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Abstract

Amorphous silica is one of the most common phases to precipitate from geothermal
fluids. It precipitates by self-assembly of monomeric silica (HsSiOs) via heterogene-
ous and homogeneous nucleation and subsequent growth of nuclei by addition of
dissolved silica. The mechanism and the factors controlling the individual steps of
silica precipitation have been studied in numerous laboratory experiments over the
last decades and are, despite their complexity, well understood. However, due to
the higher complexity of natural geothermal fluids (e.g high fluid flow rates, micro-
bial activity or complex fluid chemistries), these findings cannot be directly applied
to the study of silica scaling inside geothermal power plants and silica sinters
around hot springs.

In the first part of this thesis we present the results from the first ever time-
resolved study of silica precipitation inside in-use geothermal pipelines. Silica scales
formed primarily via heterogeneous nucleation on steel surfaces, resulting in a silica
layer rapidly covering these surfaces. This pathway of silica deposition was con-
trolled by surface roughness, total silica concentration and temperature and allowed
the deposition of up to 1 g of silica per day and m2. Homogeneous nucleation also
occurred and lead to the formation of silica microspheres which were deposited
preferentially into depressions and along edges or were aggregated to fan- and
ridge-shaped structures growing towards the flow, depending on the fluid flow
regime. While the 3D structures could result in more turbulent flow, decreasing the
flow rate, the formation of the silica layer could potentially even be beneficial for the
operation of a geothermal power plant as it passivates the surface against corrosion.

For the second part of this thesis, we studied the interaction of a silica solu-
tion with a protein (= lysozyme), during which hybrid composites were formed. By
investigating these final products in detail, we determined that, depending on the
timing of the silica-lysozyme interactions (during or after silica polymerisation) and

the ratio of silica-to-protein, the resulting composites showed different structures

VII
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and surface properties. This is of interest for biomineralisation as it elucidates how
biomolecules interact with dissolved silica and how microorganisms can control this

process.
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Chapter 1

Introduction

This chapter gives a brief introduction to silica precipitation under geothermal con-
ditions and sets out the aims and objectives of the thesis. In addition, the field and

laboratory approaches as well as the layout of the thesis are briefly outlined.

1.1 Background

Geothermal systems (Figure 1.1) are defined as freely moving fluids which transport
heat from a heat source in the Earth’s crust (due to magmatic activity or the normal
geothermal gradient of the Earth) to a heat sink, usually the Earth’s surface (Dickson
and Fanelli, 2013). Geothermal fluids are commonly meteoric waters which pene-
trate into the subsurface via structural features and are subsequently heated up. The
dilute nature of the fluids and the increasing temperature result in interactions be-
tween the fluid and the surrounding rock, such as dilution of minerals. This leads to
an enrichment of the fluid with dissolved components. As silicates are the dominant
mineral group in the Earth’s crust, geothermal fluids are commonly rich in dis-
solved SiOz. The fluids can be pumped from an impermeable reservoir at depth for
energy production or, if permeable structural features are present, they can surface
naturally, and emerge as hot springs and geysers. When the geothermal fluids are
cooled, the solubility of silica is reduced and the fluids become supersaturated with
respect to amorphous silica. This leads to rapid precipitation. Inside geothermal
power plants these deposits are called silica scales and around hot springs silica

sinters.
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Figure 1.1: Simplified schematic of a ‘standard’ geothermal system (modified after Dickson
and Fanelli, 2013) showing (A) the heat source, reservoir and geothermal fluid which emerg-
es naturally as hot springs or geysers or is pumped from the reservoir for the production of
geothermal energy and (B) mineral dissolution in the reservoir which is responsible for high
concentrations of silica (5i0z2) in the fluid.

The silica precipitation is controlled by the self-assembly of dissolved silica,
leading to an amorphous network of SiOs* tetrahedra (Iler, 1979). The process can
occur via homogeneous nucleation of particles in the fluid and/or heterogeneous
nucleation on pre-existing surfaces (Benning and Waychunas, 2007). In either case,
once the nuclei have formed they grow by the attachment of more dissolved silica.
Silica particles in the fluid will eventually be aggregated and deposited. The ther-
modynamics and kinetics of the different steps of the silica self-assembly process
have been investigated in a large number of laboratory studies over the last decades.
A variety of parameters such as temperature, pH, silica concentration and salinity
have been identified as factors controlling precipitation (Goto, 1956; Weres et al.,
1981; Icopini et al., 2005; Tobler et al., 2009; Tobler and Benning, 2013). While ad-
vancing our understanding of how amorphous silica precipitates under specific
conditions, the results from these laboratory studies cannot be directly applied to
field settings due to the more complex nature of these systems such as the number
of parameters controlling precipitation, the large fluid volumes and often high flow
rates as well as the more complex fluid compositions (Carroll et al., 1998). Thus,

detailed and time resolved experiments that follow the precipitation of silica inside
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pipelines of geothermal power plants and in natural hot springs are needed to fill
this gap in our knowledge base.

The study of silica scaling inside geothermal power plants is difficult as ex-
periments can only be conducted in a way where they do not disrupt normal opera-
tions. This limits access to fluids or solids precipitated. To circumvent these prob-
lems, experiments conducted at geothermal power plants generally involve the use
of a bypass systems (Rothbaum et al., 1979; Harrar et al., 1982; Carroll et al., 1998).
However, the conditions inside the bypass are not identical to those inside of in-use
geothermal pipelines due to the lower flow rates and the different hydrodynamic
conditions (numerous valves and pipes with a smaller diameter). Depending on the
design of the bypass, additional artefacts such as cooling or oxygenation of the fluid
can also be introduced (Rothbaum et al., 1979). Thus, the precipitation pathways
and/or rates determined from such studies are not necessarily representative of the
behaviour of amorphous silica inside the actual geothermal pipelines. Furthermore,
analysing fluids extracted from the geothermal pipelines for total silica concentra-
tion and silica speciation can be used to infer the polymerisation and precipitation
of silica (Gunnarsson et al., 2010). However, the lack of solid materials to be studied
limits the informative value of such studies. The ideal study of silica scaling in geo-
thermal systems would be conducted inside the actual geothermal pipelines under
conditions of normal operation and allowing access to both, fluid samples and the
precipitated solids. However, no such precipitation study has been carried out yet
despite the fact that this would be an important step on the way to quantifying the
pathways of precipitation of amorphous silica inside geothermal power plants. Ad-
vancing our fundamental understanding of the process of silica scale formation is
crucial in the development of a universally applicable mitigation approach for silica
precipitation. Currently, a wide range of approaches to mitigate amorphous silica
scaling, such as pH control, dilution with steam condensate, ageing of the fluid or
the use of (in)organic inhibitors are currently in use in various geothermal power
plants (Yanagase et al., 1970; Harrar et al., 1982; Henley, 1983; Gallup, 1998; Gallup,
2002; Demadis, 2005). To be able to evaluate how silica precipitation occurs inside
geothermal power plants was the big challenge that constituted the main focus of
my PhD thesis.

The second place where silica precipitation is important are hot springs em-
anating at the Earth surface. To study silica precipitation in such settings is general-

ly easier than inside geothermal power plants. However, the often slow precipita-
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tion rates and daily to seasonally variable physico-chemical conditions present their
own challenges for the design and interpretation of field experiments. In addition,
the formation of silica sinters is most often not a purely abiotic process as thermo-
philic microbes have been shown to strongly affect the precipitation of silica. The
presence of microbial surfaces can even lead to sinter formation from fluids under-
saturated with respect to amorphous silica (Tobler et al., 2008). While numerous
studies have evaluated the nature of the microbial community, as well as the effect
of microbes on sinter textures and growth rates and biosilicification (Phoenix et al.,
2001; Mountain et al., 2003; Handley et al., 2005; Tobler et al., 2008) there is a lack of
data on the molecular level interaction between silica and the functional groups of
the bacterial cell walls. In order to study this interaction in more detail, laboratory
studies involving silica and biomolecules (proteins, sugars, lipids) are needed. This

was the second focus of my thesis.

1.2 Aims and Objectives

Based on the two research gaps identified above, understanding the mechanisms of
silica scaling in geothermal power plants as well as the interactions between dis-
solved silica and biomolecules at the molecular scale, we defined the following aims

and objectives for this thesis:

Aim 1: Identify the precipitation pathways of silica inside of in-use pipelines at an

operational geothermal power plant (Hellisheidi power plant, Iceland).

Objective 1: Identify if silica scaling is dominated by homogeneous nuclea-
tion of particles in the fluid and their subsequent deposition or heterogene-

ous nucleation on pipeline surfaces and quantify precipitation rates.

Objective 2: Identify the physico-chemical parameters of the fluid and pipe

surfaces which affect the precipitation mechanisms and rates of silica.

Objective 3: Investigate the effect of silica scaling on corrosion and assess

the passivation potential of silica deposits.
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Aim 2: Determine how the presence of biomolecules enhances the precipitation of

silica.

Objective 1: Test the effect of different biomolecules (proteins, sugars, lipids)
on silica precipitation pathways and rates at different concentrations and

temperatures.

Objective 2: Test how the speciation of silica (monomers vs. colloids) by

adding the biomolecules during different steps in the precipitation reaction.

1.3 Experimental Approach

The experimental approach for the work presented in this thesis is briefly described
here with the details of the individual methods given in the experimental sections
and/or the supplementary information of each manuscript in Chapters 3 to 7. Meth-
ods which are not routinely used in the Earth Sciences (e.g., small angle X-ray scat-
tering, pair distribution function analyses, or the determination of C-potential) are

described in more detail in Appendices A and B.

1.3.1  Field-based approach

In order to address aim 1 (“Identify the precipitation pathways of silica inside an
operational geothermal power plant”) we devised a set of field experiments togeth-
er with our collaborators at the Hellisheidi power plant, SW-Iceland (Fig-
ure 1.2 A & B). These field experiments involved the preparation and deployment of
metal scaling plates inside in-use geothermal pipelines (Figure 1.2 C), in order to
investigate silica scaling in the pipelines of the power plant during normal opera-
tion. The scaling plates were 2 to 2.5 cm wide, 5 cm long, 0.2 cm thick and made of
S316 stainless steel (Figure 1.2 D). These were immersed in the geothermal fluid at
several locations within the power plant (Figure 1.2 B). The points of immersion
were in all cases after the steam had been separated and the pipelines only con-
tained separated water that was supersaturated with respect to amorphous silica.
The individual locations differed with respect to physico-chemical conditions such
as temperature, flow rate and fluid composition, allowing us to assess the effect of

these parameters on amorphous silica precipitation.
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In the early stages of my PhD (summer 2013) we carried out an initial inves-
tigation of the silica scaling at Hellisheidi, by studying scaling plates prepared and
deployed by the power plant operators Reykjavik Energy for 6-8 weeks. After re-
trieval, the plates were imaged using field emission gun scanning electron micros-
copy (FEG-SEM) and analysed using energy dispersive spectroscopy (EDS) and
X-ray diffraction (XRD) to obtain information on microstructures and composition
of the precipitates. This initial study, published in Mineralogical Magazine (Chap-
ter 3), showed that the formation of silica scales at Hellisheidi was likely controlled
by several competing factors whose relative importance could not be separated
based on these initial data obtained. Thus, we decided to carry out a time-resolved
scaling plate study where identical scaling plates were deployed at each location for
time periods between 1 day and 10 weeks. As each scaling plate holder could hold
two plates, we designed a second type of scaling plates which consisted of a S316
stainless steel scaling plate onto which coupons (2 to 2.5 cm wide, 1.3 cm long,
0.2 cm thick) made of volcanic glass, non-precious opal and S275 carbon steel were
glued
(Figure 1-2 D & E). These coupons allowed us to study the effect of surface composi-
tion and roughness (polished vs. unpolished surfaces) on silica scaling.

The precipitates which accumulated during the deployments were analysed
by the same methods used in the initial study (SEM, EDS, XRD). In addition, we
investigated the internal structure of the precipitates by both scanning (SEM) and
transmission electron microscopy (TEM) using small cross sections prepared by
focused ion beam (FIB) sectioning (Appendix A) and profiles obtained by embed-
ding the samples in epoxy resin and cutting them perpendicularly. We also moni-
tored the fluid chemistry more closely, collecting samples at the beginning and the
end of each deployment and also analysing filters for precipitates that formed in
solution (XRD, SEM). The fluid samples were analysed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) for major cations, inductively cou-
pled plasma mass spectrometry (ICP-MS) for minor cations, ion chromatography
(IC) for anions and different titration approaches for dissolved gases (Arndrsson et
al., 2006). Continuous measurements of temperature and fluid flow rates (reported
hourly) were obtained from the power plant operators for the whole duration of our
field deployments to assess if changes in power plant operation may have affected

our scaling plate precipitation processes.
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Figure 1.2: Field studies were conducted at the Hellisheidi power plant. (A) Map of SW-
Iceland showing the location of the Hellisheidi power plant, (B) system schematic indicating
the points (*) where the scaling plates were immersed, (C) photograph of one of the sampling
locations with the sampling rod inside (handle of rod indicated flow direction from left to
right), (D) photograph of the two types of scaling plates used (left: stainless steel, right:
stainless steel with coupons of volcanic glass, non-precious opal and S275 carbon steel glued
on) and (E) photograph of samples attached to sampling rod before deployment.

1.3.2  Laboratory-based approach

In order to study aim 2 (“Determine how the presence of biomolecules enhances the
precipitation of silica”) we synthesised and characterised silica-lysozyme compo-
sites. We chose the protein lysozyme for our study. Lysozyme is a small prolate el-
lipsoidal protein (3 x 4.5 nm) with a molecular mass of 14.3 kDa. It consists of 129
amino acids, including 6 lysine and 11 arginine residues exposed at the surface of
the molecule (Canfield, 1963; Jolles et al., 1963). This gives the molecule an overall
positive surface charge over a large pH range (pHwrr = 11.1, Haynes and Norde,
1994) making electrostatic interactions with negatively charged silica species possi-
ble. Lysozyme has been used previously in the study of biomimetic silica compo-
sites

(Coradin et al., 2003) as its physicochemical properties are extremely well studied,

which makes it an ideal model protein, and due to its overall similarity to silaffins.
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Silaffins are a group of small proteins (4 to 17 kDa) characterized by an abundance
of basic amino acids such as arginine and lysine. Together with long-chain polyam-
ines (LCPA) and proteins of the cingulin and silicidin groups, they control silica
precipitation inside diatoms and are believed to also control the characteristics of
the resulting solid cell walls (Perry and Keeling-Tucker, 2000; Kroger and Poulsen,
2008).

Silica-lysozyme composites were produced in batch experiments performed
at ambient conditions in the laboratory. A high-pH silica stock solution (1000 ppm)
was prepared and precipitation induced by neutralising the solution by adding HCI.
Variable amounts of lysozyme stock solution were diluted to obtain solutions rang-
ing from 25 to 1000 ppm lysozyme. These were added to the silica stock solutions
(a) immediately after neutralisation (co-precipitation experiments) or (b) after leav-
ing the polymerising solution overnight (adsorption experiments). The final solu-
tions were analysed by small-angle X-ray scattering (SAXS) for particle sizes (Ap-
pendix B) and for their surface charge by measuring their C-potential (Appendix B).
To obtain solid samples, aliquots of the colloidal solution were dried. The atomic
structure of the composites was determined using X-ray diffraction (XRD) and syn-
chrotron-based total scattering, which was converted to a pair distribution function
(PDF, Appendix B). The composites were analysed for their functional group make
up by Fourier transform infrared spectroscopy (FTIR), while total carbon contents
(=lysozyme content) were analysed by mass spectrometry. The structure of the
composites at the nanoscale was investigated using transmission electron microsco-
py (TEM) and the location of lysozyme within the composites was identified by
electron energy loss spectroscopy (EELS) mapping and energy dispersive spectros-
copy (EDS). In addition, the specific surface areas (SSAs) of the composites were
determined by nitrogen adsorption.

Initially, we had planned to repeat the synthesis of the silica-lysozyme com-
posites at elevated temperatures using the geothermal simulator developed by To-
bler and Benning (2013) in order to mimic conditions in hot springs. In addition, we
wanted to also study the effect of a well-studied sugar (e.g., xantham gum) and a
lipid (e.g., glycerol) on silica precipitation at ambient conditions and at elevated
temperatures. However, after our first visit to Iceland in summer 2013, the focus of
the project changed away from the silica-biomolecule interaction as we realised the

great opportunities for a detailed field study at Hellisheidi power plant.
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14 Structure of thesis

This thesis consists of three main sections: front materials, manuscripts and back
materials. The front materials (Chapter 1) consist of a background section, the re-
search objectives and a brief description of the experimental approach. This is then
followed by the main body of the thesis: five manuscripts published or in prepara-
tion for peer-reviewed journals and a published but non-peer-reviewed conference

proceeding:

Chapter 2: Precipitation of amorphous silica (5iO2) from high enthalpy geothermal

fluids — A review (in preparation for Earth Science Reviews).

This chapter compiles and discusses the literature available on the precipita-
tion of silica from geothermal systems. It starts by defining the term “amor-
phous silica” and describing the behaviour of silica in solution, i.e., solubility
and speciation. The main body of the review deals with a discussion of the
silica precipitation mechanism and rates as derived from laboratory experi-
ments and in comparison with findings from studies in hot springs and geo-
thermal power plants. The review also identifies areas of future research in

the field of silica precipitation under geothermal conditions.

Chapter 3: Microstructural and chemical variation in silica-rich precipitates at the

Hellisheidi geothermal power plant (published in Mineralogical Magazine)

This paper reports the first ever description of silica scales from the Hellid-
heidi power plant. Silica was precipitated onto small metal scaling plates in-
serted into the flowing fluid at different locations within the power plant.
The precipitates formed dominantly by homogeneous nucleation of particles
in the fluid which then aggregated to form a variety of microtextures de-
pending on the physico-chemical conditions (temperature, composition, flow
rate etc.) of the fluid they formed from. However, exactly how and why par-
ticular physico-chemical conditions lead to the microstructures observed

remained unclear.
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Chapter 4: Two pathways of amorphous silica precipitation control scaling inside

in-use geothermal pipelines (in preparation for Geochimica et Cosmochimica Acta).

In order to better understand silica scaling at the Hellidheidi power plant,
we did a time-resolved scaling plate study, involving more detailed monitor-
ing of the physico-chemical conditions of the fluid. The results showed that
silica was precipitated by two independent pathways: (1) heterogeneous nu-
cleation and growth of an uneven, coherent silica layer and (2) homogeneous
nucleation leading to the formation of particles, growth and aggregation. We
also obtained the first ever silica scaling rates for the Hellidheidi power

plant, showing that precipitation slowed down over time.

Chapter 5: Surface roughness and composition control silica deposition from geo-

thermal fluids (ready for submission to Geochemical Transactions).

Scaling plates with a volcanic glass, a non-precious opal and a 5275 carbon
steel coupons glued on were deployed to study the effect of surface proper-
ties on silica scaling. Heterogeneous nucleation was found to strongly de-
pend on surface roughness while subsequent growth was independent of the
surface characteristics. Homogeneous nucleation was not affected by the sur-
face properties but particle deposition was enhanced by a high topographic

relief.

Chapter 6: Passivation of metal surfaces against corrosion by silica scaling (pub-

lished as Proceedings, Workshop on Geothermal Reservoir Engineering Stanford Universi-

ty).

Silica scaling and concurrent corrosion of carbon steel by H2Saq were inves-
tigated. It was found that corrosion was prevented or at least substantially
reduced in locations where silica scaling occurred rapidly. This indicates
that, when precise control of silica precipitation in geothermal systems be-
comes feasible, silica scaling could be used to passivate steel surfaces against

corrosion.
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Chapter 7: Formation of silica-lysozyme composites via co-precipitation and ad-

sorption (accepted with major revisions in Scientific Reports).

The characteristics of silica-protein (= lysozyme) composites were investigat-
ed at the nanometre-scale and the interactions between dissolved and colloi-
dal silica and the lysozyme molecules were inferred. The results showed that
the timing of the silica-lysozyme interactions and the ratio between the two
components controlled the properties of the resulting composites. This indi-
cates that there is a simple pathway for the synthesis of specific biomimetic

silica-lysozyme composites.

The last part of this thesis is the back materials (Chapter 8) containing a synthesis
discussion, an outline of work currently in progress and directions for future re-

search of silica precipitation under geothermal conditions.
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Abstract

Dissolved silica (SiO2) is one of the most abundant phases in geothermal fluids. Up-
on rapid cooling at the Earth’s surface, the fluids become supersaturated with re-
spect to silica and an amorphous, highly hydrated silica phase is precipitated.
Around hot springs these deposits are called silica sinters while inside geothermal
power plants they are described as silica scales.

The precipitation process of silica involves polymerisation of monomeric sil-
ica (H4SiOs) to form dimers and linear and cyclic oligomers. This self-assembly pro-
cess can occur in the fluid (homogeneous nucleation), resulting in silica particles
which eventually aggregate, or on a surface (heterogeneous nucleation), resulting in
a dense layer coating the surface. The physico-chemical parameters of the fluid (e.g.,

total silica concentration, temperature, pH, and hydrodynamics), silica speciation
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and the properties of available surfaces (e.g., microbes) are controlling the rate of
silica precipitation as shown by laboratory experiments. In addition, many of these
physical, chemical or biological factors also affect the precipitation of silica from
natural geothermal fluids both in hot spring or power plant settings as identified
from a plethora of field studies. However, in natural geothermal fluids all these pa-
rameters are in competition with one another and it is thus not possible to apply
findings from laboratory studies to field settings directly. Based on this comparison
between laboratory- and field-based studies we identified a range of ideally inter-
disciplinary research needed to help progress the field of amorphous silica precipi-

tation from geothermal fluids in the future.

2.1 Introduction — What is amorphous silica?

Silicon dioxide (5i0Oz) is the most common component in the silicate earth, account-
ing for over 45 wt.% of it. Silicon dioxide is present in almost every environment
and can occur as a wide range of polymorphs which are stable under virtually all
physico-chemical conditions (Sosman, 1965; Iler, 1979; Heaney, 1994; Swamy et al.,
1994). SiO:2 polymorphs span both crystalline and amorphous phases and, together
with dissolved SiO, are referred to as silica (Iler, 1979). The basic building block of
most silica phases is a central silicon atom which is surrounded by four oxygen at-
oms in tetrahedral coordination (Figure 2.1 A). Each SiO4* tetrahedron shares one or
several of its oxygens with a neighbouring tetrahedra to form a 3D framework. In
crystalline varieties of silica (e.g., quartz), this framework is characterised by a regu-
lar packing of SiO4+* tetrahedra (Figure 2.1 B) according to the crystal structure of the
phase. In amorphous silica phases there is no structure to the organisation of the
individual SiOs* tetrahedra, resulting in a non-periodic and therefore non-
crystalline phase (Figure 2.1 C). Due to the random structure, not every oxygen is
used as a bridging oxygen so that the individual silicon atoms retain a variable
number of hydroxyl groups (Perry and Keeling-Tucker, 2000). In addition, adsorbed
or interstitial water is also present. However, water-free amorphous silica also ex-
ists. This type of vitreous silica forms if melts are cooled very rapidly, i.e., in volcan-
ic processes or, rarely, from impact melts or melts formed during lightning strikes
(Rogers, 1946; Glass, 1984). As these forms of amorphous silica are outside the scope
of this review, the term amorphous silica is hereafter used to mean hydrated, amor-

phous silica that formed from aqueous solutions only.
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Figure 2.1: The structure of silica: (A) SiO+* tetrahedron, the basic building block of most
silica polymorphs, 2D structures of (B) crystalline silica (a-quartz) with regular packing of
SiO4* tetrahedra and (C) amorphous silica with random packing (modified after Bergna and
Roberts, 2005), (D) schematic illustration of an hydrated amorphous silica particle (modified
after Perry and Keeling-Tucker, 2000) and (E) regular packing of monodispersed silica
spheres in precious opal (from Sanders, 1985).

Amorphous silica as defined above can precipitate from silica-rich aqueous
solutions in a wide variety of natural environments. Once saturation with respect to
amorphous silica is reached, polymerization leads to the formation of small spheri-
cal particles (Figure 2.1 D). Eventually the particles aggregate to form laterally ex-
tensive 3D structures. These aggregates made up of colloidal particles are described
as opaline silica (Figure 2.1 E). Two types of amorphous opaline silica are known
(Florke, 1991; Graetsch, 1994): opal A~ (amorphous, network-like) and opal Ac
(amorphous, gel-like). Opal An exhibits a glassy structure but is hydrated unlike the
glasses mentioned previously (interstitial water and silanol groups). This type of
opaline silica forms by rapid quenching of silica-rich vapour and/or waters in vol-
canic fields, resulting in crusts or fillings in vesicles (Florke et al., 1973). Opal Ac can
be described as a gel-like aggregate of spherical silica particles with diameters of 150
to 400 nm (Sanders, 1964). If the spheres are monodisperse and exhibit regular cu-
bic, hexagonal or mixed closest packing (Figure 2.1 E), the structure of the phase

gives rise to diffraction of light (yet no diffraction of X-rays), resulting in the magnif-
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icent colours that are so well known for precious opal. These SiO: phases (some-
times erroneously called “minerals’) contain 3 to 18 wt.% water in the form of H-0O
molecules trapped inside the silica network, as interstitial water and internal and
surficial silanol groups (Segnit et al., 1965; Langer and Florke, 1974; Aines and
Rossman, 1984; Graetsch, 1994; Herdianita et al., 2000; Jones and Renaut, 2004). The
high water content together with the low porosities in precious opals indicate that
the individual spheres in turn are made up of densely packed smaller particles
around 10 to 20 nm in size (Jones and Segnit, 1969). If the spheres making up the
opal Ac are polydisperse and are more randomly oriented, the phase lacks play of
colour and is opalescent. This is called potch or common opal. This non-precious
opal Ac is by far the most common type of amorphous silica in natural systems.
Thus the term “amorphous silica” will be used to exclusively describe this poly-

morph as defined by Florke (1991) in the rest of this review.

2.2 Silica in geothermal systems

One of the most common ways of abiotically precipitating amorphous silica is from
the cooling of geothermal fluids. Geothermal systems are defined as "convecting
water in the upper crust of the Earth, which, in a confined space, transfers heat from
a heat source to a heat sink, usually the free surface" (Hochstein, 1990). Thus any
‘standard’ geothermal system consists of the following three components (Fig-
ure 2.2 A): a heat source (owing to magmatic activity or the normal geothermal gra-
dient of the Earth), a volume of permeable host rock acting as a natural heat ex-
changer (=reservoir) and a fluid which acts as a heat carrier (= geothermal fluid).
The fluids are commonly meteoric waters which penetrate into the reservoirs via
faults and cracks and are subsequently heated up. The dilute nature of the fluids
and the increasing temperature result in interactions between the fluid and the sur-
rounding rock, such as dissolution of minerals, leading to an enrichment of the fluid
with dissolved components (Figure 2.2 B). As silicates are the dominant mineral
group in the Earth’s crust, many geothermal fluids become rich in dissolved silica.
The maximum concentration of aqueous silica in a geothermal fluid depends on the
reservoir temperature and is controlled by the in-situ quartz solubility or, if the
temperature is below 110 °C, by the solubility of chalcedony (Fournier and
Rowe, 1966; Arnorsson, 1975). As amorphous silica has a higher solubility than all
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crystalline silica phases (Figure 2.3 A), the fluid is undersaturated with respect to

amorphous silica under reservoir conditions.

Figure 2.2: Simplified schematic of a ‘standard’ geothermal system (modified after Dickson
and Fanelli, 2013) showing (A) the heat source, reservoir and geothermal fluid which emerg-
es naturally as hot springs or geysers or is pumped from the reservoir for the production of
geothermal energy and (B) mineral dissolution in the reservoir which is responsible for high

concentrations of silica (5i0z) in the fluid.

Geothermal fluids can reach the surface naturally, i.e., by ascending along
fractures, where they emerge as hot springs and geysers or by being pumped from a
hot reservoir for the production of geothermal energy (Figure 2.2 A). In both situa-
tions, geothermal fluids are cooled during ascent and when reaching the surface (in
a hot spring or inside a pipe of a geothermal power plant) they are often supersatu-
rated with respect to quartz and chalcedony. However, due to the slow precipitation
kinetics of all crystalline SiO: phases (Iler, 1979; Sjoberg, 1996) precipitation of these
phases does not occur, and the fluid has to cool further until it becomes supersatu-

rated with respect to amorphous silica which then precipitates rapidly.

22.1  Solubility of amorphous silica

The solubility of amorphous silica is controlled by temperature, pressure, pH and
the presence of other chemical species. The effect of temperature on silica solubility

was studied experimentally by Gunnarsson and Arndrsson (2000), who showed a
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non-linear increase of the solubility with increasing temperature from around
100 ppm at ambient temperatures to 1500 ppm or more at 350 °C (Figure 2.3). Fur-
thermore, in acidic to neutral pH, the solubility is low (100 to 200 ppm), while above
pH 9 the solubility increases rapidly to more than 1000 ppm due to the formation of
the silicate ion HsSiO« (Figure 2.3) (Alexander, 1954; Goto, 1956; Iler, 1979). Increas-
ing pressure also leads to a slightly higher solubility of silica, yet the effect is small
(Willey, 1974; Fournier and Rowe, 1977; Fournier, 1985). In contrast, an increase of
ionic strength (e.g., in brines) leads to a decrease in amorphous silica solubility
(Weres et al., 1981; Chen and Marshall, 1982; Fournier and Marshall, 1983) due to
the “salting out” effect, i.e., a relative increase in concentration of silica due to water
molecules being used in the hydration shells of cations. Chen and Marshall (1982)
could show that this effect was strongest for iron, aluminium and manganese due to

their high hydration numbers.
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Figure 2.3: Solubility of silica as a function of (A) temperature (modified after Gunnarsson
and Arnodrsson, 2000) and (B) pH at 25 °C (modified after ller, 1979).

222  Silica speciation

The total concentration of dissolved silica in geothermal fluids is made up of a range
of species. In a fluid undersaturated with respect to amorphous silica, the dominant
component is monomeric silica (HsSiOs) (Rothbaum and Rohde, 1979; Zotov and
Keppler, 2002). Monomeric silica is characterised by a central silicon ion tetrahedral-
ly coordinated by four OH-groups. Each OH-group is surrounded by two water

molecules which attach via hydrogen bonding. It is a weak acid with a K. = 108 at
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25 °C which increases to Ka ~ 108 at 120 °C (Fleming and Crerar, 1982). Thus in geo-
thermal systems, which generally show slightly alkaline pH values, deprotonated
silica monomers (HsS5iO«) are abundant. The term “monomeric silica” is often used
to describe silica analysed by one of the molybdosilicate methods (Eaton et al.,
2005). The method is based on the ability of silica monomers to form a cage-like sili-
comolybdic acid in the presence of ammonium heptamolybdate. Thus, in theory, the
molybdosilicate methods will only analyse monomeric silica. However, several
studies have shown that small oligomers can dissolve during the analyses and are
thus also analysed by the molybdosilicate methods (Iler, 1979; Tanakaa and
Takahashib, 2001; Coradin et al., 2004). Many studies get around this issue by using
the term “molybdate-reactive silica”. While correctly describing the results obtained
by the molybdosilicate methods, this term groups together different silica species
which potentially show different behaviour during polymerisation and deposition
(see below), reducing the usefulness of the determination of “molybdate-reactive
silica”. Nevertheless, this is the usual and preferred method of choice for many in-
dustrial or academic analytical laboratories that analyse geothermal fluids.

Besides monomeric silica, small oligomers (dimers, trimers, tetramers, etc.)
also occur in geothermal fluids. Rothbaum and Rhode (1979) found that, between
30 and 120 °C, the proportion of dimers decreased from 7 to 3.5%, while that of tri-
mers varied between 1 and 0.1% and heavier oligomers were less than 0.3% at all
temperatures. The identity of the oligomers changes as a function of silica concen-
trations, pH and salt content. Higher concentrations of silica result in larger, cage-
like oligomers while highly alkaline pH reduced the size of the silica species to di-
mers and trimers (Svensson et al., 1986). Pressure also favoured the formation of
oligomers (Zotov and Keppler, 2002).

Once a geothermal fluid reaches saturation with respect to amorphous silica,
self-assembly of silica starts. The polymerisation reaction involves the condensation
of silanol groups to form Si-O-Si bonds and therefore produces silica species with an
increasing number of monomer units and size (Iler, 1979; Perry and Keeling-Tucker,
2000). Thus, fluids in which silica polymerises contain a mix of monomers but also a
number of larger species, i.e., polymers. The self-assembly process seems to be very
rapid and has been investigated experimentally (Iler, 1979; Harrison and Loton,
1995; Icopini et al., 2005) and through molecular simulation approaches
(Bhattacharya and Kieffer, 2008; Schaffer and Thomson, 2008; Malani et al., 2010;
Zhang et al., 2011; McIntosh, 2013; Noguera et al., 2015). These studies indicate that
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overall, in the initial stages of silica self-assembly the dominant polymers are dimers
followed by linear and circular oligomers (tetramers to heptamers). Linear oligo-
mers were found to be more common around neutral pH while alkaline pH condi-
tions favoured the formation of circular oligomers (Zhang et al., 2011), similarly to

non-polymerising solutions.
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Figure 2.4: Difference in definitions of silica species in laboratory and field experiments.

The oligomers grow further by addition of monomers or coalescence of oli-
gomers, resulting in larger (several tens of monomer units), often roughly spherical
clusters. According to Iler (1979) the clusters consist of a mostly anhydrous core and
a hydrated outer shell of SiOH groups. Depending on the physico-chemical condi-
tions of the polymerising fluid (e.g., pH, temperature, silica concentration, ionic
strength) the size of any SiO: particles formed can vary from one nanometre up to
25 um (Goto, 1956; Iler, 1979; Icopini et al., 2005; Tobler et al., 2009; Tobler and
Benning, 2013; Kley et al., 2014; van den Heuvel et al., in prep.b (Chapter 4)). The
line between “polymers” and “particulate silica” is very difficult to draw as it de-
pends on the type of study conducted. For researchers looking at high-resolution
laboratory studies, “particulate silica” is anything that can be identified as solid ob-
ject by scattering or electron imaging techniques, thus anything larger than a few
nanometres (Figure 2.4). These particles contain a few hundreds to 1000 monomer

units (Iler, 1979). Therefore, anything below this size but larger than silica mono-
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mers is considered to be an oligomer or polymer (Figure 2.4). In field studies on the
other hand, the term “particulate silica” is usually only used for silica species large
enough to be removed by filtration. The most commonly used filter membranes
have pore sizes of 0.1 to 0.45 um, thus retaining only particles larger than 100 to 450
nm (Figure 2.4). Any silica species passing through the filter membranes are de-
scribed as “dissolved silica” or, if monomeric silica is also determined and subtract-
ed from the dissolved silica, as “polymeric silica” (Figure 2.4). This means that, in
such studies, polymers range from dimers to entities containing up to 107 monomer

units (Iler, 1979).

2.3 Precipitation mechanism and rates

Upon reaching amorphous silica solubility in a geothermal fluid, rapid precipitation
takes place. Around hot springs these deposits are called silica sinters, around gey-
sers they are referred to as geyserites and inside high-enthalpy geothermal power
plants they are termed silica scales. Both hot springs and geothermal power plants
are ideal study sites for detailed research into silica precipitation as the processes
are occurring at the Earth’s surface, the precipitates are fresh (no need to account for
aging) and, in the case of geothermal power plants, take place under well-monitored

physico-chemical conditions.

2.3.1  Nucleation, growth and aggregation — theoretical background

Thermodynamically, the formation of a solid phase from a supersaturated solution
is due to a reduction of the Gibbs free energy of the system. There are two pathways
for nucleation, homogeneous and heterogeneous nucleation. Homogeneous nuclea-
tion is the spontaneous and surface-independent formation of a solid phase in solu-
tion. Heterogeneous nucleation on the other hand describes the nucleation of a new
phase on a previously existing surface. In order to form a nucleus, the supersaturat-
ed phase needs to self-assemble into clusters that will have a short lifespan and are
usually re-dissolved again until they reach a certain critical size after which sponta-
neous growth sets in. According to the Classical Nucleation Theory (CNT) (e.g.
Volmer and Weber, 1925; Farkas, 1927; Becker and Doring, 1935) the radius of the

critical nucleus r* in the case of homogeneous nucleation can be expressed as
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. —20
Thomo = A—g (2.1)
and the free energy of the formation of the critical homogeneous nucleus AG* as
16mo3
AGhomo = 3ag2 (2.2)

where o is the surface energy per unit area and Ag is the change in Gibbs free ener-
gy per unit volume of solid phase that has to be overcome. The critical radius as
well as the critical energy depend on how fast the Gibbs free energy of the system is
lowered due to cluster formation (volume term) and how fast the surface energy is
increased due to solid-liquid interface reactions (surface term). Thus, the degree of
oversaturation, temperature, the type of solvent and/or impurities in the system can
all affect the size of a critical nucleus.

