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ABSTRACT 

An instrument simulator was developed for high-performance capillary electrophoresis which allows for fast graphic illustration 
of the effect of a large number of variables on the shape of the electropherogram. The input data of the separands are values of 
pK and mobilities at 25°C and infinite dilution. The instrument parameters that can be varied include capillary material, lengths, 
inside diameter, wall thickness, zeta potential, cooling temperature, voltage, polarity and open or closed mode. Hydrostatic 
injection is simulated, using time and pressure as variables. The following properties of the buffer can be varied: pH, ionic 
strength and effective mobility of background electrolyte ions. The effective mobiities are corrected for temperature and 
concentration effects. Extra-column effects from injection and detection are taken into account, and also peak dispersion arising 
from electroosmosis, diffusion, electromigration and heat production. 

INTRODUCIION 

The theoretical basis of electrophoretic separa- 
tion has been extensively dealt with in the past. 
All phenomena occurring during separation were 
described either by exact mathematical relation- 
ships derived from the equation of continuity 
and other differential equations, or by empirical 
relationships verified experimentally and found 
to be valid under certain conditions. Many 
workers have contributed to this knowledge. For 
a historical overview, many excellent reviews 
and textbooks are available [l-9]. 

The introduction of advanced instrumentation 
(in part based on theoretical models) and the 
more recent use of microcomputers have made it 
possible to verify experiment and theory in a 
very efficient way. Computer programs have 
been written to simulate and verify many aspects 
of the theory [lo-131, thus making it possible to 
refine the theoretical basis and extend the under- 
standing of the phenomena. Even a unified 
model of the transient state phenomena of all 
possible electrophoretic configurations was put 
together in one computer program [lo]. One is 
thus able to study the effects concerned in detail 
without actually performing experiments. The 
fundamental aspects consequently are accessible 
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In addition to the textbooks mentioned, a 
number of workers have published on model 
refinement in capillary electrophoresis in recent 
years, especially with respect to a number of 
on-column dispersive effects [ 14-181, extra-col- 
umn effects [19-211, concentration overload 
[22,23] and stacking effects [24-261. 

In order to clarify the purpose of the present 
investigation, computer programs simulating in- 
strumental separation techniques are classified 
into the following three categories, each with its 
own aim and requirements. 

(I) Fundamental. The model in the program 
should be exact in every detail, describing the 
dynamics of the electrophoretic process in both 
transient and steady states. 

(II) Optimization. The program should be fast 
and provide a fairly accurate prediction of the 
separation based on literature values and one’s 
own previous experiments. 

(III) Instruction. The program must be fast, 
flexible, very user-friendly and have graphics 
output and a reasonably predictive value. 

Consideration of the requirements mentioned 
will lead to the obvious conclusion that some are 
contradictory. It was the aim of this study to 
simulate the final result of the electrophoretic 
process (categories II and III), depicted by the 
electropherogram, rather than to illustrate the 
dynamics in detail (category I). For this purpose, 
the two processes that determine the electro- 
phoretic result, migration and dispersion, were 
simulated. A distinction was made between open 
and closed systems. The latter are not commer- 
cially available but clearly offer advantages that 
justify separate treatment [27]. 

The migration time was simply derived from 
the apparent mobilities, consisting of the effec- 
tive mobilities of the separands and the electro- 
osmotic mobility of the bulk liquid, both at given 
ionic strength and pH. To describe the effect on 
peak distortion, the plate height model was used, 
whereby the expressions for the plate height 
originating from different sources, as described 
in the literature, were taken but they were also 
modified and reformulated in a number of cases. 

It was shown that a number of expressions for 
the different contributions to the total plate 
height contain the ratio of the effective mobility 
and the sum of the effective mobility and the 

electroosmotic mobility, which leads to the intro- 
duction of a dimensionless parameter, the elec- 
tromigration factor. The influence of this factor 
on migration and dispersion will be discussed for 
both anions and cations. All important factors 
influencing the result were taken into account. 
These include instrument variables such as capil- 
lary material and dimensions, voltage, current 
and temperature. The physico-chemical proper- 
ties of the buffer and the sample form the basis 
of the calculations. Extra-column effects arising 
from injection (overload, stacking) and detection 
(slit width and time constant) are included, in 
addition to dispersive effects resulting from dif- 
fusion, electroosmosis, electromigration and heat 
production. 

