Analytical
Methods

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Anal tical Royal Society of Chemistry peer review process and has been

M th d y accepted for publication.

e o s Ll Accepted Manuscripts are published online shortly after

p— - acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

l(’msm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

[y RO~YAL SOCIETY
OF CHEMISTRY www.rsc.org/methods


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 26 Analytical Methods

Anions were separated by capillary electrophoresis using a dimethylformamide-acetic
acid medium as background electrolyte
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Abstract
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A low viscosity, low conductivity medium derived from N,N-dimethylformamide and
12 acetic acid was synthesized and studied for the feasibility as background electrolyte
15 for capillary electrophoresis—capacitively coupled contactless conductivity detection
18 of anions. The background electrolyte could separate anions prepared in solvents of
20 different dielectric constants, polarities, and viscosities, i.e., methanol, acetonitrile,
23 sulfolane and water, with detection limits of 0.83 — 3.83 x 10® mol/L for BF,", CIO,",
26 PFs", I, NOs, Br and CI". Finally, the method was applied to determining inorganic
28 anions in tap water and honeys as well as identifying alkyl sulfate surfactants in a

31 shampoo sample.
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1. Introduction

Capillary electrophoresis (CE) is a powerful separation tool that offers the advantages
of high efficiency and low sample consumption.' However, CE separation of small
inorganic anions is not a straightforward task because in conventional aqueous buffer,
anions migrate from cathode to anode, while the electroosmotic flow (EOF) moves in
the reverse direction at a comparable velocity. As a result, the analysis time is long
and, even worse, sometimes the high-mobility anions cannot be detected. A number of
strategies have been employed to address this problem, such as covalently modifying
the capillary surface,” ® dynamically coating capillary with surfactants,* or adopting

nonaqueous separation media.’

Nonaqueous capillary electrophoresis (NACE) is a promising approach because,
compared with the aqueous buffer, the organics employed in NACE can provide wider
ranges of dielectric constant, polarity, viscosity, and acid/base chemistry.® These
properties are key buffer parameters affecting separation and should be finely tuned

for good CE performances.”®

Room-temperature ionic liquids (ILs) are salts whose melting points are around the
ambient temperature. According to the structures of the cations, they are normally
categorized into imidazolium-, pyridinium-, ammonium-, phosphonium- and

N,N-dimethylformamide-based ILs.> *° The dialkylimidazolium-based ILs have been
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widely used in analytical chemistry. Examples include solvents for extraction,™ 2

stationary phases in high-performance liquid chromatography**** and gas

E’16-18 and

chromatography,'® coating materials or buffer additives in aqueous C
background electrolytes (BGEs) in NACE.® However, when serving as BGEs, this
kind of ILs have to be dissolved in solvents at millimolar level because they have high
conductivities and high viscosities, ordinarily in a range between 35-682 cP.%° The
DMPF-based ILs'? are attractive because they can be prepared by simply mixing DMF
and protic acids, and because the raw materials at high purity for the DMF-based ILs
are commercially available at reasonable prices. More importantly, some DMF-based
ILs have very low viscosity. For instance, the viscosity of DMFH'-Ac” was ca. 2 cP
as observed by our experiment, much lower than the conventional imidazolium ILs. In
addition, we found that DMFH*-Ac™ possessed low conductivity compared with its

analogues in the report.'® These properties render the material potential separation

medium in CE analysis.

We herein investigate, to the best of our knowledge the first time, the feasibility of a
DMF-HAc medium, DMFH'-Ac’, as background electrolyte for separation and
detection of anions, viz., BF,~, ClO4, PR, I, NOs~, Br, CI" and some alkyl sulfates
(C12H25S04 and C16H33S04), by CE—capacitively coupled contactless conductivity
detection (C*D). Among the analytes, I-, NOs~, Br and CI” are common ions at
considerable contents in seawater, ground water and, in some areas, drinking water.

