when the sample ions are stacked under
the amplified field, impurity ions will also be concentrated
at the same time) [3]. To minimize these matrix-related
interference problems in CE analyses, it may be neces-
sary to preseparate the matrix components (e.g., inor-
ganic ions and proteins) from the analytes prior to actual

CE separations. To this end, a number of traditional off-
line techniques, including liquid-liquid extraction, solid-
phase extraction, precipitation, dialysis, and ultrafiltra-
tion, have been shown to be useful for sample pretreat-
ment/preconcentration in CE [3, 4].

The use of salting-out effect with water-miscible organic
solvents, such as acetonitrile and acetone, for extraction
is known for many years [7], especially its usage for the
extraction of metal chelates into organic solvents prior
to atomic absorption [8] and high performance liquid
chromatography (HPLC) [9, 10]; however, its exploitation
as a preconcentration method for the trace analysis of
neutrals as well as charged organic solutes have been
very limited [11, 12]. And, to the best of our knowledge,
although polar organic solvents such as acetonitrile have
been shown to be useful for sample pretreatment in CE
(e.g., protein precipitation in biological samples) [3], the
addition of salting-out agent to the sample solution to
effect sample preconcentration in CE has not been
reported.

In this paper, the feasibility of employing the salting-out
effect as an off-line technique to improve detection sensi-
tivity in CE is demonstrated for the first time. The useful-
ness of the salting-out method is shown for the CE de-
termination of benzalkonium chloride (BAK): a variable
mixture of the C8 to C18 even-numbered alkyl homologues
of alkylbenzyldimethylammonium chlorides (ABDACs)
commonly used as antibacterial preservative in indus-
trial/pharmaceutical products. In addition to providing an
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enhancement in detection sensitivity, the preconcentra-
tion of BAK in the smaller organic phase also serves to
minimize peak loss/tailing of the longer chain BAK homo-
logues. The preconcentration factors and reproducibility
of extraction were investigated using sodium chloride as
the salting-out agent to generate a two-phase system,
with the upper phase containing acetonitrile as the water
miscible organic solvent.

2 Materials and methods

2.1 Chemicals

Standards of ABDACs were obtained from Fluka
(Buchs, Switzerland): benzyldimethyldecylammonium
chloride (�97%), benzyldimethyldodecylammonium
bromide (�99%), benzyldimethyltetradecylammonium
chloride (�99%) benzyldimethylhexadecylammonium
chloride (�96%) and benzyldimethylstearylammonium
chloride (�90%) from Aldrich (St. Louis, MO, USA).
HPLC-grade acetonitrile and methanol were purchased
from Acros (Geel, Belgium). All other chemicals are of
analytical or reagent grade (�-cyclodextrin, sodium
hydroxide, phosphoric acid, sodium dihydrogen phos-
phate, and sodium phosphate) were obtained from
Aldrich. All solutions were prepared with doubly deionized
water (DDI) from a Milli-Q system (Millipore, Bedford, MA,
USA).

2.2 Apparatus

All CE experiments were performed with a Thermo Capil-
lary Electrophoresis System (Crystal 310; Franklin, MA,
USA) using software PC 1000 for data acquisition and a
Spectra 100 variable UV-Vis CE detector for absorbance
measurements at 210 nm. Uncoated fused-silica capil-
laries were purchased from Polymicro Technologies
(Phoenix, AZ, USA) with 75 �m inner and 359 �m outer
diameters. The effective length of the capillary was 50 cm
and the detection window was created at 13.5 cm from
the cathodic end of the capillary. The applied voltage
employed was either 20 or 28 kV under normal polarity.
Samples were injected into the capillary hydrodynami-
cally (3 s injection time at 16 mbar pressure).

2.3 Procedures

For all CE experiments, buffer solutions were prepared
by mixing 40 mM sodium dihydrogen phosphate with
appropriate amounts of phosphoric acid to pH 2.0. To
prepare the run buffers, appropriate amounts of organic
solvent and/or �-CD were added to the buffer solutions.

