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a b s t r a c t

Reproducible injection in capillary electrophoresis has been difficult to achieve with manual injection
techniques using simple injection devices, such as gravity injection (siphoning) or hydrodynamic sam-
ple splitting. We demonstrate that the injection reproducibility can be improved using very simple
means. With hydrodynamic sample splitter, a passive micro-metering valve can be inserted in-line to
regulate the sample flow rate through the splitter interface. A significant improvement of both repro-
ducibility and repeatability was achieved. The reproducibility of RSD of the peak areas improved from
25.4% to 4.4%, while the repeatability was below 4.1% when micro-metering valve was used. Additional
simple correction that can be used to further improve the variability of injected sample volumes in
any hydrodynamic injection mode in CE with conductivity detection was proposed and verified. The
ampling precision
OF peak area
ontactless conductivity detection
hemical warfare agent degradation
roducts

measured EOF peak can serve as a simple indicator of the injected volume and can be effectively
used for additional correction. By a linear function between the injection volume and the peak area
of the EOF, the RSD values of peak areas for both manual gravity injection and hydrodynamic sample
splitter were further improved below 2% RSD. The linearity of the calibration curve was also signifi-
cantly improved. The proposed correction works even with slight differences in matrix composition, as
demonstrated on the analysis aqueous soil extract of model mixture of five nerve agent degradation

products.

. Introduction

Capillary electrophoresis has enjoyed relatively high popular-
ty in last decades due to its superior performance in regard to
fficiency, separation times, selectivity, and minimal sample and
lectrolyte consumption. It has however not, to a large extent,
eplaced the liquid chromatographic techniques used for routine
nalysis in analytical laboratories, owing to several shortcomings
hat currently limit CE, especially in quantitative analysis. For
nstance, only gel electrophoretic methods are listed in the Offi-
ial Methods of Analysis handbook’s latest edition [1]. Among the
ost cited drawbacks of CE appear low sensitivity, matrix depen-

ence and low reproducibility. Perhaps the low reproducibility is
ne of the major problems that CE is being faced with and has
een subject to several recent reviews [2,3]. The factors that can
ave an effect on the reproducibility of CE separation are numer-

us and include for instance poor sampling precision, changes in
OF induced by temperature and viscosity changes, adsorption of
ample compounds onto the capillaries, various inherent sampling
nd detection biases, improper buffering of the electrolytes, decom-
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position due to electrolysis etc. Consequently there is no simple
and/or generally applicable solution to improve the poor repro-
ducibility of CE. Several approaches were however suggested to
improve the reproducibility of the peak areas of the analytes in
CE that are obtained through integration of the measured peaks in
the electropherograms. The peak area is a representation of the
analyte concentration, and its accurate assessment is important
for quantitative analysis. Peak area in CE, however, is prone to
change significantly between runs. For instance if EOF changes due
to the sample component adsorption, the peak areas will change
as well, as they depend greatly on the analyte migration velocity
through the detector. Dividing the peak areas by their respective
migration times [4] is commonly applied and can to some extent
eliminate the peak area variation. This correction however accounts
only for the changes due to the differences in migration veloc-
ities. More often, internal standardization is practiced [5–7], as
this can also account for the errors in injection volumes. How-
ever it may not be universally applicable in all cases, as it may be
difficult to find a suitable IS, especially for complex sample matri-

ces.