For the case of a heterogeneous nucleation (Benning and Waychunas, 2007)
at a solid-liquid interface, the critical size and critical energy for the formation of a
nuclei can be calculated according to:

Thetero = —20s,(sin6)Ag (2.3)

and

AG 2—3cosO +cos36
AGpretero = omo( 2 ) (2-4)

where 6 is the included angle of the nucleus edge as controlled by surface tension,

ost the interfacial energies for the nucleus-liquid and Ag the free energy change per
unit volume of solid phase. As heterogeneous nucleation reduces the solid-liquid
interface energy (and thus the surface term), it lowers the overall Gibbs free energy
of the system more that homogeneous nucleation as is thus energetically favourable.

Classical growth theories assume an atom-by-atom or molecule-by-molecule
attachment to a growing surface. There are several commonly used growth models:
the Frank-van der Merwe model (Frank and Van der Merwe, 1949) assuming layer
by layer growth, i.e., one layer is finished before the next one starts, the Volmer-
Weber model (Volmer and Weber, 1925) in which the formation of islands precedes
the formation of layers and the Stranski-Krastonov growth (Stranski and
Krastanow, 1937), where growth sets off in layer-by-layer mode but shifts to an is-
land mode later on. The growth rate of a nucleus depends on two steps: (1) the dif-
fusion of the growth species to a surface and subsequent adsorption and (2) the in-
corporation of the growth species into the growing structure. If the first step is rate-

limiting, diffusion controlled growth occurs. This happens in systems where large
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concentrational gradients of the growth species between the solution and the parti-
cle surface exist or in viscous liquids. If the second step is slower, i.e., in solutions
where the growth species is readily available at the particle surface growth is usual-
ly controlled by interfacial processes.

Once a particle is formed it can grow and aggregate. The aggregation process
is dependent on overcoming the repulsive forces between individual particles (elec-
trostatic, hydrophobic, van der Waals etc.) allowing them to stick together (Klein
and Meakin, 1989; Lin et al., 1990). For particles with a sticking probability of 1
(=every collision leads to aggregation), the rate of aggregation only depends on the
diffusion of particles. This process is called diffusion-limited colloid aggregation
(DLCA) and rapidly produces relatively loose aggregates. If the sticking probability
is <1, the aggregation is described as reaction limited colloid aggregation (RLCA).
Overall, RLCA processes are much slower than DLCA and result in the formation of

much denser aggregates

2.3.2  Laboratory-based silica precipitation studies and simulations

As predicted by thermodynamics, upon reaching supersaturation with respect to
amorphous silica, amorphous silica starts precipitating. The formation of amor-
phous silica occurs via the condensation of silica monomers (HiSiOs), also described
as polymerisation. The mechanism can be described by bimolecular collisions of
ionised and non-ionised molecules of monomeric silica and is catalysed by OH- ions
(Ller, 1979). Ab initio modelling by McIntosh (2013) showed that the transition states
and thus the pathway of the condensation depend on the ionisation states of the
individual molecules as some of the interactions are energetically favourable while
others occur more rapidly. As the silica polymers grow in size, they become more
negatively charged as the value of the dissociation constants determined under giv-
en physico-chemical conditions increase compared to the monomer (Iler, 1979 and
references therein). The negative surface charge of large silica species (= polymers,
(nano)particles and surfaces) means that they repel each other and are not likely to
self-assemble. Monomers on the other hand will attach more readily due to their
neutral charge. Furthermore, the possibility of interaction between the silanol
groups of the monomers with the deprotonated silanol groups of the sur-
face/particle promotes polymerisation (Bohlmann et al, 1976; Mroczek and

McDowell, 1988; Bremere et al., 2000). However, geothermal waters always contain
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certain amounts of multivalent cations (especially Ca, Fe, Al) which can act as floc-
culants, bridging the electrostatic repulsion between two negatively charged silica
species. Thus, growth of polymers takes place primarily by addition of monomers at
low ionic strength and is dominated by aggregation of individual polymers or parti-
cles at higher concentrations of salt (Figure 2.5 A; Iler, 1979).

The complexity of the polymerisation process of silica and its dependence on
speciation possibly explains why there is a disagreement in literature over the kinet-
ics of the process (reviewed by Tobler et al., 2009). The kinetic models were derived
from the decrease of monomeric silica in polymerising solutions over time and gave
reaction orders between 1 and 8. According to Tobler et al. (2009), this could indi-
cate that the mechanism of silica polymerisation is depending on the physico-
chemical conditions of the solution and cannot be described by a single kinetic
model. Nevertheless, all studies agree that changing physico-chemical conditions
affect the rate of silica polymerisation. An increase in solution pH has been shown
to increase the rate of polymerisation, especially above pH 7 (Alexander, 1954; Goto,
1956; Iler, 1979; Weres et al., 1981; Gunnarsson and Arndrsson, 2005; Icopini et al.,
2005). However, this positive effect is reduced in alkaline solution (pH > 9) because
the higher solubility of silica at high pH counteracts the increasing polymerisation
rates (Weres et al., 1981; Fleming, 1986). The degree of silica supersaturation of the
solution also positively correlates with the rate of polymerisation (Weres et al., 1981;
Gunnarsson and Arndrsson, 2005; Icopini et al., 2005; Tobler et al., 2009). The ionic
strength of a solution, i.e., the salt content also affects the polymerisation rate
(Crerar et al., 1981; Weres et al., 1981; Fleming, 1986; Gunnarsson and Arndrsson,
2005; Icopini et al., 2005). Batch experiments showed that the polymerisation of sili-
ca was accelerated at pH > 9 in the presence of aluminium while in the pH range of
5 to 8 the presence of aluminium slowed polymerisation down (Yokoyama et al.,
1991; Gallup, 1997). Iron on the other hand strongly accelerated the polymerisation
of silica across the entire pH range due to its strong affinity for silica (Gallup, 1989).
The effect of temperature on polymerisation has so far not been well constrained.
Some authors found a fairly pronounced temperature effect (Alexander, 1954;
Kitahara, 1960; Gunnarsson and Arnorsson, 2003) while Rothbaum and Rhode
(1979) and Makrides et al. (1980) found that temperature had only very little effect
on the polymerisation rate up to 105 °C. The apparent independence of reaction rate
on temperature could potentially be attributed to the higher solubility of silica at

higher temperatures which counteracts the faster polymerisation (Makrides et al.,
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1980). Tobler and Benning (2013) could show that the polymerisation rate was in-
creased when precipitation was induced by neutralisation of a high pH solution
compared to fast cooling.

Before any silica polymers reach a critical nucleus size, they have a short
lifespan and will rapidly re-dissolve (Iler, 1979; Tobler et al., 2009; Noguera et al.,
2015). For amorphous silica it has been shown that the critical size can very between
0.5 and 2 nm (Iler, 1979; Icopini et al., 2005; Tobler et al., 2009; Noguera et al., 2015).
Once this size is reached, the nuclei will grow spontaneously by addition of dis-
solved silica from the fluid and this is assumed to be governed by layer-by-layer
attachment of monomers and potentially oligomers to the particle surface in three
dimensions. (Matsoukas and Gulari, 1988). The process is controlled by the surface
processes, i.e., not diffusion limited, and follows a first order kinetic rate law
(Bohlmann et al., 1980; Fleming, 1986; Tobler et al., 2009). If the nuclei formed by
homogeneous nucleation in the fluid, growth will result in the formation of silica
particles (Tobler et al., 2009; Tobler and Benning, 2013) while if the nuclei formed
via heterogeneous nucleation, the resulting silica precipitate will most likely result
in a more continuous silica layer (Bohlmann et al., 1980).

The nucleation and growth process will take place until the solubility with
respect to amorphous silica is reached. The final size of silica nanoparticles (Fig-
ure 2.4) formed by homogeneous nucleation and subsequent growth at ambient
conditions is in the range of 5 to 10 nm (Tobler et al., 2009; Tobler and Benning,
2013). At elevated temperatures, alkaline pH, low ionic strength and constant addi-
tion of dissolved silica, the conditions as encountered in some geothermal systems,
particles can grow larger (> 100 nm) due to a naturally occurring “buildup process”
(Morris and Vossos, 1970). However, if the ionic strength is higher or there are floc-
culating agents present, particle growth is interrupted by premature aggregation of

silica particles (Figure 2.5 A).
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Figure 2.5: Aggregation of silica particles: (A) Growth and aggregation/precipitation as a
function of physico-chemical conditions and (B) mechanism of aggregation of silica particles
with OH-groups as catalysts and subsequent cementation by the deposition of dissolved sili-
ca (both modified after Iler, 1979).

The aggregation behaviour of silica particles is strongly dependant on the
surface properties of the individual particles. Silica particles show a negative surface
charge over most of the pH range (pHir < 2; Parks, 1965). At acidic pH, where the
surface charge density of the silica particles is low, aggregation is prevalent and can
happen as soon as the first particles form (Figure 2.5 A). At neutral to alkaline pH
the electrostatic repulsion limits the degree of aggregation and particles grow to
larger sizes (Figure 2.5 A). However, if salt is present at concentrations higher than
around 0.2-0.3 N (Iler, 1979), the surface charge is reduced and aggregation takes
place (Figure 2.5 A). In geothermal systems aggregation will dominate over gelation
in most cases due to the near neutral or alkaline pH and the often high concentra-
tions of salts.

The attachment between two particles requires the presence of both, neutral
hydroxyl groups as well as deprotonated hydroxyl groups at the surface of the par-
ticles. These two groups condense, releasing an OH- ion, to form new
Si-O-Si bonds connecting the particles (Figure 2.5 B; Iler, 1979). The mechanism is
the same as during polymerisation (bimolecular collisions of ionised and non-
ionised molecules of monomeric silica) thus it is also controlled by the same param-
eters, i.e., temperature, pH and degree of supersaturation. Where the particles are

touching, monomeric silica is precipitated immediately as the solubility of silica
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becomes zero due to the infinitely small negative radius of curvature in between the
two particles (Figure 2.5 B; Iler, 1979). The cementation by monomeric silica stops
once the neck between the particles has increased enough for the concentration to
decrease below the solubility of amorphous silica again. For small particles (& 4 nm)
this results in a neck diameter equal to ~80% of the particle diameter while for larger
particles (< 20 nm) the neck diameter is only ~20% of the particle diameter. Thus,
smaller particles are more strongly coalesced (Iler, 1979). A complicating factor is
the fluid flow (hydrodynamics) in most geothermal systems. An approach called
“ballistic aggregation” (Ramanlal and Sander, 1985) is needed in order to describe
aggregation of silica particles under these conditions. Hawkins et al. (in prep.)
showed that the ballistic aggregation of particles leads to the formation of fan-
shaped structures under conditions of turbulent channel flow. The point of the fans
is the initial deposition site and every additional collision leads to the attachment of
another particle allowing the fans grow towards the flow, widening from bottom to
top. The fans create turbulences immediately behind them and thus a shadowing
effect arises, controlling the spacing of individual fans. Furthermore, the model by
Hawkins et al. revealed that in a polydisperse particle size distribution scenario
larger particles are preferentially aggregated into fans while smaller particles tend

to remain in the fluid.

2.3.3  Applied studies

In the previous sections, the pathways and rates of amorphous silica precipitation as
determined from detailed laboratory studies performed on simulated fluids have
revealed that the process, despite its complexity, is relatively well understood.
However, comparing these laboratory results to field observations (in hot springs or
geothermal power plants) revealed several major discrepancies that will be ad-

dressed below.

2.3.3.1 Formation of silica sinters in hot springs

The term silica sinter is used to describe a chemical, mainly siliceous sedimentary
rock deposited by natural precipitation from fluids emanating at Earth’s surface due
to rapid cooling. The rate of sinter formation is invariably linked to the rate of silica

polymerisation and nanoparticle formation, and thus to the amount of dissolved
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silica in the uprising fluid and the magnitude and rate of cooling. In addition, the
loss of steam can lead to an increase in the silica concentration and pH which en-
hances silica precipitation. The presence of multivalent cations (Al and Fe) in the
emerging fluid can equally accelerate sinter growth rates. Noteworthy, most terres-
trial silica sinters found in thermal hot spring areas are formed sub-aerially (above
the air-water interface) and therefore hydrodynamic processes including wave ac-
tion, capillary action, diffusion and splash must also be invoked to fully explain

their formation (Mountain et al., 2003; Handley et al., 2005; Tobler et al., 2008).

Abiotic sinter textures

Morphologies of silica precipitated around hot springs and geysers are very diverse
and depend strongly on the type of spring (boiling vs. non-boiling, surging vs. non-
surging) or, for geysers, on their eruption behaviour. This is primarily due to the
fact that silica precipitation occurs predominantly at the air water interface where
recurring wetting-evaporation cycles occur as well as other hydrodynamic process-
es including wave action, capillary action, diffusion and splash (Mountain et al.,
2003; Handley et al., 2005; Tobler et al., 2008).

Despite the plethora of macroscopic sinter textures, there are only a few
types of amorphous silica present in most fresh silica sinters: silica particles (a few
tens of nm to 10+ microns), silica cement (macroscopically dense but often laminat-
ed at the sub-micron scale) and randomly shaped, dense shards of amorphous silica,
so-called cryogenic opal A (COA) (White et al., 1964; Renaut et al., 1996; Braunstein
and Lowe, 2001; Jones and Renaut, 2003; Lowe and Braunstein, 2003; Lynne et al.,
2008; Tobler et al., 2008; Jones and Renaut 2010; Boudreau and Lynne, 2012). The
silica particles form by homogeneous nucleation in the fluid due to cooling, acidifi-
cation of fluid (microbial activity or degassing) or evaporation. They are on average
a few tens of nanometres to ~5 um in size (Braunstein and Lowe, 2001; Jones and
Renaut, 2004; Jones and Renaut, 2007; Tobler et al., 2008; Jones and Renaut, 2010)
and show a polydisperse size distribution. The aggregation of a large number of
silica microspheres can lead to the formation of porous layers. Over time, the indi-
vidual particles can become cemented together by the deposition of dissolved silica
until the layer becomes very dense and the only visible trace of the particles remain-
ing are pores with concave walls (Jones and Renaut, 2007). If the aggregation of par-

ticles takes place in a current instead, the resulting shapes are asymmetric ridges,
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leaning towards the flow (Braunstein and Lowe, 2001). Again, deposition of dis-
solved silica results in cementation of the particles. The second type of silica is silica
cement, deposited as a dense, micro- to millimetre thick layer onto pre-existing sur-
faces (e.g., plant or animal material, microbial surfaces or detrital grains) by hetero-
geneous nucleation. However, natural etching by acidic steam has revealed that
many cements are finely (<1 um) laminated (Jones and Renaut, 2004). The individu-
al laminae are not just characterised by slightly different solubilities (as revealed by
preferential etching of some laminae) but also by different water contents and thus
atomic numbers. Laminae can be attributed to periods of different growth condi-
tions, i.e., wetter conditions during submersion (= eruption of geyser or overflow of
hot spring) and subsequent drying out. The laminae likely form due to different
precipitation rates during these two periods with wetter conditions resulting in fast-
er precipitation and silica containing more water and vice versa (Jones and Renaut,
2004). The COA forms in winter, when there are only short periods during which
nucleation and growth of silica are possible as the water freezes shortly after emerg-
ing from a hot spring or geyser (Channing and Butler, 2007). The growth of ice crys-
tals causes the silica to be squeezed into the interstices between individual ice crys-
tals, thus resulting in denser aggregates. COA can show a wide range of shard-like
textures as they replicate the shape of the interstices in which they grow.

The different types of silica are not precipitated in equal amounts through-
out the year but show seasonal variations. COA only forms in winter, where the
geothermal fluids freeze upon emerging from the subsurface. If there is still liquid
water in winter time, the formation of silica microspheres and the precipitation of
silica cement can occur all year long. However, their precipitation is enhanced in
summer when there is more microbial activity due to more sunshine and cooling

and evaporation of the fluid are more gradual (Jones and Renaut, 2010).

Microbial communities in hot springs and their effect on silica sinter formation

Although silica precipitation is perceived as a purely inorganic process, many recent
studies have shown that when polymerization and sinter formation occurs at Earth
surface conditions, the presence, diversity and abundance of microorganisms and
the role they play in silica sinter formation have to also be considered when discuss-

ing silica precipitating processes.
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Neutral to alkaline (pH 7 — 9), high-temperature (60 — 95 °C) silica precipitat-
ing hot springs around the world exhibit an abundant diversity of thermophilic mi-
croorganisms, often dominated by bacterial species belonging to the order Aquifi-
cales and the genus Thermus (Brock and Freeze, 1969; Kristjansson and Alfredsson,
1983; Hudson et al., 1989; Chung et al., 2000; Reysenbach et al., 2000; Hjorleifsdottir
et al., 2001; Takacs et al., 2001; Tobler and Benning, 2011). Other organisms in these
ecosystems include members of the Bacilli, Nitrospira, Thermotogales and Thernodesul-
fobacterium group, as well as many unknown species. Archaeal species also exist in
these ecosystems. Representatives of Korarchaeota, Thermofilum and uncultured
Crenarchaeota are the most abundant, along with many unknown archaeal species
(Barns et al., 1994; Reysenbach et al., 2000; Skirnisdottir et al., 2000; Meyer-Dombard
et al., 2005; Kvist et al., 2007).

Several studies have (Skirnisdottir et al., 2000; Fouke et al., 2003; Meyer-
Dombard et al.,, 2005; Purcell et al., 2007; Petursdottir et al., 2009; Tobler and
Benning, 2011) linked the diversity of microbial communities with physico-chemical
conditions of the studied geothermal waters and showed that the microbial abun-
dance and community structure was directly controlled by the geochemical and
hydrodynamic regime. These parameters included temperature, pH, sinter growth
rates, and availability of energy sources and organic substrates. On a more local
basis these studies also showed that historical factors (e.g., climate events, sea-level
changes, volcanic eruptions) and geographical barriers can also play important
roles.

While hot springs are unique environments for extremophilic microbial
communities, the microbes themselves may both provide reactive interfaces for het-
erogeneous silica nucleation and surfaces for homogeneously formed silica particles
to adhere to (Figure 2.6). As such, they can strongly influence the structure and tex-
ture of the silica sinters. The structural role microbes play in sinter formation and/or
their simultaneous fossilisation has been investigated for decades (Schultze-Lam et
al., 1995; Cady and Farmer, 1996; Jones et al., 2000; Guidry and Chafetz, 2003;
Mountain et al., 2003; Handley et al., 2005), not only because modern hot springs
provide an important window into ancient siliceous terrestrial environments (Cady
and Farmer, 1996; Konhauser and Ferris, 1996) but also because they are critical to
interpret hydrothermal sinter deposit found on Mars (Squyres et al., 2008) and to
guide the search for potential Martian life. Overall, what has emerged from these

studies is that sinter textures are highly dependent on the relative rates of silica pre-
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cipitation and biofilm growth, the physico-chemical parameters triggering precipita-
tion as well as the type of microorganisms thriving within these systems. For exam-
ple, Tobler et al. (2008), showed that under conditions of very rapid sinter growth
(e.g., 300 kg y' m? at a wastewater outflow at Reykjanes power plant) no bacteria
was found while at moderate to low deposition rates, extensive biofilms were ob-
served to develop and sinter fabrics were strongly influenced by the microbial mats.

Most microorganisms have no known metabolic requirement for silica, and
thus the silicification of microorganisms in hot springs is mostly controlled by the
physical nature of their surfaces. The microbial surface exhibits a wide variety of
different functional groups (i.e., carboxyl, hydroxyl, phosphate and amine) and mi-
crobes often exude exopolymeric substances (EPS), including slimes, sheaths, or
biofilms. Adsorption of silica onto this microbial envelope is less governed by elec-
trostatic interactions, since they are both usually neutrally or negatively charged in
neutral to alkaline geothermal fluids, but more by hydrophobic interactions, hydro-
gen bonding and cation bridging (e.g., Fe*, Al*) (Benning et al., 2005 and references
therein). Important to note that in natural hot spring systems, the concentration of
soluble silica often far exceeds that of cation bridge ions and thus the vast majority
of silica precipitated will occur without the aid of a cation bridge.

While the deposition of silica onto the microbial surface appears mostly to be
a passive process, the microbes actually seem to respond to the presence of super-
saturated silica conditions. For example, silica-induced protein expression has been
observed for a number of thermophilic species when exposed to silica concentra-
tions > 300 ppm SiO: including the cyanobacterium Anabaena sp. PCC 7120
(Konhauser et al., 2008) and Thermus thermophiles species (Doi et al., 2009). These
proteins seem to relate to membrane transport, such as iron (Doi et al., 2009) or
heavy metals (Spada et al., 2002). However, it is still not clear how these particular
responses benefit the microbe itself as they are ultimately becoming encased in a
silica layer which ultimately fossilizes them (Figure 2.6 B; Ferris et al., 1986, Cady
and Farmer, 1996; Jones et al.,, 1998; Phoenix et al.,, 2001, Mountain et al., 2003;
Tobler et al., 2008). One response to exposure to supersaturated polymerising silica
solution observed in Calothrix and Sulfurihydrogenibium azorense, was an increased
production of exopolysaccharides in the EPS layer (Benning et al., 2004a; Benning et
al., 2004b; Lalonde et al., 2005). The EPS of these two microbes, is characterized by a

higher abundance of positively and neutrally charged functional groups, which fa-
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cilitate interaction with the negatively charged silica nanoparticles, and thereby en-

hance bacterial silicification.

8 fully silicified |
filaments

Figure 2.6: (A) TEM photomicrograph of a naturally silicified microorganism (probably
cyanobacteria) collected from the Strokkur hot spring, Iceland (Phoenix et al., 2001). The
bacterial cells (C) have acted as a nucleation site/surface for the precipitation of the amor-
phous silica spheres (arrow). Scale bar = 5 um. (B) Fully silicified filaments on slides collect-
ed after 25 months from an outflow channel at Krafla Power Station in Iceland (Tobler et al.,
2008).

These observations documented that microbes can indeed actively aid and
enhance silica precipitation despite the ultimately detrimental effect silica precipita-
tion and fossilization has on the life cycle of the microbes. The question however
arises, whether a silica casing can actually help microbial survival in these harsh
environments or if it is just a perfect way of preservation. Phoenix et al. (1999) ar-
gued that biosilicification is restricted to the surface of healthy microbial cells due to
metabolic processes (e.g., photosynthesis) of the microbial cell (Figure 2.6 A). In ad-
dition, they showed that the sheath of certain cyanobacteria can act as a diffusion
barrier for silica particles > 11 nm, and that this in term inhibits internal mineraliza-
tion. In a later study, Phoenix et al. (2000) showed that mineralised Calothrix cells
remained both intact and functioning while encrusted in an extensive (~5 um) silica
crust, while unhealthy and damaged cells became silicified also intracellularly. This
was a first indication which was later been experimentally demonstrated (Benning
et al., 2004a; Benning et al., 2004b) that the production of thickened sheath may play
a vital role for the microbes to survive in hot spring environments subjected to ex-
tensive silicification. In addition, a thin silica crusts can also protect microorganisms

against damaging UV light, while the photosynthetically active radiation (PAR) can
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still penetrate through the layer to ensure the perpetuation of photosynthesis (Fig-
ure 2.7).
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Figure 2.7: Silicification model illustrating the advantages of the microbial sheath (Benning
et al., 2005)

Silica layers can also protect microbial biofilms against predation and intru-
sion by other microorganisms and due to the high water contents of amorphous
silica (up to 18 wt.%) means that being encased in a hydrated silica layer also pre-
vent microbes from dehydrating. Such protection mechanisms have also been pro-
posed as potential scenarios for the survival of microorganisms in the silica-
enriched, shallow-water environments in the Archean era, where high levels of UV

radiation and fluctuating water levels prevailed (Phoenix et al., 2001).

2.3.3.2 Silica scaling in geothermal power plants

The study of silica precipitation in hot springs is of great importance to understand
processes occurring naturally, both today and throughout the Earth’s history. On
the other hand, silica precipitation inside geothermal power plants is important
from an applied point of view. Silica precipitation has been identified as one of the
most common problems in high-enthalpy geothermal power plants, reducing the
efficiency of geothermal energy production (Rothbaum et al., 1979; Fleming and
Crerar, 1982; Harrar et al., 1982; Gunnarsson and Arndrsson, 2003; Demadis et al.,
2007). As with unwanted mineral precipitation in other industrial systems, the terms
“scaling” or “precipitation fouling” are often used to describe the process and “silica

scale” to describe the resulting deposits (Figure 2.8).
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Figure 2.8: Pictures of silica scaling in geothermal power plants in SW-Iceland: (A) tube
sheet of a heat exchanger showing ring-shaped scales and (B) fan-shaped scales deposited
onto a scaling plate used to monitor scaling inside in-use pipelines at Hellisheidi (Meier et
al., 2014 (Chapter 3)), (C) silica scaling inside the retention tank at Nesjavellir (indicating
the water-level when in use) and (D) silica deposits formed in waste water pools at
Svartsengi.

Silica scales can clog pipes and wells, reduce the efficiency of pumps and
heat exchangers, shorten the lifetime moveable parts such as valves and can also
increase the operational hazards due to the need of higher operational pressures.
Silica precipitation also impairs the financial performance of a power plant due to
the reduction in power generation, increased operating costs (e.g., additional costs
for chemical additives, need for additional pumping capacity) and longer down-
times required for cleaning and maintenance of the system (Demadis et al., 2007).
Amorphous silica deposits are very hard and therefore more difficult to remove
mechanically or chemically from equipment surfaces than other precipitates (e.g.,
carbonates). However, in most operational geothermal power plants, silica scaling
issues have been minimized or alternative solutions for fluid handling have been
implemented to the point where the scaling is not too detrimental for the efficient
operation of the system. For example, at both the Reykjanes and Svartsengi geo-
thermal power plants only the steam is used for power production due to the high

salt contents in the geothermal fluids (Tobler et al., 2008). The separated water is not
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used for the production of district heat but allowed to cool in waste water pools
(Figure 2.8 D) where the supersaturated silica precipitates; a well-known phenome-

non seen expressed in the bright blue colour of the pools at the Blue Lagoon.

Composition of silica scales

Similarly to hot springs, the dissolved silica that eventually turns into scales is de-
rived from deep geothermal reservoirs where rock-water interactions occur (Fig-
ure 2.2). Such deep waters are usually rapidly pumped to the surface without de-
pressurisation or cooling and this keeps the pipes up to the surface free of precipi-
tates. Precipitation starts inside the surface installations once supersaturation with
respect to amorphous silica is reached. This generally happens between 100 and
220 °C during flashing of the fluid (removal of steam results in an increase in con-
centration of dissolved solids in the separated water) or when the fluids are cooled
in heat exchangers (reduced solubility). During precipitation, silica scales incorpo-
rate ions form the fluid (especially Al and Fe), resulting in impure amorphous silica.
These impure precipitates are well-known as they have been observed in many
high-enthalpy geothermal systems in Iceland (Thérhallsson et al., 1975), New Zea-
land (Rothbaum et al.,, 1979), Japan (Ito et al., 1977; Yokoyama et al., 1993), Greece
(Karabelas et al., 1989), Indonesia (Gallup, 1997), the Philippines (Gallup, 1997) and
the USA (Makrides et al., 1980; Gallup, 1997). These silica scales typically contain 0.5
to 12 wt.% ALOs and 0.5 to 10 wt.% Fe20s with aluminium generally being more
abundant than iron. However, Rothbaum et al. (1979) showed that extensive corro-
sion (e.g., due to low pH and high H:S contents in the fluid) can result in the for-
mation of scales which contain up to 19 wt.% iron. When incorporated into the
amorphous silica precipitates, both aluminium and iron are believed to be tetrahe-
drally coordinated, indicating that some of the Si* in the SiOs: matrix may be re-
placed by AI* and Fe* or Fe? respectively and that Al-O-Si and Fe-O-Si bonds
could have formed (Gallup, 1989; Yokoyama et al., 1993; Manceau et al., 1995;
Gallup, 1998). Nevertheless, in such composites the charge balance is maintained by
the inclusion of interstitial cations such as sodium, calcium and potassium that are
ample in the fluids (Manceau et al., 1995; Gallup, 1997). In an experimental study
Manceau et al. (1995) suggested that the iron-rich silica precipitates are more or-
dered compared to pure silica precipitates and that these show local ordering com-

parable to hisingerite, a poorly crystalline version of the smectite mineral
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nontronite. Nevertheless, the solubility limit for Al- and Fe-containing silica precipi-
tates are reached between 20 to 40 °C (Al) and 50 to 75 °C (Fe) higher than for pure
silica precipitates (Gallup, 1989; Thorhallsson et al., 1975; Gallup, 1998;). These ra-
ther substantial differences indicate that in geothermal systems, such impure Al-Fe
rich silica scales will still precipitate even at temperatures where the solutions are

not anymore supersaturated with respect to pure amorphous silica.

Pathways of silica scaling

The precipitation mechanism of amorphous silica inside geothermal power plants as
well as the factors controlling it have rarely been studied systematically and this is
primarily due to the difficulties in accessing inside surfaces of geothermal pipelines.
Naturally, the few data available on silica precipitation inside geothermal power
plants was obtained within the framework of developing better mitigation strategies
for silica scaling (e.g., Bohlmann et al., 1976; Rothbaum et al., 1979; Harrar et al.,
1982; Henley, 1983; Carroll et al., 1998; Gunnarsson et al., 2010) or trying to manipu-
late precipitation in a way to produce a silica product of commercial interest
(e.g., Gudmundsson and Einarsson, 1989; Potapov et al.,, 2011; Svavarsson et al.,
2014).

Experiments conducted at geothermal power plants generally involve the
use of a bypass as to not disrupt normal operations and allow access to both, solid
and liquid samples. Studies conducted this way at different power plants in Iceland
and New Zealand found that the microtextures of the scales deposited depended
primarily on the dominant silica species (monomers vs. particles) in the fluid
(Gudmundsson and Bott, 1979; Rothbaum et al., 1979; Carroll et al., 1998). If sub-
stantial amounts of polymerised or particulate silica were present, i.e., after aging,
the scales consisted of relatively loose aggregates of small silica particles which
were interpreted to have formed via homogeneous nucleation. In contrast, if mon-
omeric silica was the dominant species the authors described a ‘bumpy’, dense silica
layer which was interpreted to have formed via heterogeneous nucleation and di-
rect deposition of monomeric silica. The work by Gudmundsson and Bott, Roth-
baum et al. and Carroll et al. covered a large range of silica concentrations (500 to
900 mg/L), salinities (~ 3000 to 28’000 mg/L), pH (7.7 to 9.5) and temperatures (60 to
115 °C), indicating that the processes resulting in the textures observed are taking

place over a wide range of physico-chemical conditions. However, the conditions
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inside a bypass are not identical to those inside in-use geothermal pipelines because
of the lower flow rates and the different hydrodynamic conditions due to the use of
numerous valves and the smaller diameter of the pipes. Depending on the design of
the bypass, additional artefacts such as cooling or oxygenation of the fluid can also
be introduced (Rothbaum et al., 1979). Thus, the precipitation pathways determined
from such studies are not necessarily representative of the behaviour of amorphous
silica inside the actual geothermal power plant. However, in a recent study we con-
firmed the formation of both, a ‘bumpy’ silica layer and 3D structures composed of
aggregated particles, inside in-use pipelines at the Hellisheidi power plant in SW-
Iceland (van den Heuvel et al., in prep.b (Chapter 4)). Similarly to the studies con-
ducted in the bypasses, we inferred from these findings that silica precipitated via
both, the homogeneous and heterogeneous pathway (Figure 2.9). Homogeneous
nucleation resulted in the formation of silica nanoparticles and even micron sized,
smooth spherical particles in the geothermal fluid. The maximum diameter of these
larger spherical particles was 20+ um indicating that in geothermal systems like
Hellisheidi the conditions for particle growth by addition of dissolved silica from
the fast flowing fluid (400 L/s) was ideal. It is however important to note that the
majority of these particles were much smaller (< 0.5 pm) suggesting that nucleation
happened continuously. Furthermore, compared to the total silica in the system, the
proportion of silica particles in solution was very small (< 0.05%, van den Heuvel et
al.,, in prep.b (Chapter 4)) and the geothermal fluid composition was still dominated
my monomeric silica species. Interestingly, the observed large particles seem to
have been preferentially deposited on the surfaces due to the larger drag (e.g.,
Brown and Dunstall, 2000). Aggregation sometimes led to the formation fan- or
ridge-shaped structures which further grew towards the flow and were cemented
together by the amply available dissolved silica (Figure 2.9; Meier et al.,, 2014
(Chapter 3); Hawkins et al., in prep.; van den Heuvel et al., in prep.b (Chapter 4)).
The formation of these structures was dominantly controlled by the hydrodynamic
conditions (Brown and Dunstall, 2000; Dunstall et al., 2000; Hawkins et al., 2013;

Hawkins et al., in prep.).
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Figure 2.9: Precipitates resulting from (A) the heterogeneous pathway and (B) the homo-
geneous pathway and (C) schematic of pathway (van den Heuvel et al., in prep.b (Chapter
4))

The second, and by far the more dominant pathway of silica scale formation
at Hellisheidi was by heterogeneous nucleation and growth on pre-existing surfaces.
Once an amorphous silica nuclei formed on a surface they grew by addition of fur-
ther dissolved silica, analogue to the homogeneous nuclei. This growth resulted in
the formation of lens-shaped features, which, over time covered the surface com-
pletely, resulting in a continuous, uneven silica layer (Figure 2.9) (van den Heuvel et
al,, in prep.b (Chapter 4)). Both theoretical and experimental studies have demon-
strated that the nucleation and growth of such silica layers on surfaces very much
depends on the surface properties (e.g., composition, roughness etc.) of the substrate
exposed to scaling (Harrar et al., 1982; Brown and Dunstall, 2000; van den Heuvel et
al., 2016 (Chapter 6); van den Heuvel et al., in prep.a (Chapter 5)). Rothbaum et al.
(1979) suggested that, in addition to fixed surfaces like pipeline walls, other mineral
colloids (e.g., iron hydroxides or carbonates) could also enhance heterogeneous nu-
cleation of silica. Furthermore, recent studies from Japan indicate that, similarly to

hot springs, the presence of thermophilic microbes could enhance silica precipita-
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tion in geothermal power plants as their surfaces act as additional sites for hetero-

geneous nucleation (Inagaki et al., 1997; Doi and Fujino, 2013).

Mitigation strategies for silica scaling

When comparing the two pathways of silica scaling, high supersaturation (= rapid
silica polymerisation) and high salinities favour homogeneous nucleation while
high flow rates, high temperatures, alkaline pH and low supersaturation favour
heterogeneous nucleation (Harrar et al, 1982; Brown and Dunstall, 2000;
Gunnarsson et al.,, 2010). Thus, by manipulating any of these factors, we should be
able to affect silica precipitation and, potentially reduce or even prevent it. A wide
range of approaches to mitigate silica scaling have been tested in various localities.
Many of them proved to be successful for one or several given geothermal fields.
However, applied to a different geothermal system, where conditions of silica scal-
ing are different (e.g., other process conditions or solution chemistry) they often
exhibited limited efficiency (Rothbaum et al., 1979; Henley, 1983; Gunnarsson et al.,
2010; Mroczek et al., 2011). At present, no single, universally applicable solution has
been found for the problem of silica scaling in geothermal systems and the choice of
mitigation strategy for a given power plant strongly depends on fluid and steam
chemistry, fluid temperature, economics and the power plant design.

One option to control silica scaling is to prevent silica saturation by keeping
the temperature above the solubility limit of amorphous silica. However, impure
varieties of amorphous silica can show substantially higher solubilities (see above)
which would require even higher operating temperatures. While successful in pre-
venting scaling, this method of silica management prevents the efficient use of a
geothermal resource. Second stage boiling to produce low pressure steam, hot water
production for space heating and industrial use or the use of a binary cycle to pro-
duce more electricity from the geothermal fluid are excluded by this mitigation ap-
proach. A growing number of geothermal power plants want to be able to go be-
yond the point of silica saturation to improve efficiency, highlighting the im-
portance of a good silica management strategy for successful operation.

Another option to control silica saturation is by dilution of the geothermal
fluid by water, thus lowering the driving force of silica scaling. Ideally, steam con-
densate from closed condensers is used, sometimes mixed with fresh water

(Gunnarsson and Arnoérsson, 2003; Gunnarsson et al., 2010). The use of fresh water
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only would require huge amounts and the oxygenated water would promote the
risk of magnesium silica scaling (Owen, 1975; Rothbaum et al., 1979; Henley, 1983;
Gunnarsson and Arndrsson, 2005). The same is true for steam condensate obtained
from open condensers. However, dilution reduces the overall energy output of a
geothermal system due to cooling of the fluid or the pre-heating of the condensate.

