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Prepared multi-wall carbon nanotube (MWNT) materials, including untreated MWNT, HNO3-treated
MWNT and HNO3-HCl-treated MWNT were covalently attached onto a silica-hydride-modified capillary
by hydrosilation, using the abundant double bonds between the pentagon carbons in the MWNT struc-
ture. These MWNT-incorporated capillaries were characterized by SEM, ATR-IR and electroosmotic flow
(EOF) measurements in phosphate buffers with a pH range of 3.7–9.3 and in the mixtures of acetonitrile
modifier. The untreated capillary was assumed to carry some carboxylate groups formed on the non-
ulti-wall carbon nanotube
ucleosides
pen-tubular capillary
lectrochromatography
ilica-hydride
tationary phases
etracyclines

acid-treated MWNTs, as it had higher EOF values than the hydride capillary. As the MWNTs were treated
with HNO3 and HCl solutions, the capillaries had increasingly higher EOF values. To examine the exis-
tence of an electrochromatography mechanism in the modified capillaries, a mixture of nucleosides and
thymine was probed to check the velocity factor and retention factor. In addition to the �–� interaction
between the probe solutes and the MWNT immobilized stationary phases; a reversed-phase mechanism
could contribute to the chromatographic retention. For acidic tetracyclines, increasing the loadability of
MWNTs resulted in a high retention factor and improved the separation resolution.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

As the core of capillary electrochromatography (CEC) is col-
mn preparation, the open-tubular (OT) style is a comparatively
traightforward one; it does not require the fabrication of any
rits for packed formats or blending of monomeric reagents with
uitable porogens in precise proportions for monoliths [1–4]. How-
ver, OT-CEC suffers from a low phase ratio of available functional
igands attaching on the capillary wall. As such, etching the cap-
llary wall surface and/or coating porous polymeric matrices are
enerally adopted methods to increase the loadability of phase
aterials [5,6]. Additionally, the nanoparticles exhibiting high sur-

ace area would also create efficient phases for OT-CEC after their
on-covalent or covalent bonding onto the columns. There are
xamples in the literature of ultizing this process with latex [7],
uman very-low-density lipoprotein [8], high-density-lipoprotein
9], mesoporous silica [10], and titanium dioxide [11]. One popular

anomaterial is carbon nanotubes (CNTs), which have unique prop-
rties including high electrical conductivity, mechanical strength,
nd chemical stability [12,13]. In contrast to many studies and
eviews concerning the use of CNTs as adsorbents [14,15], LC
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E-mail address: cjl@mail.cmu.edu.tw.

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.12.018
stationary phases [16], GC stationary phases [17] and EKC pseudo-
stationary phases [18], only four papers on CEC stationary phases
were found [19–22].

In general, non-covalent methods are simpler than covalent
methods, but covalent methods provide a stronger and steadier
incorporation of functional moieties onto the derived capillary wall
surface. In two of the CEC papers on CNT-incorporated station-
ary phases, the negatively charged single-walled CNTs (SWNTs)
were electrostatically adsorbed on the positively charged amine-
based capillary by using either the simple acid-treated form [19]
or blending in the monolithic monomers (vinylbenzyl chloride
and ethylene dimethacrylate) [20]. Another paper also considered
a non-covalent method where SWNTs conjugated with BSA pro-
teins are physically encapsulated in the microchip electrophoresis
channels through sol–gel condensation [21]. Another recent study
seemed to use a covalent immobilization method [22]. How-
ever, the detailed chemistry dealing with the bonding between
carboxylic multi-walled CNTs (MWNTs) and the glutaraldehyde-
treated capillary following the silanization with the 3-aminopropyl
triethoxysilane reagent was not unveiled.
We suggest the utilization of the double bonds within the
CNTs structure as a reasonable approach to covalently attach the
moieties onto the capillary wall. Carbon-atom pentagons at the
curvature points in the CNTs are assumed to be involved in the
�-bonds that break during the polymerization reaction [23,24].

