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We analyze potentiometric and conductimetric measurements, simultaneously performed in several
complex systems (Brénsted acid-base-type). The results show an excellent agreement between re-
ported and obtained values of the dissociation constants of the involved equilibria. A similar analysis
is proposed to account, in electric double layered magnetic fluids (EDL-MF), for the charging of the
particle surface based on a proton transfer proccess at the interface with the bulk dispersion. This
model allows to relate the pH dependence of the phase diagram to the variations of the nanoparticle
surface charge density, which leads to a useful method to monitor the colloidal stability of EDL-MF.

I Introduction

Electric Double Layered Magnetic Fluids (EDL-MF)
are ultrastable colloidal dispersions of spinel ferrite type
nanoparticles electrostatically dispersed in water [1].
The principle of stabilization is to counterbalance the
van der Waals and magnetic dipolar attractions and
the screened electrostatic repulsions between particles,
through a proton transfer mechanism [2], [3] between
the bulk dispersion and the particle surface, which cre-
ates an adjustable charge density. Modifications in
the particle interactions induced by variations of ionic
strength [4], temperature [5] or magnetic field [6], may
lead to phase transitions, either reversible as liquid-gas-
like or irreversible as flocculation. Moreover, the sta-
bility of EDL-MF based on maghemite particles has
been investigated as a function of pH [7] at room tem-
perature and at constant ionic strength. As the pH
controls the surface charge density, interparticle inter-
actions also may be tuned through pH variations and
the authors observed a thixotropic gel phase between
the sol phase one and the flocculation zone.

Very recently, we showed that simultaneous po-
tentiometric and conductimetric measurements are an
excellent tool to determine the superficial density of
charge in EDL-MF [3]. The results evidenced the EDL-
MF systems behave as a mixture of strong acid and
weak diprotic, the bulk dispersion and particle sur-
face, respectively. The surface charge of the particles
is generated through the aquation reactions of super-
ficial metal ions which undergo hydrolysis, leading to

three kind of superficial sites. The analysis of equilib-
ria involved between the particle surface and the bulk
dispersion allows to determine the pH dependence of
the surface charge density and to control the colloidal
stability of the magnetic sol. Furthermore, measure-
ments performed in EDL-MF based on manganese fer-
rite nanoparticles of two different diameteres [8] showed
that surface charge density depends on the nanoparticle
size. Indeed, the existence of surface defects in smaller
nanoparticles leads to a reduced saturation value of the
surface charge density.

In the present work, our potentiometric and conduc-
timetric approach is applied in the case of well known
weak and strong acid mixtures and the dissociation con-
stants involved in such equilibria are obtained. Then,
using the same procedure, the acid-base behavior of the
surface nanoparticle is investigated and the superficial
density of charge is determined for EDL-MF samples
based on cobalt [3] and manganese ferrite nanoparticles.
In this context, our paper is divided as follows. The sec-
ond section presents a brief description of proton trans-
fer mechanism in acid-base Bronsted equilibria and re-
sults of simultaneous potentiometric and conductimet-
ric titrations are discussed in the case of both solution
mixtures of nitric acid with tartaric one and with di-
hydrate EDTA sodium salt. In the third section, based
on phenomenological considerations, we show how the
formalism of complex equilibria, involving amphoteric
species, can be applied in the case of acid-base prop-
erties of nanoparticle surface in EDL-MF, in order to
obtain the quantitative pH dependence of the surface
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charge density. Finally, our titration results are pre-
sented and discussed. As an example, we will show how
the existence of a thixotropic gel phase can be related
to the pH-dependence of the surface charge density.

J
PKy +
H,A + H,O0 H;0"W +
) PK; .
HpuppA™ + HxO H;0' +
) PKn
HA™D + H,0 H;0' +
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II Strong and weak acids mix-
tures: potentiometric and
conductimetric approach

I1.1 General description

A typical polyfunctional acid H, A in aqueous media
may undergo the following dissociation reactions:

HypnA 4y)

HoA® 2

©)

The concentration of each specie depends on the pH and can be expressed using the total molar concentrations
of all species Cy, and the molar fraction of each one a,,, where n denotes the number of associated protons:

[HnA] = a,Cr, [H(n_l)A_] = a(n—l)CTv [A_n] = apCr. (4)
The denominator in all «,, value expressions takes the form:
[Hs0F]" + K\ [H;0F]" 7Y 4+ K Ko[Hs 01" 4 4 K Ky K, (5)

where K, K5 ...K,, are the thermodynamical equilib-
ria constants of H, A and pK = -log K. The numerator
for « is the last term in the denominator; for it is the
next to the last, and so forth. In simple cases, as for ex-
ample a mixture of strong and weak monoprotic acids,
Cr and the pK'’s values relative to the weak acid are
generally obtained from potentiometric measurements.
This procedure is based on a neutralization reaction in
which an acid (or a mixture of them) reacts with an
equivalent amount of base. By constructing a typical
titration curve, plotting the pH as a function of the
volume of standard base solution, one can determine,
from the inflexions in the mono(bi)-log behavior, the
stoichiometric points (equivalence points), which give
the volume of standard base corresponding to the neu-
tralization of each proton. Nevertheless, in the case of
a mixture of strong and weak polyprotic acids, the pH
breaks in the titration curve is not well defined when
the difference between the sucessive pK’s is inferior to
4 or when the pK is superior to 8 [9]. However, we will
show, for the first time in the literature, that in such

cases, simultaneous potentiometric and conductimetric
titrations are an excellent tool to obtain the equiva-
lence points. Then, Cr is determined using the equa-
tion of mass balance. Moreover, the thermodynamical
constants can be obtained according to the Henderson-
Hasselbach [10] equation which writes:

[A7"] (©)

in the case of general equilibrium (3). Thus, when
[HA~(»=1)] = [A~"], the pH is equal to the pK.

I1.2 Experimental

I1.2.1 Potentiometric and conductimetric mea-
surements

The potentiometric determination of a solution pH
is based on the measurement of the potential difference
between the cell made of a glass electrode sensitive to
hydrogen ion activity and a typical silver-silver chloride
reference electrode (E° = 0.199 V vs. SHE — Standard
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Hydrogen Electrode). The potential of the glass elec-
trode, which arises due to a complex process at the
interface of the glass membrane and is proportional to
the pH, is measured using a potentiostat. The direct
measurement of the pH is obtained after the calibra-
tion of the apparatus in the acidic and basic pH ranges,
using standard buffers of pH equal to 4 and 7 respec-
tively. The electrical conductivity & of a solution is a
result of the contribution of all charged species in the
medium. It can be determined indirectly by measuring
the corresponding conductance of the solution and the
cell constant which depends on the geometry of the ex-
perimental setup. The cell constant has been obtained
by measuring the conductivity of a standard solution of
potassium chloride (KCI) 3 mol L~! of known conduc-
tivity. During the titrations the measurements are per-
formed only once the system reaches the equilibrium.

I1.2.2 Mixture of nitric and tartaric acids

A solution of tartaric acid is mixed with concen-
trated nitric acid in order to obtain a solution pH ap-
proximately equal to 2. Then, using an electronic bu-
rette Metrohm 715 dosimat, 40 mL of the resulting
mixture is titrated with a standard sodium hydroxide
(NaOH) solution 0.120 mol / L. The potentiometric
readings were performed with a Metrohm 713 poten-
tiometer (precision of 0.1 mV or 0.001 units of pH)
with a combined electrode (Metrohm 6.0222.100) and
a resistence thermometer (Pt 100). The conductimetric
measurements were carried out using a conductometer
(Metrohm 712) with an imersion-type measuring cell
(Metrohm 6.0901.110). As a common procedure in an-
alytical chemistry, all titrations were repeted two times.
All reagents used in this work are of analytical grade
from Aldrich or Merk.

11.2.3 EDTA Titration

A solution of dihydrate EDTA sodium salt
(NapH2Y-2H,0) is prepared and the pH solution is
adjusted to 4.3. 40 mL of this solution is titrated
with standard sodium hydroxide (NaOH) solution 0.120
mol / L using the same apparatus described previously.

