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Abstract

Silica precipitation experiments have been ongoing at the Reykjanes geothermal power
plant, Iceland, since 2011. Silica samples were obtained from the field and thoroughly
investigated to estimate the silica’s potential as a marketable product. Targeted applications
were studied in detail and the main characteristics and properties of silica used for these
applications identified. The analysis of the Reykjanes silica indicates some possibilities of
producing a marketable silica from the geothermal field. SEM images of all samples revealed
spherical particles of various sizes. Both SEM and EDX analysis give some indications that
modifying the precipitation process can affect the chemical composition and the particle
size and surface. Recirculation in the precipitation process might produce silica particles
with a rougher surface and smaller particle sizes. The main impurities are salts, likely from
the saltwater solution (the Reykjanes brine) that the silica precipitates from. Potassium was
detected at very low concentrations according to the EDX. In two of the three samples,
Manganese and Iron were also detected at low concentrations. A number-based particle
size distribution gave an average particle size of about 2.4 µm, and a volume based particle
size distribution gave an average particle size of 21.1 µm. The relatively broad particle
size distribution is somewhat undesired, but the raw silica sludge could easily be processed
further, where it could be both filtered and washed, giving a purer product with a narrower
size distribution. The silica is porous with a broad pore size distribution, ranging from
0.1-400 µm and oil absorption was in the range between 147-158 grams oil per 100 grams of
sample. This would be considered low to medium absorption capacity, but there are some
applications where this fits quite nicely. The main marketing obstacle of the Reykjanes silica
is the low specific surface area but the nitrogen adsorption investigation revealed a BET of
only 4.4 m2 g−1, which is considerably lower than that of the silica used in most applications.
Future research should include some investigations on what causes the low surface area and
if it can be controlled by any means in the precipitation process. Further work should also
focus on preliminary testing on the geothermal silica’s performance in products from those
applications that were considered most promising in the thesis.



Jarðvarmaorka: Útfelling og nýting kísils
Aníta Hauksdóttir

desember 2016

Útdráttur

Tilraunir með útfellingu kísils hafa verið í framkvæmd í jarðvarmaverinu á Reykjanesi frá
árinu 2011. Tekin voru sýni þessa kísils og þau sett í ítarlega greiningu, til þess að meta
hvort megi gera úr honum markaðsvæna afurð. Miðað var á ákveðna iðnaði sem nota kísil
sérstaklega sem bætiefni og aðal einkenni og eiginleikar kísilsins rannsakaðir. Niðurstöður
greininga á Reykjanes kíslinum gefa til kynna ákveðna möguleika á nýtingu hans sem
markaðsvænni vöru. SEM myndgreining sýndi hringlaga agnir í mismunandi stærðum.
Bæði SEM og EDX greining gefa vísbendingar um að litlar breytingar á útfellingar ferlinu,
geti haft áhrif á efnasamsetningu kísilsins og einnig áhrif á stærð agnanna og yfirborð þeirra.
Að hafa hringdælingu í kerfinu virðist hafa áhrif á grófleika agnanna; þær verði grófari og
minni með hringdælingu. Aðal óhreinindi í sýnunum reyndust vera sölt, en uppruni þeirra er
líklega seltan í vökvanum sem kísillinn fellur út úr. Auk þess fannst kalíum í mjög litlu magni
með EDX greiningunni. Í tveimur af þeim þrem sýnum sem voru notuð í EDX greiningunni
fundust mangan og járn í litlu magni. Töluleg stærðardreyfing sýndi fram á meðalstærð
agna í kringum 2.4 µm og rúmmáls stærðardreyfing sýndi fram á meðalstærð agna í kringum
21.1 µm. Agnarstærð er því á tiltölulega dreifðu bili sem er nokkuð óhagstætt en það má
auðveldlega vinna þessa hráu afurð kísilsins frekar, meðal annars er hægt að sía hann og
þvo, og fá þannig hreinni kísil með minni stærðardreyfingu. Kísillinn er gegndræpur með
stóra holustærðardreyfingu, allt frá 0.1 upp í 400 µm og olíu frásog á bilinu 147-158 grömm
af olíu á hver 100 grömm af sýni. Þetta er talið verið í lægri kantinum en það hentar vel
fyrir ákveðna notkun. Aðal hindrunin í að nýta þennan kísil er hve lágt yfirborðsflatarmál
hans er. Greining á aðsogi köfnunarefnis sýnir fram á að BET gildi kísilsins sé einungis 4.4
m2 g−1, en það er mun lægra en öll sambærileg BET á þeim kísli sem er notaður í öðrum
iðnuðum. Í framhaldi þessarar rannsóknar ætti að skoða sérstaklega hvað veldur þessu lága
yfirborðsflatarmáli og hvort hægt sé að stjórna því í útfellingar ferlinu. Næstu skref væru að
framkvæma frumrannsóknir á frammistöðu Reykjanes kísilsins sem bætiefni í vörum, í þeim
iðnuðum sem taldir voru hafa mestan möguleika í þessari rannsókn.
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Chapter 1

Introduction

Iceland is known for its stunning landscape, fresh air and clean water. It is not very
populated which gives it its innocence and allows the people to raise their children in the
most peaceful environment that most cherish deeply. The Icelandic nation has a unique spirit
of independence, motivation and true believe that the future will bring great things. Despite
the small population, Icelanders have achieved the most amazing things, including that of
being one of the world’s leading countries in geothermal energy. Nearly the entire country
is powered by renewable energy resources, and yet the focus is to become even more green,
more environmentally friendly and more efficient[1].

HS Orka is the largest privately owned power company in Iceland and operates two power
plants in the Reykjanes peninsula, Svartsengi with an installed capacity of 75 MWe and 190
MWth and the Reykjanes power plant with an installed capacity of 100 MWe. The company
emphasizes environmental responsibility, respect for nature and sustainable utilization of
energy and that is how the Resource Park came to life. Energy cannot be destroyed, nor
created, it can only be transformed from one form of energy to another.

The Resource Park combines different technical and social cultures to encourage a society
without waste. That is precisely the motto of the Resource Park, an inspiring perspective
that there is no waste, only raw materials.

The geothermal steam at Reykjanes power plant is separated from the brine at around
210◦C and the hot brine is then partly used for reinjection and the rest disposed of into the
ocean. The energy content of the remaining brine is significant, and further heat extraction
and electrical production could increase the power plant’s electricity generation of about 30
MWe. The problem is the high silica concentration in the brine, which if left untreated would
cause severe scaling in the equipment[2].

Scaling is a well-known issue in the geothermal energy industry, as the geothermal fluids
in high enthalpy systems are often enriched with dissolved minerals and metals, which start
to precipitate once the fluid reaches the surface and starts to cool down. A high concentration
of silica is most often found in those fluids, and it can precipitate uncontrolled at various
locations in the power plant itself or in the reinjection wells and cause severe damages to
the plant and the reservoir. Discussions regarding geothermal energy and silica most often
regard silica as a problem, however, what is considered a problem for one may be a treasure
for another.

The extraction of minerals and metals from geothermal fluids can be seen as a natural
mining process, which can be followed by applications and techniques for isolation and pu-
rification to increase the value of those products. Not only could the extraction of potentially
valuable minerals generate an additional profit but could also allow further energy extraction,



2 CHAPTER 1. INTRODUCTION

which could not be done without any fluid treatment due to scale formation. It will be the
focus of this study to evaluate the potentials of the silica from the Reykjanes power plant.

Silica is a chemical compound, also known as Silicon dioxide, and is most commonly
found in nature as Quartz. It is used for a variety of applications such as an additive for
structural materials, silicon for microelectronics, components in the food industry, pharma-
ceutical industry, as a mineral for a human intake and so many other applications[3]. Silica
is a valuable product, but prices vary with its properties. The desired properties are often the
high surface area, large pore volume, and a uniform pore size distribution. The composition
is less important than the texture for many applications. Silica is most commonly obtained
by mining and purifying quartz and then depending on its intended use, used straight after
purification or treated further with chemical processing for a purer product. Most of the high
surface silicas have been industrially produced by dissolving quartz in an alkali solution, and
then precipitating colloidal silica by acidification[4].

Solid silica is found in two different phases, crystalline or amorphous. Silica is said to be
in crystalline form when the silicon and oxygen atoms are arranged in a three-dimensional
repeating pattern[5]. Amorphous silicas aremost commonly classified as colloidal, fumed, or
precipitated silica and silica gel. The difference between them is significant and meaningful.
Colloidal silica is produced by precipitation from acidic solutions, and the silica particles
have a non-porous core and are suspended in a liquid. Fumed silica has extremely small
particles, but they typically form agglomerates. Silica gel is a network of non-porous
structures with siloxane bonds, and the dried gel can form a high porosity by producing a
sponge-like structure. Precipitated silica has a sponge-like structure as well, but its particles
have an internal porosity. Its structure creates a high specific surface area and a large pore
volume[6]. Silica precipitates formed under geothermal conditions are amorphous[7]. A
more detailed discussion and information are found in chapter 2.2.

To produce marketable geothermal silica, the compositional and textural requirements
for the intended market must be met. A part of this study is to look into which markets the
Reykjanes silica could most likely be useful for and an attempt will be made to compare the
Reykjanes silica to the commercial silica currently being used in these markets. Samples
from the Reykjanes plant will be sent to a laboratory for a detailed analysis, which will
be the determining factor of possible utilization. The properties and characteristics of the
Reykjanes silica will be compared with commercial silica in the most promising markets.

1.1 Objectives
This thesis will focus on the possible utilization of the geothermal silica from the Reykjanes
power plant, Iceland. Silica samples from the geothermal field will be sent to a laboratory
in the Netherlands for a detailed analysis of the properties and characteristics, levels of
impurities, structure, size of particles, etc. Three different samples will be analyzed at
Nýsköpunarmiðstöð Íslands (Iceland Innovation Center) by SEM and EDX, to investigate
the effects of changing the precipitation process. Based on the results of the analysis, the
objective is to determine whether or not the Reykjanes silica can be commercially utilized
and if so, for which applications. A comparison of the Reykjanes silica and other geothermal
silicas will be made for a better understanding of what properties give value to the silica and
how the value could be increased.

The second objective is to realize the importance of each property of the Reykjanes silica.
Understanding which of the properties or characteristics could challenge the possible uses
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of the geothermal silica is essential, and how these properties could possibly be adjusted or
controlled in the precipitation process.

1.2 Structure of the thesis
The Reykjanes geothermal field will be properly introduced. Previous research and experi-
ments on the silica precipitation process will be discussed as well as the current setup.

A very detailed research on the commercial silica in various applications was considered
critical to identify the important properties and characteristics of the silica. Each application
is split up into subsections, where the use of silica in that applications is explained and
discussed. The important properties and characteristics are identified, and typical values of
the commercial silica employed in that application are listed up in a table for comparison
later on. The background section on commercial silica also provided critical information
on which analytical methods were needed to obtain the necessary information about the
Reykjanes geothermal silica. A short literature review is included to provide information on
some previous attempts to commercialize geothermal silica, including different methods and
technologies to extract the silica.

The analytical methods are presented and explained thoroughly, and the precipitation
system setup at Reykjanes power plant is described at the time of sampling. The results are
presented first for each analysis and then combined for an overall result. The main findings
are explained and discussed.

Followed by the results is a detailed discussion of the findings and their significance. The
problems with the Reykjanes silica are explained and somemethods to tackle these problems.
The most promising applications are discussed and the next steps towards commercializing
the silica.

Finally, a summary of the thesis wraps up the main conclusions and future work to be
done.
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Chapter 2

Background

This thesis is done in cooperation with HS Orka and the Resource Park. As previously
mentioned in the introduction, HS Orka is the largest privately owned power company
in Iceland and has been operating since 1975. Both power plants operated by HS Orka,
Svartsengi, and Reykjanes, are high-temperature geothermal fields with a total of 56 wells[8].
The company has a vast experience in harnessing renewable ground resources and exploits
renewable groundwater and geothermal resources for the generation of electricity, potable
groundwater, clean district heating water and industrial steam and geothermal gas. HS
Orka’s power plants are also the building blocks of Svartsengi/Reykjanes Resource Park.
The concept creator of the park is Albert Albertsson, who grew up in tight circumstances
in the home of his grandparents in downtown Reykjavik. It was a home where nothing was
ever thrown away; every item was used to its full potential. Albert transferred this positive
outlook on life over to HS Orka’s resource park. The park has operated for over 20 years
under the motto "society without waste," meaning that all the resources flowing in and out
of the park must be used to the fullest extent possible and in as responsible a manner as
possible. Again, a refreshing perspective that there is no waste, only raw materials[9].

The Resource park includes an incredibly varied range of companies that all use excess
resource streams from the two power plants, Svartsengi and Reykjanes. A list of these
companies can be found in Table 2.1. It is not surprising at all that the development of the
Reykjanes power plant led to the idea of utilizing the geothermal silica from the field.

Table 2.1: Businesses in the Resource Park

Buisness Description
Blue Lagoon health spa Based on the geothermal resources in Svartsengi
Blue Lagoon Clinic Scientific research on the healing properties of the water

Blue Lagoon R&D center Transforming the exhaust of geothermal plants into high-value products
Carbon recycling international Produces methanol from geothermal gas

Haustak Dries fish products in fresh air heated with geothermal steam
Hateigur Dries fish heads and bones in fresh air heated with geothermal steam

Northern Light Inn Uses the resource streams from HS Orka’s power plants
ORF Genetics A leading biotechnology company
Stolt Sea Farm A high-tech fish farm near the HS Orka’s power plant
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2.1 Reykjanes geothermal field
The Reykjanes geothermal field is located on the tip of the Reykjanes peninsula in South-
Western Iceland. The reservoir temperature ranges from around 275-310◦C, and the fluid
is hydrothermally modified seawater, which explains the high salinity of the fluid[10]. The
Reykjanes power plant, owned by HS Orka hf, started operation in May 2006 with two 50
MWe steam turbines, where 2 x 85 kg s−1 of steam is separated from the brine to power the
turbines. The hot brine is then partly reinjected and partly disposed of into the ocean. The
disposed brine can be used for further power generation but its energy content is considerable,
and it is estimated that it could generate up to 30 MW of electricity[11].

The scaling potential of the Reykjanes brine has been extensively tested to be able to
predict the scaling rate in the process[11]. An extensive experimental program was launched
in 2011 to answer several questions about the precipitation and scaling of silica and other
minerals from the brine. It started with an experimental high-pressure reactor to study the
reactions of minerals in the brine, tapped directly from the wells. The test results from the
reactor showed promising signs that silica scaling could be controlled, so an experimental
boiler was built to simulate a boiler in a binary system. Heat exchanger experiments were
conducted but proved only partly successful as the high silica content of the brine made it
difficult to maintain scaling free heat exchanger surface[2]. The final part of the experimental
program was to perform pilot plant studies in a pilot separator plant where the brine was
flashed in two steps, and scaling rate in the brine was inhibited with acid. A proprietary
inhibitor was also tested[2].

Silica stability was tested in 4 different samples of the brine flowing from the separator.
The changes in silica concentration was monitored at regular intervals to test for polymer-
ization and precipitation of silica. When the brine was only injected with condensate, rapid
silica scaling occurred in the discharge pipe and the separator overfilled. Sulfuric acid was
used to modify the pH of the brine, and the scaling rate was reduced. When the inhibitor
was added the scaling rate was higher than in the untreated brine[2].

Further tests were done to study the silica reactions in mixtures of brine and condensate
at 70◦C. In an untreated and undiluted brine, the silica precipitates and rapidly clog pipes
and injection wells. In a mixture of 75% brine the rate was reduced a little, concentration of
total silica was close to the concentration of monomer silica and no polymers were formed
in the solution. In a mixture of 50% brine the rate was much lower, and the mixture was still
supersaturated after 6 hours. In a 30% brine mixture, the silica was stable[2].

In a pH modified brine from pH 7 to pH 5, the acidification was sufficient to stabilize
the total silica concentrations in all mixtures. Both in the undiluted brine and the 75% brine
mixture, the monomer concentration dropped by the formation of polymers of silica. The 50
and 30% brine mixtures were stable for the duration of the test. Treatment with the inhibitor
did not show any beneficial effect[2].

Acidification effectively controls the scaling rate in the Reykjanes brine. The lower the
pH, the less the scaling. However, low pH will increase corrosion in the plant, especially at
high temperature[2]. Using strong acid in the mitigation of the scaling in the heat exchanger
and flash process tested with good results, but was considered unattractive and development
of an acid-free separation process with tolerable scaling problems were suggested[11].

An experimental two-stage separator was constructed for several tests on how the scaling
could be minimized as well as on how the precipitated silica from the effluent could be col-
lected and clarified brine for reinjection obtained[11]. The two stage experimental separator
was connected to the discharge pipes from the Reykjanes separator plant. The tests with
the two-stage experimental separator did show that with a proper design, scaling would be
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manageable. After the brine leaves the separator, it is highly silica supersaturated, and the
silica starts to precipitate out of solution. It partly forms a sludge in the outlet basin and
is partly carried with the brine as suspended matter. The brine can not, therefore, be used
for reinjection without being clarified[11]. The design and the configuration are at this time
confidential information and can not be explained any further.

The precipitation of silica in the basin was studied with experiments and tests done on
how the brine from the basin could be clarified for reinjection. Further experiments were then
done on how to recover the silica from the system. The experimental results are confidential,
and only relevant information can be included.

Further testing is still ongoing. Tests will be made on how different locations of the
flocculant (NaOH) addition affect the system and the silica. Experiments with recirculation
are being done. These changes can affect the physical and chemical nature of the precipitated
silica[12][13]. For that reason, there will be at least three separate samples collected for the
silica analysis in this study. It is estimated that if all the precipitated silicawere separated from
100 L s−1 of effluent flow, annual silica production would be around 1500-1700 tons[11].

2.2 Commercial silica
Various forms of amorphous silicas have been in commerce since the 1950’s and are used
in a wide range of industrial applications and products[14]. Synthetic amorphous silicas are
usually white powders or milky-white dispersions of these powders. They are hydrophilic,
but can easily be made hydrophobic with surface treatment[15]. They can be produced by
the so-called wet route as precipitated silica or silica gels, or with the thermal route as fumed
silica. The wet route method involves steps in which a solution of alkali metal silicate is
acidified to produce a gelatinous precipitate that is washed and then dehydrated to produce
colorless microporous silica particles. Synthetic amorphous silica produced by the thermal
route is prepared by burning SiCl4 in an oxygen rich hydrocarbon flame to produce a fume
of SiO2. By varying e.g. the flame temperature, flame composition and feedstock, the
physical- chemical properties of the product can be controlled[16]. There are four primary
forms of synthetic amorphous silica, fumed silica, precipitated silica, silica gel, and colloidal
silica[15].

Colloidal silica is amorphous silica particles that are suspended in a liquid. The liquid
is denser than water and has been stabilized electrostatically to allow the particles to stay
suspended in the solution. All of the colloidal silica grades available are composed of silica
particles ranging in size from about 3-150 nm, either spherical or slightly irregularly shaped.
The particle size of the colloidal silica controls the appearance so that dispersions with small
silica particles (<10 nm) are usually quite clear, medium sized dispersions (10-20 nm) start to
take on an opalescent appearance and dispersions with large particles (>50 nm) are generally
white[17].

Precipitated silica is produced in high quantities for reinforcement of elastomer products
like mechanical rubber products, tires, and shoe soles. The precipitated silica usually has
primary particles in the range of 5-100 nm that form tightly bound aggregates in the range
of 0.1-1 µm. The aggregates are extremely difficult to break apart, but they can form
agglomerates that are usually easier to break down into smaller entities. The agglomerates
can have sizes ranging from 1-250 µm. After precipitation, the silica can be filtered using
various techniques like filter press, membrane filter press or belt filter. The filter technique
depends on the final product being manufactured. It is then often washed to remove any
salts and then dried for the final stage of the manufacturing process, milling, to achieve the
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desired particle size distribution. The final product of precipitated silica often has a purity
of around 95%, with a trace amount of metal oxides, sulfates or chlorides[14].

As previously mentioned, amorphous silica is used in multiple industries and products.
A list of some common applications of silica can be found in table 2.2 below. These are

Table 2.2: Industries and products that commonly use amorphous silica [18] [19]

Application Silica use
Concrete Works as a stabilizer, a durability enhancer, an accelerator

and a strength developer
Ground consolidation Ensures the surface resists liquids like water or other wa-

terborne chemicals
Rubber production Used as a reinforcer
Paints and coatings Improves hardness, enhances pigment dispersion and pro-

longs the opening time of decorative coatings
Paper manufacturing Used to enhance the frictional and printing properties of

board stock. Typical retention and drainage aid used during
paper production. Can be used to create an anti-slip surface
on paper and packing materials

Plastic films Improves the anti-blocking properties of the films
Adhesives and sealants Increases the thermal stability and mechanical strength of

bonded joints when used in waterborne adhesive formula-
tions. Helps adjust viscosity as well as shorten drying time
of film-forming organic dispersions

Food industry Used as a useful processing aid for removing undesirable
components from liquids. Allows for viscositymodification

Pharmaceutical Can be used to absorb moisture, prevent caking, improve
the ease of powder flow, minimize sticking and provide
longer shelf life for products

Dental products silica gel has a low refractive index for high clarity, imparts
no taste and provides stability for long-term shelf life

Cosmetics Used to assist sebum control, oil and sweat absorption, help
control facial shine or add a smooth feel for foundations and
cosmetics

only some of the applications in which silica is involved. In the following subchapters, these
applications will be looked into in more details. The usage, benefits, relative properties
and typical values will be given for each application. It should be noted that for some
of the applications, only limited information could be found and, therefore, not all of the
subsections below contain the same amount of detailed information. It should also be noted
that certain values are presented differently between industries and companies, which can be
seen in some of the tables below.

