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COPPER CORROSION IN BENTONITE: STUDYING OF PARAMETERS (pH,
Eh/O2) OF IMPORTANCE FOR Cu CORROSION

ABSTRACT

The report describes the development of methods and equipment for studying the
parameters (pH, Eh/O2) of importance for copper corrosion. The work involved the
fabrication of electrodes for determining Eh and pH in compacted water-saturated
bentonite. MX-80 and the Indian Asha 505 bentonites were used in the study.

The redox-measurements were carried out by using electrodes prepared of Au and Pt
wires. The pH measurements were carried out by using solid IrOx electrodes. The report
describes testing of electrodes in different solutions and in bentonite. A destructive
method for determining oxygen content in compacted bentonite was tested, too. The
electrodes were used in measurements inside compacted bentonite with about the same
density as is intended to be used in the Finnish repository for spent nuclear fuel.

The results indicate that Au and Pt redox-electrodes and IrOx pH electrodes function in
compacted bentonite. The oxygen measurement in bentonite seems to work, too, and
can complement the Eh measurements. Eh-values in originally aerobic bentonite
samples having a dry densitiy of �1.5 g/cm3, exhibit mostly a decrease during the first
days, which may mainly be ascribed to the depletion of oxygen. The Eh-decrease
thereafter is probably associated with redox-reactions involving other species than
oxygen. In samples with a dry density of 1.8 g/cm3, the observed Eh-decrease is mostly
slower. No significant difference between the Eh and pH measurements in MX-80 and
Asha 505 could be observed.

Key words: compacted MX-80 bentonite, compacted Asha 505, Eh measurements, pH
measurements



KUPARIN KORROOSIO BENTONIITISSA: KUPARIN KORROOSION 
KANNALTA TÄRKEIDEN PARAMETRIEN (pH, Eh/O2) TUTKIMINEN

TIIVISTELMÄ

Tässä raportissa kuvataan menetelmien ja laitteiden kehitystyötä kuparin korroosion
kannalta tärkeiden parametrien (pH, Eh/O2) tutkimista varten. Tutkimustyössä
valmistettiin elektrodit Eh:n ja pH:n mittaamiseen puristetussa, vedellä kyllästetyssä
bentoniitissa. Työssä käytettiin MX-80 ja intialaista Asha 505-bentoniittia.

Redox-potentiaalit mitattiin kulta- ja platinalangasta tehdyillä elektrodeilla ja pH
iridiumoksidielektrodilla. Raportissa kuvataan elektrodien testaus ja kalibrointi useissa
eri liuoksissa ja bentoniitissa. Tutkimuksessa testattiin myös näytteen tuhoavaa
menetelmää, jolla voidaan mitata hapen pitoisuus puristetussa bentoniittissa. Elektrodeja
käytettiin mittauksissa puristetussa bentoniitissa likimain samassa tiheydessä, jota on
suunniteltu käytettävän käytetyn polttoaineen loppusijoituksessa Suomessa.

Tulosten perusteella redox-mittaus Au ja Pt-elektrodilla ja pH-mittaus IrOx–elektrodilla
näyttäisi olevan mahdollista puristetussa bentoniitissa. Myös hapen mittaus bentoniitista
näyttäisi toimivan ja voi täydentää Eh-mittauksia. Alussa aerobisen bentoniitin Eh-arvo
laskee ensin nopeasti ensimmäisten päivien aikana, kun näytteiden kuivatiheys
� 1.5 g/cm3. Tämä lasku voi liittyä hapen vähenemiseen. Sen jälkeen tapahtuva Eh:n
lasku liitty todennäköisesti muiden spesiesten kuin hapen redox-reaktioihin. Kun
kuivatiheys on 1.8 g/cm3, Eh:n lasku on yleensä hitaampaa. Eh- ja pH-mittauksissa ei
havaittu merkittävää eroa MX-80 ja Asha 505-bentoniitin välillä.

Avainsanat: kompaktoitu MX-80 bentoniitti, kompaktoitu Asha 5005 bentonitti, Eh-
mittaus, pH-mittaus
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1 INTRODUCTION

The corrosion of a copper-lined iron canister in a final repository for spent nuclear fuel
depends to a high degree on the conditions in the bentonite surrounding the canister. It
is anticipated that the conditions will change from being initially oxidising to being
later reducing, but the details about this redox change are not known. Possibly
microbes, but also minerals, e.g., pyrite, may play an active role in controlling the
dissolved oxygen concentration. However, to date no experimental evidence exist as to
what actually happens when, for example, the dissolved oxygen is depleted and the
conditions becomes successively more reducing.

The copper corrosion is coupled to several topics, which are not yet satisfactorily
understood. King et al. 2001 (SKB TR-01-23, POSIVA 2002-01) mention among
other things:

1) The length of the initial oxic period in the evolution of the repository environment
is still uncertain. Various estimates have been made of the length of the oxic period,
but none have included all of the chemical, electrochemical and microbial processes
that are likely to occur.

2) It is not possible to exclude the possibility that copper will corrode in the absence of
oxygen in saline groundwater. Additional studies, under strictly controlled anoxic
conditions, are required to quantify the extent of corrosion under these conditions.

3) The corrosion potential (ECORR) of copper in highly compacted bentonite is likely to
be relatively negative under the anoxic period. The copper corrosion is then dominated
by the presence of sulphide. No measured or predicted ECORR values under simulated
repository conditions have been reported.

In this study the work contained the following tasks:

� Fabrication of electrodes and designing and preparing squeezing cells for
studies of the conditions in compacted wet bentonite. The preparations of Au-
and IrOxx-electrodes, for Eh- and pH-measurements, respectively, were made
in-house. An improved type of squeezing cell was designed.

� Calibration and testing of electrodes in order to ensure proper interpretation
of measured potentials.

� Kinetic studies of Eh- and pH-measurements in compacted bentonite sample.