Sample solutions containing the five homologues of
ABDACs (C10–C18) were prepared by dissolving equal
number of moles of each homologue into appropriate
volumes of DDI. All solutions were filtered through
0.45 �m membrane filter and degassed for 5 min using
sonication before usage. Conditioning of new capillaries
was performed by flushing firstly with DDI for 10 min,
followed by 30 min each with 1.0 M NaOH and 0.1 M

NaOH, and finally with DDI for 60 min and the running
buffer for 10 min. In between runs, the capillary was
flushed with 0.1 M NaOH for 1 min and followed by 2 min
with the run buffer. Salting-out preconcentrations were
performed by adding an appropriate amount of acetoni-
trile into a centrifuge tube containing 2 mL of a sample
solution. A certain amount of sodium chloride, depend-
ing on the amount of acetonitrile added (e.g., 0.47 g of
NaCl for 0.5 mL of acetonitrile), was placed into the sam-
ple mixture and rotated by the mixer. Two distinct layers
were formed after all sodium chloride has been dissolved
and the solution was let stand at room temperature for
5 min. The two layers were then physically separated
from each other using a micropipette and an aliquot of
the upper layer was injected directly into the CE system.
Extraction efficiency of the BAK homologues into the
upper layer was determined by measuring the absor-
bances of the homologues before and after salting-out
extraction in the aqueous and organic phases. Precon-
centration factor (PF) values were calculated based on
taking the ratio of the peak area of each of the five
homologues in the upper organic phase (after precon-
centration) and in the aqueous sample solution (prior to
salting-out extraction), whereby the peak areas were
determined by CE separation of the BAK homologues.

3 Results and discussion

For the CE determination of cationic/anionic surfactants,
the use of organic solvents in the buffer systems have
been clearly shown to be essential in obtaining CE peaks
with good efficiency/shape [13]. For the CE separation of
ABDACs, Lin and co-workers [14, 15] have shown that,
in addition to the presence of an organic solvent in the
run buffer, the addition of an organic solvent in the sam-
ple solution is also very effective in reducing peak tailing/
loss for the longer-chain ABDACs, especially the C16 and
C18 homologues of BAK. In our research group we have
recently demonstrated that the addition of CDs to the run
buffer and/or sample solution as the organic modifier is
also effective in improving the CE separation of ABDACs
by breaking up the formation of micelles/surfactant
aggregates in the buffer system as well as at the surface
of the capillary wall [16].
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Figure 1. CE separation of the five even-numbered
ABDACs (C10 to C18) using a run buffer consisting of 20%
acetonitrile and 5 mM �-CD in 40 mM phosphate (pH 2.0)
for the following sample solution conditions: (A) 0.01 mM

each of ABDACs dissolved in DDI (without salting-out
preconcentration); (B) sample solution in (A) preconcen-
trated using 4 M NaCl and 20% acetonitrile, and (C) the
upper organic layer obtained in (B) diluted with DDI (2 :1
v/v). The applied voltage was 28 kV.

3.1 Effect of acetonitrile on peak intensity
and shape

Figure 1A shows the CE separation of the five ABDAC
homologues of interest (C10 to C18), which represent the
major components contained in BAK. Using a run buffer
consisting of a mixture of acetonitrile (20%) and �-CD
(5 mM), five small peaks can be seen in the electrophero-
gram, with the C10 and C18 homologues appearing as the
first and last peaks, respectively. The identities of these
peaks were determined by spiking the sample solution
individually with each of the five BAK homologues. After
salting-out preconcentration of the same aqueous sam-
ple of ABDACs into a smaller volume acetonitrile phase
and subsequent injection of a portion of this analyte-con-
taining acetonitrile phase into the CE system, Fig. 1B
shows that a substantial increase in peak areas for all

five peaks were obtained. However, a relatively large dis-
tortion in peak shape was clearly observed for the C18

peak, in large part as a result of the adsorption of surfac-
tant aggregates at the capillary surface [16].

Lin and co-workers [14, 15] have found that the presence
of 100% acetonitrile or methanol as the organic solvent in
the sample solution was not the optimal condition for the
CE separation of ABDACs. In the case of acetonitrile,
optimum separations were found when acetonitrile was
mixed with about 50% water in the sample solution.
Although a fairly large percentage of water can be usually
found in the upper organic phase after salting-out extrac-
tion [12], the data in Fig. 1B indicate that the percentage
of acetonitrile relative to water was not optimal for the CE
determination of the C18 homologue.

