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Abstract

Predicting the deposition of typical corrosion products (CPs) particles formed in the primary system of
pressurized water reactors (PWRs) is important for system integrity and the radioprotection of nuclear
workers. Such corrosion products foul heat transfer surfaces, promote localized corrosion and, when
made radioactive in the reactor core, transport throughout the coolant system and give rise to radiation
fields around components. Accurately predicting CPs’ propensity to transport and deposit around the
system entails knowing their zeta potentials, quantities that until now have been unavailable. The zeta
potentials of magnetite and nickel ferrite particles between 20 °C and 240 °C have been measured in
the chemical conditions representative of an operating cycle of the primary system of PWRs. The
measurements were performed via the streaming potential method as described in a previous paper —
Part I. The measured values increased with temperature but decreased with increasing
concentrations of boron and lithium. They are suitable for predicting radiation field growth around

components of a typical PWR system.

Keywords

High temperature zeta potential — streaming potential — boron / lithium chemistry — magnetite — nickel

ferrite — primary system — pressurized water reactor

1. Introduction

In pressurized water reactors (PWRs), the formation, transport and deposition of activated corrosion
products (ACPs) carrying radionuclides such as %Co, 8°Co or '"9mAg generate radiation fields that
contribute about 85% to the dose absorbed by workers during operation and maintenance [1].
Understanding the mechanisms underlying this activity transport in the reactor coolant system is

important for minimizing worker doses.

As a result of the corrosion of the metals (stainless steels and nickel based alloys) of components in
contact with the high-temperature primary coolant water, a well-known double layer oxide structure [2—
6] is formed. The inner oxide, close to the base metal, is enriched in chromium and has a very fine-
grained structure based on spinel chromite. The outer oxide is formed of coarse crystals, up to a few
micrometres in size, with an inverse spinel ferrite structure and contains slabs of nickel hydroxide [3—

5).
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Transported ACPs in the primary coolant exist either in ionic or particulate form, coming from either
the dissolution or the mechanical degradation of the oxides. Hence, the composition of particles is
often approximated to the composition of the outer oxide on the metal components. Particulate oxides
range in size from several micrometres to sub-micrometre, according to the operating phase of the
reactor [7]. Studies of the distributions, by mass and by number, of particle size [8-11] have noted
that a significant proportion of corrosion products is found within a size range inferior to 3 um, which
encompasses colloidal size (generally taken to be 1 um or below). In terms of radioactive distribution,
however, particles larger than 5 um are the most significant [7,12]. It should be noted that plants have
their own unique operating history and such studies of particle size distribution cannot generally be

applied to more than one plant.

Due to the wide range of particle size in the primary coolant, it is important to take into account both
inertial effects (predominant for large particle deposition, say for particles with a size superior to
several micrometres) and surface effects (predominant for colloids) in a comprehensive deposition

model.

Predicting the deposition of particles traditionally relies on the determination of the particle deposition
coefficient, K, [13]. As deposition is often modelled as consisting of two independent steps in series,

transport and attachment, K, may be expressed as:

1—1+1 tion 1
KKK, (equation 1)

where K; and K, are respectively the transport and attachment coefficients.

The attachment step for colloidal particles depends on the attractive London-Van-der-Waals force and
the electrical double layer force, either repulsive or attractive; these are decisive in the deposition
process. The prediction of the deposition of colloidal particles on a surface is usually solved by using
the well-known DLVO (Derjaguin, Landau, Vervey and Overbeek) [14] theory. This theory relies on the
evolution of the interaction energy either between two particles, to predict aggregation, or between a
particle and a surface, to predict deposition. In practice, the forces F influencing particles derive from a

potential ¢:

F=- V}p (equation 2)
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The total interaction potential ¢ can be expressed as:

1 = ¢4+ ¢r (equation 3)

where ¢, and ¢, are respectively the potentials arising from attractive and repulsive forces. In the
classic DLVO theory, the attractive forces consist of the Van der Waals forces and the electrical
double layer force (if the particle and the surface have surface charges of opposite sign); likewise, the
repulsive forces consist of the electrical double layer force (if the particle and the surface have surface
charges of same sign) and the Born repulsive force (due to the repulsion between the atomic orbitals

of the particle and of the surface).

From the DLVO theory, the evolution of the interaction potential between the particle and the surface
with the particle-surface distance determines whether an energy barrier exists and its value, the
comparison between the kinetic energy of the particle with this barrier will in turn determine if
deposition occurs or not. Clearly, in order to apply the theory, values of the fundamental potentials of

the particles and the surface — the zeta potential values — are required.

A few studies have aimed at the measurement of zeta potentials or at the measurement of the
point/pH of zero charge (PZC) (pH for which the zeta potential value is zero) of various oxides at the
temperatures of the primary system of PWRs. Barale [15,16], using mass titration, managed to obtain
values of zeta potential of magnetite, nickel ferrite and cobalt ferrite up to 70 °C and was the only one
to publish measurements of the PZC of typical oxides of the primary system up to 320 °C; however,
the chemical conditions were not fully representative of those of the primary system, since they

employed background ions in salts such as LiCl and KCI.