EXPERIMENTAL 

Programming environment 
The software was written in QuickBasic ver- 

sion 4.5 (Microsoft, Redmond, WA, USA) using 
an IBM PC-compatible clone with a Model 386 
processor, 4 Mbyte RAM, 100 Mbyte hard disk, 
40 MHz clock speed and a 14-in. (1 in. = 2.54 
cm) VGA colour monitor. In contrast to this, the 
computer program requires as a minimum hard- 
ware configuration: IBM XT-compatible PC, 8 
MHz clock speed, 640 kbyte RAM, a 360 kbyte 
disk drive and a graphics monitor. The program 
automatically adjusts to Hercules, AT&T, CGA, 
EGA and VGA graphics. A numeric coproces- 
sor is supported if present and emulated other- 
wise. A mouse (Microsoft mode) is optional. 
With a command line option, the program can 
also be run from a computer network, especially 
useful for training purposes. 

The time necessary to calculate and display a 
typical electropherogram is in the range of a few 
seconds. The user interface, consisting of pull- 
down menus, to be activated by single-letter 
commands, cursor movements or the mouse, is 
much the same as in a previously developed 
simulator for gas chromatography [28]. 

Details on the availability of the program can 
be obtained from the first author request. 

Data file 
A data file CEDATA.DAT of pK and mobili- 

ty values was made, consisting of previously 
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published data [6,29-311. These data generally 
refer to 25°C and infinite dilution. The simula- 
tion program itself can be used to edit the 
CEDATA.DAT or any other data file (change 
values, add new components). In this way the 
simulator can also work with user-defined data- 
bases. 

reformulated and presented in a uniform man- 
ner. For all equations, dimension analysis was 
applied in order to check the various steps 
involved in their derivation. However, they are 
included in the present contribution as the simu- 
lation model should be described exactly in order 
to make transparent the capabilities and limita- 
tions of the program. 

Generation of electropherogram 
Each calculation of retention and dispersion is 

followed by the generation and display of a new 
electropherogram, see Fig. 1 for the screen 
layout. First, a noisy baseline is generated. Then 
peaks are generated over an interval of three 
standard deviations on both sides of the maxi- 
mum, convoluted with a triangular moving aver- 
age filter due to concentration overload and, 
after multiplication with a response factor, added 
to the baseline. In order to facilitate visual 
interpretation, both detector amplitude and time 
axes can be varied. 

Calculations of instrument variables and 
temperature effects 

In the electrophoresis simulator, the following 
calculations are carried out each time a parame- 
ter is changed and consequently a new elec- 
tropherogram is calculated, see Table I for an 
overview of these parameters. The field strength 
E (V m-‘) is first calculated from the constant 
voltage U (V) of the electrode at the injection 
side and the overall capillary length L, (m): 

DISCUSSION OF THE THEORETICAL MODEL 

The theoretical model is based on the calcula- 
tion of the migration and dispersion of the 
individual separands. It consists of a number of 
equations which are dealt with in previous publi- 
cations. In several instances, the equations were 

E = UIL, (1) 

Both U and E are signed quantities. The sub- 
sequent calculation of the driving current, power 
dissipation, temperature and specific conductivi- 
ty requires an iteration because of the tempera- 
ture dependence of mobility and conductivity. 
An estimate of the current is made first, assum- 
ing that the temperature in the capillary is equal 
to the cooling temperature. Then the buffer 

Files Equip capill hffer 3anple Inject Detect Options Help 

I’ t: 11.2 

IDAD: 75~175 I* 
-28 ku, -14 un 
zeta: sau 
1: 25 ‘C, open 
WWJ attn: 38 
det:lW ~nA.16~ 

buffer df: 6.W Ii lyuc tine ulates vH area I 
le nil.- 49 as/n 1 fomic aci 1.47 -181 k 188 I29 

nob: -25.9/+25.0 2 acetic aci 2.16 u8 k lB@ M 
3 propionIc 2.52 143 k 100 W 

sanplc in water 4 butyric u: 2.81 153 k la8 129 
5capmlcac 3.29 165 k 188 lZ3 

inj: 5.8 abu. 19 s 6 ~ndellc a 3.78 166 k 1BE M 

Fig. 1. Typical screen of the simulator with equipment parameters on the lower left-hand side and sample parameters on the 
lower right-hand side. An electropherogram is shown of signal amplitude vs. time. 
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TABLE I 

