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Abstract

The most commonly used type of column in capillary electrochromatography (CEC) consists of a packed segment and an open (but buffer-
filled) segment. The two segments differ importantly in two respects: firstly, their electrical resistivity; and secondly, their zeta potentials at a
multitude of solid—liquid interfaces. Determination of the magnitude of these properties for each segment cannot be made using only results
from the column as a whole. Instead, measurements of resistivity and zeta potentials of an entirely open, unpacked column can be used in
conjunction with those of the CEC column to determine the electrochemical nature of both segments. This review of basic electrochemical
properties will describe simple procedures that can be used to determine resistance, resistivity, conductivity, conductance, and field strength
in each segment. In addition, it will be shown how the properties of each segment add together to give the same properties of the CEC column
as a whole. The equations so derived will be applied to data from the literature and conclusions drawn from the results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (E, V/cm) and the zeta potentiaf)(expressed as the Smolu-
chowski[2] Eq. (2):
1.1. Ohm’s law e
S
L . . Ueo= —— (2)
The application of an electromotive force (erkfjn V) n

across the ends of a packed capillary in capillary electrochro-\yhere ., = linear velocity of the mobile phase and
matography (CEC; shown schematically as columnBor Cin g voltage change per unit length.

Fig. 1) generates a f:urreriti_h A) that flows against a resis- [The linear velocity is determined by dividing the length
tance Rin 2). Ohm's law, given in Eq(1), is an expression 4t the segment by the time taken for an unretained, neutral
of the relationship among these three variables: marker to pass through it.]

V = IR 1) Thus, the set voltage and the induced current in a CEC

capillary are clearly major electrochemical properties of the
system, related through resistang. (
1.2. Mobile phase velocity
1.3. Resistivity
The electrical current in a CEC system is simply the flow
rate of ions through the column and is therefore primarily =~ More useful than resistance, however, is the property of
related to mobile phase flow rate, a critical parameter of any resistivity (o in £ cm), defined in Eq(3):
chromatographic system. An additional contributor to cur-
rent is the movement of ions in the surface of the capillary, p = — 3)
which may be different to ion flow in the bulk mobile phase.
However, this paper (Part I) will not, in general, go into any whereA= cross-sectional area of the capillary (in9rand
details regarding the origins or mechanism of ion flow. These L is its length (in cm).
aspects will be reviewed in future (Parts Il and IlI). In other words, resistivity determines how rapidly resis-
The movement of liquid through the capillary occurs by tance increases with capillary length and how rapidly it de-
the process of electro-osmosis (eo) generated by the ap-creases with increasing cross-sectional area. The electrical
plied emf[1]. How fast the liquid moves by this mechanism, resistivity of a solid or liquid medium in a capillary is a funda-
whether measured as a volumetric flow rate or linear veloc- mental intrinsic property of the CEC column, being indepen-
ity, depends upon the dielectric constant of the mediedn (  dent of voltage, current, resistance and column dimensions.
the bulk mobile phase viscosity); the electric field strength It depends only upon temperature and the nature of the liquid
and solid in the capillary. In other words, for a given CEC

A I L1 I system (fixed capillary size, packing type, mobile phase and
temperature)p values of the stationary and mobile phases

[0 5 S e S T P S A SRS SIS T are constants.

(C) [ I R R R R R R R |

1.4. Duplex structure
sy Packed, length Ly .
acked, longth Lpack The duplex nature of the usual column type in CEC means
— Open, length Lopen that the open and packed segments have different voltage
drops, resistances, resistivities and zeta potentials, which can-
not be obtained from measurements of these electrochemical
Fig. 1. Schematic illustration of the packed and open lengths in a CE and properties of the column as a whole. For although the voltage
CEC column. drops Vpack Vopen), for example, across each segment type

O Window
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add up to give the total voltage drop for the whole column
(V1) (see Eq{(4)), the individual values are unknown. It is
important to know the values of

(4)

segmental voltage changes since field strendihsle de-
termined from these properties.

VT = Vpack+ Vopen

1.5. Constant current

While the most of the electrochemical properties of CEC

columns are different for the packed and open segments, cur-Vyack =

rent flowing at any point in the column (denotid is con-

71

wherelL is the total capillary length, anidpen andlpack are
the currents through the column in the absence and presence
of packing, respectively.