Silica scaling can also be mitigated by reducing the rate of silica precipita-
tion. One approach involves the acidification of the geothermal fluid. At low pH,
the rate of silica self-assembly is slowed down and the negative surface charge of
silica particles stabilised, preventing aggregation. This method has been showed to
be effective against silica and iron-containing silica scaling in several geothermal
fields worldwide (Rothbaum et al., 1979; Henley, 1983; Gallup, 1989; Gallup, 1998;
Gallup, 2011;). However, the precipitation of aluminium-containing amorphous
silica was not reduced by acidification of the fluid (Manceau et al., 1995), unless the
pH was dropped < 4 (Gallup, 1997). Controlling the rate of acid injection and precise
measurement of the pH of the geothermal fluid is very important as too much acid
will strongly enhance localised corrosion of pipes while not enough acid will not
stop silica deposition (Addison et al., 2015). In addition to the difficulties controlling
acid dosage, the costs for the required acids, usually HCI or HsSOs, can be high. Al-
so, if injection wells receiving the spent acidified geothermal fluid are close to the
production field, the acid can cause acidification of the reservoir fluid.

The precipitation rate of silica can also be lowered by controlling silica speci-
ation in the fluid. Laboratory studies have identified that monomeric silica is more
likely to deposit than polymeric silica (Bohlmann et al., 1976; Mroczek and
McDowell, 1988; Bremere et al., 2000). This assumption was used by Yanagase et
al. (1970) to design a mitigation strategy for silica scaling at Otake power plant, Ja-
pan using ageing of the geothermal fluid in a tank before being used for the genera-
tion of energy. The fluid was retained for one hour during which time the silica in
solution polymerised. This reduced the downstream silica scaling by 90%. This ap-
proach is also successfully applied in geothermal power plants in Iceland, where it
is combined with dilution by steam condensate (Gunnarsson and Arnorsson, 2005;
Gunnarsson et al., 2010). In geothermal operations in New Zealand on the other
hand, Rothbaum et al. (1979) showed that ageing of the solution did not reduce the
amount of silica precipitation noticeably. The success of this silica management

method depends to a large extent on the ionic strength of the brine. In high salinity
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fluids aging is assumed to lead to enhanced precipitation as the cations present
could act as flocculating agents cross-linking the negatively charged silica particles.
A third group of mitigation strategies involve the use of additives to control
silica precipitation. The first group of additives are used to develop anti-scaling
coatings which prevent the deposition of silica scales onto equipment surfaces.
Sugama and Gawlik (2002) have studied carbon steel with a special anti-scaling
coating. Without a special coating, corrosion products form on the surface of normal
carbon steel. These phases show a strong affinity for silica and facilitate scaling. By
coating the surface with an organic polymer, fewer and less adherent silica deposits
form and therefore removal of these precipitates is easier. The second group of addi-
tives aims at removing the silica from solution by controlled precipitation. This has
the advantage that the deposits are locally concentrated and often less adherent,
making them easier to remove (Harrar et al., 1980). So far, crystals, gels, colloids or
cationic precipitants have been tested with varying degrees of success (Harrar et al.,
1980; Sugita et al., 1998; Ueda et al, 2003). The third group of additives are
(in)organic inhibitors which try to keep dissolved silica in solution by preventing
self-assembly or by acting as dispersants for silica particles (Harrar et al., 1982;
Gallup, 2002; Demadis, 2005, Gallup and Barcelon, 2005; Demadis and
Stathoulopoulou, 2006; Amjad and Zuhl, 2008; Bai et al., 2009). However, most of
these potential inhibitors showed only limited efficiency when tested in laboratory
and field experiments. Besides, many were not stable at high temperatures and over
long time spans (Demadis and Stathoulopoulou, 2006; Amjad and Zuhl, 2008) and
dosage of inhibitors was showed to be a challenge. Often inhibitors acted as floccu-
lating agents upon overdosing and therefore increased precipitation of silica
(Gallup, 2002; Demadis and Stathoulopoulou, 2006). Thus, owing to the shortcom-
ings of most inhibitors and their formidable costs, other approaches to mitigate sili-
ca scaling are chosen in most geothermal fields at present. The development of in-
hibitors is still ongoing but to develop more efficient and universally applicable in-
hibitors, the interaction between the additives and silica at the molecular scale has

to be understood better.

24 Conclusions and outlook

The nucleation and growth of silica both in solution as well as on surfaces has been

investigated over a wide range of physico-chemical conditions in the last 70 years
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and the processes, despite their complexity, are relatively well understood. Many of
the physical, chemical or biological factors (e.g., temperature, pH, silica concentra-
tion, microbial presence, salinity etc.) found to control silica precipitation in labora-
tory analogue experiments also affect the precipitation of silica from natural geo-
thermal fluids both in hot spring or power plant settings. However, in natural geo-
thermal fluids all these parameters are in competition with one another and it is
often difficult to isolate the parameters which affect silica precipitation most pro-
foundly.

Despite this rather broad and seemingly comprehensive knowledge-base,
there are still many open questions that need addressing in order to further our un-
derstanding of the mechanisms and rates of silica precipitation. Here we discuss
several approaches and suggestions for further theoretical, laboratory and field

studies that we assert are still needed to help progress this field in the future:

- Theoretical:

- Molecular simulations to assess the fundamental interactions between
different molecules to elucidate the molecular mechanisms of silica
polymerisation or the interaction of silica with specific surfaces (micro-
bial, corroded steel etc.).

- Molecular simulations to understand the involvement of different pol-
ymeric species in the growth of homogeneous and heterogeneous nuclei.

- Hydrodynamic simulations to address interactions between surfaces,
particles and fluid flow properties to model possible precipitation pat-

terns.

- Laboratory analogue studies:
- In-situ and real-time experiments addressing the precipitation mecha-
nisms and rates using high resolution microscopy (e.g., liquid-cell TEM,
AFM) or scattering techniques (e.g., SAXS, DLS). These experiments
should quantify (a) homogeneous nucleation and growth of particles in
solution as a function of parameters not yet addressed (e.g., fluid flow
rates, presence of organic compounds and even microbial species), and
(b) heterogeneous surface nucleation and growth. Importantly in these

experiments supersaturation should be induced through rapid cooling



Chapter 2 45

of a fluid and not (as usually done as it is simpler) by neutralising of su-
persaturated high pH silica solutions.
- Thermodynamic and kinetic data for impure silica as a function of both,

aluminium and iron content.

- Field studies:

- More highly controlled (both spatially and in a time resolved manner)
studies of silica scaling inside in-use geothermal pipelines (not using
bypasses) to see if the two pathways of silica precipitation are indeed
taking place over a wide range of physic-chemical conditions.

- Scaling plate and bypass studies to test novel materials and coatings as
well as additives to develop better mitigation strategies for scaling con-

trol and corrosion prevention.

All laboratory and field approaches require a highly complementary and detailed
monitoring of the physico-chemical conditions under which silica precipitation
takes place as well as detailed characterisation of the textures and composition (abi-
otic and biotic) of the resulting solids. The significance of the proposed research will
invariably drastically increase when several of these approaches are combined, and
when especially simulations, laboratory and field-based observations can be better

compared and contrasted.
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Abstract

Precipitation of amorphous silica (SiO2) in geothermal power plants, although a
common factor limiting the efficiency of geothermal energy production, is poorly
understood and no universally applicable mitigation strategy to prevent or reduce
precipitation is available. This is primarily due to the lack of understanding of the
precipitation mechanism of amorphous silica in geothermal systems. In the present
study data are presented about microstructures and compositions of precipitates
formed on scaling plates inserted at five different locations in the pipelines at the
Hellisheidi power station (SW-Iceland). Precipitates on these plates formed over 6 to
8 weeks of immersion in hot (120 or 60 °C), fast-flowing and silica-supersaturated
geothermal fluids (~800 ppm of SiO2). Although the composition of the precipitates
is fairly homogeneous, with silica being the dominant component and Fe sulphides

as a less common phase, the microstructures of the precipitates are highly variable
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and dependent on the location within the geothermal pipelines. The silica precipi-
tates have grown through aggregation and precipitation of silica particles that pre-
cipitated homogeneously in the geothermal fluid. Five main factors were identified
that may control the precipitation of silica: (1) temperature, (2) fluid composition,
(3) fluid-flow regime, (4) distance along the flow path, and (5) immersion time. On
all scaling plates, a corrosion layer was found underlying the silica precipitates indi-
cating that, once formed, the presence of a silica layer probably protects the steel
pipe surface against further corrosion. Yet silica precipitates influence the flow of
the geothermal fluids and therefore can limit the efficiency of geothermal power

stations.

3.1 Introduction

In geothermal power plants around the world the polymerization of monomeric
silica and the formation and deposition of amorphous silica (SiO2) precipitates on
pipes and other fluid-handling systems (most often referred to as ‘scaling’) have
been identified as the most common problems limiting the efficiency of geothermal
power stations (Gunnarsson and Arndrsson, 2003). Although precipitation of amor-
phous silica in natural geothermal settings has been studied extensively (e.g.,
Mountain et al., 2003; Tobler et al., 2008), the processes that occur at the water-fluid-
handling equipment interfaces (e.g., scale formation on pipes) are not well under-
stood. A wide range of approaches to mitigate amorphous silica-scale formation,
such as pH control (e.g., Fleming and Crerar, 1982; Henley, 1983; Stapleton and
Weres, 2011), dilution and acidification with steam condensate (Gunnarsson and
Arndrsson, 2003); or the use of (in)organic inhibitors (e.g., Harrar et al., 1982;
Gallup, 2002; Gallup and Barcelon, 2005; Amjad and Zuhl, 2008) have been applied
in various geothermal power plants. However, due to the large variations in geo-
thermal fluid conditions, no single method for adequately mitigating silica scaling
exists (Mroczek et al., 2011). One of the limits to developing a universally applicable
mitigation approach is the lack of a fundamental understanding of the pathways
and mechanisms of precipitation of amorphous silica. This is partly due to the
dearth of data on silica-scale microstructures and compositions. In the present
study, the microstructures and compositional characteristics of silica-dominated
precipitates that formed in the pipes of the Hellisheidi geothermal power station in

SW-Iceland were investigated.
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3.2 Materials and Methods

Silica precipitation was monitored using stainless steel scaling plates (5x 2.5 cm)
deployed at different points within the pipelines of the Hellisheidi geothermal pow-
er plant, but in all cases after the steam used for the production of electrical energy
was separated (Figure 3.1). The chemical composition and pH of the separated wa-
ter at sampling point 1 is monitored at regular intervals by the power plant opera-
tors. The separated water is cooled and filtered before the pH is measured and sam-
ple aliquots are taken for various analyses. For details of sample preservation and
sampling containers see Arndrsson et al. (2006). The cations were analysed by ion
chromatography (IC) at Reykjavik Energy while the anions were analysed using
inductively coupled plasma-mass spectrometry at the University of Iceland. The
concentration of HzS is measured by titration with mercury acetate using dithizone

as an indicator (Arnérsson et al., 2006).
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Figure 3.1: System schematic of the Hellisheidi geothermal power station indicating the five
points (¥) where the scaling plates were immersed. The geothermal fluid at depth, being at up
to 300 °C, is flowing up through production wells. In the steam separator the pressure is
released and the geothermal fluid boils, separating the steam (used for the production of elec-
trical energy) from the fluid. The remaining geothermal fluid (also called separated water) is
passed through a heat exchanger where it heats up cold groundwater to be used for space
heating. Some tens of metres further along the flow path, the geothermal fluid is mixed with
steam condensate to dilute it before re-injecting it some hundreds of metres further down-
stream.
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The plates were inserted into the path of the flowing geothermal fluid for
6 (plates 2, 3 and 4) or 8 weeks (plates 1 and 5). After removal from the separated
water, the plates were first dried at room temperature on-site, and, after shipping to
Leeds (UK), were dried again at 30 °C for 24 h before further analysis.

Some precipitates were scraped off of one side of each plate using a plastic
spatula and ground using an agate mortar and pestle. The powder was analysed by
X-ray diffraction using a Bruker D8 diffractometer (XRD, CuKai; 5-90° 26; 0.01°/step)
and the patterns were evaluated using the EVA software (Bruker, Version 3.0). The
other side of the plates was coated with ~40 nm of gold and imaged using a field
emission scanning electron microscope (FEG SEM, FEI Quanta 650 at 20 keV). Spot
analyses and elemental mapping were performed using an energy dispersive spec-

trometer (EDS) and the Aztec software (Oxford Instruments, Version 2.2).

3.3 Results

The separated water from which precipitation occurred is a dilute, low-ionic-
strength fluid with a high concentration of dissolved H:S and a pH varying between
9.1 and 9.4 (Table 3.1). Depending on which production well is used, the waters con-
tain between 700 and 800 ppm SiO: (Table 3.1). No data are currently available
about solution compositions at the other sampling points. After 6-8 weeks of im-
mersion, all scaling plates showed visible signs of precipitation. Although the XRD
analyses revealed silica as the dominant precipitate in all cases, the microstructures
of the precipitates were highly variable (Figure 3.2). Precipitation onto plate 1 oc-
curred at 120 °C due to its position directly before the heat exchanger (Figure 3.1).
The precipitates formed large (up to 1 — 2 mm) fan-shaped structures pointing to-
wards the direction of the flow (Figure 3.2 & 3.3 A). The fans were composed of sili-
ca particles (~1 — 20 um in diameter; Figure 3.3 F), while the rest of the plate was
covered by individual silica spheres or idiomorphic Fe sulphides. The precipitates
on plate 2 formed immediately after the heat exchanger (Figure 3.1) at 60 °C. They
formed wave-shaped structures, oriented parallel to the flow (Figure 3.2), again
consisting of larger, weakly aggregated silica spheres. These were overlying a film
of smaller silica particles forming aggregates up to 50 pm in diameter (Figure 3.3 B).
Plate 3 was located immediately before the point at which the geothermal fluid is
mixed with steam condensate fluid (Figure 3.1), and was characterized by the small-

est amount of silica precipitates (Figures 3.2 & 3.3 C).
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Table 3.1: Chemical composition of the separated water at sampling location 1 (Figure 3.1;
before the heat exchanger, 120 °C). The data represent average values of measurements be-
tween September 2012 and January 2014 (n = 4). The variations in pH and concentration
are due to the use of different production wells, tapping different parts of the aquifer, at dif-
ferent points in time.

Separated water sample location 1
(before heat exchanger)

pH 91-94
Concentration (mg/kg)
H2S 25.2-304
SiO2 (total) 694.9 - 787.2
Na 194.6 - 209.4
K 26.1-36.6
Ca 0.74-1.05
Mg <0.03

Fe <0.25

Al 1.80 - 2.06
Cl 161.6 - 193.6
S04 16.2 -54.6
F 12-1.6

The precipitates on plate 4 consisted of individual or connected flakes of a
dark grey precipitate (Figures 3.2 & 3.3 D), which consisted of very small (<1 um)
angular Fe sulphide aggregates and (0.1 pm) spherical silica particles (Figure 3.3 D;
XRD results revealed mackinawite, greigite and pyrrhotite). The metal between the
flakes was covered by spherical silica particles (0.1 — 0.5 um in size) and idiomor-
phic, columnar sulphur crystals several um long. Plate 5 was characterized by the
largest amount of precipitate and was covered densely by grey ridges oriented per-
pendicular to the flow (Figure 3.2). These ridges (Figure 3.3 E) were composed of
individual, small silica spheres (0.1 — 0.5 um in diameter) that were occasionally
interspersed with larger, smooth silica particles (up to 10 um in diameter). Along
the rims of some plates, a clear morphological (Figure 3.4 A) and compositional
(Figure 3.5) layering was revealed. Underlying the silica precipitates (Figures 3.4 B
& 3.5) was a layer composed of fine-grained, often idiomorphic Fe sulphides (Fig-

ures 3.4 C & 3.5). In some areas even the corrosion of the stainless steel plates was
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observed in the form of rosette-shaped Fe oxides (Figure 3.4 D). Based on the shape
of the mineral phase, this was probably hematite. Due to the small amount of these
Fe sulphides and Fe oxides on the plates, a definitive mineralogical identification or

quantification was not feasible.

plate 2 plate 3

fluid flow
—l
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|

Figure 3.2: Photographs of the scaling plates after immersion in the geothermal fluid for
6 (plates 2, 3 and 4) and 8 weeks (plates 1 and 5), respectively. The precipitates on each plate
show distinct microstructures from fan-shaped (1) to wave-like (2) to thin films (3) and to
dark flakes (4) or even ridge-shaped (5).

3.4 Discussion

The results from this study of precipitates formed on scaling plates immersed in the
fast-flowing geothermal waters in the pipes of the Hellisheidi geothermal power
station revealed that the microstructures and compositions of precipitates varied
considerably along the flow path. Distinct microstructures that range from fan-
shaped to wave-like to individual flakes or even ridge-shaped precipitates were
observed. The dominant phases present on the scaling plates were amorphous silica,

Fe sulphides and rarely Fe oxides. Silica was present as spherical nanoparticles
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which form by homogeneous nucleation (Tobler et al., 2009; Tobler and Benning,
2013) from the supersaturated geothermal fluids that contained ~800 ppm of silica.
The data assembled indicate that once the particles that form in solution come into
contact with the scaling plates (or the pipe surfaces) they are deposited. Monomeric
silica will also polymerize continuously, cementing the particles together to form

larger and larger clusters (Angcoy and Arndrsson, 2010).

Figure 3.3: FEG-SEM images showing the different microstructure of the precipitates on
the scaling plates. The microstructures on plate 1 (A), plate 2 (B), plate 3 (C) and plate 5 (E)
are formed by the aggregation of silica particles (F). On plate 4 (D) the precipitates are dom-
inated by Fe sulphides.

The iron phases (Fe sulphides and Fe oxides) largely represent corrosion
products. The Fe could be sourced either from the plates or pipes themselves or
from the geothermal fluid and when combined with H2S from the geothermal fluid
would precipitate as Fe sulphides, and upon oxidation probably transform to Fe
oxides. The observed variations in composition and microstructures are the result of
differences in physicochemical conditions in the power-plant pipelines. Although
the data assembled so far cannot fully explain all our observations, five parameters
have been identified that play a crucial role in controlling the precipitation regimes

and modes of amorphous silica deposition on our scaling plates. These are:

(1) Variation in temperature: an increase in temperature results in greater rates
of polymerization of monomeric silica and hence an increased rate of

formation of amorphous silica nanoparticles (e.g., Alexander et al., 1954;
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Kitahara, 1960; Tobler and Benning, 2013). At higher temperatures this effect
could be counterbalanced by the greater solubility of amorphous silica and
the resulting decrease in supersaturation (Makrides et al., 1980; Gunnarsson

and Arnorsson, 2000).

Figure 3.4: (A) Different layers at the edge of plate 5 showing the top layer consisting of

amorphous silica spheres, aggregated to form delicate structures (B). The silica layer covers a

layer of Fe sulphides (C) probably a corrosion product of the scaling plate while underneath

this layer, the metal of the scaling plate (D) was oxidized to Fe oxides.

)

Variation in fluid composition: the composition of the geothermal fluid is
crucial for the composition of the phases formed on the scaling plates. The
dominant phases on plate 4, for example, which formed immediately after
the addition of steam condensate to the geothermal fluid (Figure 3.1), were
Fe-sulphides. In this case, the precipitation of Fe sulphides was enhanced
locally because of the mixing with steam condensate. The concentration of
dissolved iron in the steam condensate is marginally greater than in the
separated water (power-plant operators, pers. comm.). Therefore, when the
Fe-rich steam condensate mixes with the H2S from the geothermal fluid this
may result in the very fast precipitation of Fe sulphides. The addition of

condensate also decreased the concentration of silica and diluted the
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geothermal fluid. Lower supersaturation of silica combined with reduced
ionic strength of the geothermal fluid results in slower precipitation of silica
(Fleming, 1986; Icopini et al., 2005). This may, in part, explain the smaller

amount of amorphous silica on plate 4 compared to all the other plates.

Figure 3.5: Elemental maps of the layers on plate 5 described in Fig. 4 with the uppermost
precipitation layer showing primarily Si which overlies the Fe sulphide layer (Fe and S
maps) and the metal plate (Fe map). Dark areas on the Au map indicate areas where the to-
pography of the sample resulted in a poor EDS signal. These areas will be dark in all elemen-

tal maps.

(3) Fluid-flow regime: fan-shaped structures like those on plate 1 have recently
been modelled by Hawkins et al. (2014). The authors used fluid dynamic
modelling approaches and simulated the surface growth processes in a
geothermal pipeline in the presence of non-homogeneous and non-laminar
flow. Those authors found that the competition between advection and
diffusion (Péclet number) and the turbulence characteristics (Reynolds

number) define the exact geometry of the precipitates. The microstructures



70 Chapter 3

found on plate 1 (Figures 3.2 & 3.3 A) are matched by the modelling results,
thus confirming that fluid flow does indeed play a dominant role. However,
why this microstructure was only observed on plate 1 (120 °C, before the
heat exchanger) is not yet clear and further time-resolved immersion

experiments that are in progress hope to address this.

(4) Distance along the flow path: the precipitation of silica is affected by the
distance between a spot where the physicochemical conditions in the power-
plant pipelines change drastically and the location of the scaling plate. An
example is the effect of cooling the geothermal fluid from 120 to 60 °C in the
heat exchanger: This temperature drop affects the rate of polymerization rate
and it was shown by Tobler and Benning (2013) that it may take up to 3 h to
reach steady state again. Hence, the precipitation conditions where plate 2 is
located are different from the conditions further downstream where plate 3
is located. Another example are the differences between plates 4 and 5. The
addition of steam condensate enhances precipitation of Fe sulphides (see
above) onto plate 4. As plate 5 is located several hundred metres further
downstream, the geothermal fluid at plate 5 had more time to react to the
physicochemical disturbance and re-equilibrate. Thus, at plate 5, amorphous

silica again becomes the primary precipitate.

(5) Immersion time: the amount of time for which the scaling plates are
immersed in the geothermal fluid will have an effect on the amount of
material precipitated and probably on the microstructures formed. In the
present study, only precipitation after 6 to 8 weeks was studied but
precipitation has been monitored since commissioning of the Hellisheidi
power station in 2006. The rates of precipitation are not known, however. In
order to investigate precipitation and the evolution of microstructures as a

function of time, additional time-resolved experiments are in progress.

In spite of detailed evaluation of the microstructures and compositions of the pre-
cipitates on the individual plates, the exact contributions of the individual factors
mentioned above remain unclear.

All precipitates were made up of different layers (Figures 3.4 & 3.5): (1) the
stainless steel metal plate that in some cases was partly oxidized to Fe oxides; (2) the

corrosion layer composed primarily of Fe sulphides; and (3) the main precipitation
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layer composed mainly of spherical amorphous silica and, in the case of
plates 1 and 4, Fe sulphides. The precipitation of amorphous silica (and Fe sulphides
on plate 4), the corrosion of the plates and the related formation of Fe sulphides are
probably concurrent processes both starting as soon as the plates are immersed in
the geothermal fluids. The Fe sulphide corrosion layer was in most cases concealed
under the silica precipitates, however, suggesting that before a protective amor-
phous silica layer could form, metal corrosion dominated. Once the precipitation
layer became more continuous, further corrosion was passivated or at least slowed
down by the amorphous silica (and Fe sulphides on plate 4) layer. Thus, the precipi-
tation of amorphous silica does indeed limit the efficiency of geothermal power
production by reducing the flow of geothermal fluid through the system
(Gunnarsson and Arnodrsson, 2003) but, its deposition in thin, variable structured
layers also helps to limit the corrosion of the steel pipes. To explore this passivation
effect, a longer-term (12 months), time-resolved, scaling-plate exposure study is al-

ready underway.

3.5 Conclusion

The results presented here provide the first detailed description of silica-rich precip-
itates in pipes from the Hellisheidi power station. The microstructure and composi-
tion of the precipitates vary considerably depending on the ambient physicochemi-
cal conditions in the power-plant pipelines. However, exactly how and why particu-
lar physicochemical conditions lead to a variety of microstructures in the silica pre-
cipitates is still unclear. Nevertheless, this study presents important findings which,
combined with fluid chemical data, information about fluid flow and longer-term
scaling-plate immersion experiments, will allow us to derive the first comprehen-
sive model for silica precipitation in geothermal systems and this information will

potentially help to reduce silica scaling in geothermal power plants.
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Abstract

Silica precipitation (= scaling) inside high-enthalpy geothermal power plants has
previously been shown to be controlled by a combination of different physico-
chemical factors. Yet a mechanistic understanding of the scaling occurring inside
pipelines has been lacking. Here we report the results from the first ever time-
resolved study of silica precipitation conducted inside in-use pipelines we left scal-
ing plates to react with the fast flowing geothermal waters at four locations within
the Hellisheidi power plant for 1 day to 10 weeks. The results revealed two distinct
types of precipitates: (1) A continuous silica layer covering the scaling plates com-
pletely (even after just 1 day) that steadily grew in thickness and (2) 3D fan- or
ridge-shaped aggregates which formed after longer exposure times and consisted of
aggregated silica microspheres. The continuous layers grew by heterogeneous nu-
cleation and subsequent growth by monomer addition while the formation of the

3D aggregates was dominated by homogeneous nucleation of particles in the fluid

75
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and their subsequent aggregation and cementation into 3D structures. From the
time-resolved data we determined silica precipitation rates of up to 1 gram per day
per m2. Our data helps improve our understanding of the silica scaling mechanism
inside geothermal power plants and is crucial for the development of better mitiga-

tion strategies against silica scaling in the future.

41 Introduction

Amorphous silica is one of the most common phases to precipitate from high-
enthalpy geothermal fluids that are rich in dissolved silica due to rock-water inter-
actions in the geothermal reservoir. The maximum concentration of silica depends
on the reservoir temperature and is controlled by quartz solubility or, if the temper-
ature is below 110 °C, by the solubility of chalcedony (Fournier and Rowe, 1966;
Arnorsson, 1975). Geothermal fluids can reach the surface naturally, i.e., by ascend-
ing along fractures, where they emerge as hot springs and geysers or by being
pumped from the reservoir for the production of geothermal energy. In both cases
the fluids are subjected to rapid cooling and depressurisation upon reaching the
surface. This results in fluids which are supersaturated with respect to amorphous
silica and consequent rapid precipitation. Around hot springs these deposits are
called silica sinters, around geysers, geyserites and inside geothermal power plants
silica scales.

The precipitation of amorphous silica has been investigated over a wide
range of physico-chemical conditions over the last few decades and the process,
despite its complexity, is relatively well understood. The formation of amorphous
silica has been shown to occur via the condensation of silica monomers (HsSiOs)
through nucleation, subsequent growth and aggregation and/or deposition (e.g.,
Iler, 1979; Rothbaum and Rohde, 1979; Icopini et al., 2005; Tobler et al., 2009). The
precipitation of amorphous silica is enhanced by alkaline pH, elevated temperature,
increasing ionic strength (especially the presence of Al and Fe) and high total silica
concentration (Alexander et al., 1954; Goto, 1956; Kitahara, 1960; Iler, 1979; Crerar
etal., 1981, Weres et al., 1981; Fleming, 1986; Gallup, 1997; Gunnarsson and
Arndrsson, 2005; Icopini et al., 2005; Tobler and Benning, 2013). These physico-
chemical factors are also expected to affect the precipitation of silica from natural
geothermal fluids. However, in natural geothermal fluids all these parameters are in

competition with one another and it is often difficult to isolate the parameter which
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affects silica precipitation most strongly. In addition, complicating factors such as
microbial activity in hot springs (e.g., Mountain et al., 2003; Tobler et al., 2008) or
high flow in geothermal power plants (e.g., Meier et al., 2014 (Chapter 3)) make the
understanding of these natural systems even more challenging. Therefore, the find-
ings from laboratory studies cannot be applied directly to silica precipitation from
natural geothermal fluids as shown by Carroll et al. (1998).

While silica sinter formation has been studied in depth in recent years
(e.g., Braunstein and Lowe, 2001; Mountain et al., 2003; Jones and Renaut, 2004;
Konhauser et al., 2004; Handley et al., 2005; Tobler et al., 2008), very few studies
addressed the formation of amorphous silica inside geothermal power plants
(e.g., Gudmundsson and Bott, 1979; Rothbaum et al., 1979; Carroll et al., 1998), de-
spite the fact that silica scaling presents a huge problem for the energy production
in geothermal systems (e.g., Gunnarsson and Arnérsson, 2003; Demadis et al., 2007).
The main reason for the lack of such studies lies in the difficulties in accessing both,
fluids and silica scales during production without being detrimental to normal op-
erations. There have been some studies that aimed to circumvent these problems, by
conducting experiments at geothermal power plants in bypass systems (Rothbaum
et al.,, 1979; Harrar et al., 1982; Carroll et al., 1998). Yet, the conditions in such bypass
systems are most often markedly different from those inside in-use geothermal
pipelines because of lower flow rates, changes in temperatures, redox conditions or
hydrodynamic regimes due to the variations in pipe geometries etc. (Rothbaum
et al., 1979). Such changes lead to differences in precipitation pathways and/or rates,
which are thus often difficult to translate to scaling processed occurring inside in-
use pipelines. This means that control and potential silica-scaling mitigation strate-
gies are not well informed.

Here we present the first ever in-situ and time-resolved study conducted in-
side actual geothermal pipelines of a high enthalpy geothermal power plant at Hell-
isheidi, SW-Iceland (Figure 4.1 A). All our experiments were carried out under con-
ditions of normal operation and had access to both, fluid samples and precipitated
solids. Silica precipitation was monitored using stainless steel scaling plates (Fig-
ure 4.1 B) deployed at different points within the pipelines of the Hellisheidi geo-
thermal power plant for periods between 1 day and 10 weeks,. The results show that
two largely independent pathways control silica precipitation and that continuous
layers of silica form very rapidly on steel surfaces, yet over long time periods 3D

structures will also form.
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4.2 Materials and methods

Field deployments

The time-resolved deposition of silica scales on stainless steel scaling plates
(5.4 x2-2.5 cm) deployed between 1 day and 10 weeks (Table 4.1) was studied at
four different locations within the Hellisheidi power plant (Figure 4.1): (1) several
metres before the heat exchangers, (2) several metres after the heat exchangers,
(3) several tens of metres downstream of location 2, just before mixing with con-
densed steam (equivalent to almost pure water) and (4) 500 m downstream from
location 3 at the Hismuli injection site. The locations were chosen because they dif-
fered with respect to physico-chemical conditions of the fluid (temperature, flow
rate, silica concentration etc.) and this allowed us to study how these parameters
affected silica precipitation.

At each location scaling plates made from unpolished S316 stainless steel
(Figure 4.1 C & D) were attached to a sampling rod and inserted into the geothermal
fluid through valves in the pipeline walls. The surfaces of the plates were aligned to
be parallel to the flow.

The power plant operators monitor the temperatures and flow rates at each
of the chosen sampling locations hourly to identify changes in production parame-
ters and as a guide for when maintenance (e.g., heat exchanger cleaning) is required
(Table 4.1). These continuous datasets helped make sure that the scaling plate de-
ployments were started/finished during periods where no maintenance was re-
quired. At the end of each deployment, the plates were removed from the fluid,
gently rinsed with distilled water to remove soluble salts and dried at 40 °C for 12 to
16 hours. For short deployments (1 day, 3 days and 1 week), the scaling plates were
also weighted before and after the deployments in order to determine the mass of
the precipitated silica. For deployments of 2 weeks or longer this was not feasible as
in most cases some of the accumulated silica would have been either lost during

deployment (high fluid flow) or during scaling plate handling post removal.
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Figure 4.1: (A) System schematic of the Hellisheidi geothermal power plant indicating the
four sampling locations (stars) at which the scaling plates (B) were immersed. FEG-SEM
images (C & D) showing the textures of the steel surface before deployment.

At the beginning and end of each deployment, the separated water at each
location was sampled to evaluate changes in fluid composition. The separated water
was cooled down using a stainless steel cooling coil (total length ~5 m) attached to
the pipeline valve and placed into a barrel filled with cold water. The temperature
and pH of the cooled fluid (21 to 27 °C) were determined using a Metrohm
Aquatrode plus pH electrode with a thermocouple. Fluid samples were collected
first into two Teflon gas sampling bulbs (300 mL, rinsed 3x with separated water
before use) and assuring no air remained trapped within the bulbs. These samples
were used for analysis of dissolved CO: and H:S. Subsequently a stainless steel
holder containing single-use 0.2 um polycarbonate filter membranes was used to
collect filtered fluid samples. These sample aliquots were divided into three differ-
ent parts. For cation analyses aliquots were transferred into 120 mL into Nalgene
bottles containing 2.5 mL of ultrapure HNOs, for anion analyses 60 mL were trans-
ferred into empty Nalgene bottles and, during selected deployments, 5 mL of the
filtered waters were transferred into Nalgene bottles containing 20 mL of MilliQ

water for analysis of monomeric silica. The filtration membranes were retained from
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the 1 day, 3 days and 6 weeks sampling campaigns. For the same deployments, 2 L
of separated water from the pipeline were filtered through ten pre-weighted 0.2 um
polycarbonate membranes each to assess the particles load in the fluid and 100 mL
were filtered through an additional 0.2 um polycarbonate membrane which was
retained for electron microscope imaging. All collected filter membranes were dried
at 40 °C for 12 to 16 hours and, for the pre-weighted filter membranes, weighted
again post-drying.

Analyses of silica scales and filter membranes

All analyses of the collected solids were carried out at the University of Leeds unless
stated otherwise. The silica deposited on each scaling plate and the materials depos-
ited on the filter membranes were analysed by field emission gun scanning electron
microscopy (FEG-SEM, FEI Quanta 650 at 15 keV, coated with ~40 nm of gold). A
couple of selected filter membranes were also imaged at ultra-high resolution, using
a low kV cold-field emission scanning electron microscope (CFE-SEM, Hitachi
SU8230 at 2 kV). The FEG-SEM images were used to determine the dimensions of
the observed silica structures by measuring widths and lengths of 70 to 100 struc-
tures or particles that had formed in the top side of each plate or filter manually.
The elemental composition of the silica precipitates was determined by energy dis-
persive spectrometry (EDS; spot analyses and elemental mapping, AZtec software,
Oxford Instruments, Version 2.2). On the scaling plates where enough material had
precipitated, material was scraped off and analysed by X-ray diffraction (XRD;
Bruker D8 diffractometer, CuKal; 5 — 90° 20; 0.01°/step; data evaluation by the EVA
software, Bruker, Version 3.0). XRD analyses of the materials on the filter mem-
branes was done with the filters glued directly onto the XRD silicon holders. The
internal structure, composition and thickness of the precipitated silica layer on the
scaling plates from location 1 were investigated via two approaches. For high reso-
lution work, focused ion beam (FIB) sections (15 x 10 x 0.15 um) were prepared at
the GeoForschungsZentrum in Potsdam, Germany from the 1 day, 3 day and 1 week
scaling plates following the method described in Wirth (2009). The FIB foils were
analysed using a high-resolution transmission electron microscope (HR-TEM, TEC-
NAI F20 X-Twin, 200 kV) at the GFZ in Potsdam, Germany equipped with a Gatan
Tridiem Imaging Filter and an EDAX X-ray analyser. Secondly, all scaling plates

from location 1 were embedded in epoxy resin, cut along the width of the scaling
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plates and polished (at the University of Bern) before being imaged by FEG-SEM as

described above.

Table 4.1: Duration and starting/end dates of individual scaling plate deployments as well
as periods of disruptions. The cleaning of the heat exchangers in early October 2014 (after
the 10 week and before the 2 week deployment) was part of reqular and scheduled mainte-
nance at the Hellishei0i power plant to remove the accumulated silica scales from the heat

exchangers (done every 6 to 12 months).