I1.3 Results and discussion
I1.3.1 Mixture of nitric and tartaric acids

Figure 1 exhibits the potentiometric and conduc-
timetric titrations obtained for the mixture of nitric
(strong) and tartaric (weak) acids and shows three dis-
tinct regions defined by two equivalence points (EP;
and EP3). The meaning of these equivalence points can
be described as follows. In the region 1, as the titrant
volume increases, the conductivity strongly decreases
until the first equivalence point EP, due to the com-
plete neutralization of free H3OV ions (from the strong
acid) of high specific molar conductivity, substituted
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by Nat ions of lower specific molar conductivity intro-
duced by the titrant. Thus, we assign the first equiv-
alence point to the titration of the nitric acid. The
second region corresponds to the tartaric acid titra-
tion and in this pH range, the conductivity increases
slightly due to the apparition of ionic species in the
medium by neutralisation of the 2 protons of tartaric
acid. The tartaric acid being diprotic, EP3 is related
to the neutralization of the second proton. As it can
be seen in Fig. 1, the equivalence point EP2 relative to
the first proton is not evidenced due to the pK’s val-
ues close one to another and the titration of the second
proton therefore begins before the complete neutraliza-
tion of the first one. In the region 3, the conductivity
increases due to the excess of base, with a lower rate
than the decrease one observed in the first region, since
the specific molar conductivity of OH™ ions is smaller
than that of H3OT ions. Then, EP; and EP3 are de-
termined by using the technique of graphical direction
lines [11] and EP; can be calculated by the semi-sum of
EP; and EPj3, since the titrant volume must be equal
to titrate each proton of the diprotic acid. Hence, ta-
ble 1 lists the pK; and pK, values deduced using the
Henderson-Hasselbach equation, in excellent agreement
with reported ones [12]. One can note that from the
single potentiometric measurements it would be impos-
sible to graphically determine pK; and pK, since the
first equivalence point is not evidenced.

Table 1. Determined pK’s values of tartaric acid

titration.
pK, pPK»
This Work 3.02+0.15 4.28+0.22
Reported values [12] 3.04 4.37

k (mS.cm™)

80
Titrant Volume (mL)

Figure 1. Simultaneous conductimetric-potentiometric
titration curves of the mixture of nitric and tartaric acids.
The region indexed 1, 2 and 3 correspond to the strong acid
titration (HNOs), the tartaric acid and the base excess re-
spectively. EP; and EPj3 are determined by the technique
of graphical directions lines.
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I1.3.2 EDTA Titration

Figure 2 shows the potentiometric and conductimet-
ric titrations obtained in this case, and, also denotes
three distincts regions. The region 1 corresponds to
the titration of the weak acid Ho Y2~ and the conduc-
tivity slightly decreases. At EP;, the HyY2~ specie
is completely reacted. Then, the second region corre-
sponds to the HY3~ specie titration until EP5 leading
to the formation of Y4~ specie. These results show that
the successive decreases of the solution conductivity are
related to the respective decreases of the specific mo-
lar conductivity of the species HyY?~, HY®~ and Y*~.
Although in the sequence of the formed species the net
charge increases, this could be due to the hydrodynamic
radius of the ion which is larger, reducing therefore the
ion mobility. In the region 3, the conductivity increases
due to the excess of base, as discussed in the section
I1.3.1.

412

-
k (mS.cm™

. 1 N 1 . I N 1 . 1
0 20 40 60 80 100 120

Titrant Volume (mL)

Figure 2. Simultaneous conductimetric-potentiometric
titration curves of the dihydrate of the EDTA sodium salt
titration. The regions 1 and 2 refer to the titration of HyY?~
and HY>~ species, respectively. The region 3 corresponds
to the excess of base titrant. The equivalence points are
determined by the technique of graphical directions lines.

From a quantitative point of view, the difference
between the two equivalence points EP; and EP5 cor-
responds to the volume of titrant to neutralize one pro-
ton (see 10 or 12). Thus, the graphically determined
value of pK3 and pK4 of EDTA are listed in table 2
and compared with reported ones.

Table 2. Determined pK3 and pK, values of EDTA.

PKs pPK4
This Work 6.17+0.15 9.80+0.40
Reported values [12] 6.16 10.30

F.A. Tourinho et al.

