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Abstract

The separation mechanism in capillary electrochromatography (CEC) is a hybrid differential migration process, which entails the features
of both high-performance liquid chromatography (HPLC) and capillary zone electrophoresis (CZE), i.e., chromatographic retention and
electrophoretic migration. The focus of this paper is on the use of electrokinetic data, such as current, electroosmotic flow (EOF) and column
efficiency measurements, that are readily available, for an improved understanding of CEC separations. A framework is presented here for the
use of this data for evaluation of a variety of performance parameters including, conductivity ratio, interstitial EOF mobility, porosity, and zeta
potential. This framework is applied for characterization of two monolithic columns with different chemistry that were manufactured in-house.
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he above-mentioned performance parameters were calculated for the two columns and it is found that the poly(VBC–EGDMA
onolithic column with the GPTMS–PEI coating offers a significantly improved flow distribution in comparison to the poly(VBC–EG
onolithic column. This observation is confirmed by performing separation of peptides on the two columns and height equiv

heoretical plate (HETP) measurements on the resulting peaks. It is shown that following our approach leads to an improved und
f the separations achieved with the columns and to better column design.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Capillary electrochromatography (CEC) is an analytical
eparation technique that is carried out most commonly
ith packed capillary columns and utilizes electroosmoti-
ally driven mobile phase at high electric field strength in an
pparatus similar to that used in capillary zone electrophore-
is (CZE). Recently, CEC has attracted considerable interest
ue to its potential to offer high resolution and different se-

ectivity than in HPLC and CZE[1–16].
The focus of this paper is on the use of electrokinetic

ata, such as current, electroosmotic flow (EOF) and column
fficiency measurements, that are readily available, for an im-
roved understanding of CEC separations. We use the frame-
ork that we have previously published[12,17]for evaluation
f a variety of performance parameters commonly used for
haracterization of CEC columns. The results show that esti-
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mation of these performance parameters lead to an imp
understanding of the separations achieved with the colu
and can assist in column design.

2. Theory

2.1. Measurement of current

In this section, we present a discussion of the equa
that have been used for data analysis. A more detailed de
tion of the framework used was published earlier[12,17].

In an open capillary, when ionic conduction through
bulk electrolyte is the dominant mechanism of ionic mig
tion, the conductivity of an electrolyte,σopen, is expressed a

σopen= iLopen

VopenAopen
(1)

wherei is the current flowing through a capillary of leng
Lopen and cross-sectional areaAopen, when a potential dro
Vopenis applied across it.
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Eq.(1) can be extended to the case of a packed column or
monolith when ionic conduction through the bulk electrolyte
solution is still the primary form of ionic migration. Conduc-
tivity of the packed column,σpacked, can then be expressed
in the following manner

σpacked=
i′Lpacked

VpackedAopen
(2)

wherei′ is the current flowing through the CEC column fully
packed with a stationary phase.Lpackedis the length of the
column andVpackedis the applied voltage.

If measured under identical conditions of the mobile
phase, the ratio of the conductivities of a packed column
and open capillary,φ, has been known to have been a use-
ful means for characterizing the properties of the stationary
phase[12,17–19]. The conductivity ratio is related to the elec-
trokinetic porosity,εT, by Archie’s law as follows

φ = σpacked

σopen
= εm

T (3)

whereεT is the electrokinetic porosity andm is an empirical
constant. When the porosity of the media is greater than 0.2,
m= 1.5 provides a very close approximation to the experi-
mental data[12,17–19]and so this value has been used for
our calculations.
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a fully packed column would be as follows

µ∗
eo,packed=

LdLpacked

t0,packedVpacked
(7)

where t0,packedis the migration time of the inert tracer in
the column. However, the mobility,µ∗

eo,packed, calculated in
this manner is the “apparent” EOF mobility[12,17]as unlike
the mobility for open tube, the apparent EOF mobility would
depend on the porosity and architecture of the packing, as they
determine the path the ions need to take while flowing through
the column. The actual interstitial mobility of an inert, neutral
EOF marker through the packed segment that would be useful
for determining the zeta potential of the packing should be
calculated as[12,17]

