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Abstract 

If zones do not contain any sample ionic species and contain only ionic species of the background electrolyte (BGE) with 
a composition, however, different from that of the BGE with regard to the concentrations of these ionic species and /or  the 
pH in the zone, they can migrate with a specific mobility through the BGE. Of course, these BGE-like peaks will only be 
visible in electropherograms if the ionic species of the BGE can be observed by the detector. In this paper we propose to 
apply the term system peaks exclusively for BGE-like peaks and a model is given for the calculation of the mobilities of 
such system peaks. These system peaks can be created by directly introducing BGE-like zones with a composition different 
from the BGE or can be induced by the injection of a sample or even water. Several examples of system peaks are given. 
© 1997 Elsevier Science B.V. 

Keywords: System peaks; Background electrolyte 

1. Introduct ion 

Dynamic electrophoretic processes can be de- 
scribed with some rather simple mathematical equa- 
tions under the assumption that at each point in space 
and time Ohm's law and the electroneutrality con- 
dition are valid and all mass balances must be 
obeyed. The electrophoretic compartment can be 
divided in small segments and all parameters of a 
segment can be calculated from the parameters of a 
foregoing segment solving the mathematical equa- 
tions, starting from the composition of the back- 
ground electrolyte (BGE). Generally single values 
for the pH, E and concentrations of co- and counter 
ions are obtained whereby all equations are satisfied. 
The velocity of a sample segment can be calculated 

*Corresponding author. 

from the values of the mobility of the sample 
segment and the local E. If the velocity of a sample 
segment is higher than the velocity of the sample 
ions in the BGE, the sample peak is tailing otherwise 
fronting and with the mathematical model all peak 
characteristics can be calculated even for BGEs with 
more co- and counter ionic species [1-4]. All 
calculated peak characteristics can be visualized in 
so- called SystCharts [4]. In SystCharts of BGEs 
with more than one co- and counter ionic species 
discontinuities in several relationships were present 
at a sample mobility equal to that of already earlier 
described system peaks [5] for BGEs with two co- 
ions. 

In this paper we will discuss the questions 'what 
are system peaks?' and 'where are they coming 
from?'. A mathematical model will be described for 
the calculation of the mobilities of such system peaks 

0021-9673/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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and several examples of system peaks will be 
discussed. 

2. Theory 

2.1. What can be understood by the term system 
peaks ? 

In literature system peaks are often referred to 
[6-10] although the concept of system peaks is 
scarcely defined and authors apply the term different- 
ly. Disturbances in the basic signal of a detector can 
be caused by a variety of effects. Often adsorbed 
ionic species can be released from the capillary wall 
and can migrate through the electrolyte system 
especially on changing of BGE or the direction of 
the applied current. If these components are detected, 
irreproducible disturbances in the detector trace are 
present in the electropherogram. These peaks are not 
really system peaks, but can better be called ghost 
peaks. We will apply the term system peaks if peaks 
are considered, present in an electropherogram, 
which correlate with zones that do not contain any 
sample ionic species and contain only ionic species 
of the BGE, with a composition, however, different 

from that of the BGE with respect to the con- 
centrations of the ionic species and/or the pH. In 
that case, generally more peaks are present in an 
electropherogram than can be expected from the 
number of sample ions present in a sample or even 
peaks are present without injection of sample com- 
ponents or just injecting water. Of course these peaks 
are only visible in the electropherograms if the 
detector can register these BGE-like zones. 

If such a system peak has been registered by e.g., 
a UV detector, at least one of the co- or counter ionic 
species must be present at an increased or decreased 
concentration level in the system peak compared 
with the composition of the BGE. The question is 
how this can occur. As will be shown such a 
situation will appear if a BGE-like zone is injected or 
induced by the injection of a sample solution. 