This report presents the development of methods for measuring Eh and pH in
compacted water-saturated bentonite. Two bentonites were used, the well-known MX-
80 and an Indian Fe-rich bentonite ‘Asha 505’ (sometimes referred to as Kutch).
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2 MATERIALS 

Two bentonites were used in the experiments; the Wyoming Volclay MX-80 from 
American Clay Co., which is the reference bentonite material in the Finnish and 
Swedish nuclear waste research, and an alternative bentonite ‘Asha 505’.  

2.1 MX-80 

The MX-80 bentonite powder was used as delivered. The main component in MX-80 
is montmorillonite (roughly 75%). Other components are, e.g., accessory minerals, 
bacteria and organic substances.  

The physico-chemical properties of the MX-80 bentonite have been investigated 
extensively throughout the years. The most recent information on this matter is found 
in the following recently produced NF-PRO reports: de la Cruz et al. (2005), Watson 
& Savage ( 2005), and Smart et al. (2006).  

2.2 Asha 505 

The Indian, iron-rich bentonite used in this report is ‘Asha 505’ from Ashapura 
Minechem Ltd, Mumbai, India. Smart et al. (2006) refers to the bentonite as 'Kutch 
8939', but points out that Asha 505 is the name used by the manufacturer. The sample 
delivered to VTT was described as ‘Asha 505 bentonite lumps Sr No; 
BEN/AV/NW/88516’. 

There are rather few publications describing the properties and composition of this 
bentonite. Carlson (2004) investigated several Kutch bentonites (samples 8937, 8938, 
8939 and 8940) and found that Kutch bentonites contain 10.6-14.2 wt% Fe2O3. In two 
of the samples (8939 and 8940) iron oxides hematite and goethite could be identified. 
All the Kutch smectites were Mg-poor. Some kaolinite was present in all the Kutch 
bentonites, calcite and quartz in most of them. No feldspars were identified. The 
sulphur and carbon contents were low. The reader is referred to Carlson (2004) for 
further details. Asha 505 bentonite was delivered to VTT as a relatively coarse 
material, consisting of lumps with diameters roughly ranging between 1 and 10 mm, 
see Figure 2-1.  

Figure 2-1. Asha 505 as delivered to VTT.
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Asha 505 had to be homogenised before it could be used in the experiments. It was
therefore sent to the Geological Survey of Finland (GTK) and treated in the following
way. The sample was divided into four fractions. Each fraction (about 500 g) was
ground in a ceramic mill with ceramic balls for 3-4 min in the presence of water. The
ground samples were subsequently filtered and dried. Particle size analysis was carried
out for the ground material. The mesh size was 1.0 mm. The grain size distribution of
the crushed and sieved bentonite, see Table 2.1 and Figure 2-2, was determined with a
Coulter® LS Particle Size Analyzer. For comparison, a MX-80 grain-size distribution
from Pusch (2001) is given in Figure 2-3. It is obvious that the ground Asha 505 had

Table 2.1. Grain-size of crushed and sieved Asha 505.
Mean 23.0 �m
Median 11.6 �m
95% confidence limits 0-85 �m
SD 31.7

Figure 2-2. Grain-size distribution of crushed and sieved Indian bentonite Asha 505
used in our experiments.
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roughly 30-40 times smaller grain size than MX-80. Figure 2-4 shows the two
powdered bentonites prior to sample preparation.

Figure 2-4. Powdered Asha 505 (left) and MX-80 (right) prior to sample preparation.
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3 ELECTRODE TESTING

The following section describes measurements that were performed in order to
improve the understanding of how the redox- and pH-electrodes function in
compacted bentonite.

The fact that IrOx can function as a pH sensor is well known. Park et al. (2005) state,
for example, “IrOx is the only material that has been recommended by a number of
reports owing to its relatively low sensitivity to redox interference, low hysteresis, and
its potential stability over a wide pH range”. Nevertheless, our in-house made
electrodes required several types of tests before they could be used with confidence in
the adverse conditions found in compacted bentonite. These tests involved pH-
measurements in commercial standards, in chemical solutions, in bentonite
suspensions, and in pH-measurements carried out simultaneously in compacted MX-
80 and squeezed porewater. Complementary and more extensive electrode testing has
been described elsewhere by Muurinen and Carlsson (2005).

3.1 Redox-measurements in commercial standards

The redox electrodes used in the experiments consisted in principle of Au- and Pt-
wires that were fixed in either PEEK-tubing or Ti-screws. The electrodes were
properly cleaned, with either HCl or polishing, prior to use.

The Au and Pt redox electrodes were tested in commercial standard redox solutions
(from Reagecon Diagnostics Ltd, Ireland) having Eh values of 333, 409 and 509 mV.
The electrodes were put into the solutions and their emfs were determined against an
Orion S/j reference electrode. The emfs were subsequently converted to Eh-values
following standard procedures. The Eh-values obtained with Pt and Au electrodes
were identical and agreed with those given by the manufacturer of the solutions.
Typical results for two redox electrodes are shown in Figure 3-1 and Table 3.2.

A B C
0
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300

400

500

600
Commercial Eh standard
Au electrode
Pt electrode

Commercial Eh standard solutions

E
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V

)

Figure 3-1. Comparison between Eh values for three commercial standard solutions
and Eh values measured with Au and Pt electrodes against an Orion S/j reference
electrode.
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Table 3.2. The values in Figure 3-1 in tabular form. Typical Eh values obtained with
Au and Pt electrodes were close to what was expected. The differences between the
Eh-values given by the manufacturer and the measured ones were insignificant.

The main conclusion from Figure 3-1 and Table 3.2 is that the Au and Pt electrodes
give correct Eh values in strong redox standard solutions. Muurinen and Carlsson
(2005) report that Au and Pt electrodes also give the same Eh values for mixtures of
bentonite and strong sulphide solutions, but that the Au and Pt electrodes show
different Eh in mixtures of bentonite and deionised water. In weak solutions without
any clear redox pairs the results given by Au and Pt electrodes tend to be different
(Muurinen and Carlsson 2005).

