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The point of zero charge of three typical oxides found as colloids in PWR primary circuits has been mea-
sured by mass titration in a large range of temperature: from 5 to 320 �C for magnetite and cobalt ferrite,
from 5 to 125 �C for nickel ferrite. Comparisons with zetametry were performed near room temperature.
The protonation thermodynamic constants have been calculated. The standard protonation enthalpy at
298 K is �27 ± 5, �31 ± 6 and �32 ± 7 kJ mol�1, for the three oxides respectively. The sign of the surface
charge of these colloidal particles in the temperature conditions of the primary circuit indicates that their
adhesion onto the materials of the circuit is favored.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Corrosion of metallic components of water circuits of pressur-
ized water reactors (PWRs) generates colloidal particles. These par-
ticles are transported in the circuits, they adsorb dissolved species,
they can deposit and accumulate in certain parts of the circuits.
Sorption and deposition give rise to several technical drawbacks.
In the primary circuit, deposition of solids with radioactive sorbed
elements leads to ‘hot’ spots, which increase the dosimetry of
workers during the maintenance operations. Solid deposits disturb
also the hydrodynamic and thermal conditions of circuits and can
generate local corrosion [1–3]. In order to control and model these
effects, predict their evolution during the functioning of reactors,
and, finally, minimize them, it is necessary to understand the
mechanisms of transport and deposition of particles, together with
the mechanism of sorption of dissolved species.

According to the DLVO theory [4], adhesion between two sur-
faces is controlled by electrostatic and Van der Waals forces. The
latter are always attractive, act over short distance and have a
small dependency on surface and solution chemistry. Electrostatic
forces are connected to the surface charge and depend strongly on
the chemical properties of the solids and on the chemistry of the
solution. Depending on the relative charge of the surfaces, these
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forces can be attractive or repulsive. They have a major effect on
the deposition behavior of particles towards a surface [5].

According to the surface complexation theory [6], the surface
charge of metallic oxides results from sorption or desorption of pro-
tons, leading to positive or negative surface sites, and depends on
the pH of the solution. Soluble species can adsorb on the solid
surface, depending on the ionic charge of these species and on the
surface charge. In turn, adsorbed species modify the surface charge
and the electrostatic forces between the particles and the walls of
the water circuits. Electrostatic interactions depend also on the con-
centration of ionic species (ionic strength) in the solution, since ions
of charge opposite to the surface charge come close to the surface
(double layer) and produce a shielding effect of the surface charge.
Thus, in order to understand and predict the behavior of colloidal
particles in an aqueous solution in term of adhesion to surfaces
and sorption behavior towards dissolved species, it is necessary to
know their surface charge and establish its relationship with the
chemistry of the particles and with the composition of the solution.

There are essentially two ways for evaluating the surface charge.
The first one is the measurement of the mobility of the particles un-
der an electrostatic field (zetametry). This method does not give di-
rect access to the surface charge, but measures the f-potential,
which is the electrostatic potential at the ‘shear plane’, which is
the limit between the counter ions moving with the particle and
the counter ions immobile in the solution. A characteristic parame-
ter is the isoelectric point (IEP), which is the pH value correspond-
ing to zero mobility, zero f-potential and hence zero surface charge.
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Table 1
Characteristics of magnetite and ferrites used in the present study, with examples of
impurities found

Magnetite Cobalt ferrite Nickel ferrite

Specific surface area
(m2 g�1)

1.68 ± 0.02 17 ± 1 60 ± 1

Shape and mean
dimensions

Agglomerates
10–50 lm of
�100–500 nm
particles

Agglomerates
10–20 lm of
50–150 nm
particles

Agglomerates
0–20 lm of
10–50 nm
particles

Diameter according
to BET area (nm)

720 67 18

Coherence
length (nm)

35 24 11

Impurities
(% w)

Ca – 0.3 0.1
Na 0.7 0.6 0.5
Mg – 0.5 –
Co – – 0.2
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The second way of evaluating the surface charge is to use acid–
base titrimetric methods. The surface charge is deduced from the
quantity of protons sorbed or desorbed by particles as a function
of pH. The surface charge is usually calculated from the balance
of protons sorbed and desorbed, referred to the surface area. The
characteristic parameter is the point of zero charge (PZC), which
is the pH value for which the surface charge equals zero, i.e. posi-
tive and negative sites have equal concentrations. Ideally, IEP and
PZC should coincide. However, this is not always the case, due to
adsorbed impurities, presence of initial surface charge prior to
titration, or consumption of protons by other reactions such as
the dissolution of the solid. When PZC does not coincide with
IEP, it has to be considered as a point of zero net proton charge
(PZNPC), which is the pH value when the titration curves achieve
a zero balance of adsorbed protons.