Figure 1C shows that by diluting the acetonitrile phase with
DDI using a volume ratio of 2 :1, a significant improvement
in peak shape was obtained for the C18 homologue. There-
fore, the above data indicate that for the preconcentration
of ABDACs using the present salting-out conditions, the
acetonitrile phase can be directly used for the CE determi-
nation a majority of the BAK homologues (C10 to C16) with
good peak shape and significant enhancement in detec-
tion sensitivity. However, for the determination of the C18

homologue, a slight dilution of the acetonitrile was neces-
sary to obtain enhanced peak intensity and shape.

For comparison purposes, Fig. 2A shows that with the
absence of �-CD in the run buffer, the presence of
ABDACs in a sample solution consisting of mostly aceto-
nitrile as the solvent was not sufficient in effecting optimal
separation of all five ABDACs (i.e., C16 and C18 appearing
as a single peak), thus clearly indicating the positive effect
of having 5 mM �-CD in the run buffer as shown in Fig. 1B
and C. On the other hand, Fig. 2B demonstrates that in
addition to the absence of �-CD in the run buffer, the
lack of an organic solvent as an additive in the sample
solution (sample dissolved in DDI) resulted in the appear-
ance of only three peaks, with the C16 and C18 peaks miss-
ing in the electropherogram. Importantly, these data indi-
cate that in addition to preconcentration effect, the
extraction of the ABDACs into the acetonitrile phase also
serves the purpose of preventing micelle formation/sur-
face adsorption of the ABDACs, thus further improving
peak intensity and shape in the CE separation of BAK.

3.2 Effects of acetonitrile and salt
concentrations on preconcentration factors

An important but often unappreciated characteristics of
the salting-out solvent extraction method is that even
when two distinct layers appeared to be formed after
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Figure 2. CE separation of C10 to C18 using a run buffer
consisting of 20% acetonitrile in 40 mM phosphate at pH
2.0 (without the presence of �-CD). The sample solution
consisted of: (A) preconcentrated ABDACs in acetonitrile
(upper phase) using 4 M NaCl and 20% acetonitrile for
salting-out extraction (the concentration of ABDACs prior
to preconcentration was 0.01 mM each), and (B) 0.5 mM

each of the ABDACs dissolved in DDI (without the pres-
ence of acetonitrile). The applied voltage was 28 kV.

the extraction, an appreciable amount of water can be
found in the upper organic layer [12]. Thus, a significant
enhancement in detection sensitivity can be obtained by
optimizing the salting-out conditions to cause favorable
partitioning of the nonpolar as well as polar analytes into
a relatively small volume of mostly organic layer. Table 1

shows the variation in PF as a function of sodium chloride
concentration. It can be seen that the magnitude of PF
decreased as the NaCl concentration increased from 4.0
to 5.5 M. At higher salt concentrations, the lower PFs were
caused in large part to an increase in the upper phase
volumes, as a result of the decrease in the solubility of
acetonitrile in the aqueous layer. However, at salt concen-
trations lower than 4.0 M, the salting-out effect was not
sufficient to effect the separation of acetonitrile from
water into two distinct phases.

Table 2 shows the change in PF as a function of the rela-
tive amount of acetonitrile added into the aqueous sam-
ple solution. It can be seen that the volume of the upper
phase appears to increase linearly with the volume per-
centage of the acetonitrile added. This is expected since
at a given value of salt concentration in the aqueous
phase, the solubility of acetonitrile in aqueous solution
becomes constant after the phase separation, thus the
PF decreased at higher acetonitrile concentrations as
the upper phase volume became larger.

The reproducibility of PF as a function of acetonitrile and
salt concentrations as shown in Tables 1 and 2 was on
average less than 5% RSD. However, the reproducibility
of the salting-out extraction of these homologues should
be on average less than 3 to 4% RSD, since the preci-
sion for the CE separation of BAK was found to fall
between 1 to 2% under the present experimental condi-
tions. Using initial aqueous sample volume lower than
2.0 mL, the reproducibility decreased significantly as the
upper phase volume became so small that manual
separation of the acetonitrile phase from the bulk aque-
ous phase with good precision was very difficult to
achieve. With an aqueous phase volume of 2.0 mL, the
extraction efficiency for the five BAK homologues were
all found to exceed 95% using acetonitrile and salt con-
centrations of 20% and 4.0 M, respectively, for salting-
out extractions.