1.7. Resistivities, conductivities and conductances

OnceVopenandVpackare known, calculation of other ma-
jor electrochemical properties of the CEC column is straight-
forward. For example, Eq11) gives a means of calculating

Ppack

/OpackITLpack

1 (11)

stant, since there is usually no accumulation of charge atThe simple reciprocal of resistivity is conductivity (n

any point. This simplifies the methods of calculating various
electrochemical properties of CEC column as will be shown
further.

1.6. Segmental field strengths

The determination o¥gpen for the CEC column can be
made simply from measurements @fpen of a fully open
capillary (as used in capillary electrophoresis (CE)) contain-
ing the same buffer, by applying a voltayeg, measuring
the currentcg, lengthLcg, and internal cross-sectional area
Ackg, as shown in E(5):

VceAce

Popen= TceLce (5)
SincepopenWill be the same for the CEC columWgpen for
this column will be given by E((6):

L
Vopen: Popen{l’ open (6)

where all values refer to the CEC column and its dimensions.
Ropencan be calculated fromgpenas shown in Eq(7):

Ropen= 2200021 Y]
Subtraction oVgpenfrom both sides of Eq4) gives the result
fOI’ Vpack.

Calculation of field strength&open andEpack (in V/icm),
are made using Eq&3) and (9)

Vi
Eopen= o (8)
open
Vpack
Epack: zac (9)
e

wherel =the “equivalent” length (in cm) of the packed seg-
ment as defined by Rathore and Hattv[3].

Le is the total length traveled by the unretained, neutral
marker, and can be calculated from Ef0), using electro-
chemical properties only:

I 172
"} ~ Lopen (10)

Le=1L
¢ {Ipack

Qlem™D. Thus,

1
Opack= —— (12)
Ppack
and
Uopen = — (13)
Popen

Conductivity is therefore an intrinsic property of CEC
columns, although conductance i 2~1) like resistance,
depends upon column dimensions as shown in(E4):

oA
A=— 14
. (14)
Or simply,
1
A= = (15)

1.8. Additivities of electrochemical properties

Itis instructive to observe how individual segmental elec-
trochemical properties contribute to the corresponding prop-
erty of the CEC column as a whole. The relationships below
give the property for the column as a whole in terms of the
corresponding properties of the packed and open segments.

1.8.1. Resistance (R)

In Eq. (4), it was shown that voltages of the individual
segments add along the CEC column. Repladngth IR,
and since current throughout both segments is the same, we
obtain Eq.(16):

It Rt = It Rpack+ It Ropen (16)
Therefore,
RT = Rpack+ Ropen 17)

Individual resistances can be calculated from values of resis-
tivities for the appropriate segments.
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1.8.2. Resistivityd)
Eqg.(17)can be expressed in terms of resistivities and mea-
sured parameters, as follows:

pTL o PopenLopen  Ppacklpack
A A A

Multiplying both sides byA and rearranging segment lengths:

(18)

Lpack

L
T = ,Oopen{ (fen} + ,Opack{ I } (19)
PuttingLpac'L =1, Eq.(19) can be written as:
ot =1~ V)Popen+ T'Ppack (20)

The ratior is introduced here primarily to improve the visual
appearance of E¢19) and those that follow, so that the con-
tributions of the electrochemical properties of the open and
packed segments may be more clearly seen.

1.8.3. Conductivityd)
Since conductivity is the simple reciprocal of resistivity,
substitution into Eq(20) gives Eq.(21):

1 1 1
:(1—r)( >+r< > (21)
oT Oopen Opack
Taking reciprocal of both sides and rearranging:
or Ooperfpack (22)

B (1- ”)Upack+ FOopen

1.8.4. Conductancerj

Conductance is the simple reciprocal of resistance, there-

fore Eq.(23) follows directly from Eq.(17):

11 1
AT )\open )\pack

(23)

Taking the reciprocal of both sides and rearranging gives Eq.

(24):.