MENU STRUCTURE OF THE COMPUTER PROGRAM 
HPCESIM 

Flies 

EgUiPm 

cap1 11 

suffer 

Sample 

Inject 

Detect 

options 

Help 

Load 
save 

Equip. Buffer. sample. pberffiran 

Print 
EalP. Butfor. Sample. pherffiram 

EdIt_data 
scme hlnta CC screen prlnti~ 
edits the data base 

Reload_d*ta relcads data base if data were altered 
au1t Yes. No 

Voltage 
Hods 
Pclarlty 
lenperature 

1..35 kV 
Open. closed 
Pcsltlve. Negative 
O..Qo’C (Cccllng temperature) 

length Datector 
OverallJength 
Internal_dlu. 
Uall_thlcknes. 
Mater1a1 
Zeta 

50..500” 
50. .500 mm 
5..200 pm 
10. .200 pm 
Teflon, Class. Quartz 
pctent1a1 -200. . +200 rn” 

PS 
Icnlc_strength 

Anlcn_mb. 

Catlon_mcb. 

2.00..12 
0.002..0.1 mcl/l 

-1.. -99.10+ IA+-’ 

+1. +99.10+ &/-‘s-1 

Add UP to 6 WCA: 8) ccmpalents per sample 
1..500 pmcl/l 
any sup1e ccmpcnent 
water. Buffer 

cQncentrat1cn 
Dc1ete 
Solvent 

bw==e 
Attenutlon 
Sllt_wldth 
Time_ccnstant 
Interval 

Erase 
V=Y 
N01&le 
Mcdel_data 
Sample_data 
Alter-data 

-P lo..300 Nm 
I..20 * 

un1versa1. ccnduct1v1ty 
l-3000 
10..500 pm (apurture1 
O.Ol..l * 
60 s. .40 min. 

Auto, Off (superlmpc~a signals1 
PN. VCltCge, IC”iC strength 
O.l..lO 
shows plate heights. resolutions. etC 
ahcws valence, pK’lr. mcbllltles 
valence I..4 
px -5..*14 

noblllty -99. .+99.10+ m’V-‘s-l 

temperature in the capillary is calculated from 
the power dissipation. Finally, the driving cur- 
rent is again calculated using temperature-cor- 
rected conductivity (a temperature dependence 
of 2.5% per degree is taken). The iteration is 
repeated until the buffer-specific conductivity 
remains constant within 0.1%. 

The iteration is carried out as follows: neglect- 
ing the contribution from H’ and OH- the 
specific conductivity of the buffer K (S m’ ‘) is 
calculated from the ionic strength Z (mol 1-l): 

K = lo3Fz(lU eff,Al + I%f,BO (2) 

where F is the Faraday constant (96500 C 
mol-‘) and uetf,* and ueu B are the effective 

mobility of the co-ion A and counter ion B in the 
background electrolyte, respectively (m” V-’ 
s-l). For pH~4, an additional contribution 
from H,O + is included. The driving current i 

(A), having the same sign as E, follows from 

i = ITKRFE (3) 

where Ri is the inner radius (m) of the capillary 
of circular cross-section. 

For the calculation of the average temperature 
T (K) in the capillary, one first needs the 
temperature T, at the inner wall. This tempera- 
ture can be calculated [3] from the cooling 
temperature T,, using 

(4) 

where R, is the outside radius (m) of the capil- 
lary and A, the thermal conductivity of the 
capillary material (W m-l K-l). This relation- 
ship assumes a capillary that is not coated on 
either side. The coating normally used in capil- 
lary zone electrophoresis (CZE) with fused-silica 
capillaries, however, does not significantly in- 
fluence their thermal properties. No limitation to 
heat transfer on either side of the capillary wall 
was assumed. Forced cooling on the outside is 
needed to keep this assumption reasonable. 

The average temperature T in the capillary is 
now obtained by integration: 

1 

I 

Ri 
T=- 

ITRf 
2mrT(r) dr 

r=O 

where T(r) is the radial 

T(r) = Tw + 

(5) 

temperature profile: 

r* 

3 > (6) 

where A, is the thermal conductivity of the 
solution (W m-l K-l). 

Integration of the former and combination 
with eqn. 4 yields the following relationship for 
the average temperature: 

T= To + tcE’RF[&.In($) +&] (7) 

Integration assumes a radially constant K, a 
second-order effect. In a given configuration (R,, 
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Ri, AC and A,) the temperature rise (T - T,,) is 
proportional to KE’. 

After the iterative calculation of temperature 
and driving current, a number of other variables, 
which are independent of the separands, are 
calculated. 