Deployment Start date End date
[days]

1 day 1 02/02/2015 03/02/2015
3 days 3 16/03/2015 | 19/03/2015
1 week 7 27/10/2014 | 03/11/2014
2 weeks 14 03/11/2014 17/11/2014
4 weeks 28 23/06/2014 | 21/07/2014
6 weeks 41 03/02/2015 | 16/03/2015
10 weeks 72 21/07/2014 | 01/10/2014
cleaning heat exchangers | 06/10/2014 | 07/10/2014

Analyses of separated water

All analyses of the collected separated water samples were carried out at the Uni-
versity of Leeds unless stated otherwise. After collection, the samples were stored at
3 -6 °C for maximum 2 days before analysis of the dissolved gases and monomeric
silica and for maximum 3 weeks for the analysis of cations or anions. The concen-
trations of dissolved CO: and HzS were analysed at Reykjavik Energy by total alka-
linity titration (Metrohm 905 Titrando equipped with a Metrohm Aquatrode plus)
and titration with mercury acetate using dithizone as an indicator (Arnorsson et al.,
2006), respectively. The analytical uncertainties of these methods are + 1% for total
alkalinity titration and + < 0.1% for titration of H>S. The monomeric silica content
was also analysed at Reykjavik Energy based on the method described by Gunnars-
son et al. (2010) using a JENWAY 6300 spectrophotometer. The chloride concentra-
tions were analysed by ion chromatography (IC) using a Thermoscientific Dionex

system DX600, equipped with a AG16 (2 x5 mm) and AS16 (2 x 250 mm) column,
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with an analytical uncertainty of +5%, based on multiple standard measurements.
The concentrations of the major cations (Al, Ca, K, Na, Si) were analysed by induc-
tively coupled plasma optical emission spectrometry (ICP-OES, Thermo Scientific
iCAP7400; analytical uncertainty of < 4%) while the trace cations (Mg, Mn, Fe) were
analysed by inductively coupled plasma mass spectrometry (ICP-MS, Thermo Sci-
entific iCAPQc; analytical uncertainty of <3%.).

Geochemical simulations

The composition of the separated water and the measured pH and temperatures
were used as input parameters for geochemical simulations using PHREEQC
(version 3.0, Parkhurst and Appelo, 2013) using the database phreeqc.dat updated
with the thermodynamic data for amorphous silica by Gunnarsson and Arndrsson
(2000) to obtain information on the in-situ pH and Eh conditions of the fluid inside

the pipelines as well as the saturation indices (SI) of the compounds of interest.

4.3 Results

43.1  Composition of separated water

The four sampling locations differed with respect to fluid temperature, flow rate
and fluid composition (Table 4.2). This was in a large part defined by their position
within the Hellisheidi geothermal power station (Figure 4.1). Location 1 (before the
heat exchangers) was characterised by fluids with temperatures of around 118 °C
and a flow rate of nearly 430 L/s. The separated water at this location was a low ion-
ic strength NaCl fluid containing ~800 mg/L SiO: and ~25 mg/L COza9 and
~20 mg/L H2S@g. The pH measured after cooling of the fluid to ambient conditions
was 9.4. According to geochemical simulations, the pH under in-situ conditions was
8.5 and the Eh -0.56 V. At location 2, after the separated water was cooled inside the
heat exchangers (Figure 4.1), the fluid temperature was lower (~57 °C). Due to the
differences in pipe geometry, the flow rate was also much lower (~215 L/s), although
the fluid composition remained identical to location 1. The measured/calculated pH
was 9.4/9.0 and the calculated Eh -0.46 V. These same conditions prevailed at loca-
tion 3, further downstream from the heat exchangers (Figure 4.1), where tempera-

ture and flow rates were only marginally higher (~58 °C and ~295 L/s). Before loca-
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tion 4, steam condensate was added to the fluid (around 0.4 L of condensate per 1 L
of separated water). The condensate was hotter than the separated water, thus the
temperature of the fluid at location 4 was higher (~73 °C). The addition of the con-
densate and differences in pipe geometry resulted in a higher flow rate of nearly
440 L/s at location 4. The biggest effect of the mixing with condensate was observed
in the chemistry of the separated water as the steam condensate is nearly pure wa-
ter. Thus, the concentration of all fluid components was lower at location 4 com-
pared to the other locations (e.g., 550 mg/L of SiO: instead of 800 mg/L). The addi-
tion of the steam condensate also resulted in a slightly lower measured pH of 9.1

(calculated pH of 8.8). The Eh was comparable to locations 2 and 3.

Table 4.2: Average and standard deviation of temperature, fluid composition, pH and Eh
for each sampling location.

Loc. 1 Loc. 2 Loc. 3 Loc. 4
Temp. [°’C] | 117.8+04 56.6 +1.6 58.0+5.3 725+11.2
Flow rate [L/s] 427 +75 214 £ 37 293 £29 437 £ 34
SiO2 [mg/L] 802 +19 801 + 30 794 + 30 550 +76
Na [mg/L] 204+ 8 205+9 207 +£8 140+ 10
Cl [mg/L] 173 £12 171 +9 175+ 6 120 +5
K [mg/L] 347+1.6 347+1.7 35.1+1.6 23.6+1.2
CO2 [mg/L] 254+55 252+48 23.8+3.7 18.5+3.8
H2S [mg/L] 19.2+29 19.8+£25 20.5+1.9 143+27
Al [mg/L] | 1.99+0.09 2.04+0.11 2.04+0.11 1.36 £ 0.07
Ca [mg/L] | 0.71+0.13 0.70 £ 0.06 0.71+0.04 0.50 + 0.06
Fe [mg/L] | 28.5+445 16.4 £13.1 21.6+23.5 252+29.5
Mg [mg/L] | 21.5+215 19.6 £12.9 19.7+14.2 22.1+15.6
pH meas.) 9.4+0.2 9.4+0.2 9.4+0.2 9.1+£0.3
pH calc.? 85+0.1 9.0+0.1 9.0+0.1 8.8+0.2
Eh? [V]| -0.56+0.01 -0.46 £ 0.01 -0.47 £0.01 -0.48 £0.02

D As measured at 21 to 27 °C
2 Derived from PHREEQC simulations at in-situ temperatures and with the analysed fluid composi-

tions
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Table 4.3:  Silica speciation in the separated water at Hellisheidi

Loc. 1 Loc. 2 Loc. 3 Loc. 4
SiO: (total) [mg/L] 802 +19 801+ 30 794 + 30 550 + 76
solubility? [mg/L] 465 204 209 261
saturation index?
amorphous SiO:2 0.10 £ 0.02 0.44 £0.02 0.42 +0.02 0.18 £0.08
Speciation [%]
monomeric? 85.0 814 75.5 85.8
“polymeric”? 15.0 18.6 24.5 14.2
particulate 9 <0.02 <0.03 <0.03 n/a
Particle sizes [um]»
in the fluid mdn 0.2 0.1 0.1 /
n/a

IQR (0.1-0.3) (0.1-0.3) (0.1-0.2)
on the plates mdn 3.4 0.8 1.0 0.9

IQR (1.7-6.8) 04-1.7) 04-1.7) (0.5-3.1)

D Calculated based on Gunnarsson and Arnorsson (2000).

2 Derived from PHREEQC simulations using the in-situ temperatures and with the fluid compositions
given in Table 4.2.

9 Determined by analysing fluid samples for total and monomeric silica (“polymeric silica” = total
silica — monomeric silica).

4 Determined from the weight difference of the 10 filter membranes before/after sampling and a densi-
ty of 2.25 mg/mm? for glass-like, high density amorphous silica (Mroczek et al., 2011).

% Determined from manual measurement of silica particles in FEG-SEM images found on filter mem-
branes or scaling plates; mdn = median, IQR = interquartile range (n = 70 to 100 objects per scaling

plate or filter)

Calculating the saturation indices based on the measured fluid chemistry re-
vealed that in all cases the separated waters were supersaturated with respect to
amorphous silica (Table 4.3). The total silica reported in Table 4.2 represents the sum
of all silica species: monomers (HiSiOs), polymers (dimers, trimers, tetramers etc.)
and nanoparticulate silica (< 0.2 pm). Partitioning the various silica species reveals
that in all cases monomeric silica was by far the dominant component (Table 4.3).
The proportion of monomeric silica decreased along the flow path from 85% down
to 75% from location 1 to 3. At the same time, the proportion of polymeric silica in-

creased from 15 to 25%. The exception was location 4, despite the lower temperature
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of the fluids and the dilution with steam condensate the percentage of monomeric
silica was similar to location 1 (86%). The proportion of particulate silica as evaluat-
ed from the difference in weight of the filters accounted for less than 0.05% of the
total silica (Table 4.3) with a marginally higher proportion at locations 2 and 3 com-
pared to location 1. XRD and imaging of the filters revealed that in all cases the par-
ticulate silica on the filters consisted of amorphous silica spheres with mean particle
sizes identical or smaller than the pore sizes of the filter membranes (0.2 pm) at loca-
tions 1 to 3. At all locations particle sizes varied between < 0.1 and 22.7 pm (Ta-
ble 4.3, Figure 4.2 A). The larger particles could be subdivided into two groups: (1)
particles with a relatively smooth surface (Figure 4.2 A & B) and (2) particles con-
sisting of aggregates of much smaller particles (0.01 — 0.05 um; Figure 4.2 A & B). In
addition to the silica particles at locations 1 to 3, a few platy aluminosilicates were
imaged (Figure 4.2 A) by FEG-SEM and confirmed as clinochlor by XRD analyses.
Therefore, the percentages of particulate silica given in Table 4.3 are maximum val-
ues only. At location 4, silica particles were very rare and the abundance of alumi-
nosilicates such as chamosite and clinochlore and the magnesium silicate sepiolite

(identified by XRD and EDS analyses) was high (Figure 4.3 C).

Figure 4.2: FEG-SEM images of 0.2 um polycarbonate filter membranes with (A & B) two
types of silica particles (smooth particles and rough particle aggregates) from location 1 and
(C) platy aluminosilicates with very few small silica spheres (arrows) from location 4.

43.2  Composition and structure of silica scales

On all plates, independent of deployment time and location, precipitates were ob-
served. The precipitates were identified as amorphous silica by XRD and EDS spot

analyses. The amorphous silica precipitates were sometimes interspersed with min-
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eral and metal flakes, identified as aluminium silicates (based on EDS) and in some
samples confirmed to be clinochlor (by XRD). In addition to these distinct phases,
EDS analyses also revealed that the precipitates silica also contained ions from the
geothermal fluid (Na, Cl, S, Al Fe etc.).

Figure 4.3: Electron microscope images showing a cross section of the precipitation layer
after (A) 1 day (FIB section imaged by TEM) and (B) 10 weeks (FEG-SEM image of a sam-
ple embedded in epoxy resin). Note the difference in scale. FEG-SEM images of the surface of
scaling plates deployed for (C) 1 day and (D) 10 weeks, respectively. All samples were from
location 1.

The scaling plates were completely covered by a layer of amorphous silica
precipitates, even after 1 day. The silica precipitation layer was very dense with a
complete lack of internal structure (Figure 4.3 A & B). The thickness of the silica lay-
er was similar around each plate with no differences between the individual faces of
the plates (top vs. bottom, main face vs. edge) and increased over time (from 0.3 to
20.2 pm over 10 weeks at location 1). The surface of the precipitation layer was une-
ven and consisted of lens-shaped silica precipitates that we call ‘bumps’ hereafter
(Figure 4.3 C & D). These bumps grew over time in size (areas as evaluated based on

measuring lengths and widths) but decreased in numbers per area. The average
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sizes of the bumps are shown in Figure 4.4 for each location. At all four locations
rapid growth during the short deployments was followed by a decreasing growth
during the longer deployments. The increase in bump size was fastest at locations 1
and 2, where the area of individual bumps grew from 0.05 um? after 1 day to around
75 um? over the course of 10 weeks. At location 3, the growth was slower and the
bumps only grew to a size of maximum 15 um?2. Although silica bumps were ob-
served at location 4, their growth was very slow and even after 10 weeks the bumps
only reached a size of 0.1 pm?. These measurements were all done on the top side of
the scaling plates. For the 1 week deployment the bumps sizes were also measured
on the bottom side of the scaling plates at all four locations to confirm that their av-

erage sizes were identical to those observed on the top side (Figure 4.4).
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Figure 4.4: Increase in average bump size over time at all four locations as evaluated based
on lengths and widths of 70 to 100 bumps on each plate (note logarithmic scale). The empty
symbols (highlighted by arrows) represent the bump sizes measured on the underside of the

1 week deployment at locations 1 to 3.

In many cases, on top of the bumpy silica layer, individual or merged silica

spheres were observed (Figure 4.5). These spherical particles looked identical to the
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particles found on the filters (Figure 4.2), but on average they were markedly larger
(Table 4.3). The spatial distribution of the particles on the plates seemed completely
random with some plates containing only few particles, while other having larger
areas covered by silica particles. In some instances, neighbouring particles were ce-
mented together (Figure 4.5 A) or to the surface of the existing silica layer (Fig-
ure 4.5 B) by dissolved silica or possibly also silica nanoparticles. A very small
number of particles were observed to become incorporated into the surface layer

(Figure 4.5 C).

Figure 4.5: FEG-SEM images showing particles deposited onto the bumpy silica precipita-
tion layer where they were (A) cemented together and/or (B) cemented to the surface or (C)
(rarely) incorporated into the silica layer.

In addition to being deposited onto the surface of the scaling plates individ-
ually or as small clusters (Figure 4.5), silica particles were also found to aggregate
into three dimensional fan- to ridge-shaped structures (Figure 4.6 A to C). These
structures were all pointing towards the direction of the flow and they were ce-
mented together resulting in a globular texture (Figure 4.6 D). Such 3D fans were
dominantly found on the plates deployed for 4 and 10 weeks and on the upwards
facing plate, along the edge oriented towards the flow (Figure 4.6 A). At location 1,
single fans, mostly found along the edge of the plate, grew up to 700 um high dur-
ing the 4 week deployment (Figure 4.6 A). On the 10 week scaling plate from loca-
tion 1, such fans were also found growing on the surface of the plate and there they
formed ridges that were up to 10 mm long and 1mm high (Figure 4.6 B & C). At
locations 2 and 3, fewer fans were present and they only grew to maximum 300 and
500 um after 4 and 10 weeks, respectively. 3D structures were not found on any

scaling plate deployed for 6 weeks, independent of the location.
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Figure 4.6: Microphotographs showing the 3D, fan-shaped structures found on the loca-
tion 1 scaling plates from the 4 and 10 week deployments (A) along the edge of the plate and
(B) on the surface of the plates. The (C) fans consisted of spherical aggregates that grew as a
function of time by addition of (D) individual particles which were then cemented together.
Flow direction indicated by arrows.

4.4 Discussion

Silica was by far the most abundant component in the separated water at Hellisheidi
with a concentration of around 800 mg/L before and 550 mg/L after the addition of
steam condensate and the deposits were predominantly identified as amorphous
silica. According to the results from our initial study at Hellisheidi (Meier et al., 2014
(Chapter 3)), the precipitation of silica on scaling plates was controlled by an inter-
play between temperature, fluid composition, fluid flow regime, distance along flow
path and immersion time, yet we could not separate the contribution of each of
these parameters. By doing a time-resolved scaling plate study, involving a more
thorough characterisation of the physico-chemical conditions under which precipi-
tation occurred, we have gained a much deeper understanding of the silica precipi-
tation mechanisms and the factors controlling them as well as the first ever silica

precipitation rates from Hellisheioi.
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44.1  Precipitation pathways

We observed two different silica microtextures on the scaling plates (Figure 4.7):
bumpy silica layers and 3D structures consisting of individual silica microspheres.
While the silica layers were identified on all scaling plates grew continuously in
thickness, the 3D structures were only observed during the 4 and 10 week deploy-
ments at locations 1 to 3. This indicates that their formation was controlled by dif-
ferent processes/pathways.

The formation of silica species is a consequence of polymerisation of mono-
mers, a process that proceeds via the condensation and hydration of a deprotonated
silanol group to form Si-O-Si bonds (Iler, 1979). Polymerisation is occurring contin-
uously inside the pipelines at Hellisheidi as shown by the decreasing proportion of
monomeric silica between locations 1 and 3 (Table 4.3). At location 4 their relative
amount has increased again, indicating that the dilution led to the partial depoly-
merisation of silica polymers in the fluid.

Silica polymerisation can take place at the scaling plate-separated water in-
terface or in the fluid. If occurring at the interface, it can be described as heterogene-
ous nucleation and results in the formation of the bumpy silica layer. If occurring in
the fluid, the process is called homogeneous nucleation and results in the formation
of silica microspheres (Benning and Waychunas, 2007). In both cases, once the nu-
clei have reached a critical size, previously found to be between < 0.5 and 2 nm (Iler,
1979; Tobler et al., 2009; Noguera et al., 2015), they grow spontaneously by the addi-
tion of silica from solution. Monomers are the dominant growth species due to their
predominantly neutral charge (K. ~10%% at 120 °C; Seward, 1974; Fleming and
Crerar, 1982) in the slightly alkaline pH regime of the separated water at Hellisheidi
(Bohlmann et al., 1976; Mroczek and McDowell, 1988; Bremere et al., 2000). In con-
trast, silica polymers have a higher dissociation constant (K. > 10%; Dugger et al,,
1964; Hair and Hertl, 1970). Thus, the surface of the nuclei as well as any polymers
formed in solution will be negatively charged and their aggregation will be pre-
vented by electrostatic repulsion. This is in agreement with what we observed in the
current study. The smooth (at the resolution studied here) appearances of the silica
bumps (Figure 4.3) and the scarcity of particles partly embedded in the silica layer
(Figure 4.5 C) suggest that the silica layer, once formed by heterogeneous nuclea-
tion, grew by the addition of monomeric silica. The equally smooth appearance of

one group of silica particles (Figure 4.5 A & B) as well as the material cementing the
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particles together and to the silica layer (Figures 4.5 & 4.6) are in accordance with
the growth by addition of monomeric silica. However, the separated water contains
low concentrations of multivalent cations (Table 4.2) which can act as flocculants,
potentially also helping with the attachment of large, negatively charged silica spe-

cies to the silica layer or into the 3D aggregates.

Heterogeneous Homogeneous

pathway pathway
1. nucleation 1. nucleation
SiOz(aq.)

()]

302<aq.) / \

2. growth bumps 2. growth particles
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Figure 4.7: Schematic of the two precipitation pathways inside the pipelines at Hellisheidi.

The heterogeneous nucleation of silica was found to be predominantly con-
trolled by surface properties of the scaling plates, especially roughness (van den
Heuvel et al., in prep. (Chapter 5)). As the scaling plates were all prepared from
identical S316 stainless steel, we did not expect to see a difference in nucleation be-
haviour between the four locations. However, once nuclei had formed, their growth
was controlled by silica-silica interactions and thus enhanced by the same parame-
ters which increase silica polymerisation rates such as high total silica concentra-
tions, high percentage of monomers, elevated temperature and alkaline pH
(Alexander et al., 1954; Goto, 1956; Kitahara, 1960; Bohlmann et al., 1980; Crerar et
al., 1981; Weres et al., 1981; Fleming, 1986; Bremere et al., 2000; Gunnarsson and

Arndrsson, 2003; Gunnarsson and Arndrsson, 2005; Icopini et al., 2005; Tobler et al.,
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2009). In order to assess the effect of the different parameters, we compared the
growth rate of the bumps (Figure 4.4) and the physico-chemical conditions of the
fluid (Tables 4.2 & 4.3) at the different locations. Based on the slow growth of bump
sizes at location 4, we could conclude that the total silica concentration had the
strongest effect on growth rate. The other parameters at location 4 were similar to
location 1 (monomer content, pH), location 3 (distance to the nearest disturbance) or
in between the values for the other locations (temperature) and would thus not have
explained the much slower growth observed. The higher growth rate at location 1
compared to locations 2 and 3 was strongly affected by the elevated temperature
which increased the rate of monomer attachment (Alexander et al., 1954; Kitahara,
1960). Thus the precipitation rates at locations 2 and 3 should be substantially lower.
While this was true for location 3, the growth rate at location 2 was very similar to
location 1. This was attributed to the rapid cooling of the fluid in the heat exchang-
ers only a few metres upstream of location 2. Thus, the deposition rates of mono-
meric silica at location 2 were similar to the conditions before the heat exchangers
(which explains the similarities to location 1) and not yet representative of the new
physico-chemical conditions (explaining the discrepancy to location 3). The other
parameters controlling silica polymerisation according to previous studies, i.e., pH
and monomer content, seemed to be of little importance under the conditions ob-
served in the separated water at Hellisheidi. The bumps were also investigated for
their shapes and sizes relative to flow direction and top/bottom side of the scaling
plates. No correlation was found, indicating that neither flow rate/direction nor
gravity affect heterogeneous nucleation and bump growth.

Independent of the location and thus the physico-chemical conditions, the
growth of the bumps slowed down as a function of time (Figure 4.4). This was due
to the decreasing number of bumps with increasing deployment time. Over time,
the deposition of dissolved silica resulted in the merging of smaller bumps to form
fewer but bigger bumps (Figures 4.3 C & D & 4.7). This in turn resulted in fewer
bump boundaries which, compared to the bumps themselves, are preferential depo-
sition sites for dissolved silica. This preferential deposition is due to the small turbu-
lences created when the fluid flows along the bumpy layer (Hawkins et al., 2013).
The same turbulences also favour the deposition of silica microspheres along these
depressions (Figure 4.3 D).

Homogeneous nucleation and particle growth were only controlled by the

physico-chemical conditions of the fluid. Under ambient conditions and up to 60 °C
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particles grow to < 10 nm in laboratory experiments (Goto, 1956; Icopini et al., 2005;
Iler, 1979; Tobler and Benning, 2013; Tobler et al., 2009). However, at alkaline pH
and in the absence of salts, particles can grow to sizes of 100 nm (Iler, 1979). While
this could explain the nanoparticles which make up the spherical aggregates ob-
served on the filter membranes (Figure 4.2 B), it does not explain the 20+ pm parti-
cles with smooth surfaces (Figure 4.2 A). They likely formed due to the favourable
conditions for growth inside the pipelines (alkaline pH, elevated temperature, con-
stant re-supply of dissolved silica and in the absence of salts) which are similar to
the conditions in the industrial “build-up process” developed for the production of
large particle silica sols (Morris and Vossos, 1970). However, these particles only
account for a small proportion of the particulate silica, indicating that the build-up
process was rare or slow.

Large particles were deposited preferentially as evidenced by the larger av-
erage particle size on the plates (especially at location 1) compared to the filter
membranes (Table 4.3). The difference is smaller at locations 2 and 3, indicating that
the particles grew larger at higher temperatures and/or that the fluid got depleted
with respect to large particles along the flow path. During certain deployments the
deposition of particles led to the formation of fans and ridges (Figure 4.6). Their
structure was very similar to the dendritic precipitates predicted by hydrodynamic
simulations by Hawkins et al. (2013), suggesting that the fluid flow regime likely
controlled the resulting morphologies. The individual particles were cemented to-
gether by the deposition of dissolved silica. This occurred in the embayment be-
tween particles, where the solubility of amorphous silica was zero due to the infi-
nitely small negative radius of curvature at the contact point (Iler, 1979). The 3D
structures grew largest at location 1, likely due to the larger average size of particles
deposited, and were absent at location 4 where there were only few silica particles
in the fluid. The structures were only observed during the 4 and 10 week deploy-
ments which were done between June and early October 2014 (Table 4.1). Only a
few days after the 10 week deployment was finished, the heat exchangers were
cleaned as part of regular maintenance work at Hellisheidi. After the cleaning, the
flow rate increased substantially at location 1 (up to 590 L/s) and less dramatically at
location 2 (up to 300 L/s) while remaining close to average at the two remaining lo-
cations. This could indicate that there is a threshold flow rate above which no for-

mation of 3D structures occurs.
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4.4.2  Precipitation rates

Apart from describing the textures of the silica scales and inferring their precipita-
tion pathways, we used our time resolved data to estimate the heterogeneous
growth rates of the silica scales via two different approaches (Figure 4.8): (1) we
quantified the amount of silica deposited on the plates (in mg) from the 1 day, 3 day
and 1 week deployments at each location and (2) we measured the average thick-

ness of the precipitation layer for the 1+ week deployments at location 1.
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Figure 4.8: Two approaches to determine the precipitation rates of the bumpy silica layer:
(1) weighting of the plates (orange) and (2) measuring the thickness of the precipitated layer
from FIB sections and the samples embedded in epoxy (blue).

For the first approach, the amount of silica precipitated was measured by
weighting of the scaling plates before and after the deployments. This was convert-
ed to a volume using a density of psioz = 2.25 mg/mm? for a high density vitreous
scale (Mroczek et al., 2011) and, because the cross sections (Figure 4.3 A & B) re-
vealed that the silica layers were of roughly constant thickness around the plate, we
could calculate the thickness of the precipitates. We also used the amount of silica
precipitated and the surface areas of the individual scaling plates to calculate pre-

cipitation rates (Table 4.4).
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Figure 4.9: Growth of the silica precipitation layer over time: (A) thickness of silica layer
calculated based on the weight of silica and a density of 2.25 mg/mm? (Mroczek et al., 2011)
at all locations up to 1 week (solid symbols) and a linear extrapolation up to 10 weeks (empty
symbols) and (B) the thickness of the silica layer at location 1 as determined/calculated by
weighting (red) thickness measurements from FIB sections (orange) and embedded samples

(purple) by electron microscopy and the calculated precipitation rates in mg day' m=2.

The amount of silica increased four- to fivefold from 1 day to 1 week at all
locations. However the absolute values differed substantially between the locations.
The accumulation of silica was fastest at locations 1 and 2, where the calculated
thickness of the silica layer increased from 0.5 to nearly 2.5 um. At location 3 the
increase was slower (0.4 to 1.7 um) and at location 4 only little silica was deposited
(< 0.1 to 0.5 um). Based on the data obtained, the thickness of silica precipitated up

to 10 weeks was extrapolated linearly using an average precipitation rate calculated
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for each location (Figure 4.9 A). However, the precipitation rates in Table 4.4 are
decreasing from the 1 day to the 1 week deployment. Thus, the linear extrapolation
likely overestimates the actual precipitation. This was confirmed by the thicknesses
measured from FIB sections and the samples embedded in epoxy resin at location 1
(Table 4.5). Up to 1 week, the measured thicknesses agreed well with the ones ex-
trapolated (Table 4.4, Figure 4.9 B). For longer deployments, the measured thick-
nesses started to deviate from the extrapolation (Figure 4.9 B) and the silica precipi-
tation layer after 10 weeks was nearly a third thinner (~20 um) than predicted
(~27.5 um). The decrease in silica precipitation was also observed in the calculated
precipitation rates (Table 4.5, Figure 4.9 B) and the increase of bump size (Fig-
ure 4.4). Thus, the extrapolated values represent a ‘worst case’ scenario and a max-
imum silica deposition rate. Why the growth/precipitation rates slows down as a
function of time is not well understood, yet our data indicates that the growth of the
silica layer may have led to an increase in depositional surface area while the rate of
silica attachment to the surface remained unchanged. This would suggest that the
growth of the silica layer is controlled by the rate of attachment of dissolved silica
from the solution and not diffusion controlled. This is in line with previous findings
from Bohlmann et al. (1980) and Weres et al. (1981). However, to fully differentiate
these various possible reasons more, detailed measurements and longer deployment
experiments are needed.

Our data showed that precipitation was fastest at locations 1 and 2 and
slowest at location 4. This is in conflict with the saturation indices (SIs) calculated by
PHREEQC (Table 4.3). According to the SIs, precipitation should be fastest at loca-
tions 2 and 3 (highest SIs = highest driving force for precipitation). However, the SI
is a purely thermodynamic concept which is only of limited use in a system as dy-
namic as a geothermal power plant where changes in the physico-chemical condi-
tions (e.g., cooling in the heat exchangers, dilution by steam condensate) occur rap-
idly and over short distances. These changes resulted in a non-equilibrated fluid
whose behaviour cannot be predicted by Sls alone. Even if kinetics would be taken
into account to simulate the precipitation, the accuracy of the predictions would
likely not improve substantially as the kinetics of silica polymerisation are still high-
ly contentious (reviewed by Tobler et al., 2009). The simulated results will thus
strongly depend on the kinetic model chosen and are not necessarily representative

of silica precipitation in a given geothermal system. Overall, this indicates that geo-
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chemical models are currently only of limited use in predicting silica precipitation

in geothermal systems.

Table 4.4: Calculation of thickness of precipitation layer based on weighting scaling plates

before and after deployment for all four locations.

Amount of silica precipi-
tated Thickness of | precipitation rate
layer [pm]? [mg day”! m2[»
[mg]? [mm?}2

Location 1

1 day 2.5 1.1 0.5 1027
3 days 5.7 25 1.0 515
1 week 13.2 59 24 267
Location 2

1 day 2.8 1.2 0.5 3347
3 days 5.6 2.5 1.0 1450
1 week 12.3 55 22 511
Location 3

1 day 2.0 0.9 0.4 2108
3 days 5.8 2.6 1.0 248
1 week 11.4 5.1 1.7 161
Location 4

1 day 0.8 0.3 0.1 1524
3 days 0.6 0.3 0.1 631
1 week 3.2 1.49 0.5 464

) Calculated based on the weight difference of the scaling plate before and after deployment

2 Calculated based on a density of 2.25 mg/mm? for glass-like, high density amorphous silica (Mroczek

etal., 2011).

9 Calculated assuming a constant thickness of the silica layer around the whole plate.

9 Calculated using the amount precipitated and the surface area of the scaling plates.

% Scaling plates 2.5 cm wide (all other scaling plates were 2 cm wide). Taken into account when calcu-

lating the thickness of the layer and the precipitation rate.

443  Implications

Silica precipitates with morphologies similar to the bumpy silica layers and 3D par-

ticle aggregates described from the Hellisheidi pipelines have been described at oth-
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er power plants in Iceland and New Zealand (Thdrhallsson et al., 1975;
Gudmundsson and Bott, 1979; Rothbaum et al., 1979; Carroll et al., 1998), silica sin-
ters from Iceland (Jones and Renaut, 2010) and laboratory experiments mimicking
the growth of silica veins (Okamoto et al., 2010). This indicates that the combination
of homogeneous and heterogeneous precipitation modes for amorphous silica as
observed at Hellisheidi is widespread and happens in both, natural and man-made
geothermal systems over a range of total silica concentrations (250 to 900 mg/L),
temperatures (20 to 200 °C), pH (7.2 to 10.2) and salinities (200 to 25’000 mg/L).
Nevertheless, our results are unique because, in addition to determining the path-
ways by which silica scaling occurs, we also identified and partly quantified the
factors controlling the two pathways as well as the precipitation rates. These find-
ings will help to develop better mitigation strategies (e.g., additives) for silica scales
as formed in geothermal power plants, thus improving the overall performance of

geothermal power production.

Table 4.5:  Thicknesses of precipitated silica layer at location 1 from FIB sections and sam-

ples embedded in epoxy as well as calculated precipitation rates.

measured [pm] Amount of | precipitation rate
FIB sections  embedded | silica [mg]" | [mgday?!m?]?
1 day 0.3 - 1.7 675
3 days 1.5 - 8.3 1125
1 week 3.0 2.6 16.6/14.4 965 / 836
2 weeks - 4.5 249 725
4 weeks - 9.6 53.2 773
6 weeks - 12.2 67.4 669
10 weeks - 20.2 111.7 632

D Calculated based on a density of 2.25 mg/mm?3 for glass-like, high density amorphous silica (Mroczek
et al.,, 2011) and the volume of silica precipitated assuming a constant thickness of the precipitation
layer all around the scaling plates.

2 Calculated using the amount precipitated and the surface area of the scaling plates.

4.5 Conclusions

This study represents the first ever time-resolved silica precipitation study inside a

high-entropy, low-salinity geothermal power station while in use. We have studied
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the physico-chemical conditions of the separated water at the Hellisheidi power
plant in detail and characterised the precipitates at the (sub)micron scale. Our re-
sults showed that silica precipitated via two pathways: (1) heterogeneous nucleation
and growth of a bumpy silica layer by addition of monomeric silica and (2) homo-
geneous nucleation of particles in the fluid which growth by addition of monomeric
silica and were deposited to form 3D fan- and ridge-shaped structures. The hetero-
geneous pathway was predominantly controlled by surface properties, total silica
concentration and temperature. The nucleation and growth stages in the homoge-
neous pathway were primarily controlled by temperature and total silica concentra-
tion. The subsequent deposition on the other hand was strongly controlled by the
fluid flow rate and regime.

We also presented the first ever precipitation rates for the heterogeneous
pathway in this study (up to 1 g day! m?). They were derived from weighting of the
scaling plates before and after the deployments and measuring the thickness of the
precipitation layer. Precipitation was fastest at locations 1 and 2 but the precipita-
tion rates were halved from the first few days to 10 weeks. Comparing our results
with previous studies we concluded that the homogeneous and heterogeneous
pathway are not unique to Hellisheidi power plant but occur under a wide range of

physic-chemical fluid conditions.
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Abstract

Precipitation of amorphous silica (5iO2) in geothermal power plants has been shown
to occur via homogeneous nucleation in the fluid as well as heterogeneous nuclea-
tion on pre-existing surfaces. While the factors facilitating homogeneous nucleation
are fairly well known, the effect of surface properties on the heterogeneous pathway
are less well understood.

In this study we present data from a 10 week study of the precipitation of
amorphous silica on three different surfaces (volcanic glass, non-precious opal and
carbon steel) inside pipelines at the Hellisheidi power station (SW-Iceland). We
found that regardless of the surface properties, heterogeneous nucleation dominat-
ed and lead to the formation of lens-shaped silica precipitates (‘bumps’) distributed
across all surfaces. On smooth surfaces (volcanic glass and opal), short exposure
(< 2 weeks) resulted in isolated silica bumps that became joined together only upon
growth during longer exposure to the geothermal fluid. On rough surfaces (carbon

steel), the density of the bumps was much higher and even after one day the surfac-
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es were completely covered by silica. Despite these differences, the growth rate of
the silica bumps was identical for all surfaces, indicating that growth was controlled
by silica-silica interaction rather than silica-surface interactions.

Our results show that the choice of material for geothermal pipelines does
affect the amount of silica scaling in geothermal pipelines. We also show that
smoother or polished pipeline surfaces would be far more effective in reducing sili-
ca scaling inside a geothermal power station and this would help increase their effi-

ciency.

5.1 Introduction

Silica scaling, i.e., the unwanted precipitation of amorphous silica (S5iO:) inside pipe-
lines and onto other fluid-handling equipment, is a major issue in high-enthalpy
geothermal power stations such as the ones in Iceland. The dissolution of silicate
minerals in the deep geothermal reservoirs leads to geothermal fluids generally con-
taining high concentrations of dissolved silica. For example, some of the fluids in
one of Iceland’s high temperature areas (Hengill) contain up to 1200 ppm SiO: (Scott
et al., 2014). When these deep fluids are flashed and cooled during power genera-
tion, silica becomes highly supersaturated and this leads to rapid precipitation of
amorphous silica. Worldwide in geothermal power production such silica precipi-
tates lead to decreased production efficiency and thus a wide range of approaches
have been tested with the aim to mitigate amorphous silica-scale formation. These
include pH control (Fleming and Crerar, 1982; Henley, 1983), dilution with steam
condensate (Gunnarsson and Arndrsson, 2003), ageing of the fluids before re-
injection (Yanagase et al., 1970; Gunnarsson et al., 2010) or the use of (in)organic
additives as potential inhibitors (Harrar et al.,, 1982; Gallup, 2002; Gallup and
Barcelon, 2005; Amjad and Zuhl, 2008). However, due to the large variations in fluid
chemistries and operational conditions between geothermal power plants, a univer-
sal method for adequately mitigating silica scaling does still not exists.

Studies on the precipitation of amorphous silica from geothermal fluids
(Rothbaum et al., 1979; Carroll et al., 1998; Gunnarsson et al., 2010; van den Heuvel
et al., in prep. (Chapter 4)) have suggested that upon rapid cooling of the fluids,
polymerisation occurs and large 3D nuclei form. Experimental and modelling evi-
dence has confirmed that these nuclei form through the self-condensation of silica

monomers (HsSiOs) and that they grow to a critical size below which they rapidly
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re-dissolve (Iler, 1979; Tobler et al., 2009; Noguera et al., 2015). Such nuclei can form
and evolve both in solution (= homogeneous nucleation) or on surfaces (= heteroge-
neous nucleation) (Benning and Waychunas, 2007). Homogeneous nucleation has
been studied in great detail both experimentally (Iler, 1979; Crerar et al.,, 1981;
Icopini et al., 2005; Tobler et al., 2009) and in natural geothermal settings (Carroll et
al., 1998; Mountain et al., 2003; Tobler et al., 2008; van den Heuvel et al., in prep.
(Chapter 4)). Heterogeneous nucleation on the other hand has received very little
attention and has only recently been described in detail for the first time in a geo-
thermal system (van den Heuvel et al,, in prep. (Chapter 4)). In order to quantita-
tively assess silica precipitation via the heterogeneous pathway inside geothermal
pipelines, the effect of the pipeline wall properties on silica scaling at the interface
needs to be understood. Therefore we have investigated the effect of surface compo-
sition and roughness and the effect of surface-fluid interactions on silica scaling. We
studied the precipitation of silica onto three different surfaces: volcanic glass, opal
and carbon steel and demonstrate that surface roughness is the most important pa-
rameter controlling the initial heterogeneous deposition of silica. We also show that
once the surfaces have been covered by a continuous layer of silica any subsequent
growth is controlled by silica-silica interactions, resulting in similar deposition rates
for all surfaces. Our findings support the search for more suitable materials for re-

ducing silica scaling in geothermal power plants.

