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Abstract

In the present paper, two new methods, sol–gel and chemical bonding methods, were proposed for preparation of sulfonated fused-silica capil-
laries. In the sol–gel method, a fused-silica capillary was coated with the sol solution obtained by hydrolysis of 3-mercaptopropyltrimethoxysilane
(MPTS) and tetramethoxysilane, and followed by age; while in the chemical bonding method, a capillary was chemically bonded directly with
MPTS. Then, both the resulting capillaries were oxidized with an aqueous solution of hydrogen peroxide solution (H2O2) (30%, m/m) to obtain
the sulfonated capillaries. The electroosmotic flow (EOF) for the sulfonated capillaries was found to remain almost constant within the studied
pH range, and greater than that of the uncoated capillary. However, the coating efficiency of the capillary prepared by chemical bonding method
was higher than that by sol–gel method, by comparing their magnitude of the EOF, the degree of disguise of the silanol and reproducibility
of preparation procedure. The effects of the electrolyte’s concentration and the content of methanol (MeOH) on the EOF were also studied.
Especially, the study of the apparent pH (pH∗) on the EOF in a water–MeOH system was reported. Finally, capillary electrophoretic separation
of seven organic acids was achieved within 6.5 min under optimal condition using the chemically bonded sulfonated capillary. Moreover,
separation of four alkaloids on the sulfonated capillary was compared with that on uncoated capillary in different conditions. Ion-exchange
mechanism was found to play a key role for separation of these four basic analytes on the sulfonated capillary.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Capillary electrophoresis (CE) has been extensively used
in the separation of charged compounds[1–5]. Usually, suc-
cessful CE separations require one to carefully control and
reproduce the electroosmostic flow (EOF) in the capillary,
such as using external electric field[6–8]. In addition, the
use of capillary coatings in CE to manipulate the EOF has
generated much interest. Currently, ionic and nonionic coat-
ings have been applied to obtain the requisite EOF. For ex-
ample, nonionic coatings are generally used to suppress the
EOF and analyte–wall adsorption, while positive coatings
are used to reverse the EOF and negative coatings to increase
the cathodic EOF[9–17].

CE separations of basic compounds have been widely
reported. But it is difficult to analyze strong acids on a
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bare fused-silica capillary because the direction of the EOF
and the electrophoretic velocity are generally opposite and,
in most cases, the EOF is slower than the analytes’ elec-
trophoretic migration. Consequently, some of the anions will
never reach the point of detection[18]. This problem can
be overcome by following methods. First, the EOF is re-
versed by the addition of a special surfactant to the elec-
trolyte buffer[19]; or the capillary containing positive coat-
ing is employed[20]. In this way, the analysis of organic
acids can be obtained in a coelectroosmotic mode. Second,
at certain pH some acids have sufficient electrophoretic mo-
bility to overcome the EOF, thus separations can be achieved
in the counter-EOF mode[18]. Additionally, if the EOF is
larger enough than electrophoretic mobilities, analysis could
be succeeded in a counter-electroosmotic mode. Sulfonated
capillary seems to satisfy the requirement[21,22]. Sulfonic
acid is a strong acid with pKa (pKa = 0.699) less than 2.
When buffer pH is greater than 2, the sulfonic acid is totally
ionized, leading to a stable charge density and thus, nearly
constant EOF velocity which is independent of the buffer
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pH. Especially at lower pH, the EOF is much larger than that
of the bare capillary while the ionization of organic acids is
restrained to some extent. In the case, adjustment of buffer
pH can be used to control the dissociation of organic acids
but has no effect on the EOF. So the EOF can be larger than
the mobilities of organic acids when pH is lowered to some
extent. Thus, a sulfonated capillary is a preferable capillary
to separate organic acids. Furthermore, due to the anion na-
ture of sulfonic acid, it can also be used for the separation of
basic compounds in the open-tubular mode of ion-exchange
capillary electrochromatography (IE-OT-CEC).