Migration 
Effects due to finite electrolyte concentration. 

As the mobilities of the database refer to zero 
concentration, a correction for the ionic strength 
of the buffer is necessary. This requires more 
data on the separands than are normally avail- 
able (ionic radius, etc.), whereas the simpler 
models describing concentration dependence are 
usually valid only up to 0.001 mol I-‘. Above 
this concentration, more sophisticated correction 
factors are usually necessary. This is all beyond 
the aim of the present simulation. However, in 
the co-migration of monovalent and multivalent 
ions, the ionic strength of the buffer can contrib- 
ute considerably to selectivity [4,6]. Therefore, 
an approximate dependence of mobility on ionic 
strength and effective charge has been included. 

The following relationship [32], a charge-de- 
pendent exponential decrease in mobility as a 
function of the square root of the ionic strength 
I, was used to calculate the actual mobilities u,,~ 
from the absolute mobilities uabS: 

-VZ 
U act.j =u abs.j exP fl ( > (8) 

e.1 

where z,,~ is absolute charge of the subspecies j. 
Calculation of migration times. For each of the 

separands, the effective mobility ueff is now 
calculated from pH and all i pKj values and i + 1 
actual mobilities uact,i of ions of valence i: 

act.0 + c 1 
U elf = U 

j=l 1+ l()‘PKPH’ 

.C” act,j - uact,j-l) C9) 
where u,,~ ,, is the mobility at low pH values, 
corrected for the ionic strength. Negative species 
have a minus sign for u so that amphoteric 
separands can also be included. 

In open systems, electroosmotic flow can play 
an important role in the resulting migration time. 

The 5 potential (V) of the capillary wall de- 
termines the electroosmotic mobility u,, (m’ V-’ 
s-l): 

& 
U =-- 

eo 
rl 

(10) 

where E is the dielectric constant of the buffer 
(708 - lo-‘* F m-l for water at room tempera- 
ture) and n is the viscosity of the buffer (N m-* 
s). The value for n in this relationship is cor- 
rected to the average temperature T with a 
temperature coefficient of -0.025 K-l. 

The 5 potential is introduced here as an 
independent variable, which requires some ex- 
planation. In actual practice, the 6 potential of 
the capillary material will depend on both the 
ionic strength and pH of the electrolyte in a 
complicated manner. The effects resulting from 
coating procedures and additives to the back- 
ground electrolyte will add a further complica- 
tion. In addition, the 5 potential may change 
both in time and in axial direction (sample 
introduction). AI1 these effects are too depen- 
dent on unknown actual conditions to be able to 
simulate in a practicle manner. In the present 
simulator, the effects of electroosmosis, buffer 
ionic strength and pH and sample load can thus 
be investigated in a mutually independent way. 

As was also pointed out in a previous paper 
[16], it will be shown here that the effective 
mobility relative to the total mobility plays an 
important role in migration and dispersion. For 
this reason, the dimensionless parameter elec- 
tromigration factor f,, is introduced as the 
relative contribution of electrophoretic mobility 
to the total mobility: 

f,nl = u,f;J?u eo 
(11) 

The effective electrophoretic and electroosmotic 
mobilities in this equation are signed quantities. 
A negative value of f,, can therefore be ob- 
tained. Physically it would mean an ion moving 
against the electroosmotic flow with a net ve- 
locity in the direction of electroosmosis. Whether 
such a separand would reach the detector de- 
pends on the sign of the field strength, elec- 
troosmosis and charge. 
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Now the migration time t,(s) follows from uerr 
and u,,: 

Ld Ldfem tm = E(u,, + U,ff) = Eu,, (open systems) 

L* tm = Eueff - (closed systems) 

(12) 

(124 

where L, is the length of the capillary to the 
detector. Only those separands with a positive 
sign of t, will eventually reach the detector. 
Separands having a negative migration time 
move away from the detector and are not consid- 
ered in subsequent calculations. Positive migra- 
tion times occur if none or two of the variables 
f,,, E or ueff is negative. 

In the above and subsequent relationships 
where a distinction between open and closed 
systems was made, the electromigration factor 
f,, plays an essential role. It must be emphasized 
that in closed systems the value of f,, is not 
necessarily unity, although the net electroosmot- 
ic how is compensated for by closing the system 
with a membrane or another device; u,, is not 
zero unless other precautions such as surface 
modification are also taken. 