To determine the zeta potential values of typical oxides of the primary system, especially nickel ferrite
and magnetite, a test section using the streaming potential method [17] was custom-built and

connected to a high-temperature and high-pressure recirculating loop in the laboratory.

This paper describes the measurements performed in chemical conditions representative of the
primary coolant of PWRs at temperatures ranging from 20 °C to 240 °C. The results are presented,
and the influence on the zeta potential of the temperature of the system and the boron and lithium
concentrations are discussed. The set of values forms the basis of a transport/deposition model for

colloidal particles.
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2. Materials and methods

2.1 Particles

Magnetite (FesO4) and nickel ferrite (NiFe204) are of interest as being representative of particulate
corrosion products of the primary system. Commercial magnetite was used in the experiments but the
nickel ferrite was synthesized to the desired stoichiometry using an optimized solid-state method,
described elsewhere [18], that heats ingredient oxides in an evacuated 10 cm long quartz vial (see
Figure 1). Synthesized nickel ferrite particles are shown in the SEM picture in Figure 1, obtained with a
Jeol 6400 microscope. The individual particles ranged in size from about 0.3 ym to 1.3 ym and
appeared to have agglomerates or clumps between 2 um and 7 um. Magnetite powder was purchased
from Sigma-Aldrich with a purity of 95 % and a particle size stated as below 5 pm. As shown in the

SEM in Figure 1, the actual particle size range was below about 0.3 pm.

Figure 1. (a) SEM picture of synthesized nickel-ferrite (b) Quartz-vial used for the solid state-synthesis

(c) SEM picture of commercial magnetite. (one and a half page width)

2.2 Streaming potential test section and high-temperature and —pressure recirculating loop

A test section was custom-built [17] for installation in a high-temperature experimental water loop to

determine the zeta potential of the nickel ferrite and magnetite at different temperatures and

5
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boron/lithium co-ordinations pertinent to PWR coolant conditions. The test section contains a column,
electrically insulated from the loop material, that holds the sample powder between porous ceramic
membranes, allowing coolant to flow through the powder as a packed bed. Electrodes at each end of

the column allow the streaming potential to be measured.

The protocol used to prepare and run blank measurements is described elsewhere [17]. Once the
powder is packed in the column between the two membranes, the test section is installed in a bypass
in the loop. With the loop conditions adjusted to the desired temperature and chemical conditioning,
the test section is valved-in and the pressure drop across it is measured as well as the streaming

potential and the electrical resistance across the packed powder [17].

Using the equation from Jayaweera [19] for a cylindrical tube, the zeta potential value can be
determined:

AV &g, Rr*

P pr) (equation 4)

where AV is the streaming potential, AP is the pressure drop across the test section due to the packed
bed of particles, ¢, the permittivity of free space, ¢, the relative permittivity, R the electrical resistance,
r the radius of the column, n the dynamic viscosity, L the length of the packed bed and ¢ the zeta

potential.

2.3 Experimental conditions

As the goal is to determine the zeta potential values of magnetite and nickel ferrite in the chemical
conditions of the primary system of PWRs, twelve different boron/lithium co-ordinations representative
of a high-lithium chemistry regime comprised twelve experimental runs (see Figure 2). Note that
throughout the paper the concentrations are expressed in ppm, parts per million, which corresponds
to mg/kg. The concentrations of lithium were measured with KHP titrations and the concentrations of

boron with the curcumin colorimetric-extraction method [20].

For each condition, the zeta potential was measured for magnetite and nickel ferrite between 20 and
200 °C. For the last condition ([B]=1800 ppm and [Li]=3.5 ppm), the temperature was at its highest —

240 °C.
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3. Results and discussion

3.1 Zeta potential values

Prior to each measurement involving a powder, blank measurements of pressure drop were performed
on the empty column first. The blank values were subtracted from the subsequent measurements with
the powder in place. Blank measurements of streaming potential and resistance proved negligible
[17]. For a zeta potential measurement, the pressure drop and the potential values across the column
filled with 0.5 g of powder were measured and their values were averaged over a measuring time of
approximately 10 min. This was followed by a measurement of the electrical resistance of the column.

The measurement protocol is described elsewhere [17].

For the same conditions, different trials led to the same evolution of the average streaming potential as
a function of the pressure drop across the packed oxide column [17]. Using a linear regression
between the averaged streaming potential and the pressure drop, the slope of the line is extracted and
the zeta potential value calculated using the resistance measurement and the values of the viscosity
and relative permittivity of water at the corresponding temperature in Jayaweera’s formula (equation 4)

[19]. Thus, the value of the zeta potential of the packed powder is determined.

Table 1, and Table 3 present the values of zeta potential (in mV) of magnetite and nickel ferrite

obtained for the different boron/lithium co-ordinations for temperatures between 20 and 200 °C and



170  Table 2 presents the zeta potentials values of magnetite obtained between 200 and 240 °C for

171 [B]=1800 ppm and [Li]=3.5 ppm.

