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Histidine-functionalized silica and its copper
complex as stationary phases for capillary
electrochromatography

A histidine-functionalized silica was prepared by covalent bonding of the functional
groups to silane-treated silica gel. Conversion of functional groups was confirmed by
infrared (IR) spectra, elemental analysis, and potentiometry. The functionality of the
silica gel is 0.293 mmol g–1. The coordination behavior of the histidine-functionalized
silica was investigated by metal capacity and electron paramagnetic resonance (EPR).
EPR measurements at different copper loadings were made. The results showed that
the copper histidine complex might be distorted tetragonal. Both histidine-functionali-
zed silica and its copper complex were employed as stationary phases for packed
capillary electrochromatography (CEC). Electrical current was found helpful for evalu-
ating the properties of frit construction and the stationary phase packing. Test samples
include neutral compounds, inorganic anions and organic anions. Factors influencing
the separation behavior have been studied. With copper-histidine functionalized silica
under the condition of citrate buffer (10 mM, pH 4.0) and applied voltage of –20 kV, the
separation of benzoic acid, D- and L-mandelic acid, phthalic acid and salicylic acid
could be achieved within 12 min. The column efficiency for these acids was more
than 1.2�105 plates m–1, except salicylic acid.
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1 Introduction

Capillary electrochromatography (CEC) can be viewed as
a hybrid between capillary electrophoresis (CE) and
microcolumn (capillary) liquid chromatography (�LC): its
separation mechanism is largely chromatographic, while
the mobile-phase transport is mediated by the electroos-
motic action [1]. Despite the many advantages of CEC
that have been demonstrated, several technical problems
have slowed the development and general acceptance of
CEC [2]. These include making suitable frits and packing
stationary phases into a column. Likewise, packing very
long columns would be a difficult task. Therefore, the
main focus of future research will be on solving current
problems and improving the column technology [3–7].

The driving force in CEC is the electroosmotic flow (EOF)
and this is highly dependent on pH, the buffer concentra-
tion, the organic modifier, and the type of stationary
phase. The chemistry used to prepare the stationary
phase can have a dramatic effect not only on the separa-

tion but also on the speed of analysis. The vast majority of
examples of CEC to date have been performed on either
C8 or C18 stationary phases and this is not surprising con-
sidering the prolific amount of data available on these
phases from the HPLC literature, while the other modes
are much farther behind. The possibility of using different
HPLC stationary phases is often viewed as “higher selec-
tivity” for CEC.

Several ion-exchange stationary phases have been intro-
duced into CEC for the analysis of charged organic
solutes [8–11], inorganic ions [12] or chiral analytes [13,
14]. Voltage-induced sample release from anion-ex-
change supports in CEC was studied by Kitagawa and
Tsuda [15]. Specially developed packings for CEC in
which silica particles were coated with a mixture of sulfo-
nic acid groups or amino groups and alkyl moieties have
been reported [16–18]. The alkyl chains act as stationary
phases to retain solutes while the charged groups result in
high EOF at low pH. The retention behavior of glycosphin-
golipids on the octadecyl-sulfonated silica was also
investigated by Zhang et al. [19]. Spikmans et al. [20]
used a Hypersil Duet C18/strong cation exchanger (SCX)
mixed-mode column for the separation of corticosteroids.
Ye et al. [21] used a strong cation-exchange packing
based on silica as the stationary phase and dynamically
modified by CTAB for the performance of CEC. The
separation of neutral, acidic, and basic compounds
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was investigated. Mix-mode stationary phase (C6/strong
anion (SAX)) has also been employed as a means for
the simultaneous separation of acidic, basic and neutral
compounds in a single CEC run by Haddad and co-work-
ers [22]. Several mechanisms including electrophoretic
migration, ion-exchange and hydrophobic interaction are
involved in the separation of the test solutes.

Histidine (pI 7.6) as functional group of chelating ion
exchangers has been used for soft metal ion extraction
[23], metal ion elution from a chelating stationary phase
[24], a dipolar eluent component in cation chromatogra-
phy [25], and mobile phase of electrostatic ion chromato-
graphy [26]. In this paper, we describe the preparation of
a histidine-functionalized silica and its copper complex
as the stationary phases for CEC. At pH values below
the pI, histidine would behave with cationic properties
and act as an anion exchanger. Its metal complex could
be employed as the ligand exchange property for the
separation of electron-donating compounds. Meanwhile,
the correlation between the construction of column pack-
ing, frit formation, and electrical current has also been
discussed.

