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ABSTRACT

The study forms part of a programme of research into

corrosion product behaviour in progress at Aktiebolaget

Atomenergi. Attention is in this instance focused on the

influence of electrokinetic factors upon the deposition of

particulate corrosion products. The work has involved the

development of experimental apparatus and techniques and the

investigation of the deposition characteristics of FeO(OH)

and MnO_ at temperatures below 100°C. i

The experimental results indicate that the deposition '

rate of the compounds under review depends mainly upon the |

zeta potential (O of the particle and of the test section

wall. The deposition rate attains a maximum when the zeta

potential is at a minimum or zero. Deposition occurs when

| r, | <, 40 mV. Outside this interval deposition is not observed.

Furthermore, the deposition rate maximum depends upon

the rate of change of pH both as regards its magnitude and

its position on the pH scale. This dependence can be accoun-

ted for in terms of a general drain of material from the

loop and a difference in zeta potential between particles

and the wall surface of the test section.
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1. INTRODUCTION

The corrosion processes in nuclear and conventional

fossil-fired power plants produce corrosion products which

are released to the coolant. The released material can be

either in a dissolved or in a particulate state. Where

particles are formed the size generally exceeds the colloi-

dal range during ageing.

The corrosion products are transported throughout the

system by the coolant. Some will be removed in the clean-up

systems and some will be deposited on system walls. The heat

transfer surfaces are the most sensitive in this respect and

in a nuclear power plant this refers mainly to the surfaces

of the fuel cladding. One consequence of deposition is a

diminished heat transfer while in a nuclear power plant

neutron activation of the deposited corrosion products leads

to additional problems. Thus, radioactivated material which

is generated will be released from the fuel cladding surfaces

and carried into the system where redeposition and the

ensuing build up of radioactivity will lead to increased

personnel doses. The latter effect is regarded as being one

of the most serious and expensive problems in a nuclear

power plant and strenuous attempts are being made to provide

a solution.

Measures taken include one or more of the following.

1. Choice of better constructional materials at the design

stage. A "better" material is defined as one having a

lower corrosion rate and a very low content of elements

with long-lived activation products (above all cobalt).

2. Formation of effective passive layers on the metal

surfaces with capacity for reformation following dis-

turbance.

3. Improvement of the clean-up systems.

4. Preventing deposition of the corrosion products on the

fuel elements and other system surfaces.

5. Decontamination.
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The problems arising in connection with point 4 have

been the subject of earlier studies at these Laboratories.

No consideration was given, however, to the significance of

electrokinetic phenomena and their role in deposition. This

aspect has therefore been chosen as the main object of the

present investigation, attention being paid to the possible

dependence of the rate of corrosion product deposition on

electrokinetic factors at temperatures below 100°C. It is

worth noting that in the fields of paper-pulping, water

treatment and dyestuff manufacture the significance of elec-

trokinetics as a means of understanding the behaviour of the

relevant particulate materials in water has been thorougly

documented [1 - 13].

The present account is a summary of the company reports

[14 - 26].

2. LITERATURE

The initial step in the project took the form of a

literature survey by Eistrat [27]. This covers electrokine-

tic theory and the methods by which electrokinetic mobil-

ities and potentials can be measured. Since the survey

constitutes an effective penetration of the literature up to

1974, an extensive discussison of published work will not be

given in this account.

3. EXPERIMENTAL

3.1 Loop

The experiments were run below 100 C at atmospheric

pressure in the test loop shown in Fig 1.

The loop comprises a heated glass vessel, recirculation

piping of glass, a vertical test section made of stainless

steel (SIS 2333) and a main circulation pump. The loop

volume is 1 100 cm and the pump capacity ranges between

0 and 100 cm: -1

t
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3.2 Test compounds

The choice of test compounds was governed by the demand

for easy methods of synthesis and handling, resemblance to

relevant power plant corrosion products and the availability

of suitable radiotracers. The choice was also guided by ref-

erences [28 - 40], where results for the electrokinetic

characteristics of different metal-oxides etc are discussed.

Tewari's [28 - 32], Nakatsuka's [33] and Kurosawa's [34]

studies are of special importance as they concern Fe,O.,

MnO^ and ferrites. A catalogue of isoelectric points is

given in a publication by Parkes [35] and other general data

are found in [36 - 40].

Table 1 lists the compounds under discussion. Table 2

provides a comparison of qualitative solubility properties

and Table 3 lists data for some possible radiotracer isotopes

together with the isoelectric points of some relevant com-

pounds. Study of these tables indicates that, according to

the demands mentioned above, Fe and Mn are the most favour-

able elements for study. FeO(OH) and MnO2 were finally

chosen as test compounds since they were considered to show

the closest resemblence to real corrosion products and to be

easy to synthesize and handle.

It should be emphasized, however, that these compounds

are not completely characterized. The compositions cannot be

written FeO(OH) and MnO2 with certainty, but these formulae

will nevertheless be used in the text for convenience.

3.3 Experimental techniques

The compounds were prepared at the time of the experi-

ment and dosed into the test loop at the same speed, con-

centration and age distribution in every run. The compounds

FeO(OH) and MnO2 were marked with Fe-59 or Mn-54 respec-

tively. Since the loop was operated on a feed and bleed

basis, the total concentration of Fe or Mn in the loop water

reached a steady state. This equilibrium was disturbed,

however, as deposition occured. No electrokinetic measure-

ments were made before the steady state had been reached.
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FeO(OH) was synthesized from solutions of NaOH and

FeCl3 marked with Fe-59. When mixed, these react as follows:

Fe + + 30H~ • Fe(OH)3(s) * FeO(OH)(s) + H20

MnO2 was synthesized by mixing KMnO4, MnCl2 and NaOH

solutions, which react according to:

40H~ + 2 MnO4 + 3Mn2+ t 5MnO2(s)

The MnCl2-solution was marked with Mn-54.

Dilute HC1 and NaOH solutions were used to adjust the

pH-value. The solutions were fed to the loop at rates and

in concentrations which allowed rapid, slow or step-wise

changes in pH.

As a rule, deposition rate, corrosion potential, pH and

z,-potential were measured in each run. Since the r,-potential

is a function of pH, it is clear that the pH-value serves as

an indirect measure of c-potential. The deposition rate was

determined by measuring the build-up of radioactivity on the

walls of the steel test section.

The build-up was determined from the gradient of the

recorded activity curve, which shows the counting rate in

counts per second as a function of time. Accordingly the

deposition rate is expressed in cps • min .