In a well-controlled CE method, e.g. when repeatable migration
times are obtained, poor peak area precision most often relates to
the poor repeatability of the sample injection. This applies espe-
cially for the manual injection techniques. Manual injection is

dx.doi.org/10.1016/j.chroma.2010.12.107
http://www.sciencedirect.com/science/journal/00219673
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usceptible to the variations induced by the operator, because it
s more difficult to control all the procedures exactly in the same

ay manually as can do the automated instruments. The repeata-
ility issues have been most pronounced in the home-built field
ortable CE instruments that are otherwise one of the strongest
E assets. The development of portable CE instruments has seen a
emarkable surge in the last decade, as more than ten articles on
ewly developed portable CE instruments appeared [8–17] includ-

ng a recent comprehensive review [18]. A quick overview of the
ublished work reveals that the sampling precision is not very
ood, typically in the range of 10–15% RSD of peak areas. The sam-
ling devices used in existing portable CE instruments make use
f either manual electrokinetic [8–13,16] or hydrodynamic injec-
ions [12,13,15–17]. Electrokinetic injection, has been shown to
uffer from multiple biases [19,20] and is thus difficult to apply
or quantitative analysis. Manual hydrodynamic injection, such as
iphoning injection, though suitable for quantitation, is not robust
nough, nor sufficiently reproducible to allow operation under dif-
cult conditions. Some of the portable CE instruments include a
imple sampling carousel, similar to those present in the commer-
ial instruments that is operated manually, however the general
erformance of these instruments still calls for improvement. Auto-
ated injection devices have been difficult to implement in the

ome-built portable instruments because they add to an increased
omplexity. Thus, the development of a simple injection method
ith high precision for portable CE instruments is probably one

f the most important tasks to be resolved. The injection should
referably be done without any capillary movement and ideally
he two capillary ends should be in fixed position during the sam-
le injection and analysis. The attempts to simplify the design
f manual samplers in portable CE instrument were shown by
aljurand’s group [17,21]. The tedious manual hydrodynamic or
K injection was replaced by a flow splitting device(s) of various
eometries. However even with this simplified injection, based on
ow splitting, the reproducibility of peak areas was no better than
% RSD.

Surprisingly, not much effort has been devoted to improvement
f the data evaluation techniques with respect to precision of sam-
le injection in CE. In a sole report from 2006, Erny and Cifuentes
22] have shown that the hydrodynamically injected sample plug
ength can be estimated by measuring the electrophoresis current.
t was shown that the current increases suddenly when the injected

ater plug exits the separation capillary. The measured dip can be
sed for correcting the injection imprecision. This approach is how-
ver only suitable for relatively large injected volume of samples
aving sufficiently different conductivity from that of the BGE. If
his condition is not fulfilled the current monitoring approach may
ot work.

In here, we propose several ways to improve the performance
f the manual hydrodynamic injection techniques. We show that
ith hydrodynamic sample splitter, an inclusion of a simple micro-
etering valve helps regulate the injection reproducibility to an

cceptable level. We also show that with conductivity detection,
he measured EOF peak correlates well with the injected volume
nd can be used for correcting the injection imprecision with sim-
le manual HD injection. By a linear function between the injection
olume and the peak area of the EOF (EOF peak area can be sim-
ly integrated from the registered electropherogram) we show
hat further improvement in injection precision can be achieved.
he RSD values of peak areas for both manual gravity injection
nd hydrodynamic splitter device can be improved to below 2%

SD. The calibration linearity also improves in the same way.
e demonstrate the applicability of this approach on determina-

ion of a model solution of five degradation products of chemical
arfare agents, that are commonly analysed by portable CE

nstruments.
1218 (2011) 1273–1280

2. Experimental

2.1. Materials and methods

2.1.1. Electrophoretic system
A purpose-built CE instrument with either manual siphoning

injection or hydrodynamic sample splitter was employed for all
electrophoretic runs. The separation voltage was provided by a
high voltage power supply unit (Spellman CZE2000R Start Spell-
man, Pulborough, UK) that was operated at a potential of −18 kV
applied at the detection side of the separation capillary. The sep-
aration capillaries used were fused-silica (FS) capillaries (75 �m
I.D., 375 �m O.D., 45 cm total length, 35 cm effective length, Micro-
quartz, GmbH, Munich, Germany). The separation capillaries were
preconditioned with 0.1 M NaOH for 30 min, deionized water for
10 min and with respective background electrolyte (BGE) solution
for 10 min. Between two successive injections, the capillary was
flushed with BGE solution for 1 min. All CE experiments were per-
formed at ambient temperature.

