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Preface

When I started my PhD thesis in October 2009, I was not aware of what a PhD study
would require, and I could not appreciate how exhausting the work and tremendous the
personal achievements would be. At the beginning of this “journey”, I faced many
scientific challenges related to the chemistry of silica and the dissolution of silicates. In
addition, the Building Materials group had recently moved from the University of Twente
to the Technical University of Eindhoven, and, therefore, the members of the group had
to arrange and prepare the research facilities. On the other hand, I have never experienced
such a rewarding and motivating work; I have so many great memories of days in the lab
or in the office, where I made small but important progress toward the completion of this
thesis.

This thesis could not have been finished without the help and support of so many people
that I have met and collaborated with, and for that I would like to express my most
sincere gratitude. Thanks to all of you!

First of all, I would like to thank my supervisor and promotor Jos Brouwers for so many
things, especially for providing me the opportunity to do my PhD in the group of Building
Materials. His guidance, motivation and support, and all the scientific discussions during
the course of this research period, particularly about the physical phenomena involved in
the dissolution of olivine, were invaluable. Working with Jos has been an enriching
experience that has taught me how to find within scientific investigations a useful
application for industry and society. My most sincere gratitude also goes to my
copromotor John Geus. Three years ago Jos and I decided to ask him to become involved
in this research. I am deeply thankful that he decided to join us. Our scientific discussions
about the chemistry of nano-silica are some of my more precious memories that I take
with me. He has always been supportive and critically constructive with my work, and for
that I thank him. In addition, John Geus has also performed the TEM photographs of the
materials synthesized in this thesis.

I would also like to thank the members of my PhD defense committee — Dr. K. Albertsen,
Prof. dr. P.H.L. Notten, Prof. dr. H. Poellmann, Prof. dr. J. Santamaria and Prof. dr. R.A.
van Santen — for accepting and reviewing this PhD thesis:.

Furthermore, I want to express my gratitude to EU FP7 project ProMine: Nano-particle
products from new mineral resources in Europe (grant agreement n° 228559). My sincere
appreciation also goes to the companies Geochem and Selor, with which I have closely
collaborated, especially to Dr. J.H. Baker, Ms. V. Heidweiller and Mr. R.J. van Enk.

During this PhD research, I had the opportunity to supervise daily the research projects of
two master students, M.C. van de Griend and L.D. Barreto Torres. Their supervision has
been a demanding task with many long discussions, but overall, it has been an enriching
experience from which I have learned how to lead, guide and motive young scientists. In
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addition, I have to thank them for their contributions to this thesis and the time we spent
together.

I want to express my gratitude to all the scientists that have contributed to this thesis.
Without their advice, suggestions and support this could not have been completed. To Dr.
R.C.L. Jonckbloedt and Dr. D.J. Lieftink, your theses were the manuals that were always
on my desk, and my thesis can only be understood as a continuation of your work; also,
thanks for the discussions that we have had. To Prof. J. Bastida, for the advices and
suggestions about the characterization of olivine, but also for your support. To Mr. L.
Benac Vegas for aid with the PHREEQ model and hydrogen ion activity and for being a
true friend. To Mr. R.J. van Enk for his fruitful discussions and practical comments about
the geochemistry of olivine. To Dr. K. Sato for performing the Positronium annihilation
lifetime spectroscopy analyses and for your time and collaboration without asking
anything in return. To Mr. J. Nokes for his comments and suggestions. To Mr. P.H.
Cappon for his help in the construction of the set-up and for finding brilliant solutions to
practical problems. To Dr. A.J.J. van der Zanden for his comments and suggestions about
transport phenomena. To Dr. P. Spiesz and Dr. Q. Yu for their fruitful discussions, useful
comments and suggestions. To Mr. G. Quercia, who started his PhD research (about the
application of nano-silica in concrete) almost at the same time as I did, for being a good
colleague and friend, and for all the enriching discussions about the characterization of
nanomaterials and application of nano-silica in concrete.