I1.3.3 Partial Conclusions

The results presented in section II show that simul-
taneous potentiometric and conductimetric measure-
ments are a good tool to quantitatively characterize
complex systems (Bronsted acid-base-type) since it al-
lows the determination of the stoichimotric points and
the chemical equilibria constants. In the following sec-
tion, we will show that the same measurements are fun-
damental to investigate the mechanism for the charging
of the particle surface based on a proton transfer proc-
cess at the interface with the bulk dispersion. Indeed,
EDL-MF behave as a mixture of strong and weak dipro-
tic acids and both the difference between the sucessive
pK’s is inferior to 4 and the second pK is superior to 8

[3].

III Application to EDL-MF

I11.1 The Model

Experimentally, it is well known that stables sols
of EDL-MF can be obtained only for acidic or basic
medium. In neutral medium, close to the point of zero
charge (PZC), the system flocculates [13]. These phe-
nomenological considerations reveal the pH-dependence
of the surface charge density of the particles and it is
well known that at low (high) pH values the particles
are positively (negatively) charged. Moreover in EDL-
MF, the superficial particles sites, occupied by transi-
tion metals ions, can undergo hydrolysis reactions [14]
according to the schematic and simplified equilibrium:

=M"t + H,0 = =M, H,0"" (7

We therefore assume that the following hydrolysis
reactions:

=MOH;" + H0 === =MOH + H;0"y ®
=MOH + H,0 == =MO + H;0%y, ©

are responsible [3,15] for the formation of the superfi-
cial charge of the particles in the colloidal dispersion.
In such model, the particle surface behaves as a dipro-
tic Bronsted acid, leading to three kinds of surface
sites where most of them are =MOHJ in strong acidic
medium, =MO~ in strong basic medium and =MOH,
the intermediate amphoteric sites, in the pHpzc re-
gion. It is important to point out that this model is in
good agreement with a surface charge density positive
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for pH < pHpzc and negative for pH > pHpzc (see
Fig. 3). We therefore express the superficial density of
charge as:

o0 = %V( [MOHS] -
where F is the Faraday constant, A the total surface
area of particles is dispersion and V the volume of the
dispersion. If Cy is the total concentration of superfi-
cial sites and «;,, the molar fraction of each one, where n
denotes the number of associated protons, (10) writes:

[MO~]1),  (10)

F
gg = ZV (0(2 *Oéo) CT. (11)

(a)

H HH HH HH H
N/ N7 NN
@O @0 O@ O@

TR T

(b)

H H H H
/
O O O

e

(©)

€]
0

///]////////////7(0’ oo™ fM>/////////////////

Figure 3. Schematic description of the particle surface as a
function of the medium. (a) refers to strong acidic medium
where the surface sites are completely protonated and the
superficial density of charge is saturated. (b) is related to
the neutral medium. In this region, most of the superficial
sites are amphoteric and the charge is minimal leading to
an flocculation zone. (c) refers to the strong basic medium.
The surface sites are negatively charged and the superficial
density of charge is saturated. In both (a) and (c) regions
the EDL-MF is a stable sol.

‘oo
+om

Then, using the relation between the hydronium
concentration and the pH, the surface charge density
can be written as a function of pH:

- F 1072‘DH—K1K2
70 =17 \10%H £ K,10 »H t K, K,

) Or. (12)

In the present work, Cr and the constants pK; and
pKo> corresponding to equilibria (8) and (9) respectively,
are experimentally determined. Moreover, the total
surface area of particles can be obtained by using X-
rays diffraction results.
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111.2 Experimental

The elaboration of two different EDL-MF sam-
ples is carried out using the usual procedure [13].
CoFe; O, and MnFe; 04 oxides nanoparticles are pre-
pared through hydrothermal coprecipitating aqueous
solutions of Co(NOs3)s-FeCls and MnCly-FeCls, respec-
tively, in alkaline medium. Then the particles are con-
veniently peptized in acidic medium by adjustment of
the ionic strength, resulting in stable sols of high qual-
ity.

The mean nanoparticle sizes are determined using
X-rays diffraction spectra recorded from powder sam-
ples and are found equal to 12.0 nm (CoFe;04) and 9.0
nm (MnFe;04) leading to EDL-MF samples labeled A
and B respectively.