2.1.2. Injection
Injection of standard solutions and real samples was carried out

either hydrodynamically or using an in-house built sample splitter
injector. In a hydrodynamic (HD) injection mode one capillary end
with the sample vial was elevated to a fixed height of 15 cm for
a specific time interval (typically 10 s, manually timed) and injec-
tion was carried out by siphoning effect. The hydrodynamic sample
splitter consisted of a splitter interface machined in a piece of poly-
imide block. The schematic of the splitter injector is shown in Fig. 1.
The splitter includes a 3 cm long horizontal flow through channel of
1 mm I.D. to which two vertical channels of the same diameter are
connected. A separation capillary and a grounding Pt electrode were
tight fitted into a PTFE tubing (350 �m I.D., 1/16′′ O.D.), inserted in
the two vertical channels and secured with 1/16′′ flangeless fittings
(Upchurch Scientific, Oak Harbor, WA, USA). One side of the hor-
izontal channel of the splitter interface was connected with the
injection syringe via a micro-metering valve (P446, Upchurch Sci-
entific), while the other side included a 10 cm long, 250 �m I.D.
PTFE tubing directed to waste. The splitting ratio was adjusted by
choosing the length and I.D. of this waste tubing. A fixed volume of
sample (500 �L) was delivered by a 1 mL disposable plastic syringe
and injected manually by forcing the sample to flow by the splitting
point in the splitter interface. The sample injection was followed by
the BGE injection to clean the interface from the remaining sample
before the application of high voltage.

2.1.3. Detection system
A high voltage capacitively coupled contactless conductivity

detector (C4D) was used. It was described in a recent publication
[23]. It consists of a detector cell, an external ac voltage source for
excitation and an external detector circuitry for processing the cell
current. The excitation voltage was provided by a circuitry based
on a MAX038 oscillator (Maxim Integrated Products, Sunnyvale, CA,
USA). The oscillator operated at various frequencies between 100
and 400 kHz and a voltage booster using a high voltage operational
amplifier (PA91, Apex Microtechnology, Tucson, AZ, USA) produced
an output of maximum 360 Vpp (peak-to-peak). The detector was
operated at 200 kHz and 300 Vpp in all experiments. Data were col-
lected using in-house written software and a 20 bit sigma-delta
data acquisition card (Lawson Labs Inc., Malvern, PA, USA).
2.2. Chemicals

2.2.1. Reagents, standards, electrolytes
All chemicals were of reagent grade and deionized (DI)

water (MilliQ Water System, Millipore, Molsheim, France) was
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Fig. 1. A schematic of the

sed throughout. Stock solutions of phosphonic acids (10 mM)
ere prepared from pure acids (butylphosphonic acid, BPA, Alfa
esar; propylphosphonic acid, PPA, Alfa Aesar; methylphosphonic
cid, MPA, Sigma–Aldrich) or their sodium salts (pinacolyl-
ethylphophonate, PMPA; ethylmethylphosphonate, EMPA; 2-

minoethyldihydrogenphosphonate, AEDHPA, all Sigma–Aldrich).
ll multi-ion standard solutions were prepared daily from these
tock solutions and were diluted with DI water.

Background electrolyte (BGE) solutions for CE measure-
ents were prepared daily from 100 mM stock solutions of

-(N-Morpholino)ethanesulfonic acid (MES, Sigma–Aldrich) and l-
istidine (HIS, Sigma–Aldrich).