Currently, several studies on sulfonated capillaries have
been reported and the capillaries are also commercially avail-
able[21,22]. Moreover, the application of sulfonic acid moi-
ety in capillary electrochromatography to reproduce enough
EOF was reported[23,24]. But all these are related to poly-
mer coatings. Though polymer coatings may increase the
double layer viscosity at the silica support, which reduces
the variance of the EOF caused by SiO− groups and min-
imizes zone broadening, however, the presence of some
organic solvents in the running buffer may be detrimen-
tal to the efficiency and stability of the coating due to the
swelling of the polymer layer. To overcome the disadvan-
tages of the polymer coating, in this paper we put forward
a new way to obtain sulfonated inorganic coating. Taking
3-mercaptopropyltrimethoxysilane (MPTS) as the sulfonic
acid group source, sol–gel or chemical bonding methods
can be applied[25,26]. EOF characteristics were evaluated
as a function of pH, the amount of organic modifier and
electrolyte’s concentration. At last, successful separations of
aromatic acids in the capillary zone electrophoresis (CZE)
mode and alkaloids in IE-OT-CEC mode were achieved un-
der optimized experimental conditions.

2. Experimental

2.1. Reagents and materials

Fused-silica capillaries of 50�m i.d. × 365�m o.d.

were obtained from Hebei Yongnian Optical Fiber Fac-
tory (Hebei, China). Tetramethoxysilane (TMOS), MPTS,
sodium hydroxide, hydrochloric acid (HCl), toluene, acetic
acid, disodium hydrogen phosphate (Na2HPO4), hydrogen
peroxide solution (H2O2, 30%, m/m), methanol (MeOH),
ethanol,p-aminobenzoic acid (p-ABA), benzoic acid (BA),
p-nitrobenzoic acid (p-NO2-BA), m-nitrobenzoic acid (m-
NO2-BA), o-chlorobenzoic acid (o-Cl-BA), o-bromobenzoic
acid (o-Br-BA), 3,5-nitrobenzoic acid (3,5-NO2-BA) and
thiourea were purchased from Shanghai General Chemi-
cal Reagent Factory (Shanghai, China). Berberine, jateor-
rhizine, topotecan and caffeine were purchased from the
National Institute for the Control of Pharmaceutical and
Biological Products of China (NICPBP, Beijing, China).
Distilled water was from a quartz apparatus. Thiourea was
used as EOF marker.

2.2. Instrumentation

CE experiments were carried out at room temperature
with NT 1229 HPCE from Beijing Institute of New Tech-
nology Application (Beijing, China), which consisted of
a ±30 kV high voltage power supply and a UV detector.
Data collection and manipulation were carried out on an
N-2000 chromatographic workstation from Zhejiang Uni-
versity (Zhejiang, China). The pH (or pH∗, the apparent
pH) values of the background electrolyte (BGE) solutions
were measured with a Delta 320-S pH Meter from Mettler
Toledo Instruments (Shanghai, China).

2.3. Preparation of sulfonated capillaries

Fused-silica capillaries were activated at ambient temper-
ature by rinsing sequentially with 1 mol l−1 sodium hydrox-
ide for 2 h, water for 30 min, 1 mol l−1 HCl for 2 h and water
for 30 min. After connecting with nitrogen regulator, capil-
laries were placed in a GC oven at 433 K and purged with
nitrogen for 4 h.

2.3.1. Chemical bonding method
One milliliter of MPTS and 3 ml of anhydrous toluene

were mixed and introduced into the pre-treated capillary
by a syringe. After being rinsed for 2 h, the capillary was
sealed and placed in an oven at 378 K. Ten hours later, the
capillary was taken out and flushed with toluene and then
MeOH. Finally, it was flushed with H2O2 (30%, m/m) for
24 h and then washed with H2O. The sulfonated capillary
thus obtained was referred to as capillary A.