My most sincere appreciation goes to my colleagues and friends of the Building Materials
group for their friendship, support and time together in the lab, in the sport center, in
conferences, in de Zwarte Doos, etc. Arién, Azee, Bo, Chris, George, Gotz, Guillaume,
Katrin, Milagros, Miruna, Qingliang, Pei, Pierre, Przemek, Rubina, Rui, gtépén, Veronika
and Xu. Also, I would like to thank the laboratory technicians and the secretaries for their
help, support and (short and long) conversations; in particular to Geert-Jan, Harrie, Janet,
Peter and Renée.

Finally, I have to thank my whole family for supporting, but especially to three persons.
To my father for teaching me the passion for the engineering disciplines. To my mother
—first I must apologize for not attending her PhD defense 15 years ago— now that I can
understand all the effort and sacrifices that you made, I am deeply sorry. And second,
thank you for everything, but especially for conveying to me a passion for chemistry. To
my wife, Anna Julia, thanks for your unconditional support, for reading this thesis and for
bringing our daughter into the world.

Alberto Ldzaro Garcia
June 2014
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Chapter 1. Introduction 1

Chapter 1. Introduction

1.1 Synthetic amorphous silica
1.1.1 Description and classification of the existing silicas

Synthetic amorphous silica, abbreviated as SAS, is a highly pure, crystalline-free, silicon
dioxide. SAS is mainly produced either from a wet route using sodium silicate or a
thermal route. The main types of produced SAS are silica gel, precipitated silica and
pyrogenic silica. The different polymorphs of silica and their CAS numbers are
summarized in Figure 1.1 [1].

Silica
7631-86-9

| 1

1
Synthetic amorphous silica Amorphous silica Crystalline silica
7631-86-9 7631-86-9 7631-86-9
1

C Natural ) ( By.products)

Surface treated silica’
67762-90-7
68611-44-9
68909-20-6

Precipitated silica
112926-00-8

Figure 1.1. Different polymorphs of silica and their CAS numbers [1].
'All forms of SAS can be surface-treated physically or chemically.

Another type of commercial SAS is colloidal silica, which is usually produced using a
sodium silicate solution as a precursor. Colloidal silica consists of discrete particles
(typically between 3 and 100 nm) stabilized in a solution (normally water) [2]. The main
properties of commercial amorphous silica are listed in Table 1.1 [1].

1.1.2 Consumption and uses of synthetic amorphous silica

At present a wide range of silica products are manufactured industrially for a diverse
array of applications. Silicas are mainly used for reinforcing, thickening and flattening
purposes; their main applications are in consumer use products (cosmetics,



2 Chapter 1. Introduction

pharmaceuticals and foods), animal feed, rubber and silicones, paints and coatings,
plastics, and paper. Figures 1.2 - 1.4 present the consumption of synthetic amorphous
silica (pyrogenic, precipitated and silica gel) in Western Europe [2]. World demand for
specialty silicas, which include precipitated silica, pyrogenic silica, silica gel and silica
sol, 1s rising 5.6% per year and is expected to reach 2.8 million metric tons in 2016 [3].
Likewise, the market is estimated to grow 7.5 per year reaching a total value of $6.4
billion in 2016, which results in an average value of 2300 $/tn [3].

Table 1.1. Properties of commercial amorphous silica [1].

Property Pyrogenic Precipitated Gel Sol a
Purity (Wt. %) >99.8 >95° >95 15-50
Color White White White ?n?ﬁi;
Specific surface area (m%/g) 50 - 400 30-500 250 - 1000 50 - 400
Loss on drying (Wt.%) <25 5-7 2-6 50 -85
pH® 3.6-4.5 5-9 3-7 83-151
Tapped (bulk) density (g/L) 30-250 30-500 500 - 1000 NA ¢
Ignition loss (wt. %) <2 3-14 2-15 50-90
Primary particle size, d; (nm) 5-50° 5-100° 1-10 5-20
Aggregate size, d, (um) 0.1-1 0.1-1 1-20 NA
Agglomerate size, d; (wm) 1-250 1-250 NA NA
Mean pore size, d, (nm) None > 30 0.1 -1000 NA
Pore size distribution None Very wide Narrow Wide
Specific gravity (g/em’) 2.2 1.9-22 1.8-22 1.0-14

* After drying according to DIN 66131. " Dry product. ¢ Hydrofilic grades. ¢ Not applicable. ¢ Primary
particles do not normally exist as individual units. The definitions of aggregate and agglomerate are given

in Appendix L.