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:cjl@mail.cmu.edu.tw
dx.doi.org/10.1016/j.chroma.2009.12.018
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ccording to work done over the last decade, Pesek et al. have
eveloped a novel method that replaces approximately 95% of the
i–OH groups on the bare capillary with Si–H groups and fur-
her attaches desired organic moieties with carbon double-bond
unctionality to the hydride surface [25,26]. The reaction proto-
ol, involving silanization and hydrosilation, leads to a stable Si–C
ond between the capillary wall and the organic moiety. One of
he primary advantages of this protocol is its versatility. Until
ecently, these hydride-based OT-CEC stationary phases included
he attached moieties of diol, n-butylphenyl, cholesterol, n-C5, and
-C18 [27,28,5]. Furthermore, we incorporate ionizable carboxylate

igands in with the hydride phases to enhance the EOF drive in CEC
eparation [29,30].

In this study, MWNTs treated by HNO3 and then HCl were
ttached to a hydride-based surface. The complete capillary was
haracterized by the measurements of SEM and ATR-IR. Fur-
hermore, the effect of the EOF on the changes in pH and
cetonitrile volume percentage in the running buffers were
ecorded and tracked for each intermediate capillary between the
ilanization and hydrosilation of different acid-treated MWNTs
teps. A mixture of nucleosides and thymine were probed to
rove that the CEC mechanism existing in the MWNT immo-
ilized capillary. Furthermore, a modified capillary with higher

oading content of MWNTs was tried to separate tetracycline
amples.

. Experimental

.1. Materials

Most chemicals used were of analytical or chromatographic
rade. Purified water (18 M� cm) from a Milli-Q water purifica-
ion system (Millipore, Bedford, MA, USA) was used to prepare
amples and buffer solutions. All solvents and solutions for CEC
nalysis were filtered through a 0.45 �m cellulose ester membrane
Adventec MFS, Pleasanton, CA, USA).

.1.1. Reagents
Triethoxysilane (TES), hexachloroplatinic acid (Speier’s catalyst,

2PtCl6), cytidine (Cyd), guanosine (Guo), adenosine (Ado), thymi-
ine (Thd), uridine (Urd), thymine (Thy), minocycline (MNC), and
oxycycline (DC) were purchased from Sigma–Aldrich (Milwau-
ee, WI, USA). Tetrahydrofuran (THF) and ammonium hydrogen
ifluoridewere received from Acros (Thermo Fisher Scientific,
eel, Belgium). HPLC-grade acetonitrile (ACN), dimethylsulfox-

de (DMSO), acetone, methanol, iso-propanol, dioxin, toluene,
ydrochloric acid, sodium hydroxide, boric acid, sodium tetrab-
rate, phosphoric acid, sodium dihydrogenphosphate, disodium
ydrogenphosphate, tri-sodium phosphate, ammonium bicarbon-
te, and ammonium carbonate were supplied by Merck KGaA
Garmstadt, Germany). The MWNT materials were supplied by
onyuan Biochemical Technology (Taipei, Taiwan) and their spec-

fications are: 20–40 nm for the main range of external diameter,
–15 �m for the length, 95–98% for the purity volume, 40–300 m2/g
or special surface area, 2 wt% of amorphous carbon, and 0.2 wt% of
sh.

.1.2. Analytes
Cytidine (Cyd), guanosine (Guo), adenosine (Ado), thymidine

Thd), uridine (Urd), thymine (Thy), minocycline (MNC), and doxy-

ycline (DC) were purchased from Sigma–Aldrich (Milwaukee, WI,
SA). Methacycline (MTC) was received from Acros (Thermo Fisher
cientific, Geel, Belgium). Chlortetracycline (CTC) was obtained
rom Fluka (Sigma–Aldrich, Milwaukee, WI, USA). Stock solutions
f samples were prepared in 0.2 mg/mL while nucleosides and
1217 (2010) 715–721

thymine were dissolved in H2O but tetracyclines in ACN/H2O (1/1,
v/v).

2.2. Instrumentation

The laboratory-built electrophoresis apparatus consisted of a
±30 kV high-voltage power supply (TriSep TM-2100, Unimicro
Technologies, CA, USA) and a UV–Vis detector (LCD 2083.2 CE,
ECOM, Prague, Czech). Electrochromatograms were recorded using
a Peak-ABC Chromatography Data Handling System (Kingtech Sci-
entific, Taiwan). The SEM images were acquired at an accelerating
voltage of 3.0 kV by a Joel JSM-6700F Scanning Microscopy at
National Chung Hsing University. The ATR-IR spectra were obtained
by a Shimadzu Prestige-21 IR spectrometer, equipped with a single
reflection horizontal ATR accessory (MIRacle, PIKE Technologies,
WI, USA).