2 Materials and methods

2.1 Chemicals and materials

Fused-silica (100 �m ID) capillaries were purchased from
Resteck (Bellefonte, PA, USA). Most chemicals were
analytical reagent grade from Merck (Darmstadt, Ger-
many). Purified water (18 M�-cm) from a Milli-Q water
purification system (Millipore, Bedford, MA, USA) was
used to prepare solutions. All solvents and solutions for
CEC analysis were filtered through a 0.45 �m PTFE
membrane (Millipore) and degassed prior to use. Silica
gel (40� 60 mesh and Superspher Si60, 5 �m), sodium
chloride, sodium dihydrogen phosphate, potassium
biphthalate, sodium nitrate, sodium nitrite, sodium sul-
fate, citric acid, benzoic acid, mandelic acid, sodium
acetate, sodium hydroxide, and ethylenediaminetetra-
acetic acid (Merck, Darmstadt, Germany), salicylic acid,
benzyl alcohol and thiourea (Wako, Japan), 3-chloropro-
pyltrimethoxysilane and sodium silicate (Aldrich, Milwau-
kee, WI, USA), m-xylene (Janssen, Belgium), histidine
and dimethyl sulfoxide (Sigma, St. Louis, MO, USA),
benzene and mesityl oxide (Acros, Geel, Belgium) were
purchased from the indicated sources. All liquid rea-
gents and solvents used in moisture-sensitive reactions
were distilled and collected over type 4 Å molecular
sieves.

2.2 Synthetic procedure

In this study, two kinds of commercial silica gel support
were employed. For the characterization, silica gel
(40–60 mesh, 20 g) was ground and sieved to give a
particle size of 3–5 �m with Octagon 200 and Sonic
Sifter (Endecotts, UK). For analytical application in CEC,
silica gel (Superspher Si60, 5 �m) was used. After being
washed with pure water, the silica gel was refluxed under
isopropanol for 2 h to remove organic impurities. The
reactant mixture was then filtered and washed with acet-
one and pure water sequentially. The material was then
ready for use. For preparation of histidine-functionalized
silica, the purified silica gel (10 g) and dimethyl sulfoxide
(DMSO) (100 mL) were placed in a round bottomed flask
(100 mL) with efficient stirring at 140�C and refluxed for
12 h, to make the silica gel swell fully. Then 3-chlorotri-
methoxypropylsilane (3 g) was added dropwise to the
reaction mixture and further refluxed for 8 h. After the
colorless DMSO turned to pale yellow, histidine (1 g) was
added and the resultant mixture was reacted at 160�C, till
the color of the silica gel turned dark-brown. The reactant
mixture was poured into pure water (300 mL) to remove
unreacted histidine. Then it was filtered and washed with
water and acetone sequentially. The air-dried product
was ready for use.

2.3 Characterization

The composition and structure of the product at each
step in the synthesis were characterized by elemental
analysis and IR spectra. The functionalities of histidine
on silica gel were estimated from the nitrogen content.
The copper capacities as a function of pH were mea-
sured. The dissociation constant of the histidine-func-
tionalized silica was determined potentiometrically in a
solution of 0.1 M ionic strength in KCl. To 50 mL of this
solution 0.1 g of histidine-functionalized silica was added.

2.4 Column preparation

CEC columns with histidine-functionalized silica or its
copper complex were packed in-house by a slurry-pack-
ing technique. Each capillary column was flushed first
with 1 M NaOH (10 min), 0.1 M NaOH (5 min), then with
pure water (10 min), 1 M HCl (10 min) and pure water
(10 min) sequentially.

2.5 Preparation of packed column for CEC

Most of the procedures were modified from those of
Cikalo [11]. Sections of capillaries (typically 40 cm length)
were packed using a Chemco HPLC column packer
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Figure 1. Packing device for the CEC packed column.

Figure 2. Low-pressure capillary rising device for column
preconditioning.

