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Introduction

The influence of the so-called background electrolyte on
the surface charge density, o4, of solids with ionizable
surface groups and on phenomena, related to o, are of
scientific and practical interest. Recently, a series of papers
was published in connection with the nuclear waste reposi-
tory concerning the adsorption of Cs* on marl [1],
zeolites [2], Fe,O4 [3] as well as porous glasses and silica
gel [4].

The influence of the alkali cation on the surface charge
density is often interpreted in terms of specific ion adsorp-
tion or site binding on the one hand, or on the basis of the
size of the solvated ions on the other hand. In this connec-
tion different alkali sequences were found for different
oxides (see e.g. [5, 6]), a result which cannot be explained
by the size of the ions solely. Even for the same oxide the
alkali sequence depends on the preparation condition or
for the same sample on the analysis method (e.g. [7]).

According to Iler [8] silica sols can better be stabilized
against aggregation in the presence of LiIOH as in the case
of NaOH because of the Na* adsorption in the Stern
layer. On the other hand, Wijnen et al. [9] did not find
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differences in the aggregation kinetics of silica particles
prepared from different alkali silicate solutions (Li*, Na*,
K", Rb*). The latter result agrees with electrokinetic
measurements and NMR investigations in aqueous solu-
tions [5, 10].

Besides electrokinetic measurements the determination
of the dependence of the surface charge density on pH
using potentiometric titration such as the determination of
“ion adsorption” are common methods for the character-
ization of the system silica/aqueous electrolyte solution.
Concerning the surface charge density, o, alkali cations
are often considered as indifferent ions {11]. The first
systematic investigation on the influence of the kind of the
alkali cations Li*, Na*, K*, Cs* on g, of porous silica
was published by Tadros and Lyklema [12] for 0.1 M
chloride solutions. Here an increase of the amount |o,|
from Li* to Cs* was found, however, noticeable only for
pH > 7. No clear trend is perceptible for smaller pH in
Fig. 5 of ref. [12]. The explanation of this result was given
in terms of the size of the solvated ions connected with
a reduced accessibility of micropores for greater ions.
Ahmed [13] concluded from the dependence of o, on the
concentration of the background electrolyte KNQO3;, mea-
sured on quartz powder, that there is no specific ion
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adsorption in this system. This controversy was argued by
the same author in a later paper [ 14]. Under application of
their double extrapolation technique, Davis et al. [15]
found association constants for the system silica/K* cor-
responding to a relative strong ion binding. With the same
method Janusz et al. [16] established somewhat lower
association constants. Kosmulski [5] investigated the ion
adsorption such as the surface charge density for porous
silica in the presence of different alkali ions. For both
investigations the same sequence was found as in ref. [12],
but also remarkably, only for pH > 7. The investigation of
the segregation of KCl and NaCl between the pore water
of silica and the environmental water by Cerefolini and
Boara [17] vields a stronger accumulation of K* in the
pore water than of Na*. The adsorption of alkali ions on
silica sol particles was investigated in a wide concentration
and pH range by Milonjic [18]. For small concentrations
the same sequence was found as in [12] except for an
exchange between K* and Na* for chloride anions. At
higher concentrations, though, a change in the sequence
appears.

Obviously, systematic investigations of g, on silica
concerning the influence of the kind of alkali cation in
1 — 1 electrolytes were performed mainly on porous sam-
ples. The interpretation of such results was done quali-
tatively or quantitatively on the basis of an electrical
double-layer model for flat interfaces. The aim of this
article is the presentation of the results of the investigation
of the dependence of g, on pH on spherical silica particles
in chloride solutions of Li*, Na™, K*, Rb™ and Cs™ at
different concentrations, especially in the pH range smaller
than 8, where the dissociation of dissolved silica species
may be neglected. These data form the basis for quantitat-
ive theoretical investigations including models for
a spherical electrical double layer, which are presented in
part 2.

Materials and methods

AEROSIL 300 (Degussa) was outgassed at 673 K before
each measurement to remove possibly adsorbed impu-
rities. The specific surface area was determined by N,-ad-
sorption at 77 K with the Autossorb-1 (Quantachrome)
under application of the BET-eq. [19]. A value of 266 m?/g
was found. This value is comparable with the lower limit
given by the manufacturer. Potentiometric titration in
comparison with a blank was used for the determination of
the surface charge density in the following manner. A de-
sired mass of alkali chloride (pa, Fluka) was dissolved in
deionized water (Seralpur PRO 90 CN, Seral, conduc-
tivity < 0.1 uS/cm). After dividing this solution into two
equal parts the sample was immersed in one of them. To

both solutions the same amount of alkali hydroxide was
added to adjust a pH between 8 and 8.5 in the sample
dispersion (pH & 10.5 in the blank). Then the solutions
were flushed with Ar and thermostated at 25 °C up to the
end of the titration. For pH measurements a pH meter CG
840 in combination with glass electrode N 37 A (both from
Schott) and for the dosage of the HCI 0.1 N volumetric
standard (Aldrich) a digital burette T80/20 (Schott) were
used. First the blank was titrated. Then the sample was
equilibrated. An equilibration time of 4 min between
dosage and pH reading was applied.