B/Li co-ordination 20 °C 50 °C 100 °C 150 °C 200 °C

0/0.5 -6.7 +0.5 -6.2 +0.5 -3.6 +0.3 -1.2 0.1 -0.9 0.1
200/0.6 -4.4 +0.3 -2.9+0.2 -2.0£0.2 0.0 0.1 1.1 £0.1
200/1.0 52104 -3.2£0.2 -2.4 £0.2 -1.4 0.1 0.5 £0.1
200/1.5 -5.4+0.4 -4.4 +0.3 -3.5+0.3 -25+0.2 -0.9 +0.1
550/1.5 -5.1+0.4 -4.8+0.4 -3.8 +0.3 -2.8 £0.2 0.2 0.1
550/2.0 -6.3 +0.5 -5.2+0.3 -4.1+0.2 -3.2+0.2 0.0 0.1
550/3.2 -6.4 +0.4 -5.5+0.4 -48+0.4 -4.0 +0.3 -0.8 +0.1
1000/3.5 -4.7 +0.3 -3.9+0.3 -3.1 0.2 -1.6 0.1 1.0 £0.1
1200/3.5 -7.1 +0.5 -5.9+0.4 -4.0 +0.3 -2.4+0.2 0.1 0.1
1400/3.5 -7.9 +0.6 -6.4 +0.5 -5.6 +0.4 -4.0 +0.3 -1.6 0.1
1600/3.5 -8.5+0.8 -7.7 +0.6 -5.9+0.4 -4.5+0.3 -1.5 +0.1
1800/3.5 -9.3 +0.7 -8.8 +0.7 -7.8 +0.6 -6.4 +0.5 -2.6 +0.2

172  Table 1. Values of zeta potential (mV) obtained for magnetite for the different boron/lithium (expressed

173  as B/Li) co-ordinations for temperatures ranging from 20 °C to 200 °C.

Temperature (°C) Zeta potential value (mV)
210 -2.510.2
220 -1.9 0.1
230 -1.6 £0.2
240 -1.3 0.1

174  Table 2. Values of zeta potential of magnetite for temperatures ranging from 210 °C to 240 °C

175 ([B]=1800 ppm and [Li]=3.5 ppm)

B/Li co-ordination 20 °C 50 °C 100 °C 150 °C 200 °C

0/0.5 -9.9 +0.7 -5.5+0.4 -5.2+0.4 -0.6 +0.1 -0.3 0.1
200/0.6 -8.0 +0.6 -5.0 +0.5 -3.2+0.4 0.9 0.1 3.510.3
200/1.0 -10.5 £0.3 -6.7 +0.2 -4.0 £0.2 -1.4 0.1 -0.5 0.1
200/1.5 -14.2£1.0 -12.0£1.0 -10.0 £0.9 -8.5 0.6 -5.6 +0.4
550/1.5 -4.6 +0.3 -3.50.2 -2.0+0.3 -0.5+0.4 0.7 0.1
550/2.0 -6.1 +0.2 -4.9 +0.1 -3.7+0.4 -1.9+0.3 -0.1 +0.1
550/3.2 -8.7 +0.6 -7.5+0.6 -5.6 +0.4 -3.7+0.4 -2.1+0.2
1000/3.5 -6.5+1.3 -52+1.3 -2.9+0.6 -1.6 +0.6 1.5+0.6
1200/3.5 -7.0+1.3 -5.9+0.9 -3.7 +0.8 -1.8+0.5 0.8+0.4
1400/3.5 -7.9+0.5 -6.5 +0.5 -4.5 +0.7 -2.5+0.8 0.0 £0.8
1600/3.5 -9.3 +0.7 -8 +0.4 -6.4 +0.5 -4.0 +0.6 -2.340.2
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1800/3.5 -13.0 +0.9 -12.0 +1.0 -9.1 £0.7 -6.1 0.5 -4.2 0.3

Table 3. Values of zeta potential (mV) obtained for nickel ferrite for the different boron/lithium co-

ordinations for temperatures ranging from 20 °C to 200 °C.

The uncertainties corresponding to the zeta potential values were computed by propagation of
uncertainty in Equation 4. For temperatures, as type K thermocouples were used, an uncertainty of
2.2 °C was considered. For pressure measurements, as the sensors were calibrated prior to the
experimental campaign, no measurement error was reported. The uncertainties concerning electrical
resistance measurement and potential measurement were computed through standard deviation. The

measurement error concerning the length and radius of the packed bed was taken equal to 0.5 mm.

Barale [15] obtained zeta potential values of magnetite and nickel ferrite at 20 °C in conditions where
almost the same concentration of boron as ours was used (550 ppm in this study and 500 ppm in
Barale’s). In order to study the effect of Li on the zeta potential, Barale used various concentrations of
LiCl and used a solution of KCI as reference, as K+ and CI- are indifferent toward the surface of oxides.
The pH was adjusted by addition of HCI, KOH or LiOH. The comparison is thus difficult since, in this
work, lithium was used at various concentrations to reproduce the co-ordinations representative of the
functioning cycle of a PWR. Table 4 gives a comparison of the results obtained in this study and in

Barale’s with KCI and LiCl at the same pH at 25 °C

This study Barale [15]