The Au- and Pt-electrodes were also tested (against an LF-2 reference electrode) in
ZoBell A and Zobell B solutions. The measured difference between the emf’s of the
two ZoBell solutions was 66±1 mV, which is in perfect agreement with what is
theoretically expected (66 mV).

However, although the result may seem satisfactory, the electrodes’ capability of
measuring correct Eh-values in strong redox-solutions is only a necessary but not a
sufficient requirement. The redox electrode should also be able to give correct redox
information under more realistic conditions. The following tests were steps towards
more realistic conditions.

3.2 Redox-measurements in DO-solutions

The Au- and Pt-electrodes' abilities to respond to changes in the concentration of
dissolved oxygen (DO) were tested in an aqueous 0.1 M NaCl solution prepared under
normal air. The testing took place in a closed cell, consisting of a slightly modified
syringe, containing sample solution, electrodes, and a magnetic stirring bar, see Figure
3-2. This arrangement made it possible to increase the volume of the cell when small
amounts of gas were added. The electrodes in the cell were an IrOx-, an Au-, a Pt-, and
an LF-2 electrode.

The redox-electrode tests were made in two steps. First, measurements were
performed having the cell completely filled with sample solution. The sample’s
content of oxygen was then assumed to be completely contained in the liquid phase.
Since the aqueous 0.1 M NaCl solution was prepared under normal air, it was assumed
that the solution was initially saturated with regard to dissolved oxygen and carbon
dioxide. Second, the DO concentration was decreased by creating a gas atmosphere

Eh (mV)Solution Electrode
Given Measured

Diff.
(mV)

A Au 333 340 7
B Au 409 415 6
C Au 509 510 1
A Pt 333 343 10
B Pt 409 420 11
C Pt 509 514 5
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Figure 3-2. Cell for redox- and/or pH-measurements in solutions or bentonite
suspensions. Left: cross-sectional area with marked electrode positions. Right: Side
view showing cell with a) only liquid (upper figure) and b) liquid and a gas
atmosphere.

above the liquid. This was done by slightly moving the wall and simultaneously
adding a small amount of nitrogen gas into the cell. This procedure resulted in the
partitioning of the oxygen between the created gas atmosphere and the liquid. The new
value for the DO concentration was calculated from Henry's law:

[O2(aq)] = [(O2(g)]·HO2 (1)

where [O2(aq)] = concentration of dissolved oxygen (mol/L)
[O2(g)] = concentration of oxygen in the gas phase (mol/L)
HO2 = Henry's constant (dimensionless).

This way of calculating the dissolved oxygen concentration was sufficient for the
present purposes. The effects caused by the presence of water vapour and carbon
dioxide in the gas phase were negligible and not considered. The measurements took
place in a closed cell placed under normal air, which means that oxygen diffusion
through tubing and walls from the surrounding air into the sample could not be
completely eliminated. However, this was not a problem, since the diffusion was
sufficiently slow not to disturb the measurements and the purpose of the experiment
was to test the electrodes ability to respond to relatively rapid differences in the DO
concentration.

�

N2 inlet

Magnetic bar

Gas phase

Liquid phase

Electrodes

Stopcock

Wires to PC

Moveable wall



10

Table 3.3. Description of the sample used in the redox-measurements. The calculated
Eh-values were based on the assumption that the redox-state was governed by oxygen.
Volume

(mL)

Measured Eh
(values before increasing gas
volume) (mV)

Liquid
(0.1 M NaCl)

Gas N2

Calculated
DO conc.
(mol/L)

Calculated Eh
(PHREEQC)
(mV)

Pt electrode Au electrode

9 0 2.59�10-4 806 400 200
9 1 5.62�10-5 796 380 190
9 5.5 1.24�10-5 786 338 66

Eh was measured at the initial DO level, and at two lower levels obtained by adding
N2 in two consecutive steps. The Eh was calculated with PHREEQC (Parkhurst and
Appelo 1999) assuming that the only redox-pair present was O(0)/O(-2). The
calculated Eh-values were clearly higher than the measured ones, see Table 3.3.

Figure 3-3 shows measured Eh values as a function of time. The first measurements
(phase 1) in the solution were made without any gas phase. The Au- and Pt-electrodes
approached stable values of about 400 and 200 mV, respectively. The measured Eh-
values were lower than the calculated ones, which were obtained by assuming 1) that
the solution was in equilibrium with air and 2) that the redox-potential was governed
by the O(0)/O(-2) redox-pair, see Table 3.3. The reason for this discrepancy is not
known to us. Possible explanations might involve the presence of impurities or
microbes, or both. The NaCl used was a ‘Baker analyzed’ product (from J.T. Baker).
According to the manufacturer, it contained small amounts of impurities, like iron (< 2
ppm), sulphate (<0.004%), etc., which might or might not have had en effect on the
measured Eh-values. The additions of 1 mL and later 4.5 mL N2 were associated with
quick drops in the measured Eh-values, see Figure 3-3. The observed drops in Eh were

Figure 3-3. Measured Eh in a closed cell with 9 mL 0.1 M NaCl solution at three
different DO concentrations. Phase 1: solution prepared under normal air and no gas
atmosphere. Phases 2 and 3: the same solution with 1 mL and 5.5 mL N2 added,
respectively. The electrodes response to the decreased DO concentrations, caused by
the stepwise increase volume of the gas phase, is clearly demonstrated.
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Figure 3-4. Comparision between calculated (PHREEQC) and measured Eh in 0.1 M
NaCl solution at three different dissolved oxygen concentrations.

small, which agrees with the results from the PHREEQC-calculations (database:
wateq4f.dat, program version: PHREEQC-2). The experiment was stopped after 52 h.
Figure 3-4 shows calculated and measured Eh-values as a function of DO
concentration. Although the absolute values differ considerably, calculated and
measured values both show a small but positive correlation with the DO-
concentration.

Briefly, the electrode test indicates that, at least for a simple electrolyte solution:

- The Au- and the Pt-electrodes respond relatively fast to changes in DO
concentration,

- The Pt electrode gives about 200 mV higher Eh values than the Au-electrode,
- The Au- and Pt-electrodes both give considerably lower Eh values than would be the

case if the redox condition was governed by the O(0)/O(-2)-redoxpair alone.