(EchonoPacker CPP-085, Japan) equipped with an air
compressor operating at 600 kg/cm2. The reservoir, con-
taining slurry of the stationary phase in acetone, was soni-
cated throughout, and methanol was used as the packing
solvent. The capillary was typically packed within the first
few minutes, after which the pressure was maintained at
400 kg/cm2 for a further 1 h to ensure a firmly packed bed.
During the packing, the end of the fused-silica capillary
was connected to a Valco union with a metal screen
(0.5 �m pores) to prevent the material being expelled
from the capillary. The packing device is shown as Fig. 1.
Frit preparation was according to Yamamoto’s method
[27]. CEC columns were conditioned from storage by a
low pressure capillary rising device (Fig. 2) with the rele-
vant electrolyte and they were then installed in the instru-
ment for voltage conditioning until a steady current

was obtained. CEC experiments were performed with
capillaries of total length around 78 cm. The separations
were carried out on coupled capillaries connected via
a PTFE sleeve.

2.6 CEC

The CEC experiments were performed with a Spectra-
PHORESIS 100 electrophoresis system (Thermo Separa-
tion Products, Fremont, CA, USA) equipped with an UV
absorbance detector (Spectra Focus Scanning CE detec-
tor) using PC 1000 software V. 3.0 for system control,
data acquisition and data analysis. There is no pressure
applied to the packed column in this system. Once the
packed column was installed, it was further conditioned
by driving the mobile phase through the capillary at an
applied voltage of –5 kV for 1 h prior to use. Samples
were introduced electrokinetically at the cathodic end of
the capillary column. The appropriate mobile phase
employed for the organic acid separations was citrate
buffer. Separations were performed at an applied voltage
of –20 kV. The analytes were detected by monitoring their
absorbance at 220 nm.

3 Results and discussion

3.1 Characterization

The histidine-functionalized silica was characterized by
elemental analysis, IR spectrum, hydrogen capacity and
metal capacity. The detailed procedures were carried out
according to [28]. The functionality was 0.293 mmol g–1.
The titration curve was shown as Fig. 3. This is a hetero-
geneous system; the equilibrium cannot be attained as
fast as in a homogeneous system. Hence the titration
could not be carried out continuously in a single vessel.
Accordingly a small amount and higher concentration of
NaOH (2 �L, 0.2 M) each time was added to a large volume
of aqueous solution (50 mL) containing the histidine-func-
tionalized silica (0.1 g). From the titration curve the esti-
mated pKa value is 2.8 for the carboxyl group and 8.0 for
the protonated imidazole nitrogen. By comparison with
the pKa values of the histidine monomer (1.9 for the car-
boxyl group, 6.1 for the imidazole nitrogen), the results are
reasonable since the silica gel support has a steric hin-
drance for the bonded functional groups.

The copper capacities of the histidine-functionalized
silica at various pH values were studied (Table 1). The
results show that the metal capacity at pH 5.0 is
0.15 mmol g–1. Compared with the functionality of the
prepared silica, a 1:2 metal ligand ratio was indicated.
Electron paramagnetic resonance (EPR) studies of cop-
per complexes yield valuable information regarding the
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Figure 3. Titration curve of the histidine-functionalized
silica. Histine-functionalized silica, 0.1 g; volume of solu-
tion, 50 mL; ionic strength, 0.1 M KCl; titrant, 2 �L NaOH
(0.2 M) or HCl (0.2 M) for each increment.

Table 1. Parameters of the EPR spectra for histidine
functionalized silica-copper complexes

pH Capacity
(mmol g–1)

g� g// A(G) Ga) �Hpp(G)

1.72 0.02 2.069 – – – 215.4
3.58 0.05 2.076 – – – 214.9
4.34 0.06 2.061 – – – 103.4
5.41 0.18 2.066 2.449 143.2 6.80 95.5
6.23 0.30b) 2.062 2.452 145.8 7.17 92.8
9.19 >0.32b) 2.059 2.454 148.5 7.69 92.7
~7c) 2.063 2.26 174

a) G = (g// – 2) / (g� – 2)
b) Precipitation occurs
c) Copper-histidine complex covalently bonded on a

silica matrix prepared by sol-gel method (data from
[32])