The main difficulty of the present study results from the necessity
to perform these measurements up to temperatures representative
of PWR primary circuits, in which they reach 320 �C. Commercial
zetameters do not reach temperatures higher than 70 �C. Classical
acid–base titration, in which aliquots of acid or base are periodically
added to a suspension of the particles, is rather difficult to use at high
temperature and pressure. Hence, we have chosen ‘mass titration’
[7,8], whose principle is to increase progressively the quantity of so-
lid in the suspension. For the highest quantities of solid, pH achieves
a plateau, which is the PZC. In fact, it is not always necessary to use
many different increasing quantities of solid. If, after preliminary
experiments, the right quantity and starting pH are chosen, the pla-
teau is very quickly achieved. This method is therefore simple and
can be rather easily used in an autoclave. It was chosen as the main
method in this study between 5 and 320 �C.

As a complement to mass titration, zetametry was used in a
temperature range close to room temperature, in order to refer
the PZC measurements to IEP.

Colloidal species from PWR circuits are difficult to sample.
Moreover, after sampling they do not represent the pristine parti-
cles. In the present study, we have chosen to work on model
particles of the highest purity and with a known chemical compo-
sition and structure, so as to be able to understand and model more
easily their behavior. Three colloidal species, which are character-
istic of primary circuits of PWR [9,10] were chosen: magnetite
(Fe3O4), nickel ferrite (NiFe2O4) and cobalt ferrite (CoFe2O4). In
the present investigation, the study of the influence of the compo-
sition of the solution was limited to concentrations of a salt (potas-
sium chloride) that do not lead to specific adsorptions.

2. Materials and methods

2.1. Materials and their characterization

Magnetite, cobalt ferrite and nickel ferrite were commercial
products. Magnetite of 99.997% purity was purchased from Alfa
Aesar, cobalt and nickel ferrites of 98% purity from Nanostructured
and Amorphous Materials Inc (Houston, Texas).

Prior to use, these solids were ‘washed’ in order to remove super-
ficial impurities, until a constant value of the point of zero charge
(PZC) was achieved. Magnetite was washed by 0.01 M KOH solu-
tions. Cobalt ferrite is washed by 0.1 M KOH and then by 0.1 M
HNO3. Nickel ferrite is washed by 10�4 M HNO3. This difference in
washing procedures results from the nature of superficial impuri-
ties. To remove cations, the washing solution has to be acid and by
contrast to remove anions, the washing solution has to be alkaline.
Finally, solids were washed by high purity water, filtered and dried.

The main characteristics of these solids are summarized in
Table 1.

Magnetite, as observed by scanning electron microscope (SEM),
is formed of agglomerates of facetted particles of diameters 100–
500 nm (Fig. 1(a)). Nickel ferrite and cobalt ferrite are formed of
agglomerates of irregularly shaped particles, smaller than those of
magnetite (Fig. 1(b)–(c)). The diameter calculated from BET area
measurements, assuming a spherical shape, agrees with the diam-
eter observed by SEM for both ferrites, while it is higher in the case
of magnetite. This discrepancy for magnetite is explained by adhe-
sion between particles as evidenced by SEM. The coherence lengths
determined from X-ray diffraction line widths are close to but smal-
ler than the observed diameters for the three solids, indicating that
the particles include several single crystals or crystalline domains.

X-ray diffraction indicates a crystal structure consistent with the
expected solid phases. In the case of magnetite and cobalt ferrite,
traces of hematite (Fe2O3), and Co3O4 were detected, respectively.

The Fe(II)/Fe(III) ratio in magnetite, determined by potentio-
metric titration, using potassium permanganate, indicates that
the proportion of magnetite in the solid is higher than 95%. Ther-
mogravimetric analysis under air flow gives the same result.

The composition of ferrites was determined by inductively cou-
pled plasma optical emission spectrometry (ICPOES). The atomic
Co/Fe ratio is 0.50 corresponding to the expected one for cobalt fer-
rite. For nickel ferrite, the atomic Ni/Fe ratio is 0.54, indicating an
excess of nickel.

