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Abstract
In recent years, several dual detection concepts (DDCs) for CE were devel-
oped, which consisted of at least one nondestructive detector. For these DDCs,
a linear detector arrangement could be used, which is not possible when both
detectors are destructive. To overcome this problem, we developed a concept
for the splitting of the CE stream utilizing commercially available flow split-
ters (FSs) that allow the parallel positioning of two destructive detectors. In
this proof-of-concept study, T- and Y-shaped FSs were characterized regard-
ing their suitability for DDCs. To keep it simple, a UV detector (UV) and a
C4D were used for the characterization. The model system consisted of an
acetonitrile-based background electrolyte and the two model substances, (ferro-
cenylmethyl)trimethylammonium iodide and caffeine. CE hyphenated to a UV
detector (CE-UV) measurements revealed that the split ratio was about 50% for
both FSs. CE-C4D was used to evaluate the peak shape in front of and behind
the FSs. These measurements showed that there was no significant peak broad-
ening introduced by the FSs. Additionally, there were no changes in the LODs in
front of and behind the FSs. Furthermore, the flexibility of the new FS approach
allowed the usage of capillaries with different ids (25–75 µm) for injection and
detection.
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1 INTRODUCTION

There is a need for powerful analytical methods as the
number of samples, the sample complexity, and the

Abbreviations: AD, amperometric detector; Caf, caffeine; CE-UV, CE
hyphenated to a UV detector; DDC, dual detection concept;
[FcMTMA]+, (ferrocenylmethyl)trimethylammonium ion; FS, flow
splitter; FST, T-shaped FS; FST rev., T-shaped FS reversed; FSY,
Y-shaped FS; TPN, theoretical plate number.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. Electrophoresis published by Wiley-VCH GmbH.

amount of substances that need to be analyzed is steadily
increasing [1]. In recent years, CE was established as a
potent separation technique due to its high separation
efficiency, the simplicity of the instrumental setup, the
small sample and reagent consumption, and its high
separation speed [2–5]. An ongoing trend is also the
coupling of a separation technique like CE with more
than one detector. These dual detection concepts (DDCs)
are especially interesting when both detectors provide
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complementary information [1, 6]. There are several
DDCs for CE described in the literature [7–12]. Most
DDCs consist of at least one nondestructive detector that
allows a serial detector arrangement [6]. However, some
analytical problems would require a combination of two
destructive detectors. To our knowledge, such a DDC was
not realized so far as a linear detector arrangement is not
possible. One of these DDCs would be the combination
of an amperometric detector (AD) and an MS. This is a
very powerful DDC, because the AD is one of the most
sensitive detection methods for electroactive analytes
and therefore ideal for the quantification of low concen-
trations, whereas MS is perfect for the identification of
substances [7, 13, 14]. Another interesting DDC that was
also not realized so far is the combination of ESI MS and
ICP MS. Karst and coworkers [15] already described the
potential of CE hyphenated to both techniques but have
not linked the methods with each other. The instrumental
implementation of these DDCs is complicated as both
detectors are destructive. To overcome these problems,
we introduced a new concept for the development of
DDCs consisting of two destructive detectors by splitting
the CE stream utilizing commercially available flow
splitters (FSs). With this approach, it would be possible
to place the detectors in parallel to each other. For some
applications, it is challenging to find the best suitable
capillary id, due to the different requirements of injec-
tion, separation, and detection [16]. For trace analysis
capillaries with bigger ids at the injection side are favor-
able to achieve higher sample loads. Additionally, for
DDCs, the detectors could have different requirements
concerning the capillary id. Due to the flexibility of
the FS approach, the ids of the capillaries could be
adjusted individually to the requirements of injection and
of each detector. However, capillary combinations with
different ids could also be used for generating higher
electrical field strengths [17]. The splitting of the CE
flow is already described in the literature, but this was
predominately in the context of 2D separations or for the
concurrent analysis of cations and anions [18–20]. In the
frame of this contribution, we describe the splitting of
the CE stream for the usage in DDCs. Special attention
was paid to a low dead volume, easy handling, and the
material of the FSs. During the project, we character-
ized two commercially available FSs (Y- and T-shaped)
regarding their suitability for DDCs. As in a future project,
it is planned to develop a novel DDC consisting of an
AD and an MS, an acetonitrile (ACN)-based background
electrolyte (BGE) was used, which is favorable for both
detectors (AD and MS) [21, 22]. To keep it simple, CE
hyphenated to a UV detector (CE-UV) and CE hyphenated
to C4D (CE-C4D) were utilized for the characterization of
the FSs.

