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Abstract

In this work, an ordered mesoporous titania film was introduced to coat a capillary by means of the sol-gel technigue. Its electroosmotic
flow (EOF) property was investigated in a variety of nonagueous media (methanol, formamiéN&imethylformamide and mixtures
of methanol and acetonitrile). The titania-coated capillary exhibited a distinctive EOF behavior, the direction and magnitude of which were
strongly dependent on various parameters such as the solvent composition, appareri) @ik electrolytes. The nonaqueous capillary
electrophoresis separation of several alkaloids was investigated in the positively charged titania-coated capillary. Comparison of separation
between coated and uncoated capillaries under optimal nonaqueous conditions was also carried out.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In addition, it is especially beneficial for the separation of
hydrophobic compounds that cannot be dissolved in aqueous
The use of titania as a sorbent in normal-phase, background electrolytes (BGESs). Therefore, it has attracted
reversed-phase and ion-exchange liquid chromatographyconsiderable attention recent]§0]. In order to suppress
has been reporteld—4]. It possesses some advantages that analyte-wall interaction or to control the EOF, polymer
other sorbents cannot provide, such as the desirable me<coatings are most commonly used in NACH—-21]
chanical and physical properties of silica and a chemical Due to the amphoteric character, a titania-coated capillary
stability superior to those of siliga,6]. Furthermore, titania  generates the switchable EOF in aqueous mg& and it
is virtually insoluble in acids and bases, which enables sep-is predicted to show different behaviors of the EOF in vari-
arations to be performed at extreme pH values. Moreover, eties of organic media. In this work, to expand the applica-
it is an amphoteric metal oxide, which has anion-exchange tion of inorganic oxide-coated capillary electrophoresis and
properties at acidic pH and cation-exchange properties atobtain an efficient method to control the EOF in nonaqueous
alkaline pHI[7]. media, we introduced a titania-coated capillary into NACE
Though its applications in HPLC have been widely inves- and concentrated on its EOF behavior in nonaqueous media.
tigated, little attention has been paid to the applicability of In order to improve the surface area and pore structure of
titania in CE and capillary electrochromatography (CEC). titania, an ordered mesoporous titania film was for the first
Tsai et al[8] produced a titania coating in a capillary by the time used to coat the capillary. Separation of some alkaloids
sol-gel method for the CE separation of proteins. Fujimoto with the titania-coated capillary in NACE was achieved.
[9] focused on the switchable electroosmotic flow (EOF)
character and CEC separation of proteins in aqueous media.
Compared to nonaqueous capillary electrophoresis, 2. Experimental
NACE has a variety of merits, such as reducing Joule heating
effect and wall adsorption effect, and improving selectivity. 2.1. Reagents and material

* Corresponding author. Tek:86-27-7880776; Fused-;ilica capillaries .with 5Dm i.d. x 36§Mm o.d.
fax: +86-27-87647617. were obtained from Hebei Yongnian Optical Fiber Factory
E-mail addressyqfeng@public.wh.hb.cn (Y.-Q. Feng). (Hebei, China). Titanium chloride, tris(hydroxymethyl)
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aminomethane (Tris), ammonium acetate (AcQNH  0.01mol titanium chloride was added with vigorous stirring
methanesulphonic acid (G8Gs), methanol (MeOH), for 30 min. The resulting sol solution was aged in an open
ethanol, acetonitrile (ACN), thiourea, formamide (FA) flask at 40°C in air for 5 days. The titania sol thus formed
andN,N'-dimethylformamide (DMF) were purchased from passed through the fused-silica capillary at a flow rate of
Shanghai General Chemical Reagent Factory (Shanghailulmin~! for 1 h. Afterwards, the solvent was removed by
China). Jateorrhizine, pilocarpine, berberine and atropine passing nitrogen through the capillary under 1 bar for 10 min
were purchased from the National Institute for the Control of and then under 0.2 bar for 60 min. Subsequently, the above
Pharmaceutical and Biological Products of China (NICPBP, coating process was repeated. Finally, the titania-coated cap-
Beijing, China). Poly(alkylene oxide) block polymer (ab- illary was calcined by heating at a rate ¢f@/min to 400°C
breviated as EQgPO;0EO 06, F127) was a gift from BASF  and holding for 8 h to remove the block copolymer species
(USA). Distilled water was from a quartz apparatus. and increase cross-linking of the inorganic framework, lead-
ing to the formation of titania coating.
2.2. Instrumentation