2.2.1 Concrete
One of the most referred to and used new cementitious nano-materials is amorphous silica
with a nano-size particle range. There are different commercial types of nano-silica additives
available on the market, such as colloidal silica, fumed silica and precipitated silica. The
main characteristics of nano-silica, such as particle size distribution, specific density, specific
surface area, pore structure and reactivity (surface silanol groups), depends on the production
method[20].
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A critical property of the amorphous silica used for concrete is the high specific surface
area. A high surface area without a significant amount of micropores results in a high
chemical reactivity, high rheological activity in wet mixtures, and high efficiency as an
anti-caking agent in dry mixtures. The high surface area accelerates pozzolanic reaction
significantly[21]. It has been reported that nano-silica addition increases the compressive
strength and reduces the overall permeability of hardened concrete due to these pozzolanic
properties[20]. It has also been shown that the setting time of the paste is shortenedwith silica
addition. This behavior may be attributable to the early formation of a significant amount of
calcium silicate hydrate gel from hydration of tricalcium silicate and by the reaction between
amorphous silica and calcium hydroxide[22].

The high mechanical strength of amorphous silica granulate, derived from the partial ex-
pansion of the material and of its unique chemical composition, provides a way for a material
reduction in concrete mixtures, thus achieving a marked cost reduction. Amorphous silica
aggregate possesses elastic qualities due to its structure, which ensures optimal resistance to
external mechanical effect. These characteristics make amorphous silica ideal to be used in
seismically active areas[23].

Silica grades with high specific surface area increase the viscosity of wet concrete.
Colloidal silica is often used as a VMA (Viscosity modifying admixture) for cement. The
key function of a VMA is to change the rheological properties of the cement paste. The
rheology of fresh concrete is mainly described by its plastic viscosity and yield point. The
force needed to start the concrete moving is called the yield point, and the plastic viscosity
represents the resistance of a concrete to flow under external stress. The key to obtaining the
appropriate concrete rheology is the balance between the yield point and the plastic viscosity.
VMA’s increase the plastic viscosity but usually only cause a small increase in the yield point
and therefore change the rheological properties of the concrete. The amorphous silica used
are small insoluble, non-diffusible particles. By ionic interaction of calcium from the cement
and the silica, a three-dimensional gel is formed which increases the viscosity and yield point
of the paste[24].

Below in table 2.3 are some examples of common physical and chemical properties of the
amorphous silica being used for concrete applications. These properties can be compared to
those of the geothermal silica from the Reykjanes field.

Table 2.3: Typical silica properties used in concrete applications[20] [25] [21] [26]

Property Colloidal Fumed Precipitated
BET surface area (m2 g−1) 50-190 20-260 85-190

SiO2 % - 90-98 -
Bulk density (kg3 m−1) - 400-700 -

pH 6.0-10.5 2.0-5.5 6.3-10.5
Particle size range (nm) - 8.5-9.7 -
Specific density (g cm−3) 1.40 2.15 -

Loss on ignition (2h at 1000◦C) % - <3.0 -
Loss on drying (2h at 105◦C) % <7.0 <1.5 <7.0
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2.2.2 Ground consolidation
The advantages of using silica in cement-based systems are well known from the concrete
technology, like covered in section 2.2.1 above. Several of these parameters are important
also for the chemical grouts used for construction and ground consolidation.

Chemical grouts are most often employed in constructions to prevent water leakages,
strengthen/stabilizing the ground, improve the quality of the rock for safety reasons and
strengthen the surrounding structure. A well-known chemical grout commonly used is the
mineral grout (a name for silica based chemical grouts)[27]. The silica is used as a binder
to soils at construction sites with sensitive soils like clay and fine and silty sand. It is
also commonly used in drilling operations, to improve soils under existing structures, to
waterproofing, to consolidate and fill voids and fractures, and in underground works were
very high penetration is required in narrow spaces in all ground types[28] [29].

It is used as a stabilizing material due to its properties of having a low viscosity, a wide
range of gel times, being nontoxic and having a low cost[29]. It does not affect the pH
value of ground water and is very durable and continually gains strength over time[30].
The extremely small particle size allows sealing grout to penetrate the small capillary pores
of concrete, ensuring the surface resists liquids. Lab trials demonstrate that sealing grout
enhanced with colloidal silica is three to ten times more resistant to liquefaction[31].

Typical properties of commercial silica used in chemical grouts for these applications
have been summed up in table 2.4.

Table 2.4: Typical silica properties for ground consolidation, both colloidal and silica fume
[32] [33] [34] [35]

Property Colloidal Fumed
Viscosity (mPa.s) 1-10 100

Density 1.07-1.098 (kg L−1) 1.38 (g cm−3)
pH 7-10 5.5

Particle size (µm) 0.016 -
SiO2 % - > 86

Loss on ignition % - <3
BET surface area (m2 g−1) - >15

2.2.3 Paints & coatings
Silica is used as an additive for paints and coatings, and in some cases, it is used as an
additive in a mixture with other chemicals. Numerous studies have been done on its effect on
a variety of paints and coatings. Different properties serve different purposes in the incredibly
various types of paints and coatings. The silica can be either hydrophobic or hydrophilic,
monodisperse or polydisperse, some are surface modified, and a wide range of particle sizes
are offered and used[36]. It all depends on the specific properties needed in paint or coating.
For the goal of this study, the importance of the primary properties is explained and how the
various silica grades serve a different purpose in these applications.

Silica is a well-known additive in the paint industry. It can provide a higher contrast
ratio, tint strength, and brightness while providing lower sheen[37]. It is also commonly
used to control rheological characteristics, as a thixotropic agent, as anti-settling agent
and to help in the prevention of rust and corrosion[38]. Mineral Silicate paints are even
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more recognized but are far less environmentally friendly and cost more. They are inorganic
paints that chemically bond tomineral substrates and petrify with the substrate to an insoluble
combination. An interesting study investigated the effect on the final properties of this kind
of paint, by replacing a part of the liquid silicate (the inorganic binder) by colloidal silica.
The results showed that the colloidal silica enhanced several properties such as liquid water
permeability, dirt pick-up resistance, and adherence[39].

A traditional application of silica in the coatings industry is its use as an anti-settling or
suspension agent for fillers and pigments. Only a small addition of silica to a powder coating
can considerably improve its free flow properties[40]. It is also used in coatings to improve
rheological performance, corrosion resistance, reinforcement and scratch resistance[36]. For
both paints and coatings, silica can be very beneficial as the particle size and distribution
can be accurately controlled for maximum efficiency as well as the physical properties like
surface area and pore volume for consistent performance[41]). Most colloidal silica particles
used for coatings have a dense silica core and a surface covered by silanol (Si-OH) groups.
These groups interact strongly with metal substrates, metal oxide fillers commonly found
in coatings, and with many polymeric and latex binders. Those interactions provide strong
binding properties to various substrates, giving the coating higher strength and durability[42].

Hydrophilic/Hydrophobic

As mentioned above, both hydrophilic and hydrophobic silica can be used for paints and
coatings. When the silica is used for thickening and improved rheology the properties of a
coating system are important, the more polar the coating system, a more hydrophobic silica
is required. To achieve the highest silica loading level with the least impact on viscosity, the
opposite principle applies[36].

Porosity

Low porosity silicas adsorb moisture vapor but have an inadequate carrying capacity for
liquid systems. They have a compact structure and are used in applications where the
strength of the particle is necessary. Medium pore volume silicas are more suitable when
a lower coatings viscosity or a higher solids content is needed. Higher porosity silicas are
usually more efficient as matting agents as they offer more particles per unit weight, tend to
be lower in bulk density and exhibit a greater thickening effect. High pore volume silicas
can improve print definition and color to color bleed in ink-jet coatings. A well defined
and controlled porosity is, therefore, a valuable property to determine which application the
silica is best-used for[36].

Particle size

Another factor in determining the silica’s best use is its particle size. Silicas with a small
particle size can play a unique role in many waterborne coating formulations by significantly
improving durability and anti-soil properties. Silica grades with smaller particles can also
be used as binders or co-binders for added strength and durability to the coating[42]. They
are well suited in coated paper, where text reproduction is necessary. Silicas with an average
particle size of 4-6 µm are most often used in thin synthetic leather coatings and printing
inks[36]. Larger particle sized silicas disperse more readily and have minimal effect on the
viscosity of the system. Easy dispersion allows for silica matting agents to be incorporated
into coatings at any stage during manufacture, which enables final gloss adjustments and
even post-production corrections[42]. Larger particles with an average size of 8-14 µm are
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used for special finishes where a full matt effect is required. They are commonly employed
in applications such as photographic paper, where high optical density is required. They may
also be used to modify coatings surface properties such as surface roughness[42].

Typical properties of the silica used for paint and coatings are found in Table 2.5.

Table 2.5: Typical silica properties for paints and coatings applications [43] [44] [45] [46]
[47] [48] [49] [50]

Property Precipitated Fumed
Moisture % 2.0-6.0 -

pH 6.0-8.0 3.5-5.5
Oil absorption g/100g 188.3-627.9 -

DOA absorption ml/100g 200-280 -
Bulk density (packed) g cm−3 0.04-0.45 -

Tamped density g cm−3 - 0.05-0.06
Average particle size µm 2.0-22.0 -

SiO2 % 98.0 82-99.8
BET surface area m2 g−1 130-500 125-410

Loss on drying (2h at 105◦C) % <9.0 <2.0
Loss on ignition (2h at 1000◦C) % <7.0 -

2.2.4 Paper manufacturing and print industry
Both fumed and precipitated amorphous silicas have been used for decades in the paper
and print industries to achieve unique performance properties[51]. Different types of silica
pigments are found in all kinds of ink-jet media, papers for a small and large format, various
film media, photo ink-jet, release films for textile transfer printing, labels and more[52].
It is a commonly used ingredient in the coatings of ink-jet papers due to its capability to
provide a coating layer structure that combines a high pore volume and a controlled pore size
distribution, for efficient ink-jet ink transfer and quick ink absorption[6]. Colloidal silica is
now an essential component in the paper manufacturing industry, but its use in the industry
started a little over 30 years ago[53]. Packaging boxes and paper bags require an adequate
level of static friction at the surface, which can be achieved with silica addition. It is also
common to see bags printed in various colors and the inks used in the printing process often
reduce the static friction of the paper bag’s surface. Fumed silica dispersion can be applied
during or after the printing process to increase the coefficient of static friction[51].

The silica properties like high internal porosity, specific surface structure, and low refrac-
tive index, makes silica an optimal choice among available pigment types. It meets today’s
requirements for highly sophisticated ink receptive coatings and ink-jet related applications.
The selection of a particular grade or type of silica is mainly based on pigment pore volume,
particle size, specific surface area and pore size distribution and the type of technology it is
used for[52].

The production of silica pigment is quite expensive, and an alternative could, therefore, be
an attractive idea for the industry. A cheaper material source, like the Reykjanes geothermal
silica[6] could provide an alternative that is cheaper and environmentally friendly. Below
are the main benefits and the relevant properties for each application within the paper and
print industry, which can be used to evaluate the potential use of the geothermal silica.
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The combination of porosity, high surface area, and low refractive index makes silica
unique from other pigments like calcium carbonate pigments or clays[52]. It can enhance
the frictional and printing properties of board stock, create an anti-slip surface on paper and
packing materials, and be used as a retention and drainage aid during paper manufacturing.
Colloidal silica can produce a porous surface coating that can easily accept water-based inks
and can improve the printability significantly on coat ink-jet, photo paper, and packaging
materials[53]. Porous silica pigments in light coatings can create specific structures on a
substrate, especially on various film types. That specific surface can improve the keying
of toner particles. The addition of precipitated silica can lead to improved sharpness and
resolution, increased absorptivity, high whiteness and can offer effects of rheology control.
It can be used as an additive for a recycled waste paper like used for most newsprint paper
and improve a variety of properties like a higher brightness and opacity, higher print quality
and increased ink absorption[51].

Silica is compatible with basically all types of inks, water-based, solvent, eco-solvent,
dye based, pigmented and UV inks[52]. Unlike silica, both calcined clay and TiO2 absorb
UV lights and reduce the efficiency of optical brightening agents and so by using silica based
pigments, less fluorescent whitening agent is required[51].
There is clearly a potential beneficial use of silica in the paper manufacturing and print
industry, but the important properties for each application are discussed here below.

Porosity

As previously explained, particles of precipitated silica possess internal porosity whereas
fumed silica is not comprised of porous particles. However, the specific aggregate structure
enables the formation of a network structure with pores and capillaries within the coating,
which means it can have a specific pore volume[51]. The importance of porosity is the
volume for liquid absorption. For example in flexographic printing papers, an increased
porosity improves the printability with faster ink absorption and therefore reduces the risk
of residual ink-transfer into subsequent inking unit. An important application for porous
silica is its use for water-based, dye and pigmented inks in microporous coatings. Colloidal
particles with no porosity are more suited for surface modifications rather than to provide
ink-capacity[52].

The pore volume can be used as a selection tool, like for example when selecting silica for
matt ink-jet, a low pigment pore volume is best suited for requirements like high dispersion
solids, medium to low binder demand, high coating thickness and medium print quality.
High pigment pore volume would suit requirements like medium dispersion solids, high
binder demand, medium coating thickness and high print quality[52]. It is not only the pore
volume that’s important, as consistent pore structure can allow ink to be absorbed uniformly
and efficiently[51].

Refractive index

Silica is commonly used to affect how light is scattered and to fine tune optical properties.
Light scattering plays a major role in the optical properties and appearance of a final product.
It is a function of the refractive index, particle size and wavelength of the scattered light. A
low refractive index in the underlying paper layer provides additional depth of colors. The
higher the refractive index, the more light is scattered[51].
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Particle size

Particle size has a substantial impact on the gloss of paper surfaces. Micro silica particles
smaller than 1 µm can allow a smooth and semi-glossy coatings for paper[52]. The com-
bination of small particles and small pores lead to very high gloss, but the tightly packed
particles can result in low porosity, which then limits the ink absorption rate. It is, therefore,
important to find the right balance between porosity and gloss, especially in ink-jet photo
paper. Coarser particles are used to create semi-matte or matte surfaces[51].

Typical properties of commercial silica used for these applications are listed in Table 2.6
below.

Table 2.6: Typical silica properties for paper manufacturing and print industry [51] [52]

Property Fumed Precipitated Colloidal
specific pore volume (mL g−1) 1.6-2.2 - -

Bulk density (g cm−3) 0.07-0.5 - -
SiO2 % 99.8 82-99.5 >99

Particle size 7-40 (nm) 4.5-10.5 (µm) 70-110 (nm)
BET surface area (m2 g−1) 50-380 35-750 -

Loss on drying % <1.5 - -
Tapped density (g cm−3) 0.05 0.13 -

pH 3.7-4.7 6.0-10.5 2.0-10.5
Absorption capacity (g/100g) - up to 335 -

Oil absorption (g/100g) - 180-220 -

2.2.5 Plastic films
Silica is commonly employed in coatings to enhance the function of plastic films, such as
polypropylene, polyester, and other polyolefin[54]. These plastics are used widely in daily
life, food industry, agriculture and biomedical field[55]. A silica coating in plastic films can
offer a high barrier layer against moisture, gas, and aromas, which allow food products to be
kept fresh for a longer period[56]. The polyolefin films are usually tacky and possess a high
coefficient of friction. Additives such as silica are used effectively to control blocking and
slip by increasing the film’s roughness and reduce the tendency to block[57].

Blocking is one of the most common problems in producing polyolefin films, as they
have a tendency to adhere together[58]. It is believed to occur due to the presence of Van der
Waal’s forces between the amorphous regions of the polymer, and a reduced distance between
two layers increases these forces. Silica, as an anti-block additive is a most commonly used
method to control this issue[59] effectively. It is the micro-rough surface that reduces the
adhesion between film layers and lowers the blocking tendancy[58]. In recent years, silica has
also been increasingly used in coatings based on inorganic hybrid materials, to combine the
polymer flexibility, rigidity, high thermal stability and ease of processing with the mechanical
properties and versatility of inorganic materials[60].

Various benefits and uses of silica in plastic films will be introduced below and the im-
portant properties that determine whether or not the Reykjanes silica could be commercially
applicable to the industry.

Both colloidal and fumed silica is used in hybrid coatings. The fumed silica is often used
due to the significantly lower cost, but when it is dispersed it has a tendency to irreversibly
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aggregate[60]. As one of the most used material in hybrid coatings applications, silica
can provide increased tensile strength, scratch resistance and impact resistance[54]. Both
hydrophilic and hydrophobic types of fumed silica are used as additive for anti-blocking
agents[61]. Hydrophobic silica grades which have a very low moisture content and low
tendency to absorb water are recommended for water sensitive polymers[62]. As previously
mentioned, silica can impart a micro-rough surface to a film which reduces the blocking
between individual layers of the film with a less film-to-film layer contact[63]. It can
be used as a tool to obtain properties such as optical transparency, specific electrical and
mechanical behavior, and thermal and weathering resistance[60]. As often described before,
the properties of the silica determine its use within a certain field of application and these
are the ones most relevant for the plastic film industry:

Particle size

A vital role in determining the anti-blocking efficiency are the particle size and shape, as
well as the quality of dispersion[59]. High concentration of anti-block additive results in
rough film surface, however the particles must be well dispersed as agglomerates reduce
anti-blocking performance[58]. The effectiveness of the anti-block is directly related to the
roughness they impart on the film while minimizing the loss in optical properties[57].The
coarser the particles the further the two film layers are kept apart[58].

Particle shape

The more irregular the shape of an inorganic particle, the more efficient it should be in
affecting anti-blocking properties. The less efficient particles would be those with spherical
shape[59].

Iron content

The iron content in inorganic additives is imperative for the plastic industry, as a high iron
content can accelerate degradation of organic components or even the polyolefin itself[59].

Refractive index

The difference in refractive index between the inorganic particles and the surrounding poly-
olefin determines the additives impact on clarity or haze. A lower haze is obtained when
the refractive index of the additive approaches that of the polymer[59]. Silica with high
microporosity, a hydroxylated surface, and a high surface area, can be used in high-quality
films and as its refractive index is close to that of the films, it is possible to produce films
with high transparency and clarity[58].

Specific gravity (density)

If a films gauge is held a constant (the thickness), the weight of a given area of the film
increases with a more dense material used. The specific gravity can thus impact film yield
for the film producer[59].

The anti-blocking efficiency is also affected by the additive’s internal porosity and pore
volume, as a high internal porosity and increasing pore volume increase the anti-block
efficiency[63]. Again, to ensure excellent efficiency of all these properties, a homogeneous
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distribution of the additive is necessary[60]. Common physical and chemical properties of
commercial silica for the plastic industry has been listed in Table 2.7 below.

Table 2.7: Typical silica properties for plastic applications [59] [56] [64] [65] [66]

Property Precipitated silica
Average particle size (µm) 2.5-12.2

SiO2 % 91.0-99.0
pH 6.0-10.0

Refractive index 1.45-1.48
Specific gravity 2.3

Pore volume (mL g−1) 0.6-1.0
BET surface area (m2 g−1) 35-750
Bulk density (g cm−3) 0.04-0.45

DBP absorption (g/100g) 50-325
Oil absorption (g/100g) 240-418

2.2.6 Adhesives and sealants
Adhesives and sealant are used in a variety of different industries. They enable the joining
of various materials. Bonding is one of the new technologies employed in the modern
automotive industry. For nearly every application in the construction of vehicles are custom-
made adhesive systems[67]. Unique pressure sensitive adhesives are used in industrial,
consumer and medical applications[68].

Silica is commonly used in adhesives and sealants, mainly as a rheology control ad-
ditive[69]. It can enhance mechanical properties of the cured adhesive, those like tensile
strength, elongation and shear strength. It imparts thixotropy, which enables the adhesives
to shear-thin for easy dispensing and application[70]. The low specific gravity of silica
as an additive contributes to less adhesive weight, which is a significant benefit in certain
industries like the automotive industry[69]. To give elastomers the best mechanical char-
acteristics, reinforcing filling agents are used. Reinforcement refers to the improvement
of mechanical properties such as the tension, elongation at break, tensile strength and tear
resistance and silica has long been used in adhesives and sealants to provide reinforcement
and thixotropy[68][71].

Like in the above subsections the relevant properties of silica for the adhesive and sealant
industry need to be recognized to be able to evaluate the potential of geothermal silica as a
possible additive.