µeo,packed= L2
e

t0,packedVpacked
(8)

whereLe is defined as the length of the actual flow path fol-
lowed by the tracer traversing a packed column of length
Lpacked. It can be calculated from the currents in the open and
packed columns as follows

Le = Lpacked

√
iopen

ipacked
(9)

I be
t e
a king
[

2

ure-
m ting)
t TP)
i nd is
e

H

w to
b n to
t col-
u rred
t r
b the
s plate
h C,
t on-
d s en-
c ocess
b tion-
a ary
p d by
k dif-
f

.2. Measurement of flow

In open tubes with thin double layers and when there
olarization, the EOF mobility,µeo,open, can be expressed

he following relationship introduced by von Smoluchow
20,21]

eo,open= εε0ζw

η
(4)

hereε is the dielectric constant of the medium,ε0 is the
ermittivity of the vacuum, andη is the viscosity of the bul
olution andζw is the zeta potential at the capillary inner w
or a fully packed column, EOF mobility in the interstic
eo,packed, can been expressed in a similar manner[17,20,22]

eo,packed= εε0ζs

η
(5)

hereζs is the zeta potential at the surface of the packin
In practice, the EOF mobility in the bulk electrolyte

stimated from migration data obtained with a suitable
ral and inert tracer in an open tube by using the follow
xpression

eo,open= LdLopen

t0,openVopen
(6)

hereLd is the distance between the inlet and the poin
etection of the capillary andt0,openis the migration time o

he tracer in an open tube. The corresponding expressio
t must be reiterated that the effect of tortuosity has to
aken into account so thatµeo,packedcan be used to provid
n accurate estimation of the zeta potential of the pac

12,17].

.3. Measurement of column efficiency

This section deals with the column efficiency meas
ents as performed with a neutral and inert (non-interac

racer. The height equivalent of a theoretical plate (HE
s commonly used as a measure of column efficiency a
xpressed by the van Deemter equation as follows[23]

ETP= HA + HB + HC (10)

hereHA, HB andHC are the three major contributions
and broadening. The “A” term represents the contributio

he plate height from flow maldistribution in the packed
mn in the absence of extra-column effects. It is also refe

o as the “eddy diffusion” term[24]. The B term stands fo
and spreading resulting from longitudinal diffusion of
ample component and contributes significantly to the
eight only at low flow velocities. As in traditional HPL

his term is negligibly small for common CEC operating c
itions. The C term arises from mass transfer resistance
ountered by the sample components in the retention pr
ased on their distribution between the mobile and sta
ry phases[24]. For columns packed with porous station
hase particles, the C parameter is largely determine
inetics of both the intraparticular mass transfer and film
usion.
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For the case of an open capillary and in absence of Joule
heating, the velocity profile is approximately flat for elec-
trophoretic separations and the primary contribution to the
band broadening comes from the B term and so the Eq.(10)
can be simplified as

Hopen≈ HB = 2Dm

ueo,open
(11)

whereDm is the molecular diffusivity of a neutral tracer and
ueo,openis the EOF velocity in the capillary.

For the case of the fully packed column or monolith, the
HETP can be calculated as

Hpacked= HA + 2Dm

u∗
eo, packed

+ HC (12)

whereu∗
eo, packedis the apparent EOF velocity in the column.

For most cases,ueo,open> u∗
eo,packed, and soHB is generally

higher for the packed columns.

3. Experimental
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3.2. Instrumentation

Capillary electrophoresis and capillary electrochromatog-
raphy experiments were carried out on a HP3DCE capillary
electrophoresis unit (Agilent Technologies, Wilmington, DE,
USA) equipped with a diode array UV detection system and
controlled by a P150 personal computer (Hewlett-Packard,
Palo Alto, CA, USA). Windows 95 (Microsoft, Redwood,
WA) and Chemstation V.4.01 (Agilent) were installed to
control the instrument functions and to process the data.
Both inlet and outlet vials were pressurized with nitrogen
up to 12.0 bar. The wavelength of the UV detector was set at
214 nm.