nature of bonding between the metal ion and the donor
atom. In this work, EPR spectra of the histidine-func-
tionalized silica as a function of pH prepared in the pre-
sence of excess copper ion were measured at room tem-
perature. Table 1 depicts EPR parameters for its copper
complexes. The g values calculated from spectral data
show that g�� �g� which is characteristic of tetragonal or
square planar geometry [29] and the value of g�� �2.3,
indicates the ionic character of the metal-ligand bond
[30]. If G value � 4.0, then the local tetragonal axes are
aligned parallel or only slightly misaligned; IfG� 4.0, sig-
nificant exchange coupling is present and the misalign-
ment is appreciable [31]. In the histidine-functionalized
silica the EPR spectra of copper ions adsorbed in media
of pH greater than 5 revealed distinct differences from

those in media of pH less than 5. The copper-histidine
functionalized silica complexes showed g�� components
in their EPR spectra. This was to be expected, since
most of the imidazole groups in the histidine-functiona-
lized silica exist in the free base form under these condi-
tions. A greater extent of coordination would occur and a
smaller motion of copper ions might be. Comparison of
the EPR parameters with those of the copper-histidine
complex covalently bonded on a silica matrix prepared
by the sol-gel method [32], a ratio of copper to histidine
residue equal to 2 was suggested. In other words, the
CuN4 model can be deduced from the complexing beha-
vior of the histidine-functionalized silica.

The IR spectra of the histidine-functionalized silica and
silica gel matrix were also measured. The functionalized
silica exhibited peaks centered between 2800 and 3000
(C–H) and at 1644 (C=N), 1380 cm–1 (C=O). Neither of
these features is observed on the silica support. Other
potential features of the histidine spectrum such as -C-
O, -C=O and -NH2 bands are either too weak to be
observed or are masked by the residual signals from
the silica matrix and/or water adsorbed on the silica
surface.

3.2 Analytical application of the
histidine-functionalized silica

3.2.1 Packing procedure

Three kinds of home-made packed column were tested,
as shown in Fig. 4. Basically, a retaining frit is made from
silica and sodium silicate, and slurry of the stationary
phase is pumped into the capillary at high pressure.
Once packed, both retaining frits are burnt in place. The
packed column coupled with an empty column having the
detection window preinstalled in the instrument is then
ready for use. Data presented typically represent an aver-
age of the results obtained on two separate columns. In
this way, the column lifetime will be longer. Preliminary
tests showed that the migration time of the first type of
partially packed column exhibited serious variation. Both
the first and the second type of packed columns required
high voltage and a longer time for the injection (Figs. 4a
and 4b). This might be due to a frit existing just adjacent
the sample inlet end. Bubble formation easily arose while
changing a new packed column. Meanwhile it was fol-
lowed immediately by a breakdown in the current. For sol-
ving this problem, the third kind of packed column was
adopted in all further experimental work (Fig. 4c). Due to
the limitation of the capillary installation in Spectra PHOR-
ESIS 100, a long open inlet length of capillary (at least
8 cm) has to be used. Of course, this will make the
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Figure 4. Three kinds of home-
made packed column con-
nected with a bare fused-silica
capillary having the detection
window preinstalled in the in-
strument. (a) A partially filled
packed column as the separator.
(b) A packed column coupled
with a bare fused-silica capillary
as the separator. (c) A packed
column coupled with two pieces
bare fused-silica capillary col-
umn as the separator.

assessment of the EOF more difficult. Therefore, the
retention behavior was demonstrated with linear velocity
in most cases.

3.2.2 Packing and frit stability

Observing the initial and average currents seems helpful
for evaluating the properties of frit construction and sta-
tionary phase packing. If the initial current is zero, the fol-
lowing conditions might apply. (i) The column is not wholly
occupied by the background electrolyte (BGE). (ii) The
liquid level is too low in the buffer reservoir and no BGE
can flow into the capillary. (iii) There is a blockage or a
crack in the capillary. (iv) The concentration of BGE is too
low. If a stable current cannot be achieved for a long time,
this might be due to the following: (i) Bubble formation;
(ii) contaminated BGE; (iii) a longer conditioning time is
required. For a given system, the rate of heat genera-
tion is directly proportional to the molar conductivity
of the solution (buffer type), the buffer concentration,
the applied voltage squared and the column diameter
squared and are inversely proportional to column length.
Therefore, the current related to these parameters was
also investigated.

