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Motivated by operational problems in one of the Dutch geothermal doublets, a
technology cluster was started to investigate the electrochemical reactions between
the metal parts of a geothermal installation and the formation water, which can lead
to the deposition of lead.

The focus in this study was on the doublets in the Slochteren formation. In this
formation, significant lead concentrations are found (among other causes due to the
exchange of elements with the overlying Kupferschiefer formation).

Theory and own analysis by the geothermal operators suggest that the deposition

of lead in their systems concerns metallic lead, indeed caused by electrochemical

reactions in the system:

» (Electron) exchange reactions between the lead in the formation water and the
iron in the casings

< Galvanic corrosion, in which lead deposits on the least noble of two metal in a
conductive connection

Several monitoring techniques are described, including coupons, corrosion loop and
in-situ inspection tools.

Recommended measures to prevent corrosion and/or lead deposition can be

divided into three categories:

« Material selection (often not practical because of high costs; often only
applicable in the design phase of a project)

» Corrosion inhibitors (used and effective; in this reports, recommendations are
made for evaluation of different inhibitors)

Concentration of the deposits by absorption of anodic/cathodic protection (not

preferred, because of problems with the disposal of the radioactive deposits
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1

11

1.2

13

Introduction and scope

Technology cluster lead deposition

Motivated by operational problems caused by the deposition of lead in one of the
Dutch geothermal doublets, a so called technology cluster (TC) was started on this
topic early 2014. Lead deposition forms a risk to the operation of geothermal
doublets because it can lead to scaling (and clogging) and thereby to decreased
efficiency. Furthermore, the disposal of lead scales comes with HSE (health, safety
and environment) concerns and costs due to the radio activity of the natural
occurring Pb-210 isotope.

In a TC, TNO aims to provide the sponsoring participants with the knowledge to
answer a number of research questions, upon which the participants can improve
their operations or business. Also, general and specific recommendations are
made. In this TC, the following questions have been investigated:

»  Which (electrochemical) interactions between the (salt) formation water and the
different components of a geothermal installation can cause deposition of
metals, lead in particular, in the installation?

* What can monitored in a geothermal installation to determine whether the
identified reactions are relevant for the specific installation, or to determine the
effect of these interactions?

 What can be done to avoid undesired reactions and what is the practical
feasibility of these solutions?

Focus on Slochteren formation

The participants of this technology cluster are all in some way involved in (possible
future) geothermal energy production from doublets in the Slochteren formation,
which is present in the Northern part of the Netherlands in the (Upper) Rotliegend
lithostratigraphic unit. In this formation, lead concentrations in the formation water
are significant. The overlying Kupferschiefer formation, which can easily exchange
elements with Slochteren due to several juxtapositions, but also the Carboniferous
coals can be the source of the lead in the Slochteren formation water.

For the processes and reactions described in this study, formation water
characteristics such as composition, pH and temperature, are important
parameters. In the investigations, values and value ranges for these parameters
have been chosen that are relevant for the Slochteren formation (see Chapter 2).

Setup of this report

In Chapter 3, the theoretical background behind electrochemical reactions that may
occur in geothermal system is explained. Chapter 4 focuses on the redox potentials
of ions that are found in the Slochteren formation water. These potential are the
driving force behind the actual electrochemical reactions described in Chapter 5.
Finally, Chapter 6 focuses on monitoring tools and possible measures to prevent or
mitigate the risks involved with lead deposition. This report contains three restricted
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appendices, that are made available to the participants of this technology cluster
only.
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2 Formation water composition for the Slochteren
reservoir

Table 1 presents an overview of the spread in the formation water composition for
the Slochteren reservoir. The minimums and maximums in g/l are based on two or
eleven measurements for geothermal wells and maximum eight measurements
from gas fields. All analyses showed the presence of sodium, potassium, calcium,
magnesium, and chloride. For all other elements there is less data available.
Remarkable, but fortunate, is the absence of H,S in this formation water. The
absence of H,S is confirmed by the formation water composition data that were
provided by a number of participants in this technology cluster. The measured pH
ranged from 4.8 to 6.5 with a temperature of minimum 70 C up to 94 C. It has been
agreed with the operators involved in this technology cluster to assume the values
below to be representative for their own situations.