Table 1. The effect of salt concentration on preconcentration factor and precision

[NaCl]
(M)

Volume of
the upper
phase (�L)

Preconcentration factor (RSD%)a)

C10 C12 C14 C16 C18

4.0 32 27 (5.2%) 32 (4.6%) 39 (4.5%) 38 (4.6%) 39 (4.9%)
4.5 64 20 (3.5%) 22 (4.5%) 24 (3.6%) 23 (4.3%) 27 (3.5%)
5.0 76 14 (4.8%) 15 (3.5%) 16 (3.5%) 16 (3.8%) 18 (5.4%)
5.5 110 10 (5.3%) 11 (5.1%) 12 (6.1%) 11 (5.4%) 12 (5.6%)

a) Preconcentration factors and RSDs% were calculated based on the average of five
measurements. The concentration of the organic solvent in all the extractions was
20% acetonitrile.
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Table 2. The effect of organic solvent concentration on preconcentration factor and
precision

ACN
(%)

Volume of
the upper
phase (�L)

Preconcentration factor (RSD%)a)

C10 C12 C14 C16 C18

22.0 76 13 (5.3%) 16 (3.9%) 16 (3.2%) 16 (3.1%) 17 (5.0%)
24.0 155 7.5 (5.5%) 8.9 (5.0%) 9.0 (3.9%) 8.9 (3.9%) 9.6 (3.8%)
26.0 254 5.0 (6.9%) 5.9 (5.9%) 5.9 (6.9%) 5.9 (6.7%) 6.5 (5.9%)

a) Preconcentration factors and RSDs% were calculated based on the average of five
measurements. The salt concentration used in all the extractions was 4 M NaCl.

3.3 Salting-out preconcentration of BAK
in industrial/pharmaceutical samples

BAK represents an important antimicrobial agent in
industrial/pharmaceutical products because, for exam-
ple, a majority of ophthalmic and nasal formulations cur-
rently available in the market contain BAK as a preserva-
tive; also, BAK is frequently used as a topical antiseptic
and medical equipment disinfectant [17–20]. CE has
been reported to possess a number of advantages
when compared to HPLC for the analysis of BAK, includ-
ing much shorter analysis time and higher efficiency;
however, a major disadvantage is the inability of CE to
detect all the BAK homologues due the lack of concen-
tration sensitivity [19, 20]. The ability to determine the
major (C12, C14, and C16) as well as minor (C8, C10, and
C18) components of the BAK homologues is important
since individual homologues possess different physical,
chemical and microbiological properties [18]. In general,
the C12 homolog is most effective against yeast and
fungi, the C14 homolog against Gram-positive bacteria
and the C16 homolog against Gram-negative bacteria.
Therefore, the proportions of these homologues in the
mixture determine its effectiveness as a preservative
and disinfectant.

Figure 3A shows the electropherogram of a commercial
sample of BAK standard obtained from Aldrich without
sample preconcentration. The two peaks obtained at
11.9 min and 13.0 min arose from the C12 and C14 homo-
logues, respectively, which together comprise no less
than 7% of the total ABDAC content in all commercial
BAK products. Figure 3B indicates that with salting-out
preconcentration of the BAK standard solution used in
Fig. 3A, four more peaks appeared in the electrophero-
gram, along with a significant increase in peak height/
areas for the C12 and C14 homologues. By spiking the
preconcentrated sample solution with C10 to C18 stan-
dards, the two smaller peaks which appeared at 14.0
min and 15.0 min were found to arise from the C16 and
C18 homologues, respectively, whereas the minor peak

appearing at 10.9 min came from the C10 homologue.
Another minor peak which located at 11.3 min was not
identifed.