3.2.2.1 Column length

When a potential difference is applied across a buffer-
filled capillary, the presence of stationary phases would
increase the resistance of the system. Resistance is inver-
sely proportional to the current. With similar field strength
(total length of 78 cm and applied voltage of –25 kV) and
acetate buffer (10 mM, pH 5.0), the average current
decreased as the histidine-functionalized silica packed
column length increased (over the range of 5 � 40 cm

was tested). Bubble formation could be seen notably
when a longer packed column was used. Twice the
packed column length, from 20 to 40 cm, even a de-
crease of 70–80% current per unit length was observed,
while under the above-mentioned condition but with
phosphate buffer (10 mM, pH 5.0) and copper-histidine
silica complex column, the current was merely changed
from 5 to 3 �A when the active bed length of 5 cm
increased to 10 cm.

The mentioned behavior of the packed column (35 cm)
compared also with that of a bare fused-silica capillary,
having frits at both ends and similar column length. With
the applied voltage of +20 kV and phosphate buffer
(25 mM, pH 4.0), a stable current (35 �A) displayed by cou-
pling a buffer-filled capillary, while coupling an empty
capillary column first then filling the buffer could see an
unstable current with only 17 �A initially then decreased
gradually to 4 �A after 5 min. Therefore, it can be con-
cluded that coupling a buffer-filled capillary would be
beneficial to the work. Additionally long time (40 min)
was necessary for the migration of thiourea. The phenom-
enon may indicate that the surface chemistry of the frit
might involve the retention of the solute more or less.

3.2.2.2 Type of buffer

Several kinds of buffer including acetic acid-sodium ace-
tate, acetic acid-ammonium acetate, phosphoric acid-
sodium dihydrogen phosphate and citric acid-sodium
citrate have been tested as the BGE in this study. The
results showed that at pH 4.0 no significant difference in
current was observed except with citric acid. Since the
equivalent conductivity [33] and the effective charge of
citric acid at pH 4.0 are greatest among them (Table 2),
the results are reasonable.
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Table 2. Chemical and physical properties of the com-
pounds related in this work

Compound pKa
a) (25�C) log kfb) Effective

chargec)
Equiv.
con-
duct.d)

Acetic acid (60)e) 4.75 1.83f) –0.166 40.9
Ammonium ion (18) 9.25 4.12g)

Phosphoric acid (98) 2.15; 7.20;
12.35

3.2f) –0.387 33; 33;
69

Citric acid (192.1) 3.13; 4.76; 6.40 5.90f) –1.025 70.2
Chloride (35.5) –0.06g) 76.35
Nitrite (46.0) 1.19g) 71.80
Nitrate (62.0) –0.01g) 71.40
Sulfate (96.1) 0.95g) 80.00
Benzoic acid (1221) 4.20 1.76f) –0.387 32.4
Phthalic acid (166.1) 2.95; 5.40 2.69g) –0.956 52.3
Mandelic acid (152.2) 3.40 2.70g) –0.799
Salicylic acid (138.1) 2.97 10.6f) –0.914 36.0
EDTA (292) 2.00; 2.66;

6.16; 10.24
18.80 –1.962

Histidine (155.2) 1.82; 6.0; 9.2 10.16f) +1.00

a) Data from [37, 38]
b) Formation constant of copper complex; data from

[37–39]
c) Effective charge at pH 4.0
d) Limiting equivalent ionic conductance (S cm2 equiva-

lent–1); data from [33]
e) Molecular mass
f) At 25�C, � = 0.1
g) At 25�C, � = 1.0

3.2.2.3 Buffer concentration

With the active bed length (5 cm), effective length (40 cm),
total length (78 cm) and applied voltage of –20 kV increas-
ing the citrate buffer concentration from 5 mM, 7.5 mM to
10 mM, the current increased from 3.5 �A, 4 �A to 4.5 �A.
It was found that a BGE concentration of more than 10 mM

can give rise to Joule heating followed by loss of current
as a result of bubble formation.