2.3. Preparation of capillary columns

The preparation of an etched silica-hydride phase was employed
according to the previous description [29,30]. In brief, a new bare
capillary column (Polymicro Technologies, Phoenix, AZ, USA) with
375 �m O.D. × 75 �m I.D. was treated with 1.0 M NaOH and suc-
cessively washed with pure water, 0.1 M HCl, pure water and
acetone. The washed capillary was then etched by ammonium
hydrogen difluoride in methanol (5%, v/w) at 400 ◦C for 4 h. After
cleaning out the nonreactive residue, the etched capillary was
silanized by 1.0 M TES in dioxane for 1.5 h at 90 ◦C. Finally, the
silanization was complete following a toluene rinse to prep the
columns for the subsequent hydrosilation reaction with different
MWNTs.

The first column used the original MWNT materials with-
out any treatment, as received from the supplier. The second
group of MWNTs was treated with HNO3 (3.0 M) for 24 h at
60 ◦C. The third group was obtained from the further reflux of
HNO3-treated MWNTs in HCl (5.0 M) for 6 h at 120 ◦C. All three
groups of MWNTs were dispersed in dioxane (1.0 mg/mL) and
2 mL of the dioxane solution was taken to be mixed with 70 �L of
Speier’s catalyst (H2PtCl6) in iso-propanol (10 mM). The hydrosi-
lation occurred at 120 ◦C for 16 h after filling the mixture in a
complete hydride-modified capillary. Finally, the three capillaries,
labeled as SiH-CNT0, SiH-CNT1 and SiH-CNT2, respectively, were
washed successively with dioxane, THF, and methanol for 30 min
and then dried overnight under nitrogen flow at 20 psi. The recipe
for the preparation of the forth column, SiH-CNT2×5, with HNO3-
HCl-treated MWNTs was the same as the above description, except
the dioxane solution had a concentration of 5.0 mg/mL.

2.4. CEC conditions

The BGE used was ammonium carbonate, sodium phosphate and
sodium borate buffer; DMSO was used as the neutral marker. At the
end of analysis, the studied capillary was washed with methanol,
pure water, and running buffer sequentially during the intervals
between runs. Prior to a sample injection, a working voltage was
applied for 5 min to condition the charge distribution in the col-
umn. The samples were injected by siphoning at a height difference
and were detected by UV light absorption measurement at 214 nm
for DMSO, 254 nm for nucleosides and thymine, and 355 nm for
tetracyclines.
The optimized BGE, including the parameters of composition,
pH value, and concentration, for the CEC separation of analytes
were discussed in Sections 3.2 and 3.3, while the other conditions,
such as applied voltage and hydrostatic sample injection, had been
optimized at first and showed in the figure legend.



J.-L. Chen / J. Chromatogr. A 1217 (2010) 715–721 717

-CNT

3

3

3

H
m
a
o
t
c
o
w
l
t
n
l
t
s
s
c

3

H
s
t
i
c
s
[
f
t
o
r
a

the SiH one in the �eo vs. pH plot had been discussed in previous
work [29]. Among of the discussion, one may notice that a hump
appearing in the plot around pH 6–7 for etched capillaries could
correlate with the existence and contribution of silanol groups
Fig. 1. SEM images. (A) Acid-treated MWNT; (B) cross-section of SiH

. Results and discussion

.1. Characterization of MWNT-modified capillaries

.1.1. SEM images
The MWNT materials used in this study were treated in 3 M

NO3, followed by a reflux process in 5 M HCl. After the acidic treat-
ent and drying, the morphological appearance of the MWNT was

s presented in the SEM image of Fig. 1(A). Although many nan-
tubes were clogged and formed in a mass, they will be dispersed in
he dioxane medium. The SEM image in Fig. 1(B) demonstrates the
ompletion of the MWNT spreading over the silica-hydride layer
n the capillary wall surface. It is evident that colonies of MWNTs
ere strongly bonded on the inner surface of the completed capil-

ary, SiH-CNT2, even though the capillary was washed with dioxane
horoughly for 1 h at 40 psi under ultrasonication. By comparison,
o MWNT was found in the bare etched capillary, which was also

oaded with acid-treated MWNTs and washed under ultrasonica-
ion. Being a 5× magnified picture of Fig. 1(B), Fig. 1(C) indicates
ome MWNTs located at the cutting rim and many traces of rough
urfaces caused by the etching step for the modification of bare
apillaries.