We have restricted our investigations to a pH range
between 4 and § because of three reasons:

i) We are interested in o,-pH plots for a constant ion
strength. This is only valid, if the concentration of H* and
OH ™ is much smaller than the electrolyte concentration.
Furthermore, this condition determines the lower limit
of the electrolyte concentration, For this lower limit
0.005 mol/l was chosen. The upper limit of 0.3 mol/l for the
electrolyte concentration is relatively high, therefore near-
ly two orders of magnitude are included.

1) Atlow pH a steep rise in the volume-pH plot leads
to inaccuracies in the calculation of the volume difference
between the sample and the blank (see e.g. [20]).

iii) At pH > 9 the solubility of silica increases and the
dissociation of dissolved species cannot be neglected. This
point is discussed in detail elsewhere [21].

Results and discussion

Calculation of the surface charge density
from titration data

We consider a surface charge which is counterbalanced by
the ions in the electrical double layer (EDL). Furthermore
we have chosen such conditions that the concentrations of
the electrolyte ions are much higher than that of H* or
OH™. This means that the surface charge is counter-
balanced essentially by electrolyte ions and the contribu-
tion of H* and OH ™ to this process may be neglected.
Now we can divide the total volume of the liquid, +>7, into
two parts, the volume of EDL, v*°L, and the volume of the
bulk, 5L,

US'T — UEDL + US,L . (1)
Here “S” means the sample in distinction to the blank “B”.
Despite the concentration gradient within the EDL we can

calculate an averaged ion concentration as the amount of
ions, n;, in the volume v®°%,

CEPL — ;EDL/EDL @)
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such as a difference, Ac;, between this averaged concentra-
tion and that within the bulk, ¢$L.

Ac; = cFPY — L. (3)

In Eq. (2) and (3) nFPL contains both, ions in the diffuse
double layer and ions adsorbed or bonded to surface
groups. This is a consequence of the fact that, in the case of
background electrolyte ion binding, we cannot distinguish
between these two types of ions by potentiometric pH
titration and also not by adsorption measurements which
consider the concentration change in the bulk. Therefore
the calculated surface charge density includes not only
charged species (for silica =SiO ~ e.g.), but also complexes
such as =SiOM. The mass conservation yields

EDL ED
fiyie = Ngr + Niton = My~ + CM L
S, T EDL , EDL
NGt = ne + nfic = Gt + e8P 0FPh 4

Here n{! is the total amount of substance, “EL”, “MOH”
and “HCI” means the added amount of electrolyte,
hydroxide and hydrochloric acid, respectively. With the
specific surface area, Sgp, of the sample of mass, m, the
Faraday constant, F,, and the amount of charges on
the surface, ¥ z;-m(surf), (possibly species with bonded
counterions are included as explained above), 64 can be
calculated

. FA . ZZi . ni(surf)
%0 = Ssp'm

)

and the electroneutrality for the EDL reads:
Zzi . ni(surf) =

Because of the experimental conditions, ¢¢-, ¢+ > Con-»
cy-, it follows that dcg-, dem > Acon-, dey+, and the
latter two may be neglected (see above). This means:

Yz my(surf) = (dcg- — Acyr) - 0"Ph . (6)
For the bulk we have:

(ACCl’ + ACOH' - ACMv - ACH+)‘UEDL .

S,L S.L
nM- e = "0H +na- - (7

Rearrangement of Eq. (1, 3, 4, 6, 7) yields (see appendix):

. nha — Y zi-m(surf) — nMOH
CH+ = Con- t+ Z ST (8)

For the blank a division of the volume, v®, into two parts is
not necessary and in analogy to Eq. (7), we have:
B B
n —n
B B HC! MOH

cy+ = Con- + - 5 - 9)
Since we compare the two curves at equal pH, we have

. . .. S
according to our experimental conditions c§. = cii+ =

B s,L B S
Cu+, CoH- = CoH- = Con- and Nyon = Amon = Mmon. Thus

from Egs. (8) and (9) follows:
nia — M + (Con- — cur)- (0> — vP)
= Zzi . ni(surf) . (10)

Since the amount of HCI is the product of the added
volume of volumetric standard, v$%E, and the concentra-

tion of this standard, cy¢, and because of

3T — 0® = vfiq — vfiar (11)
we have from Eq. (5, 10, 11) with

_ Fy S B
Op = “(cuat + con- — cu-) - (Vna — vac) (12)

Ssp-m

an equation for the calculation of ¢,. In our experiments
the concentration of the volumetric standard, ¢y, is much
higher than coy- and ¢+ . Then, Eq. (12) may be simplified
to:

Fy-cua S B
(Pt — Vnal) -
Sgpem

Op = (13)
But if such investigations are performed in other pH
ranges or a volumetric standard with a lower concentra-
tion is used, Eq. (12) must be applied.