5.2 Materials and methods

To study silica precipitation, we exposed scaling plates with different surfaces to the
geothermal fluids at two locations inside the pipelines of the Hellisheidi geothermal
power plant (SW-Iceland). Both locations were downstream from the steam separa-
tors, where the steam used for powering of turbines is separated from the water
used for the production of thermal heat. This is where, due to the drop in tempera-
ture, silica saturation is usually reached for the first time. Location A is inside a
pipeline located <10 m before the heat exchanger and through which ~120 °C hot
fluids flow, while location B is located several metres after the heat exchanger and
contains ~60 °C hot fluids. At both locations, two 5.4 x 2 cm large S316 stainless steel
scaling plates were inserted into the pipelines via specialist valves. These plates
were exposed to the fast (up to 400 L/s) flowing geothermal fluid for up to 10 weeks.

We chose three different substrates to address the compositional differences and
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prepared these as coupons (2 x 1.3 cm) that were glued onto scaling plates using
Loctite Hysol 9455 epoxy adhesive (Figure 5.1 A, left). The coupons consisted of
(1) volcanic glass (VG) of rhyolitic composition from south Iceland, (2) non-precious

opal (OPA) from Coober Peedy, Australia and (3) S275 carbon steel (Table 5.1).

Table 5.1:  Surface finish and compositions of the three types of coupons used in this study.

volcanic glass! opal! carbon steel (5275)2
Finish polished polished unpolished
Composition [%] SiO:2 69.5 SiO2 92.5 Fe >98.0
ALlOs 13.7 ALOs 2.1 Mn <1.6
Na:0 4.8 Na:0 0.3 C <0.25
CaO 1.5 CaO 0.5 Si <0.05
K20 3.5 K0 0.2 S <0.05
MgO 0.2 MgO 0.1 P <0.04
Fe20s 5.1 Fe20s 0.2
LOI 0.1 LOI 3.7

I Composition derived from the XRF analyses with LOI (loss ion ignition) at 1050 °C

2 Composition as provided by the manufacturer (RS Components)

The volcanic glass was chosen to represent the hyaloclastites making up the
reservoir of the Hellisheidi geothermal field. However, the chosen rhyolitic glass is
not an exact match for the more basaltic lithologies encountered at Hellisheidi
(Alfredsson et al., 2013) but the surface properties and the behaviour of rhyolitic and
basaltic glasses in solution has been shown to be comparable (Declercq et al., 2013).
The opal was chosen to represent a different form of amorphous silica but with al-
most equivalent composition to the silica scales formed in Icelandic power plants
(Meier et al., 2014 (Chapter 3); van den Heuvel et al., in prep. (Chapter 4)) or natural
hot springs (Schultze-Lam et al., 1995; Tobler et al., 2008). The tinned S275 carbon
steel was used as a readily-available, relatively corrosion resistant analogue for the
high-grade carbon steel (P235GH) from which the pipelines at Hellisheidi are fabri-
cated. The secondary goal for the choice of these materials was to test the effect of
surface roughness onto the precipitation modes. Therefore, the two natural materi-
als, the porous volcanic glass and the dense opal coupons were highly polished,

while the S275 steel coupons were used as provided by the manufacturer (Table 5.1).
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For comparison, at each location we also deployed a S316 stainless steel scaling
plate without any coupons glued on (van den Heuvel et al., in prep. (Chapter 4)).
The so prepared scaling plates were left to react with the geothermal fluids
inside the pipelines for between 1 day and 10 weeks at both locations. At the begin-
ning and end of each deployment, the fluids were sampled by filtration through
0.2 um polycarbonate filters and aliquots of the filtered fluids were preserved for
analysis of anions, cations and dissolved gases (Arnorsson et al., 2006). All analyses
were carried out at the University of Leeds unless otherwise stated. Anions (Cl)
were analysed by ion chromatography (IC, Thermo Scientific Dionex DX600), major
cations (Al, Ca, K, Na, Si) by inductively coupled plasma-optical emission spectros-
copy (ICP-OES, Thermo Scientific iCAP7400) and trace cations (Mg, Mn, Fe) by in-
ductively coupled plasma-mass spectrometry (ICP-MS, Thermo Scientific iCAPQc).
The concentration of dissolved gases was measured by titration at Reykjavik Energy
according to the methods described by Arnorsson et al. (2006). The in-situ fluid
temperatures were obtained from the power plant operators who monitor tempera-

ture every hour.

Figure 5.1: Photographs of scaling plates before deployment (A) top view showing the dif-
ferent substrates and (B) side view illustrating the two plates (one stainless steel with glued
on coupons and one pure stainless steel). Shown in B is also the attachment of the plates to
the sampling rod used to insert the plates into the geothermal pipelines.
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Equivalent coupons of each substrate were imaged pre-deployment using a
field emission gun scanning electron microscope (FEG-SEM, FEI Quanta 650 at
15 keV). In addition, the chemical analysis of the major and trace elements of the
volcanic glass and the opal were performed on pressed powder tablets (32 mm di-
ameter, 4 g sample + 0.9 g Hoechstwax as binder) using a Philipps WD-XRF PW2400
and the UniQuant 5 software (Omaga Data Systems) at the University of Fribourg.
At the end of each deployment, the plates were removed from the fluid and dried at
30 °C for 24 h. Subsequently, they were photographed and where possible, precipi-
tates from one half of each coupon were scraped off with a plastic spatula. These
materials were ground using an agate mortar and pestle and the powders analysed
by X-ray diffraction (XRD, Bruker D8, CuKal; 5 — 90° 20, 0.01°/step). All cou-
pons/plates were then coated with ~40 nm of gold and imaged and analysed using
FEG-SEM (see above) and EDS (spot analyses, AZtec software, Oxford Instruments,
Version 2.2). The EDS analyses were used to confirm the elemental compositions of
the precipitates, while the FEG-SEM images were used to determine the dimensions
of the individual morphological characteristics by measuring 70 to 150 individual

features on each coupon.

5.3 Results

5.3.1  Composition of the geothermal fluid

The fluids from which silica precipitation occurred were low ionic strength fluids
containing ~800 mg/L SiO: (Table 5.2). Silica was present as dissolved silica
(76 — 86% monomeric, 14 — 24% polymeric; van den Heuvel et al., in prep. (Chapter
4)) and as silica particles that varied hugely in size (diameters between < 0.1 and
22.7 um) but which had a mean particle size of 0.2 um at location A and 0.1 um at
location B (van den Heuvel et al., in prep. (Chapter 4)). Other major components
were ~270 mg/L NaCl, 25 mg/L COzpaq and 20 mg/L H:Sjaq (Table 5.2). The biggest
difference between location A and B was temperature and flow rate which were
both higher at location A (~120 °C and > 400 L/s) compared to location B (~60 °C and
<300 L/s; Table 5.2).
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5.3.2  Silica precipitation onto coupon surface

On all coupon surfaces precipitation of amorphous silica was observed. The samples
were immersed for 1 day, 1 week, 2 weeks, 4 weeks, 6 weeks and 10 weeks. Unfor-
tunately, some of the glued-on coupons were lost during deployments (volcanic
glass: location A at 6 and 10 weeks, location B at 6 weeks; opal: location A at 6

weeks; 5275 steel: location A at 1 week).

Table 5.2: Average and standard deviation of temperature, flow rate and fluid composition
for locations A and B.

Loc. A Loc. B
Temp. [°C] 117.8+0.4 58.0+5.3
Flow rate [L/s] 427 +75 293 +29
SiO:2 [mg/L] 802 +19 794 £ 30
Na [mg/L] 204 +8 207 + 8
Cl [mg/L] 173 £ 12 175+ 6
CO: [mg/L] 254+55 23.8+3.7
H-S [mg/L] 19.2+29 205+19
K [mg/L] 34.7+1.6 351+1.6
Al [mg/L] 1.99 +0.09 2.04+0.11
Ca [mg/L] 0.71+£0.13 0.71+£0.04
Fe [ug/L] 28.5+445 21.6+23.5
Mg [ug/L] 21.5+215 19.7 +14.2

Prior to deployment, the polished volcanic glass coupons were characterised
by smooth surfaces with a few scratches and numerous tube-like or spherical
pores/vesicles (Figure 5.2 A) that were a few micrometres to 2 mm in size. At the
end of the individual deployments, the surfaces of the volcanic glass coupons were
partly covered by lens-shaped amorphous silica structures hereafter called ‘bumps’
(Figure 5.2 B to E). For the short deployments (i.e., up to 2 weeks), the majority of
these bumps were isolated with only a few joined together (Figure 5.2 B & C). Eval-
uating the time dependent development of these features revealed that the initial
growth of the bump sizes (areas as evaluated based on measuring lengths and

widths of bumps on each coupon) was rapid but slowed down for longer deploy-
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ments (Figure 5.3). Furthermore, the increase of the bump sizes was faster at loca-
tion A compared to location B. In addition to the bumps, individual silica particles
were observed on the volcanic glass surfaces and in the vesicles (Figure 5.2 E). These
silica particles were all spherical and ranged from < 0.5 to around 20 pm in size with

an average of ~3.4 um at location A and ~1.0 pm at location B.

Figure 5.2: FEG-SEM microphotographs of the volcanic glass surface (A) before deploy-
ment, (B) after 1 day, (C) after 2 weeks, (D) after 10 weeks and (E) a close-up of a vesicle
filled by silica microspheres.

In contrast to the volcanic glass, the polished opal, although also very
smooth pre-deployment (Figure 5.4 A), did not have any vesicles or other morpho-
logical features. However, in some cases, during deployments small parts of the
opal coupons chipped off along the edges, leaving typical conchoidal fractures.
Post-deployment, the morphologies of amorphous silica deposits on the opal cou-
pons were nearly identical to those observed on the volcanic glass coupons: isolated
bumps that became joined together and grew over time as well as individual silica
spheres with sizes comparable to those on the volcanic glass coupons (Figure 5.3
& 5.4). Silica particles were deposited on the smooth opal surfaces but when con-
choidal fractures were present they were often found to be preferentially deposited

along these conchoidal fractures (Figure 5.4).
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Figure 5.3: Growth of bump size (areas as evaluated based on measuring lengths and
widths of bumps on each coupon) as a function of time at location A (left) and B (right) for
all surfaces. The stainless steel data are from van den Heuwvel et al. (in prep. (Chapter 4).
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Figure 5.4: FEG-SEM microphotographs of the opal surface (A) before deployment, (B)
after 1 day, (C) after 2 weeks, (D) after 10 weeks and (E) close-up of a conchoidal fracture

and deposited silica microspheres.
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Finally, the surfaces of the 5275 carbon steel coupons, because they were not
polished prior to deployment, contained many irregular patterns with ridges and
swirls that created a rough topography (Figure 5.5 A), which was in stark contrast to
the smooth surfaces of the volcanic glass (Figure 5.2 A) and opal (Figure 5.4 A).
Nevertheless, the precipitation of amorphous silica also resulted in the coverage of
the carbon steel surfaces with silica bumps and individual silica particles. In con-
trast to the smooth volcanic glass and opal surfaces, the S275 steel coupons were
however completely covered by bumps even after 1 day. The increase of these bump
sizes as a function of time (Figure 5.3) was indistinguishable from the other surfaces,
again with growth at location A faster than location B. Furthermore, variably
shaped corrosion minerals (needles, flowers, blades) were found to break through
the silica layers in some places (Figure 5.5 E). These minerals were identified in a
previous study (van den Heuvel et al., 2016 (Chapter 6)) to be iron sulphides (mack-
inawite and greigite) and their oxidation products (the iron oxides hematite and

goethite).

Figure 5.5: FEG-SEM microphotographs of the carbon steel surface (A) before deployment,
(B) after 1 day, (C) after 2 weeks, (D) after 10 weeks and (E) close-up of a Fe-sulphide “flow-
er” (= corrosion product) breaking through the silica layer (from van den Heuvel et al., 2016
(Chapter 6)).
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5.4 Discussion

5.4.1 Interactions between the coupons and the fluid

The observed and above described silica precipitation features were not the only
expected interactions between the coupons and the geothermal fluids. Declerq et al.
(2013) showed that volcanic glass is highly reactive, especially at elevated tempera-
tures, and that over the course of a few days dissolution is non-stoichiometric and
leads to the rounding of edges and the precipitation of non-identified secondary
minerals. However, in this study the volcanic glass coupons did not reveal any
changes to their surface texture (although this is likely also a consequence of our
observation approach through FEG-SEM images only) indicating limited dissolu-
tion. This difference may be due to the much lower specific surface area of our cou-
pons (3.5 cm?/g) compared to the volcanic glass powder used by Declerq et al. (2013)
(~4300 cm?/g). Furthermore, the continuous coverage of the coupon surfaces with
silica, also decreased the ability for dissolution of the underlying volcanic glass to
occur. In contrary, the opal coupons were not expected to dissolve as the fluids were
supersaturated with respect to amorphous silica (= opal).

The biggest change in surface characteristics, aside from the silica precipita-
tion features, was visible following the interaction between the 5275 carbon steel
and the geothermal fluids. We observed, even after short deployment times of
1 day, corrosion features (Figure 5.5 E), that were a consequence of the interactions
between the carbon steel and the fluids that contain high concentration of H>S and
NaCl (van den Heuvel et al., 2016 (Chapter 6)). Nevertheless, corrosion of the de-
ployed carbon steel coupons at both locations A and B was limited (Figure 5.5)
compared to other sites (van den Heuvel et al.,, 2016 (Chapter 6)). The reduced cor-
rosion can be explained as a consequence of the rapid silica precipitation (Fig-
ure 5.5) and the formation of a continuous silica layer that covered the whole cou-
pon even after 1 day of reaction in the geothermal fluid. This continuous layer
helped to passivate the carbon steel surfaces against further corrosion (van den

Heuvel et al., 2016 (Chapter 6)).
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5.4.2  Pathways of silica precipitation

Silica scaling occurred because, as the geothermal fluids passed through the steam
separators, they became supersaturated with respect to amorphous silica. Despite
the differences in coupon surface texture/roughness, reactivity and composition,
silica precipitation was remarkably similar on volcanic glass, opal and carbon steel.
Both, precipitate morphologies (bumps; Figures 5.2, 5.4 & 5.5) and the increase in
bump sizes (Figure 5.3) were nearly equivalent and were also near-identical to ob-
servations made on stainless steel plates deployed together with the coupons (van
den Heuvel et al., in prep. (Chapter 4)).

The presence of individual silica particles indicates homogeneous nucleation
in the fluid, while the textures and morphologies observed on the coupons (bumps)
indicate heterogeneous nucleation and growth on all available surfaces. Conceptual-
ly these can be represented as in the schematic shown in Figure 5.6.

In the case of a heterogeneous process the two main parameters that are
known to affect nucleation are chemical composition and roughness of the interact-
ing surface. The effect of surface chemistry has for example been evaluated through
the use of different mineral types for nucleating ice (Murray et al., 2012; Zolles et
al.,, 2015). The efficiency with which ice crystals nucleated was highly dependent on
structure matching between the mineral surface and the newly forming ice nuclei. In
our study we infer that the nucleation of amorphous silica on silica-based surfaces
(volcanic glass and opal) is due to the structural similarities. The abundance of sur-
face silanol groups on the opal and volcanic glass surfaces allows the formation of
Si-O-Si bonds with the dissolved silica leading to the observed silica bumps and
their growth into layers. Conversely, the nucleation efficiency of the carbon steel,
purely based on chemical properties, should be far lower than the two silica-based
surfaces due to the much larger chemical discrepancies between these surfaces and
the precipitating silica. However, the much rougher surface enhances heterogene-
ous nucleation as it has a higher surface area and a variety of nooks which act as
preferential nucleation sites (Eastwood et al., 2008; Murray et al., 2012). In addition,
the topography of the rough steel surfaces results in turbulent flow at the steel-fluid
interface which enhances deposition of silica (Hawkins et al., 2013). This is in
agreement with our findings from the smooth surfaces: On the volcanic glass and

the opal, the bumps were preferentially lined up along superficial scratches (Fig-
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ure 5.4 E & 5.6), which happened during sample preparation or subsequent han-
dling, and which provide nucleation sites as well as causing small turbulences.

On all surfaces, irrespective of chemical composition and roughness, once
formed the bumps grew by addition of dissolved silica. This is controlled by silica-
silica interactions and independent of the surface on which the initial silica deposi-

tion occurred (Figure 5.3).

homogeneous
nucleation

heterogeneous
nucleation

A: smooth surface (basaltic glass & opal)

p O p O homogeneous

. nucleation

S04 H,SiO, O H,SiO, .30,

WWMM heterogeneous
nucleation

B: rough surface (carbon & stainless steel)

Figure 5.6: Heterogeneous and homogeneous nucleation of silica in the presence of (A) a
smooth surface offering few nucleation sites and (B) a rough surface offering plenty of nucle-

ation sites.

We also observed homogeneous nucleation of particles in the fluid of the
Hellisheidi power plant. These particles deposited on the surfaces of the coupons
after the silica layers formed. Homogeneous nucleation as a process has a higher
energy barrier compared to heterogeneous nucleation on a surface (Benning and
Waychunas, 2007), yet the presence of silica particles in the separated water at the
Hellisheidi power plant suggests that homogeneous nucleation nevertheless occurs
widely. This is not surprizing as the conditions are highly favourable for polymeri-
sation of silica (elevated temperatures, highly supersaturated with respect to amor-
phous silica but low ionic strength) which is inductive of spontaneous nucleation
and growth of amorphous silica as shown in numerous experimental and field stud-

ies (Iler, 1979; Icopini et al., 2005; Tobler et al., 2008; Tobler et al., 2009; van den



118 Chapter 5

Heuvel et al., in prep. (Chapter 4)). The growth of the so formed amorphous silica
particles is also proceeding mostly by monomer addition (Iler, 1979; Tobler et al.,
2009). The deposition of the silica particles is seemingly controlled by surface topog-
raphy, as evidenced for example by the filled vesicles in the volcanic glass (Fig-
ure 5.2 E) and the preferential deposition of particles along the conchoidal fractures
on the opal coupons (Figure 5.4 E). These topographic features resulted in local tur-
bulences in the fluid which enhanced their precipitation. Larger particles were pref-

erentially deposited due to higher drag.

5.4.3  Impact on the search for mitigation strategies

The findings from the present study indicate that the surface roughness is a crucial
factor controlling both pathways of silica deposition: heterogeneous nucleation and
growth of a bumpy layer as well as deposition of homogeneously nucleated silica
particles. Our results suggest that smooth surfaces show the smallest amount of
silica deposition while rough surfaces cause the accumulation of more substantial
amounts of silica scale. This is interesting for the design of future geothermal power
plants, as polishing of surfaces could potentially reduce the deposition of silica and
help mitigating the scaling problem.

An additional approach is the development of anti-scaling coatings. Sugama
and Gawlik (2002) found that polytetrafluoroethylene blended polyphenylenesul-
fide coatings showed promising results in the prevention of silica scaling. These
coatings create an anti-oxidant and hydrophobic surface which prevents the for-
mation of a high-surface area corrosion layer and thus retains the smoothness of the
steel. While polishing and coating could represent mitigation strategies for flat sur-
faces such as pipelines, it would not help with silica scaling in valves, orifices and
around other flow obstacles onto which silica would readily deposit due to their
surface textures (e.g., welding seams, bolts) and the turbulent flow. In order to as-
sess the effectiveness of modifying surface roughness by polishing and/or coatings,

testing at a larger scale and for time periods of 10+ weeks would be required.

5.5 Conclusions

Silica in geothermal pipelines can precipitate via heterogeneous or homogeneous

nucleation. Both pathways are strongly affected by the surface properties: Rough
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surfaces provide a plethora of nucleation sites for the heterogeneous pathway while
nucleation sites on smooth surfaces were fewer. In both cases, the nuclei grew by
addition of dissolved silica (controlled by silica-silica interactions), resulting in the
formation of a bumpy silica layer. Homogeneous nucleation on the other hand led
to the formation and growth of silica particles in the fluid. Their deposition was also
controlled by surface properties as they were preferentially deposited onto surfaces
with a high topographical relief. These results indicate that manipulating the surface
properties of materials used for the construction of geothermal pipelines could rep-

resent a potential mitigation strategy for silica scaling.
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Abstract

In high-enthalpy geothermal systems the precipitation of amorphous silica (SiOz) is
the most common scaling problem. Together with corrosion, silica scaling affects the
efficiency of geothermal power plants through increased maintenance costs and
reduced equipment lifetimes. Despite their crucial importance for the development
of better mitigation strategies, the relationship and inter-dependencies between scal-
ing and corrosion are poorly understood. Here we present data from a time re-
solved study where the development of both silica precipitates and corrosion fea-
tures on S316 stainless plates and S275 carbon steel coupons immersed in geother-
mal waters at the Hellisheidi power plant (SW-Iceland) were followed for between
1 day and 10 weeks. We chose four locations that differ with respect to fluid tem-
peratures (55 to 120 °C) and silica concentration (550 to 800 ppm) and characterized
the morphologies and textures of the precipitating silica and the corrosion products
by high resolution imaging, while the solid precipitates and corrosion products
were identified by X-ray diffraction (XRD) and energy dispersive spectroscopy

(EDS). Silica precipitates were observed on all plates as uneven layers and rounded
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‘bumps’ covering the plates completely, even after 1 day. With time and regardless
of prevailing conditions, the size of the individual ‘bumps’ increased. Where silica
precipitation was high, the carbon steel revealed only minor signs of corrosions,
while where silica precipitation was minor ubiquitous corrosion was observed. The
corrosion products were composed of iron sulphides (mackinawite and greigite), as
well as their oxidized products (elemental sulphur, goethite and hematite). We
show that in environments where silica precipitation is slow, corrosion dominates,
while once an initial amorphous silica layer formed fast this will protect the under-
lying carbon steel from further reaction with the geothermal fluids and therefore
from continuing corrosion. Thus, silica scaling can indeed act as a passivating agent

for steel surfaces prone to corrosion.

6.1 Introduction

Geothermal fluids are often rich in dissolved solids and gases, leading to two chal-
lenges which have to be overcome in order to run a high enthalpy geothermal pow-
er plants efficiently: scaling, i.e., the unwanted precipitation of minerals inside pipe-
lines and other fluid-handling equipment, and corrosion. Both of these processes
can result in the clogging of pipelines, heat exchangers and wells and reduce the
lifetime of pumps and turbines. They also impair the financial performance of a
power plant due to the reduction in power generation, increased operating costs
(e.g., additional costs for anti-scaling treatments or more corrosion-resistant materi-
als or need for additional pumping capacity) and longer and more regular down-
times required for cleaning and maintenance of the system.

In the high-enthalpy systems of Iceland, the biggest challenge is amorphous
silica scaling (Gunnarsson and Arndrsson, 2003). Silica is very abundant in most
geothermal waters with concentrations of more than 1200 ppm SiO: in the geother-
mal fluids of the Hengill area, Iceland (Scott et al., 2014). Once silica supersaturation
is reached, precipitation, especially under conditions of high ionic strength, was
observed to be very rapid with rates of over 300 kg year' m? in the wastewater
drains at the Reykjanes geothermal field (Tobler et al., 2008). Silica scales can also be
very hard and are not easily dissolved and therefore difficult to remove from
equipment surfaces. In addition, conventional approaches to mitigate scaling, such
as inhibitor addition have so far proven less effective against silica scaling (Demadis

et al., 2007). Although precipitation of amorphous silica in natural geothermal set-
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tings has been studied extensively (e.g., Mountain et al., 2003; Tobler et al., 2008),
the processes inside in-use geothermal pipelines have only recently been investigat-
ed for the first time (van den Heuvel et al., in prep.a (Chapter 5); van den Heuvel et
al., in prep.b (Chapter 4)). One of the factors complicating the understanding of sili-
ca precipitation onto steel surfaces is corrosion of the pipes and other fluid handling
equipment. Corrosion can affect scaling, resulting in silica scales enriched in iron
and/or containing inclusions of iron or other metal sulphides or oxides (Rothbaum
et al., 1979; Deutscher et al., 1980). Furthermore, corrosion can also enhance precipi-
tation due to the creation of higher surface areas (Harrar et al., 1982; Neofotistou
and Demadis, 2004). In high enthalpy geothermal systems, corrosion is usually a
consequence of the reactions between corrosive dissolved gas (most often hydrogen
sulphide, H2Saq e.g., ~20 ppm of H2Saq in the separated water at the Hellisheidi
power plant; Meier et al.,, 2014 (Chapter 3)) and metal surfaces. This reaction most
often leads to the formation of metal sulphides. Under fully reducing conditions,
studies in geothermal systems have shown that mackinawite (non-stoichiometric
FeS) is the dominant mineral phase forming as a corrosion product (Soylemezoglu
and Harper, 1982; Tang et al., 2010). Other iron sulphides such as greigite, troilite,
pyrrhotite and pyrite have been observed under slightly more oxidized conditions.
Under even more oxidizing conditions even iron (hydr)oxides (goethite, hematite,
magnetite) have been observed (Soylemezoglu and Harper, 1982; Richter et al.,
2006), although these could be simply an oxidation product of the former sulphides.

Scaling in geothermal systems, especially when occurring rapidly, can limit
the extent of corrosion (Braithwaite and Lichti, 1980; Lichti et al., 1981). In a recent
study, based on a single time point we (Meier et al., 2014 (Chapter 3)) suggested that
corrosion in the pipes of Hellisheidi occurred before the build-up of substantial sili-
ca layers. However, where more silica precipitation occurred corrosion was pre-
vented or at least slowed down. If silica scaling could be controlled, this could po-
tentially represent a cheap and easy way to reduce the issues related to corrosion in
silica-rich geothermal systems. The problem however lies in the fact that, the mech-
anism and temporal relationships between scale formation and corrosion are still
poorly quantified. With this study, we took the first step in this direction by evaluat-
ing the temporal changes in silica scaling and corrosion of carbon steel, deployed
inside the pipelines at Hellisheidi for different periods of time (between 1 day and
10 weeks). Our results allowed us to quantify how rapid silica scaling occurred. We

show that silica scaling resulted in the formation of a dense layer of amorphous sili-
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ca that quickly isolated the steel surfaces from the reacting geothermal fluids. This
way, in some cases, the silica cover strongly reduced and even prevented further

corrosion.

6.2 Materials and methods

Silica precipitation and corrosion were monitored using stainless steel scaling plates
(5x2 cm) deployed at four different points within the pipelines of the Hellisheidi
geothermal power plant (Figure 6.1): (1) inside the power plant but before the heat
exchangers, (2) inside the power plant but after the heat exchangers, (3) outside the
power plant and (4) at the Hismuli injection site, after mixing with steam conden-
sate. All these deployment points were located in pipes that carried fluid following
steam separation for use in the production of electrical energy. After the removal of
the steam the separated water reached supersaturation with respect to amorphous
silica and precipitation occurred. The four locations differed with respect to temper-

ature, fluid flow rate and concentration of dissolved silica and H2S.q (Table 6.1).
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Figure 6.1: Schematic of the Hellisheidi geothermal power station indicating the four loca-
tions (*) at which the scaling plates were immersed. Full details and schematics of the Hell-

isheidi power plant are available at http://www.or.is/vinnsluras.

At each location two scaling plates (wiped clean with ethanol and stored in

individual tubes until deployment) were inserted into pipes into the fast (up to
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400 L/s) flowing fluid. The bottom plate was a S316 stainless steel plate (Fig-
ure 6.2 A, left), while the top plate consisted of an equivalent S316 stainless steel
plate onto which 3 different 2 x 1.3 cm coupons were glued (Figure 6.2A, right) us-
ing Loctite Hysol 9455 epoxy adhesive. These coupons were used to assess the ef-
fects that varying substrate composition and surface roughness have on silica pre-
cipitation and corrosion. The coupons consisted of (a) basaltic glass from south Ice-
land, (b) opal from Coober Peedy, Australia and (c) S275 carbon steel (Figure 6.2 A,
right). In the current paper we focus primarily on the processes observed on the
S275 carbon steel coupons and compared them with the results from the S316 stain-
less steel plates (presented in van den Heuvel et al., in prep.b (Chapter 4)). All other
substrates are part of another publication (van den Heuvel et al., in prep.a (Chapter
5)). The 5275 carbon steel contained 0.25% carbon, 1.6% manganese, 0.05% silicon,
0.04% phosphorus and 0.05% sulphur.

' s316
S EIESS
steel

Figure 6.2: Photographs of scaling plates before (A) and after the deployments (B-D). For
each deployment, two scaling plates were prepared (A): S316 stainless steel scaling plate
(left) and S316 stainless steel scaling plate with volcanic glass (VG), opal (OPA) and carbon
steel (5275) coupons glued onto its surface (right). During some deployments, the carbon
steel corroded showing homogeneous blackening (B), patchy corrosion (C) or the formation of

a thick layer of corrosion products (D).

Each set of scaling plates was deployed for between 1 day and 10 weeks. At
the beginning and end of each deployment, the separated water was sampled at
each location through a valve and immediately filtered through 0.2 um polycar-

bonate filters. The pH was measured at temperatures of 23 to 27 °C and sample ali-
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quots were collected for analysis of anions, cations and dissolved gases (for details
of sample preservation and sampling containers see Arnorsson et al., 2006). The in-
situ fluid temperatures at each location were obtained from the power plant opera-
tors. Anions were analysed by ion chromatography (IC) and cations by inductively
coupled plasma-mass spectrometry (ICP-MS) at the University of Leeds. The con-
centration of dissolved gases was measured by titration at Reykjavik Energy accord-
ing to the methods described by Arndrsson et al. (2006). The filters were retained,
dried and the solids on the filters analysed by X-ray diffraction (XRD, Bruker DS,
CuKai; 5-90° 20, 0.01°/step) at the University of Leeds. XRD patterns were evaluat-
ed using the EVA software (Bruker, Version 3.0). The compositions of the separated
waters, as well as the pH and temperatures were used as inputs for geochemical
simulations with PHREEQC (version 3.0; Parkhurst and Appelo, 2013) using the
database phreeqc.dat updated with the latest thermodynamic data for amorphous
silica (Gunnarsson and Arnérsson, 2000).

After set periods of time the plates were removed from the fluid and dried at
30 °C for 24 h. They were photographed and where possible, precipitates and/or
corrosion products from half of each scaling plate or coupon were scraped off with a
plastic spatula. These materials were ground using an agate mortar and pestle and
the powders analysed by XRD as described above. All plates were then coated with
~40 nm of gold and the precipitates or corrosion features were imaged using a field
emission scanning electron microscope (FEG SEM, FEI Quanta 650 at 20 keV). Spot
analyses were performed using an energy dispersive spectrometer (EDS) and spec-
tral information evaluated using the AZtec software (Oxford Instruments, Ver-
sion 2.2). The SEM images were used to determine the size of the observed morpho-
logical features by measuring at least 100+ individual features on each coupon or

plate manually and determining their mean dimensions.

6.3 Results

6.3.1  Composition of geothermal fluid

The sampling locations differed with respect to the fluid temperature, composition
of the separated water and thus pH and Eh (Table 6.1). The temperatures decreased
from 118 °C before the heat exchanger (location 1) to just under 60 °C at locations

2 and 3. The fluid composition was more or less constant with ~800 ppm SiO: and
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nearly 400 ppm NaCl for these three locations. Dissolved gases were also abundant

with around 25 ppm CO2 and 20 ppm H:S (Table 6.1).

Table 6.1: Average and standard deviation of measured temperatures, measured fluid
compositions and pH, calculated pH, Eh saturation indices and in-situ solubility for each
sampling location (from van den Heuvel et al., in prep.b (Chapter 4)).

Loc. 1 Loc.2 Loc. 3 Loc. 4
Temp. [°C] 117.8+0.4 56.6 £ 1.6 58.0+5.3 725+11.2
CO2 [ppm] 254+55 252+4.8 23.8+3.7 18.5+3.8
H:S [ppm] 19.2+29 19.8+25 205+1.9 143 +2.7
SiO:2 [ppm] 802 +19 801 +30 794 +30 550 £ 76
Na [ppm] 204 +8 205+9 207 + 8 140 £ 10
Cl [ppm] 173 £ 12 1719 175+ 6 1205
K [ppm] 34.7+1.6 347+1.7 351+1.6 23.6+1.2
Al [ppm] 1.99 +0.09 2.04+£0.11 2.04+0.11 1.36 +0.07
Ca [ppm] 0.71+£0.13 0.70 £ 0.06 0.71+£0.04 0.50 = 0.06
Fe [ppb] 28.5+445 16.4+13.1 21.6 +23.5 25.2+29.5
Mg [ppb] 21.5+215 19.6 £12.9 19.7+14.2 22.1+15.6
pH meas.V 94+0.2 94+0.2 94+0.2 9.1+£0.3
pH calc.? 85+0.1 9.0+0.1 9.0+0.1 8.8+0.2
Eh? [V] -0.56 + 0.01 -0.46 £ 0.01 -0.47 £ 0.01 -0.48 £ 0.02
Amorphous silica
Solubility [ppm] 470 210 210 260
Saturation index 2 0.1 0.4 04 0.2

D As measured at 21 to 27 °C
2 Derived from PHREEQC simulations at in-situ temperatures and with the given fluid compositions

% Calculated according to Gunnarsson and Arnérsson (2000)

The measured fluid pH is identical for locations 1 to 3. However, the calcu-
lated pH using PHREEQC is lower in all cases as it is re-calculated to reflect the in-
situ temperatures. The difference in pH is biggest (nearly 1 log unit) at location 1
where the fluid is hottest and less than half a log unit at the cooler locations 2 and 3.
The Eh is lower at the highest temperature (location 1) and similar at all other loca-
tions. Location 4 was different due to the addition of steam condensate (Figure 6.1).

The condensate was hotter than the separated water and its addition lead to dilution
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of the SiOz and Hz2S concentrations (~550 ppm and 14 ppm respectively; Table 6.1).
The calculated pH and Eh values fell in between those of the other locations (8.8 and
-0.5V respectively, Table 6.1). Overall, location 1, 2 and 3 were fairly similar yet,
location 4 was by far the most diverse in terms of temperature, pH, Eh and fluid
composition.

Electron microscopic images of the materials captured by the filters revealed
the presence of spherical particles, which at locations 1 to 3 varied in size between
0.05 and 25 pum (0.3 to 0.7 um on average). EDS identified these as silica. In addition,
small platy phases on the filters were identified by EDS analyses to primarily consist
of Al and Si and complementary XRD analyses suggested these to be the alumosili-
cate clinochlor. At location 4, such silica particles were very sparse, but platy alu-
mosilicates were abundant. XRD identified them as chamosite and clinochlore and
the magnesium silicate sepiolite. At all locations, on the filters we also found small
(<2 pm) metal rich (identified by EDS) flakes, which were transported along in the

fluid and likely originated from the corrosion of the pipelines or valves

6.3.2  Description of mineral phases and corrosion features on scaling plates

We compare here features observed on the S316 scaling plates (described in detail in
van den Heuvel et al., in prep.b (Chapter 4)) and the 5275 coupons from each loca-
tion with immersion times of 1 day, 1 week, 2 weeks, 4 weeks, 6 weeks and
10 weeks. At location 2, all glued on S275 carbon steel coupons were lost during
deployments. At the remaining three locations, all but one (location 3, 1 week)
5275 carbon steel coupons were recovered (Table 6.2).

At location 1, regardless of deployment time no or only minor macroscopi-
cally distinguishable traces of corrosion were visible (Table 6.2) on the S275 carbon
steel coupons. Microphotographs however, revealed that the coupon surfaces were
largely covered by an uneven layer of amorphous silica (identified by XRD) that
consisted primarily of rounded ‘bumps” and individual spherical silica particles
(Figure 6.3 A & B). The diameter of these ‘bumps’ increased from 0.3 pm after 1 day
to over 12 pm after 10 weeks (Figure 6.3 A & B, Figure 6.4 A). This is identical to the
change in size of amorphous silica ‘bumps’ determined on the stainless steel plates
from the same location (van den Heuvel et al.,, in prep.b (Chapter 4)). In addition,
silica microspheres identical to those observed on the filters were found on the sili-

ca-coated steel surfaces (Figure 6.3 A). Furthermore, variably shaped corrosion min-
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erals (needles, flowers, blades plates), were found to break through the silica layers
in some places (Figure 6.3 C to E). Due to this localized appearance, the exact nature
of these mineral phases could not be identified by XRD. However, their morpholo-
gies together with multiple EDS spot analyses (solely Fe and, in most cases, S) and
combined with the bulk XRD confirmed these phases to be iron sulphides (macki-
nawite and greigite) and their oxidation products (the iron oxides hematite and goe-

thite).