PH 20°C [B] 2550:)(i)pm [B] 255();Cppm

(@5°C) [B=550 ppm +L1 [KCI]=10“ mol/kg [LiCl]=10"* mol/kg

6.9 -4.6 £t0.3 mV -2mV 10 mV
NiFe204 7.2 -6.1 £0.2 mV -5mV 2mV

7.4 -8.7 £0.7 mV -9mV -2mV

6.9 -5.1 +0.4 mV -18 mV -13mV
FesO4 7.2 -6.3 £0.5 mV -25 mV -20 mV

74 -6.4 £0.4 mV -33 mV -25mV

Table 4. Comparison of zeta potential values extracted from Barale with those obtained in this work for

nickel ferrite and magnetite particles.
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As shown in Table 4, the background ions used by Barale considerably influence the zeta potential
values, as the zeta potential measured with LiCl is greater than with KCI, for both magnetite and nickel
ferrite, considerably so for nickel ferrite. For nickel ferrite, the results obtained by Barale with KCI are in
good agreement with those found in this study. For magnetite, however, the differences are large with

either KClI or LiCl.

The difference in zeta potential values between this study and Barale’s may also be linked to the
nature of the particles used for the measurements. Indeed, the choice of the preparation conditions of
the sample influences the value of the zeta potential, as shown by Jayaweera [21]. For two differently-
prepared samples of magnetite, a difference in 2.3 mV for the value of PZC was observed, one
sample seemingly retaining more negative charges than the other. The magnetite used in Barale’s
study was purchased from Alfa Aesar while ours was from Sigma Aldrich, which may explain the

differences in zeta potential measurements.

3.2 Influence of the temperature on the zeta potential value

The zeta potential for magnetite and nickel ferrite was determined for temperatures up to 200 °C for
different boron/lithium chemistries (see Figure 3 and Figure 4). For both magnetite and nickel ferrite,
the zeta potential increases with the temperature. For some boron/lithium co-ordinations, the zeta

potential can even become positive above 150 °C.
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Figure 3. Evolution with temperature of the zeta potential of magnetite for different boron/lithium co-

ordinations. (full page width)
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Figure 4. Evolution with temperature of the zeta potential of nickel ferrite for different boron/lithium co-

ordinations. (full page width)

Figure 5 shows the evolution of the zeta potential of magnetite between 20 °C and 240 °C, where
[B]=1800 ppm and [Li]=3.5 ppm (a co-ordination commonly employed in plants at the start of cycle).
The value increases fairly linearly for temperatures above 200 °C; at and below 150 °C the linearity is
less clear, but the linear regression through all the data with the R? value of 0.983 is not unreasonable.
The data also demonstrate that the streaming potential technique produces reliable measurements,
since they are in satisfactory agreement for the two different runs at temperatures at and below

200 °C. Points above 200 °C were obtained from a single run.
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Figure 5. Evolution of the zeta potential value of magnetite with temperature and the linear regression

through all data ([B]=1800 ppm [Li]=3.5 ppm). (small column size)

The test section arrangement in the high-temperature loop would not allow experiments to continue at
temperatures above 240 °C; however, if it is assumed that the linear correlation is valid for higher
temperatures, the zeta potential values (for a fixed boron/lithium coordination) can be predicted (see

Figure 5). From the extrapolation, the zeta potential of magnetite becomes positive above 280 °C.

The influence of temperature on the value of the zeta potential is significant. The temperature doesn’t
explicitly appear in the formula to determine the zeta potential value but is implicitly taken into account
in the viscosity, n, and relative permittivity, ¢,, of the coolant. It also directly influences the electrical
resistance of the column (see, for example, Figure 6). For every chemical condition and for both the
magnetite and nickel ferrite columns, the measured electrical resistance decreases with increasing

temperature.

o>

Electrical resistance (kQ)

0 50 100 150 200 250
Temperature (°C)

©Runl A Run 2

Figure 6. Influence of the temperature on the electrical resistance of the magnetite column for

duplicate runs ([B]=1800 ppm and [Li]=3.5 ppm) (small column size)

Furthermore, the temperature influences the pressure drop over the empty test section

APeppty test section @Nd therefore the pressure drop across the packed bed [17], as:

APpacked test section — APpacked bed + APempty test section (equatlon 5)

12
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Note that the APeppty test section Was determined at the beginning of each run and subtracted from the
APpgcked test sectiontO Qive the desired APy qcx.q pea during the run. Typically, the empty test section value
(mainly contributed by the pressure drop across the membranes) was 60% of the packed test section

value.

In addition, the measured streaming potential also depends on the temperature as shown in Figure 7,

where the dotted lines are linear regressions.
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Figure 7. Streaming potential as a function of the pressure drop across the packed bed for a column
packed with 0.5 g of magnetite between 20 °C and 200 °C for [B]=200 ppm and [Li]=1.5 ppm. (One

and a half page width)

To summarize, with increasing temperature, the streaming potential increases. While the pressure
drop and electrical resistance decrease; the consolidated result is an increase of the zeta potential

value with increasing temperature.