For a discussion of the latter case, we reconsider 
the relationships between the calculated concentra- 
tions of the two co-ions potassium and histidine in a 
sample peak versus the mobility of the sample ions 
at infinite dilution. In Fig. ! these relationships are 
shown for a sample component segment of 5.10 4 
M, applying a BGE consisting of a mixture of 0.005 
M potassium and 0.005 M histidine adjusted to pH 5 
by adding acetic acid, calculated with a model 

0.007 t 

~ o.oo6 ~Hist 

I o .oo4 H is t  

0.003 
10 45 80 

> m s ( 1 0  -9 m 2 / V s )  

Fig. I. Calculated relationships between the concentrations of the two co-ions potassium (K) and histidine (Hist) in a sample zone with a 
sample concentration of 5.10 4 M versus the ionic mobilities at infinite dilution (ms) of sample cations with a pK value of 14 for a BGE 
consisting of a mixture of 0.005 M potassium and 0.005 M histidine adjusted to pH 5 by adding acetic acid. The vertical dashed lines 
indicate the mobilities at infinite dilution of the two co-ions. The horizontal dashed lines indicate the concentrations of the co-ions in the 
BGE (0.005 M) and the value for a one-to-one displacement of a co-ion (0.0045 M). For further information see text. 
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described in Ref. [3]. If  the mobility of  the sample 
ions equals that of  one of  the co-ions (vertical dashed 
lines) a selective displacement takes place [11] and 
the concentrations of  the co-ions are respectively 
0.005 M and 0.0045 M (horizontal dashed lines). As 
can be seen there is a discontinuity in the relation- 
ships at a mobility of  the sample ionic species of  
-46 .10  - 9  m 2 V-~ s - j .  For sample ionic species with 
a mobility in-between this value and the mobility of  
the co-ion K ÷, the potassium concentration strongly 
decreases and the concentration of  histidine strongly 
increases in the sample zone and v.v. for sample 
zones with a mobility in-between this value and the 
mobility of  the co-ion histidine. This means that UV 
transparent sample ions with a mobility higher than 
46.10 -9 m 2 V  J s - l  are positive peaks in the elec- 
tropherograms (histidine is a UV absorbing co-ion) 
and with mobilities lower than -46 -10-9  m 2 V -  ~ s -  
are dips. 

If  in a sample zone with a mobility higher than 
-46 .10  -9 m 2 V -j  s -~ the histidine concentration is 
higher and the potassium concentration is lower than 
those in the BGE, somewhere in the capillary tube a 
BGE-like plug must be induced with an increased 
potassium concentration and a decreased histidine 
concentration, i.e. if the sample appears as a positive 
peak in the electropherogram there is a BGE-like 
zone which is a dip and v.v. for sample mobilities 
lower than -46-10  -9 m 2 V  -j  S - l ,  as already ob- 
served [5]. This effect is very strong if the sample 
mobility approaches the value of  -46 .10  - 9  

2 I S - I  m V -  through which the sample peak area and 
system peak area strongly increase or decrease 
respectively. If these induced BGE-like peaks are 
really the observed system peaks (SPs) in the 
electropherograms of  Refs. [3,5], all these BGE-like 
peaks should migrate with about the same mobility 
equal to the value of  the mobility of  the discontinuity 
in Fig. 1 and these values must be independent on 
the kind of  sample solution injected. To prove this, a 
mathematical model must be set up to calculate the 
mobility of  BGE-like peaks. In fact such a model 
already has been used for a BGE with a single co- 
and counter ion [5] where it has been found that the 
basic equations only could be solved assuming that 
the BGE-like zone should migrate with a particular 
mobility. For the calculation of  BGE-like zones in 
BGEs with more co- and/or  counter ionic species the 