Table 1 gives also the main impurities detected by ICPOES.

2.2. Mass titration

A known weight of solid was introduced into 5 mL of electrolyte
(KCl 10�2 mol kg�1) and ultrasonically agitated during 10 min. Ini-
tial pH is adjusted by addition of hydrochloric acid or sodium
hydroxide solutions. The evolution of pH is then followed as the
weight of solid is increased. Preparation of suspensions and mea-
surements were performed under nitrogen to avoid the presence
of carbon dioxide.

From 5 to 25 �C, the pH was measured by means of a glass elec-
trode and a double junction electrode Ag/AgCl/3 M KCl. From 25 to
125 �C, the pH was measured by means of a glass electrode com-
bined with a solid (gel) electrolyte Ag/AgCl electrode. The solid state
of the electrolyte allows working up to 130 �C by limiting evapora-
tion. Between 250 and 320 �C, the pH was determined with an
external pressure balanced reference electrode Ag/AgCl/10�3 M
KCl (EPBRE) and an yttrium stabilized zirconia pH electrode
filled with Cu/Cu2O as internal Ref. [11–13]. Acetic acid/sodium
acetate (0.01 mol kg�1/0.01 mol kg�1) and disodium tetraborate



Fig. 1. SEM micrographs of magnetite (a), cobalt ferrite (b) and nickel ferrite (c).
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(0.01 mol kg�1) solutions were used as high temperature pH
standards.

As can be shown from the surface complexation theory, the so-
lid plays the role of a buffer and pH reaches the PZC for the highest
concentration of the suspension [7,8]. However, the concentration
for which the PZC is achieved depends on the starting pH. If the
starting pH is close to the PZC, the latter can be reached for rela-
Fig. 2. Mass titration of cobalt ferrite at 25 �C in mol kg�1 KCl. Variation of pH with
the concentration of solid particles in the suspension.
tively small concentrations of suspension. This is illustrated in
Fig. 2, taking the example of cobalt ferrite. The curves starting at
pH 3 and 10.5 do not achieve a constant value of pH in the concen-
tration range used, but indicate that the PZC is between 5 and 7. If
we start at a pH close to 6, which is here the natural pH value with-
out adding acid or base, a constant value is already achieved for a
solid particle concentration of 50 g kg�1.

This method was used to determine the temperature depen-
dency of PZC, without having to perform measurements with too
many suspensions. After thorough experiments at 25 �C, concen-
trations close to 50 g kg�1 were used with an appropriate starting
pH value at other temperatures. Between 5 and 50 �C, the measure-
ments were performed in a thermostated bath. Between 50 and
320 �C measurements were performed in an autoclave.

2.3. Zetametry

Electrokinetic measurements were performed between 5 and
70 �C with a zetameter Malvern Zetasizer Nano ZS HT coupled to
an automatic titrator. The pH was adjusted by addition of hydro-
chloric acid or potassium hydroxide. Preparation of suspensions
and measurements were performed under nitrogen to avoid the ef-
fect of carbon dioxide. The f potential was calculated using the
Henry and Oshima formula [4,14,15].
3. Results

3.1. Temperature dependency of PZC by mass titration

The PZC of magnetite and cobalt ferrite (Fig. 3 and Table 2) de-
creases with temperature until a minimum is observed. Then the
PZC increases with increasing temperature. For comparison, values
of the ionization constant of water Kw have been calculated



Fig. 3. Point of zero charge (PZC) obtained by mass titration for magnetite, cobalt ferrite and nickel ferrite versus temperature, including the fit of the PZC values represented
by Eq. (8). Published experimental values of the magnetite PZC reported by Wesolowski et al. [27] are also shown where PZCinfl stands for PZC from the inflexion point of the
titration curves and PZCcip stands for PZC from the common intersection point. The variation of the pH of neutrality of water (1/2pKw) is also shown.