Alkyl sulfates (CnH2n+1SO4") are widely used in synthetic detergents.
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Hexafluorophosphates are often used as antimicrobial compounds, and
tetrafluoroborates are important chemicals in plating industry. Perchlorates are strong
oxidants at high temperature; besides being used for military purpose as key
ingredients in dynamite, they are widely used in production of fireworks. These ions
can enter ground water via domestic and/or industrial sewage. Consequently,
analytical methods have to be developed not only to monitor quality of the products
but to evaluate their influence on the environment. CE has also been applied to this
field; nonetheless, indirect photometric detection was usually employed because most
of these ions lack chromophores. Conductivity detection (CD) is a universal detection
approach, sensitivity of which is dependent on mobilities of the species monitored and
the background co-ion. C*D, a CD approach, is a competitive alternative to the
conventional on-column optical detection methods because it does not rely on
particular chromophores or fluorophores, neither does it have the disadvantage of
short path length encountered by the optical detection techniques. In this report,
factors influencing the separation performance were studied, and the applicability of
the method was demonstrated by determining inorganic anions in tap water and

honeys and identifying organic anions in a shampoo sample.

2. Experimental
2.1 Reagents
DMF, acetic acid (HAc), sodium fluoroborate, sodium chloride, sodium nitrate and

ammonium hexafluorophosphate were purchased from Sinopharm Chemicals (Beijing,
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China). Sodium bromide and potassium iodide were products of Bodi Chemicals
(Tianjin, China). Sodium dodecyl sulfate (C1,H25S504Na) and sodium hexadecyl
sulfate (C16H33SO4Na) were from Sigma (St. Louis, MO, USA). All the other

chemicals were of the highest quality available.

2.2 Synthesis of DMF-HAc medium

The DMF-HAc medium was synthesized by slightly modification of a previous
report.’® Briefly, the reaction was carried out under vigorous stirring in a
round-bottom flask chilled by ice-water bath. A volume of 20.0 mL DMF was added
to the flask and was neutralized by slow, dropwise addition of equimolar glacial acetic
acid (14.80 mL). The product was dried by rotary evaporation at 70 °C under reduced
pressure to remove water and the minor reactant residues, leaving behind the desired

product.

2.3 Conductometric titration

In a titration cell thermostated at 25 °C, 25 mL glacial acetic acid was magnetically
stirred, to which aliquots of DMF was added stepwise with a pipette. After each
addition, conductance of the solution was recorded with a DDS-11A conductometer
(Hongyi Instrument, Shanghai, China). The corrected conductance of each addition
was obtained by multiplying the reading with a factor f, f = (V+V;)/Vo, where Vj is the
starting volume of the solution (glacial acetic acid) and V the accumulated volume of

the titrant.
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2.4 Fourier transform infrared (FTIR) experiments

Infrared spectra of the DMF-HAc medium and the fresh DMF-HACc mixture were
recorded with a resolution of 4 cm™ on a Nicolet 380 FTIR spectrometer (Thermo
Electron Corporation, Waltham, MA, USA) at room temperature. A2 cm x 1.5 cm
poly(methyl methacrylate) plate was used for sample loading. Background subtraction
was performed in order for the acceptable accuracy and reproducibility. A total of 100
interferograms were accumulated over the spectral range of 4000 — 500 cm™ to ensure

good signal-to-noise ratio.

2.5 Sample solutions

Acacia honey (Classic Brew, Shanghai, China), date honey (Bao Chun Tang,
Chongging, China), vitex honey (Chang He, Yunnan, China) and shampoo (Rejoice,
Guangzhou, Guangdong, China) were bought from a local supermarket. Individual
solutions of each honey sample were prepared by dissolving precisely weighed 4 g
honey in 10 mL deionized water (Millipore, Bedford, MA, USA). The shampoo
sample was diluted 100-fold with deionized water. Tap water taken from the
laboratory was used without dilution. Before injection, all sample solutions were

filtered through 0.22 pum filters (Jiuding High Tech., Beijing, China).