Hydrophilic/hydrophobic

Both hydrophilic and hydrophobic silicas are used as an additive, the different compatibility
to polymer systems enables formulators to fine-tune rheology performance[69]. Hydrophilic
silica has a large water adsorption capacity and can cause a premature curing in moisture
curing systems. This problem can, however, be addressed by pre-drying it or removing water
during compounding with heat and vacuum[69].

It has been noticed that hydrophobic silicas are easier to disperse than hydrophilic[72].
The nature of the surface treated silica is essential, as a highly hydrophobic silica imparts
thixotropic or shear-thinning behavior to the adhesive formulation, whereas a moderately
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hydrophobic silica gives small increases in viscosity without thixotropy or shear-thinning
behavior[70]. A low viscosity is often critical as the production and use of adhesives and
sealants can generate high shear rates[73]. It is common to use hydrophilic grades with a
surface area of 130-380 m2 g−1 in non-polar to semi-polar systems and hydrophobic grades
in semi-polar to polar systems[72].

Refractive index

High-clarity transparent adhesives and sealants can be obtained easily with silica addition
since the refractive index of the silica closely matches the transparent polymers commonly
used in these products[69].

Purity

High purity and low concentration of metal ions are important as the adhesive or sealant
system will be protected against unwanted reactions catalyzed by metals and ions[73].

Particle size

The particle size determines the number of sticking points that are possible between polymer
and particles[71]. It is also important to minimize a translucent effect that is created
when light travels through a sealant, strikes the silica particles and is reflected back to the
observer[74]. The particle size and shape should be uniform and easily dispersed as the
rheological efficiency depends highly on the dispersibility[73].

Surface area

Silica grades with a large surface area can allow adhesive formulations to transmit visible
light, which is important for transparent systems[73]. As the BET surface rises, the thicken-
ing effect of the silica increases and an increase in tensile strength and tear resistance of the
adhesive can be observed. It has however been found in practice that as the BET increases
the silicas are harder to disperse, so a certain range applies to the surface area[71].

Typical properties of commercial silica used in the industry have been listed up in Table
2.8 below.

2.2.7 Food and nutrition
The need to produce high quality of food ingredients or food products has brought with
it scientific and technological challenges in the food industry like for instance, pathogen
detection, encapsulation, delivery of bioactive compounds, packing systems, food protection
and food storage. These are some of the developing applications of nanotechnology[79].

Nanosized silica particles and its derivatives have been developed and employed in
various branches of food and nutrition sectors[79]. They have been used for the controlled
release of bioactive molecules, as catalysts in the synthesis of essential nutrients, as sensors
to detect unhealthy products, in food packaging, as fillers, as protecting agents to increase
shelf-life of food commodities, as clarifying agents to remove impurities and particles in
beverages, just to name a few applications[80][79].



18 CHAPTER 2. BACKGROUND

Table 2.8: Typical silica properties for adhesive and sealant applications [75] [70] [73] [71]
[76] [71] [77] [78]

Property Precipitated Fumed
BET surface area (m2 g−1) 80-450 90-380

pH 6.0-10.5 3.7-4.7
Average particle size (nm) - 7-40
Average particle size (µm) 2.5-12.0 -
Tapped density (g cm−3) 0.075-0.15 0.05-0.08

Loss on drying (2h at 105◦C) wt% 3.0-6.6 <2.0
Loss on ignition (2h at 1000◦C) wt% 4.3-7.0 <6.0

SiO2 % 82-98 >99.8
DBP oil absorption mL/100g 195-220
DBP oil absorption g/100g 225-325 -

Pore volume ml/g 0.6-1.0 -

The silica is widely applied to processed food and is registered by the EU as a food
additive under the code E551[81]. It must meet the specific purity criteria laid down in EU
Directive 2000/63/EC amending 96/77/EC for E551, listed in table 2.9.

Table 2.9: The specific purity criteria E551 [81] [82]

Criteria Value
Loss on drying (2h at 105◦C) <8.0%
Loss on ignition (2h at 1000◦C) <8.5%

Soluble ionisable salts <5.0% (as Na2SO4)
As <3 mg kg−1

Pb <5 mg kg−1

Hg < mg kg−1

The main purpose of silica particles in the food industry is to prevent poor flow or caking,
particularly in powdered products[81]. Powdered ingredients, such as salt, spices, season-
ings, egg- or milk powder, often have very fine particle sizes or have sticky surfaces, which
can result in poor flow properties and cake and storage which makes handling and proper
dosing difficult[83]. Caking and lumping can create serious problems during production,
processing, storage and customer use of powdered animal feed and nutrition products. Silica
can be used to coat the surface of the powder, thereby reducing interparticle interactions.
It also absorbs moisture, fats, and oils to prevent bridging between particles[84]. Silica
particles are additionally employed as a thickener in pastes or as a carrier of flavors, and also
to clarify beverages and control foaming[81].

For foodmanufacturers, the resulting benefits of using silica include increased processing
efficiency through smoother ingredient blending and less caking in screens, hoppers, convey-
ors, spray dryers and machinery, enhanced product consistency and quality control through
accurate, automated dosing of fruit and vegetable extracts, spices, nutrients, preservatives
and other constituent materials[85]. The important properties and characteristics of silica
used in the food and nutrient industries are listed below:
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Surface area and pore volume

A large surface area and a high pore volume provide high adsorption capacities[86]. It makes
the silica very efficient as an anti-cake agent, to improve free flow[87].

Silica particles with an extremely high surface area and internal pore volume, which can
still maintain its structural integrity under high-load conditions, allow the adsorption of water
and organic liquids. These silica grades would be best suited to provide long-term anti-caking
stability, within the maximum allowed addition levels, to powdered food products and spice
blends[82]. The high water adsorption capacity of silica can help prevent undesirable caking
effects due to temperature changes[82]. Materials can be designed with a range of properties
making them ideal potential adsorbents for biomolecule separations. In particular, narrow
tunable pore size distributions, along with large surface areas and pore volumes give them
the possibility of high adsorption capacity and selectivity in biochemical separations[86].

Particle size

Selecting the proper particle size for silica as an anti-caking agent can reduce dusting. Too
large particles, relative to the host, cannot adhere to the host and thus create dust[88].

Concerning flow properties, larger particles are known to have better flow properties
than smaller particles[82]. When a fine-milled silica powder is added to a product that has
the tendency of sticking, the silica particles will cover the surface of the product thereby
reducing contact points for product particles[82].

Particle shape

Spherical particles have better flow properties than non-spherical particles. It is also known
that the more uniform the particles, the better the flow properties will be[82].

These properties will be compared to those of the Reykjanes silica, as well as the specific
purity criteria mentioned earlier. Typical properties of the commercial silica used for these
applications are listed in Table 2.10.

Table 2.10: Typical silica properties used for food and nutrient applications [89] [90] [84]
[88] [85] [82]

Property Fumed Precipitated Colloidal
BET surface area (m2 g−1) 200-380 2.5-360 -

pH 3.7-4.5 6.4-7.0 5.4-7.0
Loss on drying (2h at 105◦C) % <2.0 6-7 <7.0
Loss on ignition (1h at 1000◦C) % - 5-9 <8.5

Tapped density (g cm−3) 0.05 - -
SiO2 % >99.8 98 >99

Oil absorption (g/100g) - 398-586 167-418
Average particle size (µm) - 3-30 2.5-135
Bulk density (g cm−3) - 0.03-0.22 -
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2.2.8 Rubber production
Rubber, in its pure form, is not very useful due to its poor mechanical properties. There is a
variety of fillers used and applied in the rubber industry mainly to improve these mechanical
properties. One of the most important ones is reinforcement. Reinforcement is primarily the
enhancement of strength and strength-related properties, abrasion resistance, hardness, and
modulus. The fillers are used for reinforcement, reduction inmaterial costs and improvements
in processing[91]. They are often classified by their chemical composition and influence on
rubber properties. The effect of filler types on rubber properties is typically classified into
three categories: non-reinforcing, semi-reinforcing, and reinforcing. The silica used as a
filler is classified into either semi-reinforcing or reinforcing[92].

Fillers are most often characterized by their reinforcing properties, depending on surface
activity and size. Carbon black has been used as a versatile reinforcing filler since the early
1900’s[92]. Today, silica has become the preferred reinforcing filler for rubber. It is the
unique combination of tear strength, abrasion resistance, aging resistance and adhesion prop-
erties that give silica its main advantage over carbon black[91]. The silica used in rubber is
formulated in a variety of particle sizes and surface areas[93]. It can be classified as conven-
tional, semi dispersible or highly dispersible, depending on the particle size distribution. For
highly dispersible silica the relative amount of small aggregates is high compared to conven-
tional silica. The aggregates are formed by the primary particles, which are characterized by
the surface area such as BET or CTAB based on the adsorption theory[92].

Silica is engineered to increase the strength and durability of rubber for countless ap-
plications like for example engine mounts, belts and hoses in automobiles, wire and cable
coatings, printer rolls, gaskets, seals, roofing systems, rubber gym floors, shoe soles and
many other[93]. When the “Green tire” concept was introduced, silica became increasingly
more popular as a reinforcement filler. It was capable of significantly improving rolling
resistance and wet traction of tire tread compounds compared to carbon black[94][92].

Typical rubber applications

Silica addition in rubber applications can make a significant contribution to rubber perfor-
mance inmany applications providing unique benefits. It can provide excellent reinforcement
potential, high strength, and durability, improvement in abrasion, tensile, tear, flex fatigue,
chipping, chunking, and hysteresis properties[95][96]. Silica products in industrial rubber
enable manufacturers to optimize processing characteristics like faster cure rates, easier
mixing, better flow and color compounding capabilities[97].

It is mainly used as a reinforcing filler to increase strength, toughness, anti-aging, anti-
friction of rubber products and prolong product life[98][99]. The greater the amount of high
surface area filler, the more rubber reinforcement gained[99]. A medium reinforcing silica
can be used in typical applications like footwear, flooring, technical rubber goods and cable
insulations[100].

Although it has now been used in rubber as a reinforcing filler for decades, it still has some
difficulties due to the polarity differences between silica and rubber polymers. Due to the
presence of hydroxyl groups on the silica surface, the silica is highly polar and hydrophilic.
A strong silica-silica network is formed in a rubber matrix, which causes processing difficul-
ties. This problem is mostly solved with coupling agents. Triethoxysilylpropyl-tetrasulfide
(TESPT) is commonly used as a silane coupling agent and can chemically react with the
silica surface making it hydrophobic during mixing[92].
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Silicone rubber applications

Silicone rubber compounds have characteristics of both inorganic and organic materials.
They offer some advantages not found in other organic rubbers, like fine electrical properties,
good chemical stability and flame retardancy, and excellent heat and cold resistance[101].
Silica has been used as a reinforcing filler in the silicone rubber industry for a very long
time[102]. Fillers are needed and used to reinforce the elastic silicone network[103]. Silica
is the best filler which can strengthen high temperature vulcanized silicone rubber. The silica
nanoparticles aggregate on the silicone rubber to form microcrystalline with silicon dioxide
as nucleation zone, which increases the physical cross-linking points and makes it easier for
crystallization[98].

The important reinforcing properties for the mechanical strength of silicone-vulcanizates,
also affect other properties, both of the non-cross-linked compound and of the silicone
rubber. Considering these properties with the reinforcing effect is crucial. The thickening
and thixotropic properties are often at their greatest when the reinforcing effect achieves
optimum values. However, the first two mentioned are for the most part undesirable. The
silicone compounds become so hard and inelastic within a few days period, that they are
completely unusable for any further processing. This hardening happens because of the
formation of a three-dimensional silica network structure which obtains its stability from
hydrogen bonding with the silanol groups on the silica surface. If these functional groups
are largely eliminated, the effect is avoided. Octamethylcyclotetrasiloxane can be used as an
after-treating agent for the silica, for it to exhibit the typical advantages of hydrophobic silica
due to their water-repellent properties[102].

Tire applications

There is a wide range of performance requirements for tires, which manufacturers are con-
stantly trying to improve. Tires must carry the load of the vehicle, have sufficient grip on
the road, transmit steering forces to guide the vehicle, provide dampening between the road
and the vehicle and have a durability that enables their use at high speeds and over long time
periods[104]. These requirement parameters depend on the physical properties of tire tread
compounds, tire construction, and the road condition. The wet traction, wear resistance and
rolling resistance, are the three most important properties and are often referred to as the
“Magic Triangle” of properties[92].

Themagic triangle represents the most important field of development in the tire industry.
The goal is to improve wear resistance, lower rolling resistance for improved vehicle fuel
economy and reduce greenhouse gas emissions while increasing traction for improved safety
and handling in wet, snowy, or icy conditions[105]. One of the challenges tire designers
face is to solve a compromise between a low rolling resistance, high wet grip, and high wear
resistance. If the rolling resistance is lowered, less fuel is required to propel the vehicle
forward. However, lowering the rolling resistance commonly results in a reduction in wet
grip performance. Silica was a major step in solving this problem[106].

Silica, compared to carbon black, yields a lower rolling resistance at equal wear resistance
and wet grip in tire treads[91]. When it is used as a reinforcing filler in tires, it can improve
both the strength and stiffness characteristics of the rubber polymer. A significant benefit of
the increased compound strength is its ability to transmit forces through the tread area of the
tire, which results in improved traction and reduced stopping distance for the vehicle[104].
Although the silica tire concept was introduced to achieve an optimum between wet traction
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and rolling resistance, it was not problem free. The coupling agents described above are used
in the tire industry like in other rubber applications to solve the mixing problems[107].

With such a variety of applications, it is no surprise that different silica properties serve
different purposes for each particular application. Information on themost relevant properties
in listed up below.

Surface area

The specific surface area of silica determines the reinforcement capability but also has an
influence on the processability and the preferred filler loading[95]. The physical properties
of the filled rubber strongly correlate with the CTAB surface area, but the difference between
the BET and CTAB surface area is called microporosity. In highly dispersible silica, the
main aim is to make the BET to CTAB ratio close to unity[108].

A low surface area provides easy processing, dispersion, and compression[95]. Highly
dispersible silica with a low specific BET surface area is uniquely suited to high filler loadings
for the optimization of wet and winter properties in tire treads. Conventional silica with a
low specific surface area is particularly well suited for extrusion, calendering and injection
molding compounds, and allows the use of high levels of filler loading[94]. Generally,
for tire production, a low specific surface area is related to good processing and rolling
resistance, and excellent for wet, icy or snowy grip. Less quality however in handling, wear
performance, and dry grip[109].

An increase in BET surface area means an increase in mechanical properties like tensile,
modulus and abrasion resistance. It does on the other hand also mean higher silanol groups,
which lead to higher filler-filler interaction. That leads to greater heat build-up, and higher
rolling resistance resulted from higher hysteresis. A high surface area is crucial when silica
is used as a reinforcement filler and provides a better dispersion[99][95]. Silica with a high
surface area can provide vulcanizates of excellent transparency, which is often important in
silicone rubber, for example when it is used in medical applications[94]. The high surface
area of silica results in better thermal behavior and stronger bonding, which leads to enhanced
erosion resistance in silicone composites[110]. For tire production, a high specific surface
area in generally related with excellent rolling resistance, handling and wear performance,
but less quality in processing, dry, wet and ice/snow grip[109].

Silica with a medium surface area and fine particle size can be used as a medium
to high reinforcing filler. Typical applications are cover, belt and hose compounds, seals
and gasket materials, textiles and industrial rubber goods, cable insulations and adhesion
promoters[100].

Dispersibility

In highly loaded systems, dispersibility is critical[99]. A new type of silica grade, the
highly dispersible silica provides lower viscosity, improved flex/fatigue resistance, increased
tear and abrasion resistance, excellent tensile strength, less heat buildup for reduced rolling
resistance and longer product life, and a reduction of a coupling agent required[99][111].

Aggregate structure

The morphological structure of silica plays an important role in the physical properties of
filled rubber. A primary particle has cross-sectional dimensions of 5-100 nm. Aggregates of
multiple primary particles are formed by chemical and physical-chemical interactions with
dimensions in a typical range of 100-500 nm. These aggregates are the real reinforcing
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species in rubber compounds. The aggregate can be quantified by the size of the primary
particles as expressed in their specific surface area, the number of primary particles and
their geometrical arrangement in the aggregate. The degree of condensation in aggregates,
commonly designated by structure, determines the inter-particle void volume and pore di-
ameter within the aggregates. The measurement of this structure is based on the adsorption
of dibutyl phthalate, the so-called DBP. With these DBP measurements, it was found that
the highly dispersible silica shows a high structural level and is less fragile compared to that
of the conventional silica. Its aggregates also have a more branched structure, which means
that the highly dispersible silica is highly capable of dispersing due to shear forces during
the mixing process[92][106].

Porosity

Silicas with a highly porous structure can provide a significant improvement in dispersion
properties compared to a conventional silica[100]. The pore structure provides optimal ac-
cessibility for rubber to have better interaction with the silica[108].

In tables 2.11 and 2.12 below are the typical properties of commercial silica used for
rubber production.

Table 2.11: Typical silica properties for rubber production [112] [96] [113] [100] [114]

Property (units) Precipitated Precipitated HDS Fumed
BET surface area (m2 g−1) 33-380 150-180 50-380
Bulk density (g cm−3) 0.13-0.34 0.24 -
Tapped density (g cm−3) 0.05-0.18 - 0.05-0.14

pH 6.4-10.5 6.5-7.0 -
Moisture % 2.0-7.0 5.0-6.0 <2.0

Average particle size (µm) 14-200 - -
SiO2 % >97 - >99.8

Table 2.12: Typical silica properties for tire production [111] [115] [116] [114]

Property Precipitated
BET surface area (m2 g−1) 33-300
Tapped density (g cm−3) 0.26

pH 6.3-8.5
C wt% 4.0-6.0
SH wt% 0.5

Residual salt type Na2SO4
Moisture % 6.0

2.2.9 Pharmaceutical applications
Silica is used for various purposes in pharmaceutical applications. The most modern phar-
maceutical forms are tablets and filled capsules. These are called solid dosage forms, and
they are manufactured from precursor powders that are filled into a fixed volume. To fulfill
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regulatory requirements for uniformity of unit weight and maximize output on high-speed
machinery, it is essential that the precursor powder has excellent flow properties. The flowa-
bility of powders is governed by different kind of forces between individual powder particles.
Forces like van der Waals forces, electrostatic forces, liquid bridges and entanglement, deter-
mine the mechanism of adhesion. In general, the smaller the solid powder particles are, the
more pronounced these effects are which results in poor powder flow properties[117]. Silica
helps to improve the flow of powders by acting to counteract these different mechanisms.
The silica particles coat the powder particles and increase the distance between them which
reduces the van der Waals forces and electrostatic attraction[117][118]. The hydrophilic na-
ture of silica allows it to attract and bind moisture, helping to eliminate liquid bridges[117].
The silica can also absorb moisture being present on the surface of hygroscopic powders,
thereby minimizing powder caking and clumping[118][119].

Semi-solid and liquid dosage forms are not quite as common as these solid dosage forms,
but have important functions in the pharmaceutical industry, particularly regarding topical
preparations like creams and gels, and products that don’t pass through the digestive tract.
Silica can benefit these forms by acting as a rheology controlling and suspending agent or
by improving thermal and storage stability[118].

The pharmaceutical industry is always trying to improve and satisfy patient’s therapeutical
needs. All drugs are made up of two core components, the API’s (Active Pharmaceutical
Ingredient), which is the central ingredient, and the excipient, the substance inside the drug
that helps deliver the active ingredient to the patient’s system[120]. The inactive excipient
plays a significant role in formulation development. In addition to transporting the active
drug to its correct site in the body, excipients play an important part in the manufacturing
process. They may be important for keeping the drug from being released too early in places
where it could damage tissue and create gastric irritation or stomach upset. Some excipients
help the drug to disintegrate into particles small enough to reach the blood stream more
quickly and others protect the product’s stability, so it will be at maximum effectiveness at
the time of use[121]. Silica excipients are often the best choice for many pharmaceutical
formulations due to their unique morphology. The combined properties like the adsorption
capacity, porosity, particle size and great internal surface area allow silica to provide several
benefits simultaneously[122].

API (Active pharmaceutical ingredient)

Poorly soluble API’s represent a significant challenge to the pharmaceutical industry[123].
It is estimated that approximately 40% of the drugs currently on the market suffer from the
problem of low solubility in the human body and as a result are not as effective as they
are intended to be[124]. Targeted drug delivery promises much by way of minimizing the
possible toxicity and off-target effects of pharmaceuticals, but the development has been
challenged by these issues of poor solubility and restricted accessibility to areas of the body
that are protected by the dermal layer and the blood brain barrier[123].

Increasing the solubility of these drugs can increase bioavailability, reduce side effects
and variability, and improve effectiveness. Mesoporous silica particles have gained much
attention as functional biocompatible drug carriers, which can deliver therapeutic agents
to a target site in a controlled manner[123]. Technology has been developed based on the
absorption of poorly water soluble drug entities into and onto the surface of these silica
carriers. The API is confined within the tubular ordered pores of the silica, and because
of that, the API is prevented from recrystallizing. Desorption of the API from the silica
surface upon contact with the gastrointestinal fluids is associated with the generation of API
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concentrations that are not achievable by dissolution of the crystalline form, thereby creating
a driving force for absorption[124].