F IGURE 1 Microscope images of FST (A), FSY (B), and the
corresponding close-up images of FST (C) and FSY (D). FS, flow
splitter; FST, T-shaped FS; FSY, Y-shaped FS

2 MATERIALS ANDMETHODS

2.1 Chemicals, materials, and samples

The following chemicals of analytical grade were used:
ACN, ammonium acetate, 0.1 M sodium hydroxide solu-
tion, and ultrapure water (Milli Q Advantage A10 system)
were obtained from Merck (Darmstadt, Germany). Acetic
acid was purchased from Carl Roth (Karlsruhe, Ger-
many). (Ferrocenylmethyl)trimethylammonium iodide
was bought from Strem Chemicals (Newburyport, USA).
Caffeine (Caf) was obtained from ABCR (Karlsruhe, Ger-
many). Fused silica capillaries (25, 50 and 75 µm id, 365 µm
od; polyimide- and Teflon-coated) were purchased from
Polymicro Technologies (Phoenix, USA). The FSs CapTite
Interconnect T C360 203U C050 (FST), CapTite Intercon-
nect Y C360 203Y (FSY) and the corresponding fitting
CapTite One-Piece Fitting C360-100 were purchased from
LabSmith (Livermore, USA).
All experiments (CE-UV and CE-C4D) were performed

with a nonaqueous BGE consisting of 10 mM ammonium
acetate and 1 M acetic acid in ACN. The sample solution
for theCE-UVexperiments consisted of 0.5mM ferrocenyl-
methyl)trimethylammonium ion ([FcMTMA]+) andCaf in
BGE. For the CE-C4D experiments, the sample solutions
consisted of 0.1mM[FcMTMA]+ in BGE. The data analysis
was performed with OriginPro 2020 (Northampton, USA).

2.2 Properties of the FSs and capillary
preparation

The two commercially available FSs, which were used in
this project, are shown in Figure 1. The T-shaped FS (FST,



1440 BÖHM et al.

Figure 1A and C) had a thru-hole diameter of 50 µm,which
resulted in a dead volume of 2.1 ± 0.5 nl. According to
technical reasons the Y-shaped FS (FSY, Figure 1B and
D) had a thru-hole diameter of 100 µm, which resulted
in a dead volume of 9 ± 2 nl. Both the FSs were, fabri-
cated from polyetherimide, also known by the trade name
Ultem. The FSs did not show any swelling or other visual
changes when they came into contact with the ACN-
based BGE. Capillaries were connected to the FSs with
commercially available fittings, which were suitable for
365 µm od capillaries. These fittings were fabricated from
polyether ether ketone and were therefore also resistant
against ACN.
Three capillary pieces were connected to the FS, a 20 cm

long capillary piece was assembled to the injection side
(P1) of the FS. At the two other sides of the FS (detec-
tion sides, P2 and P3), capillary pieces with a length of
40 cm were placed. To avoid any dead volume introduced
by polyimide swelling, about 2 mm of the outer polymer
coating of the capillary was removed. Additionally, both
sides of each capillary were polished to receive planar cap-
illary tips that enable a dead volume–free coupling with
the FS. Before the first CE measurements, the capillaries
were conditioned by flushing with 0.1 M sodium hydrox-
ide solution (10 min), ultrapure water (5 min), and finally
BGE (30 min).

