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Summary

A theoretical relation between the zeta potentilsitica capillaries and the

composition of the background electrolyte (BGEpissented in order to be used in
capillary zone electrophoresis (CZE). This relatisrderived on the basis of Poisson-
Boltzmann equation and considering the equilibridissociation of silanol groups at
the capillary wall as the mechanism of charge gerer. Therefore, the resulting model
involves the relevant physicochemical parametersthef BGE-capillary interface.
Special attention is centered in the characteanadf the BGE, which can be either salt
or/and buffer solutions. The model is successfafiplied to electroosmotic flow (EOF)
experimental data of different aqueous solutiongeadng a wide range of pH and ionic
strength. Numerical predictions are also preseskeving the capability of the model
to quantify the EOF, the control of which is relevdo improve analyte separation

performance in CZE.



1 Introduction

The use of capillary electrophoresis for analgtirposes has increased substantially
in the last decade. At present, modern and fubraatic apparatuses are available
allowing separations of analytes in a few minubegarticular, the method has become
a key tool in the analysis of proteins [1] and DA Capillary zone electrophoresis
(CZE) is one of the separation modes most commasey in capillary electrophoresis,
mainly because the magnitude of the electroosnflotic (EOF) can be manipulated to
optimize the separation performance through apatgpchanges of applied electrical

field E, capillary zeta potentiaf and electrical permittivity to viscosity ratig i of the

background electrolyte (BGE). Other advantagesvatedescribed elsewhere [3-7]. In
this sense, two fundamental factors affecting #ta potential, and hence the EOF,
need to be carefully controlled: the charge dermityhe capillary wall and the
chemical composition of the BGE. For this purpose mequires a rational formulation
of solutions concerning pH, ionic strength, vistpaind electrical permittivity [7-11]).
Frequently the most effective means to controlctygllary surface potential consists in
modifying pH and ionic strength of the BGE (se@4dl?] and references therein for a
discussion on this aspect). In addition, it is knaw practice that the appropriate
preparation of the capillary (activation and waghpmotocols) before the
electrophoretic run is a crucial step in separgpimtedures [9,13].

The separation principle of CZE is based orelbetrophoretic mobility, which
depends on the ratio between electrical (chargefrastion (shape and size) forces
acting on each analyte. Since in most cases asatyt@e along the tube toward the
detector with an effective velocity that is theult®f composing the EOF and the

electrophoretic migration, the zeta potential nestjuantified in order to determine the



absolute particle mobility and other associategerties for a given BGE. Apart from
this experimental situation, simulation models @Hare currently used in laboratories
[14] mainly to design and optimize protocols ofaepion (see [15] for a discussion of
different levels of modeling that can supply useffidrmation, and also [16-18] for
computational codes predicting the separation gitetytes). These simulations predict
‘virtual electropherograms’ on the base of govegrequations, which contain relevant
physicochemical properties of the capillary, BGH analytes. Among these properties,
the zeta potential is, of course, of particulaetast.

To describe and quantify the EOF through the zetantial, several proposals
consist in modeling the electrical double layerwihie introduction of parameters like
adsorption equilibrium constants of cations, iniadd to the number of ionizable

groups per unit area of the silica capillary wadl and the compact layer thicknesbs

[19,20]. A detailed analysis of ionizable surfaceup models of agueous interfaces was
carried out by Healy and White [21] where it isdmnt that several parameters, difficult
to estimate experimentally, can emerge when onsiders other possible phenomena
like cation adsorption at the interface. An equatio evaluate the zeta potential of silica
capillaries, and hence the EOF, was also preséytddvares and McGuffin [12]

where the analogy between ion-selective membramésiauble layer structure of silica
surfaces was considered. In general, one may abathat theoretical works are still
required to find a relation between the zeta paeand the BGE characteristics.