.1.2. ATR-IR spectra
The ATR-IR spectra of the MWNT material treated with

NO3/HCl and the finely ground power of a SiH-CNT2 capillary are
hown in Fig. 2(A) and (B), respectively. A great difference between
he two spectra is the Si–O stretching appeared at 1100 cm−1

n Fig. 2(B). However, the other peaks seem alike and show the
haracteristic absorption of CNT at 1520 cm−1 for conjugated C C
tretching [31], 1640 cm−1 for the non-conjugated C C stretching
32], 1700 cm−1 for C O stretching [22,32] and around 3500 cm−1
or –OH stretching [33] from the carboxyl groups introduced by
he acid treatment. Carboxyl group was reported to be the product
f nitric acid oxidation of CNT [22,32–34], although the oxidation
eaction might produce other oxygen containing functional groups
s reported for some carbon materials [35]. The spectrum of the
2 capillary; (C) the magnification image of (B) around a cutting rim.

MWNT material treated only with HNO3 is not shown as it resem-
bled Fig. 2(A) very much.

3.1.3. The EOF profiles upon buffer pH
Before applying the MWNT-modified capillaries to electochro-

matographic analyses, characterization of the EOF driven by these
capillaries in different medium is necessary. The six curves shown
in Fig. 3 illustrate the dependence of electroosmotic mobilities (�eo)
on the pH levels of the phosphate buffer for an etched fused-silica
capillary, a silanized (SiH) capillary and those derived from the
hydrosilation of SiH capillaries with different MWNTs.

Details about the curve patterns of the etched capillary and
Fig. 2. ATR-IR spectra. (A) Acid-treated MWNT; (B) SiH-CNT2 capillary.
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Fig. 4. Electroosmotic mobility as a function of ACN percentage in the phosphate
ig. 3. Dependence of electroosmotic mobility on buffer pH. Column: (♦) etched
apillary; (�) SiH; (×) SiH-CNT0; (©) SiH-CNT1; (�) SiH-CNT2; (�) SiH-CNT2×5.
ample: DMSO; detection, 214 nm. Conditions: BGE, phosphate buffer, 50 mM;
pplied voltage, 20 kV.

o the �eo values. This also happened to the untreated MWNT
mmobilized column, SiH-CNT0. However, the immobilization of
ntreated MWNT materials onto the SiH capillary through hydrosi-

ation did raise the �eo values. These values for the SiH-CNT0
apillary are comparable to the report on the immobilized MWNT
apillary, which underwent a carboxylation by the 3:1 concentrated
2SO4:HNO3 mixture [22]. Some parts of MWNT materials built in

he SiH-CNT0 capillary might have been oxidized to form certain
arboxylate groups either prior to being received from the supplier
r during the hydrosilation step.

Regarding the SiH-CNT1 and SiH-CNT2 capillaries, the oxidation
ccurred and the carboxylate groups were intentionally introduced
o the HNO3-treated MWNT macromolecules. Accordingly, the two
apillaries had more chargeable carboxylate groups and exhibited
igher �eo values than the SiH-CNT0 capillary. Furthermore, no
ump is obviously found in the two curves showing similar pat-
erns, so the influence of un-reacted silanol groups on the �eo values

ight be covered by the newly forming carboxylate groups. In addi-
ion, the SiH-CNT2 capillary used the MWNT materials that were
urther treated with HCl to remove the metal ions embedded in
hem [36]. These cations, derived from the catalyst for the synthe-
is of the MWNTs, reduce the negative charge density on the Stern
ayer and slow a cathodic EOF. For this reason, the �eo values of the
iH-CNT1 capillary without HCl-treatment are slightly lower than
he SiH-CNT2 with HCl-treatment. However, these cations did not
eem to heavily interfere with the ionization pattern of the ligands
xisting on the stationary surface of SiH-CNT1 capillary within the
tudied pH range.