Table 1: Formation water composition for selected samples in the Slochteren reservoir

element  min@l)  max@)
‘Al o005 0.01
"Ma ] 0005 0.01
‘Fe oo 0.2
NI 0.00005 0.0001
‘cu 0.00005 0.0002
Zn ooz 0.03
S o2 07
ed o001 0.002
'Ba 0003 0.006
b o002 0.003
THEO3 T oot 0.07
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3.1

Theoretical background

In this chapter we focus on theoretical background of electrochemical reactions. To
do this we first have a look on what we can learn from so called Pourbaix diagrams
in paragraph 3.1. These diagrams can tell us which electrochemical reactions are
possible based on thermodynamic calculations. Then, using the relevant data from
the Pourbaix diagrams, it is shown in paragraph 3.2 how using the Nernst equation
we are able to calculate the actual redox potentials at the given temperature and
concentration. The theory is explained using iron as an example. In Chapter 4, the
outcome of these calculations will be shown for the composition of the Slochteren
formation water.

How to read Pourbaix diagrams

Pourbaix diagrams [1], also known as a potential/pH diagrams, show the possible
stable equilibrium phases of a specific aqueous electrochemical system at a set
temperature (mostly at 298K). Predominant ion boundaries are represented by
lines. As such, a Pourbaix diagram can be read much like a standard phase
diagram with a different set of axes. Similarly to phase diagrams, they are
completely based on thermodynamics and therefore do not give information about
reaction rates or kinetic effects.

All Pourbaix diagrams used in this report are drawn up for aqueous solutions at
298K showing the potentials with respect to the standard hydrogen electrode
(NHE). In all diagrams two diagonal (dashed) lines marked (a) and (b) indicate the
area in which water is thermodynamically stable. The area below the line marked
(a) is where water will be reduced and hydrogen gas will be formed. Depending on
the pH of the electrolyte the corresponding reaction can be written as:

2H" +2e” « H,(9) (1)
or
2H,0+2e" « 20H™ +H,(0) )

The corresponding equilibrium potential for these reactions can be written as:

E, =0.000 - 0.591pH - 0.0295l09( sz) (V) 3
The area above the line marked (b) in the Pourbaix diagram is where water will be
oxidized and oxygen gas will be formed:

2H,0 - OZ+4H++4e_ (4)

Since this is an equilibrium it also indicates the strength of oxygen as an oxidizing
agent. The corresponding potential for this equilibrium is:

E, = 1228— 00591pH + 00147log(p,,) (V) 5)
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As an example, Figure 1 shows the Pourbaix diagram of iron in water at 298K.
Besides the already mentioned (a) and (b) lines indicating the water stability there
are several other equilibrium lines visible. The diagram shows that metal iron (Fe) is
not a stable phase over the complete pH region from pH 2 to +16. In an acidic
environment iron will oxidize to form Fe®* (lines 23) while at more alkaline
conditions the hydroxide Fe(OH), is formed (line 12). Above pH 14 HFeO3; can be
found. The diagram also indicates which phases are solid and which are dissolved
in the aqueous solution. At low pH the stable phase Fe®* will be dissolved in the
solution, while at higher pH the iron hydroxide phase will form a (passive) film on
the iron substrate.

The diagram also shows that when a potential is applied to the system, either by an
external power supply or through the presence of other electrochemical active
species, other iron phases can be in equilibrium. At low pH and at higher potentials
the Fe®* will oxidize further to Fe** and at higher pH Fe(OH), can be oxidized to

Fe(OH)s.
rs Q 1 2 3 &£ & 6 7 & % 0 W 12 N W 15 18
£ :’?1 Y 2.2
'E} 2

Figure 1: Pourbaix diagram for the system iron-water, at 25 C; source:
http://www.wetenschapsforum.nl/index.php/topic/181404-redox-reacties-en-pourbaix-
diagram/