3.2.2.4 Applied voltage

The relationship between the current observed and the
applied voltage was carried out under the condition of
active bed length (10 cm), effective length (40 cm), total
length (78 cm), and citrate buffer (10 mM, pH 4.0). The
results demonstrated that –5 kV corresponded to 0.1 �A,
–10 kV to 1 �A, –15 kV to 2�A, –20 kV to 3 �A, and –25 kV
to 4 �A. With an applied voltage greater than –25 kV, a

deviation from the Ohm’s law was indicated. Meanwhile
this occurred along with bubble formation and was fol-
lowed by the loss of current.

3.2.2.5 Organic modifier

Bubble formation may be easy to occur at low fraction of
acetonitrile for CEC with hydrophobic stationary phase
like octadecyl silica (ODS). Usually with the addition of
acetonitrile a higher EOF velocity can be obtained
because of its low viscosity. In this work, acetonitrile (5–
10% v/v) has been tested as the mobile phase additive.
Moreover, a smaller current and less EOF was found com-
pared with that without the modifier. This might be due to
the histidine-functionalized silica being a more hydrophi-
lic stationary phase compared with ODS. For changing
the linear velocity of the solute, other additives such as
sodium dodecyl sulfate (SDS), cetyltrimethylammonium
bromide (CTAB), and copper ion have been employed.
As expected, CTAB may be adsorbed to the packing sur-
face and increase the density of positive charge on the
packing surface which results in higher EOF velocity.
With a 20 cm histidine-functionalized silica active bed,
51 cm effective length, 83 cm total length, a mixture of
phosphate buffer (pH 5.0, 25 mM) and CTAB (1 mM) as
BGE, and the separation voltage of –25 kV, the migration
time of mesityl oxide was 79 min. The calculated EOF is
3.57�10–5 cm2/Vs. Not only CTAB, but also SDS and
copper ion, all increased the current to some extent com-
pared with that without the modifier.

3.3 Column performance studies

When evaluating a new stationary phase, it is desirable to
test both the EOF and the chromatographic performance.
Several neutral markers were tested to give an indication
of the EOF. Finally, the resolving power of the chromato-
graphic phase was determined by the organic anions and
inorganic anions. For the determination of EOF in CEC the
choice of an appropriate neutral marker is not easy, since
the neutral marker always has some interaction with the
stationary phases [34]. Acetone, benzyl alcohol, dimethyl
sulfoxide, mesityl oxide, and thiourea were selected as
neutral markers for the histidine-functionalized silica and
its copper complex packed columns. But all of them
appeared to interact with the stationary phase. This
resulted in a very small EOF and a rather long migration
time.

With a copper-histidine functionalized silica complex
active bed (10 cm), 51 cm effective length, 83 cm total
length, phosphate buffer (pH 4.0, 25 mM), and a separa-
tion voltage of –20 kV, the migration time of thiourea was
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190 min. From that, the calculated EOF was 1.86�
10–5 cm2/Vs (linear velocity, 0.27 cm/min). The linear
velocity was measured using Ld/t, where Ld denotes the
effective length of the capillary column and t is the elution
time. With similar condition as that of the copper-histidine
functionalized silica but with the applied voltage of +20 kV
the EOF for the bare fused-silica having frits at both ends
was 8.82�10–5 cm2/Vs (40 min migration time; 1.28 cm/
min linear velocity). A distinct lower EOF was demonstrated
for the copper-histidine functionaiized silica column.

3.3.1 Inorganic and organic ions

The most commonly used columns in CEC have been
ODS columns, but in view of the need to maintain a high
enough EOF and a hydrophobic surface of the stationary
phase, ODS can only work well in a mobile phase with
relatively high pH and the presence of an organic modifier.
Therefore, there is an urgent need to develop new kinds of
stationary phase suitable for CEC separation of strongly
polar acidic compounds [35]. With histidine-functionali-
zed silica and its copper complex, respectively, as the
stationary phase, the effect of buffer pH on the linear velo-
city of potassium hydrogen phthalate (KHP) was studied.
From Fig. 5 one can see that the linear velocity in the his-
tidine-functionalized silica decreased dramatically over
the pH range from 7 to 5. When KHP was run on the cop-
per complex, no significant increase in analysis time on
going from low to high pH was indicated. Results of this
experiment may be rationalized that a smaller fraction of