2.3 CE-UV setup

Figure 2A shows a scheme of the CE-UV setup. It con-
sisted of a laboratory-constructed CE device with an inte-
grated autosampler that was connected to a positive high-
voltage power supply from ISEG (Radeberg, Germany).
Experiments were carried out with FST and FSY. Each FS
was connected to three capillaries (50 µm id and 365 µm
od). Both capillary ends were placed in a grounded out-
let vial. There was a permanent height difference between
the inlet and outlet vials of 15 cm. The injection was per-
formed hydrodynamically for 5 s. The UV detector was
placed after a capillary length of 40 cm (20 cm behind the
FS). A Lambda 1010 UV–VIS detector from Bischoff (Leon-
berg, Germany) was used for detection at 265 nm. For cal-
culating the split ratio and other parameters,measurement
data were needed for both detection sides behind the FS
(P2 and P3, highlighted in Figure 2A). As only one UV
detector was available, a simultaneous detection at both
sides (P2 and P3) was not possible. Therefore, the posi-
tion of the UV detector was changed between P2 and P3.
To minimize potential errors, during the position change
of the detector, the capillary pieces were not disassembled
from the FS. Thus, for each set ofmeasurements, there was
the same capillary to FS alignment, because only the posi-

F IGURE 2 Scheme of the CE-UV setup (A) and the CE-C4D
setup (B). Components of the CE-UV setup: inlet (a), sample (b),
and outlet BGE vial (c), Teflon-coated fused silica capillaries (d),
FST or FSY (e), UV detector (f), positive high voltage source (g), and
grounding (h). Components of the CE-C4D setup: polyimide-coated
fused silica capillaries (i) and C4D (j). For both setups, there was a
permanent height difference between the injection and detection
side of 15 cm. The position of the detectors (UV and C4D) was
changed without disassembling the capillary pieces from the FS.
BGE, background electrolyte; CE-UV, CE hyphenated to a UV
detector; FS, flow splitter; FST, T-shaped FS; FSY, Y-shaped FS

tion of the detector was swapped. To simplify the detec-
tor change, Teflon-coated capillaries were used. Due to the
transparent Teflon coating, no coating must be removed at
the detection point of the UV detector, which makes the
capillary less brittle. Five consecutive measurements were
performed at P2 and P3. The sample solution consisted
of 0.5 mM [FcMTMA]+ as a cationic model analyte and
0.5 mM Caf as an EOF marker. The separations were per-
formed at 25 kV. Special attention is needed when experi-
ments are performed with high voltage. Hence, the whole
setup was placed in a safety housing made of acrylic glass.
Additionally, the device was equipped with safety switches
and warning signs.
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2.4 CE-C4D setup

CE-C4Dwas used to evaluate the peak shape in front of and
behind the FS. The CE-C4D setup is depicted in Figure 2B.
For detection, a C4D was used, which was constructed in
the group of Prof. C. L. do Lago and is described elsewhere
[23]. Due to its compact design, the C4D could be placed
directly in front of (P1) and behind the FSs (P2 and P3).
The detector positions are highlighted in Figure 2B. As
described for the CE-UV setup, the position of the C4Dwas
changed after five measurements without disassembling
the capillary pieces from the FSs. Experiments were car-
ried out with FST and FSY. In contrast to the CE-UV setup,
capillaries (50 µm id and 365 µm od) with polyimide coat-
ing were used. The sample solution consisted of 0.1 mM
[FcMTMA]+ in BGE. The other parameters were identical
to the CE-UV setup.
The LODs were determined in front of (P1) and behind

FSY (P2). Sample solutions ranging from 0.01 to 0.25 mM
[FcMTMA]+ in BGE were used. Each measurement was
performed five times and the LODs were calculated for an
S/N of 3. The effect of different FS geometries was investi-
gated by measurements with a reversed FST (FST rev.). In
this case, the injection capillary (P1) and one outlet capil-
lary (P2) were arranged linearly, whereas the other outlet
capillary (P3) was arranged perpendicularly.
To achieve higher sample loads and to show the flexi-

bility of the FSs regarding different capillary IDs, FSY was
connected at P1 with two capillary pieces of different ids
(50 and 75 µm). At P2 and P3, there were still capillaries
with an id of 50 µm. To compare the effects, we injected a
sample plug of the same length (2.8 mm) in each capillary
combination. The corresponding injection times were cal-
culated based on capillary flow injection experiments. The
injection of the sample solution (0.1 mM [FcMTMA]+ in
BGE) was performed hydrodynamically by a height differ-
ence of 10 cm between the inlet and outlet BGE vials. Dur-
ing the electrophoretic separation, the BGE levels in the
vials were at the same height to avoid gravity-driven flow.
For each capillary combination, the detector was placed at
P1, P2, and P3.