The aim of our work is precisely to derive a théioed relationship between the zeta
potential of silica tubes and the composition @& BGE by including the relevant
physicochemical properties of this system. Thesefarmodel is developed on the basis
of Poisson-Boltzmann equation and consideratiortietompact layer adjacent to the

surface, which is expressed in terms of an eledtdapacitance per unit area. The ion



exchange between surface and BGE, which is thegohenon determining the EOF, is

considered through both the number densifyand the dissociation constalky of the

silanol groups attached to the capillary wall. Ganpgently, this work is organized as
follows. General aspects concerning electrokinatienomena are considered in Section
2, in particular, the basic equation describingEd#- in capillaries is conceptually
discussed. In Section 3, the modeling of the zetarpial of silica capillaries is
presented. The framework followed in this sect®nolose to that of Healy and White
[21]. The compositions of the BGE used are bridégcribed in Section 4. Then in
Section 5, the model is applied to experimentah daken from the literature as well as
to EOF experiments carried out in this work. Conoeg this section, one should
observe that experimental data involving EOF inltapes are not readily available in
the literature neither easy to process due to tte diversity of experimental

conditions developed in laboratories. For this oeasve use two set of data. One of
them [20] considerg for a wide range of pH, involving salt solutiorsBGE and a
rather high capillary diameter. These data haveeseas relevant illustration of the zeta
potential in classical books [5]. The other set @perimental data) concentrates the
study on a typical buffer solution as BGE, coverangH zone frequently used in
practice. Finally in Section 6, the asymptotic msges of the model are discussed and
numerical predictions are presented to illustrhéezeta potential under different values

of pH and ionic strength.

2 Relation between EOF and capillary zeta potential
In this section we present definitions and funda@ezguations that are required in
the description of the model proposed here relahegeta potential of silica capillaries

and the BGE composition. Thus, Fig. 1 shows schiealta silica surface associated



with a capillary of length. and radiuR in equilibrium with an aqueous electrolyte
solution. In this work, for practical reasons tovisualized below, the radial cylindrical
coordinate is expressed through the coordinate R—r measuring the distance from
the capillary wall. The silanol groups attachedh® capillary wall behave as a weak
acid. The dissociation of protons generates a negjacharged interface, with charge

density per unit area,, and consequently, a surface potengigl In thermal

equilibrium, the distribution of counterions andats near the interface is given by the
balance between entropic and electrostatic fotogsarticular, the region between

0< x<d, the so-called compact layer, is generally assutmée free of charges due
to the finite size of the hydrated ions. Indeeé, iiiagnitude odl is of the order of
several angstroms [22]. The surfacexat d , also designated the outer Helmholtz

plane, involves the potential, . It is assumed throughout this work tifatyy (see

also [22,23]). Forx = d, in the diffuse layer, the relationship betwees e¢tectrostatic

potentialy(x) and the ion densities is governed by Poisson-Bwtm equation,

L8 )8 5 g o] Y
(x+R)" dx((X+R) dxj £ 2. 2 exp{ kBTj @

with boundary condition§{/|x:d =¢ and i—‘i =0. In Eg. (1), the parametaris

x=R

used to describe either the plama@) or axisymmetricr(=1) geometries [24]. Als®@
is the elementary chargkg is the Boltzmann constant, are the ion valences,is
the absolute temperature anfl are the ion densities in the solution bulk. Intfas

shown in Fig. 1bg(x) decreases away from the planexatd and may tend to a

value different from zero at the capillary cenieel[24], depending this response on the

relative value of the zeta potential and the i@tiength of the BGE. For later use we



also define the parameter= (2e2I NA103/£kBT)]J2, which is equal to the inverse of

the Debye lengthl . In this equation) :%zk zfck is the ionic strength, where

C = nf;“‘/lO3 N, are molar concentrations aNg is the Avogadro number. When an
electrical field is applied along the capillary (n@l to thex-direction in Fig. 1) the
electric force acting on the ions moves them infigslel direction, dragging the BGE
through the capillary. Hence the electroosmotiooy profile v( x) develops as
pictured in Fig. 1c.