The last curve, appearing at the topmost position in Fig. 3, shows
hat the highest density of surface charge among the modified capil-
aries resided in the SiH-CNT2×5 capillary. During the hydrosilation
or the SiH-CNT2×5 column, the concentration of the acid-treated

WNT solution was five times (5 mg/mL) higher than that used for
he SiH-CNT2 column (1 mg/mL). This change resulted in a higher
oadability of ionizable carboxylate ligands, and also supported the
nfluence of MWNT quantity on the reactivity of silicon hydride
roups in the SiH capillary. Moreover, the SiH-CNT2×5 capillary
ill be a unique CEC column, as it has a sufficient amount of MWNT
oieties to afford chromatographic selectivity and fast cathodic

OF to separate acidic analytes. The reproducibilities of fabricating
apillaries were evaluated by the �eo values measured at pH 7.6 for

ve times in each of three newly prepared capillaries in the same

ormat. The RSD values (n = 3) were 3.2% for the SiH-CNT0 column,
.7% for the SiH-CNT1 column, 5.3% for the SiH-CNT2 column, and
.1% for the SiH-CNT2×5 column, respectively. At the 95% confi-
ence level, no difference between columns has been established.
buffer. Condition: BGE, mixing with phosphate buffer, pH 7.58, 10 mM, and ACN;
applied voltage, 20 kV. Sample and column are the same as in Fig. 3. (�) denotes the
ε/� values of the mixing buffer.

3.1.4. The EOF profiles upon the ratio of ACN modifier
The effect of ACN in the buffer solution on the �eo values is high-

lighted in Fig. 4, which shows a minimum of EOF around 40–60%
ACN content for various capillaries and also has concave curves
[29,30,37,38]. The �eo values of the neutral solute DMSO did not
simply increase with an increasing ratio of ACN in the eluent, act-
ing as if a reversed-phase chromatography was not present at all.
Apparently, these results were primarily due to a change in the
ratio of dielectric constant to viscosity of the running buffer with
an increasing ACN proportion from 0 to 100% (see the Y2 axis in
Fig. 4). This situation suggested that the DMSO solute was a good
EOF probe and its chromatographic interaction with the MWNT
immobilized phases could be ignored.

3.2. Separation of a mixture of nucleosides and thymine

Five nucleosides and thymine were used as probes to the CEC
separation performance in the SiH-CNT0, SiH-CNT1, and SiH-CNT2
capillaries. For each capillary, experiments with a series of widely
used CZE buffers, namely sodium phosphate, ammonium carbonate
and sodium borate at a pH range of 8.5–10.5 and an ionic concentra-
tion range of 10–100 mM were primarily tried. The results achieved
with a borate-based buffer system showed good peak shapes and
resolution. The improved selectivity might be partly provided by
the formation of complexes between the borate ions and the diol
groups of the ribose units linked in the nucleosides [39,40]. Among
the electrochromatograms, three obtained in the optimum condi-
tions for each corresponding capillary are given in Fig. 5, which
shows that the migration times of probe solutes were very depen-
dent on the EOF magnitude. For electrophoretic separation, we
employed a cathodic EOF and an anodic migration of solutes; the
shorter migration times were measured in Fig. 5(C) conditions,
where the EOF value was higher than the other two conditions.
However, their migration orders were unaltered. These results may
imply that the separation mechanism occurred in each CEC sys-
tem was not very diverse. This situation especially happened to the
SiH-CNT1 and SiH-CNT2 capillaries, where their optimum buffer
was the same (i.e., same electrophoretic mobility, �ep) and phase
property was similar (i.e., had a similar chromatographic retention).
Differentiating between the electrophoretic and chromatographic
contributions to the satisfactory separation is essential, particu-
larly to this study, which focuses on the retention induced by

MWNT.