3 RESULTS AND DISCUSSION

3.1 Characterization of the FSs

As the FS would be the central component for the realiza-
tion of new DDCs, it must fulfill certain requirements: (i)
The FS should have a low dead volume to prevent peak
broadening or mixing of already separated analyte zones.
(ii) The material of the FS should be resistant against

F IGURE 3 Electropherograms of the model mixture
[FcMTMA]+/Caf were measured with CE-UV. The UV detector was
placed at P2 (top) and P3 (bottom) of FST and FSY. Experimental
parameters: 0.5 mM [FcMTMA]+ and Caf in BGE, injection time 5 s,
separation voltage 25 kV, current 6.7 µA (FST), and 6.9 µA (FSY),
UV detection at 265 nm. The UV detector was placed after a
capillary length of 40 cm (20 cm behind the FS). BGE, background
electrolyte; Caf, caffeine; CE-UV, CE hyphenated to a UV detector;
[FcMTMA]+, (ferrocenylmethyl)trimethylammonium ion; FS, flow
splitter; FST, T-shaped FS; FSY, Y-shaped FS

organic solvents especially ACN, becausewe used anACN-
based BGE. (iii) The connection of the capillaries to the FS
should be easy, robust, and flexible.
We chose commercially available FSs (FST and FSY,

depicted in Figure 1) instead of expensive and time-
consuming laboratory-constructed FSs. Both the FSs used
fulfill the abovementioned requirements. Additionally, the
transparency of the material simplified the troubleshoot-
ing as air bubbles inside the FS can be easily recognized. As
they were commercially available, they also showed very
good reproducibility contrary to laboratory-constructed
items.

3.2 Characterization of the FSs utilizing
UV detection

The electropherograms for FST and FSY with parallel UV
detection at different sides (P2 and P3) are depicted in
Figure 3. The measurements showed that the splitting of
the CE flow with the FSs worked because the model ana-
lytes were detected at both capillary sides. Looking at the
peak shape, it was found that all peaks showed nearly
Gaussian shape with negligible peak tailing for both FSs.
For the development of new DDCs, the split ratio and its
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reproducibility are of special importance. The parameters
were calculated based on the peak areas of the cationic and
neutral model analytes at both sides (P2 and P3) and are
summarized in Table S1. For FST, the split ratio was a lit-
tle closer to 50% than for FSY, but the reproducibility of
the splitting was better for FSY. In our opinion, the repro-
ducibility of the splitting is more important than the split
ratio because it is mandatory for the reliable quantifica-
tion of the analytes that the split ratio is stable throughout
the measurements. The theoretical plate numbers (sum-
marized in Table S1) were slightly higher for FST, which
indicated better separation efficiency due to the smaller
dead volume of FST. For both FSs, the migration times
were approximately the same at both capillary sides (P2
and P3). Slight differences were only found between the
FSs. For FST, the cationic model analyte ([FcMTMA]+)
migrated 2 s and the EOF marker (Caf) 9 s later than for
FSY. The reproducibility of the migration times was better
for FSY than for FST. We think this resulted from distur-
bances of the CE flow at the connection side between FST
and the capillary pieces. For FST, the thru-hole diameter
was 50 µm that was also the id of the capillary pieces. Con-
sequently, slight shifts at the connection side could influ-
ence the CE flow, which affected the migration times. This
phenomenonwas intensively discussed in some of our pre-
vious works, where we coupled capillaries with different
ids linearly [16]. For FSY, the robustness of the connection
was better due to the thru-hole diameter of 100 µm.
From the CE experiments with parallel UV detec-

tion, one can conclude that the separation efficiency was
slightly better for FST, but the reproducibility of the split-
ting and the robustness of the capillary coupling to the FS
were better for FSY.