Recently, Griffiths and Nilson [24] (see also [28#rried out numerical solutions of
Eq. (1) coupled to the species balance and to #wel Stokes equation involving the
electrical force, in order to obtain the electripatential, fluid velocity and late-time
solute distribution for the electroosmotic flowartube and channel at zeta potentials
not necessarily small. From this study it becomedent that the effect caused on the
electroosmotic velocity and electrical potentiadfles by increasing the dimensionless

number ez { /kgT is analogous to that obtained by decreasing tihe &/ R , where

A =1k . Thus, for intermediate values of the zeta poamypically found in CZE and
when A/R<<1, one may attain a near plug EOF, viz. the Hem#hslnoluchowsky
relation applies. In fact, Gas et al. [26] cleatgmonstrated this conclusion pertaining
to the EOF in CZE on the base that the electrioggmtial around the center of the
capillary is near zero in electrophoretic columnthwliameters above 1im. This flow
situation is achieved because the variatiog/pk) is confined within the small region
d < x< A, provided the Joule effect associated with thetetal current has been
appropriately minimized. For example, values likée§ | =10 mM and2R =75 um

yield A/R=10", which is a value small enough to consid¢{=R = 0. Since in typical

runs of CZE this condition is fully satisfied, thervature of the tube may be neglected



in Eq. (1) for the purposes of calculatifi@py puttingn = 0. Despite the above
considerations of the EOF in CZE, one should oles#rat after neglecting the capillary
curvature and consequently taking the electricedmital asymptotically null at the
capillary center line, the nonlinear response a§gan-Boltzmann equation is still
considered fully in our analysis. Thus, Eg. (1)hwit= 0 gives results valid for high
values of{, i.e., the Debye-Huckel approximation is not &l

From the kinematic point of view, the relation beem the EOF and the zeta
potential in capillaries has received special ditbenn the literature during the last
years, mainly to visualize under which physicochmhconditions classical hypothesis
are valid to yield, for instance, the Helmholtz -@unchowski relation for a near plug
electroosmotic velocity (see, for example, [24,2$,2The motivation of these studies
responds in part to the earlier result reporte®Rimg and Whitehead [28] indicating that
stationary velocity profiles of the EOF in cylindal capillaries calculated through a
linear approximation of the exponential terms i@ Boisson-Boltzmann equation fails
when the absolute value of the zeta potential besamgher than around 50 mV (see
also [29,30] where this subject is considered iati@n to liquid chromatography).
These results clearly indicated that numericaltsmhs might be required to evaluate
precisely the different physical situations undéicki the EOF was developed and, in
addition, to understand how these situations weletad to the practice of CZE.
Important studies in this aspect are [26,27] wipeodiles of the electrical potential in
the diffuse layer are calculated from the PoissoteBhann equation expressed in the
cylindrical coordinate system without any approxiioa. In these works, it is also
possible to find an analytic expression for thewtsmotic velocity profile in terms of
the electrical potential of the diffuse layer undmthermal conditions of the BGE, as

follows:



v(x):—gEZ(l—w(X)j (2)
U {

Within the same context of analysis of Eq. (2) amduding the energy balance of the
BGE [31,32], it is reported [14] that under nonis&imal conditions, the axial

electroosmotic velocity( x) may be expressed through Eq. (2) plus a termeobttier

4
of the Grashof numbeN 5, :% , Which is negligible for small capillary
£

radius. In this dimensionless numbgtis the thermal expansion coefficient,is the
electrical conductivity andl is the thermal conductivity, all of the BGE. In faihe
value of N, measures the distortion of the EOF provided by(Eqg.when thermal
effects become important. Fdt;, — , the result found in [14] is consistent with EQ.
(2). It is also observed in Eqg. (2) that the fluedocity vanishes ak =d satisfying the
classical non-slip boundary condition. In additias A/R is small in CZE, the potential
vanishes forx >> A and the fluid velocity reaches the limiting nelrgovaluevgg.

When all the above conditions are satisfied, ortainb [26],

E
Veo = ‘% €))

which is the Helmholtz-Smoluchowski equation relgif to the EOF velocity.
From Eq. (3),vgo can be determined experimentally by using neuatiakers, which

move along the capillary due to the EOF only. Thegefthe electroosmotic velocity

can be evaluated witt- = L /t,,, , WwhereLy is the capillary detection length ang

is the marker migration time.