1.1.3 Production routes of commercial silica

This section aims to describe briefly the two main routes for the production of synthetic
amorphous nano-silicas, which are the thermal route and the wet route [1]. A more

detailed description of the production of synthetic amorphous silica can be found in
[1,2,4-6].
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Figure 1.2. West European consumption of amorphous pyrogenic silica [2].
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Figure 1.4. West European consumption of silica gel [2].
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In the thermal production route of SAS, also called flame hydrolysis, highly dispersed
silicas are formed from the gas phase at high temperatures. Chlorosilanes (SiCly or
HSiCls), which are the usual raw materials, are continuously vaporized, mixed with dry
air, then with hydrogen and finally fed to a burner where they are hydrolyzed in an
oxygen-hydrogen flame following Eqgs. (1.1) and (1.2):

SiCl, +2H, + 0, — SiO, +4HCl, (1.1)
SiHCL, +H, + 0, — SiO, +3HCI. (1.2)

Hydrolysis is followed first by the growth of silica (nucleation, condensation and
coagulation) and then by aggregation as can be seen in Figure 1.5. The flame temperature
is in the range of 1200-1600 °C [2], depending on the properties of the burner and the
desired characteristics of nano-silica.

Reactor feed
SiCl4+2H+02

Primary
particles Aggregates Agglomerates
5-50 nm 100-500 nm 1-200 pm

Figure 1.5. Particle formation of pyrogenic silica [1].

In the wet silica production route or sol-gel process, an aqueous alkali metal silicate
solution is neutralized with acid (e.g. sulfuric acid) releasing the silica. The most
commonly used aqueous alkali silicate is water glass (Na;O-nSiOz; n = 2 — 4). Water
glass is produced by melting quartz sand with soda at about 1300 °C [2]; subsequently,
the resulting solid water glass is hydrothermally dissolved in water. Using sodium silicate
solutions, precipitated silica, silica gel and colloidal silica can be produced:

Na,O-nSiO, +H,S0, — nSiO, + NaSO, + H,0 . (1.3)

Precipitated silica is produced under neutral or slightly alkaline media. The main
operations consist of raw material storage, reaction and precipitation, filtration, drying,
storage, packing and shipment [2]. A flow diagram of the production process of
precipitated silica is presented in Figure 1.6 [2]. By changing the process conditions in the
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precipitation reactor (i.e., temperature, pH, flows, residence time, etc.) a wide range of
silica products can be obtained [1].

Na,0nSiO,
n=2to 4

H,80,-H,0

Raw material storage

= -

Precipitation

............. Filtration
IR

IRNRARRRARANN . .
............. Dynamic mixer
Milling ( ‘(—I

Storage <«—

Packing Drying

Figure 1.6. Flow diagram for the production process of precipitated silica [1].

Silica gels are also produced by the neutralization of water glass with acids but, in this
case, under acidic conditions. The process comprises a raw material dilution (optional),
sol formation and gelation, washing, filtering and drying [2]. The subsequent steps are
similar to the production of precipitated silica. A flow diagram of the production process
of silica gel is presented in Figure 1.7 [2].