Recoveries (R%) of analytes from the sample solutions were estimated according to
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R% = %xloo (1)

0

where S; and S; are the peak areas of an anion in unspiked and spiked sample
solutions, respectively, and Sy the peak area of this anion prepared in deionized water

at the spiking concentration.

2.6 Capillary electrophoresis

Experiments were performed on a CE system consisting of a high-voltage power
supply (Sanchuan High Tech., Tianjin, China) and an in-house made C*D detector.
The detector was described previously.?* Briefly, two 5 mm x 0.5 mm i.d. stainless
steel needles were employed, one acting as actuator electrode and another as pick-up
electrode. The electrodes were separated by a copper foil and were shielded by a
grounded copper housing. During measurement, an oscillation voltage was applied on
the actuator electrode by a function generator (YSD996A, Peiming, Jiangsu, China).
The signal reflecting the conductivity of the gap between the electrodes was collected
by a data acquisition unit (CT22, Qianpu, Jiangsu, China) and subsequently processed
with HW2000 chromatography station (Qianpu). A 60 cm (50 cm in effective length)
75 um i.d. bare fused-silica capillary (Ruifeng Photoconduction Fiber, Hebei, China)
was employed for separation. The new capillary was conditioned for 1 hour with 0.5
M NaOH (prepared in methanol/water, 50:50, v/v), 20 min with methanol, and was
finally purged for 30 min with pure nitrogen. Every day before experiments, the
capillary was flushed for 10 min with BGE. Typically, injections were performed

hydrodynamically by lifting the injection end to a height of 20 cm for 30 s. The
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injection plug length was estimated using a free software distributed by Beckman
Coulter (Fullerton, CA, USA). Separations were carried out under negative voltages.
The viscosity of the DMF-HAc medium was measured by the method proposed by

Francois et al.??

3. Results and discussion

3.1 Characterization of the DMF-HAc medium

The viscosity of the DMF-HAc medium was measured to be 2 cP, significantly lower
than the reported values of 35-682 cP for the widely used dialkylimidazolium-based

ILs.??

3.1.1 Conductometric titration
Fig. 1 depicts that the conductivity of the mixture increased with addition of DMF to

HAc until ng,,. /N, = 0.5, after which the conductivity reduced. Liquid acetic acid

HAG
existed predominantly as cyclic dimmers ((HAc),);?* addition of DMF facilitated the
dissociation of the dimmer ((HAc),—H"+HAc,") by forming the protonated DMF
(DMFH") and, consequently, increased the conductivity of the mixture. DMF and
Bronsted acid formed 1:1 salt*° (in this paper, denoted as DMFH*-Ac), but, as
revealed by the low conductivity (7.15 pS-cm™ versus 280-2810 pS-cm™ for the
analogues in the report™®), the dissociation constant of the complex was very low. This

may be the consequence of cohesive intra-complex electrostatic forces which led to

ion pairing/association, and of van der Waals interactions as well.*°
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(DMFH"). Our results are coincident with the previous report that DMFH" could exist
in both keto and enol forms®* (the two structures were illustrated in Scheme S1 of the

Supporting Information).

The experiments suggest that the product contained the DMFH*-Ac” complex and its
dissociation components, DMFH" and Ac’, concentrations of which were low but
played important roles in CE performances as will be demonstrated in the ensuing
experiments. Although such acetic acid-based acid-base complexes at low ionicity can

be sometimes called “ionic liquids" % 2°

, We think it is safe to term the product used
in this work "DMF-HAc medium” since the dissociation degree of the complex was

very low.