Some highly potent drugs never make it to the market as it is impossible to formulate
them into a drug form with suitable bioavailability. A lot of the newly developed active phar-
maceutical ingredients are more hydrophobic than traditional drugs and formulating them
into a therapeutically active dosage form is challenging. These drugs are classified according
to the biopharmaceutical classification system as class 2 drugs, which have low solubility and
high permeability. Many different strategies have been proposed to increase the solubility of
such drugs, and colloidal silica can help with many of the proposed strategies[117]. One of
those is the absorption technology previously mentioned, by absorbing the API on the carrier
the available surface for dissolution can be increased. Colloidal silica is an inert and highly
absorptive carrier at reasonable prices and is, therefore, a viable option for this formulation
strategy. Another strategy is the liquisolid formulation. In that approach poorly soluble API’s
are dissolved or dispersed in a water miscible, non-volatile solvent and then that solution is
absorbed on an inert carrier. Hydrophilic silica is used to coat the absorbates to absorb any
leaching liquid and increase their flowability to be able to process them in direct compression
tableting. By dissolving the drug barriers to dissolution such as the crystal lattice and wetting
the API surface, time for solubilization can be significantly reduced[117].

Lipids are increasingly being used as drug solubilizers, adsorption enhancers and vehicles
for lipid based drug delivery, to increase the oral bioavailability of poorly soluble API’s.
The primary challenge in oil-based formulations is converting oily solutions and liquid
formulations into compressible solid or semi-solid formulations. Silica can be effective as
an adsorbent in lipid-based technologies[125]. Colloidal silica is also used in suppositories
to stabilize the distribution of active ingredients that are either insoluble or poorly soluble
in a suppository base. The silica also increases the softening point of the suppository base
without changing its melting point, which is an important property for improving stability in
warm climates[117].

Tablets

Silica has many uses in tablet-making. It is used as an anti-caking agent, adsorbent, disinte-
grant, or a glidant to allow powder to flow freely when tablets are processed[126]. Binders
area added to tablet formulations to achieve the hardness of the tablet[121]. The resistance
to mechanical stresses in the manufacturing process is improved by the addition of small
portions of silica with high purity and fine particle size distribution[119]. Disintegrants fa-
cilitate the breakup of a tablet after oral administration[121]. With silica, the disintegration
of tablets is accelerated because it acts as a “wick” to draw water and promote the release of
actives, drugs or vitamins[119].

Tablets are usually designed so that the smallest tablet size which can be conveniently
compressed is formed[121]. Silica has been used as a glidant to optimize the flow of
powders since the earliest days of direct compression[118]. It provides benefits such as
precise dosing, homogeneous distribution of actives, optimal packaging of powders and
granules, enhanced storage stability which all contribute to increased productivity with
constant product quality[119]. Generally the more poorly the powder mixture flows, the
greater the improvement that can be achieved using silica as a glidant[117]. In some cases, a
direct compression of tableting powders is not possible. Granulation processes are often used
to condition the powder for the tableting and although these processes add to the production
costs very often there is no other technical solution to produce a tablet with the required
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characteristics. Granulated colloidal silica can be used to minimize the financial impact of
such processes as it helps to reduce the cost of granulation[117].

To incorporate liquids into a tablet formulation, it is necessary to transform them into a
free flowing powder and granulated silica has an exceptional performance in this regard[117].
A highly porous silica can be used to convert viscous drugs into a compressible free flowing
powder that is easily processed to make tablets[127].

Most of the active ingredients in the natural product market are extracts of crude plants,
which may be wet or dry extracts. Natural products are often prone to degradation, especially
during processing and storage, that leads to a loss of the active component and production of
metabolites with a loss of activity. The degradation process is accelerated with a temperature
rise if a heating step is required to dry the extracts. Mesoporous silica with high pore volume
and high density can convert the extracts into free flowing powders which can then readily
be formulated into tablets or capsules[128].

Capsules must always be filled with the same volume of precursor powder mixture
throughout high-speed processes to minimize capsule weight variation. Non-uniform flow
and the formation of powder bridges and cavities must thus be avoided. Silica is used to
prevent these issues by improving the flow of powders used to fill hard capsules[117].

Silica is also used in tablet coating. Coatings are used for a variety of reasons including
to mask tastes, improve stability, ease swallowing, assist identification and more[129]. In
conventional multilayer processes, silica is added to the build-up powder and the pigment
suspension. The powder acquires good flow properties and can be distributed better on the
cores. The tablet cores dry faster so that the individual coats can be applied at shorter time
intervals. The absorption capacity of the silica also ensures that the cores are protected from
moisture during coating. This property makes the tablet coating process considerably less
time consuming and more economical[117].

Granulated silica

A specific production process can transform irregularly shaped silica into spherical granules.
The bead-like mesoporous granulated silica has an average particle size of 30-40 µm. It has
a very high tapped density and a high specific surface area[118][117]. Due to its spherical
particle shape, it possesses outstanding flowability and imparts enhanced flow properties
to powder mixtures[117]. The granules feature a meso- and macroporous structure which
can be used to absorb liquid active pharmaceutical ingredients, transforming them into
a free flowing powder that can be used for tableting. It is thus a versatile and highly
absorptive carrier which enables it to be used as a moisture scavenger in moisture sensitive
formulations and specialized processes such as moisture activated dry granulation (MADG),
which is a preferred alternative to wet granulation used to condition the powder for the
tabletting[118][117]. Granulated colloidal silica can also be used as a carrier for solid self-
nano-emulsifying drug delivery systems. These systems spontaneously form an emulsion in
the nano-scale range if exposed to an aqueous environment. The liquid formulations consist
of oil, surfactant, drug, and co-emulsifier or solubilizer and have been reported to be able to
improve the bioavailability of API’s with low solubility. The silica enables the processing of
such liquid preparations into solid dosage forms[117].

Gels, ointments, and salves

Silica can be used as an efficient thickener of pharmaceutical media like creams and gels. The
higher the silica concentration, the more viscous the gel/cream gets. It can be used to create
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gels with an excellent spreading behavior. These gels are distinguished by a high viscosity
that has little dependence on temperature, and by a pronounced thixotropic behavior[117].
Silica can also be used to obtain clear gels if the refractive index of the media is similar to
that of the silica[118].

The relevant properties for silica’s use in the pharmaceutical industry are listed below,
along with explanations how different properties serve different purposes.

Hydrophobic/hydrophilic silica

Hydrophobic silica is known to agglomerate less than hydrophilic silica and is especially
suitable for short and low shear mixing processes. It is the preferred choice when gentle
mixing conditions are required[118][117].

Hydrophilic silica is traditionally used as a glidant for solid dosage forms and a thick-
ener for pharmaceutical oils[117]. It can in some cases increase the hardness of tablets
without increasing the compaction force, which helps to maintain tablet stability without
the increased disintegration times of denser tablets pressed at higher compaction force[118].
The high absorption capacity allows hydrophilic silica to help maintain a very low humidity
microenvironment near powder particles, reducing the water available to degrade the ingre-
dients[130]. It also means that the silica can carry a higher level of liquids/actives[131].
Densified hydrophilic silica is an excellent glidant for most solid dosage forms, and provides
improved handling like less dust, less clean-up, and reduced storage space requirements[117].

Purity

Purity and chemical inertness are particularly important characteristics for the pharmaceu-
tical industry as these properties minimize side reactions and decomposition of compounds
catalyzed by heavy metal impurities[118][117]. Impurities can impact a product signifi-
cantly. High sulfates and chloride content can affect the stability of some active ingredients,
and high levels of moisture can affect moisture-sensitive compounds[132].

Surface area

High surface area silicas may be used in applications that benefit from a higher surface area
such as viscosity control of liquids and filtration of blood plasma[118]. They are a highly
efficient thickener for pharmaceutical oils[117]. The high surface area and pore volume
coupled with an active silica surface make it a highly efficient absorbent for moisture and can
be used to create a stable, dry powder[133]. Highly active surface results in a very effective
desiccant function[130].

Tapped density

Colloidal silica agglomerates that are irregular in size and shape do not pack well. There is
a considerable amount of void space between the agglomerates which is responsible for the
low tapped density of traditional colloidal silica. Silica can be densified by using a purely
mechanical densification technology, where the air is removed from between the agglomer-
ates. It results in larger, more stable secondary agglomerates, but small agglomerates are
responsible for dustiness. High tapped density silicas, therefore, produce considerably less
dust than traditional colloidal silica[117].
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Bulk density

Higher bulk density and uniform particle size distribution make processing, handling, and
direct compression significantly better[134]. It means less dusting and thus cleaner work
areas and less chance of cross contamination[131].

Typical commercial silica properties in the pharmaceutical industry are listed up in Table
2.13 and can be used to compare with the Reykjanes silica to evaluate its potential for
pharmaceutical applications.

Table 2.13: Typical silica properties for pharmaceutical applications [135] [136] [137] [138]
[131] [132] [139]

Property Colloidal Precipitated Fumed
BET surface area (m2 g−1) 50-400 - 200

pH 3.5-5.5 3.5-7.0 -
Loss on drying (2h at 105 ◦C) % <2.5 <7.5 -
Loss on ignition (2h at 1000◦C) - <6 -

Tapped density (g cm−3) 0.04-0.05 0.08-0.13 <0.06
SiO2 % 98.0-99.8 98.5-99.0 -
As (ppm) <5.0 - -
Fe (ppm) <500 - -

Average particle size (µm) - 6-19 -
Bulk density (g cm−3) - 0.06-0.10 0.06

2.2.10 Dental applications
Silica plays an important role in many dental applications. Both precipitated silica and
silica gel have multiple applications in dentifrice products. The toothpaste market is highly
segmented with products that are customized to the needs of each particular customer seg-
ment[140]. A broad range of silica products are used to optimize the relevant characteristics
of each toothpaste formulation, those like cleaning and whitening performance, abrasion,
and sensitivity, optical clarity, viscosity, and compatibility with other ingredients[141]. The
rheological properties of dentifrice applications are critical in the manufacture of toothpaste,
and to long term stability[142].

Fracture of dentures present an issue in clinical practice, but silica is used to improve the
mechanical properties of dentures. Research show that it can improve the flexural strength
and modulus of elasticity in some particular materials[143]. Dental resin composites repre-
sent an important family of biomaterials that are constantly under development[144]. They
consist of a polymeric matrix admixed with a silane reinforcing inorganic filler but the silane
provides a crucial link between the matrix and the filler that can have a significant effect on
the performance of a composite[145]. The inorganic fillers and additives are bound together
with the polymer matrix[144]. Dental composite resin has a low strength compared to a con-
ventional composite resin, due to a low amount of filler, necessary for achieving low viscosity
and ease of handling[146]. Silica is a common filler used in dental composites and has gained
much popularity despite criticism and predicted failures[147]. A small amount of silica can
improve the mechanical properties without compromising handling properties[146]. The
addition of nano silica to acrylic resin improves the impact strength, transverse strength and
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the surface hardness of the acrylic resin[148]. Additionally, silica can be used as a reinforc-
ing agent in thermoplastic materials and elastomeric matrixes, as a restorative treatment for
sensitive teeth and a nutrient mineral for dental health[149][150][151][152]. The definition
of dental type silica, according to the European Pharmacopeia, is an amorphous silica, either
precipitated, gel or obtained by flame hydrolysis. It contains no less than 94.0 % and no
more than 100.5 % of SiO2 determined on the ignited substance[153].

Dentifrice products

Toothpaste contains many ingredients that serve a definite purpose in providing the attributes
required by the consumer in a modern product. They should be designed to deliver flu-
oride efficiently, clean teeth effectively, and taste and feel good for use by the targeted
consumer[154]. The formulation includes a humectant system, a polishing/abrasive agent, a
binder and a thickening agent, and a cleaning agent. The primary functions of the humectant
system are to avoid water separation, reduce evaporation of the water, provide a smooth
and glossy appearance and provide a consumer friendly homogenous delivery system for
all of the ingredients. Glycerin and sorbitol are the primary liquids used for the humectant
system[155].

The polishing/abrasive agent is used to restore the natural luster and enamel whiteness by
eliminating stained pellicle and plaque from the teeth. Silica is commonly used as a polish-
ing/abrasive agent as it is effectively insoluble, inert, non-toxic and preferably white[154].
Precipitated silica can be used to control the rheological properties of dentifrice products
that vary from liquids to high viscosity pastes[140]. The binder and thickener control the
stability and consistency of toothpaste and affect the ease of dispersion of the paste[154].
The primary function of silica as a thickener is to build viscosity, without increasing the level
of abrasion. The primary function of cleaning agents is to provide the necessary cleaning
and stain removal. Both silica gel and precipitated silica are used as cleaning agents for
toothpastes[156].

Improvement of dental composite materials used for teeth restoration

Dental materials are composed of three main components, the polymer matrix, the polymer
filler bonding agents, and the fillermaterial. Many studies have focused on the fillermaterials,
how to obtain a good dispersion and formation of organized structures to improve the
interaction between the particles and the polymer matrix. Further studies have looked at the
effect of particle size and particle concentration in the performance of restored materials.
An important area of investigation is the use of nanoparticles to improve composite material
performance. Many studies have focused on the effect of nanoparticles functionalization
on the mechanical and optical properties and physicochemical stability of dental composite
materials[149].

There are, in general, two types of composites available on the market, the microfill, and
the hybrid composites. Microfill composites are formulated with fillers that have an average
particle size in the range of 0.01-0.05 µm. These were introduced to the market to overcome
problems of poor aesthetic properties, but the mechanical properties are considered weak for
application in regions of high occlusal forces. Hybrids offer intermediate esthetic properties,
but excellent mechanical properties by the incorporation of fillers with different average
particle sizes[145].

Classification of dental filling composites is based on the type and the particle size of
fillers because of their significant influence on the physical properties of the composites[145].
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Silica is a common filler used in dental composites[147]. The silica particles are usually
synthesized by the sol-gel process and the fillers synthesized using this method are said to
have a distinctly spherical shape with a narrow size distribution that is useful for dental
applications. A silane coupling agent is employed in the surface treatment and is one of
the essential criteria for developing a successful dental composite[147]. As previously
mentioned, it provides a vital link between the matrix and the filler that can have a significant
effect on the overall performance of composite[145]. A study that evaluated the effect of the
addition of surface treated silica on some properties of heat cured acrylic resin denture base
material showed a highly significant increase in impact strength and transverse strength with
the addition of silica powder as well as a highly significant increase in surface hardness[148].

Restorative treatment of sensitive teeth

A research team at the University of Birmingham has shown how the development of coated
silica nanoparticles can be used in a restorative treatment of sensitive teeth and prevent the
onset of tooth decay[150].

There are numerousmicroscopic holes in the dentine of teeth. These holes are an entrance
to tubules that run through to the nerve. When the outer enamel gets breached, the exposure
of these tubules results in teeth becoming very sensitive. The technology is based on target-
ing these tubules with a multifunctional agent that can help repair and restore the tooth. The
aim of the restorative agent is to increase the mineral content of both the enamel and dentine,
with the particles acting like seed for further growth that would close the tubules. Tiny silica
particles can be prepared to deliver important compounds into the damaged teeth through the
tubules. They are made with a surface coating to reduce the chance of aggregation, but that
has been an obstacle using other nanomaterials. Different coatings change the way that the
silica particles interact with the tooth surface, but the research team found that a hydrophobic
surface coating provides real hope for the development of an effective agent[150].

These are the most common dental applications in which silica is used. The silica
properties control the field of implementation, and the most relevant ones are listed and
explained below.

Optical properties - The refractive index

Dentifrice products are formulated either to be clear, translucent or opaque. An optically
clear application can be achieved by closely matching the refractive index of dental silica
to that of the humectant system of the toothpaste[140]. Silicas with a refractive index in
the range of 1.44-1.46 can allow customers to achieve this high clarity dentifrices[156].
It is known that nanoparticle aggregation diminishes the optical properties of a composite
material and should thus be avoided[149].

Compatibility with active ingredients

Compatibility with active ingredients is important. Silica offers fluoride compatibility, which
alternative cleaning agents, such as dicalcium phosphate and precipitated calcium carbonate,
do not[140].
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Particle size

Hydrated silica (surface modified) with a large particle size is an excellent cleaning agent
that can help remove stains on teeth[157].

The effect of different sizes of monodisperse silica particles on mechanical and optical
properties of dental composites have been well studied. Particles of different sizes produce
composites of different viscosities, such that the smallest particles can not reach the same
filler loading as the largerst[147]. Large particles provide similar flexural strength at same
filler loading, but allow more loading and therefore display superior mechanical properties.
Small particles, on the other hand, provide better optical properties and show the greatest
depth of cure and should be considered better for that reason[144]. Extremely small particle
size provides low visual opacity in unpigmented dental composites[147]. The small particle
size of silica, modified with sufficient amount of coupling agents, ensures better interfacial
adhesion between filler and matrix and contributes to uniform dispersion of particles in
polymeric network[145].

Particle shape

Spherically shaped silica particles provide superior polishability in dental composites. They
tend to distribute mechanical stress more uniformly than irregularly shaped particles[147].

Oil absorption

The grades of thickening silicas are often categorized by their physical characteristics, which
have an effect on the rheological properties of the formulation. One of these is the oil ab-
sorption but the higher the oil absorption of the thickener, the higher the viscosity imparted
to the formulation[156].

These should be kept in mind in evaluating the potential use of the Reykjanes silica in
dental applications. Typical properties of commercial dental silica are listed in Table 2.14
below but only values for dentifrice products were found during research. Typical values for
other applications could not be identified but the important properties explained above can
be used for evaluation.

Table 2.14: Typical silica properties for dentifrice applications [141] [158] [159] [160] [161]

Property Cleaning silica Thickening silica Abrasive silica Sensorial silica
Average particle size (µm) 5-12 5-14 5-14 16
BET surface area (m2 g−1) - 190 45 -

SiO2 % 96.5-99.5 97.0-99.5 >90.0 99.5
Oil absorption (g/100g) 84-345 356-460 - 157

pH 4.0-8.0 6.5-8.2 6.9-8.2 4.0
Loss on drying (2h at 105◦C) % 3-30 3-7 4-7 25
Loss on ignition (2h at 1000◦C) % - <7.0 <7.0 -

Tapped density (g cm−3) - 0.09 0.43 -
Fluoride compatibility % >90 >90 - -
Total Al as Al2O3 % 0.1 0.1 - -
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2.2.11 Personal care and cosmetic applications
Products for personal care, cosmetics and hygiene are used daily in all sorts of forms, from
soap and shampoo to deodorants, from face cream to make-up and lipsticks[162]. Most
products have the same type of form but may differ by their use, color, skin feel, fragrance
and so on but reduced to their delivery form, a cream is, after all just cream. Personal care
product manufacturers have thousands of different raw materials to choose from and new
materials are continually being developed that can offer new and unique properties[163].
Silica is a very versatile raw material for many personal care products[164].

Both fumed and precipitated silicas fulfill a broad range of functions, both hydrophilic
and hydrophobic type can achieve high viscosities, adjust thixotropic properties and improve
suspension and stability[165]. They are used in many liquid systems for viscosity control,
anti-sag and anti-settling behavior[166]. Hydrophobic silica can improve water resistance
when required in personal care products[164]. Precipitated silica is often used as a reinforcing
filler or carrier in a diverse range of applications in the cosmetic industry. By acting as a
carrier, it can simplify the production processes of pressed powder products[167]. Pressed
powders are popular for decorative cosmetic products such as eye shadows, face, and rouge
powders. A binder oil is usually sprayed on the powder mixture containing color pigments,
filler, and additives. For every color shade a new mixture needs to be prepared, so a small
scale production is necessary. Using precipitated silica in a method called “Dry binder,”
a dry binder is produced by spraying the oil onto a silica carrier. This dry binder can be
produced at higher scale and only needs to be powder mixed with the different pigments and
other solid additives to produce products in different color shades. When the powder mixture
is pressed, the binder oil is released from the silica, binds the powder mixture and provides
powder cakes with sufficient mechanical stability and good applicability[168].

Formulations thickened with fumed silica display low sensitivity to temperature, elec-
trolytes, and pH, which is often important in cosmetic products[165]. Fumed silica has an
extremely low bulk density and a high surface area and has excellent dispersion properties
and compatibility with other ingredients. It enables high pigment levels in cosmetics by
preventing re-agglomeration of the pigments[169]. Silica can be used to modify skin feel by
absorption of oil and increase of viscosity rebuild time[164].

A new concept called powder-to-cream aims to assist cosmetic producers in creating
eye-catching formulations that attract interest. As cosmetic products are always competing
for attention, new ideas can help manufacturers create products that stand out. With the
powder-to-cream concept, almost any cosmetic product can be formulated in a powder form
which will turn creamy when applied to the skin or hair, an opportunity to produce different
products with a limited set of raw materials. Hydrophobic and hydrophilic silica are the
main ingredients used in this technology[170].