Dispersion 
Peak dispersion can be described by the plate 

height model. For the case that the individual 
contributions to peak broadening are indepen- 
dent of each other, their particular plate height 
Hi can be incrementally added, giving the total 
plate height [19]. The peak width, given by the 
second moment (the square of the standard 
deviation for the case of a Gaussian partition 
function) is related to H by U* = L,H, where c 
is expressed in distance units in the capillary. 

Two different types of contributions to peak 
broadening will be discussed in the following: 
those caused by extra-column effects [19-211, 
given by the finite width of injection and detec- 
tor slit width and time constant, and those 
originating from the electrophoretic process [14- 
181, i.e., longitudinal diffusion, heat generation 
and the occurrence of the profile of the electro- 

osmotic flow. Concentration overload [22,23] 
and stacking [24-261 are also considered. 

Extra-column effects of injection and detection. 
The applied sample injection volume Fnj(rn3) is 

(13) 

where P is the pressure drop (N m-‘) and tinj 
the injection time (s). The 7 value in this case is 
corrected to the cooling temperature as injection 
takes place with the high voltage switched off. 
The amount injected is calculated from the 
separand concentration in the sample and Vinj. 

Depending on the ionic strength of the sample 
(dissolved in buffer or in water), a stacking effect 
[24-261 is caused by the fact that the field 
strength in the sample compartment is different 
from that in the separation compartment. This 
field strength ratio is equal to the inverse of the 
specific conductivity ratio. This requires addi- 
tional knowledge of sample counter ion types, 
pK values and concentrations and also sample 
pH. In order to circumvent this problem, this 
specific conductivity ratio is approximated by the 
ionic strength ratio, so that 

E I SC_ 
E Is (14) 

where the subscript s indicates the non-adjusted 
sample plug. This relationship does not take into 
account effective mobility differences between 
the components present, including the effect of 
pH in the sample compartment. The ionic 
strength of the sample Z, is in turn approximated 
by the total concentration of sample compo- 
nents. 

After stacking, the volume of the adjusted 
sample plug V,, is 

(15) 

and the length Sini 
sample plug is 

St _ PRFtinjIs V 
ainj = 

TR2 SL,rlr 

Assuming an initially rectangular concentration 

of the cylindrical, stacked 

(16) 
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profile [19], the plate height Hinj due to injection 
dispersion can be calculated by 

‘i?,j 

=12L,= 

P2R;t&If 

768L,L$71z12 (17) 

The detector slit width S,,,(m), also assumed to 
be of a rectangular shape, determines the plate 
height in a way similar to the contribution from 
the injection: 

L, Sdet * Gt 
&et=- Ld =- (-> 12L, (18) 

The dynamic response of the detector, ex- 
pressed by the time constant T(S) contributes as 
an exponential function to the total plate height 
[19], in which the respective migration times t, 
can be substituted: 

H, = Ld(+)* = ;,,:, (open systems) (19) 
m em d 

H, = Ld(F)* = c2;uzff (closed systems) 
m d 

(194 
Longitudinal diffusion. The equation for the 

plate number Hdif due to diffusion in a longi- 
tudinal direction consists of 

2 

The length-based variance criif(m) due to longi- 
tudinal diffusion is given by the Einstein equa- 
tion: 

aiif = 2Dt, (21) 

In this equation, the diffusion coefficient D (m* 
s-l) is replaced with the effective mobility ueff 
with the Nemst-Einstein relationship: 

ucrrRT D=T 
e (22) 

where R is the gas constant (8.31 J mol-’ K-l) 
and z, is the overall effective charge of the 
separand. 

Substitution of eqns. 12, 21 and 22 into eqn. 
20 yields [16] 

Hdif =f$ f,, (open systems) (23) 

Hdif = & (closed systems) (23a) 
e 

In eqn. 23, z, and E have opposite sign only for 
negative f,, values. The z, value of each 
separand in the sample is obtained from the pH 
and the pK values of the subspecies: 

(24) 

where z0 is the charge at low pH. 
Thermal dispersion. Peak broadening due to 

thermal dispersion [3] is represented by the 
variance ap(m*): 

a; = 2D,t, (25) 

The corresponding diffusivity D, (m* s-l), which 
substitutes the diffusion coefficient in the Ein- 
stein equation, was estimated by Virtanen [3]: 

D,= 
f ;K2utffE6R; 