3.2 CE performances of the DMF-HAc media at different initial DMF/HAC ratios
DMF, HAc and the DMF-HAc media prepared from DMF-HAc mixtures at different
molar ratios were investigated as BGEs for CE separation of inorganic anions, i.e.,
BF,, ClO4, PFg, I, NOs™, Br and CI". Under the separation voltage, the currents
across the capillary were so low that the reading fluctuated between 0—1 pA (this
phenomenon was observed throughout the experiments in this report). No peaks could
be observed with DMF or HAc (traces A and B of Fig. 3). Regarding the DMF-HAc
media, the migration times of the anions reduced with decreasing DMF/HAc molar
ratio due to the improved "acidity" of the mixture and, therefore, more DMFH"

adsorbed to the silica surface, leading to enhanced anodic EOF. The best separation

11
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was achieved at the DMF/HACc ratio of 1:1, at which the DMFH"-Ac” complex was
stoichiometrically formed (here, we term it the stoichiometrically complexed
DMF-HAc BGE, s-BGE). At lower DMF/HACc ratios (traces F and G), higher content
DMFH" existed in the separation medium and/or on the capillary surface, and
migration of bromide and chloride might be impeded by their electrostatic interaction

with DMFH".

The s-BGE showed distinct characters from the conventional aqueous BGEs. The
electroosmotic flow of the capillary filled with s-BGE was reversed owing to the
wall-adsorption of DMFH*, being -3.2 x 10 cm?V*.s™. The mobilities of the anions
were in the range of -8.1 x 10°--1.42 x 10™ cm?V™.s™, far less than those in water
solution. The halides, CI', Br" and I", which had close mobilities in aqueous buffer and
were often overlapped in conventional CE without additives,>” were well separated in

s-BGE.
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Fig. 3 Influence of DMF/HAc molar ratio
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The BGEs: A, DMF; B, HAc; C, 4:1; D, 2:1; E, 1:1; F, 1:2; G, 1:4. Peak identities: 1,
BF,; 2,ClO4; 3, PR 4, 17; 5, NOs™; 6, Br; 7, CI™. Separation voltage: -14 kV. The

C*D excitation conditions: 100 kHz x 20 V,.,. Traces were offset for clarity.

3.3 Influence of sample solvents

Four solvents, methanol, acetonitrile, sulfolane and deionized water, were used to
prepare the standards. To obtain clear electropherograms, six ions, i.e., BF4, PFg", I,
NO3~, Br and CI", were selected this time. Our preliminary experiments found that
the baseline noise was high with sulfolane as sample solvent. Therefore, the injection
time was increased to 40 s for recognizable peaks, and this time was applied to all
standards for comparison. The electropherograms were similar with all the solvents
(Fig. 4A). However, the detection sensitivity was the highest for the anions prepared
in acetonitrile, and was the lowest in water. Moreover, the solvents notably affected
migration of the anions, especially for the low-mobility species (Fig. 4B). For
example, unlike the fronting peaks for other ions, the peak shape of chloride prepared
in water was a tailing triangle due to the low mobility. Further, comparison of Fig. 3
and Fig. 4A reveals that with longer injection time the migration window, the
migration time difference between the first and the last peaks, narrowed for aqueous

standards.

The total migration time of an ion was the sum of the migration time in the injection

zone, which was surrounded by the sample solvent, and the migration time in the

13
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s-BGE until it reached the detector. The migration velocity of the ion in the injection
zone was dictated by the sample solvent properties, such as permittivity and viscosity
(Table S1). High viscosity of the injection zone hindered the migration and therefore
resulted in long analysis time. High sample solvent permittivity resulted in high
conductivity of the plug and, as a consequence, low local electric field and slow
migration velocity. Another factor should be concerned regarding the migration in the
injection zone is the change in local conductivity and viscosity upon DMF-HAc
complex entering the zone, by either electrophoretic migration or diffusion.
Dissociation of the DMF-HAc complex in sample solvent led to improvement in local
conductivity because one of the products, acetic acid, would partly deprotonate. Our
experiments revealed that the anions migrated at lower mobilities in the injection zone
than in the s-BGE (Section 3 of the Supporting Information). When the ion
electrokinetically migrated across the interface, from the sample zone to the s-BGE,
the desolvation (from the sample solvent) and the solvation (with the s-BGE) of the
ion took place simultaneously.?® The process changed the properties of the ion,
imposing effect on the mobility. The long sample plug with low local electric field
during separation and the desolvation/salvation process might be responsible for the

mobility changes of the ions.