The skin is a unique barrier that consists of three layers, the epidermis, dermis, and
hypodermis. In the outermost layer of the epidermis, the primary barrier function of the skin
is attributed. The skin keeps chemicals and pathogens from entering the body and protects it
against sunlight. The use of nanoparticles has become widespread to increase the penetration
of compounds into the skin and silica nanoparticles, in particular, have attracted significant
interest as cosmetic ingredients[169].

As already seen in the description above, silica can offer a variety of benefits in personal
care products, depending on what type of system it is intended for and the type of silica. It
can be used to help a liquid reduce viscosity under shear influence and to recover viscosity
when the shear is removed. It can contribute to increase the viscosity of a liquid by its
addition or assist in the movement of dry powders. Silica can help as an inert ingredient in a
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formulation while expanding the space available for active ingredients and so on[171]. The
most common applications will be discussed further below, and silicas usage and benefits for
these applications.

Powdered systems

Facial and eye powder makeup products often contain irregularly shaped pigments or other
ingredients that can cause poor flow,which can lead to formulations that are not homogeneous.
Silica is used to coat these irregularly shaped cosmetic particles that are then able to slide
past each other, which improves the powder flow. Powders with large particles benefit more
from precipitated silica grades, whereas powders with small particles work better with fumed
silica[164]. Working as effective free flow agents, both fumed and precipitated silica improve
the flow of powders thereby enhancing production productivity[172].

Powdered cosmetics often contain hygroscopic materials, which can attract and bind
water causing the powdered product to cake or become cohesive. Silica is used to prevent
this storage problem by preferentially absorbing water before it can affect the cosmetic
product[164].

Active ingredients that are viscous and difficult to dose can be absorbed, or carried, in
the pores of precipitated silica. This technique is a new concept for pressed powder, the
“Dry binder” concept that was described above. It solves the problems associated with the
difficulties of achieving a homogeneous distribution of the binder oil used. The liquid binder
oil is first absorbed onto precipitated silica, and the result is a dry, free flowing binder that
can easily be mixed with the other powder components[164].

Silica is sometimes added tomake-up formulations to obtain amatting effect by providing
an irregular surface on the skin. Irregular surfaces refract light away from the source and
reduce the gloss. Absorptive silica can also reduce gloss[164]. The matting effect is
important in facial powder products as it prevents the face from appearing “shiny” [172].

Fumed silica is used in hair bleaching agents to improve free flow properties. Hair
bleaching powders often contain peroxides such as potassium, sodium or ammonium per-
oxodisulfate[164]. Fumed silica prevents moistening and caking of peroxides, which are
usually used in these bleaching powders and the results are excellent free flow properties and
peroxide stability even after extended storage[167]. It is also used in hair dyes to prevent
powdered colorant components from reacting and caking prematurely[167]. Dispersion dyes
can be stabilized with the use of fumed silica[164].

Liquid and semi-solid systems

Fumed silica can be used for efficient rheological control in personal care products. In
cosmetic formulations, silica creates a three-dimensional network from agglomerated silica
aggregates that can easily be broken down with external shear forces, which results in a
mixture that exhibits a thixotropic behavior. The shear thinning effect renders a gel that is
easily applied to the skin without any dripping[164]. Cosmetic oils, for example, can easily
be converted into highly viscous, largely transparent gels[167].

The distribution of nail polish pigments can be improved by fumed silica. It helps to
prevent them from settling and offers a controllable adjustment on the rheological behav-
ior[172]. Silica with an average size of about 9.5 µm can be used to produce matt surfaces in
nail polish systems; the matting agent roughens the surface of the coating so that the amount
of light directly reflected is reduced. The human eye perceives the finish to be matte as
opposed to glossy by this alteration of the surface[173].
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Both fumed and precipitated silica are used to improve the homogeneous distribution of
pigments in lipsticks. The silica prevents the pigments from migrating or “bleeding” into the
lines of the lips once the lipstick has been applied[172]. The silica is also used to increase the
lipstick’s viscosity, and at sufficiently high concentrations, it can reduce gloss and provide
a mattifying effect[164]. At elevated temperatures wax and oil based products can deform,
exude oil or be ruined. Precipitated silica can be used to increase the structure of lipstick
formulations that can limit and prevent both sweating and thermal distortion, thus improving
the lipstick thermal stability. It also offers improvement in payoff modifications for stick
applications. The payoff is improved in color cosmetic stick formulations due to the silica
improving the pigment dispersions and preventing the pigment re-agglomeration[164].

Antiperspirant sprays, roll-ons, and sticks require even distribution and an intense, long-
lasting effect. Fumed and precipitated silica are used as effective suspension stabilizers
and to prevent the agglomeration of active ingredients like aluminum and zirconium salts.
Without a proper structure in the matrix, the salt would settle to the top of the mold during
cooling and storage and the resulting product would decline in effectiveness over time[164].
The silica also prevents suspended active ingredients from settling and the spray nozzle in
sprays from clogging[167]. An advantage over other suspending agents is that fumed silica
can increase the transparency of deodorants, which reduces the chance of residue marks on
clothing. Silica can increase the viscosity of roll-ons and sticks[167].

Exfoliating body and face cleanser formulations often contain polyethylene beads to
help rejuvenate the skin by removing dead cells. There are concerns about the use of
such microscopic polyethylene particles due to recent reports on plastic waste accumulating
in the oceans. Hydrated silica with a spherical shape can be used as an environmentally
friendly way to replace these plastic particles. It has been proven effective as an abrasive
exfoliant[174].

Fumed silica can help increase the volume of the hair, counteracting the hair “flattening”
effect of the conditioning agents in hair conditioners. It can also be used as a thickening and
stabilizing agent in hair bleaching creams[167].

Powder-to-cream

Extremely hydrophobic silica can convert water or dilute aqueous solutions to a dry powder.
This technology is referred to as the “Dry water” concept. Dry water is created by producing
fine water droplets in the presence of the hydrophobic silica during a high shear mixing
process. The droplets are coated with the silica, which prevents the water droplets from
coalescing while mixing. The resulting powdered substance is called dry water. Possible
applications for dry water include bronzing powders, mattifying powders and hair styling
powders[164].

Powder hair styling formulations are increasingly growing popularity. Hair becomes
greasy and limp after a while and hair volume is visibly reduced. Hair washing and time-
consuming styling every day can get hard to manage. The dry water formulation can help
develop products like the dry shampoo. The hydrophobic silica does not only help to
stabilize water droplets in a powder form, but the silica particles can also act as spacers
between individual hair strands, which increases hair volume. They absorb excess sebum
and reduce greasiness[175].

Although the dry water concept proved very beneficial for some applications, it was
limited to only a few percent of actives to achieve stability. To enable more formulation
flexibility and much higher active concentrations, the concept was advanced with the use
of carrier silica[164]. The absorption of liquids onto hydrophilic precipitated silica is
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well known in other industries. A so-called actives absorbate can be produced using this
technology, for ingredients that are critical for the stability of dry water[170]. As hydrophilic
silica works very well as an absorptive carrier, it can be used to incorporate additives outside
of the aqueous environment allowing for much more types of additives to be successfully
used while maintaining a stable powder[164].

This advanced concept was given a name of its own, the powder-to-cream approach and
is based on combining the dry water component and the actives absorbate component to
provide a stable powder formulation with the desired ingredients and concentration. The
fumed silica is used in the dry water phase to convert aqueous solutions or dispersions into a
free flowing powder. The precipitated silica is then employed in the actives absorbate phase
to formulate active cosmetic ingredients into powder form[170].

The relevant properties for these applications will be discussed and explained, as possible,
below.

The refractive index

The refractive index of silica can vary a little depending on the silica surface chemistry.
Silica can be used to achieve clarity in personal care products; the closer the silica is to
the refractive index of the base ingredient, the greater the clarity that can be achieved[164].
For example, clear nail polish formulations can be obtained with silica, provided that the
refractive index of the solvent system corresponds to that of the silica[172].

Hydrophobic

Hydrophobic silicas are best for creating or adjusting thixotropic properties, improving
suspensions without significantly increasing viscosity, and imparting stability and water-
resistance to emulsions like sunscreens and makeup formulations[165][167]. They can be
particularly helpful as powder flow regulators and can help to achieve high flowability of
hair bleaching powders[164][167]. When a maximum viscosity is not required, hydrophobic
grades may be a suitable option. They provide better skin feel, maintain better gloss and give
water repellency and anti-corrosion properties. Additionally, agglomerates of hydrophobic
fumed silica are more easily broken up, leading to improved grind values[166].

Hydrophilic

Hydrophilic silicas are very effective as drying agents[167]. They can be used as natural thick-
eners for liquid systems and provide particularly high viscosities[165][167]. Hydrophilic
grades also perform better in non-polar oils than hydrophobic grades[164]. Hydrophilic
silica can have a positive effect on the volume of the hair when used in hair rinse products.
The agglomerates adhere to the rough hair structure and prevent the hairs from lying flat on
one another[164].

Purity

High purity and chemical inertness can be substantial in cosmetic applications, like for hair
bleaching powders where iron can catalyze the decomposition of peroxides[167][164].
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Surface area

Silica with a high surface area can absorb excess oil better than silica with a low surface area.
In non-polar oils, thickening efficiency is related to the BET surface area. The higher the
surface area, the higher the given viscosity[164]. Hydrophobic silica with a small particle
size and a high BET surface area is very useful for dry water production[170].

Particle size

Silica with a small particle size (3-6µm) is useful in skin care products like lotions, creams,
essence, eye creams and serums. It can act as a lubricant or a stabilizer but is also well suited
as an actives absorbate and an ingredient carrier[176]. The smaller the particles are, the
better the skin feel becomes in powder-to-cream applications[170]. Silica with an average
particle size of 6-9µm can be useful in makeup products like foundation, powder pact, two-
way cake, loose powder, eye shadow, blusher, and lipstick[176]. Hydrophilic silica of very
high purity, neutral pH and with a particle size of 10µm or less, can be used as a functional
filler for use in skin care formulations with sensory modification such as elegant skin feel
and optical effects like wrinkle fillers[177]. Silica with large particle sizes, over 100µm, can
be used for exfoliation formulations[177].

Absorption capacity

Nonporous silicas have good dispersibility and re-dispersibility inside water/alcohols/sili-
cones. They are ideal for powdered skin care and are often used in mascara’s to help fast
drying. Silica with a low absorption capacity (0.5-1 cc/g) is used in loose and pressed pow-
ders to increase the resistance to drop test and lower the binder amount that is required[178].
Porous silica particles have strong absorption abilities, which can give excellent sweat ab-
sorption to cosmetic products. That way, they can be used for oil and moisture content
control on the skin[179]. Silica with a medium to high absorption capacity (1.4 ccs/g) can
help reduce sweating and cracking in poured products and sticks. Silica with a high absorp-
tion capacity (2.2 ccs/g) is used in poured sticks and foundations to increase the viscosity of
the bulk. It reduces the amount of gelling agents and waxes that can have an adverse impact
on the texture[178].

Particle shape

Spherically shaped silica particles give a smooth texture on the surface of the skin. Specially
produced scale-like shaped silica particles provide more good feathering effect by the light
scattering property. They also have a lot of gap inside, which can support TiO2 and ZnO
that provide a UV shielding effect[179].

Typical properties of the commercial silica used for these applications are listed in Table
2.15 and can be used to evaluate the potential use of the Reykjanes geothermal silica.

2.3 Literature review
The recovery ofminerals andmetals from geothermal fluids is becoming an attractive concept
in the geothermal industry. The extraction of silica has received significant attention in New
Zealand, and research into amorphous silica extraction has been conducted over several
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Table 2.15: Typical silica properties for personal care and cosmetic applications [168] [180]
[181] [182] [183] [171] [184] [185] [186] [187] [188]

Property Precipitated Fumed
Average particle size (µm) 2-320 12(nm)
Oil absorption (g/100g) 209-418 -

BET surface area (m2 g−1) 190-500 50-400
pH 6.0-6.5 3.5-6.0

DOA absorption (g/100g) 225-305 -
SiO2 % >98 >99.8

Loss on ignition (2h at 1000◦C) % <18 <2.0
Loss on drying (2h at 105◦C) % <7 <1.5

Tapped density (g cm−3) 0.06-0.12 0.04-0.06

years[189][190]. At least six different extraction methods have been tested and two of them
at a large pilot plant scale[190]. There are also several operations within the US that have
developed successful processes for silica extraction from geothermal brines[191].

In 1990, a prototype pilot plant was built in New Zealand to extract several grades
of silica, which successfully produced silica that performed well relative to commercial
newsprint additives[189]. In 2001, the U.S. Department of Energy’s Brookhaven National
Laboratory, in collaboration with Caithness Operating Company of Reno, Nevada, won a
R&D 100 Award for developing a technology to extract silica of commercial quality from
geothermal brine[191]. During 2013-2014 a company, called Environmetals Ltd., set up a
silica extraction plant at Wairakei geothermal plant in New Zealand that uses a method of
reverse osmosis and ultrafiltration to extract silica for commercial use[190] successfully. The
level of development from trials and testing that have already been undertaken indicate that
the barrier to the extraction of silica is not technical but rather economical[190].

The different extraction technologies will be reviewed from literature as well as case
studies. The end product quality and purity, depend both on the method of extraction and at
which point in the process cycle the silica is extracted.

When the geothermal fluid reaches the surface for power production, the water contains
dissolved silica. The amount depends on the temperature of the reservoir; the hotter the fluid,
the more dissolved silica it contains. During the extraction of steam for the power production,
the fluid temperature decreases and the concentration of dissolved silica increases. Once
the concentration becomes greater than the equilibrium solubility of amorphous silica, solid
silica can precipitate from the fluid. However, depending on the temperature, the silica
concentration, and the brine chemistry, silicamolecules join to form polymeric silica particles
that can remain suspended in solution. This is called a colloidal suspension. If the silica
colloid particles are all of the same sizes, the silica is said to be monodispersed. Individual
colloidal particles can form larger clusters of particles in a process called agglomeration[190].

The silica extraction technologies are based on the initial polymerization of the dissolved
silica and the formation of colloidal particles. Time, temperature, silica concentration,
chemical additives, and fluid chemistry, are all parameters used to control the process of
extraction. These parameters can give control over particle size and agglomeration, as long
as the dissolved silica has not commenced polymerizing already[190].
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2.3.1 Precipitation by cationic flocculants, pH modification and
base/salt addition

The early developed process involves allowing silica to polymerize in a time range of 30 min
to 2 hours before precipitating it using an organic flocculating agent. A small part of the
precipitated silica is recycled to act as seeding material in the fresh brine. The rest can be
recovered by various techniques like separating it by sedimentation into a thick slurry. The
slurry can be sold for further processing or filtered, washed and dried[190].

Laboratory tests were conducted on geothermal fluids from Kawerau and Ohaaki using
this method. The Kawerau silica had an acceptably low arsenic content and mean particle
size of 0.04 µm. Other major impurities were mostly iron. The silica from Ohaaki was more
variable, with measured particle sizes between 2-26 µm and higher and more variable arsenic
concentrations[190]. A commercial prototype pilot plant was built at Kawerau to extract
silica that performed well relative to commercial newsprint additives. The process provided
control of arsenic absorption, surface area, pore volume and structural morphology of the
precipitated silica[189]. The method involved allowing monomeric silica to polymerize
and coagulating the colloidal silica with calcium chloride, about 200-400 g/ton, followed
by flocculating agents and surfactants. A portion of the precipitated silica is recycled
to promote polymerization, and the central part is removed as a slurry and by filtration.
The floc particle size of an untreated slurry was distributed between 20-500 µm and the
purity of the silica was a high 98%. The impurities were mainly aluminum, calcium, and
sodium[190]. There were 30 tons of geothermal silica produced from over 30 million
processed liters of separated geothermal water. The technology successfully integrated the
extraction process with upstream power generation, direct use of heat and the subsequent
reinjection of geothermal brine. Although the plant achieved a commercial number of hours,
it was never taken to an industrial scale, for reasons unknown[192].

This method was also used in 2009 to de-silicate Ngatamariki geothermal fluids before
using the water as a drilling fluid. Some cationic flocculants were trialed, and a considerable
difference between their effectiveness was noticed. Careful tests are required to select the
appropriate chemical. Unfortunately, no properties or analyses of the precipitated silica were
presented, but the drilling programwas successfully undertaken using this process to produce
drilling water[190].

There was an attempt to develop a method for precipitating marketable silica from the
Salton Sea geothermal field in the USA. After some market research, the goal was to produce
silica that could be used as a rubber additive. The silica would have to match the fundamental
physical properties of rubber additives, such as surface area, pore size and distribution, and
dispersion in oil. Silicas used as rubber additives are surface treated with a silane coupling
agent before mixing with rubber precursors and must disperse readily in oil[193]. The
precipitation method involved first adding acid to the geothermal fluid to lower the rate of
silica precipitation, a process commonly known as the pH modification. The precipitation is
then induced by adding a base and Mg or Ca salts. The silica precipitates are then removed
either by filtration or centrifugation. The silica precipitates were surface treated with a silane
coupling agent before testing. The analysis of the precipitated silica showed that the silica
particles were clusters of smaller silica particles in sizes of about 80-100 nm. The Salton
Sea silica was compared with a commercial silica, commonly used as a rubber additive.
The particle size and surface areas of the Salton Sea silica proved to be similar to the
properties of the commercial silica, but the Salton Sea precipitates did not disperse readily
in oil[193]. Experiments continued as the previous silica precipitates were not suitable as
rubber additives, they did not disperse well in the rubber precursors and produced inferior
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rubber[194]. Laboratory experiments with a simplified brine were conducted, but the results
from the oil dispersion tests again suggested that the laboratory precipitates had not yet
disaggregated to a sufficiently small particle size. An adequate particle size and distribution
had been achieved, but further experiments were necessary to achieve the goal of precipitating
marketable silica as rubber additive[194].

2.3.2 Silica removal by reverse osmosis and ultrafiltration
Ultrafiltration is a continuous separation process that enables suspended solids in a geother-
mal fluid to be concentrated while the geothermal water passes through a membrane filter to
waste[190]. The method has been used previously for the production of commercial silica
sols to wash unwanted salts from concentrated sols[195].

A pilot plant was constructed at theWairakei geothermal field to investigate the possibility
of producing silica sols from geothermal water. Silica sols are concentrated solutions of
colloidal silica where the colloid particles are monodisperse with low levels of impurities.
The plant was designed to process approximately 5000 L/hour of geothermal water and
consisted of a heat exchanger, several aging tanks in series and a three stage ultrafiltration
module. The nucleation temperature was used to determine the colloid particle size. The
nucleation temperature is the temperature to which the geothermal water is reduced to in
the primary heat exchanger and the temperature at which particle growth commences[195].
The initial temperature drop provides a certain degree of supersaturation of the silica and
the chemical driving force for nucleation is the degree of supersaturation. The larger the
degree of supersaturation, the greater the number of nuclei formed. The growth of the
colloids already formed is controlled by aging and further gradual cooling. The nucleation
temperature, therefore, controls the number of particles that are formed, and the cooling
regime determines the final particle size[195]. The trials carried out in 1996 demonstrated
that silica sols with predetermined particle sizes between 10-70 nm could be produced. The
ultrafiltration provided a straightforward and efficient means of concentrating silica sols with
reasonable downtime for cleaning, but organic stabilizing agents were also essential to avoid
gel formation. The designed pilot plant performed as anticipated and could produce silica
sols with equal quality to commercial silica sols[195].

Ultrafiltration was also trialed in Japan in a 5 ton/hour pilot plant scale. Colloidal silica
was successfully produced with no arsenic content and could be used to manufacture Zeolite,
a catalytic material[190].

The ultrafiltration method was further developed in 2006 at Mammoth Lakes, USA[190].
The geothermal fluid has one of the lowest salinities of any geothermal fluid, with very low
calcium, and negligible iron and other metals content. It also has a relatively low silica
content, which was a problem for silica extraction[196]. The issue was solved by running
the geothermal fluid through a reverse osmosis separation process to create freshwater and
silica concentrated brine. The brine is then pumped into a reactor where chemicals are
added, and silica is extracted. The freshwater is used for evaporative cooling[197]. Both
precipitated solid silica, and a colloidal silica slurry was extracted from the field by varying
the methods of extraction. To produce precipitated silica, the concentrated fluid flowed
through a continuously stirred reactor where salts and polyelectrolytes were added to induce
the precipitation. To produce a colloidal silica slurry, colloids were concentrated from
the fluid without inducing agglomeration. In both cases, the particles or un-agglomerated
colloids were removed downstream from the reactor by ultrafiltration[196]. These combined
methods are called the Livermore extraction process. It allows scientists to control colloid
and agglomerate size so that their surface areas and pore sizes match those of commercially
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useful silicas[197]. Because of the low salinity and impurity content, silica of very high
purity can be produced from Mammoth Lakes[196].

