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Abstract
Scale deposition has occurred at steam generators of several PWRs. The scale deposition may lead to

reduction of flow rate of coolant, deterioration of heat exchanging efficiency and so on. These phenomena affect

plant operation performance. Thus, elucidation of the mechanism of the scale deposition and some effective

countermeasure are required.

In CRIEPI (Central Research Institute of Electric Power Industry), the scale deposition is studied from two

aspects: fluid dynamics and water chemistry. Concerning the water chemistry, we think that electrokinetic

behavior of scale, that is, metal oxides is of great importance. The final goal of the water chemical approach is
to evaluate electrokinetic potential (zeta potential) of metal oxides such as magnetite (Fe304) and hematite

(Fe203), and to develop some countermeasure of the scale deposition based on the electrokinetic data.

As a first step, the zeta potential of 25 jAm Fe3O4 particles was measured by the streaming potential method at

room temperature, and effect of dispersant addition was studied. The dispersants examined were polyacrylic

acid (PAA, M - 25,000) and polyvinylpyrrolidone (PVP, Mw - 40,000). It has been found that the addition of

PAA of more than 10 ppm lowers the zeta potentials by - mV in whole pH range, and that the addition of

PVP of more than 1 0 ppm reduces absolute value of the zeta potentials.

It is predicted from the experimental results of the PAA addition that the Fe304 particles will be more uniformly

dispersed in the presence of PAA of more than 10 pprn. If surface of tubings is negatively charged in the

presence of high velocity water flow, the PAA addition will suppress the scale deposition because of the

Coulomb repulsion. Otherwise, the scale deposition would be more likely. Presumably, PVP works as a steric

stabilizer, and we need further experiments to conclude whether the PVP addition prevents the scale

deposition.

It is necessary to measure the zeta potentials at elevated temperature and the streaming potentials of the

surface of tubings. In CRIEPI, we have begun to try to measure the zeta potentials at elevated temperature.
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1. Introduction

Scale deposition has occurred at steam generators of several nuclear power plants, and some studies on this

phenomenon have been done (ref. (1), 2)). The scale deposition may lead to reduction of flow rate of coolant,

deterioration of heat exchanging efficiency and so on. These phenomena affect plant operation performance.

Thus, elucidation of the mechanism of the scale deposition and some countermeasure are required.

In CRIEPI (Central Reseach Institute of Electric Power Industry), the scale deposition is studied from two

aspects: fluid dynamics (ref. 3)) and water chemistry (ref. 4)). The former contributes to design of the structure

which prevents the scale deposition. The latter is rather symptomatic therapy, and advantageous in cost-benefit

and quick response.

Regarding water chemistry, we think that

electrokinetic behavior of scale, that is, metal

oxides is of great importance. It is considered

that the Coulomb aaction between scale 4-

and surfaces of tubings may result in the

scale deposition. Usually it is impossible to 4- Shear plane

know distribution of surface charge nor
surface potential (�O) of colloidal particles �0
(see Figure 1). Instead, zeta potential

which is defined as potential at the shear

plane based on the standard potential at

infinite distance from the surface (see Figure
0 P X

1), can be measured (ref. (5)). The zeta Distance from surface

potential is sometimes approximated as

surface potential, or at least the sign of the

surface charge can be estimated. The final Figure Difinition of zeta potential.

goal of the water chemical approach is to

evaluate the zeta potentials of metal oxides
such as magnetite (Fe304) and hematite

(Fe203), and to develop some

countermeasure of the scale deposition

based on the electrokinetic data.

One of the most promising method to control dispersion of metal oxides is addition of polymeric dispersant (ref.

(6) 7. There are so many papers on dispersion of metal oxides and effect of the dispersant addition at room

temperature (ref. (8)). Polyacrylic acid (PAA) (ref 6 7 and polyvinylpyrrolidone (PVP) (ref 9 (10)) are

popular anionic and nonionic dispersants, respectively. Molecular structures of PAA and PVP are shown in
Figure 2 In the present work, the zeta potentials of 25 gm Fe3O4 at constant ionic strength were measured by

the streaming potential method. Furthermore the effect of PAA or PVP addition was studied from the view point
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of the electrokinetics. The formidable measurement of the zeta potentials at elevated temperature are also

described briefly.
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Figure 2 Molecular structures of dispersants used in the present work. (a) PAA and (b) PVP.