14



©CoO~NOUTA,WNPE

Analytical Methods

A
0
Methanol
S
£
= 10 Acetonitrile
c
=
n
1
S .20 Sulfolane
7}
2
7}
(=]
-304
23 5 6
T T T T T T T T
0 4 8 12 16 20 24 28 32
Migration time (min)
1.4“‘ B
'.-m 27 A‘\ﬂ‘/\ﬂ
< 144 )
5 1T T—
5 101 '\\n
2 o] M —
x 99 —
Z 08 I —
3 0] —0—BF, —e—PF, —— |
= | NO, —o—Br —»—CI
0.6 -1— " T T - T
methanol acetonitrile sulfolane water

Solvents

Fig. 4 Influence of sample solvents on the electropherograms (A) and mobility of ions
(B). The experiments were carried out in s-BGE. Standard solutions were injected at
20 cm x 40 s; separation voltage was -15 kV. The peaks: 1, BF4; 2, PFs; 3, I7; 4,

NOs"; 5, Br7; 6, CI". Other conditions were the same as Fig. 3.

3.4 Influence of the C*D parameters
The influence of oscillation frequency on the C*D detection was investigated in the
range of 30-500 kHz. The intensity of anion peaks first increased with the frequency,

reaching maximum at 100 kHz, then decreased at higher frequencies (Fig. 5). At low

15
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excitation frequency, the capacitive reactance is a pronounced factor impeding
sensitive detection;?® at high frequency, however, the increased stray capacitance

between the electrodes reduced the response of C*D.*

The effect of oscillation amplitude of the signal generator was investigated between
8-20 V. Our experiments indicated that peak heights increased proportionally with
excitation voltage (Fig. S2). Therefore, the highest output voltage of 20 Vp—p was

employed.
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Fig. 5 Influence of oscillation frequency
Data were obtained based on aqueous standards; the excitation frequency varied
between 30 and 500 kHz; standard solutions were injected at 20 cm x 40 s. Other

conditions were the same as Fig. 4.

3.5 Performance and demonstration

Under the optimized conditions, i.e., anions being separated in s-BGE, detected by

16
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C’D with excitation frequency at 100 kHz and excitation voltage at 20 V, good
linearities were obtained for all anions in the concentration ranges studied, with
correlation coefficients (r* values) higher than 0.99 (Table 1). The limits of detection
(LODs, S/N =3, in 10° mol/L) for BF,~, ClO4, PR, I", NO5, Brand CI prepared
in acetonitrile were calculated to be 3.83, 1.80, 0.83, 2.93, 3.68, 2.54 and 2.47,
respectively. The sensitivity is higher than those obtained by CE-UV.3" %2 The
precisions of migration times and peak areas were studied in terms of intraday
repeatability, which was based on five consecutive injections (n = 5), and in interday
reproducibility, which was estimated on three consecutive days (n = 3x5 = 15). The
intraday and interday variabilities of the migration time, expressed in relative standard
deviations (RSDs), were no more than 3.41% and 3.10%, respectively. The
corresponding values for peak areas were no more than 9.60% and 9.96%, respectively.
The RSDs were comparable with our previous report using C*D detection.”* Note that
the experiments were performed on laboratory-made CE system. We think the
precisions can be improved by using more sophisticated commercial CE instrument,
for example, equipped with autosampler (for peak areas) and able to operate under

constant current mode (for migration times).

The typical electropherograms of the honey and tap water samples are presented in
Fig. 6A. Table 2 lists the recoveries of the standard addition method and the anion
contents in the samples. The high recoveries, 92.4-103.1%, suggest that the method

can quantitatively determine anions in these samples. The noticeable variability of

17
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anion contents in honeys might be due to the different botanical origins. The
concentration of nitrate in the laboratory tap water (98.1 mg/L, equal to 22.1 mg/L in
nitrogen) was slightly higher than the critical value of 20 mg/L (nitrogen) set by the
National Standards for Drinking Water Quality (GB 5749-2006),% because the water
was not treated for drinking purpose. Fig. 6B indicates that the surfactants in the
shampoo sample could be detected by CE-C*D. We spiked the sample solution with
two alkyl sulfate surfactants, C12H25504 and C16H33SO4, and two peaks were

identified. The small side peaks (8" and 9") suggest that positional isomers may exist.