Preparation of samples containing nerve agent degradation
roducts. Laboratory floor sample: 1 mL of 1 mM mixture of five
hosphonic acids was applied to the laboratory floor, let dry for
0 min and sampled with DI water pre-moistened Ghost wipe
Environmental Express, Mt. Pleasant, SC, USA) tissue. The tissue
as transferred to a plastic sample vial with 10 mL of DI water and

he phosphonic acids from the tissue were extracted into water. The
xtract was filtered through a 0.45 �m filter (Filtropur S, Sarstedt,
umbrecht, Germany) and internal standard (AEDHPA) at 400 �M
as added to the sample, followed by direct injection into a CE

ystem.
Soil sample: 1 mL of 1 mM phosphonic acid mixture was applied

o 5 g of soil sample, let stand for 30 min and transferred to plastic
ample vial with 10 mL of DI water. The phosphonic acids in soil
ample were extracted by vigorous shaking for 1 min, followed by
ltration through a 0.45 �m filter, addition of internal standard and
irect injection into the CE system.

. Results and discussion

.1. Optimization of the separation of the nerve agent

egradation products

A model mixture of five phosphonic acids (degradation prod-
cts of nerve agents) was selected for the proposed study. All the
elected phosphonic acids have relatively low pKas and a BGE
dynamic sample splitter.

with low pH can be used for their separation. The conductivity
of the acids, on the other hand, is rather significant, and C4D
can be advantageously used for their sensitive detection. A simple
MES/HIS background electrolyte presents a good choice for an effi-
cient separation. MES/His based electrolytes were previously used
for separation of CWA degradation products in co-electroosmotic
mode [24–26]. In this mode the fast inorganic anions migrate before
the phosphonic acids and the monitoring of the EOF may require
a significant time delay after the analytes have been separated. In
the current work the separation mode was counter-electroosmotic,
e.g. the phosphonic acids migrate against the EOF, but are eventu-
ally swept to the detector by the EOF. In this case the EOF peak
migrates before the analytes and its detection and evaluation is
convenient without introducing any delays. Initially, the concen-
tration of MES and HIS was varied between 5 and 20 mM, with
best performance achieved at low, 7.5 mM concentration of each.
Separation of all selected phosphonic acids including internal stan-
dard was achieved in less than 7 min in a 7.5 mM MES/HIS BGE
with pH 6 at −18 kV. For qualitative and quantitative analysis, the
inclusion of internal standard is sometimes useful and we have cho-
sen to include 2-aminoethyldihydrophosphonic acid (AEDHPA). It
was observed that this internal standard actually produces 2 peaks
in the electropherograms, that effectively embrace the separated
phosphonic acids and can be used both for qualitative identification
of the peaks and quantitative analysis.

An example of the separation of 5 phosphonic acids including
AEDHPA as an internal standard is shown in Fig. 2. Note the different
y-scale intensities on the electropherograms. The electrophero-
gram of a standard mixture of phosphonic acids includes several
points of interest that were identified and were applied to correct
the performance of the injection devices used. First, at approxi-
mately 1–1.5 min, there is a cluster of small cationic analytes, that
may include some common inorganic cations such as K+, Na+, Ca2+,

Mg2+ present either in the standard solutions or as background con-
taminants in the real samples. The cationic analytes are followed by
a large negative EOF peak at about 2 min. EOF peak appears typically
when C4D detection is used, as the conductivity of all migrating
zones is monitored. We assume that the EOF zone contains only



1276 P. Kubáň et al. / J. Chromatogr. A 1218 (2011) 1273–1280

1.60.80 2.42 765432

in)

AEDHPA

PMPA

BPA

PPA

EMPA MPA

AEDHPA 2

(a) (b) (c)

1V 0.05 V0.05 V

d
et

ec
to

r 
si

g
n

al
 (

v)

F ) analy
c

w
s
t
a
i
H
i
a

3
i

s
w
c
e
t
t
d
r
c
w
t
p
w
a
t
a
c
t
o
u

time (m

ig. 2. Electropherogram of standard mixture. (a) Cationic analytes, (b) EOF peak, (c
onditions: −18 kV. C4D detection. BGE: 7.5 mM MES/HIS, pH 6.

ater and possibly neutral compounds that may be present in real
amples. The EOF peak is of particular interest, as we have noticed
hat there is a linear relationship between the integrated EOF peak
rea and the injection volume. It can be thus used for correcting
njection imprecision typically encountered with simple manual
D injection procedures. Third, after the EOF peak, the analytes of

nterest and internal standard migrate between 3 and 7 min, as they
re eventually swept by the EOF to the detector.