2.3.2. Sol–gel method
One milliliter of TMOS was dissolved in 8 ml mixture

of ethanol–aqueous acetic acid water (pH 4) (3:1, v/v). Af-
ter added 0.25 g MPTS, the solution was stirred at ice bath
for 30 min, leading to the formation of silica sol. The sol
was introduced into the pre-treated capillary by a syringe
and was kept in situ for 1 h. Subsequently, the capillary was
connected to a nitrogen regulator, and the extra sol solution
was removed by passing nitrogen through the capillary un-
der 1 bar for 10 min and then under 0.2 bar for 60 min. After-
wards, the capillary was heated at 393 K for 8 h in a muffle
furnace, leading to the formation of mercapto coating. Fi-
nally, the capillary was flushed with H2O2 (30%, m/m) for
24 h and then washed with water. The sulfonated capillary
obtained in this way was referred to as capillary B.

3. Results and discussion

3.1. Characterization of the coating efficiency

Because of the extremely tiny structure of capillaries,
the traditional physical and chemical methods are not suit-
able for their characterization. An effective way to measure
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Fig. 1. Comparison of EOF mobilities obtained on sulfonated capillar-
ies prepared from chemical bonding and sol–gel methods and uncoated
capillary in aqueous BGEs. Electrolyte: 5 mM Na2HPO4 + HCl; applied
voltage: 20 kV.

changes on the inner wall surface of the capillary induced
by chemical reactions is the determination of the magnitude
and the direction of the EOF, which is generally viewed as
the major characteristic property of the coating[27]. Based
on the method, changes of the charge density and charge
type on the surface can be determined. Because of the pos-
sible breaking of Si–O–Si at high pH and Si–C at low pH,
phosphate buffers in the pH range from 2.5 to 8 were used
exclusively in the present study.

In Fig. 1, the EOF–pH curves of the uncoated fused-silica
capillary and the sulfonated capillaries, prepared from
different methods, are compared. Both capillaries with
sulfonated coatings show larger EOF than the uncoated
capillary at studied pH range. It indicates that sulfonic acid
group has been successfully grafted onto the capillary wall,
whether by chemical bonding or by sol–gel method. It can
also be found that the two sulfonated capillaries show rela-
tively constant EOF over a wide pH range, and the EOF of
capillary A is more stable than that of capillary B. Further-
more, in comparison to capillary B, the magnitude of the
EOF for capillary A is larger at the same pH. These results
suggest that the coating procedure by the chemical bonding
method is more efficient. It can also be seen fromFig. 1that
the EOF in the both sulfonated capillaries increases with
increasing pH especially in higher pH range. This result
can be ascribed to an incomplete coverage of the capillary
surface and an exposure of some unreacted silanols. Be-
cause the residual silanols can deprotonate and the degree
of deprotonation increases with pH increasing especially in
high pH range, which can increase the negative charge on
the inner wall surface, leading to the increase of the EOF.

The reproducibility for the capillaries obtained by the
two proposed methods was investigated by measurement of
EOF. Capillaries from column-to-column and batch-to-batch
were underwent EOF measurement using 5 mM phosphate
of pH 3.55 as buffer solution. As for the chemical bond-
ing method, the variation of the EOF mobilities altered

between 7.0 × 10−4 and 7.3 × 10−4 cm2 V−1 s−1 with a
2.0% R.S.D. (n = 3), while for sol–gel method, the vari-
ation of the EOF mobilities changed from 5.6 × 10−4 and
5.9 × 10−4 cm2 V−1 s−1 with a 3.1% R.S.D. (n = 3).

Stability of the sulfonated capillaries was also examined.
Capillary A was chosen for the experiment due to its rela-
tively large EOF at studied pH range. Reproducibility tests
were performed to determine both intra-day and inter-day
variation in migration times. The R.S.D. (n = 4) of EOF
velocities for intra-day and inter-day was found to be 1.9
and 5.2%, respectively. Considering the small dimension
size of the capillary columns, the variation is reasonable
and can be accepted. Therefore, capillary A was chosen for
the following study.

3.2. The EOF characteristic

The effect of MeOH content and the electrolyte’s concen-
tration (Na2HPO4) on the EOF were also studied. In agree-
ment with previous reports[21,22], the EOF decreases as the
MeOH content or the electrolyte’s concentration increases.