CE experiments were carried out at room temperature 3 Regylts and discussion
with NT1229 HPCE from Beijing Institute of New Tech-
nology Application (Beijing, China), which consisted of a 3 7 \qdification and characterization of the
+30KkV high voltage power supply and a UV detector. Data jtania-coated capillary
collection and manipulation were carried out on TL9900
chromatographic workstation from Teleh Electronics Tech | the present work, we employed a method of producing
Co.'(Beijing, China). The effective length of the uncoated 5 qered mesoporous film by the sol-gel metf@#2] to coat
capillary was 40.2cm and the total length 55.6 cm. The ef- \he capillary. The sol-gel process provides an alternative
fective length of the co_ated capillary was 35.8cm and the way to modify the capillary and may be helpful for the
total length 51.1 cm. Thiourea was used as the EOF marker.tormation of a well-distributed film of appropriate thickness
Apparent pH values (ptj of the BGE solutions were mea- it 4 |arger surface area and ordered mesopores on the
sured with a Delta 320-S pH Meter from Mettler Toledo cqpijiary wall. Therefore, it is beneficial to show titania’s
Instruments (Shanghai, China). properties, to most great extent, in NACE. On the other hand,
To perform the Brunauer-Emmett-Teller (BET) and ihe ordered mesoporous titania film with large surface area
transmission electron microscopy (TEM) measurements, might pe helpful for CEC due to the increase in the stationary

the titania sol was dropped onto the glass surface. Thehase surface area and phase ratio. The CEC study of the
film thus formed experienced the same disposal as theyjtania-coated capillary will be reported elsewhere.

titania-coated capillary and was peeled for the following According to the result of BET measurements, the sur-
measurements. The TEM e_xperlment was perfqrmed ON 3face area of the employed film is found to be 236%gn
JEOL JEM-2010 electron microscope (200K) using copper \yhile it is only 25-36 ri/g [23] for conventional titania sor-

grids. The Nitrogen sorption experiment was carried out pent From the curve of nitrogen adsorption and desorption
at 77K using a Coulter (FL, USA) SA 3100 Plus surface

area and pore size analyzer. The sample was activated by
evacuating in vacuum and heating to 473K for 10h to re- 50
move any physically adsorbed materials before the analysis.
The specific surface area value was calculated according to
the BET method aP/Py between 0.05 and 0.2. The pore
parameters (pore volume and pore diameter) were evalu-
ated from the desorption branches of isotherms based on
Barrett—Joyner—Halenda (BJH) model.
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The fused-silica capillary was activated at ambient tem-
perature by rinsing sequentially with 1 moll sodium hy-
droxide for 2 h, water for 30 min, 1 mott hydrochloric acid 07
for 2h and water for 30 min. After being connected to the ————
nitrogen regulator, the capillary was placed in a GC oven at 00 02 04 06 08 1o
433K and purged with nitrogen for 4 h. Relative pressure (p/p,)

Titania sol was used to accomplish the coating process*Fig. 1. Nitrogen adsorption—desorption isotherm for the titania coating.

and it was prepared according to previous W@ZX]. Briefly, Inset: the pore size distribution curve from the desorption branch of the
1.0g F127 was dissolved in 10g ethanol. To the solution, titania coating.
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Fig. 2. Transmission electron micrograph of the titania coating.

isotherm inFig. 1, it can be found that the pores of the ti-
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Table 1
Physicochemical data of the solvents appli2]
Solvent Polarity 75 (cP) & pKauto  Solvent type
Water 10.2 0.89 80 14.0 Amphiprotic
FA 9.6 3.3 111 16.8 Basic amphiprotic
DMF 6.4 0.8 36.7 36.7 Basic amphiprotic
CAN 5.8 0.34 375 - Aprotic
MeOH 5.1 0.54 327 172 Amphiprotic

Polarity index, viscosity;, relative permittivitye, autoprotolysis exponent
pPKauto-

From the large surface area, one obvious character of the
ordered mesoporous materials, the coating should possess
the mesoscopic order, which was confirmed by TEM image,
as shown irFig. 2