3 Modeling the capillary zeta potential

3.1 Concepts associated with charged interfaces



In this section several concepts required to studigarged interface in equilibrium

with an aqueous electrolyte solution are presentkd.surface charge densiy,

generated by the dissociation of silanol groupshencapillary wall, is balanced with

the total charge in the diffuse layer of iomg, . Therefore, the electroneutrality of the

system is established through,

04 +05=0 (4)
where,
d e
o4 = IR ey Zng exp{—ki_(’lf/j dx (5)
B

Combining Eq. (1) withn =0 and Eqg. (5), and considering boundary conditiams

obtains,

V2
o, = {ZEKBT > nf{ex;{— Tjﬁf} —1} (6)
B

This equation, also named the Grahamme equatioridas a relationship between the

surface charge and the concentration of ions iatiepl. For the particular case of a

symmetric electrolyteZ, =-z_ = z) in equilibrium with an infinitely large reservoir

(n® =n® =n), Eq. (6) gives the result of the Gouy-Chapman ehaekpressed [32],

o4 = —{BeksT n® | *sinh(ze7 /2k,T) )
The above assumptions also imply that the condamtraf counterions neutralizing the
surface charge of the capillary wall is negligiblecomparison with the concentration
of electrolyte ions in the bulk.

On the other hand, the potential in the compaariagquires different physical
considerations. In order to simplify calculatioas;ommon practice in the literature is

to interpret the equi-potential planesxat ai@d x =d as a pair of charged plates
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forming a capacitor. Thus, since ions are excludau this region, the potential drop
across the layed< x<d is assumed to be linear, i.e.,

Wo—-{ =0,/C (8)
where C;, is the capacitance per unit area of the inneoregetween these plates [22].
The introduction ofC,;, in the compact layer is required to describe appately the
relation betweeny,, which may be evaluated through charge titratsom { obtained

from measurement of the electroosmotic velocityegiby Eq. (3).

3.2 Surface chemistry and surface potential
The surface potential, develops after dissociation of silanol groupscitéal to the
silica capillary wall, as mentioned in the previ@extion (Fig. 1a). This dissociation is
represented by the chemical equilibrium,
OSIOH & OSi0 + H'
similar to that of a weak acid in aqueous solutlarsilica tubes, the number of

ionizable sites per unit area of the surface is@gmately ng~ 10" m?[4,32]. Thus,

calculations indicate that the maximum concentratibprotons released to the medium
is negligible in comparison to typical concentras®f salt used in CZE. This fact
greatly simplifies calculations since the amounibin solution is controlled
exclusively by the acid/base added to the BGE. dfbee, the relation between the
concentration of protons in the bulk and the swfettarge density can be readily
established. For this purpose, we consider a systenposed of a solid surface
containing both species SIOH and/7SiO in equilibrium with a large electrolyte
reservoir. This reservoir is the electrolyte santiwhere the electrostatic potential is

¢ =0 in the bulk according to previous consideratifamssmall A/R. Therefore, to
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express the equilibrium equation involving the gsxcof dissociation of silanol groups,
the chemical potentials of species must include@pyately the electrostatic
contribution to the free energy in addition to thattaining to the entropy of mixing
[33]. On the basis of statistical thermodynamicg assuming that the mixture is ideal
(activity coefficients are unity; see also [7] Bodiscussion on this last aspect), one

obtains the equilibrium constaitg as follows [21]:

[-SiIOT][H™] _
[-SIOH]

Ksexdew,/kgT) 9)
where[-SiO~] and[-SiOH] represent surface concentrations expressed insfnde
while [H*] stands for the proton concentration in the sotukialk in moles/m The
factor exdewo / kBT) can be interpreted as the electrostatic contobut the energy
of the charged surface groupggSiO, which are subjected to the surface potenigl

Other authors simply consider tHat™] exd— el/lo/kBT) represents the actual

concentration of protons at the solid surface whieeedissociation reaction takes place

[34]. From Eq. (9), the surface charge is readilyd to be,

_ S
07 1+([H +]/Ks)exd_ e‘/’o/kBT) 4o

where eny is the total number of surface charges available.