3.3 Redox- and pH-measurements in MX-80 suspension

The redox- and pH-electrodes were tested in a MX-80 suspension consisting of a 0.1
M NaCl solution having an MX-80 concentration of 23.5 g/L. The objective of the test
was to compare the results with those published by Lazo et al. (2003). The referred
article contains, among other things, results from measurements of DO depletion in
suspensions of MX-80 and Montigel bentonites under conditions similar to those used
here.

The cell described in Figure 3-2 was filled with the above MX-80 suspension and
move into glove-box with N2. Magnetic stirring was used, but this was not enough to
avoid sedimentation. Consequently, the solution was divided into a relatively clear
part, in which the electrodes were positioned, and an opaque part, containing loose,
flocculated MX-80, see Figure 3-5. Sometimes, the cell was tipped upside down in
order to cause a temporary homogenisation of the suspension, but this did not seem to
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have any effect on the measured values. Figure 3-6 shows the results from the redox-
measurements. The Au- and Pt-electrodes both indicate that the redox-potential
decreases but their respective Eh-values differ. In case of the Au-electrode the
decrease was from 353 mV to about 100 mV after six days when the experiment was
terminated. In case of the Pt-electrode, the corresponding decrease was from 437 to
168 mV. The values measured after six days do not represent any ‘final’ state; the
potentials were still decreasing when the experiment was stopped.

A corresponding decrease in Eh was noticed by Lazo et al. (2003) in similar MX-80
suspensions. The values measured by Pt-electrodes decreased from >300 mV to
~125 ±50 mV after 10.4 days (250 h), which agrees fairly well with what was
observed here. The study by Lazo et al. focussed mainly on the depletion of DO in
MX-80 suspensions.

Figure 3-5. Experimental arrangement during measurements in MX-80 suspension.
The dashed line indicates the approximate limit between the flocculated MX-80 and
the clear suspension above it.

Figure 3-6. Measured Eh values as a function of time in a MX-80 suspension with 0.1
M NaCl. Bentonite concentration: 23.5 g/L.
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Figure 3-7 from Lazo et al. shows the DO-depletion as a function of time at two
different suspension densities. The DO concentration decreases faster at the highest
density; in case of the lower MX-80 concentration (18.3 g/L), the DO concentration
reached zero-value after about 4.2 days (100 h). In case of the higher MX-80
concentration (73.3 g/L), the zero-level was reached after about 2.1 days (50 h). The
similarity between our results (Figure 3-6) and those by Lazo et al. (Figure 3-7)
suggests that our Eh-values during the first days is associated with the ongoing O2-
depletion in our sample, and also that DO is the main parameter that initially
determines Eh. However, since redox-processes other than those involving the
reduction of oxygen occur, Eh continues to drop also after DO has disappeared.

Figure 3-7. O2 depletion in MX-80 suspensions at two different bentonite
concentrations (from Lazo et al. 2003).

Figure 3-8. Development of pH in the MX-80 suspension (see text for details).
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The cell was equipped with an IrOx electrode (prepared according to Yao et al. 2001)
that measured the development of pH in the sample. Figure 3-8 shows how pH
dropped from an initial value of about 8.3 to a value of about 7.3 after six days. It
should be noticed that flocculation occurred during the measurements; the first pH-
values were obtained in a freshly made suspension when the MX-80 bentonite was
relatively homogeneously dispersed in the sample, while the last values were obtained
in the clear part of the sample that was found after flocculation had occurred. Thus, the
last pH values that were measured shows what is expected to be found in a 0.1 M
NaCl solution that has been slightly modified due to cation exchange with MX-80.The
obtained pH-values are reasonable and indicate that the presence of MX-80 does not
disturb the functioning of the IrOx electrode, at least not in this type of short-term
experiment. However, the investigated suspension contained only 23.5 g/L MX-80.
This value corresponds to a dry density of 0.023 g/cm3, which is very far from the dry
density of about 1.5 g/cm3 planned to be used in a repository.

3.4 pH measurements in commercial standards

The behaviour of our in-house made IrOx-electrodes in commercial pH-solutions was
linear and close-to Nernstian, see Figure 3-9. Comparison between calibration curves
made before and after measurements in, for example, bentonite gives an opportunity to
determine whether the electrode worked properly or not throughout an experiment. A
negligible difference in the slopes and/or the heights between the before- and after-
curves indicates a well-functioning electrode, which probably means that the evolution
of pH in a sample can be obtained directly from the emf-readings in a straightforward
manner. In case the difference is too big, one may either have to try to use some
interpolation technique or, accept only the final values. In the worst case, one has to
abandon the results completely. Figure 3-10 gives an example where the observed
difference was too high, as a result of electrode damage. Mostly, the ‘before’- and
‘after’-calibrations show only minor differences, which indicates that the electrode
were not damaged by the adverse conditions and worked as desired.

Figure 3-9. Calibration of an IrOx electrode in the perfect case when the before- and
after calibration curves are identical. Measurements were performed in saturated MX-
80 in a 32 days long squeezing experiment. The dry density changed during squeezing
from 0.42 to 2.0 g/cm3.
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Figure 3-10. Calibration of an IrOx electrode in an unfortunate case when before- and
after calibration curves differed considerably. The electrode was damaged during
measurements in compacted MX-80 (dry density: 1.5 g/cm3) and the results were
abandoned.