Figures 4A and B show the electropherograms obtained
from the analysis of BAK contents present in an ophthal-
mic product (Visine eye drop). Without sample precon-
centration, Fig. 4A shows that only two peaks were
detected, which is consistent with results reported in the
literature for the CE analysis of BAK in eye care products
in which only the C12 and C14 homologues were obtained
in the electropherograms [19, 20]. With salting-out pre-
concentration (Fig. 4B), a few more peaks appeared in
the electropherogram, and the peaks located at 9.8 min,

Figure 3. Electropherogram of a BAK standard sample
obtained from a chemicals supplier (Aldrich) under the
following conditions: (A) 0.005% w/v BAK dissolved in
DDI without salting-out preconcentration, and (B) aque-
ous sample solution in (A) preconcentrated into acetoni-
trile using 4 M NaCl and 20% acetonitrile. The CE run buf-
fer consisted of 20% acetonitrile and 5 mM �-CD in 40 mM

phosphate (pH 2.0) and the applied voltage was 20 kV.
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Table 3. Reproducibility of migration time and peak area for the CE separation of BAK
present in the eye-care product, Visine (with and without salting– out precon-
centration)a)

Separation of the five ABDAC homologues

C10 C12 C14 C16 C18

With preconcentration Peak area
(RSD %)

0.015
(4.04%)b)

2.324
(3.76%)

2.116
(3.81%)

0.360
(3.40%)

0.073
(3.48%)

Time
(RSD %)

9.79
(0.57%)

10.38
(0.91%)

11.26
(0.93%)

12.26
(0.85%)

13.12
(0.70%)

Without preconcentration Peak area
(RSD %)

– 0.049
(2.01%)

0.046
(2.34%)

– –

Time
(RSD %)

– 10.71
(0.46%)

11.67
(0.52%)

– –

a) The experimental conditions were the same as those used in Fig. 4.
b) RSDs % were calculated based on five measurements.

12.3 min and 13.1 min were found to arise from the C10,
C16, and C18 homologues, respectively. An unknown
peak, which appeared between the C10 and C12 homolo-
gues (Fig. 3B), can also be found in Fig. 4B at 10.2 min.

The ability to detect the C18 homologue using the present
salting-out/CE method is of particular interest because
this homolog is the most hydrophobic species in the

Figure 4. Electropherogram of BAK present in an eye-
care product (Visine) under the following conditions:
(A) direct injection of the eye drop solution into the CE
system, and (B) eye drop solution preconcentrated into
acetonitrile using 4 M NaCl and 20% acetonitrile. The
CZE run buffer consisted of 20% acetonitrile and 5 mM

�-CD in 40 mM phosphate (pH 2.0); the applied voltage
was 20 kV.

BAK mixture and the analytical determination of C18 pre-
sents major difficulty in HPLC as well as CE, due in large
part to its hydrophobic interactions with various surfaces
[14–20]; also, from a biological standpoint, its large hydro-
phobicity may lead to some very different antimicrobial
properties when compared to other BAK components
[18]. Table 3 summarizes the peak area/migration time
reproducibility data obtained for the CE analysis of the
Visine eye drop as shown in Fig. 4A and B (without and
with the use of the salting-out method for sample precon-
centration).

4 Concluding remarks

In addition to the feasibility of using traditional off-line pre-
concentration techniques, including liquid-liquid and
solid-phase extractions, for sample pretreatment and
preconcentration in CE as reported in the literature [3, 4],
the present work demonstrated, for the first time, the
potential and usefulness of coupling another classical
method, salting-out solvent extraction, to CE for improv-
ing analytical performances. Although the increase in
detection sensitivity is not as impressive as some on-line
preconcentration methods such as field amplification,
many of these methods are not easily adaptable to real-
world samples. On the other hand, by using acetonitrile/
salt mixtures for off-line sample pretreatment and precon-
centration, appreciable enhancements in detection sensi-
tivity in CE for neutral as well as ionic compounds present
in biological, environmental and industrial samples could
be achieved with the additional benefit of reducing matrix
interference problems (e.g., deproteinization of samples
with acetonitrile). Further improvements in detection sen-
sitivity could be achieved by using acetonitrile/salt mix-
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tures to effect both off-line and on-line preconcentration
in CE; work is in progress in our laboratory towards
achieving this goal.
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