Figure 5. Effect of buffer pH on the linear velocity of
potassium hydrogen phthalate. Capillary column, 100�m
ID packed with (�) histidine-functionalized silica (5 �m) or
its copper complex (5 �m) (�, �, �+, �), 10 cm packing
length, 40 cm effective length, 78 cm total length; mobile
phase, phosphate buffer (10 mM); sample concentration,
1 mM; electrokinetic injection: –2 kV, 2 s; separation vol-
tage, –20 kV; detection, at 220 nm.

the protonated histidine-functionalized silica at higher pH
values results in a less anion exchange reaction and this
leads to a greater linear velocity. Besides, a larger electro-
phoretic mobility of the solute would be due to the greater
fraction of the dissociated form, while for the copper-his-
tidine complex increasing the pH results only in a slight
decrease of linear velocity. This may reflect a more stable
analyte-copper complex in the ligand exchange system.
Moreover, at pH 4.0, there seems to be no significant dif-
ference in the linear velocity between these two stationary
phases. In other words, the differences for the interaction
force of the anion exchange and ligand exchange reac-
tions might not be distinct.

With 10 cm active bed length of the copper-histidine
complex, 40 cm effective length and 78 cm total length
(100 �m ID) as well as phosphate buffer (pH 7.0, 10 mM)
and a separation voltage of –20 kV, the linear velocities
(cm/min) of NaNO2, NaNO3, Na2SO4, and KHP were 1.36,
5.33, 7.43, and 0.49, respectively. Clearly the prepared
CEC column is useful for the separation of all mentioned
compounds, especially for nitrite and nitrate mixture,
which is difficult in CE separation [36] due to the rather
similar equivalent conductance (Table 2). In this work, the
differences in linear velocity might be attributed to the
greater coordinating property of nitrite ion toward the cen-
tral copper ion than nitrate ion.

3.3.2 Separation of the test mixture

Phosphate and ammonium acetate buffer have been
employed as the BGE for the separation of organic acid
mixtures. However, retention times longer than 2 h were
indicated. To shorten the analysis time, a shorter active
bed (5 cm) and a stronger coordination buffer, which
would interact with the central copper ion were used. As
expected, sharp and symmetrical peaks were obtained in
less than 12 min using citrate buffer (10 mM, pH 4.0)
(Fig. 6A). The elution order is benzoic acid � D-mandelic
acid � L-mandelic acid � KHP � salicylic acid. Accord-
ing to the effective charge and the stability constants of
these compounds toward copper ion (Table 2), this fact
strongly indicates that the separation mechanism is pre-
dominantly based on a ligand exchange reaction besides
the electrophoretic mobility. Of course several other
retention mechanisms might also be involved.

With lower concentration of citrate buffer (7.5 mM pH 4.0),
five peaks can be observed but the elution strength
decreased obviously (Fig. 6B). The elution time of the
late-eluted salicyclic acid is even more than 100 min with
the citrate buffer (5 mM, pH 4.0) (data not shown). It can be
seen that the retention decreased with increase of buffer
concentration. The phenomena further prove that a dis-
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Figure 6. CEC separation of organic acids on copper-
histidine functionalized silica with citrate buffer as mobile
phase. Capillary column, 100 �m ID packed with copper-
histidine functionalized silica (5 �m), 5 cm packing length,
35 cm effective length, 73 cm total length; sample con-
centration, 1 mM for each; electrokinetic injection, –2 kV,
2 s; separation voltage, –20 kV; detection, at 220 nm;
mobile phase: (A) citrate buffer (10 mM, pH 4.0); (B) citrate
buffer (7.5 mM, pH 4.0). Peak identification: 1, benzoic
acid; 2, D-mandelic acid; 3, L-mandelic acid; 4, KHP;
5, salicylic acid.

placement reaction occurred. In other words, a ligand-
exchange reaction indeed was involved in the separation
mechanism. Additionally, the direction of EOF in bare
fused-silica is opposite to that of the sample inlet. At
lower ionic strength, the EOF may be more rapid resulting
in slower migration of the solute to the packed column.
Therefore, a longer time was needed for the elution of
these solutes. Besides, the influence of the buffer con-
centration on the distinguishing ability of the enantiomer
was found to be minor.