AT = )»open)»pack (24)
)Mopen‘l' )\pack
1.8.5. Field strength (E)
Here, the equivalent lengtid) is used in place of pack,
throughout. Capillary length is taken as the suir + Lopen
The ratioLe/L is put asr, and thereforé gpedL is 1—r and
Le/Lopenbecomes/(1—r).
Er is then defined as shown in E@5):

_ V1 _ Vopen+ Vpack

Et =
L Lopen+ Le

(25)
Dividing numerator and denominator thpen and putting
the ratioL¢/L asr and rearranging:

Er = Voper/ Lopen—+ Vpack/Lopen
1+ Le/ Lopen

(26)
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Fig. 2. Schematic illustration of the structure of the packed segment in a
CEC column, where the small spheres represent the solid elements of the
stationary phase and mobile phase is present amongst the spheres.

Therefore,

r
Et = [Eopen‘f‘ Epack{l_r}} [1-r] (27)
This relationship is correct wheth&g or Lpack are used to
calculateEr andEpack.

1.8.6. Electrochemical properties of the stationary
phase in packed segments

Any packed segment consists of mobile phase and solid
stationary phase (support plus bonded layer), each of which
will have different electrochemical properties (represented in
Fig. 2.

These electrochemical properties will add in the same
way as described above in E{$6)—(27)for separated seg-
ments. Both phases essentially fill the complete interior cross-
sectional area, so Eq4.8)—(20)apply in the case of resistiv-
ity.

Each phase will occupy a specific volume within the
packed segment. Thus, if Volumgse is the volume of
the solid and Volumegopile is the volume of the liquid in
the packed segment, then their sum in the volume of the
packed segment (Volurpgy). It also follows that the ratio
Volumenmenile/Volumepackis the proportion of the total packed
volume thatis void, i.e. the total column porosity). Thus,

1 — g0t is the proportion of the packed segment that is solid.

The role played byt in determining resistivity of the
stationary phase can be explained as follows.

Consider the stationary phase and mobile phase shown
schematically irFig. 2to be separated and formed into two
segments as shown Fig. 3. This is simply a two-segment
column, whose total resistivity, for example, can be obtained
from Eq.(19).

Therefore, substitutingopen andLphaseinto Eq.(19) in-
stead oflgpenandLpack We obtain Eq(28).

L Lph
T = Popen{ %] } + Pphase{ pLase}

But since the cross-sectional area of the above capillary,
is assumed the same throughout, the volume of each seg-
ment will be proportional to its length. Thud,gpedL
and LphaséL will be equal to Volumgper/Volumega and
VolumephasdVolumeotal, OF etot and 1— etor, respectively.

Thus, Eq(19)can be written for the packed segment alone
as shown in Eq(29):

(28)

Ppack = €totPopen+ (1- 8tot)Pphase (29)
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where ppack Popen @nd pphaseare the resistivities of packed the final expression as shown in K84).

segment, the mobile phase and the solid stationary phase in

the packed segment, respectively. oT =
Eqg.(29) can be rearranged to give H§O):

OoperPphase (34)
Ophasdl — 1 + rétot) + rooped 1l — &tot)
Thus, Eq.(34)is the expression for the total conductivity of

Pphase= Ppack — EtotPopen (30) the CEC column in terms of the conductivities of the mobile
1— et (oopen and stationarydphasg phases.
Thus, Eq.(30) can be employed to calculajeyase from Similar relationships can be derived for other electrochem-

known values 0fopack €tot and popen Other electrochemi- ical properties of the mobile and stationary phases.

cal properties of the stationary phase may be calculated in a1 9. Summary
similar fashion using other equations.

The above explanations and set of E(f9—(15) enable

1.8.7. Contribution of stationary phase and mobile the calculation of many basic electrochemical properties of

phase electrochemical properties to total CEC column CEC columns. Eqg(16)—(27)illustrate how the individual

properties segmental properties add to give the corresponding property
Through relationships like those expressed in Eg6) for the column as a whole. E§20) can be utilized in the

and (28)for resistivity, it is possible to derive equations for forms of Egs.(28) and (29)to determine the resistivity of
electrochemical properties of the CEC column as a whole the stationary phase alone in the packed segment when total
in terms of the same property of the open segment and thecolumn porosity is known. Other electrochemical properties
stationary phase. The mobile and stationary phases after allof the stationary phase may be determined in the same way.
are the two major elements that comprise any CEC column. Egs. (31)—(34)illustrate how electrochemical properties of
For conductivity as an example of an electrochemical the mobile and stationary phases combine together to give

property, we select Eq$22) (conductivity) and(29) (resis- the same property of the CEC column as a whole.

tivity) for convenience: In the next section, we take data from the literature to
GonerPonck see how some of this mathematics is applied to actual CEC

or operrpac (22)  systems.