.2. Performance of simple injection devices and their
mprovements

In the initial experiments conducted with hydrodynamic
iphoning injection or using a hydrodynamic sample splitter,
e have encountered rather large variations of peak areas and

onsequently also variations of migration times. After careful
xamination of the electropherograms, we have concluded that
he irregularities are not due to the changed performance of
he capillary and EOF (which may be very often the case), but
ue to the poor performance of the injection devices. While the
epeatability of the peak areas with the HD siphoning injection
ould be maintained at approximately 5% when extreme care
as taken to reproducibly perform all the injection sequences,

he repeatability of the peak areas with the hydrodynamic sam-
le splitter was typically no better than 30% RSD. These values
ere in agreement with the previously achieved data [21] using
similar instrumental setup and the hydrodynamic sample split-

er. It was extremely difficult to achieve exactly the same injected

mounts using the HD sample splitter, as it is rather diffi-
ult to control the flow rate of the sample by simply pushing
he syringe piston by hand. While acceptable results could be
btained when used by a single, experienced, person, the fail-
re to reproduce the exact injection amount has been even
tes and IS. Sample: 100 �M each phosphonic acids, IS-AEDHPA 400 �M, separation

more evident when different people operated the same instru-
ment.

To asses the performance of the splitter injection device, four
volunteers were instructed to carefully inject 500 �L amount of the
same sample using the same pressure in the splitter injector. Dupli-
cate injection was performed by each person. The final injected
amounts differed as much as 100% between the operators (9.2 nL
vs. 18 nL, calculated from Eq. (1), see Section 3.3) as is shown in
a bar graph in Fig. 3A. The reproducibility for the splitter injector
without the micro-metering valve was 25.4% (n = 8). The injection
volume from duplicate injections by the same person differed also
significantly, the calculated repeatability (n = 2) values ranged from
2% to 15.7%. The injected amount not only influences the peak areas
but also migration times of the peaks, as with the larger injection
amounts, excessive peak tailing was observed due to the capillary
overloading. Fig. 4 shows an example, where the hydrodynamic
sample splitter was used without the micro-metering valve and
the applied pressure for sample injection was high (A) and low
(B). The insert in Fig. 4 shows the recording of the EOF peak for
both injections. It is quite apparent, that the EOF peak area differs
significantly between the injections and correlates well with the
injection amount and the peak areas of the analytes. Due to the sig-
nificant differences of the signal between the analytes and the EOF,
the EOF peak in the electropherograms showing the separation of
the analytes was clipped.

In general, splitter injectors are prone to the applied flow
rate/pressure differences and to achieve a stable performance, a
precise pumping mechanism is required. Tsukagoshi et al. [27] have

achieved RSD values of peak areas lower than 3% using a precisely
controlled syringe pump that delivered the sample and BGE por-
tions with an exactly defined flow rates for a defined time interval. A
syringe pump is however difficult to apply in a portable instrument
as it adds additional level of complexity and power consumption.
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t is also not compatible with the simple sampling schematic that
as been developed with the current portable CE instrument.

In order to improve the current performance of the HD sample
plitter, we have included an in-line micro-metering valve between
he injection port and the splitting point of the interface (see Fig. 1).
he function of the micro-metering valve is to restrict the man-
ally applicable pressure and thus achieve uniform sample flow
ates through the splitter interface. A similar principle was recently
sed by Hauser et al. [28] to achieve reproducible flow in an SIA-CE

njection system. By setting the thumbwheel of the micro-metering
alve into a predefined position, the maximum manually applica-
le pressure from the injection syringe and consequently the speed
f pressure rise is limited leading to improved reproducibility of

he injection. The same operators were asked to perform duplicate
njection of the same solutions. Fig. 3B shows that although there

as still some difference in the injected amounts, the low to high
njection volume now varied by maximum of 17%, which is a signifi-
ant improvement compared to the previously presented data. The

ig. 3. Difference in injection volumes injected by four different operators (#1–#4)
ithout (A) and with (B) the micro-metering valve. The injected volumes were

btained from the linear equation between EOF peak area and the theoretically
alculated injected volumes from Eq. (1).