Table 6.2:  Stereo microscope (black) and scanning electron microscopy (in grey) observa-
tions of corrosion features and shapes of products. At locations 1 and 3 an uneven silica lay-

er was the dominant precipitate.

Loc. 1 Loc. 3 Loc. 4
no corrosion homogeneous" patchy?
1 day
no corrosion - homogeneous
1 week
patchy patchy continuous layer®
2 weeks
no corrosion no corrosion homogeneous
4 weeks
patchy homogeneous continuous layer
6 weeks
no corrosion patchy continuous layer
10 weeks

) Homogeneous blackening of the steel coupon without a noticeable increase in thickness and no ap-
parent change in surface texture (Figure 6.2 B)

2 Individual dark to orange patches surrounded by (macroscopically) uncorroded steel (Figure 6.2 C)

9 Formation of a dark brown to orange continuous layer with a noticeably increased thickness and a

much more irregular surface compared to the 5275 steel (Figure 6.2 D)
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Figure 6.3: SEM microphotographs of amorphous silica textures and corrosion morpholo-
gies observed on the S275 carbon steel coupons. At locations 1 the plates were dominated by
an uneven layer of amorphous silica with the size of individual "bumps’ (arrows) increasing
over time (A =1 day & B = 6 weeks). Individual spherical silica particles between 0.5 to
25 pm were also often seen (A & B). At location 3 both, the silica ‘bumps’ and the individual
particles were slightly smaller. Variously shaped Fe-sulphides and/or oxides (EDS, not
shown) were found: needle-shaped (C), platy (D) or flower-shaped habits (E). At location 4,
corrosion was dominant and expressed as two main textures: homogeneous blackening of the
steel and formation of a thick layer of corrosion products consisting of tubular structures (F)
surrounded by bladed (G) and platy crystals (H) of Fe-sulphides and/or —oxides. The thick
corrosion layers all showed blistering (I) and the formation of dense (]) Fe-sulphides and/or —
oxides. Flower- or rosette-shaped aggregates (K) were encountered less frequently. No silica
scaling ‘bumps’ and very few silica spheres (arrow in |) were observed at location 4.
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The 5275 carbon steel coupons recovered from location 3 were more intense-
ly corroded compared to location 1 with two of the plates completely and homoge-
neously blackened and two more showing patchy corrosion (Figure 6.2 B). Howev-
er, microscopically only sample 3-1d showed abundant corrosion features with
dense or bladed mineral habits covering the coupon surface (Figure 6.3 C to E).
These corrosion minerals were similar to location 1 (iron sulphides and its oxidation
products). Most other recovered coupons at location 3 were absolutely free of corro-
sion features even at the microscopic level. They were however, all characterized by
the same uneven, bumpy, amorphous silica layer as in location 1. The individual
‘bump’ diameters increased from 0.2 pm after 1 day to over 5 pm after 10 weeks
(Figure 6.3 A & B, Figure 6.4 B). Similar to location 1, some amorphous silica micro-
spheres were also observed on top of the continuous silica layers.

Finally, on the coupons from location 4 totally different surface features were
observed. All 5275 carbon steel coupons showed clear and ubiquitous signs of cor-
rosion. This includes the complete blackening of the carbon steel as well as the for-
mation of thicker (estimated to be up to 0.5 mm), black and dark orange-brown cor-
rosion layers (Figure 6.2 B to D). On all samples characterized by homogeneous
blackening of the carbon steel, tubular structures (Figure 6.3 F) composed of aggre-
gates of bladed crystals were observed. In-between these structures, the coupon
surfaces was covered by bladed and platy crystals (Figures 6.3 G & H). The thick
corrosion layers were characterized by large (up to 2 mm) blister-shaped structures
(Figure 6.3 I) that consisted of dense aggregates and, more rarely, of flower- or ro-
sette-shaped minerals (Figure 6.3 ] & K). The minerals that formed these corrosion
layers were mackinawite (FeS), greigite (FesSs), hematite (Fe20s), goethite (FeOOH)
and elemental sulphur as confirmed not just through their morphologies but also
through EDS analyses and XRD bulk analyses. Amorphous silica, the dominant
component at locations 1 and 3 was largely absent. Occasionally, spherical silica
particles several micrometres in size were found incorporated into the corrosion

layers (Figure 6.3 ]).
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6.4 Discussion

6.41  Mineral scaling

At locations 1 to 3, even after 1 day rapid silica scaling resulted in the complete cov-
erage of the scaling plates and coupons. As predicted by PHREEQC calculations the
solutions were all supersaturated with respect to amorphous silica. The saturation
indices (SI) varied between 0.1 at location 1, 0.4 at locations 2 and 3 and 0.2 at loca-
tion 4. Thus, theoretically, the scaling potential was lowest at location 1. However,
the faster increase in ‘bump’ diameters at location 1 compared to location 3 indicat-
ed that the rate of silica deposition at this location was higher. This could be due to
the elevated temperature (nearly 120 °C), which, despite increasing solubility, re-
sults in enhanced deposition of monomeric silica, i.e., growth (Makrides et al., 1980;
Gunnarsson and Arndrsson, 2003; Tobler and Benning, 2013). The almost fully ab-
sent silica at location 4 is attributed to the more dilute conditions and thus much

lower silica concentration (~550 pm) and the prevalence of corrosion at this location.
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Figure 6.4: Increase of ‘bump’ diameters on the S275 stainless steel coupon as a function of
time at location 1 (left) and location 3 (right). The data points correspond to the average
diameters of 100+ individual "bumps’, while the error bars correspond to the standard devia-
tions. The grey surfaces shown the average ‘bump’ diameter + standard deviation as deter-
mined from the S316 stainless steel plates (van den Heuvel et al., in prep.b (Chapter 4)). The
overlap between the date from S275 steel coupons and the S316 steel plates indicate that the

growth of the silica scaling layers was independent of the underlying steel surface properties.

Silica can be deposited from a supersaturated solution by two pathways: mo-
lecular deposition and particle deposition (Weres et al., 1981; van den Heuvel et al.,

in prep.b (Chapter 4)). Molecular deposition is the direct deposition of silica mono-
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mers (and potentially small polymers) onto a surface. This process results in the
formation of the uneven surfaces consisting of adjoined silica ‘bumps” with sizes
that increase as a function of time. The increase is faster in the initial stages of pre-
cipitation (up to ~40 days) and seemingly slows down as time progresses (Fig-
ure 6.4). The similar shapes in the growth profiled between the ‘bumps’ formed on
the S316 stainless steel plates (Figure 6.4, shaded areas) and those formed on the
S275 carbon steel coupons (Figure 6.4, data points) suggests that under the condi-
tions studied here the surface properties of the steel substrates have no effect on
molecular deposition. Particle deposition requires the formation of silica particles by
homogeneous nucleation first (Iler, 1979; Tobler et al., 2009; Tobler and Benning,
2013). Once such silica nanoparticles form in solution they can be deposited onto
any available surface (Figure 6.3 A & B) or remain in the fluid where they can grow
further by a naturally occurring “buildup” (Morris and Vossos, 1970) in which silica
nanoparticles present in the fluid grow by Ostwald ripening through the constant
addition of monomeric and polymeric silica. If deposited, the particles are cemented
to the underlying surface or other particles by the continual coalescence through the
amply available aqueous monomeric silica (Meier et al., 2014 (Chapter 3)). Together,
these two mechanisms make up the silica scales observed. Based on the scantiness of
individual silica particles on the plates compared to the silica deposited in the
‘bumps” we suggest that molecular deposition is the dominant mechanisms respon-
sible for the bulk of the silica scales formed on the plates and coupons (van den

Heuvel et al., in prep.b (Chapter 4)).

6.42  Corrosion of the 5275 carbon steel coupons

Dissolved gases are the primary corrosion species in geothermal fluid. At Hell-
isheidi, the following species could potentially be involved in the corrosion of the
5275 carbon steel: dissolved oxygen, carbon dioxide (COzq) and hydrogen sulphide
(H2S@g). Based on the measured fluid compositions and temperatures, Eh values of
-0.45 to -0.6 V, were obtained by PHRREQC, indicating strongly reducing conditions
and negligible concentration of dissolved oxygen in-situ. However, a recent study
Richter et al. (2007) showed that operational changes and maintenance procedures
can result in a sudden increase in dissolved oxygen concentrations in certain parts
of the pipelines, leading to rapid localized corrosion. Therefore, some corrosion

caused by dissolved oxygen cannot be excluded, especially during the longer de-
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ployments. The second corrosion species present at Hellisheidi is carbon dioxide
(CO2). When dissolved in water it forms carbonic acid (H2COs) which can then in-
teract with the steel surface to oxidize iron and precipitate siderite (FeCOs)
(Mundhenk et al., 2013). The absence of siderite and the high pH of the fluids (Ta-
ble 6.1) indicates that this corrosion mechanism did not take place inside the pipe-
lines at Hellisheidi. The predominant corrosion products were sulphides resulting
from the interactions between the carbon steel surfaces and the ~20 ppm dissolved
hydrogen sulphide (Table 6.1).

The anoxic conditions in the pipelines of Hellisheidi suggested that the only
iron sulphide to form should be mackinawite (Benning et al., 2000). Mackinawite
formed as a corrosion product due to the interaction of the H2Swg-rich fluids and the
steel coupons during the prolonged exposure of the coupons to the geothermal flu-
ids. The second iron sulphide identified, greigite, is a common intermediate in the
usually rapid transformation of mackinawite to pyrite (Benning et al., 2000; Hunger
and Benning, 2007). This transformation when occurring fast can also result in the
formation of elemental sulphur (Benning et al., 2000). However, in order to trans-
form mackinawite to greigite, slightly oxic conditions are needed. We identified two

possible scenarios:

(1) Any change in operating conditions or maintenance during prolonged
exposure of the coupons could result in the introduction of short pulses of
increased dissolved oxygen into the geothermal fluid (Richter et al., 2006)
This oxygen would lead to the rapid transformation of mackinawite into
greigite as shown by Cahill et al. (2000) and Csakberényi-Malasics et al.
(2012) with elemental sulphur as a by-product (Benning et al., 2000). Once
the conditions return to anoxic, the transformation would be stopped, and

mackinawite would continually precipitate.

(2) The transformation of mackinawite to greigite only takes place when the
steel coupons are removed from the fluid. Although the coupons were
immediately placed into centrifuge tubes and sealed after sampling, they
were not kept strictly anaerobic. As the transformations of mackinawite
occurs extremely fast in oxic conditions, it is possible that the partial
transformation of mackinawite to greigite took place in the thin film of water
covering the coupons upon removal from the geothermal fluids and before

drying.
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Both scenarios could also lead to the formation of the observed iron (hydr)oxides
goethite and hematite. However, these minerals could also have formed during aer-
obic sample storage and analyses. Nevertheless, the fact that both, mackinawite and
greigite were still present in the samples clearly indicated that upon oxidation of the
upper most layer of iron sulphides, the oxidation products hematite and goethite
seemingly formed a protective layer thus preserving the original iron sulphides
even under ambient conditions and over time periods of weeks to months although
mackinawite and greigite are not stable at ambient aerobic conditions (Benning et

al., 2000).

6.4.3  Scaling vs. corrosion

When both, scaling and corrosion occur at the same location concurrently, they in-
variably will affect each other. The formed corrosion products influenced the pre-
cipitation of amorphous silica in that it changed the morphology and properties of
the steel coupon surface. Harrar et al. (1982) found that this resulted in faster initial
scale formation onto mild steel compared to inert surfaces such as Teflon or the
superalloy Hastelloy. The authors did not discuss the reasons for this observation.
However, they inferred that the higher surface area of the corrosion phases likely
resulted in higher molecular deposition rates as well as making the trapping of col-
loidal silica more likely. For longer exposure times and higher scaling rates the ef-
fect disappeared (Harrar et al., 1982). This is in line with the findings of this study,
where we showed that when silica scaling dominates (i.e., locations 1 and 3), the
scaling onto partially corroded S275 carbon steel is identical to the scaling observed
onto S316 stainless steel (Figure 6.4 data points compared with grey areas).
Conversely, the precipitation of silica can impact the corrosion of the metal
surfaces and this has been shown in several power plants (Braithwaite and
Lichti, 1980; Lichti et al., 1981; Meier et al., 2014 (Chapter 3)). When silica scales form
fast, they can act as a barrier, isolating the steel surfaces from the fluid. The dense
structure of such silica scales will subsequently impair fluid transport through the
silica layer and slow down and potentially inhibit further corrosion. This is evi-
denced in the samples from location 1 where, based on the concentration of H2S and
the fluid temperature, corrosion rates should be highest. However, only limited cor-
rosion was observed at location 1 even after 10 weeks. Similarly, at location 3, which

although at lower temperatures was characterized by almost identical chemical
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conditions, corrosion was limited (Table 6.2). Only few coupons at location 3
showed macroscopic signs of uniform or patchy corrosion but when observed at
high resolution no obvious corrosion products were seen. This indicates that, at least
in some cases, corrosion likely took place immediately after immersion of the cou-
pons and before the initial stages of silica precipitation and that any continual corro-
sion was stopped or slowed once a complete layer of silica covered the coupons.
Finally, the biggest difference was observed for the coupons deployed at location 4,
where the silica precipitation is less important (van den Heuvel et al., in prep.b
(Chapter 4)), and thus corrosion dominated because a protective silica layer was
absent. As a consequence, the corrosion of the 5275 carbon steel was much more
uniform and extensive, sometimes even forming thick layers of iron phases when

deployed for longer times (Table 6.2; Figure 6.2 D).

6.5 Conclusion

Concurrent mineral scaling and corrosion processes have been observed in geo-
thermal systems before but up to date only a small number of studies have evaluat-
ed the relationship between these two processes. By characterizing the temporal
relationship between silica scaling and corrosion at the Hellisheidi power station we
demonstrate that both, scaling and corrosion took place within a day of placing the
scaling plates into the geothermal fluid. Where silica scaling was rapid (locations 1
and 3), corrosion was very limited to non-existent, while at location 4, where silica
precipitation is less important, corrosion of the 5275 steel is the dominant process.
Our data shown that where silica scaling passivates exposed surfaces, it can
prevent or at least drastically reduce corrosion of steel surfaces. Such fast silica scal-
ing could thus represent a means to protect steel surfaces susceptible to corrosion in
a cheap and fast way. However, silica scaling in geothermal power plants is inher-
ently difficult to control and so far none of the employed approaches such as pH
modification, dilution, controlled polymerization and/or precipitation as well as the
use of (in)organic inhibitors allowed for a universally applicable mitigation strategy
to be developed. Furthermore, even if perfect control of amorphous silica precipita-
tion would be feasible in the future, the problem of localized corrosion associated
with uneven steel surfaces or cracks in the precipitation layer for further fluid attach

remain.
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Although our work has advanced our understanding of the inter-
dependencies between silica scaling and metal corrosion, the challenge for the fu-
ture remains to see if controlled silica scaling may become a possible strategy to deal

with corrosion of steel surfaces in high-enthalpy geothermal power plants.
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Abstract

Interactions between silica and proteins are crucial for the formation of biosilica as
well as for the production of novel functional materials for a range of industrial ap-
plications. The proteins control both precipitation pathway and the properties of the
resulting silica-organic composites. Here we present data on the formation of silica-
lysozyme composites through two different synthesis approaches (co-precipitation
vs. adsorption) and show that the chemical and structural properties of these com-
posites when analysed using a combination of synchrotron-based scattering, spec-
troscopic, electron microscopy and surface characterization techniques vary dramat-
ically. We document that while lysozyme was not incorporated into nor did its
presence alter the molecular structure of silica, it enhanced the aggregation of silica
particles and its presence affected the composition and structure of the composites.
The difference to pure silica samples increased with increasing lysozyme content for

both co-precipitation and adsorption composites. Yet, the absolute changes differ
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substantially between these two sets of composites. Our results improve the under-
standing of how organic macromolecules interact with dissolved and nanoparticu-
late silica and how these interactions control the formation pathway of silica hybrid

materials.

7.1 Introduction

Over the last few years interactions between silica particles and organic molecules,
and protein-silica interaction in particular, have sparked renewed interest due to the
dominant role of proteins in biological processes (e.g., biosilicification: Coombs and
Volcani, 1968; Simpson and Volcani, 1981; Perry and Keeling-Tucker, 2000; Otzen,
2012) and because silica-organic composites have proven to be crucial in a plethora
of material science applications (e.g., drug delivery, electroluminescence, optics etc.)
(Sumper and Brunner, 2006; Slowing et al., 2007; Piao et al., 2008; Wang et al., 2013).
Nevertheless, a molecular understanding of how the synthesis pathways leading to
silica-protein composites affects the final hybrid materials is still lacking.

In this study, we use the protein lysozyme to study the formation pathways
of silica-lysozyme composites. Lysozyme is a small prolate ellipsoidal protein
(3x4.5nm) with a molecular mass of 14.3 kDa. It consists of 129 amino acids, in-
cluding 6 lysine and 11 arginine residues exposed at the surface of the molecule
(Appendix C, Figure C.1; Canfield, 1963; Jolles et al., 1963) This gives the molecule
an overall positive surface charge over a large pH range (pHwr = 11.1; Haynes and
Norde, 1994) making electrostatic interactions with the negatively charged silica
monomers, nanoparticles and surfaces possible (Coradin et al., 2003; Bharti et al.,
2011; Kumar et al., 2011). Lysozyme has been used previously in the study of silica-
protein composites (Coradin et al., 2003) as its physicochemical properties are ex-
tremely well studied, which makes it an ideal model protein, and due to its overall
similarity to silaffins. Silaffins are a group of small proteins (4 to 17 kDa) character-
ized by an abundance of basic amino acids such as arginine and lysine. Together
with long-chain polyamines (LCPA) and proteins of the cingulin and silicidin
groups, they control silica precipitation inside diatoms and are believed to also con-
trol the characteristics of the resulting solid cell walls (Sumper and Brunner, 2008).
The interaction between these organic molecules and silica occurs mainly by electro-
static interaction of primary amino groups (-NHz) with silica (Sumper and Brunner,

2008; Otzen, 2012), although hydrophobic interactions may also contribute. The pos-
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itively charged amino groups attract the partly deprotonated monosilicic acid
(HsSiO«) and/or negatively charged colloidal silica and are inferred to enhance con-
centration locally and therefore facilitate precipitation and aggregation.

Adsorption of lysozyme onto silica surfaces can result in the partial loss of
secondary and tertiary lysozyme structure, i.e., the conversion of alpha helices to
beta sheets and the deformation of the overall shape of the lysozyme molecule, re-
sulting in more oblate molecules (Norde and Favier, 1992; Billsten et al., 1995;
Vertegel et al., 2004; Kubiak-Ossowska and Mulheran, 2010; Felsovalyi et al., 2011).
The structural changes become more significant when lysozyme is adsorbed onto
non-flat surfaces (Kubiak and Mulheran, 2009; Gagner et al., 2011; Hao et al., 2014).
Due to the partial unfolding, the more hydrophobic core of the lysozyme molecule
is exposed, leading to hydrophobic interactions between unfolded adsorbed amino
acid chains in order to minimize contact with water (Gagner et al., 2011). Thus, the
adsorption of lysozyme onto silica and subsequent aggregation to form a composite
is believed to be controlled by electrostatic as well as hydrophobic interactions. Ly-
sozyme likely incorporates into the precipitate during this process, leading to com-
posites with different properties compared to purely inorganic silica precipitates
(Gordon et al., 2009).

In this study, we have investigated the composition and microstructures of
silica-lysozyme composites formed by co-precipitation and adsorption. In the co-
precipitation experiments lysozyme was added to a solution of dissolved inorganic
silica before initializing polymerization. Lysozyme could thus potentially interact
with the polymerizing silica during nucleation, particle growth and aggregation. For
the adsorption experiments, lysozyme was added to a solution containing already
formed silica nanoparticles, where the presence of lysozyme could only affect parti-
cle aggregation. By comparing the results of these two sets of experiments, we were
able to differentiate between the effects of lysozyme on polymerization and particle
growth and its effect on aggregation of inorganic silica. Our dataset also represents
the first thorough characterisation of silica-lysozyme hybrid composites. We show
that lysozyme becomes incorporated into the silica precipitates and that the concen-
tration of lysozyme in solution strongly affects the properties of the precipitates. We
describe the mechanisms involved in these two processes and infer their role in bio-

silicification and other possible applications.



146 Chapter 7

7.2 Results and Discussion

721  Composition of silica-lysozyme composites

The pure silica and all silica-lysozyme composites, regardless whether produced
through co-precipitation or adsorption, revealed only a single broad X-ray diffrac-
tion (XRD) peak at ~24° 20 (Appendix C, Figure C.2), indicating their amorphous
character. Pair distribution functions (PDFs) derived from synchrotron-based high-
energy X-ray diffraction (HEXD) confirmed the amorphous nature of all samples
(attenuation of PDF plot at <10 A and only very small coherent scattering domains;

Figure 7.1).

pure silica

pure lysozyme
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Figure 7.1: PDFs for pure silica, pure lysozyme and silica-lysozyme composites formed by

co-precipitation.

The PDF for pure silica revealed a dominant peak at ~1.7 A (Si-O), followed
by a series of smaller peaks up to 6 A (5i-Si, O-O) (Bowron, 2008; Dyer et al., 2010).
The PDF of the pure lysozyme on the other hand showed dominant peaks at ~1.5
and 2.3 A (C-C overlapping with C-N and C-O) (Wang et al., 2007). The peak posi-
tions and G(r) of the composite samples were identical to pure silica (Figure 7.1).
The absence of any trace of lysozyme in the PDFs of the composite samples was due
to the much lower scattering power of lysozyme, which rendered it “invisible” in

the presence of silica. Nevertheless, if the presence of lysozyme altered the silica
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structure at the molecular level, a shift in the peak positions in the PDFs of the com-
posite samples would be expected. Instead, no changes in the atom pair-distances

were seen for the composites.
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Figure 7.2: FTIR spectra of pure silica, pure lysozyme and the composites formed by co-
precipitation and adsorption (blue: 100 ppm added, green: 500 ppm added, orange:
1000 ppm added). The frequencies and band assignments are in accordance with Benning et
al. (2004) and are listed in Appendix C, Table C.1.

In order to identify the mode in which the lysozyme was associated with the
silica in the composites, aliquots of the bulk samples were analysed using Fourier
transform infrared (FTIR) spectroscopy (Figure 7.2; Appendix C, Table C.1). The
FTIR spectra of pure silica showed prominent bands at 750 to 1300 cm™, correspond-
ing to stretching and vibration of the siloxane and silane bonds. In the spectra of
pure lysozyme the characteristic bands were at 1200 to 1700 cm™ and corresponded
to the vibrations of amide groups and stretching of carboxylic and nucleic acids.

Both, the pure silica and lysozyme showed a broad band at ~3300 — 3400 cm™ that
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corresponded to vibrations of water. The FTIR spectra of the composite samples
exhibited all bands described above for pure silica and lysozyme. Additionally, they
showed a clear increase in the relative absorbance of the amide bands (~1650 and
~1540 cm™) compared to the main silica band (1060 cm™) with an increase in the
amount of lysozyme added during the composite formation, from CoP_100 to 1000
and Ads_100 to 500/1000 (Appendix C, Table C.2).

In order to quantify the amount of lysozyme associated with the composites,
the carbon content of the composites was analysed (Appendix C, Table C.2). For
both composite types, the results show that the amount of lysozyme associated with
the composites increased with increasing lysozyme concentration in solution (Fig-
ure 7.3). In the co-precipitation composites the increase of lysozyme associated with
the silica was gradual, reaching a maximum lysozyme content of 27 wt.% when co-
precipitated in the presence of 1000 ppm lysozyme. During the adsorption experi-
ments more lysozyme got associated with the composites compared to co-
precipitation and a plateau of ~32 wt.% lysozyme content was reached around
500 ppm lysozyme added to the colloidal silica solution. Thereafter, an increase in
the added lysozyme content did not result in more lysozyme being associated with

the adsorption composites.
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Figure 7.3: Relationship between the concentrations of lysozyme added to the dissolved/
colloidal silica solution at the beginning of the co-precipitation (circles) and adsorption ex-
periments (triangles) and the amount of lysozyme associated with the composites. Labelled
are the pure silica sample (black diamond) and the composites on which most analyses were

carried out (coloured symbols).
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The plateau value was investigated by comparing the maximum number of
lysozyme molecules, which can adsorb onto silica particles (theoretical jamming
limit @., derived from a random sequential adsorption model onto spherical parti-
cles) (Adamczyk, 1996; Adamczyk and Belouschek, 1991; Feder, 1980) to the calcu-
lated surface coverage. This was based on the amount of lysozyme associated with
the composites (Appendix C, Table C.3). The results indicated that Giseo. for
Ads_500 and Ads_1000 were nearly identical to the jamming limit @.,, indicating
that the plateau observed in Figure 7.3 was likely due to the completion of a ran-
domly packed monolayer with molecules in side-on orientation. The presence of a
threshold concentration, after which an increase in lysozyme concentration had no
further effect on the amount of lysozyme has also been observed in previous studies
on lysozyme adsorption onto silica nanoparticle (9 and 20 nm respectively). The
derived jamming values were also interpreted as the completion of a single lyso-
zyme monolayer on the surface of the silica particles (Vertegel et al., 2004; Kumar
et al., 2014). Several studies also reported lysozyme bilayers with side-on orientation
on silica and no adsorption plateaus, even at concentrations > 1000 ppm. However,
all these studies were conducted on flat silica surfaces (Wahlgren et al., 1995; Su
et al,, 1998a; Su et al., 1998b) or large (100 nm) silica nanoparticles (Vertegel et al.,
2004). The stronger electrostatic interactions between these larger surfaces and the
lysozyme result in stronger attractive forces, which allow the inter particle repul-
sions to be overcome. This is supported by the results of Su et al. (1998b) who
showed that bilayer formation was prevented at pH 4 where silica-lysozyme attrac-
tive forces were weak due to the reduction of the surface charge density of silica
when its isoelectric point (IEP, pH 1-2) was approached. For the co-precipitation
composites no plateau in the amount of associated lysozyme was reached, even at
the highest concentration (max. surface coverage ~49% of the jamming limit), indi-
cating that the association of lysozyme with silica particles corresponds to approxi-

mately half the monolayer coverage (Appendix C, Table C.3).

7.2.2  Structure of silica lysozyme composites

High-resolution transmission electron microscopy (HR-TEM) bright-field images of
the pure silica and the composite precipitates looked almost identical and showed
aggregates of nanospheres (Figure 7.4 A to C). In these images, silica and lysozyme

could not be differentiated, even at the highest resolution. The carbon and silicon
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elemental maps based on electron energy loss spectroscopy (EELS; Figure 7.4 D & E)
revealed relatively well mixed domains with some areas with higher carbon concen-
trations (in red; for differentiation between carbon support grid and carbon in lyso-
zyme see Appendix C, Figure C.3). In both types of composites such carbon rich
areas were distributed relatively homogeneously throughout the precipitate (Fig-
ure 7.4 D & E).

Figure 7.4: HR-TEM phase contrast images of (A) pure silica, (B) CoP_100 and (C)
Ads_100 and overlapped EELS maps collected at the carbon K-edge (red, ~290 eV) and the
silicon K-edge (green, ~1840 eV) for (D) CoP_100 and (E) Ads_100.

These seemingly distinct silicon vs. carbon rich areas in the EELS maps do
not represent distinct lysozyme nanoparticles, because the average size and shape of
these red regions were smaller than the average dimensions of native lysozyme
molecules (3 x 4.5 nm: Canfield, 1963; Jolles et al., 1963). However, especially in the
adsorption composite (Figure 7.4 E) some of these areas are larger than 10 nm. These
areas could represent lysozyme oligomers that either formed in solution and be-
came incorporated into the composites (Sophianopoulos and Van Holde, 1964;
Bruzzesi et al., 1965) or that formed due to hydrophobic interactions between un-
folded, adsorbed lysozyme (Gagner et al., 2011).

To obtain size information on silica-lysozyme particles and aggregates in
suspension, we analysed these samples by small angle X-ray scattering (SAXS). In

the pure silica system the mean diameter of silica nanoparticles was found to be
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5.1 nm with a skew to larger diameters of up to nearly 20 nm (based on a McSAS fit;
Pauw et al., 2013; Brefiler et al., 2014; Appendix C, Figure C.4). In the log I(g) vs.
log g representation, at low g the intensity follows a near-q° dependence (plateau),
indicating that the silica particles did not aggregate in solution in the absence of
lysozyme (Figure 7.5 A).

The measured pattern of pure lysozyme were directly compared to the simu-
lated scattering curve of lysozyme generated in FoXS (Schneidman-Duhovny et
al., 2010; Schneidman-Duhovny et al., 2013) based on the molecular structure from
Wang et al. (2007) The increase in intensity at ¢ > 0.2 nm! corresponded to particle
aggregation of lysozyme (Figure 7.5 A). Overall, the average intensity of scattering
from silica nanoparticles was nearly two orders of magnitude higher compared to
lysozyme at the concentrations used in our experiments. This indicated that, be-
cause silica strongly dominated the measured intensity, lysozyme remained invisi-
ble in the composites. This was highlighted by the pink pattern in Figure 7.5 A that
represents the mathematical summation of the scattering contributions from silica
and lysozyme, i.e., assuming no interactions between these two entities. This pattern
falls within the experimental uncertainty region of the pure silica pattern. The pat-
terns of the two composite samples (Figure 7.5 B) look distinctly different to the
pure silica pattern and the calculated mixed pattern, indicating interaction between
the silica particles and lysozyme molecules during composite formation. The most
striking features in the composite SAXS patterns were the strong increase in intensi-
ty at ¢ <0.5nm™ and the correlation peaks at g ~1.5 nm for the co-precipitation and
g ~1.2nm™ for the adsorption composites. The increasing intensity at low g values
indicated the contribution of a structure factor to the data, i.e., the aggregation of
silica in the presence of lysozyme. The correlation peaks formed due to the increas-
ing number of particle-particle interactions which corresponded to typical distances
between individual silica particles of d ~4.2 nm for the co-precipitation composite
and d~52nm for the adsorption composite. For the adsorption composite this
length scale corresponded to the average silica particle diameter determined from
the pure silica system (Appendix C, Figure C.4), which is in line with the absence of
lysozyme during particle growth. For the co-precipitation composite, on the other
hand, the smaller inter-particle distance suggested the formation of smaller silica
particles. However, the correlation peak positions depend to a certain degree on the
local volume fraction of particles within the aggregates, since particles pack more

closely together at increased volume fractions (Kinning and Thomas, 1984; Appen-
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dix C, Figure C.5). The absence of an increase in peak intensity or narrowing of the
correlation peak in the co-precipitation sample indicated that the effect of a local
increase in volume fraction was minor with respect to the peak shift being related to
the formation of smaller silica particles. However, in order to fully differentiate be-
tween the effect of smaller particle sizes and increased local volume fraction, fitting
of the data by an advanced model would be necessary. Thus, the d-value of 4.2 nm

represented a maximum silica particle size in co-precipitation composites.
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Figure 7.5: Small angle X-ray scattering (SAXS) patterns (A) pure silica (black), pure
lysozyme (grey) fitted by a scattering curve based on entry 2VB1 (Wang et al., 2007) in the
Protein Database PDB (dot-dash grey), and the mathematical summation of the silica and
lysozyme patterns (pink); (B) patterns representative of co-precipitated composites
(CoP_1000, orange) and adsorption composites (Ads_1000, dashed orange) and pure silica

(black) for comparison.
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Neither of the inter-particle distances determined for the composite samples
could accommodate for lysozyme molecules in between silica particles (since the
lysozyme molecules are 3 x 4.5 nm in size, and the correlation peak would thus be
expected at g4 ~0.8 nm™). The same was observed by Kumar et al. (2011) when ana-
lysing silica-lysozyme aggregates by small-angle neutron scattering. These authors
attributed the “missing” space between particles as an indication for the loss of
structural coherence of the lysozyme molecule upon adsorption to multiple silica
spheres. This was supported by other studies showing that lysozyme can lose sub-
stantial amounts of its secondary and tertiary structure, especially when adsorbed to
non-flat surfaces (Kubiak and Mulheran, 2009), porous media (Hao et al., 2014) or in

between nanoparticles (Gagner et al., 2011).

7.2.3  Surface properties of silica-lysozyme composites

The specific surface area (SSA; Figure 7.6) of pure silica as obtained by nitrogen ad-
sorption was around 350 m?/g which is smaller than the theoretical SSA of 566 m?/g
calculated by assuming monodisperse hard spheres with a diameter of 5.3 nm as
determined by SAXS. This difference is most likely a consequence of drying of the
experimental samples prior to SSA analyses, a process during which the monosilicic
acid left in solution cements the particles together thereby reducing porosity and
connectivity between pores, resulting in an overall smaller SSA. The amount of in-
corporated lysozyme (as determined by total carbon analyses, Figure 7.3) affected
the SSA. A higher SSA, compared to pure silica, was observed for samples with ly-
sozyme contents < 10 wt.%, but at values > 10 wt.%, the SSA linearly decreased with
increasing incorporated lysozyme. The decrease in SSA was a little steeper for the
composites formed by co-precipitation than for the ones formed by adsorption. The
higher SSA at low lysozyme contents (in comparison to the pure system) was likely
due to additional surfaces, i.e., the lysozyme molecules, but at higher lysozyme con-
tents this effect diminished because the relative amounts of lysozyme trapped in
between the silica nanoparticles became larger (Figure 7.3). This likely resulted in
denser composites, with smaller pores and a larger number of closed pores.

We also evaluated the C-potential over the pH range between 2.5 and 10
through potentiometric titrations. Our data showed that the surfaces of the pure
silica precipitates were negative over the whole measured pH range with a pHier < 2

(Figure 7.7, dotted lines), which agreed well with previously reported pHir for non-
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modified silica nanoparticles (Parks, 1965; Iler, 1979). Pure lysozyme on the other
hand was positively charged over most of the measured pH range with a pHier of
~9.5 (Figure 7.7, dashed lines). This was lower than the pHir =11.1 previously re-
ported for lysozyme (Haynes & Norde, 1994) and was most likely due to impurities
(buffer salts and other proteins from egg white) present in the crystalline lysozyme

(Thomas et al., 1996), which affected the C-potential measurements.
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Figure 7.6: Specific surface area (SSA) of pure silica (diamonds), co-precipitation compo-
sites (spheres) and adsorption composites (triangles) as a function of lysozyme content. Er-

rors represent values derived from multiple measurements of the same sample.

The co-precipitation composites showed pHir values that fell in between
pure silica and lysozyme. For example, silica co-precipitated in the presence of
100 ppm lysozyme had a pHrr ~5 - 5.5, while for silica co-precipitated with
1000 ppm lysozyme the pHier increased to 8 - 8.5 (Figure 7.7 A). This matched re-
sults from previous studies (Haynes and Norde, 1995; Rezwan et al., 2005), where it
was found that composite systems had characteristic pHier values in between those
of the end-members. The co-precipitation composites also showed a different pH
dependency of the -potential compared to pure silica and lysozyme (Figure 7.7 A).
In the acidic pH range, the composite (-potential trend was similar to that of pure
lysozyme, although the sample co-precipitated with 100 ppm lysozyme had a lower
overall surface charge compared to pure lysozyme. This was likely due to the in-
complete coverage of the silica nanoparticles by lysozyme, allowing the negative

silica surface to contribute to the measured C-potential. In contrast, the samples co-
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precipitated at higher lysozyme concentrations showed higher surface charge densi-
ties than pure lysozyme at acidic to neutral pH values. This shows that, while the
surface properties of the composites were controlled by lysozyme, conformational
changes of the protein molecules and/or preferential orientation of the lysozyme on
the silica particles resulted in slightly different parts of the lysozyme molecule being
exposed to the solution (Norde and Favier, 1992; Su et al., 1998a; Su et al., 1998b;
Vertegel et al., 2004; Kubiak-Ossowska and Mulheran, 2010). At higher pH, the sur-
face charge of the composite co-precipitated with 100 ppm lysozyme was nearly
identical to pure silica likely due to the decreasing surface charge of the adsorbed

lysozyme molecules.
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Figure 7.7: C-potential as a function of pH for silica nanoparticles (dotted line) and lyso-
zyme (dashed line) and for composites formed by co-precipitation (A) and composites formed
by adsorption (B). Composite results are given for samples with 100 ppm (blue), 500 ppm
(green) and 1000 ppm (orange) lysozyme added.