An important requirement for a quantitative inter-
pretation of the data is a nearly constant electrolyte con-
centration during the titration. This may be achieved with
a relative high concentration of the volumetric standard
(vuey < v® =~ v®T) and a low surface to volume ratio. On
the other hand, the accuracy of the measurement decreases
with decreasing surface to volume ratio. Thus, we must
make a compromise. In our investigations a surface to
volume ratio of approximately 1 m? surface in 1 cm? solu-
tion was used.

Surface charge density in the presence
of different alkali chlorides

The surface charge density, ¢,, was determined for the five
considered electrolytes at 5 concentrations. Each of these
25 6o-pH relations presented are mean values of at least
four single measurements, with exception of RbCl at a con-
centration of 0.3 M. Here, only two single measurements
were carried out. An average value of o, as well as a resid-
ual deviation, s(c§), were calculated.

Z(O'o — a§)?
n(n-—1)

Here, n is the number of single measurements and ¢ §' is the
mean value. The evaluation was carried out in steps of
ApH = 0.5. Thus 9 points of every curve are included. If
s(6,) for four measurements was greater than 0.2 uC/cm?

s(ed) = (14)
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at one or more points, an additional experiment was
carried out.

In this connection (see Figs. 1A and 1B) it was observed
that the deviations between the single measurements de-
crease with increasing electrolyte concentration. One rea-
son for such a behaviour may be the condition concerning
the relation between the concentrations of electrolyte ions
and H* and OH™ as discussed above.

Figure 2 shows the typical dependence of the surface
charge density on the electrolyte concentration by way of
example for CsCl. The same influence of the electro-
lyte concentration was found for the four other salts
considered.

Figures 3A to 3E depict a comparison between ¢ in
the presence of the different alkali cations at 5 different
concentrations. An increase of the amount o, may be
seen in the series

Lif <« Na* < K" < Rb* < Cs*

Fig. 1 On the reproducibility of single measurements. —— single
measurement. — mean value; A: 0.005 M RbC; B: 0.3 M NaCl. Note
the nearly identical 4 single measurements in the case of the higher
concentration

0, [uClem?]

with exception of the concentration of 0.01 M and 0.1 M,
where the difference between the oo-pH plots of Li* and
Na® are smaller than the experimental uncertainty of
0.2 uC/cm?.

o [uC/cm?2]

4 4.5 5 5.5 6 6.5 7 7.5 8
pH

Fig. 2 Dependence of 64 on the concentration of CsCl: m 0.005 M,
+0.01 M, «005M,10.1 M, x0.3M
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Fig. 3 g, for different alkali chloride solutions; m LiCl, + NaCl,
*KCl, ) RbCl, x CsCl, A: 0.005 M, B: 0.0t M, C:0.05 M, D: 0.1 M, E:
03M

Summary

In compliance with suitable experimental conditions it was
possible to detect differences between the 6,-pH plots for
chloride solutions of different alkali ions in the pH range

between 4 and 8, where the published data from other
authors show no significant differences. The ascertained
alkali sequence agrees qualitatively with the results on
porous silica [5,12]. A change in the alkali sequence as
published by Milonjic [ 18] was not found. The measured
data arc a reasonable basis for the quantitative interpreta-
tion in part 2.
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Appendix
Derivation of Eq. (8)

We start the consideration with Eq. (7).
nMe + nRs = ngn- + ng- . (7

Now the amount of ions in Eq. (7) may be substituted
partly or completely by their concentration.

S,L
(C — &)

(CM+ - CCI ) v>

(A1)
(A2)

CH* - COH’
l’lH+ - nOH’

On the other hand, ny" and ngy" in Eq. (7) can be replaced
under application of eq. (4):

L _ S, s EDL _EDL
Ny~ = Noyg- + Baa — Cé- -V

EDL
— nion + env - VPP

(A3)
Now we have with Eq. (3):
ny- = now- + nic — Mion — (dca- — dey) - vFP
+(eyE— edl) - o0 (Ad)
That means with Eq. (6):
iyt — ngn = nha — nhon — Y. z; - ny(surf)

+ (enr — ) - oBPt
Inserting of Eq. (A2) into Eq. (AS) yields:

~ (e — &) - @S + o)

(A3)

— Y. z;-m(surf) — nfron - (A6)

Because of Eq. (1), it follows now,

= nHCl

Shy = ot — Zzi' n;(surf) — niton

Ca-} =
US’T

(A7)

(CM* -
and after application of Eq. (Al), we have at last:

S.L S.L

’7Hc1
Cg+ = Cop- +

>z mi(surf) — nMOH @®)

UST
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