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Determination of electroosmotic flow in nonaqueous
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Abstract

Mobility of the electroosmotic flow (µEOF) in fused-silica capillaries strongly depends on the nature of the background electrolyte. In
this study, 27 solvent systems were investigated, namely water, methanol, ethanol, 2-propanol, 1-butanol, acetonitrile (MeCN), formamide,
N-methylformamide (NMF),N,N-dimethylformamide and dimethyl sulfoxyde, as well as 8 hydroorganic and 9 organic mixtures. For each
system, sixµEOF were determined at a different ionic strength in basic conditions, and an absolute electroosmotic flow mobility (µEOF,0) was
extrapolated according to the Debye–Huckel Onsager model. The obtainedµEOF,0values were correlated with the solvent’s relative permittivity
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ε) and viscosity (η). A good correlation (r2 = 0.867) betweenµEOF,0 and the solvent’sε/η ratio was demonstrated, except for two solve
MeCN and NMF). Furthermore, the donor number (DN) of a solvent took into account the possible zeta potential modification in th
ouble layer near the capillary wall. Consequently, the relationship betweenµEOF,0 andε/(η × DN) was superior, with ar2 of 0.943 for 10
ure solvents.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Capillary zone electrophoresis (CZE) using either non-
queous or hydroorganic background electrolytes (BGEs) is
n interesting alternative to usual CZE performed in aque-
us media. The main reasons for this success are different
electivity as well as better solubility and stability of com-
ounds in organic solvent than in water. Several reviews pro-
ide comprehensive overviews of the status of nonaqueous
apillary electrophoresis (NACE) and cover main applica-
ion in this field[1–4]. Many NACE applications have been
eported in pure acetonitrile (MeCN), lower alcohols [e.g.
ethanol (MeOH), ethanol (EtOH)] as well as in mixture.
urthermore, many solvent systems can be used as BGE for
ZE, as long as they fulfill different criteria[1]: (i) suitable

iquid range, (ii) solubilization of components, (iii) chemical
tability, (iv) not too high volatility, (v) compatibility with in-
trumental demands, (vi) availability at reasonable cost and

∗ Corresponding author. Tel.: +41 22 379 63 36; fax: +41 22 379 68 08.
E-mail address:jean-luc.veuthey@pharm.unige.ch (J.-L. Veuthey).

purity, (vii) sufficient relative permittivity (ε) and (viii) rela-
tively low viscosity (η). The two latter are closely related
the intensity of the electroosmotic flow (EOF) and thus to
analysis time. Indeed, the effect ofε andη on EOF mobility
(µEOF) can be described as[5]:

µEOF = −ε0εrζwall

η
(1)

whereζwall is the zeta potential of the capillary wall,ε0 is
the permittivity of vacuum,εr and η are the solvent’s d
electric constant and viscosity, respectively. Considering
equation,µEOF of two solvent systems can be compared
taking into account theirε/η ratio, ε being solvent’s relativ
permittivity (ε = ε0εr). However, other parameters have to
considered forµEOFestimation[1]. In fact,ζwall may also dif-
fer from one solvent system to another, because of diffe
dissociation constants of the silanol groups. Moreover
(1) considers thatε andη values are identical near the wall
they are in a bulk solution. However, these values may div
due to the orientation of solvent molecules in the vicinit
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.02.001
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the capillary wall. For example,ε was reported to be lower
in the electrical double layer than in the bulk solution[5,6].

In addition to previous theoretical limitations, practical
difficulties occur whenµEOF is compared withε/η ratio of
pure solvents. While EOF has been reported to be performed
in pure solvent without addition of ionic species[7,8], results
depend on factors barely under control. As pointed out by the
authors[7,8], the pH may fluctuate from one solvent to an-
other and ionic impurities in “pure” solvents might generate
or affect the EOF. Some studies avoid these problems by us-
ing BGEs containing similar salt concentrations. However,
these salts reduce mobility compared to pure solvent.