Adopting the definition by Rathore and Horváth, measures of
electrophoretic migration and chromatographic retention in CEC
can be displayed as velocity factor (k′′

e) and retention factor (k′′),
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Fig. 5. Electrochromatographic separation of the mixture of nucleosides and
thymine under the borate buffers without ACN modifier in various MWNT
immobilized capillaries. Sample: concentration, 0.03 mg/mL; hydrostatic injec-
tion, 15 cm, 5 s; detection, 254 nm. Column and condition: (A) SiH-CNT0, 65.4 cm
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60.4 cm) × 75 �m I.D.; BGE, pH 9.06, 0.05 M; applied voltage, 13 kV; (B) SiH-CNT1,
4.9 cm (60.0 cm) × 75 �m I.D.; BGE, pH 9.55, 0.03 M; applied voltage, 13 kV; (C) SiH-
NT2, 52.7 cm (47.7 cm) × 75 �m I.D.; BGE, pH 9.55, 0.03 M; applied voltage, 10 kV.
eak identification: (1) Thd, (2) Thy, (3) Ado, (4) Cyd, (5) Guo, and (6) Urd.

espectively [41,42]. In brief, they are expressed by Eqs. (1) and (2):

′′
e = �ep

�eo2
(1)

′′ − tM2 × (1 + k′′
e) − t02

t02
(2)

here �ep and �eo2 are the electrophoretic and electroosmotic
obility, which can be obtained respectively from open-tubular

E experiments on a bare capillary (column 1) and from the CEC

xperiments on the MWNT immobilized capillary (column 2) as
ollows:

ep = L1 × Ld1

V1
×

(
1

tM1
− 1

t01

)

able 1
lectrochromatographic properties of nucleosides and thymine in the SiH-CNT2 column.

Migration order Solutes Bare fused-silica columna

tM1 (min) �ep × 10−4 (cm2 V−1 s−1)

In the borate buffer, pH 9.55, 30 mM
1 Thymidine 7.598 −1.3
2 Thymine 8.633 −1.9
3 Adenosine 9.837 −2.4
4 Cytidine 10.398 −2.6
5 Guanosine 8.484 −1.8
6 Uridine 13.134 −3.3

In the borate buffer (pH 9.55, 30 mM) added with ACN (5%, v/v)
1 Thymidine 8.079 −1.1
2 Thymine 9.272 −1.7
3 Adenosine 11.203 −2.3
4 Cytidine 11.645 −2.4
5 Guanosine 8.896 −1.5
6 Uridine 16.848 −3.4

a L1 = 59.5 cm, Ld1 = 54.8 cm, 15 kV applied voltage; �eo1 = 9.0 × 10−4 cm2 V−1 s−1 in the
f 5% (v/v) ACN addition; tM1, migration time; �ep , electrophoretic mobility.
b L2 = 52.7 cm, Ld2 = 47.7 cm, 10 kV applied voltage; �eo2 = 7.3 × 10−4 cm2 V−1 s−1 in the

f 5% (v/v) ACN addition; tM1, migration time; k′′
e , velocity factor; k′′ , retention factor; W, p
1217 (2010) 715–721 719

�eo2 = L2 × Ld2

t02 × V2

where L = total column length, Ld = the distance between the inlet
and the detection point, V = applied voltage, tM = migration time
of solute, t0 = migration time of DMSO. The electrophoretic and
chromatographic migration parameters are collected in Table 1.
Either the �ep or k′′

e values are negative, which means that the
electrophoretic migration of solutes was counter to the cathodic
EOF in the borate buffer system (pH 9.55, 30 mM). Although their
pKa values (Urd, 10.0; Guo, 10.0; Thy, 10.2; Thd, 10.5; Ado, 12.4;
Cyd, 12.5) [43] are larger than 9.55, some of solutes had migrated
towards the anode under the acetate [43], carbonate [44] and
borate/diethylamine buffers [40] around pH 9.55 in a CZE mode. A
closer inspection of the k′′

e values along with the migration order
revealed that guanosine in particular exhibited a lesser anodic
electrophoretic mobility (−1.8 × 10−4 cm2 V−1 s−1), but eluted later
than Thy (−1.9), Ado (−2.4) and Cyd (−2.6). The strong retention
of guanosine was caused by its chromatographic interaction with
MWNTs immobilized on the stationary phase and also was reflected
on the retention factor (k′′). In fact, the k′′ value (0.86) for the
guanosine solute was the highest among the solutes. Guanosine
is built from a purine nucleobase, guanine, which consists of nitro-
gen heterocycles with a double ring that creates an enhancement
of �–� interaction with the carbon double bonds in the MWNT
structure. Although adenosine also owns a purine moiety, it did
not have a high k′′ value (0.22). This may suggest that in addition to
the �–� interaction, other interactions, such as hydrogen bonding,
hydrophobic, and electrostatic interactions with carboxylic groups
on the modified MWNT, also contribute to the chromatographic
retention.