3.3 Modd and calculation procedure
As stated in the Introduction, we are interestepredicting the zeta potential from
the knowledge of the BGE characteristics. For phigpose, we relate Eqgs. (4), (8) and

(10). Thus,{ can be determined from the following expression,

12



T4(00.0) ~———— b =0 (11)
1+[[H ]JGXP{ -e [5_ a4 (ng .Z)}}
KS kBT Cin

where oy (nE,Z) is given by Eq. (6). In particular, for symmetelectrolytes Eq. (7)

may be used. The scope of Eq. (11) is quite gemsrkng as the ion densities are
appropriately quantified for each BGE (see Sedfiprit should be pointed out here that
a simpler expression for the zeta potential has beeived in the literature [21] by

assumingC;, — o, and hence/y = ¢ . In addition, it was considered z:z electrolytes
only, i.e., gy (nE,Z) was obtained from Eq. (7).
In Eq. (11) one may recognize parameters charagtgrihe capillary (g, Kg,Ci,),

the BGE (nE, [H']) and the capillary zeta potentiaf §. Provided the composition of

the BGE is known from the formulation procedurecti®m 4), the first step in our
calculations is to evaluate these capillary paransefA set o experimental data {pH,

[, {} is required for this purpose. Theng, Kg andC;,, are determined as the values
that minimize, for the whole data set, the leftdhaide of Eqg. (11) designatef. In this
sense, we find the minimum of the sum of squaEl\u_Ll(Ai )? , where the sub-index

refers to each triad {pH, ¢} of experimental data placed into Eq. (11). Nuroai
calculations were carried out by means of a tymaaimizing subroutine based on
Newton method. The relative standard deviationtoh§j was always less than 5% in
all the samples analyzed. Once the parametereadpillary are known, the zeta
potential for a different electrolyte compositicancbe predicted with the same

numerical scheme, where the input data are {pldnd the only unknown ig.

4 Composition of the background electrolyte

13



To obtain meaningful experimental data of the E®fused silica capillaries, the
calculation of the ionic strength of different sixdims used in the experimental program
must be carried out carefully, avoiding rough apprations that usually introduce
errors at extreme values of pH and salt conceotratiFor this reason, here we mention
numerical concerns relevant to the calculationisfof the two types of BGE used in
this work.

For solutions of 1:1 salts, for instance Kj@e ionic strength is simply

| =[KNO,], when the contribution from water dissociatioméglected. In EOF

experiments, the pH of the solution is varied bgliag either KOH or HN@ In this
process, the ionic strength can be considered aatni$the initial concentration of salt,
[KNOg|, exceeds largely the concentration of acid oelmded to adjust the pH.

Otherwise, when salt concentration is rather Ibw,a@quivalents of base or acid added

have to be considered. Also for this electrolyteitson, the charge density, (nlﬁJ {)

entering Eq. (11) may be evaluated through Eq.ifA:hich n® =10° Nal .

In the case of solutions of Ba(N)@ for example, the contribution of divalent ions to
the ionic strength is particularly important. Indébn, the pH of the solution is
increased with Ba(OH)r decreased with HNOTaking into account these
contributions, the ionic strength for this case roagnge significantly for pH values

different from around 7. Nevertheless, in the aafs 2:1 electrolyte, the charge density
oy (nE,Z) must be evaluated necessarily through Eq. (6jpuseit cannot be

expressed explicitly in terms of
In CZE determinations and also in the experimestaluation of the corresponding
EOF, the pH of the solution is commonly controleith an appropriate buffer.

Following this practice, in the experiments carroed in this work (Section 5.2), borate

14



buffer (conjugateBO3H3/BO3H§ pair) is used, theK, value of which is 9.2 at
25°C. Also a strong base (NaOH) is added to the swiub increase the pH. Therefore,

the ionic strength is determined mainly by the egl@ints ofBOsH, presentin the
medium. Nevertheless, for low and high pH valuesapproximate expression

| = Co/(1+ 10'(pH'pKa)), wherec, is the molar concentration of boric acid usechia t

solution formulation, must be corrected due todbetribution of[H*]. For further

discussions below, the ionic strength versus pHifiberent values o€, is showed in

Fig. 2 indicating the range of pH (shaded zone)re/tiee buffering power is maximum.