Organic modifiers are generally different from water in
their viscosity, dielectric constant, electrical and thermal
conductivity, self-dissociation constant, polarity and boiling
point etc. Naturally, these differences will influence the EOF
and the separation efficiency directly or indirectly[28]. So
here, particular emphasis is laid on the EOF characteristic
of the sulfonated capillary in hydro-organic mixture solvent.
MeOH, a commonly used organic modifier, was used in our
investigation.

At the same pH (pH∗), the EOF in the binary system is
lower than that of aqueous system, which may be ascribed to
the suppression of ionization of the sulfonic acid in the pres-
ence of organic solvent[29]. It can also be found, whether in
aqueous system or in binary system, the EOF keeps almost
constant. This result indicates that ionization of sulfonic acid
is also independent of the buffer pH in hydro-organic sys-
tem. Therefore, hydro-organic system can be utilized in sul-
fonated capillary to improve solubility of analytes and their
selectivity, while it keeps the constant EOF at 2–8 pH range.

3.3. Separation of organic acids in CZE mode

Fig. 2 shows an electropherogram for the separation of
a seven-component mixture of benzoic acid derivatives on
capillary A. It can be seen fromFig. 2that the benzoic acids
except BA andp-NO2-BA are baseline separated.

The organic solvent content, pH and electrolyte’s con-
centration in the buffers are effective parameters influencing
the migration time, the resolution and the analysis time of
analytes[20,21]. Experiments demonstrate that the organic
solvent restrains the ionization of sulfonic acid more than
benzoic acids. When the methanol content increases up to
70%, the electrophoretic velocities of several analytes are
greater than the EOF, but with opposite direction. And then
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Fig. 2. Separation of benzoic acids on the sulfonated capillary. Conditions:
electrolyte, 15 mM Na2HPO4 +HCl, pH 2.5. Capillary: 48.3 cm; effective
length: 36.8 cm; applied voltage: 20 kV; injection: 5 kV for 2 s; sample
concentration at 1 mM; UV detection 214 nm. Samples: (1)p-ABA; (2)
BA; (3) p-NO2-BA; (4) m-NO2-BA; (5) o-Cl-BA; (6) o-Br-BA; and (7)
3,5-NO2-BA.

they cannot migrate out. Furthermore, separation efficiency
decreases with increasing methanol content.

The buffer pH was also investigated for the separation
of aromatic acids. At pH 4.13, 3,5-NO2-BA cannot come
out; while at pH 3.55, several analytes cannot be baseline
separated. Electrolyte’s concentration control is generally
used to improve resolution in CZE separation of analytes that
have similar electrophoretic mobilities. Therefore, disodium
hydrogen phosphate concentrations at 5, 10, 15 and 20 mM
were investigated for the separation of analytes. Fifteen mM
was found to be the most efficient for the separation.

3.4. Separation of alkaloids in IE-OT-CEC mode

Alkaloids are an important class of pharmacologically
active compounds in herbal medicines. It is of crucial im-
portance to develop efficient methods for the analysis of
these compounds. As basic compounds, alkaloids possess
positive charges under acidic conditions, which could pro-
vide favorable interaction with negative charged sulfonic
groups. Therefore, we attempted to separate alkaloids on the
sulfonated capillary in IE-OT-CEC mode. The structures of
studied alkaloids are shown inFig. 3.

Fig. 3. Structures of alkaloids. (a) jateorrhizine; (b) berberine; (c) topote-
can; and (d) caffeine.

Fig. 4. Separation of alkaloids under different conditions on the sul-
fonated capillary. Conditions: electrolyte, 5 mM Na2HPO4+HCl; solvent,
MeOH–water (50:50): (a) pH∗ 2.46; (b) pH∗ 3.49; and (c) pH∗ 4.13;
capillary: 62 cm; effective length: 50 cm; applied voltage: 20 kV; injec-
tion: 5 kV for 6 s; sample concentration at 2 mM; UV detection 214 nm.
Samples: (1) berberine (2) jateorrhizine (3) topotecan (4) caffeine.