3.3. Buffer and mobile phase preparations for HPLC,
CE and CEC separations

A stock solution of phosphate buffer (80 mM) was made,
and then diluted and adjusted to various concentrations. Be-
fore CEC experiments, the running buffer was degassed with
helium for about 20 min. The individual peptides were mixed
and diluted with deionized water to the appropriate concen-
tration. A 0.01% (v/v) DMSO was prepared with deionized
water and used as the unretained neutral marker of EOF in
this study.
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.1. Chemicals and reagents

Ethylene glycol dimethacrylate (EGDMA) and po
thyleneimine (PEI, MW 10 000, 30% aqueous) were
hased from Polysciences (Warrington, PA, USA). Vin
enzyl chloride (VBC) was from Dow (Midland, M
SA), azobisisobutyronitrile (AIBN) (98%) was fro
faltz & Bauer (Waterbury, CT, USA) and 3-glyc
xypropyltrimethoxysilane (GPTMS), 3-(trimethoxysily
ropyl methacrylate, 2,2-diphenyl-1-picryhydrazyl hydr
DPPH), trifluoroacetic acid (TFA), succinic acid, toluene
ropanol and formamide were from Aldrich (Milwaukee, W
SA). HPLC reagent-grade sulfuric acid (H2SO4), dimethyl-

ormamide (DMF) (99%) and analytical-grade hydrochlo
cid, monobasic, dibasic and tribasic sodium phosphate
odium hydroxide (98.8%) were from J.T. Baker (Philli
urg, NJ, USA). Dimethyl sulfoxide (DMSO) was purcha
rom Burdick and Jackson (Muskegon, MI, USA). HPL
rade methanol, acetone, acetonitrile (ACN), and trie
mine were purchased from Fisher (Fair Lawn, NJ, US
ater was purified and deionized with a NANOpure s

em (Barnstead, Boston, MA, USA). The individual p
ide samples were purchased from Sigma (St. Louis,
SA). Single wall carbon nanotubes (SWNT) were syn
ized and provided by Yuan Chen, Dr. Dragos Ciuparu
r. Lisa D. Pfefferle in the Department of Chemical En
eering at Yale University. The fused silica capillary tub
f 75�m I.D.× 375�m O.D. with a polyimide outer coa

ng was purchased from Quadrex Scientific (New Haven
SA).
.4. Capillary electrophoresis conditions

All experiments were performed at 25◦C with 20 mM
hosphate buffer, pH 2.5, as mobile phase. Buffer pH o
as chosen as for our case, the capillary and the col
re coated with PEI and so do not suffer the instability

used silica. In fact, we need the low pH for the PEI to
ositively charged and generate the EOF. According to
ew configuration of the monolithic columns, the exp
ents were performed isocratically by counter-directio
ode with reversed polarity. Between runs, the capillary
mn was rinsed with deionized water for 3 min, followed w
unning buffer for 5 min.

Before using, the open bare silica capillary was was
ith water and filled with 1.0 M NaOH. With both en
ealed, the tubing was heated at 100◦C for 1 h in the oven o
Sigma 2000 gas chromatograph (Perkin-Elmer, Norw
T, USA). Thereafter, it was washed with deionized wate
0 min, 1.0 M HCl for 5 min, deionized water for 30 min a
cetone for 10 min. Subsequently the capillary tubing
laced again in the oven at 120◦C and purged with nitroge

or 1 h to remove residual water[25,26].
For preparation of the GPTMS–PEI coated capillary

pen fused silica capillary was pretreated with NaOH as
ier. Siloxane groups at the inner surface of raw fused s
apillaries were hydrolyzed by NaOH pretreatment to
rease the density of silanol groups serving as anchors f
ubsequent silanization. Thereafter, the silica capillary
ilanized with 10% (v/v) 3-glycidoxypropyltrimethoxysila
ith 1% (v/v) triethylamine in dry toluene for 3 h at roo
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temperature[27–29]. Afterwards, the capillary was flushed
with a solution of 7.5% (v/v) polyethyleneimine in 0.05 M
succinate buffer (pH 6.0) for 5 h at room temperature
[27,30–32].

3.5. Capillary electrochromatography packing and
evaluation conditions

All CEC experiments were performed under the same con-
ditions as CE experiments described earlier. Between runs,
the capillary column was rinsed with deionized water for
10 min, followed with running buffer for 15 min at 1× 106 Pa
inlet pressure. The column was equilibrated electrokineti-
cally at the operating voltage until the baseline was stable.