The orange circle in the iron Pourbaix diagram indicates the situation for iron in
contact with the Slochteren reservoir formation water (at 298K) with a pH between
4.8 and 6.5 (paragraph 2.1). In this case we assume no presence of an external
power supply. The diagram shows that in this pH region the iron metal phase is
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3.2

instable as it is below the reduction potential water. In other words, due to the
reduction of water (equation 1) the iron can be oxidized (lines 23):

Fe - Fe +2e (6)

In the diagram this equilibrium potential is indicated by reaction 23 and by 4 parallel
lines marked with a value of 0, 2, 4 and 6. This number indicated refers to the
logarithmic concentration of Fe?* in the solution. The parallel lines show the change
in equilibrium potential upon the concentration of Fe®* in the electrolyte. The
potential corresponding to the line for a concentration of 1M of Fe?* (marked with
the value 0) is referred to as the standard equilibrium potential which is 0.44V
versus NHE.

The Nernst equation: determine the influence of temperature and
concentration

The equilibrium potential or half-cell potential at a given concentration and
temperature can be calculated using the Nernst equation [2] and the relevant
standard equilibrium potential determined from the Pourbaix diagram:

E-po- R, B %)

nF o a,

In which:

half-cell or equilibrium potential at the temperature of interest
standard equilibrium potential

universal gas constant: R = 8.314J/(K*mol)

absolute temperature (K)

chemical activity/concentration for the relevant species (mol/l)
Faraday constant: F = 96485C/mol

number of electrons transferred in the half-reaction

o

ST 4o mm

As an example we look again at the iron case described above and calculate the
half-cell potential at a temperature of 80 C (353K) and an Fe®* concentration of
0.2g/l which is the maximum concentration as observed for the Slochteren
formation water (Table 1). As shown in the previous paragraph the standard
equilibrium potential determined from the Pourbaix diagram of ion in the relevant pH
range is 0.44V vs NHE for the reaction shown in Eq uation 6. Since two electrons
are involved in this reaction n equals 2. The concentration of the oxidized species
(Fe®) can be calculated using the molecular weight of iron (55.8g/mol). The 0.2g/l
corresponds to 3.6e-3mol/l. Since in this case the reduced species is the solid state
iron we can neglect it s concentration and re-write the Nernst equation to:

RT
E=E"+—1| 8
= n(a,) (8)

Using the above values the equilibrium potential at 80 C and 0.2g/l Fe*" is
calculated to be 0.526V vs NHE.
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4 Redox potentials of the ions in the Slochteren
formation water

4.1 Sequence of oxidizing strength

Similar to the example given for iron in the previous chapter, the Pourbaix diagrams
[1] were investigated for all other ions present in the Slochteren formation (see
Table 1 in Chapter 2). Figure 2 shows the standard equilibrium potentials for the
various ions, which corresponds to the equilibrium potential at an ion concentration
of 1M at 25 C, determined directly from the Pourbaix diagrams between the for the
Slochteren formation water relevant pH range of 4.8 to 6.5.

02 Cu Pb Ni H20Cd Fe Zn Ca Sr Ba Na Mn K Al Mg

1.5

0.5

=
o

Stand. equil. potential / V (NHE)
N

-3

Figure 2: Plot showing the standard equilibrium potentials for the ions observed in the Slochteren
formation. Oxygen is added to show the strength of this oxidizing agent.

The sequence shown in Figure 2 indicates the oxidizing strength of the ions. The
species on the left hand side of the plot have a strong oxidizing strength which
means that they are thermodynamically able to oxidize the species which are
depicted on the right of them. It is clearly shown that oxygen is by far the strongest
oxidizing agent. If oxygen would be present in the formation water it would
thermodynamically easily be able to oxidize iron based installation materials. Similar
copper, lead, nickel, water (protons) and even cadmium could in principle oxidize
iron. One should however realize that, as is emphasized in the previous chapter,
the standard equilibrium potentials are completely based on thermodynamics and
therefore do not allow for reaction rate or kinetic effects.