3.3 Characterization of the FSs utilizing
C4D detection

The effects of the flow splitting on the peak shape were
characterized by CE-C4D. Due to its compact design, the
C4D could be placed directly in front of (P1) and behind
the FS (P2 and P3). The corresponding electropherograms
of the different FSs are depicted in Figure 4. The investi-
gated sample solution consisted only of the cationic model
analyte ([FcMTMA]+) due to the detection characteris-
tics of the C4D. As observed for the CE-UV experiments,
the cationicmodel analyte ([FcMTMA]+) migrated at each
side (P2 and P3) nearly simultaneously. From the electro-
pherograms shown in Figure 4, we found that for both
types of FSs, the peaks look almost identical in front of
and behind the FS. The corresponding figures of merit for
the peaks at P1, P2, and P3 are summarized in Table S2. It
was found that the FWHMs were the same for FSY at P1,

F IGURE 4 CE-C4D measurements of FST, FSY, and FST rev.
In contrast to FST for FST rev., the inlet capillary (P1) and one outlet
capillary (P2) were arranged linearly, and the second outlet capillary
(P3) was arranged perpendicular to them. The C4D was placed
directly in front of (P1) and behind the FSs (P2 and P3).
Experimental parameters: 0.1 mM [FcMTMA]+ in BGE, injection
time 5 s, separation voltage 25 kV, current 6.0 µA (FST), 6.1 µA
(FSY), and 6.1 µA (FST rev.). BGE, background electrolyte;
[FcMTMA]+, (ferrocenylmethyl)trimethylammonium ion; FS, flow
splitter; FST, T-shaped FS; FSY, Y-shaped FS; FST rev., FST reversed

P2, and P3. The FWHMs of the peaks for FST were slightly
larger behind the FS (P2 and P3). We suggest that this was
also a disturbance effect from the connection side. Nev-
ertheless, the FWHMs were almost the same in front of
and behind both FSs. The sample zones were split simul-
taneously inside of the FS without dilution effects. There-
fore, the sample zones have only half of the length after
the splitting, but the peak width behind the FS was almost
identical to the peak width in front of the FS. A possi-
ble explanation for the very similar peak widths could be
given by the different flow rates in front of and behind
the FS. We calculated the flow rates for the different sec-
tions of the FSs based on the migration times and the posi-
tions of the detectors. For FST, we determined a flow rate
of 6.21 ± 0.06 mm/s at P1, 3.00 ± 0.04 mm/s at P2, and
3.1 ± 0.1 mm/s at P3. Very similar results were obtained
for the flow rate of FSY. For both FSs, the flow rates prior
to the FS were about twice as high as the flow rates after-
ward. Thus, after passing the FS the sample zones needed
twice the time to pass the detector. Compared to the peak
widths in front of the FS, the combination of halved sample
zones and halved flow rates behind the FS leads to nearly
identical peak widths behind the FS. As the sample zones
were not diluted during the splitting process and the fact
that the C4D is a concentration-related detector, also the
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F IGURE 5 CE-C4D measurements of an [FcMTMA]+ sample
solution with a 50 and 75 µm capillary in front of FSY (P1) and two
50 µm capillaries behind the FSY (P2 and P3). The C4D was placed
directly in front of (P1) and behind the FS (P2 and P3). Experimental
parameters: 0.1 mM [FcMTMA]+ in BGE, separation voltage 25 kV,
current 6.2 µA (50 µm at P1), and 9.0 µA (75 µm at P1), sample plug
length 2.8 mm. The sample plug length was calculated based on
capillary flow injection experiments. BGE, background electrolyte;
[FcMTMA]+, (ferrocenylmethyl)trimethylammonium ion; FS, flow
splitter; FSY, Y-shaped FS