The monolithic columns for CEC separation were pre-
pared according to a previously published method[27]. After
the silica capillary was coated with GPTMS–PEI as men-
tioned earlier, a solution containing 20% (v/v) monomer
VBC, 20% (v/v) crosslinker EGDMA, 40% (v/v) propanol
and 20% (v/v) formamide as porogens, 0.3% AIBN (w/v) as
polymerization initiator, was mixed and filled into the col-
umn with nitrogen. Subsequently, the capillary column was
sealed and heated at 75◦C for 16 h in the oven of a Model
Sigma 2000 gas chromatograph (Perkin-Elmer, Norwalk, CT,
USA). The capillary was then washed with methanol and
deionized water extensively. 10 mM aqueous sodium hydrox-
i rous
p
h rface
o ith
d with
n

n
w way
u oro-
g in 2-
p
H min
[ red
t ith
d mM
N 7.
T dis-

persion into 2-propanol, sonicated again and used as one of
the porogens in the preparation of the monolithic stationary
phase.

To create a detection window, a 1–2 mm wide segment of
the polyimide outer coating at a distance of 8.5 cm from the
outlet end was heated with an Archer Model B microtorch
(Radio Shack, New Haven, CT, USA) while the capillary col-
umn was purged with oxygen at 8.3× 105 Pa. Subsequently,
the capillary column was washed with methanol and deion-
ized water.

4. Results and discussion

4.1. Measurement of current

Electrokinetic measurements were performed on the
open silica capillary; a coated capillary with GPTMS–PEI
coating; monolith 1 with GPTMS–PEI coating and
poly(VBC–EGDMA) monolith; and monolith 2 with
GPTMS–PEI coating and poly(VBC–EGDMA–SWNT)
monolith.Table 1lists the current and retention time of the
tracer measured for these four cases. Measurements were per-
formed in duplicate and averaged for further calculations. It
is seen that under the buffer conditions chosen for operation,
t

he
o
s and
c ity is
a me-
t ng
t EOF
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b aries,
t

er
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h umn
f the
c e

T
E apillar

P illary

T 1
D 5
D
V
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t 26

M olumn ; mon
1 2: pol were
p ase.
de was pumped through the capillary containing the po
oly(VBC–EGDMA) monolith packing at 70◦C for 3 h to
ydrolyze the residual benzyl chloride groups at the su
f poly(VBC–EGDMA). After the column was washed w
eionized water and methanol, it was purged overnight
itrogen at room temperature.

The poly(VBC–EGDMA–SWNT) monolithic colum
ith GPTMS–PEI coating was prepared in the similar
sing 2-propanol with soluble SWNT as one of the p
ens instead of pure propanol. To make them soluble
ropanol, SWNT were stirred with a 9:1 98% H2SO4/30%
2O2 aqueous solution for 30 min and sonicated for 10

33]. The resulting SWNT dispersion was diluted and filte
hrough a 0.45�m Millipore polycarbonate membrane w
istilled water, and was subsequently washed using 10
aOH and distilled water until the pH of the filtrate was
he SWNT mat was then separated from the filter by

able 1
lectrokinetic measurements performed on silica capillary, a coated c

arameter Open capillary Coated cap

otal length (cm) 40 40 31 3
etection length (cm) 31.5 31.5 22.5 22.
iameter (�m) 75 75 75 75
oltage (kV) 20 20 20 20
urrent (�A) 55 56.5 66.1 68.

0
a (min) >60b >60b 2.1 2.

easurements were performed in duplicate with different capillary/c
: poly(VBC–EGDMA) monolith with GPTMS–PEI coating; monolith
erformed at 25◦C with 20 mM phosphate buffer, pH 2.5, as mobile ph
a Measurements were made with an inert and neutral marker.
b Experiment was stopped after 60 min.
he EOF is minimal in the bare silica capillary.
Table 2shows the calculation of the conductivity for t

pen capillaries and the monoliths using Eqs.(1) and (2), re-
pectively. The conductivity is similar for the bare silica
oated capillaries. This is expected because conductiv
n intrinsic property and is independent of capillary geo

ry or the potential drop applied[12]. For this case, assumi
hat we do not have appreciable Joule heating and the
tself contributes minimally to the velocity of ions, the co
uctivity depends only on the buffer used. Since the s
uffer is used for measurements on both the open capill
he conductivity is also expected to be identical.