In fact, the actual mobility of an ion (µi) is maximal at zero
ionic strength (absolute mobility,µi,0). For a 1:1 electrolyte,
this mobility can be expressed by the Falkenhagen and Pitts
(FP) model[9,10], as:

µi = µi,0 −
(

8.20× 105 µi,0

(εT )3/2
+ 42.75

η
√

εT

)

×
( √

I

1 + 50.29a
√

I/εT

)
(2)

where 8.20× 105/(εT)3/2 and 42.75/η(εT)1/2 describe relax-
ation and electrophoretic effects, respectively. For unit con-
s −5 2 −1 −1 ◦
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Fig. 1. Theoretical correlation of actual mobility with ionic strength square
root in water, MeCN and NMF at 25◦C. Absolute mobility (µi,0) is con-
sidered similar in all solvents, with a 50× 10−5 cm2 V−1 s−1 value. Broken
lines are drawn according to FP model (Eq.(2)) with a= 5Å, and solid lines
according to DHO model (Eq.(4)).

close to unit and Eq.(2) is simplified into Eq.(4). Likewise,
mobility decreases linearly with

√
I if ions are considered

as point charges (a= 0). Hence, a simplified model can be
used, the so-called Debye–Huckel Onsager (DHO)[11,12]
limiting slope:

µi = µi,0 −
[

8.20× 105 µi,0

(εT )3/2
+ 42.75

η
√

εT

]√
I (4)

Fig. 1 illustrates the theoretical relationship betweenµi and√
I for a single charged ion in water, acetonitrile (MeCN)

andN-methylformamide (NMF). Relative permittivity and
viscosity values were taken fromTable 1 [13], and the ab-
solute mobility of an ion was estimated similar in all three
solvents,µi,0 = 50× 10−5 cm2 V−1 s−1. The termawas esti-
mated at 5̊A in Eq.(2)and neglected in Eq.(4). As exhibited,
the nature of the solvent had a great influence on the response
function. In fact, the slope was less significant for a solvent
possessing a highε value (NMF) than for a solvent with a
low ε value (MeCN).

T
P

S Relative
pe

Viscosity pKauto Acceptor Donor

W 7
M 3
E 2
2 1
1 1
A 3
F 10
N 18
N 3
D 4

A

istency,µi andµi,0 are in 10 cm V s , T in K, η in
as andε is dimensionless. The terma (in Å) is the distanc
f the closest approach between ioni and its counter-ion. Th

onic strength (mol L−1) depends on the concentration (ci , in
ol L−1) and charge (zi) of ions in BGE. It is calculated a

= 0.5
∑

i

z2
i ci (3)

n theory, measurements ofµi at different electrolyte conce
rations should allow to determineµi,0, whatever the conce
ration. However, in order to achieve goodµi,0 estimation, i
s suitable to determineµi at low electrolyte concentration
here the response function is almost linear. Actually, for

onic strength, the last term denominator between brack

able 1
hysico-chemical properties of pure selected solvents[13]

olvent Abbreviation Boiling
point (◦C)

Dipole
moment
(Debye)

ater H2O 100.0 1.85
ethanol MeOH 64.5 2.87
thanol EtOH 78.2 1.66
-Propanol 2-PrOH 82.2 1.66
-Butanol 1-BuOH 117.6 1.75
cetonitrile MeCN 81.6 3.92
ormamide FA 210.5 3.37
-Methylformamide NMF 199.5 3.86
,N-Dimethylformamide DMF 153.0 3.82
imethyl sulfoxide DMSO 189.0 4.06

cceptor and donor numbers were from refs.[14,15].
rmittivity (mPas) number number
(kJ mol−1)