3.5 pH-measurements in chemical solutions

The potentials measured with the in-house made IrOx electrode are to some degree
dependent on the electrolyte content in the solution. This was demonstrated in an
experiment in which calibration curves were made in NaOH-solutions with different
NaCl-concentrations, see Figure 3-11. However, the effect of electrolyte on the
measured emf becomes less important when studies focus on pH-measurements in
closed bentonite systems with almost constant porewater chemistries. Deeper insights
into this topic were obtained in a recently reported EC-project (Muurinen and Carlsson
2005).
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Figure 3-11. The emf of the IrOx electrode is sensitive to changes in electrolyte
concentration. The diagram measured emfs in NaOH-solutions with different NaCl
content.
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3.6 Redox- and pH-measurements in compacted MX-80

The conditions in compacted water-saturated bentonite make it difficult to measure Eh
and pH in the bentonite porewater. Recent squeezing cell experiments (under anoxic
conditions) indicate, however, that such measurements can be performed in a rather
straightforward way (Muurinen and Carlsson 2006). Briefly, water-saturated MX-80
with a dry density of 0.8-0.9 g/cm3 was placed in a squeezing cell of the type shown in
Figure 3-12. Pore-water was slowly squeezed out of the clay until a final dry density
of 1.5 g/cm3 was reached. The electrodes were then inserted into the bentonite and Eh
and pH were thereafter determined. The close agreement between the measured Eh
and pH values in the squeezed porewater on one hand and the Eh and pH values in the
bentonite on the other hand, strongly supported the idea that the electrodes in the
bentonite gave reasonable values. The results were also supported by modelling.
Further details are found in Muurinen and Carlsson (2006).

Figure 3-12. Squeezing cell in the squeezing mode (left) and the measuring mode
(right) (Muurinen and Carlsson 2006).
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4 DETERMINATION OF OXYGEN CONTENT IN MX-80

Lazo et al. (2003) showed that measured DO-concentrations in MX-80-suspensions
(clay content 18.3 g/L) reached a zero-value in less than 100 hours, see Figure 3-7.
The determination of DO levels in compacted bentonite is however more difficult. The
following destructive method was tested and found to offer one way of determining
DO contents in compacted samples.

Bentonite powder and distilled water were mixed under normal air, compacted and
placed in a simple storage cell, see Figure 4-1. The cell was then kept in a glove-box
with N2 until the oxygen content was to be determined. The cell was then opened, and
the sample was disintegrated in a closed vessel containing a known amount of DO-free
water. The measuring problem was then reduced to a simple determination of DO in a
suspension. The concentration of oxygen emanating from the sample was determined
with a Dissolved Oxygen Meter System (Orbisphere, Switzerland).

Saturated MX-80 samples were prepared at two dry densities (0.94 and 1.75 g/cm3)
and measured with regard to DO content either directly after preparation or one day
later. The result shows that the oxygen concentration decreased rapidly in the sample
with a dry density of 0.94 g/cm3: The DO content dropped during 1 day from 50 to 10

Figure 4-1. Cell with a sample sandwiched between two steel-plates.

Figure 4-2. Oxygen depletion in compacted MX-80 at two dry densities. Zero time
refers to freshly prepared sample. The DO refers to concentrations in the solutions
with dispersed samples.
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ppb. In case of the higher dry density, 1.75 g/cm3, it was only possible to conclude that
the DO concentrations were close to zero at both occasions.

The results from the preliminary testing suggest that the oxygen content in compacted
MX-80 samples can be determined with the above technique. However, the initial
value for the sample with a dry density of 1.75 g/cm3 seems to be too low, see Figure
4-2. Assuming that the DO content in the freshly prepared samples is proportional to
the pore water content, one would expect the initial oxygen content to be about 54% of
that observed for the sample with a dry density of 0.94 g/cm3, or about 27 ppb. The
reason for this discrepancy is not known to us. A possible explanation is that O2 is
sorbed on the clay.

More test are needed in order to determine, e.g., the accuracy and detection limit of the
method. A drawback with the technique is that it is destructive; the compacted
bentonite has to be dispersed in a solution and the oxygen content in each compacted
sample can therefore only be determined once. Thus, the number of samples needed to
follow the temporal DO depletion in compacted bentonite will therefore require at
least 3-5 samples for each dry density of interest.
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5 Eh AND pH MEASUREMENTS IN MX-80 AND ASHA 505

The temporal developments of Eh and pH in compacted MX-80 and Asha 505 were
studied in squeezing cells of the type presented in Section 3.6. The Asha bentonite
used was in all cases as delivered after grinding at GTK.

The Eh- and pH-measurements were performed in samples that were prepared under
normal air. The squeezing cells were in the first two experiments kept under normal
air during the whole measuring period. In all other cases the squeezing cells were
moved into a glove-box with N2 in order to exclude the possibility of oxygen entering
into the cell.

Eh and pH were determined by Au- and/or Pt-electrodes, while pH was measured with
IrOx electrodes. The measurements were made against LF-2 references electrodes (i.e,
leak-free Ag/AgCl electrodes with a 3.4 M KCl filling solution). The stability of the
LF-2 electrode was repeatedly controlled against a conventional glass reference
electrode (Orion S/j with a 900001 filling solution).

The solutions added were in all cases aerobic deionised water. No electrolytes were
added. All samples were water-saturated during the measurements. Tables 5.1-5.9
contain more information about each sample (including detailed identification codes
for samples and electrodes used).

The Eh values reported do in all cases refer to the SHE-scale. The conversion from
measured potentials to Eh were made in accordance with the following formula

Eh = emfME-LF2 + emfLF2-Orion + emfOrion-SHE (2)

where emfME-LF2 = emf for the measuring electrode against the LF-2 electrode,
emfLF2-Orion = emf for the LF-2 electrode against the Orion S/j electrode,
emfOrion-SHE = emf for the Orion and the SHE.

The samples discussed below had different densities. For convenience, these are in the
following lumped into three dry density classes: low density (0.6-0.9 g/cm3), medium
dry density (~1.5 g/cm3), and high dry density (1.8 g/cm3).

5.1 Samples with medium dry density (1.5 g/cm3)

Asha 505 was compacted under normal air to an initial dry density of 1.5 g/cm3. Au-
and Pt-electrodes were inserted at start. The pH-electrode was inserted at the end of
the experiment by removing a screw, boring a hole in the bentonite and inserting the
IrOx-electrode. The sample was then carefully compacted in order to re-fill the hole
and establish a good contact between the electrode and the clay. The compaction
slightly increased the dry density to the final value of 1.53 g/cm3 (based on
determination of the gravimetric water content). Table 5.1 give some further details
concerning the experimental arrangements.
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Table 5.1. The experimental arrangements with the sample Asha 505 OL.