general model for the calculation of  the parameters 
in sample zones [4] is adapted for the calculation of  
all parameters in BGE-like zones (see appendix for 
this model). With this model we calculated the 
mobilities for BGE-like zones with varying com- 
position applying BGEs consisting of  two co-ions 
potassium and histidine with different concentrations 
adjusted to pH of  5 by adding acetic acid (the sum of 
the concentrations of  the co-ions is always 0,01 M). 
All mobilities at infinite dilution and the pK values 
of  ionic species used in the calculations are given in 
Table 1. In Table 2 the calculated mobilities of  
BGE-like zones are given. Because this model fails 
for the calculation of  the mobility of  the BGE-like 
zone identical to that of  the BGE, the calculations 
are carried out for BGE-like zones with assumed 
concentrations of  potassium respectively higher and 
lower than that in the BGE. As can be seen from 
Table 2, the calculated mobilities for all BGE-like 
zones in a particular BGE are, indeed, nearly equal 
and e.g. for a BGE of 0.005 M potassium-0.005 M 
histidine equal to -41.30-10 9 m 2 V-~ s J. In Fig. 1 
the mobility of  the discontinuity was -46-10 -9 
m 2 V  ~s -~, calculated however for mobilities at 
infinite dilution. Recalculated for the applied ionic 
strength it is -41.8-10 -9 m 2 V  Is  -I  and the 
adapted model seems to produce useful values. For a 
second check of  the model we calculated also in the 
same way all values of  the mobilities of  SPs for 
BGEs consisting of  mixtures of  potassium and 
imidazole as co-ions with a total cationic concen- 
tration of  0.01 M adjusted to a pH of  5 by adding 
acetic acid and compared the calculated values with 
the measured values as given in Ref. [5]. For these 
comparison, all migration times are corrected for the 
ramp time of  0.17 rain using the Beckman P/ACE 

Table 1 
lonic mobilities at infinite dilution, m (m 2 V ~ s ~) and pK values 
for ionic species used in the calculations 

Ionic species m. 109 pK 

Acetic acid - 4 2 . 4  4.76 
Formic acid -56 .6  3.75 
Histidine 29.7 6.03 
Imidazole 50.4 6.953 
Potassium 76.2 14.0 
Sodium 51.9 14.0 
TEA 32.5 >9.0 
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Table 2 

Calcula ted  mobil i t ies for BGE-l ike  zones 

Concent ra t ion  K + Assumed  concentra t ion K '  in BGE-l ike  zone 

in B G E  
0.009 0 .008 0.007 0 .006 0.005 0 .004 0.003 0.002 0.001 

0 .009 - 26.87 26 .94  27.03 27.12 27.20 

0 .008 30.01 - 29.87 30.02 30.12 30.21 

0 .007 33.23 33.27 - 33.45 33.51 33.58 33.65 

0 .006 36.96 37.03 37.09 - 37.22 37.27 37.33 

0 .005 41 .10  41 .16  41 .22  41.27 - 41.37 41 .42  

0 .004  45.78 45 .82  45.87 45.91 - 45.99 

0 .003 51.05 51.09 51.12 - 

0 .002 56.96 56.98 57.00 

0.001 63.70 63.71 63.72 

41.47 

46 .04  

51.18 51.21 

- 57.05 

63.74 

BGEs  con ta in ing  both the two co-ions K + and histidine at a total concentra t ion o f  0.01 M, adjusted to pH 

applied. 

The compos i t ion  o f  the B G E  and  of  the BGE-l ike  zone are indicated by the concentra t ion  of  the K ÷ ions. 

5 by  adding acetic acid were 

[12] for the calculations of  the measured mobilities. 
The calculated and measured values for all BGEs are 
shown in Fig. 2 and the agreement is quite impres- 
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Fig. 2. Relat ionships  between the calcula ted values (solid line) and 
measured  values for  the mobil i t ies of  sys tem peaks  for  BGEs  with 

(&)  the two co- ions  po tass ium and histidine and ( A )  the two 

co- ions  po tass ium and  imidazole respectively.  The total cat ionic  

concent ra t ion  o f  the B G E  was  a lways  0.01 M and  the pH was 
adjusted to 5 by adding acetic acid. The concentra t ion  o f  the K '  

ions in the BGEs  is indicated on the x-axis.  For  fur ther  in- 

format ion see text. 

sive. Further calculations have been carried out for 
BGEs consisting of three co-ions and indeed in that 
case two values could been obtained for the mo- 
bilities of  two SPs. From the foregoing it appears 
that the conclusion may be drawn that system peaks 
are moving BGE-like zones. In results and discus- 
sion we will consider several examples of  SPs. 