3.3 Boric acid and lithium hydroxide chemistry

In this work, the influence of the boron/lithium co-ordination on the zeta potential is studied. The
aqueous chemistry of boric acid is complex, with polyborates forming at the conditions of a PWR
fuelling cycle. The early high-temperature (up to 300°C) study by Mesmer et al. [22] of boric acid in

dilute solutions with potassium chloride indicated the formation of the orthoborate ion:
B(OH); + OH™ = B(OH); (equation 6)

13



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

The formation of diborate B2(OH); and triborate B3(OH):o occurred in boric acid solutions up to

0.6 mol/kg (~7,000 ppm as [B]) by successive B(OH)s additions:
B(OH)4+ + B(OH)3 — B2(OH)7 (equation 7)

B>(OH)7 + B(OH)s— B3(OH)10™ (equation 8)

along with minor amounts of higher polymeric species. The possibility of structures such as an oxygen
bridge and ring respectively for the diborate and triborate molecules was postulated from

thermodynamic considerations.

The recent study by Sasidharanpillai et al. [23] indicated that at least ten different borate and
polyborate species exist in boric acid solutions at different conditions. The following equilibria were
characterised:

B(OH); + OH™ = B(OH)}; (equation 9)
2B(OH); + OH™ = B,(0H)7 (equation 10)
3B(OH); + OH™ = B;05(0H); + 3H,0 (equation 11)
4B(0OH); + 20H™ = B,05(0OH)3™ + 5H,0 (equation 12)
S5B(0OH); + OH™ = Bs04(0H); + 6H,0 (equation 13)
We note that with an added base such as lithium hydroxide, the equilibrium:
Lit + OH™ = LiOH (equation 14)
leads to a salt such as lithium orthoborate:
Li* + B(OH); = LiB(OH), (equation 15)
The overall scheme is completed with the dissociation of water:
H,0 = H*+ OH~ (equation 16)

Ferguson et al. [24] concluded that in dilute solutions at temperatures above 200 °C the diborate is the
major anionic species followed by triborate (20-30% of total anions) and borate (at 10-15%), whereas

below 200 °C, triborate in the major ionic specie.

It is clear that at different temperatures and concentrations of boric acid and lithium hydroxide, the
anions available for adsorption on colloidal oxides and modification of the zeta potential are varied.

Steric considerations suggest that the hydroxide ion should be favoured followed by orthoborate. A full
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study of the systems under our experimental conditions, which would involve techniques for aqueous
chemistry measurements at high temperature, is outside the scope of this paper. It is appropriate,

however, to consider the overall effects of the coolant chemistries imposed.

3.4 Influence of the pH on the zeta potential value

The pH dependence of the zeta potential of any system is defined through the Point of Zero Charge
(PZC), defined above as the pH where the concentration of positively charged and negatively charged
sites on a surface are equal. Therefore, if the pH is below the PZC, the zeta potential is positive. If the
pH is equal to the PZC, by definition the zeta potential is equal to zero. Otherwise, the zeta potential

becomes negative. Thus, by definition the zeta potential value decreases with increasing pH.

For each boron/lithium coordination, the pH at the temperature corresponding to the experiment was
calculated using PhreeqCEA, a chemistry code and database adapted from the geochemistry code

PhreeqC developed by the US Geological Survey for PWR conditions [25] (see Figure 8).
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0 50 100 150 200 250
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Figure 8. Evolution of the pHr with the temperature for [B]=1800 ppm and [Li]=3.5 ppm. (small column
size)

For each pH at experimental temperature, pHr, the corresponding zeta potentials for solutions with the
same boron or lithium concentration are plotted to obtain Figure 9 and Figure 10. From these figures,
the evolution of the zeta potential with the pH for a fixed B/Li co-ordination can be followed. For low
concentrations of boron (up to 550 ppm), for both magnetite and nickel ferrite, as the pH increases the

zeta potential decreases. A zeta potential decrease means that more anions than cations are

15



310 accumulating within the layer of ions close to the particle. This is related to the increasing
311 concentration of OH- and B(OH)4 ions in the solution. For higher boron concentrations (between 1000
312 and 1800 ppm), the effect of the pHt on the zeta potential value is less clear as the pHt evolution with

313  temperature has an inverse-bell-shaped curve, as shown in Figure 8 for example.
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Barale [15] measured with mass titration the value of PZC of magnetite and nickel ferrite for different

temperatures with [KCI]=10-2 mol/kg. The measured PZC values were always lower than the pHr. For

the temperatures of 25 °C, 50 °C and 90 °C, the zeta potential values of magnetite and nickel ferrite

measured in this study are always negative when the pHr is above the PZC. In the absence of more

data for comparison, this assessment demonstrates a level of agreement between this study’s zeta

potential values and Barale’s.

In this study, however, as the pH of the system is governed by the concentrations of lithium hydroxide

and boric acid in the loop reacting as controlled by the equilibria introduced above, only a small range

of pH can be studied. The pHr calculated for PWR operating temperature has an even smaller range

than the measured range at ambient temperature (see Table 5).

B Li pHepri [26] pHPhreeqcEA
(ppm) (ppm) (25°C) (300 °C)
0 0,5 9.85 7.18
200 0,6 6.9 6.95
200 1 71 717
200 1,5 7.27 7.34
550 1,5 6.72 7.06
550 2 6.85 7.18
550 3,2 7.06 7.38
1000 3,5 6.65 7.21
1200 3,5 6.48 7.14
1400 3,5 6.33 7.07
1600 3,5 6.19 7.02
1800 3,5 6.07 6.97

Table 5. Values of the pH at 25 °C from the EPRI and the PhreeqCEA values for 300 °C at the

corresponding B/Li co-ordinations

It is more revealing to link the zeta potential to the separate effects of lithium and boron ions.