B (1- ”)Upack"‘ I'Gopen
Ppack = &totPopent (1 — &tot) Pphase (29) 2. Published data

Since conductivity €) is the simple reciprocal of resistivity 2.1. Data source and column properties

(0), EQ.(29) can be written as shown in E(R1):
Ratnayake et al[4,5] have measured several electro-
e) (1) chemical properties of sol-gel monolithic columns (B

1 1 1
. k=8tot(0 > + (1 — étot) (U -

pac open phas and C) that they have prepared. Theu#b I.D. columns
Rearranging the right-hand side and taking the reciprocal of were packed with gm C18 bonded particles embedded

both side, gives E(q32):. in a silica gel and fitted into cartridges compatible with a
Goperfphase Beckman Coulter's P/ACE MDQ capillary electrophoresis
Opack = Perr (32) system. The columns were equilibrated with 70:30 (v/v)

#torophaset (1 = #tor)oopen acetonitrile/morpholinoethanesulfonic acid (25mM, pH

This expression for conductivityrpack) can now be substi- ~ 6.2). This choice of organic/aqueous mobile phase was

tuted into Eq(22)to give Eq.(33): made by Ratnayake et ,5] in order to allow the column
to function as a standard reversed-phase packing in their
o7 = ooperPoperPphasd [€totophaset (1 — etot)ooper] chromatographic work.
[(1- ”)%perﬂphas&/[StotUphase‘i‘ (1- 8tot)aoper]
+ roopen (33) 2.2. Columns and segments

Eq. (33) can be simplified by bringing each segment to a  The structure of these columns, plus the fully open (CE)
common denominator, and multiplying throughout, giving column, can be illustrated schematically as showhiqm 1

f

Mobile phase, Length Lope, Stationary phase, Length, Lypase

Fig. 3. Schematic illustration of how the mobile phase and stationary phase may be separated into two segments of a hypothetical capillary.
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Table 1 Table 2
Basic electrochemical properties of columns A-C Measured values of unretained peak tielinear velocities§) and cross-
sectional arekof CEC column8

Column parameter (units, Column A  Column B ColumnC

name) (open) Column parameter (unit) Column B Column C
Lopen(cm) 30 10 20 Lpack (cm) 215 10
Lpack (cm) NA 21.5 10 Lopen (cm) 10 20
Vr (kV) 20 20 20 topen(S) 128 184
I (rA) (current) 5.6 2.6 35 tpack (S) 196 69
pr (2 cm) (resistivity) 5241 10.74x 16  8.38x 10° Uopen (CM/s) qos 011
Popen(§2 €M) (resistivity) 5.24¢10° 524x10° 5.24x10° a A=44x 105 cn?.
Ppack (2 cm) (resistivity) NA 133« 10° 14.7x10° b Data from ref[4].
Vopen (kV) 20 3.1 8.33
Viack (KV) NA 16.9 11.67 area A=44x 10-%cmP). The result is 3.52 nL/s, which will
Le (cm) (equivalent length)  NA 36.2 17.9 be the flow rate through the packed segment as well. The
Er® (Viem) (field strength) 667 430 529 unretained mﬁlrkl_er t_zkesI 196_5 tﬁ_move throggg( %56 packed
Eopen(V/cm) (field strength) 667 310 117 segment, so the liquid volume in this segment is or
Epack (V/cm) (field strength)  NA 467 652 690 nL. Thus, the value of the total porosityt, for column
Rr () (resistance) 35%10° 7.69x10°  5.71x 10° B is 718/946 or 0.73. _
Ropen(2) (resistance) 35%10° 1.19x10°  2.38x 10° Similarly, calculations for column C give a value of total
Roack (€2) (resistance) NA 6.56 10°  3.34x 10° porosity €tot) of 0.75. Total porosity can therefore be calcu-
or (@ tem) 1.9x10% 9.31x105 11.93x10°° lated, in general, from Eq36).