2.3.3 Other
At Hellisheiði power plant, Iceland, a company called geoSilica developed a process to
produce a liquid silica supplement from separated geothermal water. The production process
starts with increasing the silica concentration in the separated geothermal water, without
changing the chemical composition of the water. The geothermal water is then gradually
replaced by clean ground water from the area while keeping the silica concentration constant.
The end product is highly pure silica in the form of subtle silica particles in fresh ground
water. GeoSilica received a project grant from the Icelandic Technology Development Fund,
and their first product was released late 2014[198].
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Chapter 3

Methods

The silica precipitation experiments are still ongoing at the Reykjanes field. The primary
goal of the experiments is to clarify the brine (precipitate silica from the brine) for reinjection.
A decision was made to collect three separate silica samples from the field, each one after
some modification on the precipitation/clarification process. The three samples collected
will be referred to as S1, S2, and S3. The silica precipitates out of solution and is collected
into a tank, where the sampling was done. The tank is shown in Figure 3.1.

The analysis is split up into two parts; First a SEM (Scanning Electron Microscopy) and
EDX analysis for all three samples, S1, S2 and S3, performed at Nýsköpunarmiðstöð Íslands
(Iceland Innovation Center). Secondly, a detailed analysis for sample S3 carried out by
Delft Solids Solutions, a laboratory in the Netherlands. The analysis included the chemical

Figure 3.1: The precipitated silica is collected into the tank seen on the figure. It fills up
during a test run and is then disposed off prior to a new test run.
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composition, morphology, particle size distribution, total pore volume and pore distribution,
specific surface area and pore distribution, oil absorption, specific gravity, aerated and tapped
bulk density, loss on drying and loss on ignition.

Sample S1 was collected June 12, 2016, after the first test run on clarifying the brine.
The details on the system setup are confidential. The relevant information is included to
give an idea of the minor modifications between test runs. In the experimental setup for the
first test run, the flocculant was added to the system in between the reactor (precipitation and
formation of silica colloids) and the clarifier.

Sample S2 was collected August 9, 2016, after the first day of the second test run. The
system was run without recirculation. Finally, sample S3 was collected August 12, 2016,
when the second testing had been run for a few days with recirculation. Both condensate and
the flocculant were added to the system in the clarifier.

3.1 SEM & EDX
Scanning Electron Microscopy (SEM) was used to determine the silica morphology (texture,
shape, and particle size) and to obtain a rough chemical composition. The SEM is a method
for high-resolution imaging of surfaces. It generates a beam of incident electrons in an
electron column above the sample chamber. The electrons are focused into a small beam
and scanning coils near the end of the column direct and position the focused beam onto
the sample surface. The image is created by scanning the incident electron beam in a
raster pattern across the sample’s surface, and the intensity of the emitted electron signal is
displayed as brightness on a display monitor or in a digital image file. By using an energy
dispersive X-ray spectrometer (EDX) with the SEM, it is possible to get a chemical analysis
information. Samples of nonconductive material can charge when scanned by the electron
beam and cause scanning faults and other image artifacts and are, therefore, often coated
with an electrically conducting material.

Before the SEM analysis, the silica samples S1, S2, and S3 were dried at 120◦C for about
24 h and then gold coated for better imaging. Figure 3.2 shows the three samples placed in
ceramic cups for drying.

Figure 3.2: The silica samples being prepared for drying
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Figure 3.3: Sample S1 being placed on a sample disk before gold coating

Figure 3.4: Sample S2 being placed on a sample disk before gold coating

Figure 3.5: All three silica samples, S1, S2 and S3 ready for SEM analysis

After the samples had been dried completely, they had turned to powder and could be
placed on individual sample disks and gold coated. The van derWaals forces were noticeable
when trying to separate the powder for the placement on the sample disks. Figures 3.3 and
3.4 show that a difference between the samples was already noticed during the preparation.

Figure 3.5 shows all three samples after being coated and ready for the SEM analysis.
The difference in texture is quite clear, prior to any analysis.
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The main goal was to see if the modifications to the precipitation/clarification process
would alter the silica regarding particle shape, size, and texture.

3.2 Analytical methods for sample S3
Prior to all investigations, the content of one entire container has been dried in an oven for
approx. 48 h. to determine the weight loss and remove the excess water. The sample has been
subsequently sieved over a 100 µm sieve and the particles < 100 µm have been representatively
divided into smaller fractions suitable for the investigations using a rotary riffler. The particle
size distribution via laser diffraction has been obtained using the as-received "wet" material.

3.2.1 X-Ray Fluorescence
The chemical composition of a material can be investigated using the multi-element tech-
nique X-Ray Fluorescence (XRF). X-ray fluorescence is a non-destructive analysis for the
qualitative and semi-quantitative determination of elements with an atomic weight > carbon
(Z > 6). X-ray fluorescence is based on the principle that an atom is irradiated by high-
energetic radiation and releases an electron from a valence shell of the atom. A higher
placed electron takes the vacant place and transmits element-characteristic radiation. The
intensity of this radiation is a guideline for the concentration of the concerned element.

Semi-quantitative determination of the multi-element composition of the samples has
been attained in a PANalyticalAxios-MaxWD-XRF spectrometer usingSuperQ5.01/Omnian
software for the data evaluation. A suitable pellet has been generated by means of pressing
the milled sample without binder into a tablet; this further assists in a homogenization of the
sample.

3.2.2 Image Analysis/Morphology
For the characterization of the sample, a 3D image of a particle is captured as a 2D image
and converted to a circle with the same area as the 2D image of the particle. These results are
presented as number distributions. The equivalent diameter is also converted to a 3D sphere
and presented as volume distribution. These latter results are presented to compare with the
laser diffraction results of the other samples. The applied morphological parameters for the
shape distribution are CE diameter, HS circularity, circularity, aspect ratio, elongation and
convexity and are defined as:

CE diameter: The diameter of a circle with the same area as the projected area of the
particle image.

HS (High Sensitivity) Circularity: The ratio of the object’s projected area to the square
of the perimeter of the object. HS Circularity calculation to obtain a more sensitive measure
when comparing particles of similar circularity. A perfect circle has an HS Circularity of
1.0 while a narrow rod has an HS Circularity close to 0.

Circularity: Ratio of the circumference of a circle equal to the object’s projected area
to the perimeter of the particle image. A perfect circle has Circularity of 1.0, while a very
narrow elongated object has a Circularity close to 0.
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Aspect ratio: The ratio of the width to the length of the particle. A rod, for example,
would typically have a low Aspect Ratio.

Elongation: This is 1-Aspect Ratio, elongation values range from 0 to 1. A rod, for
example, has a high Elongation.

Convexity: The perimeter of the convex hull of the object divided by its perimeter. The
convex hull can be seen as the border created by an imaginary rubber band wrapped around
the object. The Convexity values are in the range 0 (least convex) to 1 (most convex). The
Convexity is a measure of how "spiky" a particle is.

The principal result of imaging is a number based Particle Size Distribution, where the
size of the particles is related to their equivalent circular diameter. Quantitative particle
shape distributions are defined by shape descriptors, derived from a ratio of two particle size
dimensions.

The materials are characterized with the Malvern Morphology G3SE with a Nikon CFI
Brightfield/Darkfield inspection microscope (Eclips L200ND) and a Baumer 5 M pixels
CCD digital color camera. The Morphology G3 is a high-end microscope with episcopic
and diascopic illumination for static dispersed particles on a precision XY stage. A 5
Megapixel camera collects images of individual particles in a size range of 0.5 - 3000 µm
and even smaller than 0.5 µm and larger than 3000 µm. All individual images of the particles
are analyzed by dedicated software resulting in statistically significant particle size and shape
information. Particle size and particle size distribution are determined, and multiple shape
parameters are calculated for each particle and shape distributions generated.

The sample has been representatively divided with a rotary riffler to lots with a sufficient
number of particles to cover the object glass of the microscope. The dimensions of the object
glass are 180 x 110 mm. A complete representative lot is transferred to the object glass, and
especially the large particles are manually repositioned so that they don’t touch each other.

3.2.3 Laser Diffraction
Laser diffraction is an instrumental method for the characterization of particle size distribu-
tions (PSD) of dry powders, suspensions, and emulsions.

The particles are dispersed in liquid or air and circulated through a laser beam. The
particles interact with the monochromatic laser light by scattering (diffraction, reflection,
refraction, and absorption). The scattered, mainly diffracted, light forms a pattern of concen-
tric rings of alternating high and low intensities and is focused on the detectors by a (Fourier)
lens. The diffraction pattern is characteristic for particle size: small particles scatter under
wide angles, large particles under small angles (the shape is not taken into account, the parti-
cles are presumed to be spherical). The way of scattering is independent of particle place and
velocity within the laser beam. An optical model is used for the mathematical deconvolution
of the diffraction pattern into a particle size distribution. The Lorentz-Mie model adequately
takes into account all types of light interactions. As a consequence, this theory requires
full knowledge of the optical properties of the particles and dispersion medium. The optical
properties are expressed in a complex refractive index, in which a real part represents the
refractive properties of the particle and medium and an imaginary part the light absorption
properties of the particle. These data can be retrieved from handbooks, tables or measured
but this latter is complicated and time-consuming. Furthermore, the values of the RI are
dependent on the wavelength of the used light; red, blue green or a filter wheel, the given
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values cannot always be used as such. When the RI is known, the true-ness of the Lorentz-
Mie model is best. The advantage of the Lorentz-Mie model is a greatly improved true- ness
of the particle size distribution for particles below 10 µm. The principal result of the LD
technique is a volume based PSD for a collective of spheres having defined optical properties,
for which the calculated scattering behavior gives an optimum match with the experimental
pattern.

Three different units for dispersing samples are available: the Scirocco 2000 sample
dispersion unit with a venturi tube and adjustable pressure for dispersing in air, the Sample
Presentation Unit with ultrasonics and a volume of 1L for dispersing in water or polar
organic liquids like alcohols, and the Small Volume Sample Dispersion Unit with a volume
of 100 ml for dispersing in polar and non-polar organic dispersants and adapted with an
external ultrasonic probe. Ultrasonics is a general tool for dispersing and de-agglomeration
of particulates in liquid dispersants. The particle size distribution via laser diffraction is
measured with a Malvern Mastersizer 2000 in combination with the Sample Presentation
Unit for measuring in water. This configuration has a measuring range from 0.02 µm up
to 2000 µm. The sample is a suspension of particles in water, and therefore the sample is
also measured in water. The sample is homogenized with a spatula, and an aliquot of the
sample is deposited in the large sample presentation unit. The effect of increasing ultrasonic
energy is monitored up to five minutes, and each presented result is the average of three
subsequent measurements The used optical model is Lorentz-Mie taking into account the
optical characteristics of the particles, all in accordance with ISO 13320-1:2009.14 The
applied optical model has a Particle Refractive Index [n] of 1.544, which corresponds with
silica. The used absorption index of 0.01 is typical for (white) crystalline particles. The
validity of the optical characteristics has been verified by the quality of the fit. The fit is
a comparison of the actual measured diffraction pattern and the calculated deconvoluted
diffraction pattern.

3.2.4 Mercury Intrusion Porosimetry
Mercury intrusion porosimetry (MIP) measurements are performed on a variety of samples
to determine the pore volume, porosity, and the pore size distribution. This technique is based
on the principle that mercury is a non-wetting liquid and requires a force to penetrate voids.
In a typical analysis, pressure from 0.01 kPa to several 100’sMPa are applied, and application
of the Washburn equation converts the pressure to pore diameter (dpore) according to the
following relationship:

dpore =
−4γ cos θ

p
(3.1)

A value of 140 degrees is used for the contact angle (θ), as this has proven to be a realistic
value for most oxidic materials, while the surface tension of mercury (γ) amounts to 480
dynes per cm. Measurement of the volume displacement by the solid sample, especially
after determination of the inter-particle volume and/or intra-particle volume, also enables to
assess its apparent density. The latter value would approach the skeletal (or true) density if
all porosity has adequately been assessed and would result in lower values if not all (intra-)
particle porosity has been taken into account.

Before the actual investigations, the samplewas additionally degassed in vacuum at 105◦C
for 16 h. Subsequently, the intrusion and extrusion curves were recorded on a Micromeritics
Autopore 9505 analyzer. The weight loss obtained upon pre-treatment has been recorded,
and the dry sample weight has been used in the various calculations.
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3.2.5 Physical gas adsorption
In physical gas adsorption following the volumetric approach with N2 as adsorptive, the
sample cell holding the outgassed sample is evacuated and cooled to liquid nitrogen tem-
perature (77 K). Portions of nitrogen gas are dosed into the sample cell and will be partly
absorbed on the surface, eventually getting into equilibrium with the gas phase. In this
way, adsorption and desorption points can be recorded at different pressures and the ad- and
desorption isotherm can be constructed. Adsorbed nitrogen will first form a monolayer on
the sample surface while further increase in pressure results in the formation of multilay-
ers. In the region where monolayer and multilayers are formed, the specific surface area
(SBET)) is determined according to the BET (Brunauer, Emmet, and Teller) theory. This
model applies to non-porous and meso- and macroporous materials and adsorption points
in the relative pressure range between 0.05 and 0.25 are typically used. However, for mi-
croporous materials, such as zeolites and activated carbon, the relative pressure range < 0.1
is recommended. In case mesopores are present in the sample, N2 will condense in these
pores at higher relative pressures and the pressure at which condensation occurs depends
on the pore size. Smaller mesopores will show condensation at lower relative pressures
whereas larger pores (up to approx. 100 nm pore diameter) display condensation of N2 at
higher pressure, up to relative pressures that are close to unity. This information can be used
to derive a mesopore size distribution, typically using the BJH pore size model. Besides,
the empirical t-plot methodology can be used to discriminate between contributions from
micropores and remaining porosity (i.e. mesoporosity, macroporosity and external surface
area contributions).

Before the actual investigations, the sample was additionally degassed in vacuum at
105◦C for 16 h. The adsorption analysis with N2 as adsorptive was recorded at 77 K on
a Micromeritics TriStar 3000 adsorption analyzer. The weight loss obtained upon pre-
treatment has been recorded, and the dry sample weight has been used in the various
calculations.

3.2.6 Oil Absorption Number
The oil absorption experiment provides information on the adsorption capacity of the sample
for oil. Linseed oil is dropwise added to the powder and thoroughly rubbed with a spatula
until a stiff, putty-like paste is formed. The putty-like paste is obtained when the powder
particles get saturated with oil and when the oil starts to adhere to the outer surface, resulting
in the end point of the oil absorption analysis. The amount of oil required to produce this
end point is used to calculate the oil absorption value. The analysis method is in accordance
with the so-called "t method," described by B.C. Lippens and J.H. de Boer.

Before the oil absorption measurements the sample was dried in a Sartorius MA50
moisture analyzer at 105◦C until equilibrium was obtained. The sample has been measured
in triplicate, and approximately 2 grams of the sample has been used in each measurement.

3.2.7 Helium Pycnometry
In helium pycnometry, the ideal gas law is being used to determine the volume of a solid
sample accurately. Typically, helium is being used as it easily obeys the ideal gas law, is an
inert gas, and it is capable of entering the smallest accessible pores and voids. Accordingly,
the net volume of the solid matter can be determined without any contribution from the
presence of inter- particle or intra-particle porosity, unless encapsulated (inaccessible) voids
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are present in the interior of the primary particles. Combined with the known sample weight,
the skeletal (or true) density can be calculated.

Before the actual investigations, the samplewas additionally degassed in vacuum at 105◦C
for 16 h. The density measurements have been executed in a Quantachrome Ultrapycnometer
1000 at 25◦C. This instrument can handle different cell volumes to have the possibility to
work with samples of various sizes. In order to have a most representative sample with
optimal measurement accuracy, the large sample cell holder has been used in the analysis of
the sample, allowing sample sizes up to approx. 140 cm3.

3.2.8 Bulk Density
The bulk density of powders can be determined in different ways and – depending on the
experimental approach, different values can be obtained. To arrive at standardized and
traceable values, the procedures as described in ASTM D 6393 have been followed in which
the determination of two different density values has been described.

One can differentiate between the so-called aerated (or loose) bulk density and the packed
(or tapped) bulk density. The first one includes as much as air as possible in the powder
bed, thus leading to a minimum density value whereas the procedure for the packed density
targets the closest packing of the powder particles. In the latter case, one obtains a maximum
bulk density value (under ambient conditions). The relative difference between the two
values represents the degree of "compression" of the powder bed and is referred to as the
"compressibility." The compressibility is determined using the following equation:

100(ρp − (ρa))
ρp

(3.2)

Where ρp is the packed bulk density and ρa is the aerated density. An additional advantage
of having this compressibility factor available is that this factor often correlates with flow
properties: a higher compressibility factor typically relates to poorer flow properties. A
compressibility of 20% is considered as a limiting value, below 20% the material is most
likely flowable and above 20% probably cohesive.

The Hosokawa powder tester is used to determine the aerated density, packed density,
and the compressibility. Fine powders are led through a sieve of 710 µm to obtain a loosely
packed powder bed. A cup of exactly 100 cm3 is filled with the loose powder, this is then
referred to as aerated density. To come from an aerated to a packed bulk density, 180 taps
were used to compact the sample material as documented in the respective ASTM standard.
The investigations have been performed at a laboratory temperature of approx. 21◦C and a
relative humidity of approximately 40%.

3.2.9 Loss on Drying
The loss on drying method is useful for design purposes, service evaluation, regulatory
statutes, manufacturing control, quality control, specification acceptance, development, and
research. Themethod describes a procedure for the determining the amount of volatile matter
of any kind that is driven off from a test specimen under a specific set of temperature and
time conditions. The method determines only the mass of the material lost, not its identity.
It applies to a wide variety of solid or liquid materials, mixtures or blends where the major
component is stable at the test temperature. The loss on drying is expressed as a percentage
of the weight of the original sample.
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The sample was dried at 105◦C in a Heraeus Instruments type T6 oven to remove and
quantify the moisture and other components present. The sample was heated until a constant
weight was obtained (approximately 48 hours).

3.2.10 Loss on Ignition
This method is for determining the loss on ignition (LOI) of fresh and regenerated catalysts or
catalyst supports of various commercial shapes and sizes, including fines, using an ignition
temperature of 900◦C. The method is quantitative down to 0.1 mass-%. The method is not
water specific, and other volatile components such as chlorine or fluorine are also included
in the LOI. Mass gains are possible with catalysts that contain reduced metals. The loss on
ignition is expressed as a percentage of the weight of the original sample.

The sample was dried in a Sartorius MA50 moisture analyzer at 105◦C until equilibrium
was obtained. Subsequently, the dried sample was placed in a crucible and placed in the
Kocken Ovens KMK30 furnace. The temperature was raised to 900◦C and held constant for
3 h.
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Chapter 4

Results

4.1 Scanning Electron Microscopy
The SEManalysis provided excellent images of the three silica samples withmagnification up
to 60,000 times the original size. Only relevant images will be included, and magnification
in values of thousands will be shortened like, f.x 1,000 will be referred to as 1K. As
previously mentioned, a difference in texture was already observed when the samples were
being prepared for SEM. It is the nature of nanoparticles like those silica particles, to form
aggregates after precipitation. They additionally form agglomerates (larger clusters loosely
bound together) from those aggregates due to van derWaals forces. These forces were clearly
noticed during the preparation process when trying to spread a very thin layer of the powder
onto the small sample disks.

The following 12 figures below show the SEM images of the silica samples with different
sets of magnification. Figures 4.1, 4.2 and 4.3 show SEM images of samples S1, S2 and S3
with a magnification of 2.35K.

Figure 4.1: Sample 1, magnification: 2.35K
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Figure 4.2: Sample 2, magnification: 2.35K

Figure 4.3: Sample 3, magnification: 2.35K
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Figure 4.4: Sample 1, magnification: 12K

On sample S1, small spherical particles are observed, which are in fact aggregates of
even smaller particles. These aggregates attract to form large agglomerates. The images
show that the aggregates of samples S2 and S3 are quite smaller than in sample S1. The
particles appear to have a spherical shape in samples S2 and S3 as well, although they are
not quite obvious as in Figure 4.1 of sample S1. Some of the agglomerates were measured
from these images for all samples, and the results can be seen in Table 4.1.

Table 4.1: Size measurements of agglomerates in samples S1, S2 and S3 from SEM images
with a 2.35K magnification

S1 S2 S3
3.33-14.17 µm 0.42-7.51 µm 0.83-8.33 µm

Figure 4.4 shows sample S1 with a 12K magnification and Figures 4.5 and 4.6 show
samples S2 and S3 with a 10K magnification. The particle shape is getting clearer in all
three images, spherical particles in a broad size range. Both the aggregates and larger
agglomerates are seen in all samples. Again, the particles are larger in sample S1, than the
other two.

Figures 4.7, 4.8, and 4.9 show the samples with a 40K magnification. These images
are interesting as they now show clearly that the particles have a spherical shape. It can be
seen in Figure 4.8, that sample S2 appears to have the smoothest surface, indicating that the
recirculation can cause a rough particle surface. The particles in sample S2 appear, from
these images, to have a broader size range than samples S1 and S3.
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Figure 4.5: Sample 2, magnification: 10K

Figure 4.6: Sample 3, magnification: 10K
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Figure 4.7: Sample 1, magnification: 40K

Figure 4.8: Sample 2, magnification: 40K
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Figure 4.9: Sample 3, magnification: 40K

4.1.1 Energy Dispersive X-ray Spectrometer
By using energy dispersive X-ray spectrometer (EDX)with the SEM, a chemical composition
for all three samples was obtained. The exact concentration is considered to provide very
inaccurate information about the elements present in the samples, which is due to the fact
that the samples are not completely flat on the sample plates in the chamber. That can cause
the electrons to both scatter and provide only information on the surface which they hit. A
more precise chemical composition can be found in the analysis from Delft Solids Solutions
for sample S3.