Fig. 4 depicts the separation of four alkaloids, berberine,
jateorrhizine, topotecan and caffeine at pH∗ 2.52, 3.49 and
4.13 in the hydro–MeOH system as discussed inSection 3.2
for the sulfonated capillary. Obviously, The four components
are easily separated under above three conditions, the peak
symmetries are good and no obvious peak tailing is observed
except topotecan. In order to make sure if ion-exchange be-
havior occurs, we performed the separation of the analytes
on a conventional uncoated capillary with the same buffers.
Because of serious peak tailing, the separation cannot be
accomplished in the bare fused silica capillary. Instead, we
list electrophoretic mobilities of four analytes under above
three conditions on the uncoated and sulfonated capillaries
in Table 1. Though the migration time of the four analytes
on the uncoated capillary is larger than that on the sulfonated



L. Xu et al. / J. Chromatogr. A 1033 (2004) 161–166 165

Table 1
Comparison of electrophoretic mobilities (10−4 cm2 V−1 s−1) on sul-
fonated and uncoated capillaries under different conditions

pH∗ Capillary Berberine Jateorrhizine Topotecan Caffeine

2.52 Uncoated 1.9 1.2 1.5 –
Sulfonated 0.96 0.92 −0.025 −0.057

3.49 Uncoated 1.9 1.8 1.6 –
Sulfonated 0.98 0.79 0.38 −0.34

4.13 Uncoated 2.0 1.6 1.6 –
Sulfonated 1.4 1.0 0.95 −0.049

(–) shows the ananlyte cannot be detected.

capillary, caffeine could not come out under these conditions
on the uncoated capillary. The electrophoretic mobilities,
deducted the electroosmotic mobilities from the apparent
mobilities, on the uncoated capillary are larger than those
on the sulfonated capillaries without exception, indicating
ion-exchange behavior occurs. Especially at pH 2.52, there
is a striking difference in selectivity; jateorrhizine eluted
after topotecan on the uncoated capillary, while with the
sulfonated capillary, jateorrhizine eluted before topotecan,
which further demonstrates an ion exchange mechanism
contributing to the separation. It is surprising that the ef-
ficiency obtained in IE-OT-CEC is so much greater than
that for CZE. Li et al.[30] attributed this phenomenon to
a chromatofocusing, in which the analytes are highly re-
tained in a fine band at the head of the column, and which
is responsible for boosting the efficiency to such a high
value.

To eliminate the peak tailing of topotecan, the binary sys-
tem with higher content of MeOH was used.Fig. 5 depicts
the electropherogram of separation of four alkaloids at pH
2.52 with 70% MeOH. Clearly, the four analytes are base-
line separated, peak tailing of topotecan is completely elim-
inated and an excellent resolution is achieved.

Fig. 5. Separation of alkaloids on the sulfonated capillary under opti-
mal conditions. Conditions: electrolyte, 5 mM Na2HPO4 + HCl; solvent,
MeOH–water (70:30), pH∗ 2.46. Other conditions as inFig. 4. Samples:
(1) berberine; (2) jateorrhizine; (3) topotecan; and (4) caffeine.

4. Conclusion

In this paper, capillaries with a surface sulfonated layer
were successfully prepared by sol–gel and chemical bond-
ing methods. The comparison between these two methods
demonstrated that the capillaries prepared by chemical bond-
ing method showed higher efficiency than those prepared
by sol–gel method. The EOF of the sulfonated capillary
in a hydro–MeOH binary system was independent of the
buffer pH, as that in aqueous system. At last, applications
of the sulfonated capillary in CZE mode and CEC mode
were demonstrated. The separation of aromatic acids in CZE
mode under optimal condition was given. Comparing the
electrophoretic mobilities of the studied alkaloids on the
sulfonated capillary with those on the uncoated capillary,
cation-exchange interactions between the cationic analytes
and the anionic sulfonated stationary were found to be the
predominant mechanism.
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