The corrosion potential of the test section surface

relative to a standard calomel electrode was also registered.

The values of pH, activity build-up and corrosion potential

were recorded both simultaneously and continuously. The loop

and measurement equipment is shown in Fig 1. As the experi-

mental technique developed during the course of the work

several modifications were made to the experimental appara-

tus. The test loop and equipment shown in Fig 1 represent

the most extensive development.

The theory underlying the micro-electrophoretic tech-

nique for determining c-potentials is described in [41].
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The practical application of the method to the present study

is as follows. A quantity of loopwater was led off to the

electrophoretic cell (Fig 1, 2 ) , where the stream was stopped

and the water enclosed. The mobility of the suspended par-

ticles in an applied electric field was determined by visual

observation in the microscope shown in Fig 2. The observa-

tions were repeated 10 times within 5 minutes and the pola-

rity of the electric field was reversed between each obser-

vation. The mean v.ilue of the 10 observations was taken as

constituting a reading.

The measurements were made as rapidly as possible after

enclosing the water in the cell because of the risk of

turbulence. The turbulence generally appeared after 7 - 1 2

minutes. The polarity reversion was necessitated by the fact

that the electrophoretic mobility was not the same in both

directions.

3.4 Reliability of the measurements

Fig 3 is a plot of mobility as a function of cell

depth. Measurements were performed at three different times

but under identical experimental conditions. The result

indicates that the determination of electrephoretic mobility

at room temperature can be made with relative error of

± 15 %.

4, RESULTS

4.1 Deposition of FeO(OH)

Experiments were performed at 25°C with increasing, de-

creasing and step-wise changes of pH. From the results shown

in Figures 4 - 7 , two observations are noteworthy. Thus the

maximum of the deposition rate occurs at pH » 7 while the

height of the maximum appears to depend on the rate of

change of pH. The latter effect is further illustrated by

the results in Fig 7 which correspond to a step-wise change

of pH. The maximum of !.he deposition rate still lies at a pH

of 7 but it is smaller chan that produced by a continuous
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change of pH by a factor of ten. The reproduceability of

this effect is illustrated in Fig 8. In this experiment pH

was lowered continuously to 8.4 at which value it was held

constant. The deposition rate fell to the lower value found

in Fig 7 for a step-wise pH-change.

Results for the simultaneous measurement of i,-potential,

corrosion potential and deposition rate, as functions of pH

are shown in Fig 9. At high pH-values the particles are

negatively charged, whereas at low pH-values they are posi-

tive. At a pH « 7 the r,-potential of the particles is zero.

The deposition rate is also greatest at pH « 7 and deposi-

tion occurs when | c, | <_ 40 mV.

The results from the measurements at 80°C are shown in

Figures 10 - 12. In principle they are the same as those

obtained at 25 C. The position of the deposition rate maxi-

mum depends, however, on whether the pH is raised or lowered.

Thus, as pH increases the maximum occurs at pH « 6 whereas

the value is » 9 for decreasing pH. There is also a slight

tendency for peak-base broadening as the rate of pH change

is reduced.

At this temperature test samples were taken from the

loop and passed at 80°C through a 0.45 um millipore-filter.

The filter activity is plotted as a function of pH in Fig

13. From this it will be seen that for increasing pH the

filterable activity in the loop-water falls to a minimum at

a pH of 6 which coincides with the maximum for the deposi-

tion rate. A similar coincidence is observed at a pH rate of

9 for the filterable activity and deposition rate produced

by conditions of falling pH.

At 80°C simultaneous measurement was made of r,-potential,

corrosion potential and deposition rate as functions of pH.

The results are shown in Fig 14. The variation of c-potential

as a function of pH is approximately the same as at room

temperature. The deposition rate is greatest at pH « 6

when g2S > 0 and at pH w 9 when ^ < 0.

The interval of c-potential in which deposition occurs

is also approximately the same as at room temperature namely,

|c| <, 40 mV. The absolute maximum value of the <;-potential

is somewhat lower at 80°C by comparison with that at 25 C.
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4.2 Deposition of ^

The deposition of FeO(OH) was studied with variable

« In the investigation of MnO_(s), -J2- was small in all

cases. The limits for the pH-interval were approximately 1

and 13. Owing to high conductivity values, however, diffi-

culties were experienced in making measurements at pH values

close to these limits.

At room temperature the maximum of the deposition rate

occurred at pH « 3 for both ^~ > 0 and < 0 (Fig 15) . The

deposition interval was 1 ;< pH <, 4.

The results obtained for measurements of ^-potential

and corrosion potential at 25°C and of deposition rate at

25 C and 80 C are shown in Fig 16 as a function of pH.

Clearly, the MnO~ particles are negatively charged in all

cases and the absolute value of their ^-potential falls to a

minimum as the deposition rate attains a maximum.

Two deposition maxima were observed, occuring at pH

values of roughly 3 and 12. No signs of deposition could be

detected between the two rather narrow deposition intervals.

At pH » 8, in between these deposition intervals, there

seems to be a change in the level of r,-potential from -50 mV

to -70 mV.

Fig 17 shows the dependence of deposition rate on pH

at 80 C. There are two deposition intervals. One occurs at

3.0 < pH < 3.5 and the other at 12.0 < pH < 12.5.

Between these intervals no deposition was observed in

any of the experiments. The higher deposition interval is

not, however, altogether reproduceable. In general, the

deposition rate was lower when -rf- < 0 and vanished completely

in some experiments.

4.3 Phase analysis

X-ray powder diffraction analysis performed on FeO(OH)

and MnO- showed that the particulate material suspended in

the loop water was X-ray amorphous at all pH values.

An attempt was made to characterize the suspended

material in the MnO_-runs by differential thermal analysis.

The results of these analyses are shown in Figures 18 - 22.
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4.4 Summary of the results

The main results of this investigation are as follows:

There is a strong dependence of deposition rate on pH.

The rate of pH change, •?£-, influences the magnitude

and position on the pH-scale of the deposition rate

maximum.

There are two deposition rate maxima for MnO_.

A possible dependence of deposition rate on temperature

is not evident within the investigated pH range.

Deposition occurs when the r-potential of the particles

in the system lies in the range I c ! X. 40 mV (3?— is

low) .

The deposition rate for FeO(OH) attains a maximum when

r = 0 mV (̂ p is low) .

The amount of filterable material separated on a 0.45

ym MP-filter varies with pH.