Figures 4.10, 4.11, and 4.12 show a spectrum of the elements detected in the analysis of
sample S1 for three different sites of interest in the sample.

Figure 4.10: Element spectrum for sample S1; Site of interest 1

Table 4.2 shows the elements detected in sample S1 and their weight % (wt.%) and atomic
% (at.%) for each site of interest in that sample that was analyzed. The software used to
process the EDX analysis includes all elements detected but some elements like carbon and
gold are present because of their use in the sample preparation. Carbon should have been
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Figure 4.11: Element spectrum for sample S1; Site of interest 2

Figure 4.12: Element spectrum for sample S1; Site of interest 3

excluded from the concentration analysis as it could be very inaccurate. A carbon film was
placed on the sample plates to glue the silica powder on the plates, carbon could be present
in the sample but it could also be detected because of the underlaying film. Fixing it was not
considered critical since the concentration information is not very reliable and not used to
estimate the element concentration accurately. The results from the analysis are interesting.
There are indications that potassium, manganese and iron are present in sample S1 at low
concentrations.

Table 4.2: Elements detected in sample S1, at three different sites of interest (SOI)

Element SOI 1: wt.% / at.% SOI 2: wt.% / at.% SOI 3: wt.% / at.%
Carbon (C) 4.47 / 7.08 6.60 / 10.49 Excluded
Oxygen (O) 55.92 / 66.51 51.44 / 61.38 53.24 / 66.94
Sodium (Na) 0.37 / 0.31 0.15 / 0.13 0.24 / 0.21
Silicon (Si) 37.06 / 25.11 40.17 / 27.31 44.65 / 31.98
Chlorine (Cl) 0.70 / 0.38 0.25 / 0.13 0.41 / 0.24
Potassium (K) 0.12 / 0.06 0.12 / 0.06 0.15 / 0.08
Calcium (Ca) 0.69 / 0.33 0.53 / 0.25 0.62 / 0.31

Manganese (Mn) 0.48 / 0.17 0.47 / 0.16 0.34 / 0.13
Iron (Fe) 0.19 / 0.07 0.26 / 0.09 0.34 / 0.12

Figures 4.13, 4.14, and 4.15 show a spectrum of the elements detected in the analysis of
sample S2 for three different sites of interest in the sample.

Table 4.3 shows the elements detected in sample S2 and their weight % and atomic %
again for the three sites of interest in the sample analyzed.
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Figure 4.13: Element spectrum for sample S2; Site of interest 1

Figure 4.14: Element spectrum for sample S2; Site of interest 2

Figure 4.15: Element spectrum for sample S2; Site of interest 3

Table 4.3: Elements detected in sample S2, at three different sites of interest (SOI)

Element SOI 1: wt.% / at.% SOI 2: wt.% / at.% SOI 3: wt.% / at.%
Oxygen (O) 54.09 / 67.85 55.35 / 68.92 53.61 / 67.33
Sodium (Na) 1.05 / 0.91 1.24 / 1.08 0.37 / 0.32
Silicon (Si) 40.59 / 29.00 39.19 / 27.79 43.28 / 30.97
Chlorine (Cl) 2.36 / 1.34 2.43 / 1.37 1.03 / 0.59
Potassium (K) 0.28 / 0.14 0.32 / 0.16 0.18 / 0.09
Calcium (Ca) 1.17 / 0.59 1.09 / 0.54 1.03 / 0.51

Manganese (Mn) 0.45 / 0.17 0.38 / 0.14 0.50 / 0.18
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Figure 4.16: Element spectrum for sample S3; Site of interest 1

Figure 4.17: Element spectrum for sample S3; Site of interest 2

Therewas no iron detected in sample S2, which indicates thatmanganesemight be present
in both samples S1 and S2, not combined with iron as one would assume. The chlorine is
also considerably higher in this sample according to the EDX but again this information can
only be used for speculations. Carbon was excluded from the concentration analysis in the
EDX software which could be the reason that Cl is higher.

Figures 4.16 and 4.17 show a spectrum of the elements detected in the analysis of sample
S3 for two different sites of interest in the sample.

Table 4.4 shows the elements detected in sample S3 and their weight % and atomic
% for the two sites of interests in the sample analyzed. Carbon was again accidentally
included in the concentration analysis. The results are very interesting none the less, there
is no manganese nor iron detected in sample S3. Potassium is detected at extremely low
concentrations at site 1 and not detected at site 2.

Table 4.4: Elements detected in sample S3, at two different sites of interest (SOI)

Element SOI 1: wt.% / at.% SOI 2: wt.% / at.%
Carbon (C) 21.89 / 30.23 18.79 / 26.74
Oxygen (O) 53.36 / 55.33 52.16 / 55.73
Sodium (Na) 0.20 / 0.14 0.19 / 0.14
Silicon (Si) 23.27 / 13.74 27.76 / 16.89
Chlorine (Cl) 0.52 / 0.24 0.45 / 0.22
Potassium (K) 0.06 / 0.03 Not detected
Calcium (Ca) 0.69 / 0.29 0.66 / 0.28
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These results indicate that the changes in the precipitation process could affect the
chemical composition of the silica. The effects of changing the location of flocculant addition
is reflected between samples S1 and S2. The recirculation in the system is reflected between
samples S2 and S3, where the flocculant was added at the same location for both samples,
but S2 was obtained from the system run without a recirculation and S3 was obtained a few
days later when the system had been tested with recirculation. The changes in the chemical
composition between the samples could also be because of some kind of contamination.
The silica is collected into an open tank, so contaminants could have gotten into the tank.
Although the shovel used to collect the samples was clean, some chemicals could have been
on it and gotten transferred into the samples. The possibility of contamination should be
kept in mind during further research.

4.2 Analytical results - Sample S3
Below are the analytical results from Delft Solids Solutions on sample S3. The results are
often presented with statistical information that is explained as follows:

D10: Distribution Percentile, 10% of the particle volume is smaller than the table value.

D50: Distribution Percentile, median particle size.

D90: Distribution Percentile, 90% of the particle volume is smaller than the table value.

D100: Distribution Percentile, 100% of the particle volume is smaller than the table
value, the end of the distribution.

D4,3: Volume weighted mean diameter.

Span: Distribution width.

Mode: Modal size, particle diameter present with the highest frequency.

4.2.1 X-Ray Fluorescence
X-Ray Fluorescence was used to obtain information on the elemental composition of the
sample. The results are summarized in Table 4.5, expressed as wt.% of each element
detected with a concentration > 0.1 wt.%. Elements at a concentration « 0.1 wt.% have not
been included in the table.

It can be concluded from Table 4.5 that the majority of the sample is composed of oxygen
and silicon. Considering the atomic concentrations of both elements, an O:Si ratio of 2 Vs.
1 is obtained, representing SiO2. It can also be seen in Table 4.5 that chlorine, sodium,
and calcium are present in the sample, which are the same elements detected with the SEM
analysis. It is most likely so that these elements are present as NaCl and CaCl2 and these
very probably stem from the salt water in which the sample was delivered to the laboratory.

Due to the pre-treatment of the sample, where the excess water was removed by drying,
residual NaCl and CaCl2 may remain in the dried solid. This would then lower the overall
silica content of the sample.
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Table 4.5: Quantitative summary of the elements encountered in the sample by X-ray
fluorescence

Element name Symbol Concentration wt.% Atomic Concentration (at.%)
Oxygen O 48.7 61.5
Silicon Si 43.1 31.0
Chlorine Cl 3.1 1.8
Carbon C 2.2 3.7
Sodium Na 1.5 1.3
Calcium Ca 1.4 0.7

Figure 4.18: Several particles of the sample S3 with the CE diameter of the particle [199]

4.2.2 Image Analysis/Morphology
The total amount of particles measured during the imaging investigations is 205,900. It
could be observed that when the particles become smaller, they also become more spherical.
The statistics are explained at the beginning of section 4.2.

This is displayed in Figure 4.18 where several particles of different CE diameter sizes
can be seen.

The larger particles have a more irregular shape while the smaller particles are more
spherical. For the shape analysis, all particles < 5 µm have been filtered out, and 34,239
particles remain included. This is already an indication that a substantial amount of particles
is < 5 µm. A number-based particle size distribution is obtained from the image analysis,
and the distribution is displayed in Figure 4.19. A summary of this number-based particle
size distribution is listed in Table 4.6.

Table 4.6: Summary of the number-based particle size distribution data

Counted Particles D10 D50 D90 D100 Span Mode 1
205,900 1.0 µm 2.4 µm 6.3 µm 91.9 µm 2.2 2.5 µm

Table 4.6 and Figure 4.19 indeed show that the majority of the particles is < 5 µm. The
volume-based particle size distribution emphasizes more on the larger particles, which is
presented in Figure 4.20. A summary of the data derived from this volume-based particle
size distribution is listed in Table 4.7.

It can easily be seen that the volume-based particle size distribution emphasizes more the
larger particles since the distribution has shifted compared to the number-based distribution.
This is also seen in Table 4.7, as the mode of the distribution has shifted from 2.5 µm for the
number distribution to 45.1 µm for the volume distribution. Since most of the particles are <
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Figure 4.19: Number-based differential particle size distribution [199]

Figure 4.20: Volume-based differential particle size distribution [199]
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Table 4.7: Summary of the volume-based particle size distribution data

Counted Particles D10 D50 D90 D100 Span Mode 1
205,900 6.0 µm 21.1 µm 58.7 µm 91.9 µm 2.5 45.1 µm

Figure 4.21: Effect of applying ultrasonic energy on the differential particle size distribution
of the sample; (Green) direct measurement, (Red) 1 minute ultrasonic, (Blue) 2 minutes
ultrasonic, (Yellow) 5 minutes ultrasonic [199]

5 µm, and because these smaller particles are more spherical, this data has been omitted from
the shape parameters that can be determined. Still, a total of 34,230 particles is included
in the shape investigation. The parameters that are relevant for this sample are the HS
Circularity, the Aspect Ratio, and the Convexity, which are explained in 3.2.2. Table 4.8
contains a summary of the various shape parameters.

Table 4.8: Summary of the shape parameter data

Sample ID Counted Particles Mean D10 D50 D90 Span
HS Circularity 34,329 0.80 0.65 0.82 0.91 0.32
Aspect Ratio 34,329 0.74 0.57 0.74 0.90 0.44
Convexity 34,329 0.97 0.93 0.98 0.99 0.06

The mean HS circularity is 0.8, which is an indication that the particles are closer to
spherical particles than rod-like particles. The fact that the mean aspect ratio has a rather
similar value (0.74) suggests the same. Interestingly, the mean convexity of the particles is
very high, indicating that the particles are very “spiky.”

4.2.3 Laser Diffraction
The particle size distributions obtained with laser diffraction upon dispersion of the sample
in water and the effect of increasing ultrasonic energy are presented in Figure 4.21.

Any agglomerates can be disintegrated into primary particles by applying ultrasonic
energy. However, this energy could also cause some attrition of the particles. The direct
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Figure 4.22: Differential particle size distribution of the sample measured after applying one
minute of ultrasonic energy; (Green) first measurement, (Red) independent duplicate [199]

Figure 4.23: Cumulative particle size distribution of the sample measured after applying one
minute of ultrasonic energy; (Green) first measurement, (Red) independent duplicate [199]

measurement contains larger particles, which disappear by applying some ultrasonic energy.
More ultrasonic energy than one minute has hardly an effect on the particle size distribution.
Based on Figure 4.21, it can be concluded that the sample contains some agglomerates and
that they disintegrate already with one minute of ultrasonic. Therefore the measurement
after one-minute ultrasonic energy is performed as an independent duplicate. The obtained
results of the independent duplicates are presented in Figures 4.22 and 4.23, where “a”
denotes the differential particle size distribution and “b” denotes the cumulative particle
size distribution. The corresponding key figures, e.g., D10, D50, D90 of the particle size
distribution are shown in Table 4.9 and the cumulative undersize percentages in Table 4.10.
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Table 4.9: Summary of the particle size distribution data

Sample ID D10 D50 D90 D100 D4,3 Span Mode 1
µm µm µm µm µm µm

S3 - 1 min US (1) 5.9 25.6 62.0 112.2 30.3 2.2 34.2
S3 - 1 min US (2) 5.7 24.9 58.8 111.4 29.1 2.1 33.8

S3 - 1 min US - Average 5.8 25.3 60.4 111.8 29.7 2.2 34.0

Table 4.10: Percentages below a certain particle size of the sample

Sample ID 0.5 1 2.5 5 10 25 50 100 250
µm µm µm µm µm µm µm µm µm

S3 - 1 min US (1) 0.0 0.2 2.4 8.0 18.9 48.9 81.9 99.5 100.0
S3 - 1 min US (2) 0.0 0.2 2.5 8.3 19.6 50.2 83.8 99.9 100.0

S3 - 1 min US - Average 0.0 0.2 2.4 8.2 19.3 49.5 82.9 99.7 100.0

Figure 4.24: Mercury intrusion and extrusion curves of the sample. Closed symbols denote
intrusion, open symbols denote extrusion [199]

Figures 4.22 and 4.23 evidence the high repeatability of the laser diffraction technique
and confirm representative sampling. The Figures show that the particle size distributions of
the independent duplicates completely overlap, which is also confirmed in the quantitative
summary in Tables 4.9 and 4.10. Table 4.10 shows that the average mode of the particle size
distributions is 34.0 µm. The mode of the volume-based distribution obtained via imaging
is 45.1 µm. These values match quite nicely, even though the quantity used during imaging
is very low and that the techniques are based on different principles.

4.2.4 Mercury Intrusion Porosimetry
The mercury intrusion-extrusion curve of the sample is depicted in Figure 4.24.

It can be seen that theMIP curve of the sample shows a very broad initial intrusion ranging
from a very low pressure of approx. 0.003 MPa up to a pressure of approx. 10 MPa, where a
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Figure 4.25: Differential pore size distribution of the sample derived from the intrusion curve
in Figure 4.24 [199]

first and final plateau is reached. This intrusion should be attributed to rearrangement of the
particles and filling of the inter-particle voids. The intrusion up to a pressure of 0.3 MPa is
most likely rearrangement of the particles, whereas the steeper slope after this pressure will
be filling of the inter-particle porosity.

The filling still takes place over a relatively large pressure range (from 0.3 MPa up to 10
MPa), indicating that the inter-particle porosity will be present in a relative broad pore size
range, and thus that the particles have a relatively broad particle size range. This correlates
with the particle size distributions obtained with laser diffraction and imaging (particles from
1 - 100 µm). A plateau is reached at a pressure of approx. 10 MPa, and the observation that
a plateau has been reached at higher pressure suggest that all porosity > 6 nm, the lower limit
of the mercury intrusion technique, has been adequately assessed. It could however still be
that some porosity < 6 nm is present in the sample, this can be investigated with nitrogen
adsorption. Quantitative information on the total pore volume, the thereof derived porosity,
and related parameters is summarized in Table 4.11.

Table 4.11: Textural properties of the sample measured by mercury porosimetry

Weight loss Vtotal Porosity ρ-bulk ρ-apparent
wt.% cm3 ⊥ g % g cm−3 g cm−3

5.2 3.06 85 0.28 1.83

The intruded volume (Vtotal) of the sample is 3.06 cm3 ⊥ g, and the attained porosity is
85%. It should again be emphasized that the intruded volume and the porosity originate from
inter-particle porosity. A bulk density of 0.28 g cm−3is obtained via the mercury intrusion
technique, which can be compared to the aerated and tapped bulk density. When all porosity
is adequately assessed, the apparent density should match with the skeletal density. Since
the skeletal density is obtained via helium pycnometry, these values can also be compared.
The pore size distribution derived from the intrusion curve is displayed in Figure 4.25.
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Figure 4.26: N2 adsorption and desorption isotherms at 77 K. Closed symbols denote
adsorption, open symbols denote desorption [199]

The pore size distribution indeed displays a broad pore size distribution, ranging from
0.1 up to 400 µm. Two modes can be distinguished, one around 4 µm and one around 15
µm. Regarding the particle size distributions obtained with laser diffraction (volume-based)
and imaging (number-based), the obtained pore size distribution matches very nicely, and all
porosity measured is indeed inter-particle porosity.

4.2.5 Physical gas adsorption
For the nitrogen adsorption investigation, approximately 1.5 grams of sample has been used,
and the obtained ad- and desorption isotherms are depicted in Figure 4.26. It shows clearly
that the isotherm of the sample is a Type IV isotherm with a minor hysteresis loop, indicating
that the sample is mesoporous.

It should be noted that the overall uptake is still fairly low and thus that the amount of
mesoporosity will also be fairly low. The total pore volume (Vpore) is calculated at a p/p0
value close to 0.99. Since the isotherm has not reached a plateau at this stage, the total pore
volume value should be interpreted with care. The quantitative result is summarized in Table
4.12 below.

Table 4.12: Textural properties of the sample investigated with nitrogen adsorption

Weight loss S-BET Vpore Vmicro S-meso
wt.% m2 g−1 cm3 ⊥ g g cm−3 m2 g−1

5.2 4.4 0.011 0.001 3

The specific surface area coupled with the sample weight used during the analysis is more
than adequate to obtain a fully accurate result. In this case, the experimental error, derived
from measurements over a certified reference material, is determined by a relative standard
deviation of < 2%. Table 4.12 lists that the specific surface area of the sample is 4.4 m2 g−1,
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Figure 4.27: BJH pore size distributions of the two bleaching earth samples derived from
the adsorption branch of the isotherms in Figure 4.26 [199]

and that indeed the major contributor to the specific surface area is the external surface area
(Smeso), accounting for approx. 70% of the surface area.

The pore size distribution of the sample is displayed in Figure 4.27 and again confirms
the fact that the external surface area (Smeso) is the most predominant contributor to the
surface area since these pores are almost solemnly present in the sample.

This is displayed by the contribution of pores ranging from approx. 5 up to 150 nm, with
a mode around 10 nm. Please note that the intensity of the pore size distribution is very low
and that only a minor amount of these pores are present in the sample. This is indicated by
the pore size distribution obtained with mercury intrusion porosimetry (Figure 4.25), where
pores < 100 nm cannot be discerned.

4.2.6 Oil Absorption Number
The oil absorption number is determined as independent triplicate. Approximately 1.6 - 2.0
grams have been used in each independent measurement.

Table 4.13: Oil absorption results (in triplicate)

Sample ID Sample Amount Weight loss Oil absorbed Volume absorbed
(g) wt.% g/100g cm3 ⊥ g

S3 -1 1.6046 3.7 147.5 1.59
S3 - 2 1.9942 4.5 149.4 1.61
S3 - 3 1.7495 4.3 157.9 1.70

As can be seen from Table 4.13, the amount of oil absorbed is in the range between 147
- 158 grams oil per 100 grams of sample. According to the standard, results obtained by a
single operator should not differ more than 14.3% relatively. The obtained results only differ
3.7% relatively, which means that the experiments have been performed in accordance with
the accuracy set in the standard.
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The amount of oil absorbed has been recalculated to a volume of oil absorbed by the
material. The mercury intrusion investigation has shown that the material has a total pore
volume of 3.06 cm3 ⊥ g. However, approximately half of this intrusion can be attributed to
rearrangement of the particles, which does not occur during the oil absorptionmeasurements.
This then indicates that the volume of oil absorbed by the sample (1.63 cm3 ⊥ g), matches
very nicely to the inter-particle volume (approx. 1.5 cm3 ⊥ g) obtained with mercury
intrusion porosimetry.

4.2.7 Helium Pycnometry
A quality control measurement has been performed before the skeletal density measurement
of the sample confirming the accuracy of the analysis. The obtained result over the actual
sample is listed in Table 4.14.

Table 4.14: The obtained skeletal density value of the sample

Sample Amount Weight loss ρ-skeletal ρ-apparent MIP
(g) wt.% g cm−3 cm3 ⊥ g

13.5398 5.3 2.093 1.83

Table 4.14 lists that the density of the sample is 2.09 g cm−3. The reported density is the
average value of ten successive measurements over a representative sample and the obtained
systematic error in the large cell is estimated at < 1% relatively. The maximum absolute
error is then approx. 0.02 g cm−3. For comparative reasons the apparent density obtained by
mercury intrusion porosimetry is included in Table 4.14 and the density difference between
both methods is almost 13% relatively.

According to the Handbook of Chemistry and Physics 85(t h) Edition, the true density,
which is the same as skeletal density, of SiO2 is in the range between 2.196 - 2.648 g cm−3,
depending on the type of silicon dioxide. The measured skeletal density of the sample is
thus at the lower end of this range.