Accordingly, the influence on the zeta potential value of lithium hydroxide (for a fixed concentration of

boric acid) and, conversely, of boric acid (for a fixed concentration of lithium hydroxide) is examined.

3.5 Influence of lithium hydroxyde concentration

Figure 11 and Figure 12, respectively for magnetite and nickel ferrite, show the influence of the lithium

concentration on the value of the zeta potential for a fixed concentration of boron. The same trend is
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observed for both oxides: an increasing concentration of lithium leads to a decreasing value of zeta
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Figure 11. Effect of the lithium concentration on the zeta potential of magnetite for a fixed

concentration of boron of (a) 200 ppm and (b) 550 ppm. (full page width).
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Figure 12. Effect of the lithium concentration on the zeta potential of nickel ferrite for a fixed

concentration of boron of (a) 200 ppm and (b) 550 ppm. (full page width).

Concerning the effect of lithium ions themselves on the zeta potential, Barale [15,16] suggested that

due to their positive charge, high charge density and hydration state, lithium ions cannot access the
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Stern layer and therefore do not come close to the charged surface. The introduction of lithium
hydroxide, however, leads to the introduction of hydroxide ions which will predominate in the

Helmholtz layer and thus lead to a decrease of the zeta potential value.

Overall, the introduction of lithium hydroxide leads to the decrease of the zeta potential value due to
the increase of the pH and the predominance of hydroxide ions as the lithium ions are indifferent

toward the surface of the particles.

3.6 Influence of boric acid on the zeta potential value

Figure 13 shows that an increasing boric acid concentration leads to a decrease of the zeta potential
value for magnetite and nickel ferrite. This is attributed to the adsorption of borates by magnetite and

nickel ferrite as shown by Deshon and Frattini [27] and confirmed by studied conducted by EPRI [6].
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Figure 13. Effect of the boron concentration on the zeta potential of (a) magnetite and (b) nickel ferrite

for [Li]=3.5 ppm. (full page width).

Indeed, when boron (as boric acid) is adsorbed on the surface of a solid (M-OH in Figure 14, inspired
by Peak [28]), a ligand is exchanged and a negative co-ordination sphere is formed. The
chemisorption of borates creates a tightly-bound layer of negative charges next to the surface of the
solid phase. As a consequence, the first layer around the surface will be predominantly positive ions,
quite strongly attracted to the surface. The following layers of charged species will form the diffuse

layer, that will be swept away during the streaming potential measurement. As the zeta potential sign
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is related to the charges found between the surface and shear plane, the observed decrease of the
zeta potential value with an increase in the borate concentration means that the amount of negatively

charged species in the tightly bound ionic layers increases with the boron concentration.

® R
/ 1

M-OH + HO— B = M-O—B— OH + H'

% %

/°~2~ Mo N
M-O—B— OH + M-OH = . B - + H0

M-0
o 0

Figure 14. Possible reactions for the adsorption of boric acid on a surface. (small column size)

As shown in Figure 13, for a fixed boron concentration, an increasing temperature increases the zeta
potential value, which is confirmed by results from Deshon and Frattini [27]. Indeed, as temperature
increases the adsorption of borate species decreases, giving an increase in the zeta potential value.
Also, a temperature increase has an impact on the pH (see Figure 8), as above 100 °C, the pH
increases, the zeta potential is expected to decrease. As a zeta potential increase is observed when

temperature increases, the predominant effect of borate adsorption is thus put forward.

For each temperature, the difference between the zeta potential measured for a concentration in
boron of 1800 ppm and the zeta potential for a concentration of 1000 ppm was determined for
magnetite and nickel ferrite (see Figure 15). From this graph, magnetite shows bigger differences than
nickel ferrite for temperatures up to 200 °C, when the two oxides have similar values. For magnetite,
the effect of boric acid on the zeta potential value decreases with temperature, whereas for nickel

ferrite, there are no evident effect from temperature on the zeta potential difference.

20



384

385
386

387
388
389
390
391

392
393
394

395

o & b N O
HIH
®

Zeta potential difference (mV)

o]
-10
A2 ) e @ Magnetite
-14 o @ Nickel ferrite
-16
0 50 100 150 200 250

Temperature (°C)

Figure 15. Variation with temperature of the difference in zeta potential between 1800 ppm and 1000

ppm of boron for magnetite and nickel ferrite ([Li]=3.5 ppm). (small column size)

When introducing boron as boric acid, a competition between the adsorption of borate ions and the
decrease of the pH is occurring. As seen previously, while the adsorption of borates on the oxide
surface leads to a decrease in the zeta potential value, the decrease of pH leads by definition to the
presence of more positively charged species in the solution. Overall, the adsorption of borates has a

predominant effect on the zeta potential value.