At higher lysozyme concentration, the C-potential evolution largely followed
the trend of lysozyme, yet at pH > 9 the trend was closer to that of pure silica. The
surface charge densities of the adsorption composites (Figure 7.7 B) were completely
different from the co-precipitation composites (Figure 7.7 A). The composite formed
by adsorption of 100 ppm lysozyme showed a very similar trend to pure silica,
slightly less negative likely due to the minor contribution of positively charged ly-
sozyme. At higher concentrations of lysozyme, the adsorption composites largely
matched the trend of pure lysozyme and this is likely because lysozyme covered the

silica surfaces as a randomly packed monolayer (as shown above). Overall, the
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C-potential results suggested that although the trends observed in the adsorption
composites could simply be a consequence of lysozyme present, the interactions in

the co-precipitation composites were more complex.

724  Pathways of silica-lysozyme composites

The presence of lysozyme during the formation of silica precipitates results in the
formation of silica-lysozyme composites. Lysozyme was not incorporated into the
composites nor did its presence alter the molecular structure of the silica particles.
However, its presence enhanced the aggregation of the silica nanoparticles and af-
fected the composite composition and structure. We observed a clear trend between
the amount of lysozyme associated with the composites and the change in their
properties. While these overall trends hold true for both the composites formed by
co-precipitation and adsorption, the absolute changes between composites and pure
silica differ substantially between these two sets of samples. These results clearly
highlight the importance of quantitatively assessing the self-assembly pathway,
properties and structures of silica-lysozyme composites.

Based on the complementary data sets presented above we have deducted
that the pathway of silica precipitation in the absence and presence of lysozyme
follows a series of steps (Figure 7.8). For pure silica the reaction starts with polycon-
densation of monosilicic acid, followed by particle growth and particle aggregation
(Figure 7.8 A; Iler, 1979; Tobler et al., 2009). In the co-precipitation experiments,
where lysozyme was added to a silica solution before initializing polymerization,
interaction between the larger lysozyme molecules during silica polymerization was
followed by particle growth and aggregation (Figure 7.8B). Lysozyme interacts with
depolymerized silica monomers (HsSiOs") and polymeric species due to electrostatic
interactions (Coradin et al., 2003). The adsorption of silica species onto polypeptides
enhances the polymerization of silica by locally increasing their number density
(Coradin et al., 2003). We showed from the SAXS data that besides the effect on sili-
ca polymerization, the presence of lysozyme also affected the growth and final size
of the formed silica nanoparticles. The silica particles in the co-precipitation sample
were smaller than those in the adsorption composite. This effect is interpreted as
being a consequence of the positively charged lysozyme enhancing silica particle
aggregation and might therefore cause the negatively charged silica particles to ag-

gregate before they reach their full size and (2) the adsorption of silica monomers
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and small polymers onto the surface of the lysozyme molecules could reduce the
amount of dissolved silica species available for growth of particles. For the adsorp-
tion experiments, where lysozyme was added to a solution containing silica nano-

particles, the only effect observed was in particle aggregation (Figure 7.8 C).
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Figure 7.8: Differences in pathways of formation for pure silica precipitation (A) and silica-
lysozyme composites (B and C).

7.3 Summary and Conclusion

This study showed that by controlling two simple parameters, the timing of the in-
teraction between silica and protein (i.e., at which step during silica formation the
proteins are added) and the ratio of silica to lysozyme, composites with variable
properties formed. This is interesting for the understanding of biosilica as both these
parameters are easily controlled inside a living cell and, by using a combination of
different proteins and long-chain polyamines for different functions, allow the over
1007000 species of diatoms and sponges to form a wide range of biosilica with spe-
cific properties. Despite enormous efforts over the last few decades, the level of con-
trol on morphology and properties of silica that diatoms achieve has not been repli-

cated in experimental studies, especially not at conditions similar to the ones inside
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diatoms (ambient temperature and pressure, slightly acidic pH, short time-spans).
Biomimetic studies focusing on the mechanism of interaction between an organic
molecule and silica, like the present one, continue to support these efforts and even-
tually will allow us to control silica-organic composites to a degree comparable with

organisms.

7.4 Methods

Preparation of silica lysozyme-composites

Sodium metasilicate (Na:5iOs - 5 H20, technical grade), hen egg white lysozyme
(crystalline, powdered), HCl (37% fuming, analytical grade) and 1 M NaOH (analyt-
ical grade) were obtained from Sigma Aldrich. Stock solutions of pure silica
(1000 ppm, pH ~12.5) and pure lysozyme (5 wt.%, pH ~3.5) were prepared by dis-
solving the required amount of silica/lysozyme in ultrapure deionised water (Mil-
1iQ, ~18.2 MQ cm).

For the co-precipitation experiments, the silica stock solution was acidified
first to pH 9.5 — 10 with 37% HCI, before adding variable amounts of lysozyme stock
solution to obtain solutions ranging from 25 to 1000 ppm lysozyme (Appendix C,
Table C.2). The pre-acidification step was performed in order to prevent damage to
the lysozyme molecule at highly alkaline pH. The solutions were then acidified to
pH=7.1+0.1 and placed in an orbital shaker for 12 to 16 hours. For the adsorption
experiments the 1000 ppm silica stock solution was neutralized (pH=7.1+0.1) in a
single step by adding 37% HCI and left to polymerize in an orbital shaker for 12 to
16 hours. Variable amounts of lysozyme stock solution were then added to these
solutions containing silica nanoparticles to obtain solutions ranging from 100 to
1000 ppm lysozyme (Appendix C, Table C.2). The mixtures were again left in an
orbital shaker for 12 to 16 hours.

Characterization of colloidal suspensions

The pure silica and composite colloidal solutions were analysed by synchrotron-
based small angle X-ray scattering (SAXS) at the BioSAXS beamline P12 of the
EMBL at PETRA III (DESY, Germany; Blanchet et al., 2015). Measurements were

performed by using a monochromatic X-ray beam at 10 keV and two-dimensional
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scattered intensities were collected at small-angles with a Dectris Pilatus 2M (2D
large area pixel-array detector). Transmission was measured by means of a photo-
diode installed in the beam-stop of the SAXS detector. A sample-to-detector dis-
tance of ~3 m allowed for a usable g-range of ~0.04 < g < 4.5 nm. The scattering-
range at small-angles was calibrated against silver behenate and dry collagen stand-
ards. The samples were loaded into an automated sample changer (Round et al.,
2015) and transferred to an in-vacuum quartz capillary (ID 1.7 mm, wall thickness
50 um) for analyses. The acquisition time per frame was 1 s for the co-precipitation,
and 50 ms for the adsorption experiments. Furthermore, we also measured a series
of backgrounds and reference samples including an empty capillary and a capillary
filled with water, silica stock solution and lysozyme stock solution. SAXS data pro-
cessing and reduction included primarily masking of undesired pixels, normaliza-
tions and correction for transmission, background subtraction and data integration
to 1D. These steps were performed automatically post-data collection at P12. Addi-
tionally, the C-potential was determined on subsamples of the colloidal solutions of
pure silica and composites as well as the lysozyme stock solution (1000 ppm) using
a Malvern Zetasizer Nano ZS and DTS1070 cells. The pH was adjusted to values
between pH 2 and 10 with dilute HCI or NaOH to a separate aliquot of sample. Each

sample was measured three times.

Characterization of washed and dried precipitates

At the end of the co-precipitation and adsorption experiments, the silica-lysozyme
mixtures were transferred into an oven and the aqueous solvent evaporated at 40 °C
for ~48 hours. The dried powders were washed 5 times with MilliQ water to remove
excess lysozyme and salts followed by a final drying step at 40 °C (omitted for the
sample aliquots used for PDF analyses). These samples were stored at 4 °C until
further analysis. The dry solids were analysed by powder X-day diffraction (XRD,
Bruker D8, Cu Ka radiation, 0.3° min from 5° to 90°) and XRD patterns were eval-
uated using the EVA software (Bruker, Version 3.0). In addition, wet aliquots of
solids were analysed by synchrotron-based total scattering (high-energy X-ray dif-
fraction, HEXD, PDF, ~60 keV, A = 0.21280 A) at beamline 11-ID-B at the Advanced
Photon Source at Argonne National Laboratory (USA) by using a Perkin Elmer
amorphous silicon detector. A CeO: standard was used to calibrate the sample-to-

detector distance and to align the detector with the incident beam path and a water-
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filled capillary was measured for background corrections. The data reduction was
done using the software Fit-2D (Hammersley, 1998), while the total scattering
measurements were background corrected and converted to pair distribution func-
tion (PDF) plots using PDFgetX2 (Qiu et al., 2004). Further details on the performed
PDF analysis can be found in Tobler et al. (2015). The molecular formulae used to
obtain the reduced structure factor functions were SiO:-0.5 H2O for silica and
Ce13H959N 1930185510 for lysozyme. The PDFs for all silica-lysozyme composites and the
pure silica and lysozyme samples were calculated from the Fourier transform of the
reduced structure function truncated at ~17.7 A-1. Dry samples were also analysed
by Fourier transform infrared spectroscopy (FTIR, A2 Technology Microlab,
1024 scans co-added, range 4000 to 650 cm™, resolution 4 cm) with spectra pro-
cessed using the Nicolet FTIR OMNIC software, E.S.P. 5.1. The amount of lysozyme
associated with the composites was quantified by determining the total carbon con-
tent in solids by mass spectrometry (DELTAplusXL ThermoFisher) with a Carlo-
Erba NC2500. From these analyses the lysozyme content was calculated using the
molecular formula Ce13Hos9N1930185510 and molecular weight of 14’313 g/mol for lyso-
zyme (ProtParam based on UniProtKB entry P00698; Gasteiger et al., 2005). The the-
oretical monolayer equivalent surface coverage (jamming limit @.) was calculated
according to the RSA model for the adsorption onto spherical particles developed

by Adamczyk and Belouschek (1991)
2

r
O = 0547 + (1 + E) (7.1)

with r being the radius of the adsorbing species and R the radius of the spheres onto

which it adsorbed. For the adsorption of lysozyme onto silica nanoparticles this

equation can be rewritten as

T 2
@oo,end—on =0.770 = (1 + ﬁ) (7.2)
Si02

assuming that the radius of the adsorbing spheres corresponds to the short semi-
axis of the lysozyme molecule (risa) and by substituting the prefactor 0.547 derived
from the adsorption of spheres (Feder, 1980) by the prefactor 0.770 derived from the
adsorption of prolate spheroids with an aspect ratio of 1.5 (Adamczyk, 1996), thus
approximating a monolayer composed of lysozyme molecules purely in end-on ad-

sorption and

r 2
Or side—on = 0.770 % (1 + ﬂ) (7.3)
Si02
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if the radius of the adsorbing spheres corresponds to the long semi-axis of the lyso-
zyme molecule (risc), thus approximating a monolayer composed of lysozyme mol-
ecules purely in side-on orientation. Together, these values correspond to an upper
and lower limit of the jamming coverage of lysozyme on silica. The absolute surface
coverage values @ for lysozyme on silica particles for the individual composites can
be calculated based on the surface area of the silica particles (Rsiozcor =4.2 nm and
Rsioz,aas = 5.2 nm as derived from SAXS) and the number of lysozyme molecules per
silica particle derived from the lysozyme content associated with the individual
composites.

Particle sizes of silica in the composites as well as the composite textures and
morphologies were evaluated by high-resolution transmission electron microscopy
(HR-TEM, TECNAI F20 X-Twin, 200 kV) combined with energy electron loss spec-
troscopy (EELS, using a Gatan GIF detector) and energy dispersive spectrometry
(EDS, using a SiLi detector). The Brunauer-Emmett-Teller (BET) specific surface
area (SSA) (Brunauer et al., 1938) of the composites and pure silica samples (0.05 to
0.2 g) was determined by N2 sorption at 77 K on a Micromeritics Gemini VII 2390a
in the relative pressure range of 0.0503 to 0.3005 p/p°. Samples were degassed at

room temperature for 24 h prior to analyses.
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Chapter 8

Summary and discussion

8.1 Silica scaling at the Hellisheidi power plant

In this thesis I have described the first ever in-situ study of silica scaling in an in-use
geothermal power plant. Scaling was monitored using small (2-2.5 x 5 cm) metal
plates inserted into the separated water pipelines through valves at four locations
within the Hellisheidi power plant: (1) before the heat exchangers, (2) after the heat
exchangers, (3) immediately before mixing with steam condensate and (4) at the
Husmuli injection site (Figure 8.1). For the initial study (Chapter 3) I also analysed
scales on a plate deployed at a location in between condensate addition and injec-
tion (Figure 8.1), yet this location could not be used for the long term studies be-
cause the section of the pipeline was replaced by a valve-free section during
maintenance work in 2013. As we only obtained one sample from this location, the
focus of this final chapter will mainly be on the four main sampling locations where
the bulk of the time resolved work (Chapters 4, 5 and 6) has been carried out. The
naming of the locations in this summary chapter will follow the numbers assigned
to each location in Chapter 4 (bold in Figure 8.1).

At each of the four locations we deployed stainless steel scaling plates for be-
tween 1 day and 10 weeks. The resulting precipitates were characterised in detail for
their compositions and microtextures. An integral part of understanding silica pre-
cipitation inside the Hellisheidi pipelines was the detailed characterisation of the
separated water (especially silica speciation) at each location paired with infor-

mation on the temperature and flow rate.
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Figure 8.1: Schematic of the Hellisheidi geothermal power plant indicating all the locations
at which scaling plates were immersed as part of this PhD thesis.

8.1.1  Characterisation of the separated water

The separated water at Hellisheidi is a dilute geothermal fluid, with silica being the
main component, followed by Na, Cl, Ca and dissolved gases (H2S, CO2) (e.g., Ta-
ble 4.2). Before the addition of condensate (locations 1 to 3), the fluid was character-
ized throughout the deployments by a fairly constant ~800 mg/L aqueous SiO2, and
was thus strongly supersaturated with respect to amorphous silica. The constant
concentration along the flow path suggested that any removal of silica by precipita-
tion in the fluid, was minor and did not affect the fluid composition with respect to
dissolved silica. The concentration only changed due to dilution of the separated
water by the addition of steam condensate after location 3 (reduced to ~550 mg/L).
Most of the silica in solution was present as silica monomers (HsSiOs) (Ta-
ble 4.3). However, the proportion of monomeric silica decreased along the flow path
from 85% before the heat exchanger to ~75% at location 3 while the proportion of
“polymeric” silica increased from 15 to 25% over the same distance, indicating con-
tinuous polymerisation of silica. The proportion of particles in solution was below
0.05% of the total silica at all locations. However, the average size of particles de-
creased slightly downstream either because of preferential deposition of larger par-
ticles or because particle growth was reduced at the lower temperatures after the
fluid was cooled in the heat exchanger. The dilution of the separated waters after

addition of condensate lead to the proportion of monomers to increase again to 86%.
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It is noteworthy to mention that both, the temperature and flow rates dif-
fered substantially between the different locations. Temperature varied between
55 and 118 °C while flow rated varied between 210 L/s to a maximum of 430 L/s
(e.g., Table 4.2). Changes in these parameters occurred over relatively short distanc-
es and these rapid changes (e.g., forced cooling in the heat exchangers) put the sys-

tem in a state of disequilibrium, at least temporarily (Chapter 4).

8.1.2  Composition of the deposited silica scales

The analysis of all samples showed the presence of silica only as amorphous silica.
The presence of aluminosilicates on the filter membranes (Figure 4.3) or as small
inclusions in the amorphous silica layers was minor and not related to the silica
scale formation processes themselves. Furthermore, the precipitated amorphous
silica contained minute ionic impurities (e.g., Na, Ca or Cl) as identified in EDS
point analyses of the precipitates (Chapter 4). In addition to the dominant silica
scales, iron sulphide phases were also observed on some plates from the initial

study (location 1, 2 and 5; Chapter 3) and on the carbon steel coupons (Chapter 6).

8.1.3  Microtextures of the deposited silica scales and the two pathways of sili-

ca precipitation

In the first study conducted at Hellisheidi (Chapter 3) we described a range of mi-
crotextures that spanned from fan-shaped to wave-like to a film or even ridge-
shaped precipitates. These variations were attributed to differences in the physico-

chemical conditions within the power plant pipelines:

(1) variations in temperature, which will affect the rate of self-assembly (higher

polymerisation rates at higher temperature),

(2) variations in fluid composition, which controls if amorphous silica

precipitates or Fe sulphide corrosion products formed preferentially,

3) the fluid flow regime, which controls the variable morphology of the

precipitated structures,
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4) the distance along the flow path as this could lead to non-equilibrated fluids
downstream of locations where major changes are occurring (cooling in the

heat exchanger or dilution by steam condensate) and
%) the immersion time of the scaling plates.

However, the exact contributions of each individual factors remained un-
clear in this initial study. This was addressed through the time-resolved study
(Chapter 4) where the range of silica microtextures was much smaller and the pre-

cipitates could be subdivided into two types:

(1) an uneven silica layer consisting of individual ‘bumps’ the sizes of which
increased as a function of time and onto which individual silica

microspheres were deposited randomly

(2) 3D structures (fan- or ridge shaped), which grew towards the flow and

which consisted of aggregated and cemented silica microspheres.

The silica layer was observed on all scaling plates, even after only 1 day of
immersion, and both, the bump size and the thickness of the layer increased over
time. The increase was not linear but slowed down as a function of time. The 3D
structures on the other hand were only observed during the 4 and 10 week deploy-
ments at locations 1 to 3. This suggested that the two structures formed via two dif-
ferent processes/pathways.

Silica precipitation was a consequence of polymerisation of monomers and
was taking place continuously inside the pipelines at Hellisheidi. Silica polymerisa-
tion took place at the scaling plate-separated water interface or in the fluid. When
occurring at the interface it could be described as heterogeneous nucleation and
resulted in the formation of the bumpy silica layer. When occurring in the fluid, the
process was described as homogeneous nucleation and resulted in the formation of
silica microspheres. In both cases the nuclei grew spontaneously by the addition of
monomeric silica from solution. The heterogeneous nucleation of silica was found to
be predominantly controlled by surface properties of the scaling plates, especially
roughness (Chapter 5), while the subsequent growth was enhanced by high total
silica concentrations and elevated temperature. Homogeneous nucleation and parti-
cle growth were only controlled by the physico-chemical conditions of the fluid, i.e.,

alkaline pH, elevated temperature, constant re-supply of dissolved silica and the
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absence of salts. The deposition of particles was controlled by the fluid flow rate and
likely the fluid flow regime. Larger particles were preferentially deposited due to
larger drag. Homogeneously nucleated particles were also deposited onto the silica
layers, preferentially along flow obstacles (vesicles in the volcanic glass or conchoi-
dal fractures on the opal; Chapter 5).

In addition to the mechanism, this time-resolved study allowed us to derive
the first ever heterogeneous growth rates of silica scales precipitated inside in-use
geothermal pipelines (< 1 g day' m?). We could show that the precipitation was
fastest at locations 1 and 2 and slowest at location 4. Again, total silica concentration
and temperature were identified to have the biggest impact on the precipitation
rate. In addition, our results show that the rapid changes in physico-chemical condi-
tions (e.g., cooling in the heat exchangers) and the high flow rates resulted in a fluid
in disequilibrium at location 2. Thus, the precipitation rate observed there did not
yet represent the physico-chemical conditions of the fluid. This highlighted the im-
portance of good kinetic models for the precipitation of amorphous silica, especially

when trying to predict silica scaling using geochemical simulations.

8.14  Discrepancies between initial and time-resolved scaling plate study

When comparing the findings from the initial study (Chapter 3) with the findings
from the time-resolved study (Chapter 4), the following discrepancies became obvi-

ous:

- Composition of the precipitates: During the initial study we found amorphous
silica to be the dominant component on the scaling plates, closely followed
by Fe sulphides. During the time-resolved experiments amorphous silica
was by far the dominant phase encountered on the stainless steel scaling
plates. Fe sulphides were only found as corrosion products (see below).

- Presence of a bumpy silica layer: For the time-resolved study, this type of pre-
cipitate was found on all scaling plates, irrespective of the location or de-
ployment length. During the initial study however, a similar layer was only
observed at locations 2 and 3. At the other two locations the rest of the plates
were covered by individual silica spheres and idiomorphic Fe sulphides.

- Corrosion of scaling plates: Corrosion of the scaling plates was abundant at lo-

cations 1 and 5 during the initial study. During the time-resolved study, cor-
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rosion was only observed on the S275 carbon steel coupons (predominantly

at location 4) but never on the stainless steel scaling plates themselves.

Together these points suggest that the steel used for the preparation of some of the
plates deployed during the initial study (locations 1, 5 and potentially also loca-
tion 2) was not stainless steel as assumed but carbon steel instead. More specifically,
it was likely non-tinned carbon steel as, based on the corrosion behaviour at loca-
tion 1, it was less corrosion-resistant that the 5275 carbon steel used for the prepara-
tion of the coupons. This assumption is reasonable as the power plant operators
have used either stainless steel or carbon steel for the preparation of scaling plates in
the past. Overall, this was a lucky coincidence as otherwise we might not have in-
cluded the S275 carbon steel as a coupon on our scaling plates for the studies per-

formed in Chapter 5 and 6.

8.1.5  Implications for the operation of other geothermal power plants

Silica precipitates with morphologies similar to the bumpy silica layers and 3D par-
ticle aggregates described from the Hellisheidi pipelines have been described at oth-
er power plants in Iceland and New Zealand (Carroll et al., 1998; Gudmundsson
and Bott, 1979; Rothbaum et al., 1979; Thérhallsson et al., 1975), silica sinters from
Iceland (Jones and Renaut, 2010) and laboratory experiments mimicking the growth
of silica veins (Okamoto et al., 2010). This indicates that the combination of homo-
geneous and heterogeneous precipitation modes for amorphous silica as observed at
Hellisheidi is widespread and happens in both, natural and man-made geothermal
systems over a range of total silica concentrations (250 to 900 mg/L), temperatures
(20 to 200 °C), pH (7.2 to 10.2) and salinities (200 to 25'000 mg/L). Nevertheless, our
results are unique because, in addition to determining the pathways by which silica
scaling occurs, we also identified and partly quantified the factors controlling the
two pathways. These findings will help to develop better mitigation strategies (e.g.,
additives) for silica scales as formed in geothermal power plants, thus improving
the overall performance of geothermal power production.

Our results indicate that, in order to fully control silica precipitation from
geothermal fluids, both the heterogeneous and homogeneous pathway need to be
inhibited. One option is to preventing the fluid from reaching supersaturation with

respect to amorphous silica, e.g., by keeping the fluid temperature above the solu-
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bility limit. However, this method of silica management prevents the efficient use of
a geothermal resource as no second stage boiling or hot water production for space
heating and industrial can be done. Mitigation of both pathways of silica scaling
could also be achieved by reducing the rate of silica polymerisation. This can be
done by acidification of the geothermal fluid (Henley, 1983; Gallup, 1998). At low
pH, the rate of silica polymerisation is slowed down and the negative surface charge
of silica particles stabilised, preventing aggregation. Controlling the rate of acid in-
jection and precise measurement of the pH of the geothermal fluid is very important
as too much acid will strongly enhance localised corrosion of pipes while not
enough acid will not stop silica deposition. The polymerisation rate of silica can also
be lowered by controlling silica speciation in the fluid. Monomeric silica is more
likely to deposit than polymeric silica, thus by aging the fluid, scaling potential is
reduced (Yanagase et al., 1970). The success of this silica management method de-
pends to a large extent on the ionic strength of the brine. In high salinity fluids ag-
ing leads to enhanced precipitation as the cations present act as flocculating agents.
Another option is the use of additives. While there is currently no inhibitor
preventing polymerisation of silica, there are dispersants preventing the aggrega-
tion of silica particles (Harrar et al., 1982; Gallup, 2002; Demadis, 2005). This could
prevent the formation of 3D aggregates. Potentially, this is sufficient to largely miti-
gate the problem of silica scaling in geothermal power plants as the 3D structures
lead to turbulent flow along the fluid-pipeline interface (Hawkins et al., 2013;
Hawkins et al., 2014), leading to increased flow friction and lower flow rates at con-
stant operating pressures. This explains why we saw a higher flow rate after clean-
ing of the heat exchangers (Chapter 4). This effect cannot be excluded for the silica
layer but is likely much less severe due to the smoother nature of the silica layer. In
Chapter 6 we even concluded that the formation of a thin silica layer could be bene-

ficial as it could potentially passivate the pipeline surfaces against corrosion.

8.2 Interactions between silica and biomolecules

As part of this thesis I also studied the interaction between the protein lysozyme
and a polymerising silica solution (co-precipitation) and a between lysozyme and a
pre-formed silica nanoparticle suspension (adsorption). Through these experiments
I could produce a set of novel hybrid composites which were characterised by a

wide range of techniques. This allowed us to draw conclusions regarding their for-
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mation and aggregation pathway. The results showed that in both cases, lysozyme
primarily interacted with silica nanoparticles and adsorbed onto their surface due to
electrostatic interactions. This led to bridging aggregation, where one lysozyme
molecule connected two silica particles. The adsorption of lysozyme onto silica par-
ticles also led to conformational changes in the lysozyme. This exposed the hydro-
phobic core of the protein. In order to limit the contact of thee hydrophobic amino
acid residues with the surrounding water, such deformed lysozyme molecules ag-
gregated. Hence, the formation of silica-lysozyme composites was controlled by
silica-lysozyme interactions but also by lysozyme-lysozyme aggregation.

A clear trend between the amount of lysozyme associated with the compo-
sites and the change in composite properties, especially surface charge and the spe-
cific surface area, was observed. While these overall trends held true for both the
composites formed by co-precipitation and adsorption, the absolute changes be-
tween composites and pure silica differed substantially between the two sets of
composites. One explanation may lie in the fact that in the co-precipitation experi-
ments lysozyme interacted with smaller silica particles that were aggregated before
reaching their full size. This is indicated by the SAXS data, which suggest smaller
silica particles in the co-precipitated composited.

Overall, this biomolecule-silica interaction study showed that by controlling
two simple parameters, silica-lysozyme ratios and the timing of their interaction, the
properties of the resulting hybrid material could be controlled. This is interesting for
both biosilicification (of diatoms and microbes) as well as industrial synthesis as
both these parameters can be controlled inside or in the immediate surroundings of

a living cell, as well as in industrial syntheses.
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Chapter 9

Work in progress

Besides the results presented above as thesis chapters I am either leading or am part
of three further studies that are still ongoing, with their status briefly outlined be-

low.

9.1 Modelling of aggregation of silica particles

One of the studies in progress is a collaboration with Christopher Hawkins, Luiza
Angheluta and Bjorn Jamtveit from the University of Oslo on the formation of the
fan-shaped precipitates observed on the scaling plates.

Hawkins et al. (2013) had previously investigated the effect of fluid flow
(laminar and non-laminar) on the precipitation pattern on pipe walls. Their models
predicted the formation of dendrites oriented towards the flow. The fact that these
structures showed striking resemblances to our fan-shaped aggregates lead us to
initiate a collaboration on a modelling study with the team in Oslo. Our goal was to
develop a more representative model based on ballistic aggregation in a unidirec-
tional flow, i.e., a fluid containing particles which move freely in one direction until
they collide with a surface or another particle. The model revealed that both in 2D
and 3D (Figure 9.1), aggregation will lead to intricate fan-shaped structures over
time. These fans are near-identical to our observations from the scaling plates from
location 1 (Figure 3.3 A and Figure 4.6).

The inclination of the precipitates formed during simulations depends on the
relative rates of attachment and detachment. When the attachment and detachment
rates were identical, the precipitates grew towards the flow at a low angle (Fig-

ure 9.1 B) while, if the attachment rate was higher than the detachment rate, the an-
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gle between the pipe surface and the simulated precipitates was close to 45° (Fig-
ure 9.1 C). As most fan-shaped aggregates on the real scaling plates grew at an angle
of 30 to 60° (Figure 4.6), we could conclude that the attachment rate of particles was
higher than the detachment rate during our scaling plate deployments. This was
likely due to the instantaneous precipitation of silica around the point of contact
between two particles where there was an infinitely small negative radius of curva-
ture and the solubility was zero (Iler, 1979). This cementation of particles has been

observed in all the 3D aggregates on the scaling plates.
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Figure 9.1: Results of simulations based on ballistic aggregation of particles from a flowing
fluid. (A) 3D representation of a single fan-shaped structure, (B) growth of fans under con-
ditions of equal attachment/detachment rates and (C) growth under condition of faster at-
tachment over detachment. In all figures the flow direction is indicated by an arrow (courte-

sy of Christopher Hawkins, University of Oslo)

In addition, Christopher’s simulation assessed the effect of polydispersity.
This was because we observed silica particles ranging in sizes from 0.01 up to 25 um
in the separated water at Hellisheidi (Table 4.3). Particles of all sizes were aggregat-
ed to form the observed fan-shaped structures, however, large particles were pref-
erentially incorporated into the fan-shaped aggregates. This was confirmed by the
simulations which predicted a size distribution skewed towards larger particles as
they are preferentially deposited due to the higher drag.

The model set up by Christopher already predicts the formation of the fan-
shaped precipitates well. It would be interesting to expand the model to also include
the more complex flow field around an orifice such as the openings in the tube sheet

and see, if the overlap between simulation and the observed silica rings (Chap-
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ter 9.2) is equally good. However, currently there are no concrete plans in place for

further collaboration as Christopher has finished his PhD.

9.2 Silica scaling in a heat exchanger

The second study in progress is the detailed characterisation of silica precipitates
that formed inside the heat exchangers at Hellisheidi (Figure 9.2 A). Like the sepa-
rated water throughout the Hellisheidi power plant, the fluid flowing through the
heat exchangers is supersaturated with respect to amorphous silica, resulting in the
formation of silica scales (Figure 9.2 B & C). Over time the amount of heat trans-
ferred decreases due to these deposits. In addition, the operational pressure needed
to maintain the flow rate has to be increased. Therefore, the heat exchangers need to
be cleaned at regular intervals (every 6 to 12 months) to maintain the efficient opera-
tion of the power plant. During one of these routine cleaning operations in late 2012,
samples of the silica scales removed from different locations within the heat ex-
changers were collected by the power plant operators. These samples represent a
unique dataset as they have precipitated from a fluid of constant composition (no
changes observed between in- and outflow composition, e.g., Table 4.2), during a
given amount of time. The only two variables are thus temperature and flow re-
gime. Due to the constant monitoring, the temperature profile along the flow path is
very well known and the fluid flow regime can be derived from the geometry of the
heat exchanger. Overall, the physico-chemical conditions under which these depos-
its precipitated are very well understood.

Using both light and scanning electron microscopy (SEM), two types of mi-
crostructures were identified: (1) silica rings on the openings of the tube sheets (Fig-
ure 9.2 B) and (2) silica fans on flat surfaces (Figure 9.2 C). They formed at different
locations within the heat exchanger due to hydrodynamic differences. Similarly to
the 3D structures formed within the pipelines at Hellisheidi (Chapter 3 and 4), both,
the rings and fans consisted of rounded aggregates made up of individual silica
spheres which were cemented together (Figure 9.2 D & E). Although they appeared
dark grey in colour, they were both composed of amorphous silica only, according
to XRD. In an attempt to characterize the 3D structures better, I analysed the porosi-
ty and pore size distribution on a single sample by NMR porosimetry (Appendix A)
and showed that this sample had a porosity of 8.4% and an average pore size of

3.4 nm. In the near future we plan to analyse more samples by NMR and also to
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dissolve the samples in NaOH and analyse the solutions by ICP-MS to quantify the
impurities which have been incorporated into the precipitates and result in their
dark colour.

In order to obtain additional information on the composition of the samples,
we also sent aliquots of these solids as well as fluid samples from location 1 (before
the heat exchanger) and location 2 (after the heat exchanger) to the University of
New Mexico for analysis of triple oxygen isotopes and to the GFZ Potsdam for
analysis of silicon isotopes. Whilst providing further information on the sample
formation, these well-characterised samples precipitated under well-documented
conditions will also help to study the fractionation of oxygen and silicon isotopes in
the silica-water system as a function of temperature. Most of the samples have been
analysed and data processing is currently underway but this is beyond the scope of

this thesis.
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Figure 9.2: Silica scales from the heat exchanger at the Hellisheidi power plant: (A) sche-
matic of an individual heat exchanger unit with (B) scales formed around individual open-
ings of the tube sheet and (C) on the flat walls of the inlet. Both types of precipitates consist
of (D) marble-like aggregates which are composed of (E) individual, (sub)micrometre-sized
silica particles cemented together by the deposition of dissolved silica.
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9.3 In-situ and real-time formation of silica-lysozyme composites

The detailed study of the silica-lysozyme composites allowed us to draw certain
conclusions regarding the interactions between the two entities. We also collected
additional, in-situ and real-time data during our SAXS beamtime in August 2015.
Scattering data was collected during the first few minutes of the adsorption
experiments (Chapter 7) at 50 ms/frame. This was necessary as the electrostatic in-
teractions between the negatively charged silica particles and positively charged
lysozyme molecules are very rapid. We could clearly observe the evolution of the
structure factor, S(q) characterising the interparticle interactions thus giving infor-
mation about aggregation process in the silica-lysozyme system. Currently we are
analysing the data set using the Fourier transform techniques to obtain the real-
space radial distribution g(r) functions from 5(q) (lead by Tomasz M. Stawski, GFZ
Potsdam). Our preliminary analysis suggests the aggregation process of silica in the
presence of lysozyme involves a rapid formation of a loose extended network (frac-
tal-like) in the first step, followed by the local densification within this network (in-
crease in local packing of particles) leading to the formation of correlated (i.e., semi-
ordered) aggregates of nanoparticles. This densification is likely due to the increas-
ing size of the aggregates (outside the SAXS range) which leads to a collapse of the

delicate fractal-like structures.
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Chapter 10

Outlook

There are still many open questions in the field of silica precipitation under geo-

thermal conditions that need addressing in order to further our understanding of

the mechanisms and rates of silica precipitation. Here we discuss several approach-

es and suggestions for further theoretical, laboratory and field studies that we assert

are still needed to help progress this field in the future:

- Theoretical:

Molecular simulations to understand the involvement of different pol-
ymeric species in the growth of homogeneous or heterogeneous nuclei.
Molecular simulations to assess the fundamental interactions between
silica and other molecules (e.g., additional biomolecules) or specific sur-
faces (microbial, corroded steel etc.).

Hydrodynamic simulations to address interactions between surfaces,
particles and fluid flow properties to model possible precipitation pat-

terns.

- Laboratory analogue studies:

In-situ and real-time experiments addressing the precipitation mecha-
nisms and rates using high resolution microscopy (e.g., liquid-cell TEM,
AFM) or scattering techniques (e.g., SAXS, DLS). These experiments
should quantify (a) homogeneous nucleation and growth of particles in
solution as a function of parameters not yet addressed (e.g., fluid flow
rates, presence of organic compounds and even microbial species), and

(b) heterogeneous surface nucleation and growth. Importantly in these
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experiments supersaturation should be induced through rapid cooling
of a fluid and not (as usually done as it is simpler) by neutralising of su-
persaturated high pH silica solution.

- Thermodynamic and kinetic data for impure silica as a function of both,

aluminium and iron content.

- Field studies:

- More highly controlled (both spatially and in a time resolved manner)
studies of silica scaling inside in-use geothermal pipelines (not using
bypasses) to see if the two pathways of silica precipitation are indeed
taking place over a wide range of physic-chemical conditions.

- Scaling plate and bypass studies to test novel materials and coatings as
well as additives to develop better mitigation strategies for scaling con-

trol and corrosion prevention.

All laboratory and field approaches require a highly complementary and de-
tailed monitoring of the physico-chemical conditions under which silica precipita-
tion takes place as well as detailed characterisation of the textures and composition
(abiotic and biotic) of the resulting solids. The significance of the proposed research
will invariably drastically increase when several of these approaches are combined,
and when especially simulations, laboratory and field-based observations can be

better compared and contrasted.









Appendix A

Non-standard methods used for the

study of silica scales from
Hellisheidi

Focused ion beam sections

Focused ion beam (FIB) sections were used to obtain cross sections of the scaling
plates deployed at location 1 for 1 day, 3 days and 1 week (Chapter 4).

A FIB instrument is a scanning electron microscope with an added capability
of a finely focused gallium ion beam (e.g., Giannuzzi and Stevie, 1999; Wirth, 2009)
that can be used to cut sections out of a solid sample. The beam is generated at 5 to
50 keV from a liquid metal ion source (LMIS) in which a gallium reservoir is in con-
tact with a tungsten tip. The Ga, liquid above 30 °C, flows to the tip and is extracted
by a high electric field. The thus generated beam is highly focusable and has a di-
ameter of between ~5 and 500 nm, which leads to a highly accurate and spatially
precisely controllable beam for the cutting of sections using the FIB technique.