2. Experimental
The zeta potential was measured at room temperaure by the streaming potential method (SHIMADZU ZP-10B).
The dispersion medium is driven by N2 gas pressure to E-cell, where colloidal particles are packed and

insulated by a pair of glass filters. The pressure of N2 gas was varied in the range - 4.9x104 a. Meanwhile,

the pressure of the driving pressure (P) and the streaming potential generated (E) are monitored. The zeta

potential, is calculated from equation (1),

= 47r)7AE / eP (1)

where 11, X and are viscosity, conductivity and dielectric constant, respectively.

It is inevitable to measure the zeta potential under aerated condition, that is, in the presence Of C02- Carbon

dioxide affects both pH and ionic strength of aqueous solutions. The ionic strength of dispersion media was

adjusted to mmol dM-3 or 10 mmol dM-3 by sodium erchlorate so that ionic strength change as a result of
C02 dissolution is negligible. The values of pH were varied by addition of excess perchloric acid or sodium

hydroxide, keeping constant ionic strength. The values of pH of dispersion media were measured in the

presence of air using a pH meter (TOLEDO MP225).

Magnetite particles were purchased from Soekawa Chemicals. The nomicnal size of the magnetite is 25 �im.

Sodium erchlorate, perchloric acid solution and sodium hydroxide were supplied by Wako Pure Chemical

Industries, Ltd. Polyacrylic acid and polyvinylpyrrolidone were also purchased from Wakc, Pure Chemical

Industries, Ltd. The average molecular weights of PAA and PVP are 25,000 and 40,000, respectively. All

chemicals were used as received. All the solutions were prepared from water which was treated with ion

exchanged resin and a Millipore filter.

3. Results and Discussion
3.1 Dependence of Zeta Potential of 25 lurn Fe3O4 on pH and Ionic Strength

3



Figure 3 shows the zeta potential of the 25 �trn Fe304 as s

function of pH at ionic strength mmol dM-3 and 1 0 mmol dM-3 .

Isoelectric point (iep) of the magnetite is around 35. According 30
to literatures, iep of colloidal magnetite is 6 to 7 ref. (1l)-(13)) 0

20 ......................... ........ - o-q -

although it strongly depends on supporting electrolytes (ref. 10 ... ............ .............. ............. .............

(14)). In our experiments, following two mechanisms perhaps -
79 0 i ............... ............. ............ ...........

resulted in the shift of the iep value to the acidic pH. The first is
........ ......... ............ ............. ...........-

specific adsorption of erchlorate ion on the surface of Fe304

particles. In a previous paper, however, the addition of sodium .20

.30perchloarte of mmol dm-3 to 0.1 mol dM-3 did not change the 2 4 6 8 10 12
pH

iep value apparently (ref. (1 1)). Another possibility is impurity of Fig. 3 Dependence of 4 potential of 25 gm

the magnetite used. It is known that the impurity of colloid is in Fe .04 on pH and ionic strength.

general one of the most important factors of the zeta potential

(ref. (1 5).

Therefore, it is probable that the impurity of the present magnetite reagent affected the iep value. Actual scale in

power plants is not pure magnetite, but non-stoichiometric ferrites or their mixtures. Consequently it is not

always necessary to use pure magnetite. It is more important to use the identical magnetite particles and to pay

attention to the change in the zeta potentials when specific chemicals are added.

As shown in Figure 3 the profiles of the zeta potentials as a function of pH are almost identical for ionic

strengths and 1 0 mmol dm-3. In general the zeta potential depends on ionic strength (ref. (1 1)). In increased

ionic strength, the electrical double layer (EDL) is compressed and the zeta potential is closer to zero. The

present magnetite particles are so large that the compression of EDL might occur sufficiently even at the ionic

strength mmol dM-3. Effect of the dispersant addition is studied at constant ionic strength of 10 mmol dM-3

(see Section 3.2 and 3.3). 30

20 ............ ............. ............. .............. ............