3. Exper imenta l  

For all CZE experiments a P/ACE System 5000 
HPCE (Beckman, Fullerton, CA, USA) was used. 
All experiments were carried out with a Beckman 
eCAP capillary tubing with a total length of 57.0 cm 
and a distance between injection and detection of 
50.0 c m × 7 5  Ixm I.D. The wavelength of the UV 
detector was set at 214 nm. All experiments were 
carried out in the cationic mode applying a constant 
voltage of  15 kV, unless stated otherwise, and the 
operating temperature was 25°C. Sample intro- 
duction was performed by applying pressure in- 
jection, where a 1-s pressure injection represents an 
injected volume of - 4  nl. Data analysis was per- 
formed using the laboratory-written data analysis 
program CAESAR. 

4.  R e s u l t s  a n d  d i s c u s s i o n  

In the section theory it is concluded that SPs are 
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BGE-like peaks and we now will consider some 
examples of SPs in electropherograms. The most 
simple way to create BGE-like peaks is to inject 
BGE-like zones and according to the theory consid- 
ered, a part of this peak will migrate through the 
system as a SP with a particular mobility determined 
by composition and pH of the BGE. From Ref. [5] it 
is known that the mobilities of the SPs are higher at 
a low concentration of the BGE and low pH values. 
For that reason we injected several BGE-like zones 
in a BGE consisting of 0.005 M imidazole adjusted 
at pH 3.75 by adding formic acid. In Fig. 3A the 
measured electropherograms are given for 5-s pres- 
sure injections of 0.004 M imidazole formate at pH 
(a) 4.25 and (b) 3.25 and of 0.006 M imidazole 
formate at pH (c) 4.25 and (d) 3.25 respectively. In 
(a) the pH of the sample was 4.25 and because the 
concentration of the hydrogen ions and of the 
imidazole is much lower than that in the BGE, the 
electric field strength is higher in the sample plug, 
resulting in a high mass flow of imidazole out of the 
original sample zone. In this way a moving positive 
SP is created. In (b) the pH in the sample plug was 
3.25, i.e. the electric field strength in the sample plug 
was lower than that in the BGE. The mass flow of 
imidazole out of the sample plug into the BGE is so 
low that a negative SP migrates through the system 
with equal mobility as in (a) and on the spot of the 
EOF a imidazole peak is present although the 
original concentration is 0.004 M, i.e. that a negative 
EOF dip according to Kohlrausch's law could be 
expected. In (c) there is a high mass-flow from the 
sample plug into the BGE creating a positive SP and 
the remaining concentration at the spot of the EOF is 
lower than in (d) where the mass-flow to the BGE is 
too low because of the pH 4.25, although the original 
sample concentration is 0.006 M. Note that not the 
complete injected BGE-like zone migrates through 
the system, but splits in a moving part, the SP, and 
the other part moves with the EOF. If a sample 
component is injected with an ionic strength different 
from that of the BGE, the concentration of the BGE 
on the spot of injection will be adapted to the 
original o~ value on the spot of injection according to 
Kohlrausch's law. Such peaks can be present as dips 
(low concentration of the sample) or peaks in the 
electropherogram and can be used as EOF marker. In 
fact a BGE-like zone is induced and these zones 
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Fig. 3. Measured electropherograms applying a BGE consisting of 
0.005 M imidazole adjusted to a pH of 3.75 by adding formic acid 
for 5-s pressure injections of (A) BGE-like zones consisting of 
0.004 M imidazole formate at pH (a) 4.25 and (b) 3.25 and of 
0.006 M imidazole formate at pH (c) 4.25 and (d) 3.25 and (B) for 
the same concentrations and pH of sodium formate. 
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must have the same properties as injected BGE-like 
zones. To check this we injected in the same BGE, 
sample zones of sodium formate with the same pH 
and concentrations as of  the imidazole formate in 
Fig. 3A. The measured electropherograms are given 
in Fig. 3B. The electropherograms of Fig. 3B are 
identical with Fig. 3A, except for the sodium dip. In 
fact, sodium migrates away from the injection spot, 
creating an identical BGE-like zone, resulting in 
identical SP peaks and dips. As can be seen from 
Fig. 3, the mobility of  the SP is nearly constant for 
all cases and w a s  ~ 2 0 . 1 0  -9  me V ~s ~ calculated 
from the diffuse edge of  the SP. Calculated with our 
model a mobility of - 2 2 ' 1 0  -9 m 2V -~ s - '  was 
found. Remember that applying BGEs with higher 
pH values, the mobility of the SPs are practically 
zero and no SPs will be present in the electropherog- 
rams. 