FIB instruments are primarily used for the preparation of cross sections for
imaging using scanning or transmission electron microscopy. However, FIB can also
be used for direct imaging of a sample by detecting the electrons sputtered from the
sample upon penetration of the Ga beam. These techniques are described in detail in
Stevie et al. (1995) and Phaneuf (1999) and will not be elaborated on further. Here I
only describe the FIB “lift-out” (LO) technique that I used in my work. Using this

approach trenches are sputtered away on either side of the desired cross-section,

A-1
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which is then milled until it is electron transparent (Overwijk et al., 1993; Wirth,
2009). Using a tungsten needle (Giannuzzi et al., 1997), the thin foil is removed and
placed onto a TEM support grid. Ticker foils (> 1 um) can be produced for other
techniques such as SEM. The whole process of spot identification, sample prepara-
tion and removal is monitored using an SEM. The major advantages of this tech-
nique compared to the standard TEM foil preparation is the very limited amount of
sample preparation required, the speed of the method and the small amount of ma-
terial wasted.

The FIB sections studied in Chapter 4 were prepared using a FEI FIB200 in-
strument at the GFZ Potsdam. Foils with a size of 15 x 10 x 0.15 um were sputtered
with a Ga ion beam accelerated to 30 keV. No preparation was required as the sam-
ples were already coated with 40 nm of gold from SEM imaging. The FIB foils were
then placed onto holey carbon copper grids and analysed using a high-resolution
transmission electron microscope at the GeoForschungsZentrum in Potsdam
(HR-TEM, TECNAI F20 X-Twin, 200 kV) equipped with a Gatan Tridiem Imaging
Filter and an EDAX X-ray analyser.

Nuclear magnetic resonance porosimetry

Nuclear magnetic resonance (NMR) was used and will be used in the near future to
obtain porosity values and pore size distributions of the samples collected from the
heat exchanger at Hellisheidi during routing cleaning (Chapter 9.2).

NMR porosimetry is used to determine the porosity and pore size distribu-
tion of a sample immersed in water by measuring the spin states of hydrogen atoms
in water (Gallegos et al., 1987; Drago et al., 1995; Stallmach and Karger, 1999). Hy-
drogen can show two possible spin states m = %2 and m = - %2. If a magnetic field is
applied, the spin of the hydrogen atom is aligned in parallel to the magnetic field
(= I*t magnetisation). Then a radio frequency pulse is used to perturb the alignment
of the hydrogen atoms (2"¢ magnetisation). After this pulse, the hydrogen atoms
return to equilibrium orientation, i.e., orientation along the primary magnetic field.
This process is called relaxation and the time required to reach equilibrium again is
denoted as T2 and measured by NMR. T2 depends on the surroundings of a hydro-

gen atom and can be expressed as

1 S

T, Py (A.1)
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where p is the surface relaxation strength (i.e., how easy magnetisation is attenuated
by the surface) and % is the surface-to-volume ratio of the pore. Microscopically the

volume of a single pore filled by water can be divided into two regions: surface area
S and bulk volume V. The surface area S is a thin layer with a thickness of a few
molecules close to the pore wall surface. The bulk volume is the remaining part of
the pore volume and usually dominates the overall pore volume. The relaxation
time T2 is significantly shorter for a hydrogen atom in the surface area, compared to
an atom in the bulk volume as each contact with a surface increases the loss of the
non-equilibrium spin and helps the atom to return to the equilibrium orientation
(Gallegos et al., 1987; Davies and Packer, 1990; Kleinberg et al., 1994). Hence, T de-
pends on the pore size the hydrogen atom is in. For small pores the non-equilibrium
orientation is lost faster than for large pores or the water surrounding the sample.
The average T2 corresponds to the average pore size while studying the T distribu-
tion gives information on the pore size distribution. If plotted versus the normalised
signal, the plot shows peaks for each group of pores (e.g., small, intermediate and
large). The peak height (= intensity of the signal) is proportional to the frequency of
the corresponding pore size, i.e., higher peaks for more common pores (Figure A.1).
NMR T2 relaxation time measurements were performed on a water saturated
samples using a MARAN ULTRA (Oxford Instruments), with a 2 MHz operating
frequency. The Carr-Purcel-Meiboom-Gill (CPMG) pulse sequence was used to gen-
erate the magnetisation decay with an echo spacing of 0.1 ms, and repeat delay of
10 s between successive scans. The decaying magnetisation was mapped to a T2 dis-
tribution using the WinDXP programme software provided by Oxford Instruments.
The signal amplitude was calibrated using standards with a known volume of
doped water. Based on the average T: and a surface relaxivity of 3 pm s for silica,
the average pore size was calculated. Using the same surface relaxivity and the cu-
mulative normalised signal (not shown), we could calculate the proportions of the

individual groups of pores, e.g., small, intermediate and large (Figure A.1).
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Figure A.1: Distribution of T2 (top) as measured during NMR porosimetry and the signal

converted to pore sizes (bottom) using a surface relaxivity of p=3 um s?. Each peak corre-

sponds to one group of pores (small, intermediate, large) and the peak height to the abun-

dance of the group of pores.
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Appendix B

Non-standard methods used for the
study of silica-lysozyme composites

Focused ion beam sections

Silicomolybdate method for analysis of monomeric silica

We tried to use the silicomolybdate method during the co-precipitation synthesis of
the silica-lysozyme composites (Chapter 7) to monitor the polymerisation process of
silica in the presence of lysozyme by following the change in monomeric silica con-
centration in the reacting solutions.

To determine monomeric silica concentration in solution, spectrophotometric
methods can be used. The most common methods are the molybdate yellow and
molybdate blue method, used for different concentrations of dissolved silica (Eaton
et al., 2005). The molybdate yellow method is used in the concentration range from
1 to about 25 ppm. Both methods involve the reaction of molybdic acids with mono-
silicic acid to form silico-12-molybdic acids (a type of heteropoly acid; Coradin et al.,
2004) which accommodate one silicon atom in a cage-like structure ofF
MoOe-octahedra (Figure B.1). Thus, in theory, only silica monomers can form the
silicomolybdic complexes. However, several studies have shown that small oligo-
mers can dissolve during the analyses and are thus also analysed by the molybdosil-
icate methods (Iler, 1979; Coradin et al., 2004; Tanakaa and Takahashib, 2001). Many
studies thus use the term “molybdate-reactive silica” to describe the results ob-

tained by the molybdate methods.
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The silicomolybdic acids absorb light at specific wavelengths and therefore
the solutions are distinctly coloured. They are analysed quantitatively for their opti-
cal density using a UV-Vis spectrophotometer. According to the Beer-Lambert law,
the absorbance of a solution is directly proportional to the concentration of the ab-
sorbing species in solution and the path length of the light. Thus, for a fixed path
length, UV-Vis spectrophotometry can be used to determine the concentration of the

absorber (silicomolybdic acids) in the solution.

Figure B.1: Structure of the silicomolybdic acid cluster. The silicon atom (in red) is sur-
rounded by twelve MoOe octahedra (oxygen atoms in white). Hydrogen atoms are not shown
(from Coradin et al., 2004).

The molybdate methods are commonly used to follow the decrease in “mo-
lybdate-reactive silica” and infer the polymerisation process of silica (Icopini et al.,
2005; Iler, 1979; Tobler et al., 2009; Weres et al., 1981) which we had planned to do as
well. We collected sample aliquots (2 mL) from the polymerising solution (co-
precipitation experiments, Chapter 7) at specific time intervals (0 to 180 min) and
after filtration through 0.2 pm syringe filters these were added to 0.1 mL 1M HCL
The HCI allowed us to ‘stabilize’ the monomeric silica content for later analysis.
This is because the formation and breaking of siloxane bonds are known to be very
slow at low pH and therefore further polymerisation or depolymerisation is as-
sumed to be prevented (Alexander, 1954; Alexander et al., 1954; Coradin et al., 2004;
Tarutani, 1970). Nevertheless, sample analysis was performed within 60 minutes of
their removal from the reacting solution. For the molybdic acid reagent 1.5N
(0.75M)  sulphuric acid (H250s) and a molybdate stock solution
(100 g/L H2sMo7Ne6O2s - 4H20 and 47 g/L HiNOH) were prepared and mixed 2:1:5
with deionised water. The molybdic acid reagent was always prepared on the day

of the analyses as it is not stable over longer time periods. For analysis, 20 mL of
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molybdic acid reagent were mixed with 5 mL of sample diluted with MilliQ to
measurable range (< 24 ppm), shaken vigorously and left to equilibrate for
10 minutes. The coloured solutions were analysed on an Uvikon XL UV-Vis spec-
trophotometer at a wavelength of 410 nm and compared against silica standards.
Unfortunately, in stark contrast to solutions at the same silica concentrations
but with no lysozyme added, all solutions containing lysozyme turned strongly tur-
bid within 10 to 60 minutes of starting the co-precipitation reactions. This was due
to the formation of silica nanoparticles. These nanoparticles show a negative surface
charge and thus interacted with the positively charged lysozyme molecules (Chap-
ter 7) to form aggregates. Initially it was assumed that these aggregates could be
removed by filtration as many were big enough to appear as millimetre-sized floc-
cules. However, filtration either did not remove enough of the silica nanoparticles
and/or lysozyme or forced the aggregates apart so they passed through the filter
nevertheless. In any case, the filtered and acidified samples turned turbid again
within minutes. The turbidity was much weaker than in the non-filtered solutions.
However, even slightly turbid solutions will strongly distort the results obtained by
the spectrophotometric silicomolybdate method. Thus, despite lengthy testing of
different filters and the timing of the filtration, we did not manage to adjust the

method in a way suitable for our purposes.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) was used to determine the particle size of silica
in the co-precipitation and adsorption silica-lysozyme composites as well as the par-
ticle-particle interactions (Chapter 7).

SAXS is a characterisation technique based on the elastic scattering of X-rays
by nano-sized objects recorded at very low angles, typically 0.1 to 10°. Using SAXS
we can obtain a series of structural parameters about the solid entities in a sample
such as size, size distribution (polydispersity), geometric shape, and agglomeration
in the size range of 0.1 to < 500 nm but typically < 100 nm (Bras, 1998; Riekel et al.,
2000; Craievich, 2002; Stawski and Benning, 2013; ten Elshof et al., 2015). A typical
set up in shown in Figure B.2: The incident beam is collimated and falls onto the
sample in a holder (usually a quartz capillary). The X-ray sources for SAXS can be
conventional laboratory X-ray lamps or synchrotron X-ray radiation. The major ad-

vantage of synchrotron radiation is the high intensity of the beam, and hence the
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reduced measurement time. This allows the realisation of in-situ experiments in
which processes happening in solution (i.e., particle growth and aggregation) can be
followed in real-time (<100 ms to hours). Independent of the source, most of the
incident X-rays are passing right through the sample and are absorbed by the beam
stop. Only a small proportion of photons is scattered at small angles when passing
through the sample and is detected by a 2D detector as a function of the so-called
scattering angle 20. The scattered intensity depends on the volume fraction of the
scatterers in solution as well as the scattering contrast (= difference in average elec-

tron density) between the solid entity and the surrounding solvent.

2D X-ray

defector Small-angle scattered

photons Exiting beam ‘| Incident beam
ion counter ion counter
‘;’ﬁl '\\ Incident X-ray
it beam
o
188
I8t <
:’= \

. i o ]
t= v, i Exiting Collimator
e 0. unscattered Sample
Bean-stop X-ray beam in a holder

Spot from a beam-stop
Integration arcs

grange

Figure B.2: (A) Set up of a typical SAXS experiment and (B) example of a scattering pat-
tern from a sample containing agglomerated particles in solution recorded with a 2D SAXS

detector (from Stawski and Benning, 2013).

Typically the scattering intensity is measured as a function of the scattering
vector g (nm), which is dependent on the scattering angle 26 and the wavelength A

(nm) of the incident beam via

a=(3)sin0 (B.1)
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In order to obtain the maximum information from a SAXS measurement, the
g-range must be adjusted before each SAXS experiment to the range expected based
on the expected maximum and minimum particle size: gmin= 1/Dmax< § < gmax= 7t/ Dmin
(Glatter and Kratky, 1982). The g-range can be adjusted by changing the wavelength
of the incident X-ray beam, the sample-to-detector distance, the area of the detector
as well as the position of beam on a detector (Stawski and Benning, 2013). To cali-
brate the g-range, i.e., obtain absolute units, a standard with a well-known scattering
pattern is measured. Common standards are silver behenate or wet rat tail collagen.

The first step in the processing of SAXS data is reduction of the 2D scattering
pattern to a 1D scattering curve by integrating over all angles starting at g=0
(Guinier and Fournet, 1955; Glatter and Kratky, 1982; Craievich, 2002). Then, the
measured intensities need to be corrected for fluctuations in the incident X-ray
beam, scattering from the beam stop and other artefacts shown on the detector by
masking these areas on the detector image. Finally the data are normalized against
transmission and time as well as the scattering from the capillary and the solvent is
subtracted as background.

Data interpretation, e.g., deriving information about particle size and shape,
interactions, or polydispersity is based on the study of different regions or features
of a scattering pattern. The scattering vector q is inversely proportional to size, thus
information on the smallest features (e.g., surface of a particle, Porod’s law) is found
in the high g-range while information on the interactions between particles (so-
called structure factor S(g)) can be found in the low g4 domain. At intermediate g,
information on the particles themselves (size, shape and internal structure) is found
(so-called form factor P(q)). Thus, even before detailed data analysis we can already
obtain a certain amount of information by studying the shape of a scattering curve
(Figure B.3):

- The plateau reached at low g values (g < 0.1 nm) indicates that no aggrega-
tion occurred in the black system (in the g-range studied). The increasing in-
tensity in the same g-range for the orange system indicates that the particles
are aggregated.

- The correlation peak in the orange system (arrow) is due to particle-particle
interactions in a non-dilute (i.e., aggregated system). Its position at g ~1.2 nm-
! corresponds to typical distances between individual particles of 4 ~5.2 nm

(according to Equation B.1).
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ed while the orange one represents a solution containing particle aggregates. The arrow
marks the correlation peak formed due to the increasing number of particle-particle interac-

tions with typical distances.

Detailed data interpretation requires fitting of the data by physical models as
a part of the structural information is lost during the measurement due to the so
called “phase problem”. This problem arises as detectors can only detect the ampli-
tude (related to the intensity) of the scattered photons but not their phase, which
carries a lot of information on the structure. Thus, in order to solve the phase prob-
lem, we need to fit the measured data by physical models which were developed for
certain systems (e.g., monodisperse spheres). In order to pick the correct model,
some parameters of the system (e.g., particle size or shape) need to be derived from
other characterisation techniques such as microscopy or have to be assumed. For
detailed discussion of SAXS data fitting see Pauw (2013) and ten Elshof et al. (2015).

Our pure silica particles and biomimetic silica-lysozyme composites (Chap-
ter 7) were analysed by synchrotron-based SAXS at the BioSAXS beamline P12 of
the EMBL at PETRA III (DESY, Germany) (Blanchet et al., 2015). Measurements
were performed by using a monochromatic X-ray beam at 10 keV and two-
dimensional scattered intensities were collected at small-angles with a Dectris Pila-
tus 2M (2D large area pixel-array detector). Transmission was measured by means

of a photodiode installed in the beam-stop of the SAXS detector. A sample-to-
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detector distance of ~3 m allowed for a usable g-range of ~0.04 < q < 4.5 nm'. The
scattering-range at small-angles was calibrated against silver behenate and dry col-
lagen standards. The silica and composite colloidal solutions, were loaded into an
automated sample changer (Round et al., 2015) and transferred to an in-vacuum
quartz capillary (ID 1.7 mm, wall thickness 50 um) for analyses. The acquisition
time per frame was 1 s for the co-precipitation, and 50 ms for the adsorption exper-
iments. Furthermore, we also measured a series of backgrounds and reference sam-
ples including an empty capillary and a capillary filled with water, silica stock solu-
tion and lysozyme stock solution. SAXS data processing and reduction included
primarily masking of undesired pixels, normalizations and correction for transmis-
sion, background subtraction and data integration to 1D. These steps were per-
formed automatically post-data collection at P12. Information on particle size distri-
bution of the pure silica precipitates was derived from the software package
MCSAS v.1.0.1 (Pauw, 2013; Brefler et al., 2014) while the position of the correlation
peak in the composite patterns was evaluated based on a hard-sphere model in Per-

cus-Yevick approximation (Kinning and Thomas, 1984).

C-potential measurements

The C-potential was determined for the pure colloidal silica solution and the lyso-
zyme stock solution to understand the electrostatic interactions between these two
components. In addition, the C-potentials of the composites were investigated in
order to obtain information about the structure of the composites (Chapter 7).

The C-potential is defined as the electric potential at the slipping plane of a
particle in solution (Figure B.4). The slipping plane (also called shear plane) is locat-
ed within the electrical double layer (EDL) and indicates the layer below which
molecules attached to the surface remain attached during movement. In other
words, zeta potential is the potential difference between the freely moving solute
and the stationary layer of solute attached to the dispersed particle. The C-potential
is caused by the net surface charge contained below the slipping plane and the loca-
tion of that plane. Thus, while not identical to the surface charge, it is widely used
for quantification of the magnitude of the charge. The location of slipping plane and
thus the C-potential strongly depend on the ionic strength of the solution (closer at

higher ionic strength).
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The C-potential is measured by applying an electric field across a colloidal
solution. Particles within the dispersion will, depending on their C-potential, mi-
grate toward the oppositely charged electrode with a velocity proportional to the
magnitude of the zeta potential. This electrophoretic mobility is measured and sub-
sequently converted to the C-potential of the colloidal solution using the Smolu-
chowski theory (Smoluchowski, 1903). No mobility suggests that there is no net
charge at the slipping plane of a particle in solution. This point is described as the

isoelectric point (e.g., Bray et al., 2014).

Surface charge (negative)
Stern Layer
Slipping plane
pa e - Surface potential
@ @ Stern potential
mV
b T potential
B - @ ........................................
Distance from particle surface

Figure B.4: Schematic of the density of ions and the electrical potential as a function of dis-
tance away from a negatively charged particle in solution (source: Wikipedia, May 2016)

In our experiments we investigated the C-potential of a colloidal silica, lyso-
zyme and several composite solutions in 0.01 M NaCl solutions. For the silica col-
loids and the composites, we re-dispersed dried precipitates in 0.01 M NaCl solu-
tions. This was done to avoid the effect of salts derived from the precipitation pro-
cess (Na from the sodium metasilicate and CI from the HCI used to neutralise the
high pH silica stock solution). For the composites drying and re-suspension also
removed any surplus lysozyme in solution and not associated with the composites
which could affect the measured C-potential. We measured the C-potential in the
range between pH 2 and 10 at 0.5 pH unit intervals. For each measurement point,
we took 10 mL of solution, adjusted the pH by adding the required amount of 0.1 to
2M HCI or NaOH and measured the C-potential three times using a Malvern

Zetasizer Nano ZS and DTS1070 cells. Fresh solution was taken for each data point
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to prevent dilution and/or changes in ionic strength due to the continued addition

of acid or base.

High-energy X-ray diffraction and conversion to pair distribution
function

High-energy X-ray diffraction (HEXD) was performed in order to obtain total scat-
tering data of the pure silica precipitates and the silica-lysozyme composites. The
collected data was then transformed to a pair distribution function (PDF) by Fourier
transformation yielding information on the molecular structure of amorphous silica
and the silica-lysozyme composites (Chapter 7).

When doing X-ray diffraction (XRD) on amorphous or microcrystalline ma-
terials, the resulting diffraction patterns will be diffuse, i.e., without any sharp
Bragg peaks. However, using the atomic PDF approach (Billinge, 2004; Billinge and
Kanatzidis, 2004; Billinge and Levin, 2007; Billinge, 2008), these non-Bragg type pat-
terns can be Fourier transformed to obtain structural information on the sample. To
do this reliably and without artefacts the diffraction pattern has to cover a broad
g-range (scattering vector, Equation B.1). To achieve this (45 - 100 keV), high-energy
X-rays with small wavelengths (A = 0.12 — 0.27 A) are needed. The data is corrected
for sample adsorption, background scattering and then converted from total scatter-
ing data to PDFs. The atomic PDF, G(7), is defined as

G(r) = 4mr[p(r) — pol (B.2)
with r being a radial distance, p(r) the atomic pair-density and po the average atomic
number (Billinge, 2004). This function “gives information about the number of at-
oms in a spherical shell of unit thickness at a distance r from a reference atom”
(Billinge and Kanatzidis, 2004). Atom-to-atom distances which appear repeatedly
are represented by peaks in a PDF. For crystalline materials, these peaks are repeat-
ed due to the periodicity which results in the same atomic distances being repre-
sented over and over again (Figure B.5). PDFs where the peaks attenuate after sev-
eral Angstroms (Figure B.5) can be interpreted twofold: (1) no long-range (e.g., 10 A)
structure is present in the sample due to its amorphous or highly disordered nature
or (2) it could be crystalline but the size of the individual crystals is very small. For
the second case, the attenuation length can be used to determine the size of crystal-

line regions (Kodama et al., 2006).
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Figure B.5: Pair distribution functions derived from total scattering of amorphous silica
(black) and quartz (blue). The attenuation of the signal > 10A for the amorphous silica pat-

tern is due to the short-range structure of the material.

The silica precipitates and the silica-lysozyme composites in Chapter 7 were
analysed at beamline 11-ID-B at the Advanced Photon Source at Argonne National
Laboratory (USA) by synchrotron-based total scattering (HEXD, ~60 keV,
A=0.21280 A). A CeO: standard was used to calibrate the sample-to-detector dis-
tance and to align the detector with the incident beam path. Before analyses, a wa-
ter-filled capillary was measured and used for background corrections. The data
reduction was done using the software Fit-2D (Hammersley, 1998)while the total
scattering measurements were background corrected and converted to pair distribu-
tion function (PDF) plots using PDFgetX2 (Qiu et al., 2004). The molecular formulae
used to obtain the reduced structure factor functions were SiO: - 0.5 H20 for silica
and Ce3Ho59N1930185510 for lysozyme. The PDFs for all silica-lysozyme composites
and the pure silica and lysozyme samples were calculated from the Fourier trans-
form of the reduced structure function truncated at ~17.7 A, Total scattering was
only performed for pure silica and the composited formed by co-precipitation. The
composites formed by the adsorption pathway involved the interaction of lysozyme
with silica colloids. The lysozyme could thus not affect the silica structure at the

molecular scale and analysing them by HEXD was deemed fruitless.
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Structure of a lysozyme molecule
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Figure C.1: Structure of the lysozyme molecule with the protein secondary structure shown
by the ribbon and the molecular surface as a ghost surface (left) and the Coulomb surface
indicating the distribution of surface charge across the molecule surface (blue — positive,
red — negative, white — neutral) (right). The N,C-terminal face and active site location (ar-
row) are indicated. Both structures were drawn in Chimera 1.10 (Pettersen et al., 2004) us-
ing entry 2VB1 (Wang et al., 2007) in the Protein Database PDB.



C-2 Appendix C

XRD of composites

1200 - ,
1A pure silica & composites

1000 -
800

600 -

Intensity (a.u.)

400 -

200

A S ‘
0 20 40 60
20 (°)

Figure C.2: XRD of dried pure silica and dried composites (they are perfectly overlapping).
All patterns only show the broad peak at ~24 °2 6 characteristic of amorphous silica and no
peaks indicating crystalline SiO: phases are present.

Frequencies and band assignments in FTIR spectra

Table C-1 Frequencies and band assignments in FTIR spectra of silica, lysozyme and
silica-lysozyme composites in Figure 7.2 (Benning et al., 2004).

Band Approx. waveno.

Assignments Main group
no. [cmT]
1 3300-3400 O-H stretching ~ Water
2 2930-2960 C-Hs stretching ~ Methyl and methylene groups in lipids
C-H: stretching (impurities in crystallized lysozyme)

3 1630 O-H stretching ~ Water in hydrogen bonded silanols

4 1650 C=O stretching ~ Amide I, mostly from B-sheets in protein

5 1540 N-H bending, Amide II, protein

C-N stretching
6 950-1200 C-O stretching,  Polysaccharides (impurities in crystal-
P=O stretching ~ lized lysozyme)

7 1060 Si-O stretching Siloxane, often exhibits a shoulder at
1200 cm! corresponding to the Si-O
stretching of SiOs tetrahedra

8 950 Si—OH stretching  Silanol in hydrated silica

9 800 Si-O stretching ~ Multiple siloxane (Si—-O-5i) in solid

amorphous silica
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Carbon and lysozyme content of composites

Table C-2  Results from total carbon analyses of silica, lysozyme and silica-lysozyme com-

posites

Lysozyme added  Carbon content  Lysoz. in composite?

[ppm] [wt.%] [wt.%]
Silica 0 0 0.0
Lysozyme - 51.4D _

Silica-lysozyme composites formed by co-precipitation

CoP_25 25 0.4 0.7
CoP_63 63 1.2 2.3
CoP_100 100 3.7 7.3
CoP_250 250 4.8 9.4
CoP_500 500 8.9 17.3
CoP_750 750 12.2 23.7
CoP_1000 1000 13.9 27.1

Silica-lysozyme composites formed by adsorption

Ads_100 100 0.5 1.0

Ads_250 250 9.0 17.5
Ads_500 500 16.3 31.8
Ads_1000 1000 16.8 32.7

D Calculated based on a lysozyme molecule with the formula Cei3sH959N1930185510 and a molecular
weight of 14’313 g/mol (Gasteiger et al., 2005)
2 Calculated based on carbon content in lysozyme (51.4 wt.%)
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Calculation of monolayer coverage

Table C-3 Calculation of jamming limits @., for RSA monolayers and surface coverages ©
for pure end-on and side-on orientation of lysozyme associated with the silica in the compo-

sites.
Lysin  Lysozy- Silica Mol'ec./ /0. /0.
compo- me . particle  @endon  Oside-on .
site molec particles? ratio (end-on) (side-on)

sampleID  [wt.%] [#] [#] [-] [-] [-] [%] [%]
@, (CoP) - - - - 22639 3.304 - -
CoP_25 0.7 2.95E+17  1.10E+19 0.03 0.014 0.031 1% 1%
CoP_63 23 9.68E+17  1.08E+19 0.09 0.046 0.103 2% 3%
CoP_100 7.3 3.07E+18  1.02E+19 0.30 0.153 0.344 7% 10%
CoP_250 9.4 3.96E+18  1.00E+19 0.40 0.201 0.453 9% 14%
CoP_500 17.3 7.28E+18  9.14E+18 0.80 0.406 0.914 18% 28%
CoP_750 23.7 9.98E+18  8.43E+18 1.18 0.603 1.357 27% 41%
CoP_1000 271 1.14E+19  8.06E+18 1.42 0.722 1.624 32% 49%
@, (Ads) - - - - 19159  2.6799 - -
Ads_100 1.0 421E+17  5.82E+18 0.07 0.024 0.054 1% 2%
Ads_250 17.5 7.37E+18  4.85E+18 1.52 0.505 1.136 26% 42%
Ads_500 31.8 1.34E+19  4.01E+18 3.34 1.110 2.498 58% 93%
Ads_1000 327 1.38E+19  3.96E+18 3.48 1.157 2.603 60% 97%

D Calculated based on 1 g of composite and a molecular weight of 14’313 g/mol for lysozyme (Gastei-
ger et al., 2005).

2 Calculated based on 1 g of composite and a molecular weight of 142’373 g/mol for the silica particles
in the adsorption experiments (& = 5.2 nm) and 54’476 g/mol for the silica particles in the precipita-
tion experiments (& = 4.2 nm). The molecular weights for silica were calculated according to Iler
(1979).

9 Calculated according to Equation 7.2

9 Calculated according to Equation 7.3
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EELS spectra at C edge for support foil and lysozyme
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Figure C.3: EELS spectra of the carbon support foil and the carbon in lysozyme (measured
above a hole in the support foil). The K-edge position is different enough that, for collection of
the EELS maps, the energy window could be chosen as to not include contributions from the
support film. Thus the carbon maps used to construct Figure 7.5 in the main text only show

carbon signals related to lysozyme

Particle size distribution of pure silica

The particle size distribution of silica nanoparticles in the absence of lysozyme was
determined by fitting of the scattering curve (Figure C.4). At low-g part of the data
(9 <0.1 nm) the curve starts to reach a plateau where I(g) scales as ¢°. This indicates
that the particles have a finite size and are not aggregated in solution. The fitting
was done under the assumption that silica nanoparticles are spherical in shape (To-
bler et al., 2009).
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Scattering intensity, I(q) from the collection of monodisperse spherical parti-
cles is given by Equation C.1 and C.2 and is a function of a number density of parti-
cles, N, the scattering contrast, (Ap)?, particle volume, V, and a sphere form factor

P(g) (Guinier and Fournet, 1955):
1(@) = N(8p)*V?P(q) (C1)

sin(qR) ;3;1?1: sm(qR)> (C.2)

P(q,R) = <2

Equation C.2 is normalized so that P(4—0)=1, therefore intensity at a zero
angle I(q=0) is equal to N(4p)V>.

For polydisperse spherical particles Equation C.1 and C.2 are no longer valid
and the size distribution function D(r) has to be included in the expression for the
form factor. The averaged form factor of spheres is then given by Equation C.3:
fooo D(r,R,0)P(q,r)r3%dr

fooo D(r,R,o)r3ddr

P(q,R,0) = (C.3)

where R denotes the averaged radius, and ¢ is a variance of the distribution.
Parameter d takes values of 0, 1, and 2 and depending on d the averaging yields ac-
cordingly intensity, volume (mass) or number weighted value of R (Svergun et al.,
2000). In such a case I(qg = 0) = N(Ap)? < V? >, where < V? > denotes the distribu-
tion-averaged squared volume of a spherical particle, because <P(q=0)> = 1. The
choice of a D(r) function is usually not trivial for real-life particulate systems (Kril
and Birringer, 1998), and in highly polydisperse systems one has to consider asym-
metric and/or multimodal distributions. From the shape of the scattering curve in
Figure C.4 one can expect that this indeed the case e.g., from two bending points at
g=~02nm* and ¢=~0.9 nm’, in between which pseudo-mass-fractal scaling could
be observed. We emphasize that it does not originate from a genuine mass-fractal
aggregate (Texeira, 1988). Therefore, instead of guessing the size distribution func-
tion, we can find a histogram of contributions from different sizes of spherical parti-
cles using structure interference methods and their Monte Carlo derivatives (Mar-
telli and Di Nunzio, 2002). Pauw et al. (2013) and Bressler et al. (2014) released the
software package MCSAS v.1.0.1, which we used the find such form-free size distri-
bution histogram for the curve in Figure C.4. The fit to the data is plotted with the
original curve is Figure C.4 (left), whereas the corresponding histogram is presented

in Figure C.4 (right).
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Correlation peak position: particle size vs. volume fraction

The scattering curve corresponding to pure silica in Figure 7.6 B (grey curve) origi-
nated from the relatively weakly polydisperse silica nanoparticles (Figure C.4). In
this pattern for g < 0.06 nm™, I(g) o g°, which indicates a Guinier region and sug-
gests that particles do not interact with each other and have not aggregated. We
express the scattering intensity from such pattern simply as:

I(q) x< P(q) > (C4)

where, <P(q)> is the generalized function for a form factor of particles, which
takes into account their shape, size, polydispersity, volume fraction, and scattering
length density difference between the particles and the solvent/buffer.

In the presence of lysozyme, the scattering patterns changed, although the
actual contribution of lysozyme to the scattering pattern was negligible (see Fig-
ure 6 A and discussion in the main text). Importantly, for 4 > ~1.5 nm-! there was no
difference between the two scattering patterns (Figure 7.6 B, grey and dashed-
orange curves). Therefore, under the assumption that the scattering length density
(proportional to electron density) of particles remained constant and they were no
longer changing in solution, we can state that the volume fraction of particles was
constant as well. However, for 4 <~1.5 nm™ a broad correlation peak developed and
the intensity gradually increased by two orders of magnitude in comparison with

the sample without lysozyme. This change in intensity can be rationalized by the
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formation of aggregates of silica in the presence of lysozyme (thus, the overall in-
crease in intensity due to the formation of larger structures), as well as the devel-
opment of inter-particle interferences caused by the fact that particles are located
closely together within the aggregates (thus, the correlation peak; ten Elshof et al.,
2015). This overall effect of particle aggregation on scattering intensity is expressed
as:

I(q) < P(q) > Serr(q) (C.5)

Here, Set(q) is an effective structure factor function, which describes the particle-
particles interferences in solution. Overall such a function should contain contribu-
tions representing both the observed increase in intensity at low-g as well as the
correlation peak (Beaucage and Schaefer, 1994; Sztucki et al., 2006; Stawski et al.,
2011). Let us discuss only the correlation peak contributions. The peak’s maximum

position at gmax corresponds to the interparticle distance d:

21
d =

(C.6)

Qmax

This is a very useful relationship in SAXS analysis, due to its simplicity. However,
Equation C.6 is an approximation, because although the position of the peak de-
pends primarily on d, the exact position is also dependent on the physical model
applied to express the correlation, as we show below.

In the most common case, the contribution of the correlation peak to Sett(q) is
modeled in terms of the non-sticky hard sphere potential U. For spherical species,
the interparticle distance can be associated with the particles” effective hard-sphere

radii d = 2Rens. U for the radial distance between particles r follows:

U=0 forr>2R.ys (C.7b)
and
U=o forr <2R.ys (C.7b)

The straight forward form of the structure factor S(g) describing the interparticle
correlation in Born-Green approximation is expressed as following (Guinier and
Fournet, 1955; Beaucage and Schaefer, 1994; Stawski et al., 2011):

1

sin(2qR.ps) — 2qRops cos(2qR HS)) (C.8)
1+ 8 (3 £ £ £
/ 2qRons)’

Here, ¢ denotes a volume fraction of particles building the correlated system (ag-

S(q) =

gregate). In Figure C.5, we plot Equation C.8 for several values of ¢ and Rens = const.

Characteristically, the intensity of the first peak in the oscillation also increases as a
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function of increasing ¢. The curves were simulated for Rens = 2.5 nm. Therefore
according to Equation C.6 the gmax should be at ~1.26 nm!, whereas in fact it is at

~1.16 nm", which would suggest the radius of ~2.7 nm (+8%).

gnm’]

Figure C.5: Structure factor S(q) as a function of q at different volume fractions calculated
according to the Born-Green approximation (Equation C.8; Guinier and Fournet, 1955;
Beaucage and Schaefer, 1994; Stawski et al., 2011).

Equation C.8 does not take into account the multi-body interactions in be-
tween the particles. Equation C.9 represents the solution of the structure factor in
Percus-Yevick approximation, which takes into account such higher-order interfer-

ences (Kinning and Thomas, 1984).
1

G(q, 4R C.9a
1+24¢ (ngeH:HS) ( )

S(q) =

where 5(q) depends on volume fraction of interacting neighboring scatterers, ¢. The

function G(g,v,Rens) has the following form:

SG(q, 4, Rens)
-4 sin(2qRens) — (2qRens) cos(2qReys) +B 2(2qReps)sin(2qRens) + [2 = (2qReps)?] cos(2qReys) — 2
(24Rens)’ 2aRens)’ (C.9b)
c —(2qRens)* cos(2qReys) + 4[3(2qRens)? — 6] cos(2qRens) + 4[(2qReps)® — 6(2qReps)] sin(2qReys) + 24
(2qRens)®

+

In Equation C.6b the parameters A, B and C are dependent on ¢, through the fol-

lowing expressions:

1+ ¢\*
A_(1+2@213_‘6¢07TJ ot (C.9¢)
Y L C ) L
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In Figure C.6 we plot Equation C.9 for several values of ¢ and Rets = const. Not only
does the Equation C.9 yield sharper peaks than Equation C.8, for the same ¢ values,
but the apparent position of the first peak shifts towards higher g-values with in-
creasing ¢. Like in the previous case the curves were simulated for Rens= 2.5 nm. For
@ = 10%, gma= ~1.21 nm”, which corresponds to the apparent radius of
~2.6 nm (+4%). For ¢ = 50%, gma= ~1.39 nm', and the apparent radius is
~2.3 nm (-10%).

R,=2.5nm —¢=10%
30} ‘ —— =20%
—— $=30%
25} —— 4 =50%
20
E L
@15}
ol / - \
05 |- : /1 i/
:::;’ 7
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0 1 2 3 4 5
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Figure C.6: Structure factor S(q) as a function of q at different volume fractions calculated
according to the Percus-Yevick approximation (Equation C.9; Kinning and Thomas, 1984).
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