3072Dh: (26) 

where fT is the temperature factor of K and u 
[(llu)(WW) (K-l)]. In this relationship, D is 
also converted into the effective mobility ueff 
with eqn. 22. Using these equations, the plate 
height contribution due to thermal dispersion is 
derived as follows: 

H ther 

f ;K *E%;z,F uefftm 
.- 

1536RTh; L, 

H = 
f &*E’Rfz,F 

ther 1536RTA; 
* fern (open systems) 

(27) 

H = 
f ;K*E’Rfz,F 

ther 1536RTh; 
(closed systems) (27a) 

At first sight, the occurrence of the temperature 
T in the denominator may look strange as it 
would mean that Hther would decrease with 
increasing temperature. At room temperature 
this effect is only 0.3% per degree. The tempera- 
ture rise with respect to the thermostating tem- 
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perature is, however, proportional to KE*, the 
proportionality constant follows from eqn. 7. As 
K *Es is in the numerator, this clearly dominates 
the overall temperature dependence of Hther. If 
the temperature coefficients of u_,, and u,, are 
taken to be of the same order of magnitude, f,, 
will be relatively independent of temperature. 
There are three coefficients in eqn. 27 which may 
have a negative sign: Es, z, and f,,. Their 
product will always be positive for those ions 
reaching the detector. 

Electroosmotic dispersion. The dispersion due 
to electroosmosis is considered negligeable in 
open systems [2,3], assuming ideal plug flow, and 
therefore a hypothetical value of 10T9 m for H,, 
is taken. In closed systems this is not the case, 
contributing the variance a3 (m’) by 

o f0 = 2DJnl (28) 

The corresponding diffusivity D,, (m’ s-i) fol- 
lows from 

Ri’u&,E* 
D,, = 480 (29) 

The plate height Z-Z,,, originating from electro- 
osmotic dispersion, is calculated, again using the 
Nernst-Einstein relationship in order to replace 
the diffusion coefficient D, leading to 

Substitution of t,,, by L,IEu,, yields 

* 

(30) 

(31) 

The influence of the 5 potential is, of course, 
included in the electromigration factor f,,. Sub- 
stitution of u,, makes [ more readily visible: 

% = 
R~[*E*z,EF 

24RT~*u;, (314 

Electromigradon dispersion (concentration 
overload). If the dispersion due to electromigra- 
tion is considered [22,23], a triangular concen- 
tration distribution seems a fair approximation. 
The width of the triangle and the form (leading 
vs. tailing) are estimated as follows: the ratio of 

the effective mobility of the sample (U.,,i) and 
that of the co-ion in the background electrolyte 

(u eff,A) is first calculated: 

U eff,i 
r. =- 
’ u eff,A 

(32) 

The variables ri, k, and a, were introduced by 
Mikkers et ab. [22] to play a key role in elec- 
tromigration dispersion of separand i. They are 
calculated as follows: 

ri - rB 
ki = (1 - rB)ri 

and 

ki( 1 - ri) 
ai = I 

where rB is the relative counter ion mobility, 
always negative as mobilities are signed quan- 
tities. Consequently, ki is always positive. The 
sign of ai designates either a leading or a tailing 
triangle. In order to avoid lengthy iterations, the 
mutual interference of the separand ions is 
limited to their contribution in the sample com- 
partment . 

When ri # 1, the base width of the triangle 6, 
can now be calculated [22], also using ci, the 
non-adjusted separand concentration in the sam- 
ple compartment: 

6, = (ailciSinj + 2~IU,ffEtmaic$inj) (35) 

Considering both open (eqn. 12) and closed 
systems (eqn. 12a), it can be observed that 
shortly after switching on, the second term on 
the right-hand side of eqn. 33 will predominate, 
so that for closed systems: 

(35a) 

This relationship was derived for electrophoresis 
in closed systems, assuming no additional disper- 
sion. If, in open systems, the electroosmotic plug 
flow only changes t, and the velocity of the front 
and the back of the triangle have equal velocity, 
the relationship can also apply in these cases, 
with the factor (f,,l added under the square root 
sign. 
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To estimate the contribution of migration to 
the total dispersion, the migration effect is trans- 
lated into the corresponding plate height [19], 
again only valid for ri # 1 in open systems: 

H L* 4 = 0 I aicisinjLm =-- = 
conc 18 L, 9 (36) 

For closed systems, the migration time does not 
contain f,, , so 

(364 

For the case where the effective mobility of the 
separand is equal to that of the co-ion in the 
background electrolyte (ri = l), ainj is the only 
additional contribution to the total Gaussian 
peak broadening, as mentioned above. 