3.2 Effect of PAA Addition
10 ... ............ ............. ............................

In Figure 4, effect of the PAA addition on the zeta
potential of the 25 Rm Fe304 at constant ionic 0 ............ ............. ------------- ...........

strength 10 mmol dM-3 is shown. The concentration 4� 10 ----------- ...... -------------- ------------- ...........0

of PAA was 100 ppb to 100 ppm. In the range 100
-20 . ........... . .......

ppb to 1 ppm, the effect of the PAA addition is not
-30

obvious. In the presence of 10 pprn PAA, the zeta 2 4 6 8 10 12
pH

potentials are apparently lowered by 5 to 15 mV in Fig. 4 Dependence of � potentW of 25 �tm

whole pH range, in particular the shift is large in the Fe 304 on PAA concentration. Ionic strength

acidic pH range. The effect of PAA 1 00 ppm addition 10 mmol dm 's.
0 PAA 0 ppm 0 PAA 10 ppm

is almost equal to that of PAA 10 ppm addition. PAA 100 ppb PAA100ppm
� : PAA 1 ppm

It is said that polymeric dispersant works through electrostatic and/or steric stabilization (see Figure 5) (ref (16),

(17)). Dispersant molecules surround a colloidal particle, and the particle is phisically isolated from another
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particles or walls of tubings (Figure 5 (b)). This mechanism is called steric stabilization, and we think that any

polymer dispersant contributes to this mechanism to some extent. In addition, when dispersant is anionic or

cationic it will work also as an electrostatic stabilizer. Polyacrylic acid is a well-known anionic dispersant

(equation 2)).

(CH CH(COOH))n-1(CH CH(COO-)) + H (2)

(CH2CH(COOH))n

Probably, PAA molecules attach a magnetite particle and convey negative charges to its surface irrespectively

of pH. As a result, the zeta potentials are shifted to more negative values. It should be noted that especially in

the acidic pH range the sign of the zeta potentials is turned from positive values to negative ones.

Coulomb

repulsion

ical

solation

Coulomb
repulsion .... ..... I........ ....

(a) (b)

Figure 5 Electrostatic stabilization (a) and steric stabilization (b).

3.3 Effect of PVP Addition

In Figure 6 effect of the PVP addition on the zeta

potential of the 25 jtm Fe3O4 at constant ionic

strength 10 mmol dM-3 is shown. The concentration 30

of PVP was 100 ppb to 10 ppm. In the range 100 20

ppb to ppm, the effect of the PVP addition seems 10

negligibly small. In the presence of 10 ppm PVP, 0

absolute values of the zeta potentials are slightly
48 10

reduced in whole pH range. P4

-20

Polyvinylpyrrolidone is a nonionic dispersant, and -30

will not change the sign of the surface charge of the pH
Fig. 6 Dependence of potential of

25 �tm Fe3O4- It is considered that the shear plane 25 gm Fe 304on PVP concentration.

,3of the Fe3O4 particle is further from the surface in Ionic strength 10 mmol dm

the presence of PVP molecules which aach the

surface of the Fe3O4 particle (Figure 7 Therefore,

the zeta potentials are closer to the potential at

infinite distance, that is zero.
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Figure 7 Hypothesized mechanism of PVP addition.

(a) in the absence of PVP; (b) in the presence of PVP.

3.4 Zeta potential at elevated temperature and appropriate dispersant

So far, the zeta potential measurements at room temperature were described. Previously there have been a few

papers on the titration experiments (ref. (18), 19)) or the zeta potential measurements (ref. 20)-(22) at

elevated temperatures, but we could not find any papers on the effect of dispersant addition on the high

temperature zeta potentials.

We briefly discuss the effect of polymeric dispersant on the zeta potentials at elevated temperature. One aspect

of surface properties is expressed by equilibrium constant (ref. 23)). The equilibrium constant shows affinity of

the surface to proton or hydroxide ion for hydrolysis (equation 3)), and polymeric dispersant for adsorption

process (equation 4)).