4.2.8 Bulk Density (Aerated and Tapped)
Table 4.15 below displays the aerated as well as the tapped bulk density values and the
calculated compressibility.

Table 4.15: The obtained aerated and packed (tapped) bulk density values of the sample

ρ-aerated ρ-packed Compressibility
g cm−3 g cm−3 %
0.124 0.323 61.6

It can be seen in Table 4.15 that both the aerated and the packed (tapped) density of the
sample are very low. The compressibility is however quite high, indicating that the flow
properties of the sample are poor. Still, compressibility is just one of the four parameters on
which Carr characterizes flowability.

For a complete overview of the flowability of a sample, the other parameters should
also be investigated. The bulk density obtained with mercury intrusion porosimetry is 0.28
g cm−3, which correlates quite nicely with the packed density.
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4.2.9 Loss on drying/ Loss on ignition
The loss on drying has been determined on the “wet” sample, where an entire container
has been dried. After this process sub-lots were created and the loss on ignition has been
determined over one of these sub-lots. The results obtained are listed in Table 4.16.

Table 4.16: The obtained loss on drying and loss on ignition values of the sample

LOD LOI
wt.% wt.%
75.2 7.5

It can be seen in Table 4.16 that the loss on drying is very high, which is mostly due to
the removal of excess water. After the loss on ignition investigation, the sample has turned
from white/gray to a purple color.

4.3 Combined results
The X-Ray Fluorescence used to obtain information on the elemental composition of sample
S3, identified four additional elements in the sample. These were carbon (C), sodium (Na),
chlorine (Cl) and calcium (Ca). Using the energy dispersive x-ray spectrometer with SEM,
one additional element was detected, potassium (K). It is however noted that elements at a
concentration below 0.1 wt.% were not included in the results from the x-ray fluorescence
so it can be concluded that if there is any potassium in the sample, it exist in a very low
concentration, which matches quite nicely with the EDX results, but they showed only about
0.06 wt.% (K) in the sample.

It is important to note again that drying the sample could have lowered the total silica
content. When the excess water was removed, residual salts may remain in the dried solid.
The impurities found in the sample like expected, were salts most likely NaCl and CaCl2,
seen from the atomic concentration. The brine from Reykjanes geothermal field is in fact
hydrothermally modified seawater, which most likely explains the amount of salts detected
in the sample. The flocculant used for the precipitation process is NaOH which could also
be the source of Na detected in the sample.

The particles are spherical, which was seen clearly in the SEM images and the image
analysis from Delft Solids Solutions. The smaller the particles, the more spherical shape.
The mean HS Circularity and the mean Aspect Ratio explained in 3.2.2, confirm that the
particles are most likely close to spherical. However the mean Convexity was found to be
high, that indicates that the particles are spiky. The SEM images of sample S3, in particular,
Figure 4.9 could explain this, as the surface of the spherically shaped particles is very rough.
The particle size is commonly presented as themedian aggregate size, still denoted as particle
size D50. The main results of the analysis will thus be presented as the D50 of the particle
size distribution analysis and D4,3 the volume weighted mean diameter. The laser diffraction
analysis showed that about 8% of the particles are smaller than 5 µm, 19% of the particles are
smaller than 10 µm and close to 50% of the particles are smaller than 25 µm. Almost all of
the particles in the sample (S3) are smaller than 100 µm (99.7%). The laser diffraction also
indicated that none of the particles were smaller than 0.5 µm, but the SEM images do not
agree with that result. Particles as small as 0.24 µm and even smaller can be measured on the
images, like for example on Figure 4.9, where sample S3 is imaged with a 40Kmagnification.
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Porositymeasurements with themercury intrusion porosimetry correlate with the particle
size distribution measurements, showing a relatively broad pore size distribution, ranging
from 0.1 up to 400 µm. The material was found to have a total pore volume of 3.06 cm3 ⊥ g
but approx. half of the intrusion was attributed to rearrangement of the particles. The
total interparticle volume is found to be 1.63 cm3 ⊥ g with oil absorption investigations,
that matches the inter-particle volume (1.5 cm3 ⊥ g) obtained with the mercury intrusion
porosimetry.

The nitrogen adsorption investigation indicated that the sample S3 ismesoporous and gave
an accurate BET surface area of 4.4 m2 g−1, which is very low compared to all commercial
silica. When the aerated and tapped density of the sample were investigated, they were both
found to be very low. The compressibility was however found to be quite high, and that can
indicate that the flow properties of the sample are poor. Looking over the results, the aerated
density is used with the tapped density to calculate the compressibility. According to most
definitions, the bulk density of the material should be used to calculate the compressibility.
The mercury intrusion porosimetry found the bulk density to be 0.124 g cm−3 and when
the compressibility is calculated using the bulk density and the tapped bulk density, the
compressibility is found to be 13.3%. That indicates good powder flowability. These results
are very contradicting, and it would be advised to use a different technique to validate the
results. Due to time limitations, this cannot be done at this time and will be suggested for
future research.

The loss on drying (LOD) and loss on ignition (LOI) were investigated. The loss on
drying was found to be very high, mostly due to the removal of excess water. The sample
was a liquid solution, so these findings are not surprising. The LOD is most often measured
at 105◦C for 2 hours in a specific solution. The LOI is usually measured at around 1000◦C
for 2 hours. The methods are thus quite different from those performed in this analysis. The
LOD should be excluded from all comparison to the commercial silica, but the LOI can be
used, keeping it in mind that the temperature and time are slightly different from the standard
method. The moisture content of the sample before most of the analyses was around 5%,
which is similar to that of commercial silica. Table 4.17 summarizes the results from the
total analysis.
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Table 4.17: The properties and characteristics of the Reykjanes geothermal silica

Property Value/s
SiO2 wt.% 91.8

Avg particle size (No. based) µm 2.4
Avg particle size (Volume based) µm 21.1 - 25.3
D4,3 particle size distribution µm 29.7

Material porosity % 85
Bulk density g cm−3 0.28

Tapped bulk density g cm−3 0.32
BET surface area m2 g−1 4.4
Oil absorption g/100g 147.5 - 157.9

Avg pore volume cm3 ⊥ g 1.60
Loss on drying wt.% 75.2
Loss on ignition wt.% 7.5

Cl wt.% 3.1
C wt.% 2.2
Na wt.% 1.5
Ca wt.% 1.4
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Discussion

Precipitated silica is usually produced by acidification and there is already an extensive
knowledge about the parameters that control the final properties of the precipitated silica.
Acidification proved effective in controlling the scaling rate at the Reykjanes geothermal
field but was considered unattractive due to increased corrosion. Silica precipitation using
NaOH as a flocculant has been proven to work well for the Reykjanes brine but there is little
knowledge on what parameters of the precipitation process control the final properties of the
silica. The precipitated silica is recovered by sedimentation into a thick slurry and the three
samples were obtained from this slurry.

The EDX and the X-Ray Fluorescence revealed the elements present in the Reykjanes
silica. Since the silica is derived from a high salinity geothermal fluid, it was not surprising
to detect the salts present in the sample. The interesting findings where the manganese,
potassium and iron, and the difference between the samples. No iron nor manganese where
detected in sample S3, which could indicate some effects of the recirculation in the precip-
itation process. The final product of precipitated silica often has a purity of around 95%,
with a trace amount of metal oxides, sulfates or chlorides[14], which is similar to the values
of the Reykjanes silica. It was also seen with the SEM imaging, that the particles in samples
S2 and S3 were smaller than those in sample S1. The precipitation process most likely plays
part in the observed difference, the flocculant was added at a different location in the system
for sample S1. It could indicate that the location of flocculant addition might be a control
parameter for the physical properties of the precipitated silica. Another observation was the
texture difference but samples S1 and S2 appeared to have a smoother particle surface than
sample S3. The recirculation could explain the difference between sample S2 and sample
S3, causing surface roughness.

The number based particle size analysis from the imaging investigations showed a me-
dian particle size of 2.4 µm. The total amount of particles measured during the imaging
investigations was 205,900 and before the shape analysis, all particles < 5 µm were filtered
out. There were 34,239 particles remaining, which indicates that a substantial amount of
particles is < 5 µm. The volume-based particle size distribution emphasizes more on the
larger particles, which shifted the distribution curve to the right and showed a median particle
size of 21.1 µm. The shape investigation revealed quite spherical particles, but the mean
convexity of the particles was found to be very high, indicating that the particles are very
“spiky”. That correlates quite nicely with the observations on the SEM images, that sample
S3 contained particles with a rough surface. The particle size distributions obtained with
laser diffraction showed a median particle size of 25.3 µm. Ultrasonic energy is used to
disintegrate agglomerates in this investigation, but there is no mentioning of aggregates in
the report from Delft Solids Solutions. The aggregates are considered unlikely to disin-
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tergrate, and this distribution could contain some primary particles and aggregates. These
particle size distributions are based on different principals and should be interpreted together.
The BET surface area of the Reykjanes silica was found to be very low compared to other
commercially used silicas. It had the most effect in evaluating the silica’s potential in many
of the applications, as a high BET surface area is often considered a key property.

Based on the overall analysis, the Reykjanes silica is least suited for concrete applications
and ground consolidation. A critical property for concrete applications is the high specific
surface area without a significant amount of micropores. The BET surface area of the
Reykjanes silica proved to be very low, 4.4m2 g−1 compared to 85-190m2 g−1 of typical BET
of the silica used for concrete applications. The high surface area is important as research has
shown that it accelerates pozzolanic reaction significantly[21] and these pozzolanic properties
are the reason for an increased compressive strength and a reduced overall permeability of
hardened concrete[20].

After a thorough research, it was found that mainly colloidal and fumed silica are used
for ground consolidation, and the particle size was a critical property, where a very small
particle size was required. It would be advised to study the effects of the precipitation process
on the silica properties better, in particular, what parameters affect the final particle size and
the surface area. Increasing the surface area could significantly increase the value of the final
product.

Silica is mainly used as a rheology control additive in adhesives and sealants. High
purity is a critical parameter so the Reykjanes silica would have to be processed further for
specific systems. Both the particle size and shape should be uniform, which has a significant
impact on the possible use of the Reykjanes silica as well as the BET surface area. A
higher BET surface area increases the thickening effect of the silica, which increases the
tensile strength and tear resistance of the adhesive[71]. Although there might possibly be
some products in the industry to target, the geothermal silica’s use would be very limited to
specific products which limits the market size potential. It is considered unadvised to include
these applications for the possible utilization of the Reykjanes silica.

The silica used for pharmaceutical applications often has quite specific requirements.
The purity and chemical inertness are particularly important, high sulfates and chloride
content can affect the stability of the active ingredients, and high levels of moisture can affect
moisture-sensitive compounds. The unprocessed silica slurry does not fit very well with
these requirements, so further processing would, in any case, be necessary. A narrow pore
size distribution is also often required, which does also not apply to the Reykjanes silica. The
pharmaceutical industry sets out very specific needs for each specific product and application
of the silica. Targeting this market would probably prove to be very challenging and has thus
been excluded as a potential application.

Several potential uses of the Reykjanes silica were identified, and the properties and
characteristics for each potential industry were studied. The commercial silica used for paints
and coatings has various properties depending on the specifically targeted use. TheReykjanes
silica has a relatively low porosity but can be used in applications where the strength of the
particle is necessary. Experiments with a real product can reveal its performance in regards
to viscosity impact, which would determine what type of product it is best suited for. The
particle size is another determining factor, small particles are used for certain type of systems
and large particles for another type. The broad size distribution of the Reykjanes silica is
unattractive for systems that require small particles unless its is further processed. If the
Reykjanes silica would be used as it is, it could be useful in systems where larger particles are
required, in photograpic paper or used to modify coatings surface properties such as surface
roughness[42]. The typical silica properties used for paints and coatings, Table 2.5, include
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the range of values found for the Reykjanes silica and that certainly indicates that specific
products could benefit from the geothermal silica.

Silica addition for paper manufacturing and print industry is a potential application for
the geothermal silica. Packaging boxes and paper bags are produced with silica addition
to provide an adequate level of static friction at the surface. It should be relatively easy
to test the Reykjanes silica’s performance as an additive for packaging boxes. Another
easy experiment and an interesting application is the geothermal silica as an additive for
recycled waste paper, like often used for newsprint paper. A simple comparison could reveal
its performance regarding brightness and opacity, print quality and ink absorption. The
relatively low porosity of the Reykjanes silica could already indicate a poor ink absorption
capacity but the particle roughness could be very beneficial for surface modifications, like
to create semi-matte or matte surfaces. The particle size is also important and used as a
selection tool. The broad particle size distribution of the Reykjanes silica would limit its use
to surface modifications. Filtering or milling could provide more options of potential use.
When the Reykjanes silica properties are compared to those typically used in the industry,
the BET surface area is again the property that is found to be most different. It is unclear how
exactly it impacts the geothermal silica potential for these applications. The industry could
still be further evaluated, and the silica tested for targeted products, where the Reykjanes
silica properties fit a specific set of requirements.

Silica is used as an additive in plastic films to effectively control blocking and slip by
increasing the film’s roughness and reduce the tendency to block. It is the micro-rough
surface of the silica that reduces the adhesion between film layers and lowers the blocking
tendancy. Although a high concentration of anti-block additive results in a rough film surface,
the particles must be well dispersed as agglomerates reduce anti-blocking performance[58].
The quality of dispersion of the Reykjanes silica would have to be investigated to evaluate
its anti-blocking performance. It does have coarse particles with a rough or spiky surface,
which should keep the two film layers further apart but how these particles disperse is a
critical parameter for its efficiency in plastic films. Another parameter is the Iron content in
the silica, but a high Iron content can accelerate degradation of organic components or even
the polyolefin itself[59]. There where indications of Iron at very low concentrations in two
of the three silica samples investigated so before any preliminary testing with silica as an
additive for plastics, the chemical composition of the final product from the geothermal field
should be analyzed again. The Reykjanes silica compares quite nicely with typical silica
properties for plastics applications, found in Table 2.7 , and thus indicates possible uses.

Silica is widely applied to processed food and is registered by the EU as a food additive
under the code E551 and must meet a specific purity criteria laid down in EU Directive
2000/63/EC amending 96/77/EC for E551. The Reykjanes silica does meet this criterion and
is thus a possible food additive based on that alone. The application easiest to target would
be powdered animal feed and nutrition products, as the specifications are best met for that
application. It could also be used to prevent poor flow and caking, assuming the powder flow
is adequate and that the silica is easily dispersed. These parameters should be investigated
for further evaluation. A large surface area and a high pore volume provide high absorption
capacities, which makes silica very efficient as an anti-cake agent. The Reykjanes silica
might thus not be a good candidate for anti-cake applications. The low BET surface area of
the geothermal silica excludes it from being used for certain specific applications and so it
is again emphasized to investigate what parameters of the precipitation process could allow
for a higher surface area.

There is a variety of fillers used and applied in the rubber industry, including silica. As
a filler, it is usually classified into either semi-reinforcing or reinforcing. Reinforcement
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is primarily the enhancement of strength and strength related properties. The silica used
in rubber is formulated in a variety of particle sizes and surface areas, and its main use
is a reinforcing filler. The greater the amount of high surface area filler, the more rubber
reinforcement gained, which raises a question about the actual potential of the Reykjanes
silica as a filler. The silica with inferior reinforcing properties is mainly used in typical
applications like footwear, flooring, technical rubber goods and cable insulations, and so
these are the applications that should be targeted if the rubber industry is included as a
possible market for the Reykjanes silica.

The “Magic Triangle” of properties controls the silica grade selection for the tire industry,
the wet traction, wear resistance and rolling resistance. One of the challenges tire designers
face is to solve the compromise between a low rolling resistance, high wet grip, and high
wear resistance. Interestingly, a low surface area provides easy processing dispersion and
compression. Highly dispersible silica with a low specific BET is uniquely suited to high
filler loadings for the optimization of wet and winter properties in tire treads. Conventional
silica (not highly dispersible) with a low specific BET surface area is particularly well suited
for extrusion, calendering and injectionmolding compounds, and allows the use of high levels
of filler loadings. As the Reykjanes silica has a very lowBET surface area, a really interesting
field of investigation could be its potential as a filler for winter tires, especially considering
the conditions in Iceland. The dispersibility of the silica would need to be investigated further
and the possibility of increasing the dispersibility. Should those two requirements potentially
be met, the Reykjanes silica could be an ideal filler for these applications, without significant
modifications.

The definition of dental type silica, according to the European Pharmacopeia, is an
amorphous silica, either precipitated, gel or obtained by flame hydrolysis. It contains no less
than 94%and nomore than 100.5%SiO2 determined on the ignited substance. TheReykjanes
silica can thus be considered for dental applications. Silica with a large particle size can be
used as an excellent cleaning agent in toothpaste, and spherically shaped particles provide
superior polishability in dental composites. The oil absorption determines the thickening
abilities of silica used as a thickener, the higher the oil absorption, the higher the viscosity
imparted to the formulation. The Reykjanes silica was found to have a low to an average oil
absorption, depending on application comparison, and might, therefore, not be very useful
as a thickener. The effects of a low BET surface area for dental applications could not
be determined during the research but information from other applications indicate that it
provides inferior absorption capabilities. The focus should remain on the geothermal silica
as a possible cleaning and abrasive agent in dentifrice products.

Silica is used in products for personal care, cosmetics, and hygiene. It is a relatively wide
area of applications with very different requirements depending on which specific application
it is used for. The silica can be used to achieve high viscosities, adjust thixotropic properties
and improve suspension and stability just to name a few functions. In powdered systems, it is
used to improve the powder flow and prevent caking by absorbing moisture. It is sometimes
added to make-up formulations to obtain a matting effect by providing an irregular surface
on the skin. Silica with a high surface area can absorb excess oil better than silica with a
low surface area. The particle size varies as small particles are often considered useful in
skin care products like lotions, creams, and serums, medium sized particles more useful in
makeup products and very large particles useful in exfoliation formulations. Silica with a low
absorption capacity (0.5-1 cc/g), similar to the Reykjanes silica, is often used in loose and
pressed powders to increase the resistance to drop test and lower the binder amount that is
required. These applications could be further investigated to evaluate the geothermal silica’s
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potential and performance. The market is very large and a lot of the manufacturers are trying
to stand out and be unique, where the use of a geothermal silica could be very appealing.

5.1 Summary
A number of applications has been identified for the possible utilization of the Reykjanes
geothermal precipitated silica. Those include the silica as; an additive for paints and coatings,
an additive for papermanufacturing, more specifically recycled news papers, packaging boxes
and paper bags, a plastic film additive, a possible food additive, a filler for rubber goods
and possibly winter tire filler, a cleaning agent for dentifrice products, and an additive for
cosmetic products.

The geothermal silica has a very low BET specific surface area, which is considered the
biggest obstacle in producing amarketable product. The reasons for the extremely low surface
area are unknown but should be investigated. There might be some control parameters in the
precipitation process that could increase the surface area and make the silica more valuable.

The system location of flocculant addition appears to have some affects on the chemical
composition of the silica as well as the particle size. System recirculation seems to further
affect the chemical composition and cause a rougher particle surface than a system without
recirculation.

The Reykjanes silica is considered overall a low to an average value product based on all
analytical results. It is not ideal for any of the markets that purchase a high value, high purity
silica.

5.2 Conclusion
The Reykjanes silica could possibly be continually extracted and sold as it is, as a slurry.
There would need to be an interest from a party wiling to at least dry the silica prior to any
use. The silica could also be filtered, washed and dried, which would likely increase its
value. After drying the silica it can be milled and filtered, to achieve a desired particle size
distribution. Filtering only could be done to split up the silica into a batch of large particles
and a batch of smaller particles, each with a new size distribution range and intended for
different uses. Milling and filtering the silica would also lead to an increased BET surface
area in the part filtered; smaller particles with a narrower size distribution would be measured
with a higher BET. The surface area would none the less be in the lower range but closer to
the commercial values.

Exploring further into the possible use of the geothermal silica would be advised. Out
of those applications identified in this research, the most promising ones should be focused
on. Preliminary investigations on the silica as an additive for recycled news paper and an
additive for packaging boxes could be very interesting. The same goes for the silica as an
additive in plastic films, due to the rough surface of the silica particles.

The most interesting one would have to be the possibility of using the geothermal silica as
a filler for winter tires. The tire industry is enormous and the green tire concept has opened
a door for new exciting strategies. The Reykjanes silica’s performance as a filler for winter
tires could be tested first with just the geothermal silica, but it could as well be mixed with
a specifically engineered silica to see if it enhances the wet and winter properties in the tire
treads. It could economically be beneficial for tire producers and HS Orka. It is the only
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field of application where the low BET surface area makes the silica unique, other properties
and characteristics are quite average compared to typical commercial properties.

Future work should in any case focus on identifying specific products in one of the
applications and conduct experiments to evaluate the overall performance of the Reykjanes
silica, especially compared to some commercial silica used in these products.

Future investigations at the Reykjanes field, in order to produce a marketable silica
product, should focus on identifying the main control parameters in the precipitation process.
Altering the temperature, pH, location of flocculant addition, type of flocculant f.x., could
provide information on how to produce a more valuable product. Most important one would
be to figure out what controls the final size of the surface area.
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