8.36 0.8903 14.0 54.8 138
2.66 0.551 16.91 41.3 126
4.55 1.083 19.1 37.1 134
9.92 2.044 21.08 33.5 151
7.51 2.571 20.89 36.8 126
5.94 0.341 32.2 18.9 59
9.5 3.302 16.8 39.8 151
2.4 1.65 10.74 32.1 205
6.71 0.802 23.1 16.0 111
6.45 1.991 31.8 19.3 121
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In this paper, 27 solvent systems with knownε and
η values were used in untreated fused-silica capillaries.
For each system,µEOF was determined in six BGEs with
different ionic strengths, and the absolute electroosmotic
flow mobility (µEOF,0) was extrapolated according to the
DHO model (Eq.(4)). The latter should be appropriate for
the determination ofµEOF, since the terma is not significant
for neutral molecules. This procedure was performed with
two electrolytes (formate/ammonia and acetate/ammonia),
and results were compared with those obtained by other
authors[7,8] in pure solvents. Next, theseµEOF,0 values
were correlated toε/η ratios of the different solvent systems.
Finally, an estimation ofζwall variations was examined,
considering the donor number of investigated solvents.

2. Materials and methods

2.1. Chemicals

Analytical reagent grade sodium hydroxide, ammonium
formate, ammonium acetate, EtOH, 1-BuOH, FA, NMF
and DMF were obtained from Fluka (Buchs, Switzerland),
DMSO was obtained from Merck (Darmstadt, Germany).
Ammonia solution 30% for analysis was from Carlo Erba
( OH
w e
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with an inner diameter of 50�m and 64.5 cm total length
(56 cm to the UV detector). All experiments were carried
out using the cationic mode (anode at the inlet and cath-
ode at the outlet). A constant voltage of 30 kV, with an
initial ramping of 2.5 kV s−1, was applied during analy-
sis. The capillary was thermostated at 25◦C. Samples were
kept at ambient temperature in the autosampler and 1%
of the total capillary length was injected by applying a
pressure of 50 mbar for a few seconds, depending on sol-
vent viscosity. UV detection was carried out at 270 nm
with a bandwidth (bw) of 10 nm (reference at 350 nm, bw
40 nm).

Before its first use, the fused silica capillary was sequen-
tially washed with MeOH, 0.1 M NaOH, water and BGE for
5 min each. Because of the possibility of memory effect, a
new capillary was used for each investigated solvent. Be-
tween analyses, the capillary was flushed with the electrolyte
for 5 min. At least two runs were performed for each condi-
tion to determine EOF intensity.

3. Results and discussion

3.1. Physico-chemical properties of investigated solvents
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Rodano, Italy). HPLC-grade MeOH, MeCN and 2-Pr
ere supplied by Romil (K̈olliken, Switzerland). Ultra-pur
ater was supplied by a Milli-Q RG purification unit fro
illipore (Bedford, MA, USA).

.2. Electrolyte preparation

All the investigated solvents and solvent mixtures c
ained ammonia with either formate or acetate ammon
he same ammonium formate–ammonia and ammo
cetate–ammonia ratios of 100:38 were selected to o
pH of about 9.3 in water. Electrolytes with different s

oncentrations were prepared: 0.5, 1, 2, 3, 4 and 5 m
ither ammonium formate or ammonium acetate. For
f clarity, ammonia concentration is not specified and alw
djusted to attain the stated ratio (concentration between
nd 1.9 mM).

Acetone was used to determine the electroosmotic
ifferent 5:95 acetone:solvent (v/v) solutions were prep
y dissolution in the pure investigated solvent (or sol
ixture).

.3. Instrumentation

Experiments were performed using a HP3DCE system
Agilent Technologies, Waldbronn, Germany) equipped
n on-column diode-array detector, an autosampler a
ower supply able to deliver up to 30 kV. A CE Chem

ion (Agilent Technologies) was used for CE control, d
cquisition and data handling. Separation was perfo

n a fused silica capillary (Polymicro, Phoenix, AZ, US
Water and nine organic solvents were investigated at
able 1exhibits some of their physico-chemical propert
amely boiling point, dipole moment, relative permittiv
iscosity, autoprotolysis constant (pKauto), acceptor numbe
AN) and donor number (DN). A solvent’s autoprotoly
onstant gives information about both accepting and do
ng a proton. Amphiprotic solvents possess low pKauto val-
es and are good proton acceptor and donor, while ap
olvents are either bad proton acceptor or donor. Thus
er, MeOH, FA, NMF, EtOH, 2-PrOH and 1-BuOH can
lassified as amphiprotic solvents, and MeCN, DMSO
MF as aprotic solvents. Furthermore, acceptor and d
umbers (AN and DN) were introduced by Gutmann[14]

o describe the acidic and basic strength of a solvent. A
ent with a high DN possesses a strong basic strength
s a quantitative measure for a solvent’s ability to don
lectrons, i.e. to bind a proton. DNs were first determ

rom the formation enthalpy of SbCl5 complexes in dilut
ichloroethane solutions. Later, DN values of some solv
e.g. water, NMF) were indirectly measured in bulk so
ions to take into account their intermolecular interacti
ore details about this topic are given in different artic