The triangular concentration distribution has 
an infinitely sharp (isotachophoretic) front for 
ri < 1; for ri > 1 it is sharp on the rear. The 
triangular concentration distribution is in fact an 
isotachophoretic sharpening effect that coun- 
teracts longitudinal diffusion. The approximation 
in the present simulation model is that these two 
effects are considered mutually independent, so 
that the plate height contributions are additive. 

If all dispersive factors are considered inde- 
pendent, the corresponding variances are addi- 
tive and the overall plate height H becomes 

H = Hi”j + Hdet + K + He, + Hthcr + Hdir + Hc,,, 

Finally, substitution of the respective individual 
contributions yields the total plate height equa- 
tion for free CZE in open systems: 

H= 
P2R;t;‘jZE a;,, ~=E=u;t,, 

768L,L;q=Z= + 12L,+ ftmL* 

+ f;tc2E5R;zeF_ f + 2RT f -. 
1536RTA’ em z,EF =* 

+ 
2aiCiSinjfem 

9 (37) 

and for closed systems: 

H= 
P2R;tbjZ; a;,, ~=E=u:,, 

768L,L;q=Z= + 12L, + L, 

f ;K=E=R;z,F 

1536RTA= 

2RT + 2aici4nj 
+- - 

z,EF I I 9 

DISCUSSION 

(374 

It is remarkable that several of these expres- 
sions include the electromigration factor f,, 
defined. As CZE is normally carried out in 
quartz capillaries, which exhibit a negative zeta 
potential, the electroosmotic mobility is conse- 
quently positive, the case on which the following 
discussion will be focused. 

The dependence of f,, on the electrophoretic 
and electroosmotic mobility is fairly simple for 
cations, as shown in Fig. 2. Independent of the 
value of the electrophoretic mobility, f,, is unity 
for the case when no electroosmosis occurs. 
When electroosmosis does occur in the system, 
the factor f,, decreases with increasing electro- 
osmotic mobility. In that case the effect of 
dispersion due to the three processes considered 
is reduced, which is obvious because sample 
components are transported through the separa- 
tion capillary faster than without electroosmosis, 
and a shorter time is available for dispersion. As 
a consequence, the effect is more pronounced 
for cations with a low rather than a high effective 
mobility. 

For anions the situation is more complex, as 
shown in Fig. 3. It can be seen that as for cations 
the value of f,, is unity in the absence of 
electroosmosis. In contrast to cations, f,, in- 
creases with increasing electroosmotic mobility 
for ions of a given mobility, very steeply when 
values for u,, are approached which are similar 
to z+r. For u,, = u,tf, f,, is not defined: the 
electrophoretic velocity of the ion is exactly 
counterbalanced by the velocity of the electro- 
osmotic flow, directed towards the cathode. 
Within the region under discussion, the plate 
height is always larger and the plate number 
smaller for anions with electroosmosis than with- 
out electroosmotic flow. If the value of u,, 
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electroosmotic mobility, u,, [lo-’ dV~‘s“J 

Fig. 2. Dimensionless electromigration factor f,, as a function of the electroosmotic mobility for cations at different 
electrophoretic mobilities. 

exceeds that of u,rr, f., becomes negative (the The absolute value of f,, therefore decreases 
negative signs off,, are always counterbalanced steeply with increasing electroosmotic mobility 
by negative signs of either z,, E or U, as and the corresponding plate heights also de- 
discussed previously, so that always positive crease. Here, the electric potential must be 
plate height terms are obtained). chosen positive, so that the ions are swept to the 
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Fig. 3. Dimensionless electromigration factor f,, as a function of the electroosmotic mobility for anions at different 
electrophoretic mobilities. 
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cathode by electroosmosis. Within the entire 
range of u,, the absolute value of f,, is larger 
than unity, which means that under those con- 
ditions the plate height is always larger than 
without electroosmosis. In contrast, the value of 
f’, is unity again when u,, has twice the value of 
2.4 eff. For higher values of u,,, f_,, is smaller than 
unity, as for cations, and the plate heights are 
smaller than for the case without electroosmosis. 
This is clear because in this region the overall 
migration times (to the cathode side of the 
capillary) are finally smaller as for the case with 
pure electrophoretic migration, owing to the 
high velocity of the electroosmotic flow. 