Simultaneous potentiometric and conductimetric
titrations of 40 mL of each sample (volume fraction
&4 = 1.46% and ®p = 0.81% corresponding to 1.7x10%2
and 2.1x10%? particles per m?, respectively) are per-
formed using titrant solutions of sodium hydroxide
0.106 mol L' and 0.088 mol L~! for samples A and
B, respectively. All titrations are repeated two times.
Simultaneous potentiometric and conductimetric read-
ings are carried out using apparatus and conditions de-
scribed in section 11.2.2. Moreover our potentiomet-
ric measurements are obtained here using a pH glass
double-junction electrode (Metrohm 6.0255.100), which
includes a salt bridge in order to avoid the direct con-
tact of the colloidal solution to the glass membrane.

IT1.3 Results and Discussion

Figure 4 exhibits typical simultaneous potentiomet-
ric and conductimetric titration results obtained for
sample B. These experiments performed in the same
conditions for sample A have been presented and com-
mented in a previous paper [3]. The titration curves
obtained for manganese based ferrofluid (sample B) fol-
low the same qualitative behavior. As in Figs. 1 and
2, the shape of the curve indicates that EDL-MF sam-
ple behave as a mixture of strong and weak diprotic
acids. Three distinct regions can be observed and la-
beled 1, 2 and 3. The region 1 ends at EP; and is
relative to the strong acid titration (free H3O% ions of
the bulk dispersion). The second region corresponds
to a weak diprotic acid titration, in our case, the par-
ticle surface. According to equilibrium reactions (8)
and (9), the corresponding surface sites =MOHJ and
=MOH are successively titrated therefore allowing the
determination of two equivalence points: EP; and EP3,
respectively. Until EPs, that corresponds to EMOH;'
sites titration, the contribution of superficial protons
to the total conductivity is negligible due to the mass
of the particles. Thus, the conductivity simultaneously
increases slightly since the concentration of Na® from
the titrant increases. At EPs, the particle surface be-
comes amphoteric and neutral (=MOH sites). Then,
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until EP3 the second superficial proton is titrated. In
this regime, a very small decrease of the conductivity is
observed, and could be assigned to adsorption of Na®
ions onto the surface. Finally, the region 3 is related
to the base excess. As used in section I1.3.1 the equiv-
alence points EP; and EPj3 are determined by using
the technique of graphical direction lines and the sec-
ond equivalence point EPs can be calculated by the
semi-sum of EP; and EP3. Then, pK; and pK, values

F.A. Tourinho et al.

are obtained using the Henderson-Hasselbach equation.
Moreover, the whole superficial sites concentration C
can be determined using the mass balance. Cr and pK
values, as well as their reproductibility error accuracy
obtained for each sample are listed in table3. Then do-
ing as = land ag = 0, or vice-versa, in (11) the modu-
lus of the saturation value of the surface charge density

o is calculated (see table 3).

Table 3. Triplicate values for sample A[3] and B. Total concentration of superficial sites Cr, pK’s values of the

weak acid superficial sites pKl(EMOH;) and pK, (=MOH), saturated surface charge density of***, pH value of
isoelectric point and the respective reproducibility errors accuracy.

Sample Cr(mol L1) pKy

pK2 |00 max|(C m72) pHIEP

0.014 5.3
A 0.015 5.0
(CoFe;04) 0.014 5.2

8.7 0.320 7.0
8.5 0.337 6.8
8.6 0.320 6.9

0.014+0.001 5.24+0.2

8.6x+0.1 0.326 = 0.010 6.9+0.1

Cr(mol L 1) pK;

pK2 |00 max|(C m72) PHIEP

0.015 4.9
B 0.015 4.8

9.1 0.271 7.0
9.1 0.271 7.0
9.2 0.270 7.1

0.015+0.001 4.9+0.1

9.1£0.1 0.271+£0.001 7.0+0.1

« (mS.cm™)

Titrant Volume (mL)

Figure 4. Simultaneous conductimetric-potentiometric
titration curves of sample B. The regions indexed 1, 2 and 3
correspond to the strong acid titration (bulk solution), the
weak acid = MOH; and amphoteric = MOH superficial
sites titrations and the base excess respectively. EP; and
EP3 are determined by the technique of graphical directions
lines.