5. DISCUSSION

5.1 The deposition rate dependence on pH

Of the results obtained in this investigation, one is

especially significant. This is the strong correlation

between the deposition rate and the pH of the system water.

This effect can be interpreted as a variation with pH either

of the solubility or of the surface charge and thus the 5-

potential of the particles.

If the deposition rate dependence on pH can be attributed

to a solubility effect, the deposition rate should be propor-

tional to some degree to the amount of particulate material

in the loop water.

If surface charge effects (electrostatic attraction)

underly the dependence, the r,-potential of the particles

might be thought to posess a low value in the pH-range of

deposition. Alternatively a difference in c-potential is to

be expected between the particles and the surface of the

test section.
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5.1.1 Solubilit^effects

References [42 - 70] discuss solubility effects and

provide data in the field under review. These sources partly

form the basis for the following discussion, which outlines

the alternative mechanisms and provides a choice of the most

probable.

Solubility calculations have not been performed for the

iron system actually studied in this work in view of the

complications introduced by the presence of a number of

different phases and the considerable number of hydrolysis

steps involving the hydrated Fe(III) ion etc [52, 69]. The

discussion is therefore based on data found in the literature.

The solubility of FeO(OH) has been discussed by a

number of authors. In [68] the solubility product of Fe(OH),
-47

is quoted as being 6.5 • 10 . From other data [67] a
-22

value of 1.1 • 10 has been obtained by calculation.

Although these values refer to Fe(OH)3, the formula:

FeO(OH) (s) + H20 Z Fe(OH)3 (s)

gives a link between the two species. The equilibrium con-

stant (pK) is 6.5 according to Biedermann [69].

In Figure 23, which is from Schindler [57], the solu-

bility of "active" amorphous Fe(OH)3, "inactive" Fe(0H)3 and

ot-FeO(OH) is shown as a function of pH. It can be seen that

the "active" Fe(OH), species is the most easily dissolved
3+

and a-FeO(OH) the most difficult. The value of log [Fe ]. .
3+ t o t

lies in the interval -7 < log [Fe Jtot
 < "5 as pH varies

between 4 and 13.

According to Lengweiler [55J, an increase in solubility

was observed with increasing age. This was valid in the

interval pH > 3.5. The solubility data in Fig 24, taken from

[55], are valid for aged systems. They accordingly provide

an upper solubility limit. The figure therefore indicates

that the solubility of freshly precipitated ~ FeO(OH) does

not exceed ~ 10~ mol • 1~ in the interval 3.5 < pH < 12.
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In the present investigation the Fe -concentration

previous to precipitation was ~ 2 • 10~ mol • 1~ . The

solubility limit was therefore exceeded by at least one

power of ten over the whole pH range under investigation.

Lengweiler [55] suspected that the greater part of the

dissolved Fe(III) ic in a colloidal state. His investigation

was therefore complemented with an ultra centrifuge test

which demonstrated that the collodial fraction was consider-

able, at least in the pH range 5 - 1 2 (Fig 25). Accordingly,

if only genuinely dissolved iron were to be considered, the

solubility values would be much lower than those indicated

above.

The results obtained in the present investigation

demonstrate a dependence of deposition rate on pH which in

all essentials differs from that expected from the solu-

bility data referred to above. If the deposition rate were

dependent on solubility factors a fairly constant deposition

rate should operate throughout the interval 3.5 < pH < 12.

This is clearly not the case since the deposition rate

dependence on pH exhibits a marked and essentially narrower

maximum than that expected should solubility factors be sig-

nificant. Solubility effects are therefore considered to be

unimportant for the isothermal deposition of FeO(OH) (s) .

According to [57], MnO- is insoluble for values of

pH > 2. An upper limit is not given but Mn(II) is stated as

being very easily oxidized to oxomanganates in warm NaOH

solution should an oxidizing agent such as MnO. be present.

If the hydroxide concentration is very high, oxomanganates

might precipitate from the solution [70]. No information

about ageing effects has been reported.

The solubility data available for MnO2 is not as exten-

sive as that for FeO(OH). The general solution behaviour is,

however, the same and it is probable that the same mechanism

operates with both compounds. Accordingly, the isothermal

deposition of MnO- should not be influenced by solubility

factors.
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On the other hand there are both strong and clearly

similar arguments for an electrokinetic explanation of the

dependence of deposition rate on pH for FeO(OH) and MnO_.

The first argument is based on the observation that

deposition does not occur outside very narrow pH-ranges of

approximately 2 - 3 units, where the z,-potential is low,

| r, | £ 40 mV. In the consideration given above to solubility

effects it was concluded that particulate material is pre-

sent in the loop water over a pH-range of approximately 9

units. It is noteworthy that the isoelectric points are

found tor the phases Fe(OH)3, a-FeO(OH) and y-FeO(OH) in the

pH-range 6 - 9 , and tor MnO- at approximately pH = 3 [27].

Electrokinetic data quoted in the literature thus coincide

with measurements made in the present investigation.

A further argument which favours the electrokinetic

explanation for the deposition rate dependence is provided

by observations made by Lengweiler [55]. From his investiga-

tion it appears that the colloidal particle size exhibits a

maximum whose shape and position are almost identical with

those found in the present investigation (see Figures 4 and

25). This means that the size of the particles is greatest

at the point where the i;-potential has a minimum.

Clearly, the electrokinetic approach provides a better

fit for the observed data than does the solubility approach.

It seems therefore safe to conclude that electrokinetic

factors play a major role in the deposition of particulate

FeO(OH) and MnO~ on stainless steel surfaces below 100°C at

atmospheric pressure.

The deposition mechanism might be described as follows.

As the surface charge, and hence the zeta potential between

the particles and the surface of the test section, falls

to a minimum or equals zero, the repulsive forces oetnfen

the particles, and between them and the surface of the test

section, also reach a minimum. The particles can thus adhere

and form larger particles, an effect which is in accordance

with the results of the ultra centrifuge runs. For the same
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reason the particles can also be expected to adhere to the

surface of the test section, as has been observed in the

present investigation.

5.2 The magnitude and position of the deposition

rate maximum

Figures 10 - 12 demonstrate that for FeO(OH) the posi-

tion and the magnitude of the maximum of the deposition rate

depend upon the sign and magnitude of the rate of change of

pH, jjf-. With increasing pH, deposition occurs at lower pH

values while the converse also applies. When the pH-ohange

is rapid, the size of this maximum is in general larger.

A mechanism for the observed phenomena is proposed as

follows. Figures 10 and 14 demonstrate that c-potential as a

function of pH takes the form of an inverted S-shaped curve.