Table 2
Values of the PZC obtained by mass titration for magnetite, cobalt ferrite and nickel
ferrite in 10�2 mol kg�1 KCl 10�2 at different temperatures

T (�C) PZC

Magnetite Cobalt ferrite Nickel ferrite 1/2 pKw

5 6.6 ± 0.2 6.9 ± 0.2 8.9 ± 0.2 7.36
15 6.3 ± 0.2 6.7 ± 0.2 8.6 ± 0.2 7.17
25 6.2 ± 0.2 6.6 ± 0.2 8.5 ± 0.2 7.00
35 6.1 ± 0.2 6.5 ± 0.2 8.3 ± 0.2 6.84
50 6.0 ± 0.2 6.4 ± 0.2 8.0 ± 0.2 6.64
50 5.6 ± 0.3 6.2 ± 0.3 8.2 ± 0.3 6.64
70 5.5 ± 0.3 6.0 ± 0.3 8.0 ± 0.3 6.41
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according to The International Association for the Properties of Water
and Steam recommendations [16] and the ½ pKw curve versus tem-
perature was drawn on Fig. 3. The behaviors are similar, but since
the minimums are not situated at the same temperature, the PZC
curves are seen to cross the ½ pKw curve. Hence, the PZC of these
particles is below the pH of neutrality of water below 250 �C for
magnetite and below 150 �C for cobalt ferrite. At higher tempera-
tures, the PZC is in the basic pH range of water.

In the case of nickel ferrite, the PZC was measured up to 125 �C.
In the studied temperature range, the PZC is much higher than the
pH of neutral point of water (Fig. 3).
90 5.5 ± 0.3 5.8 ± 0.3 7.8 ± 0.3 6.21
125 5.2 ± 0.3 5.4 ± 0.3 7.6 ± 0.3 5.95
250 5.2 ± 0.5 5.7 ± 0.5 – 5.59
285 5.9 ± 0.5 6.3 ± 0.5 – 5.65
320 6.1 ± 0.5 7.1 ± 0.5 – 5.81

Values of the pH of neutrality of water (1/2 pKw).
3.2. Zetametry

The variation of f potential with pH for the three solids at 25 �C is
shown on Fig. 4 for three different KCl concentrations. The ionic



Fig. 4. Zeta potential of magnetite, cobalt ferrite and nickel ferrite at 25 �C versus pH for three different concentrations of potassium chloride (10�4, 10�3 and
5 � 10�3 mol kg�1).
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strength did not have a significant influence in this KCl concentra-
tion range. The isoelectric point (IEP) is 6.6 ± 0.3 for magnetite,
6.5 ± 0.3 for cobalt ferrite and 7.7 ± 0.3 for nickel ferrite. The IEP of
magnetite [17–19] and cobalt ferrite is close to previous reported
values at 25 �C [20,21]. On the other hand, IEP of nickel ferrite is
higher than the values reported earlier [22,23]. The difference in
the behavior of nickel ferrite will be discussed later.

For magnetite and cobalt ferrite, the IEP at 25 �C is close to the
PZC obtained by mass titration. This result validates the PZC mea-
surements by mass titration. For nickel ferrite the difference be-
tween PZC and IEP is higher.

The influence of temperature was studied by measurements at
5 and 70 �C with a KCl concentration of 10�4 mol kg�1. In the case
of cobalt ferrite (Fig. 5), the IEP decreases as temperature increases.
The IEP values are in good agreement with PZC measurements by
means of mass titration. By contrast, the IEP of nickel ferrite seems
to slightly increase with temperature (figure not given). The f
potentials of magnetite could not be measured at 5 and 70 �C,
due to rather fast agglomeration of particles and settlement.

4. Discussion

As already noted, nickel ferrite has different behavior from the
two other solids in all types of measurements. We have compared
the solubility and stability of the three solids as a function of pH
and temperature by calculating the fractions of all dissolved and
solid species with the computer code CHESS [24,25]. At low pH,
the solids are totally transformed into hematite (Fe2O3) as solid
phase and to Co2+, Ni2+ or Fe2+ in solution. The pH range where this
transformation occurs depends on the solid. Fig. 6 reports the frac-
tion of the three studied solids remaining in the suspension versus
pH. When temperature increases, the transition is shifted to lower
pH and the nickel ferrite phase known as trevorite is transformed
into bunsenite (NiO) [24,25].



Fig. 5. Temperature effect on zeta potential of cobalt ferrite versus pH with a KCl
concentration of 10�4 mol kg�1.

Fig. 6. Comparison of the stability and solubility of solids. The fraction of cobalt
ferrite (CoFe2O4), nickel ferrite (trevorite, NiFe2O4) and magnetite (Fe3O4) is
represented versus pH according to a simulation with code CHESS [24,25] at 25 �C.
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Hence, the domain of stability of cobalt ferrite is larger than
those of nickel ferrite and magnetite, which are thermodynami-
cally unstable in a rather large part of experimental conditions
studied. However, kinetics can considerably slow down these
transformations and, in the case of magnetite, they seem not to
have any effect on the surface charge.