OH- H+
-M(OH)2- <- MOH > -MOH2+ (3)

-MOH RH > MOH-RH (4)

It is difficult to extrapolate accurately the equilibrium constant to high temperature value. It could be possible to

estimate temperature effect of several factors. As shown in Figure 5, polymeric dispersant generally acts

through one or two mechanisms. For electrostatic stabilization, dielectric constant plays a significant role. With

the temperature change from 25 to 250 OC, the relative dielectric constant Er decreases from 78 to 27 (ref. 24)).

If the distance between charges is not changed, the Coulomb force increases by a factor of 2.9. On the other

hand, it is considered that the steric stabilization is predominantly governed by thermal energy which gives

kinetic energy of molecules. The thermal energy depends on degree of freedom of the molecule, but is given on

the scale of kT/2 anyway, where k is the Boltzmann constant. With increase of temperature from 25 to 250 OC,

the thermal energy increases by a factor of 1.8 if the degree of freedom of the molecule is unchanged.

From the rough estimation above, the electrostatic stabilization will be more dominant than the steric

stabilization at elevated temperature. That is, ionic polymeric dispersant will be effective to disperse colloids at

elevated temperature. This conclusion recommends PAA rather than PVP. However, there is still a possibility
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that the PVP addition suppresses the scale deposition. We need further study such as simulation experiments

of the scale deposition (ref 4 in order to conclude whether the PVP addition is promising. As future work,

many parameters (molecular structure, molecular weight of dispersant, dispersant concentration) should be

optimized, and pyrolysis of dispersant should be studied.

3.5 Zeta potential measurement at elevated temperature

As the final step of the present research project, it is necessary to measure the zeta potentials at elevated

temperature. We have constructed the experimental setup (Figure 8). The apparatus is based on the streaming

potential method. The maximum temperature for experiments is 250 OC, which is determined by the insulation

material. We use Rulon, thermal stability of which is actually the same as PTFE (polytetrafluoroethylene).

The experiments are now in progress.

S ...........
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IRA
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Figure 8 Schematic diagram of experimental system for zeta potential measurement at elevated temperature. :

make-up tank; 2 pump; 3 heater; 4 chamber for measurement of streaming potential of tube; 5: chamber for

measurement of zeta potential of colloid; 6 two platinum electrodes for measurement of conductivity by AC

impedance; 7 Ag/AgCl reference electrode; 8: pH electrode used together with reference electrode 7); : heat

exchanger; 1 0: filter; 1 1: regulatory valve.

References

(1) Franz Ammann and Urasula Hollwedel, "Steam Generator Desludging", Nucl. Eng. nt., vol. 46, No.565, PIP

16-17(2001)

7



(2) P. C. Das, S. Velmurugan, P. K. Sinha and P. K. Mathur, "Electrophoretic Studies on Corrosion Products

from Secondary Side of Nuclear Steam Generators", Trans SAEST, 23, 39-44(1988).

(3) Kimitoshi Yoneda et aL, "Evaluation of the Flow around the Tube Support Plate and its Effect on Scale

Deposition", 4th CNS International Steam Generator Conference (Toronto, Canada, 2002), to be published.

(4) K. Miyajima, K.Yoneda, A.Yasuo and H.Hirano "Effect of Flow-hole Structure and Water Chemistry on Scale

Deposition at Leading Edge of SG Tube Support Plate", in preparation.

(5) Hiroyuki Ohshima, "Interfacial Electrokinetic Phenomena", Surfactant Sci. Ser. 76, 19-55 1998).

(6) Paul Burgmayer, Rosa Crovetto, Carl Turner and Stan Klimas, "Effectiveness of Selected Dispersants on

Magnetite Deposition at Simulated PWR Heat Transfer Surfaces", At. Energy Can. Ltd. [Rep.], AECL 1999).

AECL-11976, kiv 112.

(7) P. V. Balakrishman, S. J. Klimas, L. L6pine and C. W. Turner, "Polymeric Dispersants for Control of Steam

Generators Fouling", At. Energy Can. Ltd. [Rep.] AECL (11 999). AECLA 1975, COG-99-165-1, kiv, 1-1 3.