4,14,15]. AN is the solvent’s quantitative measure to acc
lectrons.

Beside the 10 pure solvent systems, 17 solvent com
ions with known� and� were investigated: eight hydroo
anic and nine organic mixtures (Table 2). It can be note

hat donor numbers of solvent mixtures were not found in
iterature. In order to estimate these values, a linear rela
hip was used with the proportion of each solvent, whic
robably an oversimplification.
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Table 2
Physico-chemical properties of studied solvent systems from references[8,18,19]

Relative permittivity Viscosity (mPas) Estimated donor number (kJ mol−1)

Water–MeOH 20:80 42.8 1.01 128
Water–MeOH 40:60 51.8 1.40 131
Water–MeOH 60:40 61.1 1.42 133
Water–MeOH 80:20 70.0 1.26 136
Water–MeCN 80:20 67.5 0.91 122
Water–MeCN 60:40 56.0 0.98 106
Water–MeCN 40:60 46.5 0.76 90.6
Water–MeCN 20:80 41.0 0.58 74.8
MeCN–MeOH 20:80 33.9 0.440 113
MeCN–MeOH 61:39 35.3 0.337 85.8
MeCN–MeOH 76:24 35.6 0.328 75.8
DMF–MeOH 88:12 37.8 0.766 113
DMF–MeOH 59:41 38.3 0.693 117
DMF–MeOH 21:79 36.4 0.596 123
MeCN–DMSO 95:5 36.6 0.376 62.1
MeCN–DMSO 61:39 40.3 0.663 83.2
MeCN–DMSO 17:83 44.9 1.493 110

Donor numbers were estimated according to solvent’s proportion.

Table 3
Slopes, intercepts and determination coefficients (r2) calculated from DHO model (Eq.(1)) for ten solvents with different ionic strength

Formate Acetate

Slope (10−4) InterceptµEOF,0 (10−5) r2 Slope (10−4) InterceptµEOF,0 (10−5) r2

Water −40.0± 8.0 109.5± 3.7 0.9251 −29.7± 2.3 103.8± 1.1 0.9880
MeOH −40.5± 2.1 44.8± 1.0 0.9945 −36.8± 4.0 41.0± 1.9 0.9769
EtOH −15.5± 2.2 14.6± 1.0 0.9608 −13.6± 2.8 14.3± 1.3 0.9217
2-PrOH −4.9 ± 0.7 5.2± 0.3 0.9586 −5.8 ± 1.3 6.8± 0.6 0.9149
1-BuOH −3.8 ± 0.9 3.7± 0.4 0.8994 −3.1 ± 0.5 3.9± 0.2 0.9486
MeCN −231.4± 12.9 198.4± 4.7 0.9883 −96.8± 19.7 189.6± 9.2 0.9230
FA −15.1± 1.2 22.5± 0.6 0.9878 −21.4± 1.4 30.8± 0.7 0.9910
NMF −10.1± 0.7 50.4± 0.3 0.9899 −10.5± 0.3 50.7± 0.1 0.9987
DMF −28.8± 2.9 53.4± 1.3 0.9806 −23.6± 1.4 64.7± 0.6 0.9933
DMSO −11.3± 1.0 24.5± 0.5 0.9877 −9.5 ± 2.4 29.7± 1.2 0.9146

Intercepts correspond to the estimatedµEOF at zero ionic strength (infinite dilution).