3.2. The EOF

3.2.1. The EOF in simple organic systems

One advantage of using organic media is that the direc-
tion and magnitude of the EOF can be controlled by only
employing varieties of solvents with different physical and
chemical characteristidd0,24] The solvents used in this

tania are mainly distributed in the mesoporous range. The study were chosen in order to cover as many groups as

isotherm is of type IV of the IUPAC classification with a

practically possible. ACN, MeOH, DMF and FA are the

H2 hysteresis loop that is characteristic for capillary con- commonly used solvents in NACE. The properties of these
densation in the mesopore structures. The initial part of the solvents and water are listed Table 1 [25] Because of the
isotherms is attributed to monolayer—multilayer adsorption. limited solubility of the electrolytes, pure ACN was not em-
Distinct limiting adsorption at high relative pressures indi- ployed in the study. In order to obtain a lowerjhethane-
cates the absence of macropores. The inset shows the porgulphonic acid, instead of the conventional acetic acid, was
size distribution curve of the titania. Obviously, the pore chosen to adjust the BGE [HThe highest pHin different
size distribution (PSD) for titania is narrow. The mean pore solvent systems was obtained by dissolving AcQNitithe
size and pore volume for titania are found to be 5.02 nm and solvent directly and fixing the concentration at 25mM in

0.0677 mig?, respectively.
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Fig. 3. Comparison of EOF profiles obtained on the titania-coated capillary in different simple organic solvents and electrolytes. Solve@s{igh) H
MeOH; (c) DMF; (d) FA; electrolyte: 25 mM AcONH+ CH4SG;3, applied voltage: 25kV. Solvent: (b, €) MeOH; electrolyte: 25 mM Hi€H4SOs,

applied voltage: 25kV.
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a lower pH, a different content of methanesulphonic acid 3.2.2. Effect of electrolyte on the EOF
was added to the above AcONHolution for control of pH Tris is another commonly used electrolyte in NACE. The
value. EOF behavior in the Tris system may be different from that
Fig. 3a—dshows the pH-EOF curves in different sim-  in the AcCONH; system, because of the weak or nonadsorp-
ple organic systems with AcONHelectrolyte. It can be tion interaction with the surface. As shown kig. 3b and
found that the capillary exhibited a switchable EOF in the e, the EOFs in methanolic media with Tris and ACONH
methanolic BGE Fig. 3b like in an aqueous ond-{g. 39 electrolytes were both switchable. The cathodic flow in the
[9]. The result indicates that the surface hydroxyl groups of AcCONH,4 system was faster than that in the Tris system from
titania in methanolic media could also deprotonate or proto- the trend of the curve (e.g. pHZ.5), while it was the op-
nate in solutions of different pH (pH. At pH (pH*) above posite as for the anodic flow (e.g. pH). However, the p
the isoelectric point (p), the Bronsted acid character of sur- value obtained in MeOH-AcONHwas lower than that in
face hydroxyl groups enabled them to deprotonate and theMeOH-Tris. These results were in accordance to those in
degree of deprotonation increased with the increasing of pH aqueous systenj28-30] They can be mainly attributed to
(pH*), which was responsible for the increase in EOF with the adsorption of AcO to the surface of titania by Lewis
increasing pH (pH); At pH (pH*) below d the Brénsted acid-base interaction.
base sites made the hydroxyl groups protonate and the de- At pH* above p, deprotonation of titania resulted in net
gree of protonation increased with the decreasing pH)YpH negative charges on the surface of capillary. When adsorbed
which was responsible for the increase in EOF with decreas-onto the wall, AcO increased negative charge on the sur-
ing pH (pH"). face, leading to the increase of the cathodic flow. At‘pH
However, only a cathodic flow was observed in DMF below @, protonation of titania resulted in the net positive
(Fig. 39 and FA Fig. 3d systems. The disappearance of the charges on the surface of capillary. Adsorption of Ac@n
anodic flow in DMF and FA systems may be the result from the surface would decrease the positive charge, leading to
two factors: the adsorption of AcOand the restraint of tita-  the decreased anodic flow. As a resultyvplues shifted to
nia protonation. As shown in previous pappt£26,27] due lower pH-.
to the Lewis acid—base interaction, Ac@nay be adsorbed
onto the titania to some extent, which would produce an ad- 3.2.3. The EOF in binary systems
ditional negative charge on the surface. This adsorption may A MeOH-ACN mixture may show different characteris-
be increased in the more polar organic solMadi. Similar tics from both MeOH and ACN. Here, we focus our study
behavior was also observed in DMF and FA systems. DMF to MeOH-ACN binary solvents both in Tris and AcOlH
and FA are two more polar solvents than MeOH, which fa- electrolytes.
cilitates the adsorption of AcOonto the capillary wall. If Fig. 4ashows the effect of pHon the EOF behavior
the adsorption exceeded a certain amount at low fité in Tris systems containing 25 and 50% ACN, respectively.
anodic flow disappeared. When pkbas lower than 6.0 in ~ Whether the anodic flow or the cathodic flow in the case of
the FA system, the signal could not be observed in 90 min. 25% ACN was faster than that in the case of 50% ACN (e.g.
It may result from the much more adsorbed AcBecause pH* 4, pH* 10). But as for AcONH systems, as shown in
it is the most polar one among the selected solvents. On theFig. 4h the cathodic flow in 50% content of ACN was faster
other hand, the restraint of titania protonation in DMF and (€.g. pH 6.5) while the anodic flow in 25% ACN (e.g. gH
FA may also contribute to the result. Because DMF and FA 2.2) was faster. These may be explained from three factors:
are both basic amphiprotic solvents, the protonation of DMF (i) viscosity decreased as the content of ACN increased.
and FA may be stronger than that of titania. Therefore, only However, the dielectric constant of the binary system was
the cathodic flow was observed in DMF and FA systems. almost constar{B1] because of the close dielectric constant
The fastest cathodic flow was obtained in a methanolic values of MeOH and ACN, so the ratio of the dielectric con-
BGE, while the lowest was obtained in the FA system as stant to viscosity increased. According to the Smoluchowski
indicated inFig. 3b—d(e.g. pH 6.5). This resultimplies that ~ equation, it may result in an increased EOF (positive effect);
the magnitude of the EOF is dependent on the nonaqueoudii) variation of the ACN proportion induced a change in the
solvents used. As shown ifable 1 the ratio of dielectric surface charge. The degree of deprotonation or protonation
constant to the viscosity was reduced from MeOH to DMF of surface hydroxyl groups on titania-coated capillary was
and then to FA, which was in agreement with the change of further suppressed with the increasing proportion of ACN
the magnitude of the cathodic flow. Although the adsorption [17]. So it led to a decrease in tlgepotential as well as in
of AcO~ onto the capillary wall may be increased in DMF the electroosmotic mobility. It was an important reason for
and FA as discussed above, which produced an additionalthe decreased EOF (negative effect); (iii) the adsorption of
negative charge which increased the cathodic EOF, the effectelectrolyte always played an important role in affecting the
of ratio of dielectric constant to viscosity on the EOF is EOF. The titania-coated capillary exhibited a much differ-
expected to be dominant in the case. Thus, the fastest flowent EOF behavior in the same organic solvent with different
was observed in the MeOH system, while the lowest was in electrolytes (AcONK and Tris), because the adsorption of
the FA system. Tris was very small, while the adsorption of AcQvas rel-
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2 2 .j/./B/ 8 10 12 capillaries. Buffer: MeOH-ACN (50:50, v/v), 25mM Tris CH4SO;s,
S 4. ° /FJH* pH* 2.28. Applied voltage: 25kV. UV detection at 214 nm. Samples: (1)
w berberine; (2) jateorrhizine; (3) pilocarpine; (4) atropine.
24
itive charged. The direction of the analytes’ migration and
-3 the EOF are opposite. In this mode analytes are able to enter