Often SPs are visible in electropherograms apply- 
ing BGEs with more co- and counter ionic species. 
For BGEs with two co-ions K + and histidine calcu- 
lated values are given in Fig. 2 and Table 2. In Fig. 4 
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Fig. 4. Measured electropherograms applying a BGE consisting of 
a mixture of 0.005 M potassium and 0.005 M histidine adjusted to 
pH 5 by adding acetic acid for 10-s pressure injections of (a) 
double distilled water, (b) 0.0005 M Na +, (c) 0.0005 M TEA and 

(d) a BGE-like zone consisting of 0.0075 M histidine acetate and 
0.0025 M potassium acetate at pH 5. 

measured electropherograms are given, applying a 
BGE consisting of  a mixture of 0.005 M potassium 
ions and 0.005 M histidine adjusted to pH 5 by 
adding acetic acid for 10 s pressure injections of (a) 
water, (b) 0.0005 M Na +, (c) 0.0005 M TEA and (d) 
a BGE-like zone consisting of  0.0075 M histidine 
acetate and 0.0025 M potassium acetate at pH 5. In 
Fig. 4(b) sodium with a mobility higher than that of 
the SP (see Fig. 1) is a peak because the histidine 
concentration is larger than in the BGE and a 
negative SP is induced. This SP correlates with the 
presence of two co-ions in the BGE. Note there is a 
second SP with a very small mobility, owing to the 
pH 5 of  the BGE, just for the huge EOF dip! TEA is 
a negative dip in Fig. 4(c) because its mobility is 
lower than that of the SP and in the SP an increased 
concentration of histidine is induced. Injection of  a 
BGE-like zone with high histidine concentration 
results in a positive SP in Fig. 4(d). The injection of 
'pure'  water results in a very small sodium peak and 
small negative SP in Fig. 4(a). All SPs migrate with 
equal mobilities. The average experimentally ob- 
tained values of - 4 1 " 1 0  -9  m 2 V - ~ s  i agree well 
with the calculated value (see Table 2) of  about 
41.2.10 -9 m "~ V -~ s -~. Also the fronting and tailing 
character can be deduced from the calculated ratio 
E I /E 2. 

5. Conclusion 

If BGE-like zones, i.e. zones containing only ionic 
species of the BGE but with differences in con- 
centrations and/or  pH, are injected or induced in 
BGE system, these zones migrate with a mobility 
determined by the composition and pH of the BGE. 
It is recommended to apply the term system peak 
exclusively for these BGE-like peaks to distinguish 
them from other effects causing disturbances in the 
base-line of  the detector trace. If  the ionic species of  
the BGE cannot be registered by the detector no 
disturbances are present in the electropherograms but 
even then BGE-like zones with differences in com- 
position and pH can be present in the separation 
capillary tube, which can disturb the separation 
procedure. 

In fact, this paper is a continuation of a series of  
papers about the calculation of  parameters in CZE 
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zones by a repeated application of  a steady-state 
model [1-4] .  Recently, some authors presented 
interesting contributions to the discussion of  system 
peaks and their origin [13,14] and vacancy electro- 
phoresis [15]. At present we are studying whether 
the vacancy peaks are identical with the system 
peaks described and calculated in this paper. 

A 

: 21 1: 

,, Q~ !E~rn~i 

E2ITI x 

t = O  

t = l  
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Appendix  1 

Calculation of  the mobil ity of  BGE-l ike zones 

All equations for both the principle of  the electro- 
neutrality, Ohm's  law and the mass balances of  the 
co- and counter-ions are exactly as described in Ref. 
[4]. In Ref. [4] the parameters in a sample zone are 
calculated and in that case the concentration of  the 
sample ionic species in a part icular segment is 
assumed whereby the velocity of  the concerning 
sample segment i is determined by the product of  the 
mobil i ty of  the sample ions, ms,i, and the local 
electric field strength E~. For  the calculation of  the 
parameters in BGE-l ike  zones the concentration of  
one of  the co-ions is assumed. For  the mobil i ty of  a 
BGE-l ike  zone a value m x is assumed which is 
calculated from the mass balance of  one of  the 
co-ions. The mass balances can be derived from Fig. 
5A for the co-ions A and from Fig. 5B for the 
counter ions C as described in Ref. [4]. In the 
derivation of  the mass balances, the notation m refers 
to the absolute values of  the effective mobili t ies of  
the ionic components.  