The conductivity for the two monolithic columns is low
han that for the open capillaries. This is due to the
indrance caused by the monolithic support in the col

orcing the ions to follow a more tortuous path through
olumn. Archie’s law in Eq.(3) was used for estimating th

y and two monolithic columns

Monolithic column 1 Monolithic column 2

40 40 40 40
31.5 31.5 31.5 31.5
75 75 75 75
20 20 20 20

21 21.5 24.5 25.2
5.4 5.39 4.19 4.12

. Open capillary: bare silica; coated capillary: GPTMS–PEI coatingolith
y(VBC–EGDMA–SWNT) with GPTMS–PEI coating. All experiments
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Table 2
Estimation of conductivity, conductivity ratio, and electrokinetic porosity for monolithic columns

Parameter Open capillary Coated capillary Monolithic column 1 Monolithic column 2

σopen(�−1 m−1) 0.25 0.24 N/Aa N/Aa

σpacked(�−1 m−1) N/Aa N/Aa 0.10 0.11
φ N/Aa N/Aa 0.38 0.45
εT N/Aa N/Aa 0.52 0.58

a Not applicable.

Table 3
Comparison of conductivity ratio and electrokinetic porosity of monolithic
phases to other commonly used stationary phases

Stationary phase φ εT

Monolithic column 1 0.38 0.52
Monolithic column 2 0.45 0.58
Pellicular Hytach ODS 0.29 0.44
Zorbax ODS, 80̊A 0.28 0.43
Spherisorb ODS, 300̊A 0.49 0.62
Spherisorb SCX, 300̊A 0.52 0.65
Polymer Lab SCX, 1000̊A 0.66 0.76
Bio-Rad SCX 0.67 0.77

Adapted from ref.[17].

electrokinetic porosity,εT, for the two monolithic phases. It
is seen that monolith 2 is more porous than monolith 1.

Table 3further compares the monolithic materials to a va-
riety of commonly available stationary phases[17]. Columns
packed with larger pore materials offer a more open structure
leading to higher conductivity ratios and porosities. It is seen
that the two monoliths behave similar to the 300Å stationary
phases with regards to flow of ions.

4.2. Measurement of flow

Table 4presents calculations of EOF velocity, apparent
and actual EOF mobility, equivalent length, and zeta poten-
tial for the coated capillary and the two monolithic columns.
Eqs. (4)–(9) were used for the calculations using the data
presented inTable 1. While the EOF velocity is significantly
higher for the case of coated capillary, the apparent mobili-
ties are comparable for the three cases. This is so because th
mobility is an intrinsic parameter like conductivity and thus,
normalizes for the differences in capillary/column dimen-
sions and other operating parameters. The mobility serves as
a useful electrokinetic measure for comparison of different
stationary phases. It can be concluded from the data presented
in Table 4that a column containing monolithic phase 2 will

generate same EOF as the coated capillary of same dimen-
sions when operated under identical operating conditions.

Equivalent length is calculated for the monolithic columns
using Eq.(9). This is an estimation of the actual path traversed
by the ions while traveling through porous media[12]. The
equivalent length, as seen inTable 4, is much larger than the
actual length of the monolithic bed.

Next, the actual EOF mobility in the interstitial space of
the column is calculated using Eq.(8). It is seen that the ac-
tual mobility for both the monolithic columns is significantly
higher than the EOF mobility for the coated open capillary.
However, the porous bed structure results in an equivalent
apparent EOF mobility for the three cases.

The actual mobility can be used to estimate the zeta po-
tential on the monolithic surface[12,17] and it is seen that
the zeta potential is significantly higher than the coated open
capillary, particularly for monolith 2. A recent study used a
similar approach for estimation and comparison of zeta po-
tential of silica-based anion-exchanger type porous particles
including Hypersil and Kromasil stationary phases for CEC
[34].