5 Application of the model to experimental data
5.1 Data involving salt solutions

In this section the model is applied to experimledéta of zeta potential as a
function of pH when the BGE is a salt solution.h&itigh results and details of the
experimental technique are well-described elsewf#it is relevant to point out here
that measurements were carried out in a vitredies siapillary, 76Qum of diameter
and 0.30 m of length. Also temperature wag@%nd hence = 6.95 10'° C?/Nm? for
the aqueous solution. The parameter values of tiaehobtained with the data of this
work for different electrolyte compositions are ogjed in Table 1. Figure 3 presegts
as a function of pH for different concentrationsadf:1 electrolyte. Symbols indicate
experimental results [20] and lines refer to thedptions of the model when the
parameter values reported in Table 1 are usedmaniable agreement between theory
and experiments is observed for the whole rangeHodnd salt concentrations. It is

relevant to observe that almost the same numeradaés ofK g are obtained for the

salt concentrations studied here. In relation ta daTable 1, one should also observe

15



that typical values o€;, are in the range 0.1-1 Ffrfor the case of acid groups

attached to solid surfaces [22]. Also the numbaopizable silanol groups found was

of the same order of magnitude as that reporteidallp in the literature [4,32] despite
we registered a small change witiThis smooth variation of the parametey

probably indicates that the effective number ofae charges may change with 1:1 salt
concentration.

Figure 4 present§ as a function opH for different concentrations of a 2:1
electrolyte. Again, symbols indicate experimengsluits [20] and lines refer to the
model predictions with parameter values reportefiable 1. It is relevant to point out
here that the model predicts appropriately the mimn of { as a function of pH.
Different explanations were made in the literatarerder to interpret this behavior in
EOF experiments [20]. Here we found that the cug{psl) are satisfactorily described
when the composition of the BGE is evaluated rigehp In fact, the minimum is
predicted by the model only in the case that thevadents of Ba(OH)added to
increased the pH are considered in the evaluafi(mjc()n{(’ ,{). Consistently, the

summation over all ion species in Eg. (6) is caroet as follows,

—_—" [Ba(NO,), ] (2 +e2 -3)+10°H29(e¥ +e2 12-3/2)
Jie -1 _ pH > 7;
10°N,, [Ba(NOy),](2* +e2 -3)+107"(e* +e™ -2)
pH<TY.

wheree =exgl) and¥’ =e( / kgT . Therefore, fopH values higher than 7

approximately, the absolute value@flecreases due to an increase of the ionic strength
with pH.
5.2 Data involving buffer solutions

5.2.1 Experimental

16



EOF measurements were made by using a commergi@lEP5010 Beckman
Instrument (Fullerton, CA, USA). A fused silica dé&gry 0.47 m of total length and 75
pum of inner diameter was used. The UV detector viesep at 0.40 m from the inlet of
the capillary. The applied voltage was 20 kV areltdmperature was fixed at 25,
which was controlled by the liquid thermostatingteyn. One of the EOF markers used
was caffeine (FADA) with a concentration of 25§/ml prepared in destilled water.
Therefore, hydrodynamic injection of the EOF mankes performed at a pressure
difference of 0.5 psig with an injection time o§2The electropherogram was recorded
within 4 min by using UV absorbance detector opstatt 214 nm. The buffers used
were aqueous solutions of boric acid (Sigma), threcentration of which was
formulated to keep the ionic strength in the ra2g®0 mM. The pH was adjusted in
the rangeB8< pH<10 by adding 10 M NaOH. Also, pH values were congodiWwith a
pH-meter (Orion-410A, Beverly, MA, USA). The capily tube was activated by
washing it during 15 min with HCI 0.1 N, 15 min wiH,O, 30 min with OHNa 0.1 N,
30 min with HO and 30 min with the desired borate buffer. Ed@mge of pH and
ionic strength of the buffer involved tube washthging 3 min with OHNa 0.1 N, 3
min with H,O and 5 min with the new buffer solution. At letigiee runs were made for
each one of the determinations and a relative atandkeviation less than 0.5% resulted
for the values of migration timds,. Experimental data thus obtained were also cross-
checked by using dimethyl sulfoxide (Sigma) at Bdestilled water as marker, with
an injection time of 1 s. Finally, values were calculated with Eq. (3).