The origin of the peculiar behavior of nickel ferrite may be its
non stoichiometric composition with an excess of nickel, or its
transformation into bunsenite.

4.1. Thermodynamic calculation

The aim of the following calculations is to model the tempera-
ture dependence of the PZC of magnetite, cobalt ferrite and nickel
ferrite, in order to determine the thermodynamic constants and
PZC for all temperatures in the studied range.

If we assume a 1-pK acid–base model [26], the protonation con-
stant is defined as

M� OH�1=2
s þHþs ¢ M� OHþ1=2

2s

K ¼ ½M� OHþ2s1=2�
½M� OH�1=2

s �½Hþ�Solution

exp
eW0

kT

� �
; ð1Þ

where ½M� OHþ1=2
2s � and ½M� OH�1=2

s � are the concentrations of the
charged surface groups resulting from protonation and deprotona-
tion, respectively, ½Hþ�Solution the hydrogen ion concentration in the
bulk solution, K the protonation constant, W0 the surface potential,
e the electronic charge, k the Boltzmann’s constant, T the Kelvin
temperature.

At the PZC, ½M� OHþ1=2
2s � equals ½M� O�1=2

s � and W0 equals zero.
Formula (1) simplifies to

logK ¼ PZC; ð2Þ

where PZC is the pH in the bulk solution at the point of zero charge.
Neglecting the impact of pressure, the variation of the free enthalpy
DrG is

DrG ¼ DrG
0 þ RTlnK; ð3Þ

where DrG
0 is the variation of the standard free enthalpy and R the

gas constant. When the equilibrium is reached, DrG = 0 and Eq. (3)
becomes:

DrG
0 ¼ �RTlnK ¼ DrH

0 � TDrS
0; ð4Þ

where DrH
0 is the standard enthalpy and DrS

0 the standard entropy
of single protonation. By combining Eqs. (2) and (4), the PZC can be
expressed as

PZC ¼ 1
Rlnð10Þ �

DrH
0

T
þ DrS

0

 !
: ð5Þ

If we assume that Dr C0
p, the variation of the heat capacity, is con-

stant over the studied temperature interval:

DrH
0ðTÞ ¼ DrH

0ðT0Þ þ
Z T

T0

DrC
0
pðT0ÞdT

¼ DrH
0ðT0Þ þ DrC

0
pðT0ÞðT � T0Þ; ð6Þ

and:

DrS
0ðTÞ ¼ DrS

0ðT0Þ þ
Z T

T0

DrC
0
pðT0Þ
T

dT

¼ DrS
0ðT0Þ þ DrC

0
pðT0Þln

T
T0
: ð7Þ

The relation of PZC with the thermodynamic constants of single
protonation for a temperature T is

PZCðTÞ ¼ 1
Rlnð10Þ

� �
DrH

0
298 þ DrC

0
pð298� TÞ

T
þ DrS

0
298 þ DrC

0
pln

T
298

� �" #
:

ð8Þ

If we had considered a 2-pK model, we could, in the same manner,
connect the PZC to the thermodynamic parameters of the double
protonation.

The thermodynamic constants were obtained by fitting the
experimental values of PZC versus temperature by Eq. (8), using
a least squares method weighted by experimental errors. Results
are reported in Table 3 and Fig. 3. Error bars, connected to the



Table 3
Thermodynamic parameters of the single protonation of magnetite, cobalt ferrite and
magnetite at 298 K

DrH0
298 (kJ mol�1) DrS0

298 (J K�1 mol�1) DrC
0
p (J K�1 mol�1)

Magnetite �27 ± 5 32 ± 20 183 ± 70
Magnetitea �29 ± 5 25.5b 204 ± 33
Cobalt ferrite �31 ± 5 20 ± 19 276 ± 71
Nickel ferrite �32 ± 7 52 ± 29 227 ± 26

DrH0
298: standard enthalpy, DrS

0
298: standard entropy and DrC

0
p: heat capacity

variation.
a Resulting of best-fit parameters for magnetite obtained from inflection points of

titration curves by Wesolowski et al. [27].
b Value of DS0

298 fixed by Wesolowski et al. [27] to better constrain the fit.
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uncertainty on pH values, are relatively large at high temperature.
Their values have an impact on the errors on thermodynamic con-
stants. However, the increase of the PZC over 400 K is well estab-
lished for cobalt ferrite and magnetite.