This shape is fundamental to the discussion.

Since the flow in the test section is turbulent and

rapid, it is to be expected that the pH-value would, in

principle, vary across the radius of the test section tube,

as shown in Fig 26. The curve indicates that as pH is altered,

the bulk water phase, in which the particles of corrosion

product are carried, exhibits a pH which is ahead of that of

the double layer of the test section surface. Clearly this

also applies to the water born particles relative to the

double layer of the test section surfaces. Their pH will

exceed that of the surface when pH is increased and will be

exceeded when pH is decreased. The ^-potential curves of the

particles and of the wall should thus be displaced relative

to each other as shown in Fig 27, where the c-potential

curves are shown qualitatively as a function of pH. The

inverted S-shape and the relative positions of the ;;-curves

yield the following conclusions:

1. At low and high values of pH the potential difference

between the corrosion product particles and the test

section surface is small.

2. At intermediate pH-values there is a potential differ-

ence between the corrosion product particles and the

test section surface.
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3. The above mentioned difference increases to a certain

extent as -£— increases.

Accordingly the deposition mechanism at different

values of -J2- should be as follows:

When -j*|— w o the particles and the test section surface

have almost the same c-potential. In this situation deposi-

tion should occur only when z, « 0 mV; the pH range where

deposition occurs should therefore be quite narrow since the

r, curve for FeO(OH) is fairly steep.

When |g£-| * 0 the c-potentials for the particles and

the test section surface differ from each other and there

will be an electroscatic attraction between them. This

attraction will occur over a broad range of pH, as indicated

in Figures 1 0 - 1 2 . To a certain extent this broadening

causes the deposition to occur earlier as |J?~I increases.

The driving force for deposition thus increases as

|J^~I increases and this explains the dependence of the

value of the deposition rate maximum upon Ig?—I•

While a mechanism of the above type would clearly

produce a broadening of the pH-range in which deposition

occurs, it would also increase the deposition rate. This

effect will influence the amount of particulate material

present in the water. Accordingly, the water is more rapidly

depleted of particulate material as the deposition rate

increases. This accounts for the spike-like appearance of

the deposition rate curves in Figures 10 - 12, with material

vanishing from the water as shown in Fig 13. In this diagram

the amount of filterable particles present in the water is

shown as a function of pH.

Careful study of the deposition rate curves in Fig 11

shows that there is a tail to each one. This lies below the

maximum for the curve obtained with decreasing pH and beyond

the maximum for the curve obtained with increasing pH. This

phenomenon provides support for the argument presented above

since it indicates a tendency for the pH-range of deposition

to be broadened. The occurence of the "tail" could be due to

a different age and size of the particles which leads to a
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scatter in mobility and in ability to reach the wall where

deposition occurs. The potential difference is probably

greater in the tail of the deposition curve than in the re-

gion of the maximum. The particles which experience diffi-

culty in depositing at a lower level of driving force, will

thus deposit in this rejion.

The above discussion is based upon the fact that the

replenishment of the system occured at a fairly slow rate.

Thus, the feed rate of new solution was approximately 10

ml • min . Since the total volume of the system was more

than 1 000 ml, more than 100 minutes are required to build

up the same concentration of corrosion product if the exist-

ing particles are first removed from the system by deposition.

5.3 The MnOp deposition rate maxima

Fig 17 exhibits two maxima, one at pH * 3 (25°C and

80°C) and the other at pll « 12 (80°C) . The second of these

maxima, namely that at high pH values, is not fully repro-

duceable.

According to one literature source [27] MnO» yields

only a single IEPS and therefore only one deposition rate

maximum, namely at pH » 3, The occurence of the second

maximum, at pH « 12 might be explained by a phase transition,

for example.

The c-potential curve in Fig 16 suggests that such a

transformation occurs at pH « 8. It is seen in the figure

that the c-potential changes from a lower value (~ 50 mV) at

pH values below ~ 8 to a higher value (~ 70 mV) at larger pH

values.

Attempts to obtain X-ray powder diffraction patterns of

material obtained at the different pH-values indicated that

the material was X-ray amorphous. Phase analysis was there-

fore attempted by differential thermal analysis (DTA) of

material separated at pH values of 3.2, 7.0 end 12. The

results are shown in Figures 18 - 22. As can be seen the

thermal character of the material is altered as the pH value

is changed. At pH = 3.2 the DTA-curve develops in the same
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way as that for "präp 202" in Fig 28 from [71]. The latter

curve is recorded for 6-MnO~, which according to [71]

should be regarded as alkali Mn(II,III) manganate (IV). The

6-MnO_ described in the reference had been synthesized by

reducing KMnO4 with MnCl2 in an acetic acid solution. In

view of the similarity between this method and that employed

by us it seems reasonable to assume that our product is also

6-MnO2.

According to [71] the DTA-curve for "präp 202" in Fig

28 should be interpreted in terms of the evaporation of

water in the temperature range 20 - 245°C. There is, moreover,

a transformation of 6-MnO2 to y-Mn-O, at 500°C. At tempera-

tures above 500°C there is a gradual conversion of Y~Mn2O3
into Mn,0. + Mn Na O .

Similar views have been expressed in [72 - 74]. The

transformation temperatures are, however, slightly different

in the different publications. These discrepancies could be

the result, however, of different rates of temperature in-

crease and the influence of different atmospheres. The fea-

tures of the DTA curves recorded at low pH-values in the

present investigation are thus relatively easy to explain if

the sample is assumed to be 6-MnO2 (Fig 18).

At pH = 7 (Fig 19) there are still signs of the MnO2
pattern remaining from the material separated at pH = 3.2

(Fig 18) . There is, however, superposition of another pattern

which appears alone in material obtained at pH = 12.3 (Fig

20). It is noteworthy that the material obtained at pH =

12.3 shows no sign of the transformation of fi-MnO- to Mn-O-,

at 500°C. This suggest that <5-MnO2 is replaced entirely at

pH = 12 by a completely different phase.

According to [75] the DTA-pattern of material obtained

at pH = 12.3 indicates a compound in which the mean oxida-

tion state of Mn is greater than that of Mn in 6-MnO2
obtained at pH = 3.2. This could indicate the presence of an

oxomanganate.

The DTA curves recorded for the samples obtained at 80°C

(Figures 21, 22) show similar effects.