the capillary and migrate to the detector, as long as the elec-
trophoretic mobilities of analytes are larger than the elec-

25 —®—75%MeOH +25% ACN

T /' troosmosis mobilities.
2.0 [ Fig. 5 showed the separation electropherograms of four
/' alkaloids on the uncoated (a) and the titania-coated (b) cap-
1.5 e

] illaries under optimal conditions. On the two capillaries,

104 berberine, jateorrhizine, pilocarpine and atropine migrated
1 / out in order. Compared to the separation on the uncoated

05 /' capillary under the same condition, all analytes on the

0ol ® titania-coated capillary were baseline separated and tailing

EOF(10*cm’s™v?)

N
o
(4]
o
~
@

] of analytes was almost eliminated, but migration time was
0.5 pH* longer. Obviously, the titania-coated capillary with the re-

] versed EOF has the potential to enlarge the peak capacity
for positively charged analytes. Furthermore, the existence
Fig. 4. Comparison of EOF profiles obtained on the titania-coated capillary of a positively charged wall eliminates tailing Of_ ,Ic_lentlcal

in binary systems with (a) Tris system and (b) ACON&ystem. Applied charged analytes. However, the decreased mobilities on the
voltage: 25kV. coated capillaries give rise to longer diffusion times, which
might partly contribute to band broadening.