4.3. Measurement of column efficiency

Column efficiency measurements were performed using
the tracer peak for the case of coated capillary and the two
m red
a ue is
s red
t cked
c tional
c sfer
( s
f t for
c ps.
T uch
m sfer.

Table 4
E tial for

P ary n 2

E
A
E
A
Z

stimation of EOF velocity, mobility, equivalent length, and zeta poten

arameter Coated capill

OF velocity (×10−3 m s−1) 1.72
pparent mobility (×10−8 m2 s−1 V−1) 2.67
quivalent length (m) N/Aa

ctual mobility (×10−8 m2 s−1 V−1) N/Aa

eta potentialb (mV) 37.71
a Not applicable.
b Values ofε = 80 andε0 = 8.85 were assumed for this calculation[12].
e

onolithic columns.Table 5presents HETP data measu
t different voltages. The data shows that the HETP val
ignificantly higher for monolithic column 1 when compa
o the coated open capillary. This is expected for a pa
olumn due to presence of the stationary phase and addi
ontributions from the flow non-uniformity and mass tran
HA andHC terms in Eq.(10)). However, the HETP value
or the monolithic column 2 are quite comparable to tha
oated open capillary, particularly at lower potential dro
his indicates that the second monolithic column has a m
ore uniform flow distribution and enhanced mass tran

the coated capillary and the monolithic columns

Monolithic column 1 Monolithic colum

0.97 1.26
1.95 2.53

64.79 69.75
3.15 4.41
44.53 62.25
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Table 5
HETP measurements at different potential drops

Parameter Coated capillary Monolithic column 1 Monolithic column 2

Average HETP at 10 kV (�m) 8.47 18.88 9.73
Average HETP at 20 kV (�m) 7.58 23.21 11.27
Average HETP at 30 kV (�m) 13.61 38.90 17.70

Rest of the experimental conditions same as inTable 1.

Fig. 1. Plots of current and conductivity vs. potential drop illustrating the extent of Joule heating.

Further, it can be observed inTable 5that for most cases
the HETP increases with the potential drop. Since the mea-
surements were performed with an inert tracer (smallHC) and
since the flow velocity is higher at higher potential drop, it
follows from Eq.(10) that this trend is a result of Joule heat-
ing at higher potential drops. In order to examine the effect of
Joule heating, current and conductivity were plotted against
the potential drop as shown inFig. 1. The non-linearity seen
in the plots of the current indicate the presence of Joule heat-
ing. The final confirmation is presented by the conductivity
plots that are expected to be flat in the absence of Joule heat-
ing [35]. As seen inFig. 1, while there is minimal Joule
heating in monolith 1 (10% increase over 20◦C), it is signifi-
cant in monolith 2 (35% increase over 20◦C) and even more
so for the coated open capillary (54% increase over 20◦C).
We propose that the higher Joule heating and conductivity in
monolith 2, compared with monolith 1, were probably due to
the unique electronic properties of the incorporated SWNT
in the stationary phase, because the SWNT used were re-
ported to show the normal 1:2 distribution between metallic
and semiconducting species[36]. It must be pointed out that
even though Joule heating can explain the marked increase
in HETP with increasing applied voltage for the coated cap-
illary and the monolithic column 2, it is not the reason for the
observed increases in HETP for monolithic column 1.

In view of the presence of Joule heating at higher poten-
t ents

was performed using data generated at 10 kV. First, the diffu-
sivity was estimated from measurements of the coated open
capillary using Eq.(11). Next, the diffusivity value was used
to estimateHB in Eq. (12) and a comparison with the to-
tal height equivalent of theoretical plate (HETP) measured
for the two monolithic columns allowed us to estimate the
HA +HC contributions. The results of this analysis are pre-
sented inTable 6and show that for monolith 2, almost all
of the HETP can be accounted from longitudinal diffusiv-
ity, with minimal contributions from flow non-uniformity
(HA) and/or mass transfer (HC) contributions. The results
for monolith 1 show approximately 30% of the HETP con-
tributions coming fromHA +HC. The analysis allows us to
not only estimate the column efficiency, as well as, guide us
on possible improvements via changes in media design.