Regardless of the extent of each interaction, a reversed-phase
mechanism could be approved through the addition of an organic
modifier, acetonitrile, to the running buffer. As shown in Fig. 6,
each solute migrates at a slower rate than its respective migration
in Fig. 5. The prolonged migration time was simply caused by the
reduced EOF (as shown in Fig. 4), which is not a presentation of

a normal-phase mechanism. In fact, the k values in the condition
with the ACN addition are lower than those without ACN, as the
two sets of data in Table 1 are compared for the SiH-CNT2 column.
Here, a reversed-phase chromatography exists in the MWNT-based
CEC separation.

SiH-CNT2 columnb

tM2 (min) k′′
e k′′ W (s) N (×105) Rs

7.885 −0.18 0.12 7.906 5.7 21
9.894 −0.26 0.27 3.228 5.4 8.6

10.527 −0.33 0.22 5.565 2.1 28
13.184 −0.36 0.47 5.655 3.1 10
14.302 −0.25 0.86 7.365 2.2 36
19.264 −0.46 0.82 9.233 2.5

9.363 −0.19 0.04 12.832 3.1 17
12.143 −0.29 0.18 6.412 2.1 14
13.663 −0.41 0.11 7.028 2.2 22
16.286 −0.42 0.30 7.410 2.8 13
18.188 −0.26 0.84 9.779 2.0 43
26.798 −0.60 0.49 14.584 1.9

condition without ACN modifier and �eo1 = 8.4 × 10−4 cm2 V−1 s−1 in the condition

condition without ACN modifier and �eo2 = 5.8 × 10−4 cm2 V−1 s−1 in the condition
eak width; N, theoretic plate number; Rs , resolution.
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ig. 6. Electrochromatographic separation of the mixture of nucleosides and
hymine under the borate buffers with 5% (v/v) ACN modifier in various MWNT
mmobilized capillaries. Sample, column, condition, and peak identification are the
ame as Fig. 5.
.3. Separation of tetracyclines

Firstly, the four prepared tetracyclines (TCs) were tested by the
iH-CNT2 capillary under the phosphate and borate buffers in the

ig. 7. Electrochromatographic separation of tertracyclines in various MWNT immobilized
6.4 cm (31.4 cm) × 75 �m I.D. Sample: concentration, 0.05 mg/mL; hydrostatic injection, 1
oltage, 10 kV. Peak identification: (1) MNC, (2) CTC, (2′) iso-CTC, (3) MTC, and (4) DC.

ig. 8. Electrochromatographic separation of tertracyclines at various pH levels in SiH-CN
.05 M). Applied voltage: 10 kV. Sample, column, and peak identification are the same as
1217 (2010) 715–721

pH range of 7.5–10.5. However, most peaks are broad, rounded, and
unresolved. One representative plot is shown in Fig. 7(A). In those
cases, the lack of column efficiency and selectivity may result from
the inefficient mass transfer and low loadability of recognition lig-
ands on the stationary phase. Thus, increasing the amount of MWNT
groups attached on the stationary phase would probably increase
the column performance. This could be done simply by replacing
the SiH-CNT2 column with the SiH-CNT2×5 one. Accordingly, the
trial column performed as expected, with improved separation per-
formance. A direct comparison between these two columns under
the same buffer (borate, pH 9.51, 50 mM) and electrical field is
depicted in Fig. 7(A) and (B).