12840

2000

time (min)

B

2.521.5

1 V

Fig. 4. Comparison of different injected amounts using a splitter injection device
without the micro-metering valve. (A) High pressure applied, (B) low pressure

applied. 500 �L sample injected in both cases. Electrophoretic conditions the same
as in Fig. 2. The insert shows the EOF peak registered in case A (solid line) and case
B (dotted line).

reproducibility for the splitter injector with the micro-metering
valve was improved to 4.4% (n = 8). The calculated repeatability
(n = 2) values also improved and ranged from 0.2% to 4.1%.

3.3. Improving performance of the HD injection using the EOF
peak area

The achieved reproducibility of the manual injection may still
be unacceptable in some cases and the goal of the present inves-
tigation was to improve the precision beyond the achieved values
using a simple correction based on the EOF peak measurement.

The counter EOF separation of the phosphonic acids offers and
excellent opportunity for this correction, as the EOF peak migrates
ahead of the separated analytes and its measurement does not
require additional analysis time or any extra device to be used (see
Fig. 2). Obviously this approach is not applicable to an analysis with
very slow EOF, for instance in the protein analysis. However, the
separation of small anions or cations is typically preceded or imme-
diately followed by an EOF peak and it is thus not very complicated
to include this peak in the measured/evaluated data. To study the
dependence of the EOF peak properties on the injected amount, we
have used a hydrodynamic siphoning injection, as it can be rela-
tively precisely controlled and the injected sample volume can be
calculated based on the Hagen–Poiseuille equation:

F = �p�r4

8�L
(1)

where F is the volumetric flow rate, �p is the pressure difference, r
is the capillary radius, � is the solution viscosity and L is the capillary
length. The injection volume can be calculated as the product of
the volumetric flow rate, F and the injection time, tinj for which
the capillary end is elevated. The achievable pressure difference,

�p can be easily calculated from the weight of the liquid column
inside the capillary:

�p = h�g (2)
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Table 1
Repeatability of HD injection, expressed as RSD of peak area% (n = 10).

No correction EOF PA correction IS method

Variable injection time 8–12 s
PMPA 14.4 1.5 2.3
BPA 14.7 1.5 2.5
PPA 14.3 0.9 1.5
EPA 14.3 1.9 2.7
MPA 15.1 1.9 2.4

The same injection time, 10 s
PMPA 4.3 1.5 2.3
BPA 4.2 1.9 2.6

along the calibration range of 0–100 �M. Triplicate injections
of each calibration standard were carried out. Internal standard
(AEDHPA) was added to all calibration solutions at 400 �M concen-
tration. When raw peak areas of the phosphonic acids were used
for plotting the calibration data, the linear fit produced the coef-

Table 2
Repeatability of the hydrodynamic sample splitter, expressed as RSD of peak area%
(n = 10).

No correction EOF PA correction IS method

Variable injection volume, 400–600 �L
PMPA 23.4 1.7 2.8
BPA 18.4 2.1 3.0
PPA 17.7 2.0 2.8
EPA 22.8 1.7 2.4
MPA 24.8 1.3 2.5

The same injection volume, 500 �L
ig. 5. The dependence of the EOF peak height, width and area on the injection
olume. Note that the integration parameters were scaled to fit into a single graph.

here h is the height difference, � is the liquid density and g is the
cceleration due to the gravity. By knowing the elevation height,
njection duration and other capillary and solution parameters,
he exact volume injected can be calculated. By substituting the
alues used in real experiment, L = 0.5 m, � = 0.00089 kg s−1 m−1,
= 37.5 × 10−6 m, h = 0.15 m, � = 1000 kg m−3, g = 9.8 m s−2, the
njection volumes for tinj equal to 5–30 s injections varies between
2.8 and 77 nL. Various parameters of the EOF peak can be mea-
ured. Those include for instance EOF peak width at the baseline,
OF peak height and EOF peak area.