The indications given by DTA, that the oxidation state

of manganese is dependent upon pH, are in good agreement



- 18 -

with the information [70] that freshly precipitated MnO2 can

be oxidized to oxomanganates by atmospheric oxygen at h:.gh

pH-values. Since, furthermore, the solubility product for

Na3MnO4 is likely to be exceeded at high pH-values [70],

this could clearly be the species which deposits at pH = 12.3.

Tewari [28 - 32,76] has studied the electrokinetic

properties of oxides and the adsorption of Co II on oxide

surfaces. According to him [77] Co impurities from the

permanganate used in the synthesis of MnO_ are responsible

for the deposition phenomena at high pH values. The cobalt

concentration required for the effect is as low as 10 -

10~8 M.

5.4 The deposition rate temperature dependence

If the results from the room temperature and the 80°C

runs are compared it can be seen that the variation of c-

potential as a function of pH is slightly less at 80°C.

There is thus a weak negative dependence of <;-potential on

temperature.

According to Eistrat [27] there are few theoretical

studies of the influence of temperature on *;-potential.

Moreover, many of those that do exist are contradictory.

Tewari [77] mentioned the importance of adsorbed ions as a

factor influencing temperature dependence. This is because

different ions have different adsorption characteristics.

It thus becomes difficult to determine the significance of

electrokinetics for the deposition of corrosion products

under conditions corresponding to reactor operation from an

extrapolation of the results obtained in the present investi-

gation.

ACKNOWLEDGEMENTS

I wish to take the opportunity of thanking the head of

the chemistry section, Dr Tormod Kelén, for his interest in

this work and for valuable discussions. I especially wish to

thank Mr Ivan Falk for his highly skilful development of the

experimental equipment and also for performing the experi-



- 19 -

ments. The kind assistance of Misses K Johansson and A

Gustafsson and of the secretarial staff of the company is

also acknowledged, as is the help of Dr Allan Brown in

correcting the English.



- 20 -

REFERENCES

1. RIDDICK T M
Zeta Potential: New Tool for Water Treatment.
Chem Eng 68 (1961):13 p 121.

2. KOVAL A L, MACKIEWICZ J and SOZANSKI M M
Potencjai elektrokinetyczny, W Proceise Koagulacji.
Pr Nauk Inst Inz Och Srodowiska Politechniki Wrociaw
(Konf nr 3). 1974:27 p 185.

3. KUMAR P, KAPUR P C and SARAF D N
Effect of Zeta Potential on apparent viscosity of
settling suspensions.
Colloid Polym Sci, 253 (1975) p 738.

4. SCHULZ G und STARKE W
Die Beurteilung von Flockungsvorgängen im Wasser
an Hand des Zetapotentials.
Acta Hydrochim Hydrobiol, 1 (1973):2 p 199.

5. JOHANNSEN K-H
Die Flockung und Sedimentation radioaktiver Triib-
stoffe aus Abwässern unter Kontrolle des Zeta
potentials. 1971,
(SZS-3/71) p 2

6. JOHANNSEN K-H
Zur Nutzung des Zetapotentials fur die Dekontamination
radioaktiver Wässer.
Fortschr Wasserchem, 13̂  (1971) p 71.

7. DAVISON R W
Electrokinetic Effects in Papermaking Processes.
TAPPI 57 (1974):12 p 85.

8. JAYCOCK M J and PEARSON J L
Colloidal Aspects of Paper Formation.
Part I. Factors Affecting the Electrokinetic Properties
of Cellulose Fibres.
Sv Papperstidn 78 (1975):5 p 167.

9. GORING D A I and MASON S G
Electrokinetic Properties of Cellulose Fibers.
I. Stream Potential and Electro-Osmosis.
Can J Res B 28 (1950) p 307.

10. GORING D A I and MASON S G
Electrokinetic Properties of Cellulose Fibers.
II. Zeta Potential Measurements by the Stream-Compres-
sion Method.
Can J Res B 28 (1950) p 323.

11. GORING D A I , BIEFER G J and MASON S G
Electrokinetic Properties of Cellulose Fibers.
IIT. Note on the low Frequency Dispersion of Electrical
Resistance.
Can J Res B 28 (1950) p 339.



- 21 -

12. KENAGA D L, KINDLER W A and MEYER F J
Studies of Adsorption of Cationic Polyelectrolytes
on Pulp Using Streaming Current Detection.
TAPPI, 50 (1967):7 p 381.

13. YUE S G und EHRLER P
Faserpraparationen und ihre Charakterisierung durch
das Strömungspotential.
Papier 29 (1975) p 547.

14. HERMANSSON H-P
AB Atomenergi, Sweden. 1974.
(Internal rep AE-AP-MK-204).

15. HERMANSSON H-P and FALK I
AB Atomenergi, Sweden. 1974.
(Internal rep AE-TPM-MK-626).

16. HERMANSSON H-P and FALK I
AB Atomenergi, Sweden. 1974.
(Internal rep AE-TPM-MK-644).

17. HERMANSSON H-P and FALK I
AB Atomenergi, Sweden. 1974.
(Internal rep AE-TPM-MK-664).

18. HERMANSSON H-P
AB Atomenergi, Sweden. 1974.
(Internal rep AE-TPM-MK-665).

19. HERMANSSON H-P
AB Atomenergi, Sweden. 1974.
(Internal rep AE-TPM-MK-678).

20. HERMANSSON H-P
AB Atomenergi, Sweden. 1975.
(Internal rep AE-TPM-MK-6S5).

21. HERMANSSON H-P
AB Atomenergi, Sweden. 1975.
(Internal rep AE-TPM-MK-696).

22. FALK I and HERMANSSON H-P
AB Atomenergi, Sweden. 1975.
(Internal rep AE-AP-MK-279).

23. HERMANSSON H-P
AB Atomenergi, Sweden. 1975.
(Internal rep AE-TPM-MK-771).

24. HERMANSSON H-P
AB Atomenergi, Sweden. 1975.
(Internal rep AE-TPM-MK-772).

25. HERMANSSON H-P
AB Atomenergi, Sweden. 1975.
(Internal rep AE-AP-MK-300).



- 22 -

26. HERMANSSON H-P and FALK I
AB Atomenergi, Sweden. 1975.
(Internal rep AE-TPM-MK-807).

27. EISTRAT K
AB Atomenergi, Sweden. 1974.
(Internal rep AE-MK-538).

28. TEHARI P H, CAMPBELL A B and LEE W
Adsorption of C0 2 + by Oxides from Aqueous Solution.
Can J Chem, 50 (1972) p 1642.