The value of DrH
0
298 for magnetite is in good agreement with the

value (�32.4 kJ mol�1) obtained by Wesolowski et al. [27] between
50 and 290 �C from the inflexion points of titration curves. The PZC
values obtained by the same authors from the common intersec-
tion point (CIP) are in lesser agreement with our values. According
to the review made by Kosmulski [28], the variation of the stan-
dard enthalpy of single protonation at 298 K of oxides ranges be-
tween 0 to �80 kJ mol�1 with a majority of measurements
between �10 and �40 kJ mol�1. As a comparison, the calculated
standard enthalpy of protonation of water is �30 kJ mol�1 [16].

The high error interval on DrS
0
298 is explained by the small influ-

ence of entropy in formula (8). In their calculations, Wesolowski
et al. [27] imposed a fixed value for DrS

0
298 of 25.5 J K mol�1. In

Table 3, we have also reported a calculation of the enthalpy of
protonation of magnetite with this imposed value of entropy.

As already noted, the difference 1=2 pKw � PZCj j is not constant
all over the studied temperature range and the PZC curves cross
the ½ pKw curve. Hence, the PZC of these particles is below the
pH of neutrality of water below 250 �C for magnetite and below
150 �C for cobalt ferrite. At higher temperatures, the PZC is in the
basic pH range of water. The greater affinity of magnetite and co-
balt ferrite towards hydrogen ions at high temperature compared
to the affinity of water, would increase the bulk solution pH.

In the case of nickel ferrite (Fig. 3 and Table 2), the PZC de-
creases as the temperature increases in the temperature range
studied (5–125 �C). Its values are higher than ½ pKw, but almost
parallel to its variation.

During operation, the temperature of the PWR’s primary circuit
fluid ranges from 285 �C (far from the reactor core) to 320 �C (in
the core) and its pH, at these temperatures, is close to 7 and
slightly higher. This pH is about one pH unit higher than the point
of zero charge of magnetite, indicating that the charge of these par-
ticles should be negative. In the case of cobalt ferrite, the pH of the
fluid is closer to the PZC, so that particles should be neutral or
slightly negative. For nickel ferrite, if 1=2 pKw � PZCj j, remains con-
stant above 125 �C, its PZC could be close to pH 7 between 285 and
320 �C. As a result, in these conditions, electrostatic interactions
could be of small influence for ferrites, which is in favor of adhe-
sion, since, in this case, attractive Van der Waals forces will be
dominating. For magnetite, whose surface is negative, adhesion
would depend on the charge of the materials constituting the walls
of the primary circuit. According to Guillodo et al. [29], the surface
of a 690 alloy is positive in the conditions of the primary circuit, so
magnetite, whose surface has an opposite charge, should adhere to
this alloy. For ferrites, whose surfaces are neutral or slightly nega-
tive, adhesion is also favored.

It should be noticed, that another important factor, not studied
here and which could modify the surface charge and the adhesion
behavior, is the sorption of dissolved species. Borate ions are cer-
tainly a species which could have the main influence. A better
knowledge of the PZC of all materials (690 alloy, zircaloy,...) in con-
tact with the fluid is also necessary, to have a more accurate pre-
diction of the adhesion.

5. Conclusion

Knowledge of the temperature dependence of PZC of metal and
metal oxides found in PWRs is important for the development of
models that can help to better understand the importance of colloids
in the contamination of the primary circuit. For the first time, to our
knowledge, the variation of the point of zero charge of three typical
oxides found as colloids in PWR primary circuits has been measured
between 5 and 320 �C and their protonation thermodynamic con-
stants calculated. The sign of their surface charge and their adhesion
behavior can be thus predicted in this temperature range. Results
show that, in the operating temperature of PWR, adhesion of magne-
tite, cobalt ferrite and nickel ferrite particles is favored. Investiga-
tions are in progress in order to complete these basic results on
acid–base properties of oxide particles by experiments in presence
of species (borate, lithium ions) found in primary circuits of PWR.
Other studies are devoted to an accurate measurement of the PZC
of materials constituting the walls of the PWR primary circuits.
These results will lead to a more accurate prediction of the adhesion
of colloidal species in PWR, with the aim to improve procedures used
to remove ‘hot’ spots and, in the future, minimize deposition.
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