3.2. Determination of absolute electroosmotic flow
mobility

For each solvent listed inTable 1, six different salt concen-
trations were prepared with ammonium formate–ammonia
mixtures, as with ammonium acetate–ammonia. As discussed
previously, low ionic strength concentrations were selected
to prevent important deviation from the DHO model (Eq.

(4)). Moreover, diluted BGEs are almost not affected by ion-
pairing effects. The latter can be significant for solvent sys-
tems withε inferior to water, since formate/ammonia and
acetate/ammonia ion-pairing can take place in some BGEs
[16].

The ionic strength was calculated according to Eq.(3).
In experimental conditions, formate and acetate were con-
sidered as fully anionic, and ammonia (pKa in water at

Table 4
Slopes, intercepts andr2 determined with a similar procedure (seeTable 2) for eight hydro-organic mixtures

Formate Acetate

Slope (10−4) InterceptµEOF,0 (10−5) r2 Slope (10−4) InterceptµEOF,0 (10−5) r2

Water–MeOH 20:80 −24.0± 1.5 36.7± 0.7 0.9923 −23.7± 1.0 36.5± 0.5 0.9964
Water–MeOH 40:60 −23.3± 1.52 38.7± 0.7 0.9915 −21.0± 0.8 38.3± 0.4 0.9969
Water–MeOH 60:40 −21.1± 0.9 45.7± 0.4 0.9967 −20.3± 1.4 45.4± 0.7 0.9902
Water–MeOH 80:20 −23.8± 4.8 64.5± 2.2 0.9254 −24.0± 1.5 64.3± 0.7 0.9921

Water–MeCN 80:20 −25.4± 0.9 83.9± 0.4 0.9975 −23.0± 4.8 82.5± 2.3 0.9183
Water–MeCN 60:40 −34.5± 1.53 79.7± 0.7 0.9960 −34.2± 1.2 80.1± 0.6 0.9976
Water–MeCN 40:60 −43.4± 1.75 78.0± 0.8 0.9967 −43.3± 2.6 78.0± 1.2 0.9930
Water–MeCN 20:80 −54.7± 2.5 77.5± 1.3 0.9968 −58.5± 2.2 81.4± 1.0 0.9971
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Table 5
Slopes, intercepts andr2 determined with a similar procedure (seeTable 2) for nine nonaqueous mixtures

Formate Acetate

Slope (10−4) InterceptµEOF,0 (10−5) r2 Slope (10−4) InterceptµEOF,0 (10−5) r2

DMF–MeOH 88:12 −29.8± 4.0 47.5± 1.9 0.9650 −25.5± 1.3 54.3± 0.6 0.9959
DMF–MeOH 59:41 −36.5± 2.2 51.7± 1.0 0.9924 −31.6± 4.6 53.4± 2.1 0.9597
DMF–MeOH 21:79 −35.3± 1.2 50.2± 0.6 0.9977 −34.6± 2.3 52.0± 1.1 0.9911

MeCN–MeOH 20:80 −48.9± 3.1 66.1± 1.4 0.9921 −48.5± 2.5 67.9± 1.2 0.9947
MeCN–MeOH 61:39 −70.0± 10.2 98.6± 4.8 0.9589 −71.9± 7.8 109.1± 3.6 0.9771
MeCN–MeOH 76:24 −75.4± 11.3 110.5± 5.3 0.9565 −80.4± 9.0 127.5± 4.2 0.9755

MeCN–DMSO 95:5 −82.7± 2.7 126.4± 1.3 0.9979 −58.1± 1.5 144.2± 0.8 0.9993
MeCN–DMSO 61:39 −27.0± 3.2 71.0± 1.5 0.9718 −55.1± 22.2 102.0± 11.2 0.9221
MeCN–DMSO 17:83 −12.5± 1.1 34.4± 0.5 0.9850 −9.1 ± 2.4 42.0± 1.3 0.9351

25◦C = 9.24) as partially protonated (50%) whatever its con-
centration and the tested solvent. In water, this estimation is in
close agreement with the measured pH, between 9.0 and 9.3
for the lowest and highest investigated salt concentrations.
Since pKa values of ammonia were seldom available in the
investigated solvents, the same approximation was employed
for other solvents. Hence, ionic strengths were similar in all
solvents, comprised between 4.2× 10−4 and 4.2× 10−3 M
for the investigated concentrations (from 0.5 mM up to 5 mM
ammonium formate or acetate).