29. TEWARI P H, TUXWORTH R H and LEE W
Specific Adsorption of Co(II) by ZrO2 and Fe3Oi,.
Symp Oxide Electrolyte Interfaces, Miami Beach
Oct 8 - 13, 1972 (1973). Proc p 91.

30. TEWARI P H and CAMPBELL A B
The Surface Charge of Oxides and its Role in Deposition
and Transport of Radioactivity in Water-Cooled Nuclear
Reactors.
Symp Oxide Electrolyte Interfaces, Miami Beach
Oct 8 - 13, 1972 (1973). Proc p 102.

31. TEWARI P H and McINTYRE N S
Characterization of Adsorbed Cobalt at the Oxide-Water
Interface.
AIChE Symp Ser, 71 (1975):150 p 134.

32. TEWARI P H and LEE W
Adsorption of Co(II) at the Oxide-Water Interface.
J Colloid Interface Sci, 52 (1975):1 p 77.

33. NAKATSUKA S et al
Electrophoretic Deposition of MnO2 Particles in Water
and Water-Ethanol Dispersion Media.
Denki Kagaku, 41 (1973):12 p 894.

34. KUROSAWA S, KISHI T and NAGAI T
Electrophoretic Deposition of Ferrite Particles.
Denki Kagaku, 42 (1974):1 p 32.

35. PARKS G A
The Isoelectric Points of Solid Oxides, Solid Hydroxides
and Aqueous Hydroxo Complex Systems.
Chem Rev, 65 (1965) p 177.

36. MATTSON S and PUGH A J
The laws of Soil Colloidal Behaviour: XIV. The Electro-
kinetics of Hydrous Oxides and their Ionic Exchange.
Soil Sci, 38 (1934) p 299.

37. RIDDICK T M
Role of the Zeta Potential in Coagulation Involving
Hydrous Oxides.
TAPPI 47 (1964):1 p 171A.



- 23 -

38. KRLEZA F
Fällungserscheinungen an Kieselsäure-, Eisenhydroxid-
und Aluminiumhydrcxidsolen.
Kolloid-Z Z Polym 211:1-2 (1966) p 129.

39. BLACK A P
Electrokinetic characteristics of Hydrous Oxides of
Aluminium and Iron.
Principles and Applications of Water Chemistry.
Conf Proc Ed by S D Faust and J W Hunter, Wiley &
Sons, Inc, New York (1967) p 274.

40. MATIJEVIC" E et al
Formation and Surface Characteristics of Hydrous Metal
Oxide Sols.
Symp Oxide Electrolyte Interfaces, Miami Beach
Oct 8 - 13, 1972 (1973) Proc p 45.

41. HERMANSSON H-P
AB Atomenergi, Sweden. 1976.
(Internal rep AE-MC-85).

42. SCHWERTMAN U und FISCHER W R
Zur Bildung von a-FeOOH und a-Fe2O3 aus amorphem
Eisen (Ill)-hydroxid. III.
Z Anorg Allg Chem, 346 (1966):3-4 p 137.

43. LEWIS D
Theoretical Studies of Aqueous Systems above 25 C.
2. The Iron-Water System. 1971.
(AE-432).

44. LEWIS D
The Hydrolysis of Iron (III) and Iron (II) Ions between
25°C and 375°C. 1971.
(AE-436).

45. MacDONALD D D, SHIERMAN G R and BUTLER P
The Thermodynamics of Metal-Water Systems at Elevated
Temperatures.
Part 2: The Iron-Water System. 1972.
(AECL-4137).

46. RUMMERY T E and MacDONALD D D
Prediction of Corrosion Product Stability in High-
Temperature Aqueous Systems.
J Nucl Mater 5_5 (1975) p 23.

47. MacDONALD D D, RUMMERY T E and TOMLINSON M
Stability and Solubility of Metal Oxides in High-
Temperature Water.
Thermodynamics of nuclear materials. Symp Vienna
21 - 25 Oct, 1974. Proc Vol 2, IAEA Vienna 1975, p 123.

48. McBREEN J
The Electrochemistry of B-MnO2 and yfhnO? in Alkaline
Electrolyte.
Electrochim Acta, 20 (1975) p 221.



- 24 -

49. MARTYNOVA O J
Das Verhalten von Korrosionprodukten in Wasser -
Dampferkreisläufen bei hohen Temperaturen.
VGB - Speisewassertagung 1972 Sonderheft p 8.

50. EVANS U R and PRYOR M J
The Passivity of Metals. Part IX. The Solubility
Product of Freshly Precipitated Ferric Hydroxide.
J Chem Soc, 1949;5 p 157.

51. ARDEN T V
The Solubility Products of Ferrous and Ferric
Hydroxides.
J Chem Soc, 1950 p 882.

52. HEDSTRÖM B O A
Studies on the Hydrolysis of metal Ions VII.
The Hydrolysis of the Iron (III) ion, Fe3+.
Arkiv Kemi 6 (1953/54):1 p 1.

53. GAYER K H and WOONTHER L
The Solubility of Ferrous Hydroxide and Ferric Hydroxide
in Acidic and Basic Media at 25 C.
J Phys Chem 6£ (1956) p 1569.

54. BIEDERMANN G and SCHINDLER P
On the Solubility Product of Precipitated Iron (III)
Hydroxide.
Acta Chem Scand _U (1957) p 731.

55. LENGWEILER H, BUSER W and FEITKNECHT W
Die Ermittlung der Löslichkeit von Eisen (III)-
hydroxiden mit Fe-59.
I. Fällungs- und Auflösungsversuche.
Helv Chim Acta 4± (1961) p 796.

56. LENGWEILER H, BUSER W and FEITKNECHT W
Die Ermittlung der Löslichkeit von Eisen (III)-
Hydroxiden mit Fe-59.
II. Der Zustand kleinster Mengen Eisen (Ill)-hydroxid
in wässeriger Lösung.
Helv Chim Acta _4_4 (1961) p 805.

57. SCHINDLER P, MICHAELIS W and FEITKNECHT W
Löslichkeitsprodukte von Metalloxiden und -hydroxiden.
Die Löslichkeit gealterter Eisen (III)-hydroxid-
Fällungen.
Helv Chim Acta 46 (1963) p 444.

58. SCHINDLER P
Die Bestimmung der Löslichkeitskonstanten von Metall-
oxiden und -hydroxiden.
Chimia 17 (1963):10 p 313.

59. MISAWA T, SUESAKA W and SHIMÖDAIRA S
Formation of Iron Oxide and Oxyhydroxides in Aqueous
Solutions and their Physical Properties.
Zairyo 19 (1979):201 p 537.