5.2.2 Results
Figure 5 presents experimental data obtained féerdnt buffer concentrations. In

this figure, lines refer to model prediction wittetfollowing parameter valuepK g =

6, Cy, = 1 Fm?andng =a+bcy, wherea= 2.44 16’ m? andb = 14.6 16’ m2M™*

17



for 0.025< ¢y <0.1 M . Results show that theK 5 obtained coincides with the value

reported elsewhere [35]. Having into account tiiahase parameters are physically
meaningful, one may conclude that the model is sbfgedict the experimental data of
{ for different paths of pH anld These paths are generated by using the appmpriat
relations between pHENdI (see also Section 4) at a specified concentratidnuffer
Co-

It is clear from the above results that the valoesd for the parameters

(ns,Kg,Ci,) characterizing a fused silica capillary are defg from those

corresponding to a vitreous silica capillary. limpiple, one should observe that
different process of fabrication of silica capilees may yield different values of zeta
potentials for a given BGE. In this sense, fusédascapillaries are made by melting
the purest forms of naturally occurring siliconxdae at very high temperatures [4]. In
this process, the capillaries are being drawn fileenhot bulk material and then
guenched and exposed to the moisture of the atreosphhen, a slow process of
relaxation involving the strained siloxane groufleves the acceptance of hydroxide
groups from water, which generates a coveragdaridigroups. Consequently, the

value of ng for a fused silica capillary (2.8 — 3.5'18ites/m) is expected to be higher

than that of a classical vitreous capillary (0.4B.27 187 sites/n3), which is a result
observed in our calculations.

In addition to the above result, it should be peandut that a definite value oKp
for silica capillaries is not possible to be spedifin general, having into account that
for the case of fused silica capillaries, at |diast types of surface silanol groups with
different chemical environments can be found, ddpenon the fabrication process
(see [4] and references therein). Thus, as sugybgtdandik and Bonn [4], it is

probably correct to think that th&pvalues of silica capillaries are in a certain ®ng
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rather than at a single definite value. Furthethis context of analysis, one could
think that the siloxane groups are predominanténdase of the vitreous silica capillary

leading to a lower value of it¥Kjg in comparison with that of the fused silica cagijl

6 Further prediction of the model

Once the model parameters for a given capillarjkaosvn, the model allows one to
predict the zeta potential for a different elegttelcomposition. More precisely, one can
estimate{ for different values of pH anld As an example, additional calculations of
{ involving the fused silica capillary discussed-ig. 5 are presented in Fig. 6. In this
figure, the shaded zone indicates the pH rangeentinermodel is compared with
experimental data of our work (see also Figs. 259ndhis zone is precisely where
boric acid has its effective buffering action. @@ithis zone, the model prediction is
consistent with the expected responsé& ddis a function of pH and ionic strength. In
particular, one can visualize in this figure the point of zero charge at pH around 2.5
is predicted, in coincidence with results repoitegdrevious experimental works
[20,22]. One concludes that through these extraipols, the model is useful to
formulate properly the BGE in order to obtain alvdgfined zeta potential in CZE
experiments.

Figure 7 shows another relevant example of the hqmeeliction. In fact, numerical
calculations of¢ (pH) are presented when different concentratiores bfl salt is added
to the buffer solution. It is observed that theagebtential curve changes substantially in
shape when the salt concentration is increased/atua of 150 mM and, as expected,
the curve shifts to lower potentials. In particutfis curve gets a plateau for