Contrary to when lithium hydroxide is introduced to boric acid solutions at [B] = 200 and 550 ppm, the
introduction of boric acid at higher concentrations to lithium hydroxide solutions has no significant

effect on the electrical resistance across the column (see Figure 16).
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Figure 16. Influence of boron concentration on the electrical resistance of the (a) magnetite column

(for [Li]=3.5 ppm) and (b) nickel ferrite column (for [Li]=3.5 ppm). (full page width)

As boron or lithium is introduced, a decrease in the electrical resistance may be expected due to
higher ionic concentrations. However, boron at high concentrations does not seem to impact the value
of the electrical resistance. This could be because at higher concentrations of lithium and boron the
equilibrium Li* + B(OH); = LiB(OH), (equation 17) is pushed towards the right hand side, forming

neutral LiB(OH), .

Conclusion

This study presents values of zeta potential for commercial magnetite and synthesized nickel ferrite for
twelve boron/lithium coordinations, representative of an operating cycle of the primary system of a
PWR. The effects of the temperature, the pH, and the boron and lithium concentrations on the zeta
potential were studied. Temperature as well as boric acid and lithium hydroxide concentrations were
found to have a significant influence on the value of the zeta potential of the two oxides, typical of
primary system corrosion products. The adsorption of borate ions on the surface of colloidal particles
[29] overcomes the effect of the decrease of the pH on the zeta potential value when introducing boric
acid in the system. Lithium ions were found to be indifferent toward the surface of colloids [16] and,
therefore, the decrease of the zeta potential due to the introduction of lithium hydroxide can be

explained by the increase of the pH.

This is the first time zeta potential values of representative corrosion products of the primary system
have been obtained for temperature above 70 °C. As no other study reproduces the conditions of the
primary system of PWRs, comparisons are difficult. However, the same trends concerning the effects
of temperature and of boron and lithium ions on the zeta potential values were observed by Barale

[15,16].

This unique set of values now constitutes the basis for an extrapolation to obtain zeta potential values
in the conditions of the primary circuit, waiting for other experimental campaigns of zeta potential
determination above 240 °C. These extrapolated values will be implemented in a model to predict the
deposition of colloidal corrosion products in PWRs for the OSCAR code [30], developed by the CEA.
This deposition model couples the transport step and the deposition step, taking into account surface

effects, quantified through the notion of zeta potential.
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All figure captions

Figure 1. (a) SEM picture of synthesized nickel-ferrite (b) Quartz-vial used for the solid state-synthesis

(c) SEM picture of commercial magnetite. (one and a half page width)

Figure 2. Boron/lithium co-ordinations imposed in the system and PWR high-lithium chemistry

envelope. (small column size)
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Figure 3. Evolution with temperature of the zeta potential of magnetite for different boron/lithium co-

ordinations. (full page width)

Figure 4. Evolution with temperature of the zeta potential of nickel ferrite for different boron/lithium co-

ordinations. (full page width)

Figure 5. Evolution of the zeta potential value of magnetite with temperature and the linear regression

through all data ([B]=1800 ppm [Li]=3.5 ppm). (small column size)

Figure 6. Influence of the temperature on the electrical resistance of the magnetite column for

duplicate runs ([B]=1800 ppm and [Li]=3.5 ppm) (small column size)

Figure 7. Streaming potential as a function of the pressure drop across the packed bed for a column
packed with 0.5 g of magnetite between 20 °C and 200 °C for [B]=200 ppm and [Li]=1.5 ppm. (One

and a half page width)

Figure 8. Evolution of the pHr with the temperature for [B]=1800 ppm and [Li]=3.5 ppm. (small column
size)
Figure 9. Evolution of zeta potential with pHr of systems with a given boron/lithium coordination

(written as B/Li) for a magnetite packed column. (full page width)

Figure 10. Evolution of zeta potential with pHr of systems with a given boron/lithium coordination

(written as B/Li) for a nickel ferrite packed column. (full page width)

Figure 11. Effect of the lithium concentration on the zeta potential of magnetite for a fixed
concentration of boron of (a) 200 ppm and (b) 550 ppm. (full page width).

Figure 12. Effect of the lithium concentration on the zeta potential of nickel ferrite for a fixed
concentration of boron of (a) 200 ppm and (b) 550 ppm. (full page width).

Figure 13. Effect of the boron concentration on the zeta potential of (a) magnetite and (b) nickel ferrite
for [Li]=3.5 ppm. (full page width).

Figure 14. Possible reactions for the adsorption of boric acid on a surface. (small column size)

Figure 15. Variation with temperature of the difference in zeta potential between 1800 ppm and 1000

ppm of boron for magnetite and nickel ferrite ([Li]=3.5 ppm). (small column size)
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Figure 16. Influence of boron concentration on the electrical resistance of the (a) magnetite column

(for [Li]=3.5 ppm) and (b) nickel ferrite column (for [Li]=3.5 ppm). (full page width)