Fig. 5 shows the relation between the injection volumes and the
elected parameters of the EOF peak. It is evident that both peak
idth and peak height give a non-linear dependence that can be

est fitted by a power function (coefficient of variance, r2, equals
o 0.997 and 0.998, respectively), while the EOF peak area gives
strictly linear relationship (y = 27.79x + 45; r2 = 0.998). Thus, the

rea of the EOF provides a good estimate of the total hydrodynam-
cally injected sample plug. It could be argued that the peak width
f the EOF peak is the simplest parameter to be measured, as the
OF peak area may sometimes be difficult to assess because the EOF
eak signal will be out of range of the detector. However as the peak
idth is influenced by the dispersion in the system and during the

njection/separation, it does not produce a linear relationship and
t is rather difficult to implement for this type of correction.

Two sets of experiments were performed to verify the effect of
he EOF peak area correction and its applicability to improve the
E performance. In the first set, an error of the injected amount of
ample introduced into the separation capillary by HD siphoning
njection was simulated by varying the injection time between 8
nd 12 s. This may correspond to a worst-case scenario that may
e encountered when different operators inject in the same CE

nstrument. Ten randomized injections were performed keeping
he injection height the same, but varying the injection times in
he selected range. The peak area of each analyte was integrated,
nd the RSD was calculated. Then the integrated EOF peak area was
sed for simple linear correction-by dividing each analyte peak area
y the EOF peak area. Internal standard (IS) method was also used,
.e. dividing each analyte peak area by the peak area of an inter-
al standard (AEDHPA) that was added at 400 �M concentration to
he mixture of analytes. The results are shown in the first part of
able 1. In the second experiment, the injection conditions for the
PPA 3.9 1.3 2.4
EPA 4.4 1.5 1.4
MPA 5.3 1.6 2.2

consecutive injections were kept exactly the same. Ten injections
of the same sample for 10 s were performed. The results are shown
in the second part of Table 1

Obviously, with the worst-case scenario (first set of experi-
ments), the RSDs of peak areas were as high as 15% RSD. However a
simple correction by the EOF peak area improved the results signif-
icantly, the RSD being below 2%. Slightly higher values (1.5–2.7%,
RSD) could be achieved using the IS method. A very similar trend
was observed also for the second set of experiments; here the
improvement is not that radical due to the initially relatively good
RSD values, however, again it was improved from 5% to below 2%.

Table 2 shows the results of EOF correction for the splitter injec-
tion device. Similarly to the HD siphoning injection, two sets of
experiments were designed. In the first case, the volume of the
injected sample was varied between 400 and 600 �L, while in the
second case it was exactly 500 �L. 10 repeated injections were per-
formed. Again, the correction by EOF peak area resulted in dramatic
improvement of the RSD of peak areas in both experiments, being
below 2% in most cases.

It is thus evident that the proposed correction efficiently works
in any type of hydrodynamic sample injector and significant
improvement in the analytical performance of the instruments
even with simple, manually operated, injection devices can be
achieved. This may have a significant consequence for the accep-
tance of CE, especially in field portable experiments, where
precision is often of concern.