(conductivity) L
open(2-tcm Y 19x104 1.9x10% 19x1074 Etot = ~operfpack (36)

(conductivity) Lpackéopen

Qtem?t NA 752%x10° 6.8x10°° . T

Up?ézgductivity)) * * Stationary phase resistivitiesshase may now be calculated
At (21 (conductance) 0.2810°° 0.130x 10°° 0.175x 10~° from Eq.(30)using these values ef; and values oppackand
Aopen(©271) (conductance)  0.28 10°° 0.84x10° 0.42x 10°° Popen from Table 1 Thus, pphaseis 350932 cm for column
)»pack (Q_l) (conductance) NA 0.154 10_9 0.3x 10_9 B and 43 080'2 cm for C0|umn C

A=44x 108 cm?.

2 Er =field strength calculated using valueslgfaccording to Eq(25). . .
T g g valuesig 9 to Eq(25) 3. Discussion

The basic data of Ratnayake et{dl5] have been used to cal- 3.1. Ohm's law (Eq(1)) in CEC
culate the electrochemical properties of their CEC columns,

employing Eqs(1)-(15) The results are given ifable 1 Electrical current in CEC consists of the movement of

ions through the open and packed segments of the typical

2.3. Total porosity and bonded phase resistivity column. The combination of field strength and zeta poten-
tial (see Eq(2)) properties of the packed and open segments

From Eq(30), itcan be seen that the total porosity) of drives the mobile phase through the column. Although the

a packed segment is required in order to calculate stationaryimpermeability of the packed segment is a factor that pro-
phase resistivity 4phasq- Ratnayake et a[5] have used the  vides the major source of physical and therefore electrical
relationship shown in E(35) to calculate total porosity. It resistance, the final current is also determined primarily by

is not clear how they the magnitude of the field strength and zeta potential in the
Loack two segments. The dataTiable 1show that current is great-
Etot = z (35) est where there is no packing and smallest where there is the
e

greatest amount of packing.

derived this equation, so instead we shall measigrenore

directly using data that Ratnayake et al. have included in their 3.2. Resistivities

Journal of Chromatography paper[4]. These data are the

retention time of an unretained marker in both the open and  The resistivities of the packed segments in columns B and

packed segments which allow us to obtain flow rates and C are close, indicating that their preparation is fairly repro-

therefore void volumes in both types of segment. The data is ducible. This propertydpacy is therefore a good indicator of

included for convenience ifable 2 the reproducibility of manufacture in a commercial setting.
The empty volumes of packed segments in columns B and It is important that packed bed resistivity is consistent from

C are 946 and 440nL, respectively. The flow rate through column to column since it is a major determinant of voltage

column B is calculated by multiplying the linear velocity in  dropin a given segment (Eq$) and (11) and therefore field

the open segment (0.08 cm/s) by the capillary cross-sectionalstrength which determines, in part, mobile phase flow rate.
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Resistivities of packed segments are, as expected, signifi-3.6. Electrochemical properties of the stationary phase

cantly greater than those of the open segmdlatisié J). Total in packed segments

resistivity of the open columnis least (5.2410%), and that of

the column with the most packing is greatest (10<740°). Resistivities of the stationary phasegpfasd in the
packed segments of columns B and C are 35.10° and

3.3. Duplex structures—total versus segmental 43.1x 10°Qcem, respectively. These are approximately 7-9

electrochemical properties times greater than the mobile phase resistivitiegdn is

5.24x 10° 2cm) and 2.5 times the value Pback for each

The relationship between the open, packed and total valuescolUmn. It is to be expected that resistivities of solids are
of the various electrochemical properties depends upon thedreater than those of liquids. The fact that they are not essen-
property. However, the open segments, as predicted, have thélally |nf|n_|te is due to the fact that the solid stationary phase
lowest resistivity, resistance, voltage drop, and field strength; IS extensively solvated and therefore can pass current. There
and the highest conductivity and conductance. The packediS & significant difference between the two valuepgfase
segments have the highest resistivity and field strength butiMPlying that the preparation of the two packed segments
only intermediate (between total and open) resistance, con-Proceeded differently. _
ductivity and conductance. The CEC columns have the high- 1S (_)f course poss!ble to calculat_e other eIectroc_:hemlcaI
est total voltage drop and resistance, but intermediate totalProperties of the stationary phase itself, by applying Egs.
resistivity and field strength. Thus, there is a complex rela- (16)—(24)in a similar fashion. .
tionship amongst the total, open and packed segmental prop-  1"€ two porosities of the packed segments in columns

erties, which nonetheless can be expressed precisely in EqsB @nd C (0.73 and 0.75, respectively) are seen to be essen-
(16)-(27) tially identical and significantly larger than a typical porosity