Considering the simplified DHO model, a regression line
was drawn for investigated solvents with formate and acetate
BGEs. Slopes, intercepts (with their 95% confidence interval)
and determination coefficient are reported inTable 3. The
same process was applied for the eight hydroorganic and nine
organic mixtures listed inTable 2, and regression line data are
reported inTables 4 and 5, respectively. Results obtained in
MeCN, water:MeCN 40:60, DMF:MeOH 59:41 and 1-BuOH
are reported inFig. 2, showing that linear regression was
an appropriate model for the investigated conditions. This is
corroborated by determination coefficients superior to 0.90
for all responses.

Fig. 2. Practical relationship ofµEOF with the square root of six different
ionic strengths in MeCN, water:MeCN 40:60, DMF:MeOH 59:41 and 1-
BuOH. Solid lines are drawn for formate, broken lines for acetate.

With the exception of MeCN, profiles were similar with
formate and acetate BGEs (Fig. 2andTables 3–5). The dis-
crepancy with MeCN may be related to ion-pairing effects,
more inclined to occur in such an aprotic solvent. Appar-

Table 6
Comparison ofζ values obtained withµEOF,0 determined by a DHO model (extrapolation), andζ values in pure solvents[7,8]

ζ Values from pure solvents
[7] (mV)

ζ Values from pure solvents
[8] (mV)

W −98 −97/−108
M −84 −108/−127
E −73 –
M −195 −207/−226
F −46 −96
N −52 –
D −144 −86
D −155 −85
W −118/−120 −122
W −123/−125 −117
W −115/−117 −103
W −111/−113 −92
W – −101
W – −134
W – −142
W – −115
ζ Values from DHO model
(formate and acetate) (mV)

ater −117/−125
eOH −69/−76
tOH −62/−65
eCN −189/−199

A −67/−93
MF −45/−46
MF −116/−142
MSO −104/−128
ater–MeOH 80:20 −115/−117
ater–MeOH 60:40 −105/−107
ater–MeOH 40:60 −103/−105
ater–MeOH 20:80 −86/−87
ater–MeCN 80:20 −111/−114
ater–MeCN 60:40 −139/−141
ater–MeCN 40:60 −127/−128
ater–MeCN 20:80 −109/−116
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Fig. 3. Correlation ofµEOF,0with ε/η of solvent systems. (♦) µEOF,0values
from formate BGEs, (�) µEOF,0values from acetate BGEs. Equation of the
least-squares regression lines on 54 data: 1.17x− 4.26 (r2 = 0.675).

ently, the ion-pairing between ammonium and acetate was
stronger than between ammonium and formate. The same
behaviour was reported for higher BGE concentrations in a
MeCN:MeOH 80:20 mixture[16]. Despite this discrepancy,
similar intercepts (i.e.µEOF,0) were extrapolated from for-
mate and acetate BGEs in MeCN.

TheµEOF,0values estimated from the DHO model in dif-
ferent solvent systems were comparable in formate and ac-
etate BGEs. Slight differences occurred due to the following
approximations: (i) use of a simple DHO model, (ii) for-
mate/ammonia and acetate/ammonia ion-pairing effects were
neglected and (iii) ionic strength was considered as equiva-
lent in all systems.

As shown inTables 3–5, the slopes in all systems were
as expected from Eq.(4), completely different (e.g. about
two orders of magnitude between 1-BuOH and MeCN), due
to their differentε, η and µEOF,0 values. Therefore,µEOF
values determined at a low concentration can be significantly
lower thanµEOF,0 for systems with high slopes. This clearly
demonstrates the importance of comparingµEOF,0, and not
an arbitraryµEOF at a similar electrolyte concentration in
diverse solvent systems.