3.4. The effect of EOF peak area correction on the calibration data

The calibration curves were constructed from 5 data points
PMPA 6.9 2.0 1.6
BPA 8.5 2.0 2.1
PPA 6.8 2.0 3.1
EPA 10.5 1.3 2.3
MPA 12.0 1.6 2.1
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Table 3
Figures of merit for the analytical method.

r2 (a)/r2 (b)/r2 (c) Linearity LOD (�M)

PMPA 0.9948/0.9998/0.9994 0–100 �M 5.0
BPA 0.9921/0.9998/0.9999 0–100 �M 4.7
PPA 0.9841/0.9998/0.9995 0–100 �M 4.7
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EPA 0.9919/0.9995/0.9999 0–100 �M 4.2
MPA 0.9926/0.9997/0.9992 0–100 �M 4.1

a) No correction; (b) EOF peak area correction; (c) IS method.

cient of variation, r2, between 0.9919 and 0.9948. The r2 values
re rather low, most probably due to the variations in the injection
olumes, as described earlier. However, when the suggested cor-
ection with EOF peak area was applied to the calibration data, the
2 values improved significantly and were in the range 0.9995 and
.9998. Similar results were also obtained when IS correction was
sed (r2 between 0.9992 and 0.9999). The results are summarized

n Table 3, together with the LOD data for 5 phosphonic acids that
ere determined from the calibration curve, based on the 3 S/N

riteria.
The proposed correction using the EOF peak area improved the

inearity of the calibration curve significantly and results compara-
le to IS method were achieved.

.5. The effect of sample matrix

The improved linearity achieved with the proposed correction
uggests that the EOF peak area correction is applicable even if
he total concentration of the ions in the sample differs, i.e. slight
ifferences in the matrix composition may be tolerable. We have

nvestigated the influence of matrix and its effect on the proposed
OF correction using two types of samples. Five phosphonic acids

ere applied to soil sample and a laboratory floor and extracted

fter 30 min as described in Section 2. In both cases the extraction
olvent was DI water. The condition of a fairly similar matrix com-
osition is fulfilled, though some ions may be co-extracted from
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the samples, which indeed was the case of the soil sample. In Fig. 6
an electropherogram of a standard solution containing 100 �M of
the phosphonic acids and the soil extract are shown. In the left
insert of Fig. 6 the separation of inorganic cations from the stan-
dard solution and soil extract is shown. The amount of cations in
soil sample is significantly higher than in the standard solution. The
laboratory floor wiped with DI water did not show any increase of
cations, as it was relatively clean (results not shown). The right
insert of Fig. 6 shows the electropherogram section with the EOF
peak. It is clear that the EOF peak areas for the standard and the soil
extract are the same, e.g. slight difference in sample matrix does
not influence significantly the EOF peak area and hence the pro-
posed correction. A detailed study would however be required to
investigate the influence of different solvents and/or samples con-
taining very large concentrations of ions, for instance sea water or
biological samples. Because the selected model analytes are solu-
ble in water and aqueous extraction is suitable, the investigation of
different solvents was outside the scope of this work.

4. Conclusions

In manual hydrodynamic injection devices in CE, improved
reproducibility can be achieved in different ways. When using
hydrodynamic sample splitter, a passive micro-metering valve can
be inserted in-line to regulate the sample flow rate through the
splitting interface. A significant improvement of both reproducibil-
ity and repeatability can be achieved. Additional simple correction
that can be used to further improve the variability of injected
sample volumes in any hydrodynamic injection mode in CE with
conductivity detection has been proposed and verified. This correc-
tion consists of monitoring the EOF peak together with the peaks of
analytes. The integrated EOF peak area is used to correct the injec-
tion error introduced by various injection modes and devices, for
instance by HD siphoning and HD sample splitter. The proposed
correction improves the RSD of peak areas to less than 2%. The
same correction can be applied even for extreme cases in which the
injected volume differences vary by 50%. It can be also used to sig-
nificantly improve the linearity of calibration curves and provides
results comparable to the IS method. As the proposed correction can
be simply applied to any electropherogram without a need for addi-
tional device or monitoring of additional separation parameters, it
can have a significant impact on the acceptance of CE technique for
quantitative analysis.
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