The duration of the experiment was about 113 days. The Eh measurements started in
the freshly prepared sample and were finished prior to the insertion of the IrOx

electrode after about 113 days. Figure 5-1 shows how the Eh drops relatively fast
during an initial phase and thereafter levels off. Roughly, the actual values shown by
the Au- and Pt-electrodes were about -160 mV and -370 mV, respectively. The IrOx

electrode showed about 24 hours after insertion in the sample a pH of 8.1±0.1.

A similar test was carried out with MX-80, see Table 5.2. Eh was only determined
with a Pt-electrode. The results are similar to those in the Asha in the sense that Eh
first decreases rapidly and then decreases more slowly, see Figure 5-2. The Eh-value
during the last 30 days was about -200 mV. An IrOx-electrode was inserted in the
sample at the end of the experiment (113 days after start) following the above standard
procedure. pH was found to be 8.5 ±0.2 between the 114th and 120th day. The
experiment was thereafter terminated.

Figure 5-1. Eh vs. time in Asha 505 (sample Asha 505 OL, dry density 1.5 g/cm3).

Topic Explanation

Code Asha 505 OL
Bentonite Ground Asha 505, water content 3.7%, aerobic
Solution added Deionised water, aerobic
Measuring electrodes Pt-051017-2, Au-051017-2, IrOx-201205-3
Reference electrode LF-2-05-5
Dry density 1.5 g/cm3 (saturated d. 1.96 g/cm3)
Measurement surroundings Aerobic (open lab)
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Table 5.2. The experimental arrangements with the sample MX-80 OL.

Topic Explanation

Code MX-80 OL
Bentonite MX-80, water content 8 %, aerobic
Solution added Deionised water, aerobic
Measuring electrodes
Reference electrode

Pt-051017-1, IrOx-201205-2
LF-2-05-8

Dry density 1.42 g/cm3 (saturated d. 1.91 g/cm3)
Measurement surroundings Aerobic (open lab)

Figure 5-2. Eh vs. time in MX-80 (sample MX-80 OL, dry density 1.4 g/cm 3).

5.2 Samples with low dry density (0.6-0.9 g/cm3)

The experiments with the two bentonites were repeated under slightly different
conditions. The samples were prepared and squeezed and the redox-electrodes were
mounted under normal air. The cells were then moved into a glove-box with N2 and
the IrOx-electrodes were inserted. The Asha 505 and MX-80 samples were then
carefully compacted to final dry densities of 0.6 g/cm3 and 0.9 g/cm3, respectively.
The Figure 5-3 shows Eh vs. time in the Asha sample. Measurements during the last
10 days showed a pH of 8.5 ± 0.2.

Table 5.3. The experimental arrangements with the sample Asha 505 LD.

Topic Explanation

Code Asha 505
Bentonite Ground Asha 505, water content 3.7%, aerobic
Solution added Deionised water, aerobic
Measuring electrodes Pt-051111-2, Au-051111-2, IrOx-051108-4
Reference electrode LF-2-05-9
Dry density 0.6 g/cm3 (saturated d. 1.38 g/cm3)
Measurement surroundings N2 glove-box
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Figure 5-3. Eh vs. time in Asha 505 (sample Asha 505 LD, dry density 0.6 g/cm3).

The arrangements in case of the MX-80 measurements are presented in Table 5.4. The
redox-conditions were rather constant during the measurements, see Figure 5-4. The
pH during the end of the measurements was 9.1.

Table 5.4. The experimental arrangements with the sample MX-80 LD.

Topic Explanation

Code MX-80 LD
Bentonite MX-80, water content 8 %, aerobic
Solution added Deionised water, aerobic
Measuring electrodes
Reference electrode

Pt-051111-3, Au-051111-3, IrOx-051108-1
LF-2-05-10

Dry density 0.86 g/cm3 (saturated d. 1.55 g/cm3)
Measurement surroundings N2 glove-box

Figure 5-4. Eh vs. time in MX-80 (sample MX-80 LD, dry density 0.86 g/cm3).
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5.3 Samples with high dry density (1.7-1.8 g/cm3)

Two identical Asha 505 samples were compacted to a dry density of 1.68 g/cm3.
Compaction took place under normal air. The samples were thereafter placed in the
glove-box under N2. The experimental arrangements are found in Table 5.4 and 5.5.
Redox-measurements were performed by Au-electrodes. pH-measurements were
carried out in one of the cells, but they failed, probably as a result of a contact between
the IrOx-electrode and the wall of the cell. The results from the measurements show a
similar decrease in Eh vs. time in the two samples, se Figure 5-5.

Table 5.4. The experimental arrangements with the sample Asha 505 IB1.

Table 5.5. The experimental arrangements with the sample Asha 505 IB2.

Figure 5-5. Eh vs. time in two identical Asha 505 samples as determined by Au-
electrodes. The samples (Asha IB 1 and Asha IB2) both had a dry density of
1.68 g/cm3.

Topic Explanation

Code Asha 505 IB1
Bentonite Ground Asha 505, water content 3.7%, aerobic
Solution added Deionised water, aerobic
Measuring electrodes Pt-051111-3, Au-051207-3
Reference electrode LF-2-051207-3
Dry density 1.68 g/cm3 (saturated d. 2.08 g/cm3)
Measurement surroundings N2 glove-box

Topic Explanation

Code Asha 505 IB2
Bentonite Ground Asha 505, water content 3.7%, aerobic
Solution added Deionised water, aerobic
Measuring electrodes Pt-051111-2, Au-201205-1, IrOx-060310-1
Reference electrode LF-2-051207-5
Dry density 1.68 g/cm3 ((saturated d. 2.08 g/cm3)
Measurement surroundings N2 glove-box
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Two MX-80 samples were compacted under normal air to a dry density of
~1.80 g/cm3. The measurements proceeded in the same manner as described above.
The technical arrangements are given in Tables 5.6 and 5-7. The pH values measured
in one of the samples are shown in Figure 5-6. The reported pH- values were measured
during three weeks. During this time the measured pH dropped from 10.4 to 9.2-9.4.
The Eh also dropped, but the two samples showed somewhat different Eh-vs.-time
behaviour, see Figures 5-7 and 5-8. Sample MX-80 IB1 exhibited a rather fast
decrease in Eh (Figure 5-7), while in sample MX-80 IB2 (Figure 5-8) there is no clear
indication of a corresponding decrease during the period of observation. The reason
for this discrepancy is not known.