The performance of the SiH-CNT2×5 column at other pH levels
is presented in Fig. 8. Among of them, the trace shown in Fig. 8(B) at
pH 10.0 is especially satisfying. Those traces, including the results
at pH 10.0 and 10.51, even resolved the peaks of chlortetracycline
(peak 2) and its isotetracycline derivative (peak 2′), which is formed
with a �-lactone structure in basic media. The peak 2′ appears in the
buffers with higher pH values, such as those in Fig. 7, Fig. 8(B) and
(C) (pH ≥ 9.51), but not in Fig. 8(A) (pH = 9.06). Moreover, a higher
peak area ratio of peak 2′ to peak 2 could also be found in the higher
pH buffers, as the extent of lactonization happened during the CEC
progressing in the SiH-CNT2×5 column could be indexed by this
ratio. The other three TCs solutes do not have the 6-OH group in
their structures, so no respective isotetracycline would be produced
Table 2 shows the electrochromatographic properties of TCs
migrating in the conditions of Fig. 8(B). Here, these TCs solutes bear
nearly two negative charges at pH 10.00 (MNC: pKa = 2.8, 5.0, 7.8,
9.5 for H4A+2; CTC: pKa = 3.33, 7.55, 9.33 for H3A+; MTC: pKa = 3.5,

capillaries. Column: (A) SiH-CNT2, 59.5 cm (54.8 cm) × 75 �m I.D.; (B) SiH-CNT2×5,
5 cm, 8 s; detection, 355 nm. Condition: BGE, borate buffer, pH 9.51, 0.05 M; applied

T2×5 capillary. BGE condition: (A) pH 9.06; (B) pH 10.00; (C) 10.51 (borate buffer,
Fig. 7.
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Table 2
Electrochromatographic properties of tetracyclines in the SiH-CNT2×5 column.

Migration order Solutes Bare fused-silica columna,b SiH-CNT2×5 columna,c

tM1 (min) �ep × 10−4 (cm2 V−1 s−1) tM2 (min) k′′
e k′′ W (s) N (×104) Rs

1 Minocycline 32.734 −6.5 8.402 −0.58 1.1 13.170 2.3 3.1
2 Chlortetracycline 34.862 −6.6 9.080 −0.58 1.2 13.500 2.6 3.1
2′ Iso-chlortetracycline 36.678 −6.6 9.652 −0.59 1.3 8.756 7.0 4.9
3 Methacycline 42.067 −6.8 10.788 −0.61 1.6 19.141 1.8 2.5
4 Doxycycline 38.829 −6.7 11.623 −0.60 1.7 20.288 1.9
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a In the conditions of borate buffer, 50 mM, pH 10.00, and 10 kV applied voltage.
b L1 = 59.5 cm, Ld1 = 54.8 cm, �eo1 = 8.1 × 10−4 cm2 V−1 s−1.
c L2 = 36.4 cm, Ld2 = 31.4 cm, �eo2 = 1.2 × 10−3 cm2 V−1 s−1.

.6, 9.2 for H3A+; DC: pKa = 3.02, 7.97, 9.15 for H3A+) [45–47] and
xhibit high �ep values (≥6.453 × 10−4 cm2 s−1 V−1). Although the
ep values are close to each other, a large difference in k′′ values may
enerate appreciable resolutions (Rs ≥ 2.54). In comparison with
he k′′ values in Table 1, the greater k′′ of the TCs solutes may result
rom the high loadability of MWNTs in the SiH-CNT2×5 capillary,
side from the solutes’ partitioning characteristics. Furthermore,
aising the EOF by shortening the column length at the same applied
oltage and relying on the SiH-CNT2×5 column with an intrinsic
igh �eo value would also contribute to the enhanced resolution.

. Conclusions

This study took advantage of the high reactivity of carbon-atom
entagons in the CNT structure. The bonded-phase CEC capillar-

es were successfully completed by hydrosilation of non-acid- or
cid-treated MWNTs with the silica-hydride capillary. In addition
o SEM and ATR-IR, these CEC capillaries were characterized by the
OF responses driven from the carboxylate groups on the MWNTs
o the pH levels of buffers and to the addition of ACN modifier.
he chromatographic contribution to the CEC mechanism was sep-
rated from the electrophoretic migration of test solutes (a mixture
f nucleosides and thymine) and was identified as a reversed-phase
hromatography and a �–� interaction in the HNO3-HCl treated
apillary. It is suggested that the conditions of hydrosilation be
djusted for the CEC separation of specific samples; for example,
etracyclines were well separated in the capillary with a higher
oadability of MWNTs. Certainly, further modification of MWNTs
efore or after the hydrosilation would be a feasible approach to
dvanced studies.
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