Figure 7. CEC separation of organic acids with EDTA
buffer as mobile phase. Capillary column, 100 �m ID
packed with copper-histidine functionalized silica (5 �m),
5 cm packing length, 40 cm effective length, 78 cm total
length; sample concentration, 1 mM for each; electroki-
netic injection, –2 kV, 2 s; separation voltage, –20 kV;
detection at 220 nm; mobile phase, EDTA (5 mM, pH 4.0).
Peak identification: 1, benzoic acid; 2, D- and L-mandelic
acid; 3, KHP; 4, salicylic acid.

In order to understand the effect on retention behavior of
a stronger chelating agent than citrate buffer, we chose
EDTA (5 mM, pH 4.0) as the model. Not only less retention
but also more complete elution, namely a greater peak
area was observed (Fig. 7). Meanwhile the coelution of
D- and L-mandelic acid was indicated. The predominant
form of EDTA at pH 4.0 is H2Y2-. A greater effective charge
and stronger coordinating ability (Table 2) results in the
mentioned properties.

For the separation of organic acids, retention parameters
and column performance summarized from Fig. 6A are
listed in Table 3. The column efficiency for most of the
analytes was more than 1.2�105 plates/m, except sali-
cylic acid. However, columns were considered success-
fully made only if they were uniform and free of void after
conditioning, use, and storage. Under the conditions of
Fig. 6A, the relative standard deviations of the migration
time are in the range of 3–7% for five consecutive injec-
tions. Of course reproducibility cannot be better as that of
the open-tubular column. Improvements are expected by
applying pressure to both ends of the capillary and frit
more homogeneous.

4 Concluding remarks

On the basis of metal capacity and EPR studies, it was
shown that the prepared histidine-functionalized silica
forms a Cu-(histidine)2 complex. Both histidine-functio-
nalized silica and the copper-histidine complex were
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Table 3. Separation efficiency of the copper-histidine functionalized silica complex in packed CECa)

Analyte Retention
time (min)

Peak
width (min)

Half peak
width (min)

Plate
height (�m)

Nb)

(plates m–1)
Rs

c)

Benzoic acid 5.828 0.057 0.035 0.322 (0.064)d) 153 600 –
D-Mandelic acid 6.180 0.056 0.033 0.261 (0.052) 194 290 6.23
L-Mandelic acid 6.816 0.072 0.046 0.404 (0.081) 121 630 9.94
KHP 7.252 0.078 0.049 0.418 (0.083) 121 350 5.81
Salicylic acid 10.103 0.189 0.117 1.200 (0.240) 41 310 21.36

a) Capillary column; 100 �m ID, 5 cm packing length with 5�m copper-histidine functionalized silica
complex, 35 cm effective length, 73 cm total length; background electrolyte, citrate (10 mM,
pH 4.0); sample concentration; 1 mM for each, electrokinetic injection; –2 kV for 2 s; separation
voltage, –20 kV; detection, at 220 nm

b) Plate numbers
c) Resolution
d) Reduced plate height

employed as stationary phases of a CEC-packed col-
umn. Experimental conditions are simple and well con-
trolled with the packed column coupled with an empty
column having the detection window preinstalled in the
instrument. Due to the frit not being made just adjacent
to the end of sample inlet, bubble formation was sup-
pressed and a shorter injection time and a lower injection
voltage were needed. Among parameters, which affect
the electrical current, we found that the packed column
length and the applied voltage are the predominant
factors. Of course, other factors such as buffer type,
pH, concentration, and type of organic modifier also
affect the current. Several mechanisms including electro-
phoretic migration, ion exchange, and hydrophobic inter-
actions are involved in the separation of the test mixture.
However, in the histidine-functionalized silica packed
column, ion exchange seems to be the predominant
reaction, while in the copper-histidine complex packed
column, the ligand-exchange reaction seems to predo-
minate. These findings demonstrate that the stationary
phases are highly promising. Columns of virtually any
length are easily accessible. This flexibility enables the
easy tailoring of both the interactions that are required
for specific modes as well as the level of EOF generated
by the support. More detailed investigations are still
necessary for the applicability to other electron-donating
compounds. Better reproducibility could be expected if
homogeneous frits and additional pressure facilities at
the capillary ends are available.
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