(8) R. Greenwood and K. Kendall, "Selection of Suitable Dispersants for Aqueous Suspensions of Zirconia and

Titania Powders Using Acoustophoresis", J. Eur. Ceram. Soc., 19, 479-488(1999) and references are cited

herein.

(9) Tatsuo Sato and Shigeru Kohnosu, "Effect of Polyvinylpyrrolidone on the Physical Properties of Titanium

Dioxide Suspensions", Colloids Surf. A, 88, 197-205(1994).

(1 0) Tatsuo Sato, Atsushi Sato and Takaaki Arai, "Adsorption of Polyvinylpyrrolidone on Titanium Dioxide from

Binary Solvents (Methanol/water) and its Effect on Dispersion Stability", Colloids Surf. A, 142, 117-120(1998).

(11) Zhong-Xi Sun, Fen-Wei Su, Willis Forsling and Per-Olof Samskog, "Surface Characteristics of Magnetite in

Aqueous Suspension", J. Colloid Interface Sci., 197, 151-159(1998).

(12) Alberto E. Regazzoni, Miguel A. Blesa and Alberto J. G. Maroto, "Interfacial Properties of Zirconium

Dioxide and Magnetite in Water", J. Colloid Interface Sci., 91, 560(1983).

(13) P. H. Tewari and A. W. McLean, "Temperature Dependence of Point of Zero Charge of Alumina and

Magnetite", J. Colloid Interface Sci., 40, 267(1972).

(14) Oscar Perales Perez, Yoshiaki Umetu and Hiroshi Sasaki, "Electrokinetic Characteristics of Magnetite

Produced atAmbient Temperature", Shigen to Sozai, 116, 297-301(2000).

8



(15) L. Garcell, M. P. Morales, M. Andres-Verg6s, P. Tartaj and C. J. Serna, "Interfacial and Rheological

Characteristics of Maghemite Aqueous Suspensions", J. Colloid Interface Sci., 205, 470-475(1998).

(16) M. Burke, R. Greenwood and K. Kendall, "Experimental Methods for Measuring the Optimum Amount of

Dispersant for Seven Sumitomo Alumina Powders", J. Mater. Sci., 33, 5149-5156(1998);

(17) R. Greenwood and K. Kendall, "Effect of nonic Strength on the Adsorption of Cationic Polyelectrolytes onto

Alumina Studied Using Electroacoustic Measurements", Powder Technol., 1 3 148-157(2000).

(18) Michael L. Machesky, David J. Wesolowski, Donald A. Palmer and Ken Ichiro-Hayashi, "Potentiometric

Titrations of Rutile Suspensions to 250 OC", J. Colloid Interface Sci., 200, 298-309(1998).

(19) David J. Wesolowski, Michael L. Machesky, Donald A. Palmer and Lawrence M. Anovitz, "Magnetite

Surface Charge Studies to 290 OC in Situ pH Titrations", Chem. Geol., 167, 193-229(2000).

(20) Yu V. Alekhin, M. P. Sidorova, L. 1. Ivanova and L. Z. Lakshtanov, "Investigation of the Electrokinetic

Potential and the Adsorption of Ions on A1203 and SiO2 at High Temperatures and Pressures", Kolloidn. Zh.

(EngI. Trans.), 46, 1195-1198(1984).

(21) P. Jayaweera and S. Hettiarachchi, "Determination of Zeta Potential and pH of Zero Charge of Oxides at

High Temperatures", Rev. Sci. Instrum., 64, 524-528(1993).

(22) P. Jayaweera, S. Hettiarachchi and H. Ocken, "Determination of the High Temperature Zeta Potential and

pH of Zero Charge of Some Transition Metal Oxides", Colloid Surf. A, 85, 19-27(1994).

(23) George E. Parks, "The Isoelectric Points of Solid Oxides, Solid Hydroxides, and Aqueous Hydroxo

Complex Systems", Chem. Rev., 65,177(1965).

(24) Donald G. Archer and Peiming Wang, "The Dielectric Constant of Water and Debye-Hackel Limiting Law

Slopes", J. Phys. Chem. Ref. Data, 19, 371-411(1990).

9