peak heights were identical in front of and behind the FS.
As the peaks looked nearly the same in front of and behind
the FS, also the LODs should be the same. Therefore, we
determined the LODs in front of and behind FSY and we
found that the LODs were 13 ± 6 µM in front of the FS and
15 ± 8 µM behind the FS. Within the scope of measure-
ment precision, the LODs could be considered identical. As
our experiments did not reveal any peak broadening effects
introduced by the FSs, we consider the splitting as nearly
dead volume free.
As FST and FSY had different thru-hole diameters, we

investigated the effect on the geometry of the FS by chang-
ing the direction of FST, so that P1 and P2 were arranged
linearly. However, the other outlet capillary (P3) was
arranged perpendicular to P1 and P2. The corresponding
electropherograms of the reversed FST are also depicted
in Figure 4. For both arrangements of FST, no significant
difference was detectable. Hence, we concluded that the
geometry of the FS had no measurable effect on the split-
ting of the CE flow.
For trace analysis, usually larger sample amounts are

required. To achieve higher sample loads, by similar sam-
ple plug length, we placed a 75 µm instead of a 50 µm
capillary in front of FSY (P1). Figure 5 shows the corre-
sponding electropherograms with a 50 and 75 µm capillary
at P1 for identical sample plug lengths. For the measure-

ments using a 75 µmcapillary at P1, the cationicmodel sub-
stance migrated at P1 20 s later compared to the configura-
tion using the 50 µm capillary, which could be explained
by the smaller electrical field strength in the 75 µm capil-
lary. The plateau formation of the peaks at P2 and P3 for
the confirmation with the 75 µm capillary approved the
higher amount of injected sample compared to the config-
uration using the 50 µm capillary at P1. Furthermore, the
peaks recorded using the 75 µm capillary at P1 were about
twice as high as in the 50 µm capillary. This was predom-
inantly an effect of the higher sensitivity of the C4D for
capillaries with a larger id and not due to the higher sam-
ple volume. Table S3 depicts the dependence of the sen-
sitivity of the C4D on the id of the capillary for our used
model system. The data in Table S3 show that the sensi-
tivity of the C4D was about twice as high for the 75 µm
than for the 50 µm capillary. Overall, these measurements
showed the flexibility of the FS concept regarding differ-
ent capillary ids and were not limited to the injection posi-
tion (P1). At P2 and P3, also capillaries with different ids
could be used, which allows the individual adjustment of
the capillary id to the requirements of injection and of each
detector.

4 CONCLUDING REMARKS

For the development of novel DDCs, including more than
one destructive detector at the capillary end,we have intro-
duced a simple concept for the splitting of the CE stream
utilizing commercially available FSs. With this approach,
it was possible to place two detectors in parallel to each
other.
In this manuscript, we performed some proof-of-

concept experiments where we could show that the
splitting of the CE flow with commercially available FSs
is promising for detection concepts using two destructive
detectors. Both FSs provided very good performance.
Additionally, they were very simple in handling and
user-friendly. The split ratio was about 50% for both
types of FSs. We found that it was favorable for the
reproducibility of the measurements when the thru-hole
diameter of the FS was 50 µm larger than the id of the
capillary. CE-C4D measurements showed no significant
peak broadening due to the implementation of the FSs.
Additionally, the LODs in front of and behind the FS were
the same. Consequently, the splitting can be considered
almost dead volume free. Additionally, we found that the
shape of the FS had no measurable effect on the splitting.
The FSs were also successfully tested in combination
with capillaries of various ids. Therefore, it was possible
to choose the best suitable capillary id for injection and
each detector individually. In contrast to conventional
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DDCs with a linear detector arrangement, the concept
with the FSs has, in combination with capillaries of
identical ids, the potential to synchronize the detector
responses.
Based on the results described in this article, it can

be pointed out that utilizing commercially available FSs,
the concept of CE flow splitting is a powerful and sim-
ple approach that could be used for the implementation of
novel DDCs consisting of two destructive detectors. More-
over, the FSs hold great potential to be used in other, more
sophisticated applications of capillary-based analytical sys-
tems.
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