In Fig. 5, the molar ratio values of each particle

surface site a, calculated using (5) is plotted as a func-
tion of pH for sample B and represents a speciation
diagram which illustrate the domains of protonation
of surface sites. Sample B exhibits the same behavior
that sample A [3]: at low (high) pH values or in acidic
(basic) medium (typically pH < 3.5 and pH > 10.5,
respectively), the particle surface is charge saturated.
For small pH ranges around pK values, a domain of
coexistence of charged and neutral sites is evidenced.
Close to the neutral region, the molar ratio of charged
sites strongly decreases and contrary to the expected
result, the ferrofluid dispersion does not present any
PZC since the molar ratio of the amphoteric sites does
not reach the unity value. However, an isoelectric point
(IEP) is found and is readily related to the equilibrium
constants [3, 12] of the surface sites species. Once the
pK values are known, the exact pH position of the IEP
can be determined by mean of pK values, according to
the Henderson-Hasselbach equation written in the case
of equilibria (8) and (9). Table 3 lists the calculated
pH;gp for samples A [3] and B.

Finally, Figs. 6 show the pH dependence of o deter-
mined in the case of sample B. For extreme pH values
(pH < 3.5 and pH > 10.5) o reaches the maximum
and the particle surface becomes saturated. Then, for
convenient ionic strength, stable magnetic sols are ob-
served in acidic or basic mediums. Close to the IEP, the
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surface charge is very small to ensure a sufficient repul-
sion between particles and the ferrofluid dispersions are
not longer stable.

//—-\\
\
II \
\
08 / \
/ \
! \
! [
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v a, (MOH," )
5 V- =g (MOH)
)
I Dy o (MO
04} ) e MO
: "
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Figure 5. Speciation diagram of superficial sites for samples
B - o, is the molar ratio of each superficial site, where n de-
notes the number of associated protons. For pH=7.0, there
is an isolectric point.

03 ]
02 \ E
01}

0.0

6, (C m?)

02} ® E

03 1

pH

Figure 6. pH dependence of the superficial density of charge
for sample B. For pH < 3.5 in acidic medium and pH > 10.5
in basic one, the nanoparticles are charge saturated and the
ferroflui is thermodynamically stable (without considering
ionic strength effects).

Figure 7 exhibits the three different states (sol, gel
and floc) observed [7] for maghemite based EDL-MF
diluted solution (¢ = 1.45 %) and we add to this ex-
perimental phase diagram, the variation of the modulus
of the surface charge density obtained in samples A [3]
and B. Even if the magnetic fluids samples of our study
are different (nanoparticle size and material) from those
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of reference 7, it can be observed that the pH dependent
phase diagram is straightly related with the changes of
the superficial density of charge. Asexpected, when the
nanoparticle is charge saturated the observed phase is
a stable sol and for low value of oy, in the region close
to the IEP, the system flocculates. Moreover, the co-
incidence, in either acidic medium or basic one, of the
gel phase with a regime of initial decreasing of the sur-
face charge density has recently been explained by a
charge sharing between particles [3]. It has been shown
that a proton hopping (Grotthus Mechanism) along the
hydrogen-bond network of liquid water adjacent to the
particles can lead to a three dimensional strucuture.
Indeed, this polimerization-like proccess results in rel-
atively long-range interaction forces [16] and is already
well known in many hydrophilic colloidal systems.

gl (C m™)

Figure 7. Modulus of the superficial density of charge in
samples A [3] (o) and B (0). The dashed regions represent
the different states observed for a maghemite based EDL-
MF.

IV  Conclusions

Simultaneous potentiometric and conductimetric titra-
tions is proved to be a useful tool for the understand-
ing of the behavior of mixtures of strong and weak acids
when both the difference between the successive pK’s is
inferior to 4 and the second pK is superior to 8. More-
over, the colloidal stability of electrostatically stabilized
ferrofluid dispersion can be quantitatively investigated
by using these same measurements. For the first time,
a model for the interface particle solution, where the
particle surface behaves as a diprotic weak acid and
the bulk solution as a strong one, is proposed and leads
to saturation value of surface charge density in good
agreement with the commonly reported one. The ob-
tained results allows to relate the pH dependence of the
phase diagram to the variations of the nanoparticle sur-
face charge density and this method is therefore useful
to monitor the colloidal stability of EDL-MF.
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