3.3. Relationship betweenµEOF,0 and solventε/η ratio

z
t t
s -
e
t out-
l
M ef-
fi
o

t were

performed. Firstly,ε andη values were assumed constant in
the system. Secondly, organic solvents were considered as
pure, without any impurities. It can be noted that bad day to
day repeatability was observed with FA and NMF (important
and/or illogical µEOF variations), probably related to an
oxidation of these solvents. To prevent this problem, freshly
available solvents were always employed. However, some
commercially available solvents may contain impurities,
such as formate and acetate anions (e.g. hydrolysis product
of FA). Moreover, some amount of water was present in the
BGE, principally due to the organic solvent hygroscopy and
to BGEs’ preparation (i.e. small amount of water added with
ammonia). This slight water percentage, probably not iden-
tical for all investigated solvents, had an influence on BGE
physicochemical properties. Finally, the procedure applied
for µEOF,0determination contained simplifications explained
previously.

3.4. Zeta potential comparison

In Table 6, results from the DHO model were compared
to the ζwall values directly and rapidly determined in pure
solvents[7,8]. These values are very similar even if they were
obtained in different conditions and laboratories. However,
the estimation ofµEOF,0 such as reported in this paper is
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Eq.(1) shows thatµEOF,0 is proportional toε/η ratio, and
eta potential close to the capillary wall (ζwall). Fig. 3 illus-
rates theµEOF,0 variation in function ofε/η ratio of solven
ystems. With all the reported values (n= 54), a good lin
arity was obtained (r2 = 0.675) showing thatζwall (slope of

he linear regression) was almost constant. Only two
iers were observed, corresponding toµEOF,0 determined in

eCN and NMF. Without the latter, the determination co
cient was fully acceptable (r2 = 0.867) with an averageζwall
f 118 mV.

The demonstrated relationship betweenµEOF,0andε/η ra-
io is remarkable, given that numerous approximations
ecommended, since it allows a better control of experim
onditions, similar to those generally used in conventi
ZE (i.e. with salt additives).

.5. Influence of the donor number

In a first approximation, the variation ofµEOF,0 with ε/η
s fully acceptable. However, this estimation is not justi
or NMF and MeCN (Fig. 3). This problem could result fro
wall variation between solvent systems, which is often
ated to a solvent’s autoprotolysis constant[7]. Indeed, a
eported inTable 1, these constants are the highest and
st for MeCN and NMF, respectively. It can be noted
MSO did not follow the same behaviour as MeCN (cl
Kauto values) and thatµEOF,0 was perfectly related toε/η
atio.

It can be noted that considering pKauto values of pure
rganic solvents may be misleading, since they conta
light water percentage. In fact, up to 0.5% of water
e present, due to solvent purity, solvent hygroscopy and
onia addition. This small percentage may have a signifi

mpact on amphiprotic solvent such as MeCN. Neverthe
mall water contents in organic solvents have been sho
ave a minor effect on the EOF intensity for MeOH, MeC
MSO and NMF[17]. Therefore, it is probably not the on

eason for the discrepancy betweenµEOF,0 and theε/η ra-
io.

Hence, an attempt was carried out to determine a co
ion factor considering theζwall variation, without taking int
ccount the presence of water. The selected term was th
f a solvent. As shown inFig. 4A, by dividing termε/η ratio
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Fig. 4. Correlation ofµEOF,0 ε/(η × DN) of solvent systems. (♦) µEOF,0

values from formate BGEs, (�) µEOF,0values from acetate BGEs. Equation
of the least-squares regression lines: (A) 88.6x+ 12.1 (r2 = 0.876) on 54 data
and (B) 110.9x+ 2.7 (r2 = 0.943) on 20 data.

by DN, a fully acceptabler2 of 0.876 was obtained with all
54 data. It is noteworthy that there was a better correlation
(r2 = 0.943) for the ten pure solvents (Fig. 4B), using avail-
able DN fromTable 1.