(0.52) of a packed HPLC column containing the sanparB
particles. This latter value is calculated using the unretained
peak time {p) and the flow rate under pressure. The greater
porosity in the case of the CEC packed segments arises from
i .d the sol-gel method of preparing the packed columns. Rat-
length, rather than the true value, to calculate effective field nayake et al[4,5] have shown that this is a normal result of

strength is related to the fact that any given elemgnt of mobile the technique and is additionally reflected in the much greater
phase musttravel atortuous path through the stationary phaSGSpecific permeability of their columns
Thus, although the actual speed of the element may be greater, '
the apparent speed, as measured by the linear velogi)ig
smaller. The value fdre is always much larger thérpackand
consequently field strengths appear to be smaller, resulting

in smaller values ofig.

3.4. Field strength andd

Rathore and Hoath’s[3] use of the equivalent packed be

3.7. Other CEC column configurations

The discussion above concerned only duplex CEC
columns (B and C). Similar mathematical treatment of
more complex columns, which may consist of open seg-
3.5. Resistivities, resistances, conductivites and ments Separated by packed segments, would follow the same
conductances lines of reasoning. In general, the resistivities of open seg-

ments, no matter how many are present, are considered to

In qualitative terms, it can be gathered from the fact that pe the same in all columns. Electrochemical properties of
if very small currentsi(in p.A) are generated from large  the packed segments are obtained essentially by subtrac-
voltages V in kV), then column resistances must be high ( tjon.
in billions of ) and conductances must be very lawig In those cases where there are several packed segments
nQ~1). Values of resistivity 4 in kQ cm) and conductivity  of different chemical makeup (for example, a reversed-phase
(0 inmQ~tcm™!) are seen to be intermediate between these and an ion-exchange length) together in a given CEC column,
limits. The reason for this intermediate nature is a direct result it will be necessary to prepare dup|ex columns Containing
of the Configuration of the standard Capillary usedin CEC. In the open Segment and one of the packed Segments_ This will

other words, the ratio of the column Iength to interior cross- enable the determination of the fundamental property of any
sectional area (Ain cm~1), is very high at about 450 000:1. segment type, its resistivity.

Thus, when a low conductance is multiplied by this ratio, an

intermediate value is obtained for conductivity. Similarly, the

intermediate values of resistivity arise when the large column 4. Conclusions
resistances are divided by th#A ratio.

Itcan also be noted froffable 1that conductances of both This article has essentially been a short presentation of
the packed and open segments are halved when their lengthghe basics of electrochemistry applied to CEC columns. Be-
are doubled. Conversely, resistances of these segments argause the typical CEC column consists of a packed and an
doubled when segment lengths are doubled. open segment, their individual electrochemical properties are
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quite different. The application of basic principles of electric- which encourages publications such as these. We wish to
ity (Ohm’s law) and knowledge of the lengths of the segments thank Dr. James C. Osborne, Dr. Stephen Pentoney and Dr.
and I.D. of the capillary, are all that is necessary to calculate Michael Simonian, who show unfailing support of our writ-
most electrochemical properties of the CEC column. Theseing. Finally, itis an honor to have the opportunity to contribute
include voltageY), current (), resistanceR), resistivity (o), our work to the memory of Professor Csaba Haihy whose
conductivity @), conductancei and field strengthE) for rigorous development of CEC fundamentals expanded our
each segment type, for the stationary phase itself and for thehorizons of understanding so immeasurably.

column as awhole. It has also been shown how the individual

segment properties can be added together to produce the to-

tal column property. Voltages and resistances add simply butReferences

other properties are more complex in the way they add and
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