All tables

B/Li co-ordination 20 °C 50 °C 100 °C 150 °C 200 °C

0/0.5 -6.7 0.5 -6.2 0.5 -3.6 0.3 -1.2 £0.1 -0.9 0.1
200/0.6 -4.4+0.3 -2.9 0.2 -2.0+0.2 0.0 +0.1 1.1 0.1
200/1.0 -5.2+0.4 -3.2+0.2 -2.4 +0.2 -1.4 0.1 0.5 +0.1
200/1.5 -5.4 +0.4 -4.4 +0.3 -3.5 0.3 -2.5+0.2 -0.9 0.1
550/1.5 -5.1 0.4 -4.8 +0.4 -3.8 +0.3 -2.8 +0.2 0.2 +0.1
550/2.0 -6.3 0.5 -5.2+0.3 -4.1 0.2 -3.2+0.2 0.0 +0.1
550/3.2 -6.4 +0.4 -5.5+0.4 -4.8 +0.4 -4.0 +0.3 -0.8 0.1
1000/3.5 -4.7 0.3 -3.9+0.3 -3.1+0.2 -1.6 0.1 1.0 0.1
1200/3.5 -7.1£0.5 59104 -4.0 0.3 -2.4 0.2 0.1 +0.1
1400/3.5 -7.9 +0.6 -6.4 0.5 -5.6+0.4 -4.0 0.3 -1.6 0.1
1600/3.5 -8.5+0.8 -7.7 0.6 59104 -4.5+0.3 -1.5 0.1
1800/3.5 -9.3 #0.7 -8.8 +0.7 -7.8 +0.6 -6.4 +0.5 -2.6 +0.2

Table 1. Values of zeta potential (mV) obtained for magnetite for the different boron/lithium (expressed

as B/Li) co-ordinations for temperatures ranging from 20 °C to 200 °C.

Temperature (°C)

Zeta potential value (mV)

210
220
230
240

-251$0.2
-1.9 0.1
-1.6 0.2
-1.3 0.1

Table 2. Values of zeta potential of magnetite for temperatures ranging from 210 °C to 240 °C

([B]=1800 ppm and [Li]=3.5 ppm)

B/Li co-ordination 20 °C 50 °C 100 °C 150 °C 200 °C

0/0.5 -9.9 +0.7 -5.5+0.4 -5.2+0.4 -0.6 +0.1 -0.3 0.1
200/0.6 -8.0 +0.6 -5.0 +0.5 -3.2+0.4 0.9 0.1 3.5+0.3
200/1.0 -10.5 £0.3 -6.7 +0.2 -4.0 £0.2 -1.4 0.1 -0.5 0.1
200/1.5 -14.2 +1.0 -12.0 £1.0 -10.0 £0.9 -8.5 +0.6 -5.6 +0.4
550/1.5 -4.6 +0.3 -3.5+0.2 -2.0 +0.3 -0.5+0.4 0.7 0.1
550/2.0 -6.1 £0.2 -4.9 0.1 -3.710.4 -1.910.3 -0.1 £0.1
550/3.2 -8.7 0.6 -7.510.6 -5.6 £0.4 -3.710.4 -2.1 0.2
1000/3.5 -6.5+1.3 -52+1.3 -2.910.6 -1.6 +0.6 1.5 0.6
1200/3.5 -7.0+1.3 -5.9+0.9 -3.7 +0.8 -1.8+0.5 0.8+0.4

26



1400/3.5 -7.9 +0.5 -6.5 +0.5 -4.5 +0.7 -2.5+0.8 0.0 +0.8
1600/3.5 -9.3 £0.7 -8£0.4 -6.4 +0.5 -4.0 +0.6 -2.3+0.2
1800/3.5 -13.0 +0.9 -12.0 +1.0 -9.1 £0.7 -6.1 0.5 -4.2 0.3

553  Table 3. Values of zeta potential (mV) obtained for nickel ferrite for the different boron/lithium co-

554  ordinations for temperatures ranging from 20 °C to 200 °C.

This study Barale
PH 20°C [B] 255():)Cppm [B] 255;):)(;pm
(85°C) [B=550 ppm +Li [KCI1=10“ mol/kg [LiCl]=10* mol/kg
6.9 -4.6 +0.3 mV -2mV 10 mV
NiFe204 7.2 -6.1 £0.2 mV -5 mV 2mV
7.4 -8.7 0.7 mV -9mV -2mV
6.9 -5.1 £0.4 mV -18 mV -13mV
FesO4 7.2 -6.3 £t0.5 mV -25mV -20 mV
7.4 -6.4 0.4 mV -33 mV -25 mV

555  Table 4. Comparison of zeta potential values extracted from Barale with those obtained in this work for

556 nickel ferrite and magnetite particles.

B Li pHepri [26] PHphreeqceA
(ppm) (ppm) (25 °C) (300 °C)
0 0,5 9.85 7.18
200 0,6 6.9 6.95
200 1 7.1 717
200 1,5 7.27 7.34
550 1,5 6.72 7.06
550 2 6.85 7.18
550 3,2 7.06 7.38
1000 3,5 6.65 7.21
1200 3,5 6.48 7.14
1400 3,5 6.33 7.07
1600 3,5 6.19 7.02
1800 3,5 6.07 6.97

557

558  Table 5. Values of the pH at 25 °C from the EPRI and the PhreeqCEA values for 300 °C at the

559  corresponding B/Li co-ordinations

27



Zeta potential measurement of NiFe;O4 and Fes;0,4 between 20 and 240 °C
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