It should be pointed out, however, that the 
aim of CZE is the separation of components, 
and not only the generation of narrow peaks. 
Hence peak dispersion is only one side of the 
problem, and the effect of electroosmosis on the 
selectivity also has to be considered. It can be 
easily shown that, e.g., for cations, the resolu- 
tion is decreasing when electroosmosis occurs, 
despite the fact that the plate height is reduced. 
For anions again different regions can be dis- 
tinguished. This problem has been discussed in 
more detail in a previous paper [16]. 

CONCLUSIONS 

Migration model 
The model of migration is straightforward; 

both electromigration and electroosmotic are 
taken into account. Concentration corrections 
for migration are applied in the form a simple 
approximation that already illustrates the impor- 
tance of the ionic strength as a selectivity param- 
eter. Temperature correction of mobilities is 
based on well known equations available in the 
literature. It is seen that the temperature rise in 
currently used capillaries can be kept to a mini- 
mum but that the thermostating temperature has 
a distinct influence on the migration times ob- 
tained. As the time axis is made variable be- 
tween 1 and 40 min, the migration behaviour can 
be studied in a broad mobility range. 

Dispersion model 
All possible contributions to dispersion, except 

mutual interaction of separands during migration 

and adsorption, are considered. The contribu- 
tions are given in the form of terms in a plate 
height equation. On a separate screen page, all 
plate height contributions are shown for the 
individual separands. Several, such as injection 
dispersion, other than caused by concentration 
overload, can under certain conditions be neg- 
lected with respect to others. Relating to detec- 
tion dispersion (aperture, time constant), certain 
minimum instrumental requirements are easily 
calculated so that the detection can be optimized 
in this respect. Also, thermal dispersion can be 
controlled well enough. The model assumes that 
electroosmotic dispersion is only of importance 
in closed systems, with the electromigration 
factor f,, as a key parameter. 

Limitations of the simulation 
The predictive value of the model is of course 

limited, especially by the quality of the input 
data, the origin of which does not always de- 
scribe in detail under what circumstances the 
mobilities and pK values were measured. In 
addition, the effect of concentration (ionic 
strength) is taken into account only in an approx- 
imate manner. The temperature coefficient for 
mobility is taken as 0.025 K-’ for all components 
whereas the pK values are assumed to be in- 
dependent of temperature. 

The behaviour of components is assumed to be 
independent of the presence of any other com- 
ponent, except for the properties of the buffer. 
In reality this is not always the case, but it is 
common practice to design an experiment in 
such a way that these matrix effects are limited. 

As for the sample matrix effect during in- 
jection, sample pH and mutual interference 
between sample components are not taken into 
account. Also not included in the model are 
adsorption effects, leading to unsymmetric peaks 
and peak broadening due to different migration 
paths in coiled capillaries. 

SYMBOLS 

ai 

‘i 

D 

overload parameter (1 mol-‘) 
non-adjusted separand concentration 
(mol 1-l) 
diffusion coefficient (m’ s-‘) 
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f 

T 

field strength (V m-‘) 
electromigration factor 
relative temperature coefficient for u 
(0.025) (IF) 

F 
H 
Hinj 
Heel 
H*if 

H thcr 

H, 

H det 

H cone 

; 

1s 
ki 
Ld 

LO 

ni 

PH 
PKj 
P 

Faraday constant (96500) (C mol-‘) 
overall plate height (m) 
plate height due to injection (m) 
plate height due to electroosmosis (m) 
plate height due to diffusion (m) 
plate height due to Joule heating (m) 
plate height due to time constant (m) 
plate height due to detector slit width (m) 
plate height due to concentration (m) 
current through capillary (A) 
ionic strength of buffer (mol 1-l) 
ionic strength of sample (mol I-‘) 
overload parameter 
length of capillary to detector (m) 
overall length of capillary (m) 
valence of i 
pH of buffer 
pK of species i 

6 det slit width of detector (m) 

6, triangle width of zone (m) 
& dielectric constant (708 - 10-12) (F m-‘) 

h”, 

specific conductivity of buffer (S m-‘) 
thermal conductivity of the solution 
(0.592) (W m-l K-‘) 

A, thermal conductivity of the capillary 
(0.4-1.3) (W m-l K-l) 

17 viscosity of buffer (0.0008904) :N rnv2 s) 
P constant (3.14159) 
u standard deviation (peak dispersion) (m) 

2 
UT thermal dispersion variance (m’) 

& electroosmotic dispersion variance (m’) 

r 

time constant of the detector (s) 
zeta potential of the capillary (V) 
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