The species on the right hand side of the graph are the reducing agents (Zn, Ca, Sr,
Ba, Na, Mn, K, Al, Mg). Since these species have a redox potentials more positive
than the reduction potential of water, they are only stable in their oxidized form and
can therefore be neglected as being electrochemically active.
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4.2

Using the relevant standard equilibrium potentials, the corresponding redox
potentials were calculated using the Nernst equation at the relevant temperature of
94 C and the maximum ion-concentration (see Table 1). Since oxygen is not
present in the formation water it is also not further investigated. Figure 3 shows the
temperature dependence of the redox potentials for the (most) electrochemically
active species in the formation water.

0.400

0200 S04 0000000000000

0.000 - T = CU
| —=—pb
i H"“"'"H"-I-.—.—.“-..... —&—Ni
“ 0.400

-0. H*ﬂﬂ'&ﬂﬁ—ﬁ-ﬂ*ﬂﬂ_‘ —o—Fe
‘ i Cdl

e 7 N

T/°C

Figure 3: Temperature dependence of the redox potentials as calculated with the Nernst equation
using the maximum concentration observed in the Slochteren formation water

From this plot we can conclude that Cu, Pb and Ni have the electrochemical power
to oxidize iron. As mentioned above this observation is only based on
thermodynamic calculations. The reaction rate depends on kinetics. Since the
concentration of Cu and Ni in the formation water is in the order of at least 100
times less than that of Pb, we can assume that Cu and Ni will have a much lower
impact.

(Electro)chemical reactions of Naturally Occurring Radioactive Material
(NORM)

This study focusses on the electrochemical deposition of stabile lead and the
radioactive element of the uranium series, lead Pb210. Other natural occurring
radioactive material (NORM) in the brine of the Slochteren formation can be radium
(Ra), radon (Rd) and kalium (K) which are products of the uranium series. To a
much lesser extent decay products of the throrium series are detected. Both
uranium and thorium are not mobile and do not contribute to the NORM found in
these geothermal brines. The electrochemical activity of lead will be further
discussed upon in the next chapter. The Pourbaix diagram of radium [1] shows that
the electrochemistry of this element can be neglected as the standard equilibrium
potential is very negative ( 2.9V). Radium could ho wever chemically be substituted
for barium, strontium and calcium in deposits in BaSOa (barite), SrCOs (strontianite),
SrSOa (celestite/celestine), CaSO4 (anhydrite). Similar can be stated for kalium. For
the evaluation of chemical precipitation (scaling) of these products we refer to [10].
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This report focusses on the electrochemical precipitation of stabile and radioactive
lead (and copper).
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5

5.1

Electrochemical reactions in the geothermal
installation

In this chapter, we focus on electrochemical reactions that might occur in the
geothermal installations using the formation water of the Slochteren reservoir. In the
first two paragraphs the situation is discussed for low grade steels. Section 5.1
discusses the corrosion due to dissolved carbon dioxide in the formation water. In
the second paragraph, lead deposition due to an electrochemical exchange
reaction is discussed. Electrochemical reactions as a consequence of galvanic
element formation due to the electrical contact of two different steel types in contact
with the formation water is discussed in section 5.3.

Carbon dioxide corrosion of the steel casing

While dry CO, is not corrosive, CO, in combination with water creates an acidic
environment that causes corrosion of steels [4]. Equation 9 shows the proton
formation due to the dissolution of carbon dioxide in the formation water:

CO, +H,0 — H* +HCO; ©)

As a consequence of this reaction, the pH of the formation water decreases (pH
observed between 4.8 and 6.5). In the previous chapter we already showed that at
these potentials protons (eq. 1) can be reduced to form hydrogen at the expense of
iron to be oxidized (eq. 6). Thus, at the steel/liquid interface, an anodic reaction
takes place and iron atoms are oxidized as cations. At the meantime, a cathodic
reaction takes place and protons are reduced. The overall electrochemical reaction
is:

Fe(s) + CO, +H,0 - Fe* +2HCO; +H, (10)

The present bicarbonate and carbonate anions can react with ferrous ions to form
an iron carbonate film. This carbonate film can under ideal circumstance be able to
prevent the iron below for further oxidation and thus stop the corrosion process. If
the hydrogen gas evolved during this reaction is detected it can be used as an
indicator for carbon dioxide corrosion of the steel.