18
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Fig. 6 Representative electropherograms of honey and tap water (A) and shampoo
(B).

Samples were analyzed with s-BGE. Separation voltage: A, -14 kV; B, -18 kV. In
panel B, C12H25SO4Na and C16H33SO4Na were fortified at 0.5 mM each in the spiked
shampoo sample. Samples were injected at 20 cm x 30 s. Peak identities: 8,

C12H25S047; 9, C16H33S04". Other conditions were as trace E of Fig. 3.
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1

2

3

g Table 1 Figures of merit of the method ?)

6

7 Anions
8

0 BFs clo, PFs™ I NOs™ BI- cr
11

12 |inear range

13

14 1.0-20.0  1.0-200  05-10.0  0.8-12.0  1.0-15.0 1-25.0 0.8-20.0
15 (10° mol/L)
16

g Intercept (x10*

19 2.57+1.16 1.08£0.65 4.73£1.13  0.98+0.59 1.88+0.77 2.67£1.15 2.03+0.4-
20 | Verm:

o1 uV-min)

22

23 Slope (x10*
gg 1.82+0.06  3.75+0.03  4.65+0.08  3.00+0.02  2.78+0.03  1.53+0.05 1.63%0.t0
26 LV min /mM)

27

28 r 0.9961 0.9959 0.9902 0.9965 0.9910 0.9941 0.9987

30
31 LOD

gg 3.83 1.80 0.83 2.93 3.68 2.54 2.47

34 (10° mol/L)

35 )R
g? LODY

38 1.15 0.63 0.44 1.23 1.14 1.93 1.90

39 (10™ mol/L)

40

41
42 Intra-day precision (RSD%, n=5) at 3 x 10 mol/L”
43

7o Migration time ~ 2.48 2.54 2.62 2.63 2.43 3.41 2.90

46
j; Peak area 7.32 9.60 8.08 8.10 6.76 5.86 6.23

49
50 Inter-day precision (RSD%, 3 days, n = 3x5 = 15) at 3 x 10 mol/L?
51 _—

o2 Migration time .42 1.26 2.40 2.38 2.51 2.99 3.10
54
oo Peak area 5.95 6.30 7.48 9.96 5.63 6.58 8.95

57

58 ? unless otherwise stated, all parameters were based on standards prepared in
59
60

acetonitrile
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®) standards were prepared in water
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Table 2 Recoveries and concentrations of anions in honeys and tap water

©CoO~NOUTA,WNPE

Sample

Recovery +SD (%, n = 3) / Concentration spiked Concentration determined

a)

cr Br NOj; cr Br

NOs

13 acacia honey  98.9+0.8/100.0 99.2+0.8/10.0  99.0+0.7/10.0 107.4 N.D.?

15 date honey  92.4+6.0/40.0  103.1+2.0/10.0  97.5+1.3/10.0 31.1 N. D.

18 vitex honey  96.5+1.7/40.0 97.2+0.9/10.0 98.4+0.7/10.0 34.8 N. D.

21 tap water 99.2+5.0/40.0 100.1+6.0/10.0  101.4+4.3/100.0 31.4 10.9

6.0

15.3

20.1

98.1

% mg/kg for honeys and mg/L for tap water; ® below LOD

4. Conclusions

It is well known that conventional ionic liquids, when used in CE as BGEs, should be
dissolved in solvents at millimolar levels for low Joule heating and ease of operation.
Because of its low conductivity and low viscosity, the new complex of DMFH'-A¢
can be directly used as BGE, in which anion standards prepared in different solvents
could be successfully separated and detected. Moreover, the DMF-HAc medium was
applied in determining anions in tap water and honey samples as well as in identifying
anionic surfactants in detergent. Our experiments suggest that the DMF-HAc media

are potential BGEs for CE analysis.
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