- 25 -

60. VETTER K J und JAEGER N
Potentialausbildung an der Mangan-Dioxid-Elektrode
als Oxidelektrode mit nichtstokiometrischem oxid.
Electrochim Acta U. (1966) p 401.

61. WISER H B and MILLIGAN W O
X-ray Studies on the Hydrous Oxides.
VII. Ferric Oxide
J Phys Chem 39 (1935):1 p 25.

62. FRICKE R und WIEDEMANN H „
Zur Characterisiering des Überganges von amorphem
Eisen (IIDoxydhydrat in a-Fe-0, durch Sorptions- und
Katalytische Messungen.
Kolloid Z 82 (1939) p 178.

63. ÇURON H und PREUSSE H-U
Über künstliche Eisenhydroxydgele und deren Alterung.
Z Pflanzenernähr Düng Bodenk 99 (1962): 144 p 12.

64. KRAUSE A und LEZUCHOWSKA J
Die Alterung der Röntgenamorphen Eisen-(III)-hydroxid-
Trockengels.
Kolloid Z .181 (1962) p 69.

65. CHALYI V P
Mechanism of Ageing of Individual Metal Hydroxides
and Hydroxide Systems.
Russ J Inorg Chem 8 (1963) :2 p 135.

66. FEITKNECHT W, HANI H and DVORAK V
The Mechanism of the Transformation of 6-FeOOH to
a-Fe2O3.
Int Symp Reactivity of Solids 6. Schenectady, N Y,
August 25 - 30, 1968, New York 1969. Proc p 237.

67. SEIDELL
Solubilities of inorganic and metal-organic compounds.
3rd ed, Vol 1. New York 1953.

68. Gmelin Handbuch der anorganischen Chemie,
Vol 56 and 59.

69. BIEDERMANN G and SCHINDLER P
On the Solubility Product of Precipitated Iron (III)
Hydroxide.
Acta Chem Scand 11 (1957) p 731.

70. HÄGG G
Allmän och Oorganisk kemi.
Stockholm 1963.

71. HOCHSTRASSER K und FEITKNECHT W
Thermoanalytische Untersuchungen an feindispersen
Varietäten der Birnersit- und Kryptomelangruppe.
Therm Anal Tnt Conf 3, Davos 1971. (1972) Vol 2, p 79.



- 26 -

72. BHATTACHARYYA S K and DATTA N C
The Application of Differential Thermal Analysis
Technique to the Study of Single, Binary and Ternary
Oxide Catalyst Systems.
J Therm Anal 1. (1969) p 75.

73. SCHULZE D
Differentialthermoanalyse
Verlag Chemie, GmbH, Weinheim/Bergstrasse, 1969,
p 230 - 31.

74. FOUILLOUX P, BUSSIERE P and IMELIK B
Comparison de deux Methodes D1étude des Transformations
Thermique des Solides par Echappement de Gaz Rares
Radioactifs.
Compt Rend 256 (1963) p 3682.

75. BERGGREN G and HERMANSSON H-P
AB Atomenergi, Sweden. 1974.
Discussion of DTA-results.

76. TEWARI P H and McLEAN A W
Temperature Dependence of Point of Zero Charge of
Aluminia and Magnetite.
J Colloid Interface Sci 40 (1972) :2 p 267.

77. HERMANSSON H-P
AB Atomenergi, Sweden. 1976.
(Internal rep AE-M-304).



- 27 -

Table 1. Essential chemical properties of some possible test substances

Substance Methods of synthesis Solubility Spec properties
g per 100 g HjO

Fe(OH).

Pe(OH)3

Fe2°3

Fe3O4

Co (OH).

CO (OH).

COO(OH)

co3o4

CoO

Cr(OH).

CrO3

Mn(OH).

6-MnO2

Zn(OH).

ZnO

e2+Fe 2 + + 2OH~ ~ Fe(OH)2(S)

• 3OH" •• Fe(OH)3(S)

FeO(OH) Fe(OH)3 •• FeO(OH) (S) + Hj

2FeO(OH)(S) " Fe2O3(S) +

6Fe2O3(S) •• 4Fe3O4(S)

o2+
Co

See Fe(OH)

2OH~ •• Co(OH)2(S)

See FeO(OH)

3+Cr + 3OH •• Cr(OH)3(S)

n2*Mn2* + 2OH~ •• Mn(OH)2(S)

.2+Zn' + 2OH •» Zn(OH)2(S)

0.0001S

i

16

i

0.00032

0.00032

0.00032

i

i

White. Easily oxidised

Lye addition to Fe
does not cause well
defined Fe(OH),

Hell defined o-Fe,03,
hematit is formed at
moderate heating

log Kp - -11.36 at
1 000 X

Easily oxidised to CoO(OR)

Formed at moderate heat»
ing of Cobalt coMpounds

Formed at heating in air
Co 30 4 to 900°C

A fresh precipitate is
soluble at a lye excess

61.7°

0.000218

i

1

vsl s

0.0001629

Formed at red-hot heat»
ing of Cr(0H)3

Precipitated from
strongly acidized cre-
mate solutions. Easily
dissolved

Easily oxidized

Dissolves in an excess
of acid or base

Insoluble in water.
Soluble in acid and base

1 • insoluble
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Table 2. Qualitative solubility relations of S O M posslbl* test substances
as a function of pB

Relative
solubility

Zn(OH).

Cr(OH).

Co (OH).

Pe(OH),

M <

CrO,

Fe(OH)3 aged

Cro3
i-MnO,

<-HnO2

ZnO

Cr(OH).

CoO

Co(OH).

IP. 3O 4 '
'e2°3

Zn(OH).

Cr(OH).

Co(OH)'

Fe(OH).

aged

*2°3
:o3o4

CrO, CrO,

Zn(OH).