The corrosion rate of (casing) steel is investigated especially for down hole CO,
storage where the CO, concentration in the injection wells is much higher and the
water content much lower than in the case of geothermal wells. It is shown that for
down hole storage the corrosion rate depends on various variables: pressure,
temperature, the presence and quality of well cement, salts and chemicals in the
brine, pH etc. [4]. For these types of systems it is often observed that the initial high
corrosion rate decreases in time due to the formation of the passivating iron
carbonate layer.

It is however very unsure if a good quality corrosion inhibiting iron carbonate layer is
also formed under the conditions used in geothermal installations. Figure 4 shows
an chemical equilibrium calculation for the system water, iron and carbon dioxide in
the pH region 4 to 7, relevant to the Slochteren formation. This plot which is based
on thermodynamical data shows that in the pH region below 6 the dissolved carbon
dioxide will be present in the form of H,CO; and most of the dissolved iron will be in
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the form of Fe®*. Only at a pH close to 6 the concentration of the HCO; species
starts to rise causing the formation iron carbonate to be the predominant iron
species at a pH larger than 6. From this one could conclude that an iron carbonate
layer will be formed at a pH above 6. As mentioned already above these
calculations are based only on thermodynamic values and will therefore not allow
for reaction rate or kinetic effects. Even if a carbonate layer is formed it is uncertain
if this layer has the quality and morphology to protect the underlying iron for further
corrosion. It will therefore be very important to monitor the corrosion rate of the bare
steel.

The above stated pH dependence of iron-carbonate scaling is also the outcome of
tests reported in reference [8] and [9]. On the basis of this information the iron-
carbonate scaling in the evaluated producer and injection wells is not likely to result
in pseudo passivation of carbon steel.

[CO3%11or = 1.00 MM [Fe*" ]ior = 3.00 mM
O |
2 Fe2+
H>CO4 77777777777777ieico3»(c)

Log Conc.

4.0 4.5 5.0

Figure 4: Chemical equilibrium calculation for the system water, iron and carbon dioxide.

Although the formation of a good passivating iron carbonate layer is unlikely based
on the pH and concentrations of iron and carbonate in the bulk of the formation
water there might be special conditions/occasions which could result in a good
passivating layer. For instance during drilling the drilling fluid has a much higher pH
and also contains inhibitor. This might after rinsing with formation water result in a
thin passivating layer of iron carbonate, inhibitor or both. Due to corrosion of the
tubing the concentration of iron and carbonate species could be different close to
the tubing wall with respect to the bulk concentrations. These local conditions could
be much more favourable for iron carbonate formation than those based on the bulk
concentrations.
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5.2

Lead deposition due to an exchange reaction

Figure 5 illustrates the Pourbaix diagram of lead in water at 25°C. The orange circle
in this plot shows the relevant pH area. The equilibrium reaction in this area is the
reduction of lead ions to metallic lead:

Pb* +2e « PDb(s) (11)

As shown in Figure 3 of Chapter 4, the Nernst redox potential for this equilibrium
can be calculated for the specific lead concentration at the temperature of the
formation water. It is shown that for the complete temperature range of 0 to 100°C
the redox potential of the lead reduction is higher than that of iron. Therefore it can
be concluded that thermodynamically lead ions are able to oxidize metallic iron.
This type of reaction is often referred to as an exchange reaction. The more noble
metal (lead) is deposited and the lesser noble metal (iron) is dissolved. The overall
equation for this exchange is:

Fe(s)+ Pb* ® Fe®* +Ph(s) (12)

Figure 6 shows the very small, only a few mV, temperature dependence of the cell
potential for the exchange reaction of lead with iron between 0 and 100°C.

Figure 5: Pourbaix diagram for the system lead-water, at 25°C. The orange circle shows the
relevant E/pH equilibrium reaction area. Source:
http://en.wikipedia.org/wiki/Compounds_of lead
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