9<pH<12. This example clearly illustrates that the intgnsf the EOF has in general

a rather complex response in terms of pH land
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Finally, it is also worth to mention that the asyotj prediction of the model for the

caseC;, - o was also studied here by using the experimentalafeour work. In this

sense, although qualitative trends are still a@®pt the quantitative results (nhot shown

here) fails mainly for solutions of 2:1 electragt

7 Concluding remarks

The model developed in this work to quantify theFE® CZE is composed of two
fundamental equations. One provides the diffuserlafiarge obtained from Poisson-
Boltzmann equation (Grahamme equation in generaheoGouy-Chapman model for
z:z electrolytes in particular). The other modéks surface charge with three basic
parameters: the number density of silanol groups at the capillary wall, the
dissociation constar g of these groups and the electrical capacitantieeofompact
layer C;,, . The zeta potential is obtained from an impliartétion involving pH and,
which results by equating these two basic equatibine model predicts well
experimental data for different BGE, mainly for quex paths involving changes of pH
and ionic strength. In particular, the model intksathat the absolute value §f
decreases with pH due to an increase of the idgreagth with the equivalent of base
added. This effect is evident for pH values highen 7. Thus, in principle, it should
not be necessary to look for further complex phegrwerin order to understand this
behavior of in terms of pH andl, which can be effectively described through a
physically meaningful model like the one proposethis work. In this sense,

computational algorithms used to design and opégrthe method development of

analyte separations in CZE can be benefited frasehesults.
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Table 1. Parameter values of the model obtained in the prediction of EOF data for

avitreoussilica capillary.

Electrolyte Concentration pKg  Cj, Ng
(mM) (FM?) (10" m?)

KNOs3 0.1 3.51 0.18 1.27
1 0.17 0.80

10 0.10 0.35
Ba(NGy). 0.033 3.68 0.52 0.42
0.1 0.45

0.333 0.43
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Figure Captions

Figure 1. (a) Schematic representation of the capillary watth dissociated silanol
groups containing negative electrical charges. dif@ged surface induces the
formation of a diffuse layer of ions in the eletyte solution. (b) Electrostatic potential
w(x) as a function of the distanoe measured from the charged surface. The Debye
length, A, measures the thickness of the diffuse double layder typical conditions of
CZE. (c) Fluid velocity profilev(x) due to an electric field acting along the capylldn
this figure,d is the thickness of the compact laygr, is the surface potential/, is

the potential at the outer Helmholtz plane (it3siamed{ = ¢/, ) andvg, is the

limiting electroosmotic velocity. The whole diagramphasizes the solid-liquid

interface.

Figure 2. lonic strength as a function of pH for the buf&®3H3/BOSH5 at 25°C.

The shaded zone shows the range of pH where tlieriogf power is maximum and

where experimental results are reported.

Figure 3. Zeta potential of a vitreous silica capillary asiaction of pH, for different
concentrations of KN@ Symbols are experimental data from Wiese etl8I7{). Lines

are the prediction of the model with the parametdues reported in Table 1.
Figure 4. Zeta potential of a vitreous silica capillary asiaction of pH, for different

concentrations of Ba(N§). Symbols are experimental data from Wiese etlal7 1).

Lines are the prediction of the model with the paeter values reported in Table 1.
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Figureb5. Zeta potential of a fused silica capillary as raction of pH, for different
concentrations of BEMH3 (buffer). Symbols are experimental data obtaimetthis work.
Lines are the predictions of the model with théolwing parameter valuesKg = 6,

C, =1Fm”andng =a+bc,, witha = 2.44 18’ m and

b=14.6 16" m2M™

Figure 6. Zeta potential predicted by the model in a widegeof pH. The BGE is the
boric buffer solution at different concentratiolfie parameter values used in

calculations are those reported in Fig. 5.
Figure 7. Zeta potential predicted by the model in a widegeof pH. The BGE is

composed of BgH3; 50 mM (buffer) and different concentrations of.z galt (NacCl).

The parameter values used in calculations are tiepseted in Fig. 5.
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Figure 1

Berli, Piaggio and Deiber, 2002.
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Figure 2
Berli, Piaggio and Deiber, 2002.
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Figure 3

Berli, Piaggio and Deiber, 2002.
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Figure 4

Berli, Piaggio and Deiber, 2002.

0
[Ba(NO3)2] (mM)
H 0.333
20 ® 0.1
A 0.033
N -
S 40
-
N
N 60
_80_
-100 1 1 L 1 1
2 4 6 8 10 12
pH

30



Figure 5

Berli, Piaggio and Deiber, 2002.
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Figure 6

Berli, Piaggio and Deiber, 2002.
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Figure 7

Berli, Piaggio and Deiber, 2002.
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