Table 5.6. The experimental arrangements with the sample MX-80 IB1.

Topic Explanation

Code MX-80 IB1
Bentonite MX-80, water content 8 %, aerobic
Solution added Deionised water, aerobic
Measuring electrodes
Reference electrode

Pt-051111-4, Au-051111-1
LF-2-051207-1

Dry density 1.78 g/cm3 (saturated d. 2.14 g/cm3)
Measurement surroundings N2 glove-box

Table 5.7. The experimental arrangements with the sample MX-80 IB2.

Topic Explanation

Code MX-80 IB2
Bentonite MX-80, water content 8 %, aerobic
Solution added Deionised water, aerobic
Measuring electrodes
Reference electrode

Au-201205-2, IrOx-051108-1
LF-2-051207-2

Dry density 1.80 g/cm3 (saturated d. 2.15 g/cm3)
Measurement surroundings N2 glove-box

Figure 5-6. pH vs. time in sample MX-80 IB2.
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Figure 5-7. Eh vs. time in MX-80 (sample MX-80 IB1).

Figure 5-8. Eh vs. time in MX-80 (sample MX-80 IB2).

Two squeezing cell tests are currently performed with water-saturated MX-80 samples
having dry densities of about 1.8 g/cm3, see Tables 5.8 and 5.9. The results from these
tests are preliminary. Their proper evaluation will be carried out after termination of
the experiments, when all subsequent re-calibrations, visual inspections, etc. have been
performed.

Figure 5-9 shows the preliminary results from an attempt to determine the temporal
development of pH in the sample MX-80 IB3P. The conversion from measured emf to
pH was solely based on the ‘before’-calibration of the IrOx used. Therefore, the
preliminary pH values are probably somewhat too high.

Neglecting the first 25 days of the graph, which probably are associated with slow
stabilisation of the electrode combined with slow micro-structural changes in the
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bentonite, one finds that the pH decreases towards 9.2-9.4 after 45-50 days. However,
these values represent only preliminary estimates as long as no re-calibration has been
carried out.

Table 5.8. The experimental arrangements with the sample MX-80 IB3E. Ongoing
experiments. Given dry density is targeted value.

Topic Explanation

Code MX-80 IB3E
Bentonite MX-80, water content 8 %, aerobic
Solution added Deionised water, aerobic
Measuring electrodes
Reference electrode

Au-051111-3, Pt-201205-1, Pt-051111-4
LF-2-051207-3

Dry density 1.8 g/cm3 (saturated d. 2.1-2.2 g/cm3)
Measurement surroundings N2 glove-box

Table 5.9. The experimental arrangements with the sample MX-80 IB3P. Ongoing
experiments. Given dry density is targeted value.

Topic Explanation

Code MX-80 IB2
Bentonite MX-80, water content 8 %, aerobic
Solution added Deionised water, aerobic
Measuring electrodes
Reference electrode

Pt-051111-1, IrOx-060310-4
LF-2-051207-2

Dry density 1.8 g/cm3 (saturated d. 2.1-2.2 g/cm3)
Measurement surroundings N2 glove-box
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Figure 5-9. Preliminary results from ongoing measurements showing pH vs. time in
MX-80 with dry density of 1.8 g/cm3. The data in the diagram are based on
calibration curves made before the experiments and the pH-values are therefore
somewhat higher than expected when using the after-calibration curve. Sample MX-80
IB3P.
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Eh-measurements were performed in the two MX-80 samples described in Tables 5.8
and 5.9. Figures 5-10 and 5-11 show the temporal development of Eh during the first
54 d. In both samples, Eh have the same value of roughly 400 mV. In one of the
sample, one Au- and two Pt-electrodes were used. The electrodes all show that Eh
decreases, but the difference between the electrodes is relatively high, see Figure 5-10.

In the other sample, only one Pt redox-electrode was used. Eh was in this case rather
constant during the 52 days, see Figure 5-11. It should be emphasised that the Eh
values in Figures 5-11 and 5-11 are preliminary.
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Figure 5-10. Preliminary results from ongoing measurements showing Eh vs time in
MX-80 (sample MX-80 IB3E, dry density 1.80 g/cm3).
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Figure 5-11. Preliminary results from ongoing measurements showing Eh vs. time in
MX-80 (sample MX-80 IB3P, dry density 1.8 g/cm3).
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6 SUMMARY AND DISCUSSION

This report describes work aiming at developing methods for studying the conditions
in compacted bentonite that may be important for the corrosion of copper in a
repository for spent nuclear fuel. The work describes the fabrication and the
preliminary testing of IrOx electrodes for pH measurements, Au-, and Pt-electrodes
for Eh-measurements, and Ag/AgCl-electrodes for determining Cl- concentrations.
That study also included some preliminary testing of electrodes in wet compacted
MX-80 stored in PEEK diffusion cells and an early version of the Ti squeezing cell.
The results from the Eh- and pH-tests were promising and it was decided that they
should continue.

This report presents the continued and extended efforts concerning electrode testing,
as well as results from (preliminary) oxygen measurements, and from measurements
of Eh and pH in two different bentonites, MX-80 and Asha 505.

The electrode tests involved:

- Calibration in commercial standard solutions. The results showed the expected
good agreement between measured Eh-values and the values given by the
manufacturer of the standards. The Au- and Pt-electrodes gave the same Eh-
values.