Cr(OH);

Co(OH)'

Fe(OH)!

o-MnOj
t-tinO2

ZnO
Cr2O3

Cr(OH)3 aged
CoO
co3o4

Co(OH)3 aged

F*3°4
Pe 2 O 3

Fe(OH)3 aged

Co(OH)3, Co(OH)3 aged

o-MnOj
é-MnO2

Zn(OH)2

ZnO

Cr2O3

Cr(OH)3

Cr(OH)3 aged

CoO
CO3°4
Fe3O4

Fe2O3

Fe(OH)3

Fe(OH)3 aged

o-Mn02

6-MnO2
ZnO

CrOj

zn{OH)2

Cr(0B)3

Co (OH) 3
Pe(OH),

ZnO

Cr(OH), aged

Pe(OH)3 aged

o-Mn02

Cr2°3
CoO

co3o4Cr2°3 CO3°4
Cr(OH)3 aged Pe }0 4

CoO Fe2O3

co3o4

Co(OH)3 aged

Pe3O4

Fe2O3

Fe(OH)3 aged

»PH

large, M • medium, S » small
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Table 3. Possible test compounds, suitable
markers and IEPS-values

Substances

Fe2°3
CuO

NiO

Fe(OH)2

Cu2°
Fe(OH)3

Ni(OH)2

Co(OH)3

Cu(OH)2

Cr(OH)3

MnO2

ZnO

Marker

Fe-59

Cu-67

Ni-56

Fe-59

Cu-64

Fe-59

Ni-56

Co-60

Cu-64

Cr-51

Mn-54

Zn-65

(45.1 d)

(61.9 h)

(6.1 d)

(45.1 d)

(12.8 h)

(45.1 d)

(6.1 d)

(5.2 a)

(12.8 h)

(27.8 d)

(278 d)

(245 d)

IEPS2)

7.6

7.9

12

> 11.5 ?

5.4 - 7.3

11 - 12

11.4

9.5

6.5 - 7.4

4.5

8.5

1)

2)

Compounds containing the metal in other oxidation-states
are possible

Values taken from [27]
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Tube pump

Reaction
vessel for
compound
synthesis

Potentiometer

7 H-, •
calomel/electrode F j I Indicator electrode

Loop

Cooler

pH-meter

Heated
conditioning
vessel

fr
Scintillation
detector

I

IIe
| Main
circulation
pump

II
II

Multichannel
recorder

Test
section

C)
Tube
pump

Microelectro-
phoretic
equipment

Fig 1. Test loop.
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Vertical section

'•%

Horizontal section (between arrows in vertical section)

Fig 2. Microelectrophoretic c e l l .

1 Cell wall of perspex

2 Openings for filling and emptying cell

3 Platinum electrodes coated with platinum black
Electrode surface of 1.0 cm2

Electrode separation of 27 ran

4 Mirror of polished metal cast in transparent plastic
for protection against cell contents

5 Mirror surface

6 Cell cavity
Depth 1.0 mm
Width 20 mm

7 Metallographic microscope focused at centre of crevice and
at half crevice depth
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Mobility

(wm • B" 1)

Bottom Mirror

Cell depth (mm)

Fig 3. MnO2» Electrophoretic mobility as a
function of cell depth at 25 C and
pH = 10.4 for three different runs. .
Electric field strength 17.0 V • cm"1,
Cell depth = 1.0 mm.
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Fig 4. FeO(OH). Rate of deposition as a function of
pH at 25 C. pH increasing from 6 to 9 in 13
minutes.
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Fig 5. FeO(OH). Rate of deposition as a function of
pH at 25 C. pH increasing from 6 to 9 in 20
minutes.
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Fig 6. FeO(OH). Rate of deposition as a function of
pH at 25 C. pH decreasing from 9 to 6 in 8
minutes.
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Fig 7. FeO(OH). Rate of deposition as a function of
pH at 25 C. Stepwise pH-change. pH was kept
constant for 30 - 60 minutes during each step.
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Fig 8. FeO(OH). Rate of deposition as a function of
pH at 25 C. pH was reduced from 9.0 to 8.4
in 6 minutes and then kept constant at 8.4.
The deposition rate fell from 7.5 to 0.8
cps • min"1.
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Fig 9. FeQ(OH). c-potential as a function of pH at
25 C. The corrosion potential and the deposi-
tion rate are plotted for purposes of com-
parison.
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Fig 10. FeO(OH). Rate of deposition as a function of
pH at 80 C. pH was raised from 4.5 to 9.0 and
reduced from 10.0 to 6.0. Time interval, 24
minutes in each case.
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Fig 11. FeO(OH). Rate of deposition as a function of
pH at 80 C. pH was raised from 4.5 to 10 and
reduced from 9 to 6 in 60 and 8 minutes
respectively.
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Fig 12. FeO(OH). Rate of deposition as a function of
pH at 80 C with stepwise changes of pH. pH
was kept constant for 20 - 40 minutes in each
po.\nt.
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filter as_a function of pH at 80 C. 100 ml
of the 80 C solution was
preliminary cooling.

filtered without
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are plotted for purposes of comparison.



- 44 -

c
B

vi
a
u

c
o

I
41
Q

Fig 15. MnOo.Jtate of deposition as a function of pH
at 25 C. pH decreasing.



- 45 -

1 5 0 0 -

ti
a
l

Jt
e

n
C

o
rr

o
si

o
n
 p

c
(m

V
)

1 0 0 0 -

5 0 0 -

MB

- -150

1

J; -
p

o
te

n
ti

a
l

—loo I 11

14' f
" "50/ 11{

1

^^ oV r,-potential, 25 C

A Corrosion potential, 25 C

O Deposition rate,

% Deposition rate,

\

>

ft 1 1 1 1

25°C

80°C

v
I I I .

-

15 —

—

t

I:

C
•l-l

E

a
o

B
O

tA
O
a
o

7

pH

14

Fig 16. MnO2» ^-potential as a function of pH at 25 C.
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plotted for purposes of comparison.
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Fig 17. Mng2. Deposition rate as a function of pH at
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Fig 18. DTA, curve of material collected at 25 C and pH 3.2.
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Fig 19. DTA, curve of material collected at 25 C and pH 7
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Fig 20. DTA, curve of material collected at 25 C and pH 12.3.



- 50 -

1 000

Fig 21. DTA, curve of material collected at 80°C and pH 3.2,
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Fig 22. DTA, curve of material collected at 80 C and pH 12.3.



-los [Fe1»]
tot

J i I

am.Fe(0H)3 (active)
«n.Fe(0H)3 (inactive)

a-FeOOH

i i -log[H+]

ro
i

10 12

Fig 23. From Schindler et al [57]. The solubility of
active and inactive amorphous Fe(OH)3 and
o-FeOOH.



- 53 -

- log C

2 3 4 5 6 7 8 9 10 11 12 13 14

Fig 24. From Lengweiler e t a l [ 5 5 ] ,
The so lub i l i ty of amorphous
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Fig 25. From Lengweiler et al [55]
ultracentrifugation of
Fe(III)-hydroxid.
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