With these results, the following hypothesis can be for-
mulated: DN probably takes into account zeta potential dif-
ferences from one solvent to another. If one assumes that
the electric diffuse layer (EDL) is of identical dimension in
all solvents (which is probably not fully correct), theζwall
value depends on the quantity of protons within the EDL. If
protons are strongly solvated (which is the case for solvents
possessing a high DN), their number will decrease due to
the presence of solvent, leading to a decrease of charge den
sity inside the layer. Thus,ζwall is inversely proportional to a
solvent DN.

4. Conclusions

This study allowed to answer some questions about the re-
lation between EOF intensity and BGE composition. Despite
the large number of applications performed in NACE, few in-
formation are available about theµEOFvariations in different
BGEs.µEOFwere determined in 27 solvent systems at six dif-
ferent ionic strengths, andµEOF,0 were estimated according
to the DHO model. This procedure was successfully applied
with ammonium/formate and ammonium/acetate BGEs,
showing excellent linear correlations (r2 ≥ 0.90) between
µEOFand

√
I at low ionic strengths. Consequently,µEOFcan

be predicted for the 27 tested solvent systems. Next, compar-
ing theε/η ratio of a solvent system was shown to be a valuable
estimation ofµEOF,0variation. Furthermore, a better predic-
tion could be carried out by considering the donor number of a
solvent, especially between BGEs with different autoprotoly-
sis constants. It would probably be interesting to consider the
solvent’s donor number more systematically in NACE, as the
solvation modification of positive analytes from one solvent
to another may also be partially explained by this property.

References

[1] S.P. Porras, M.L. Riekkola, E. Kenndler, Electrophoresis 24 (2003)

r. A

994)

9)

51.
ny)

[
[
[
[ em-

[
[ . 17

[ y, P.

[
[ em.

[

-

1485.
[2] M.L. Riekkola, M. Jussila, S.P. Porras, I.E. Valko, J. Chromatog

892 (2000) 155.
[3] M.L. Riekkola, Electrophoresis 23 (2002) 3865.
[4] F. Steiner, M. Hassel, Electrophoresis 21 (2000) 3994.
[5] M. Jansson, J. Roeraade, Chromatographia 40 (1995) 163.
[6] J.P. Hsu, W.C. Hsu, Y.I. Chang, J. Colloid Interface Sci. 165 (1

1.
[7] I.E. Valko, H. Siren, M.L. Riekkola, J. Microcol. Sep. 11 (199

199.
[8] P.B. Wright, A.S. Lister, J.G. Dorsey, Anal. Chem. 69 (1997) 32
[9] H. Falkenhagen, M. Leist, G. Kelbg, Ann. Phys. (Berlin, Germa

11 (1952) 51.
10] E. Pitts, Proc. Roy. Soc. (London) A217 (1953) 43.
11] P. Debye, E. Huckel, Z. Phys. 24 (1923) 305.
12] L.L. Onsager, Phys. Z. 27 (1926) 388.
13] Y. Marcus, The Properties of Solvents, Wiley series in solution ch

istry, Wiley, Chichester, Cloth, 1998, pp. 254.
14] V. Gutmann, Electrochim. Acta 21 (1976) 661.
15] M.T. Bowser, A.R. Kranack, D.D.Y. Chen, Trends Anal. Chem

(1998) 424.
16] S. Descroix, A. Varenne, L. Geiser, S. Cherkaoui, J.L. Veuthe

Gareil, Electrophoresis 24 (2003) 1577.
17] J. Tjoernelund, S.H. Hansen, Chromatographia 44 (1997) 5.
18] M.S. Bakshi, J. Singh, H. Kaur, S.T. Ahmad, G. Kaur, J. Ch

Eng. Data 41 (1996) 1459.
19] M.S. Bakshi, G. Kaur, J. Chem. Eng. Data 42 (1997) 298.


	Determination of electroosmotic flow in nonaqueous capillary electrophoresis
	Introduction
	Materials and methods
	Chemicals
	Electrolyte preparation
	Instrumentation

	Results and discussion
	Physico-chemical properties of investigated solvents
	Determination of absolute electroosmotic flow mobility
	Relationship between µEOF,0 and solvent epsiv/&eta; ratio
	Zeta potential comparison
	Influence of the donor number

	Conclusions
	References