-1.0 o

atively greater. The adsorption of AcQvould result in the 3.4. Reproducbility

increased negative charge on the titania surface, leading to

a pOSitive effect on the cathodic flow and a negative effect The reproducibi”ty of the Capi”ary preparation was in-

on the anodic flow. vestigated. Determination of EOF is an effective method
All the observed distinctive phenomena are related to the for this evaluation. Capillaries from column-to-column and

complication of nonaqueous systems, in which many factors patch-to-batch were underwent EOF measurement using

affect the EOF, respectively, or mutually. When the positive 25 mmM AcONH; of pH 2.76 as buffer solution. The varia-

effects are larger than the negative ones, the faster EOF igjon of the EOF mobility altered between6sx 10> and
produced and vice versa. It is not easy to determine which .5 10-5cnm? v-1s1 with a 7.8% R.S.D.A = 3). It may

one of the factors would be dominant under different con- pe due to the difficulty of the sol-gel preparation, uneasy
ditions. So it is hard to predict the EOF behavior under a control of the coating process, instability of the nonaqueous

given set of conditions. system and the CE equipment. However, in consideration of
the tiny structure of the capillary, it is reasonable to accept
3.3. Application: separation of alkaloids the result and the anodic flow is observed in any case.

To our knowledge, titania adsorbent exhibited some ad-
vantages when applied to separate basic compounds. Foud. Conclusion
alkaloids were used to investigate the effectiveness of the
positively charged titania-coated capillary with the anodic  The inner surface of a fused-silica capillary has been mod-
flow in nonaqueous media in counter-electroosmosis mode.ified using a sol-gel method to give an ordered mesoporous
When alkaloids are analyzed, they are protonated and pos-itania-coated surface. The electroosmotic properties of the



170 L. Xu et al./J. Chromatogr. A 1028 (2004) 165-170

titania-modified capillary in nonagueous media have been [5] M. Kawahara, H. Nakamura, T. Nakajima, J. Chromatogr. 515 (1990)
studied under various conditions such as different type of 149

the electrolytes, pHand solvent composition. The direc- [6] U. Trudiager, G. Muller, K.K. Unger, J. Chromatogr. 535 (1990)
! ’ 111.

tion and magnitude of the EOF can be easily controlled by (71 kA, kraus, H.0. Phillips, J. Am. Chem. Soc. 78 (1956) 249.
adjusting all these operating parameters in nonagueous me-[g] P. Tsai, C.-T. Wu, C.S. Lee, J. Chromatogr. B 657 (1994) 285.
dia. The potential use of nonaqueous inorganic oxide-coated [9] C. Fujimoto, Electrophoresis 23 (2002) 2929.

capillary electrophoresis for the analysis of alkaloids has [10] M--L. Riekkola, Electrophoresis 23 (2002) 3865.

1] F. Steiner, M. Hassel, Electrophoresis 24 (2003) 399.
been demonstrated. The example clearly demonstrates th 2] D. Belder, H. Husmann, J. Warnke, Electrophoresis 22 (2001) 666.

an appropriate coating can enable separations which wouldj;3} p |, Gallaher Jr., M.E. Johnson, Anal. Chem. 72 (2000) 2080.
not be feasible in an unmodified capillary under the same [14] C. Czerwenka, M. Lammerhofer, W. Lindner, Electrophoresis 23
conditions. It is likely that such a switchable EOF can fa- (2002) 1887.

cilitate the separation of analytes of widely different mobil- [15] E. Zarbl, M. Lammerhofer, M. Petracs, W. Lindner, Electrophoresis
ities using a single capillary. The use of honaqueous sys- 22 (2001) 3297.

_ N 16] S. Li, S.G. Weber, J. Am. Chem. Soc. 122 (2000) 3787.
tems clearly enhances the scope of inorganic oxide-coated7] p. gelder, J. Warnke, Langmuir 17 (2001) 4962.

capillary electrophoresis methods but there remains much to[18] s.p. Porras, S.K. Wiedmer, S. Strandman, H. Tenhu, M.-L. Riekkola,
understand before the method can be used routinely. Electrophoresis 22 (2001) 3805.
[19] A.G. Jensen, S.H. Hansen, J. Pharm. Biomed. Anal. 27 (2002) 167.
[20] S.H. Hansen, M.E. Jensen, |. Bjgrnsdotir, J. Pharm. Biomed. Anal.
17 (1998) 1155.
[21] Y. Carlsson, M. Hedeland, V. Bondesson, C. Pettersson, J. Chro-
matogr. A 922 (2001) 303.
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