4.4. Separation of peptides

The monolithic columns described earlier have been ap-
plied in peptide separations. Four standard peptides including
WAGGDASGE, GG, WGG, and GGG had been successfully
separated isocratically on both monolith 1 and monolith 2 in
the “counter-directional mode”. By comparison of the elec-
trochromatograms obtained on both monolithic columns in
Fig. 2, it is shown that poly(VBC–EGDMA–SWNT) mono-
l rre-
s me

T
E lithic co

P n 2

A
E
E
E

C rmed a
ial drops, further analysis of the different HETP compon

able 6
stimation of different HETP contributions,HA, HB andHC, for the mono

arameter Coated capillary

verage HETP (�m) 8.47
stimatedDm (×10−9 m2 s−1) 2.45
stimatedHB (�m) N/Aa

stimatedHA +HC (�m) N/Aa

alculations based on HETP measurements of the tracer peak perfo
a Not applicable.
ith provided higher speed and efficiency than the co
ponding poly(VBC–EGDMA) monolith under the sa

lumns

Monolithic column 1 Monolithic colum

18.88 9.73
N/Aa N/Aa

12.24 9.69
6.64 0.04

t 10 kV. Rest of the experimental conditions same as inTable 1.
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Fig. 2. Electrochromatograms of peptides obtained by CEC with two monolithic columns: (a) monolith 1, 75�m× 31/22.5 cm, porous poly(VBC–EGDMA)
with GPTMS–PEI coating; (b) monolith 2, 75�m× 31/22.5 cm, porous poly(VBC–EGDMA–SWNT) with GPTMS–PEI coating. Mobile phase, 20 mM aqueous
sodium phosphate buffer, pH 2.5 containing 20% (v/v) ACN; applied voltage, 20 kV, reversed polarity; UV detection, 214 nm. Peaks: (1) WAGGDASGE; (2)
GG; (3) WGG; (4) GGG.

conditions. It was found that two retained peptides (WAG-
GDASGE and GG) had the similar efficiencies on monolith 2
as that shown by the inert marker DMSO on both columns. As
is shown by our calculations and results presented inTable 6,
SWNT incorporated in the monolithic stationary phase 2 of-
fers improved mass transfer and a more uniform flow dis-
tribution. The components WGG and GGG elute after the
EOF marker illustrating a stronger retention on the stationary
phase. For retained components, the mass transfer term tends
to dominate the separation efficiency of the system and hence

we observe band broadening of WGG and peak fronting of
GGG with both monolithic columns. Specific hydrophobic
and electrostatic interactions between the particular peptides
and the stationary phases may also be occurring here.

Human growth hormone (hGH) tryptic digest was sepa-
rated by CEC with monolith 2, as shown inFig. 3. When
the hGH tryptic digest sample was injected in Tris buffer, the
electrochromatogram showed a large, ill-defined increase in
absorbance (Fig. 3a) that was probably due to the mismatch
between sample solution and running buffer. As we expected,

F C with th
G ate bu ed polarity;
U b) hGH
ig. 3. Electrochromatogram of hGH tryptic digest obtained by CE
PTMS–PEI coating; mobile phase, 20 mM aqueous sodium phosph
V detection, 214 nm. (a) hGH tryptic digest dissolved in Tris buffer; (
monolith 2: 75�m× 31/22.5 cm, porous poly(VBC–EGDMA–SWNT) wi
ffer, pH 2.5 containing 20% (v/v) ACN; applied voltage, 20 kV, revers

tryptic digest after removing Tris buffer dissolved in running buffer.
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a better separation was obtained (Fig. 3b) after Tris buffer was
removed from the sample and replaced by the running buffer.

5. Conclusions

An approach for evaluation of the conductivity ratio,
porosity, and the interstitial EOF mobility, from experimen-
tal data on the current and EOF measured with CEC columns
has been presented. It has been shown that this data could be
very useful for characterization of the columns and for guid-
ing improvements in column design and materials. It can be
concluded that there is a need to distinguish between the ap-
parent and the actual EOF mobilities and to use only the latter
for characterizing the various stationary phases. The results
of this study are expected to clarify the meaning and signif-
icance of the parameters used for characterization of porous
media with regard to some electrokinetic phenomena.
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