- Calibration in commercial standards. The IrOx pH electrode showed normally a
close to the desired Nernstian behaviour. Similar ‘before’- and ‘after’-calibration
curves indicated that electrodes in compacted bentonite probably had functioned
properly during measurements and produced reasonable results.

- Measurements in NaCl-solutions with varying DO concentration. The results
showed that the Au- and Pt-electrodes were able to react rather fast to small
changes in the DO concentration. The Au- and Pt-electrode showed similar
response to the changes, but the Au-electrode gave about 200 mV lower readings
than the Pt-electrode. Both electrodes gave Eh-values that were considerably lower
than is expected if the redox-condition is controlled solely by the O(0)/O(-II)
redoxpair.

- Measurements in MX-80 suspension with a bentonite concentration similar to what
was used by Lazo et al. (2003) in a study on oxygen depletion. The Au- and Pt-
electrodes both showed decreasing Eh-values as a function of time, which might
be associated with ongoing O2 depletion in the suspension. The IrOx pH electrode
showed reasonable values, which were initially about 8.6 in the freshly prepared
suspension but dropped to about 7.4 as a result of ongoing flocculation.

- The Au- and Pt-electrodes showed mostly quite different but correlated Eh-values.
This phenomenon has recently been reported elsewhere and it has been concluded
that “further studies are still needed in order to understand the processes which
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determine Eh in compacted bentonite and to find the reasons for different Eh
values given by the Au and Pt electrodes (Muurinen and Carlsson 2005).

The possibility of using a destructive method for determining DO content in
compacted MX-80 was preliminary tested in the following way. MX-80 samples were
compacted under aerobic conditions and stored in cells that were transferred into a
glovebox with N2. The samples were then taken from the cell, either directly or after
one day, and disintegrated in anaerobic solutions. The oxygen content was thereafter
measured by an oxygen meter. The oxygen content was considerably reduced during
the first 24 hours. The preliminary results indicate that this method works reasonably
well and can be used as a complement to studies with redox-electrodes.

A new Ti squeezing cell was designed and fabricated in ten copies. The cells were
then used for studies on two bentonites, MX-80 and the Indian Asha 505 (previously
Kutch).

Eh- and pH-measurements were performed in compacted MX-80 and in compacted
Asha 505. There is at this point no clear distinction between the two bentonites with
regard to their Eh- and pH-behaviour; the two bentonites seem to react in the same
with regard to these parameters.

The studies with MX-80, which involved more samples than the Asha 505, indicate
that the decrease in Eh in highly compacted bentonite (dry density 1.8 g/cm3, or
saturated density of 2.1-2.2 g/cm3) is much slower than in the samples with a dry
density of only 1.5 (saturated density 2.0 g/cm3). This might be explained by the fact
that bacterial activity, which is associated with oxygen consumption and an associated
decrease in Eh, is hindered at the higher density but not at the lower one. However,
further tests are needed in order to confirm this.

It should be pointed out that the amount of free water is quite low at high densities.
For example, in a sodium or calcium MX-80 bentonite with a dry density of 1.8 g/cm3,
most of the water (97-98%) is present as ‘internal water’ (Pusch et al. 1990). This
means that only the remaining 2-3% of the water, the ‘free water’, is available for
measurements with electrodes. The upper limit for the dry density, above which
meaningful Eh- and pH measurements are not possible, is not known.

Further information about the functioning of Au and Pt electrodes for redox-
measurements and solid IrOx electrodes for pH measurements in chemical solutions
and wet compacted bentonite is found in Muurinen and Carlsson (2005). A description
of the methods for on-line measurements of Eh and pH in compacted bentonite is
found in Muurinen and Carlsson (2006).
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APPENDIX 1: BENTONITE DRY DENSITY AND WATER-SATURATED
DENSITY

The bentonite density is often expressed in terms of the dry density or the water-
saturated density. The relation between the densities is given below.

Symbols and assumptions

The following concerns fully water-saturated bentonite. The following symbols are
used:

m = mass of totally water-free bentonite (unit: g)
w = mass of water (unit: g)
�solid = density of bentonite particles (unit: g/cm3); �solid = 2.75 g/cm3

�water = density of water, (unit: g/cm3); �water = 1.00 g/cm3

V = sample volume = w/�water + m/�solid (unit: cm3)
�d = dry density = m/V (unit: g/cm3)
�sat = water-saturated density = (w+m)/V

Relation between �sat and �dry

�sat = (w+m)/V = w/V +m/V = w/V + �d (1)

Rearrangement gives

w/V = �water(1 - m/(V·�solid)) = �water - �water·�d/�solid (2)

Insertion of (2) into (1) yields

�sat = �water + �d(1 - �water/�solid) (3)

If it is assumed that �water = 1.00 g/cm3 and �solid = 2.75 g/cm3, then (3) takes the form:

�sat = 1.00 + �d(1 - 1.00/2.75) (4)

or

�sat � 1 + 0.64·�d (5)

If �solid is assumed to be slightly less than 2.75 g/cm3, e.g., 2.7 g/cm3, then equation (5)
changes somewhat:

�sat � 1 + 0.63·�dry (6)

The last relation, presented in the form �dry = (�sat-1)/0.63, is found in e.g. Pusch
(2002): The buffer and backfill handbook. Part 1. SKB TR-02-20.
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APPENDIX 2: PHOTOS OF SELECTED EQUIPMENT

Figure A-1. Situation prior to measurements. The bentonite is placed inside the
squeezing cell, which is under pressure by a steel framework equipped with a spring.

Figure A-2. Ti squeezing cells during measurements. Length of black bar: 10 cm.
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Figure A-3. Close-up of cell during measurements; vertically positioned reference
electrode and a horizontally positioned measuring electrode. The cell is standing on
an electrically isolating plate.

Figure A-4. SEM micrograph of an IrOx electrode showing its columnar-structured
surface. (Image by P. Varis, VTT.)