Mass  balance o f  the co-ions 

The velocity of  the zone boundary between the 
two segments 1 and 2 is E 2 m  x and it moves in a unit 
of  time from point 1 at time t = 0  (see Fig. 5A) to 
point 3 at time t =  1. The co-ions A present at point  2 

0 ~ E2mc~ 

21 11 

;:E~m¢,i E~n x i, 

" Q2 

t = O  

t - -1 

Fig. 5. Migration paths over a zone boundary between segments 1 
and 2 for (A) co-ionic species A and (B) counter ionic species C. 
For further explanation, see text. 

at time t = 0  will just  reach the zone boundary at 
point 3 at time t = l .  The distance between point 2 
and 3 is E ~ m a j .  Co-ions in zone 2 present at point 1 
at t ime t = 0  move over a distance EZmA,  2 t o  point 4 
at time t =  1. This means that the co-ions, present in 
zone 1 at a total concentration Caj at time t = 0  
between the points 1 and 2 will be present between 
the points 4 and 3 at a total concentration Ca, 2 at time 
t =  1, i.e. that the amounts of  the co-ions Q~ and Q2 
are equal. Therefore the mass balance of  the co-ions 
over the zone boundary will be: 

CA, I (E2m x -- EtmA, I ) = C A , 2 ( E z m  x - -  E 2 m A . 2 )  ( i )  

o r  

E I 
m x  - E2mA, I 

CA, 2 = CAj (2) 
m x - -  mA, 2 

Identical formulae are obtained if  the co-ions have 
a mobil i ty higher than that of  the zone boundary and 
are valid for both cationic and anionic separations, 
even in the presence of  an EOF. 

Mass balance o f  the counter-ions 

The zone boundary moves in a unit of  time from 
point 1 at time t = 0  (see Fig. 5B) to point 3 at time 
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t =  1 over a distance E 2 m  x .  The counter ions C 
present at point 2 at t ime t = 0 ,  will just  reach the 
zone boundary at point 3 at time t = 1. The distance 
between point 2 and 3 is E~mc, 1. The counter ions 
present at point 1 at t ime t = 0  will move over a 
distance Ezmc, 2 and will reach point 4 at time t = 1. 
All  counter ions C present between point 1 and 2 in 
zone 1 at a total concentration Cc. ~ will be present in 
zone 2 between 3 and 4 at a total concentration Cc, 2 
at t ime t =  1. The amount of counter ions Q~ and Q2 
will be equal and the mass balance of the counter 
ions C will be therefore: 

cc,j(E2m x + Elmc,  l) =Cc.2(E2m x + E2m¢,2) (3) 

o r  

E I 
m x +  E--~mc.i 

(4) cc.2 = Cc, i mx q_ mE,2 

Calculation procedure 

The calculation procedure is as follows. All pa- 
rameters of  the BGE can be calculated because its 
composit ion is known. For a particular BGE-l ike 
zone the concentration of  one of  the co-ions is 
assumed. Then the pH is assumed whereby all pH- 
dependent  parameters such as the effective mobili t ies 
can be calculated. The ratio E~/E 2 is assumed and 
from the mass balance of  one of  the co-ions the 
mobil i ty of  the segment considered, m x, can be 
calculated. From the mass balances of  the concen- 

trations, all other co-ions and counter-ions can be 
calculated from the concentrations in the preceding 
segment. Iterating between a high and low value of  
E~/E 2 the correct value of  E~/E 2 can be found 
whereby the EN equation is valid and the correct 
value of pH 2 can be found by iterating over a low 
and high pH value until Ohm's  law is obeyed. This 
procedure can be fol lowed independently of the 
number of co-ionic and counter ionic species. 
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