The primary method to produce colloidal silica is the ion-exchange method. An aqueous
water glass solution with a SiO, content of 30 wt.% and a molar ratio of Si0,:Na,0 of 3
is normally used. The water glass is diluted and then passed through an ion exchange
resin, where the sodium ions are removed leaving an unstable solution of active silicic
acid with a molar ratio of Si0,:Na,O of about 20 to 500 and a pH between 2 and 4. The
pH of the medium is increased in the range of 8 to 10.5 and the temperature is raised
above 60 °C to allow the active silica to nucleate, polymerize and grow. The silica sol
produced consists of dispersed spherical particles of 4 to 100 nm and a silica content
between 2 and 6 wt.%. Subsequently, this silica sol is concentrated in the range of 15 to
60 wt.%. A flow chart of the production process of colloidal silica is presented in Figure
1.8 [6].

Apart from the amorphous silica previously described, SAS can also be obtained as a
byproduct in other processes. An important amorphous silica byproduct is silica fume
which is used commonly in cement for special applications. Silica fume is a byproduct of
the reduction of quartz for the production of silicon and ferrosilicon. It is a very fine
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powder consisting of non-crystalline silica spheres with an average diameter of circa 0.1
pum, and it is produced at temperatures of about 2000 °C [7,8].

Na,0-nSiO,
n=2to4

H,80,H,0

Raw material storage

L'l—‘ Gelation

Washing/filtration

Milling TN
Storage <————

Packing Drying

Figure 1.7. Flow diagram for the production process of silica gel [1].

GLASS agq. soln.

v

DE-SODIUM ION

Y

[ Dilute WATER J ---------- Polysilicate Anion

Cation Exchange
Resin

Active SILICIC ACID aq. soln.  ========== Oligomer
¢ Nucleation
PARTICLE GROWTH .
¢ Polymerization
Dilute SILICA SOL ~ ========== Colloid (Polymer)
CONCENTRATION

L SILICA SOL J

Figure 1.8. Flow chart for the production of colloidal silica [6].
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In all the above-mentioned production methods, a high temperature process is involved
either related to the raw materials (e.g. production of water glass) or the production
process itself (e.g. flame pyrolysis). To reach these temperatures, huge amounts of fuel
are consumed making these processes: a) non-sustainable because of the scarcity of fuels;
b) environmentally unfriendly because of the huge amount of CO, emitted; and c)
expensive because of the fuel price.

1.2 An alternative method: the olivine nano-silica process
1.2.1 Process description

An alternative synthesis route to the commercial production methods of amorphous nano-
silica is the dissolution of silicate minerals in acid. The raw materials employed in this
method are olivine ((Mg,Fe),Si04) and acid (in the present case sulfuric acid). Olivine is
the fastest weathering silicate due to the absence of Si-O bonds in its structure. In addition,
olivine is the most common mineral in the upper mantle and a common mineral in the
earth’s crust, which makes it a low-price commodity.

Olivine is a solid solution between forsterite (Mg,SiO4) and fayalite (Fe,SiO4). The
crystalline structure of forsterite is represented in Figure 1.9. The rocks where 90% or
more of the volume is made up of olivine are called dunites. The remaining 10% present
in dunite ores can consist of pyroxenes, amphiboles, micas, carbonates, serpentines, etc.
In many weathering and dissolution studies, pure olivines were used [9-11], but in this
study dunite has been used because this research focuses on the commercial production of
olivine nano-silica. More details about the material used to produce nano-silica in this
study are presented in Chapter 2.

Figure 1.9. Crystalline structure of forsterite, Mg,SiO4.

Where the tetrahedrons are SiO, particles with four oxygen atoms at the vertex, and the spheres next to the
SiOy tetrahedrons are magnesium ions.
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The dissolution of olivine in acid at low temperatures (between 50 and 95 °C) produces
amorphous silica:

(Mg, Fe),SiO, +4H* — Si(OH), +2(Mg,Fe)** . (1.4)

The dissolution yields a slurry consisting of a mixture of magnesium/iron salts,
amorphous silica, unreacted olivine and inert minerals. Once the reaction is complete, the
unreacted olivine and inert minerals are removed from the final suspension by
sedimentation. Subsequently, the silica can be cleaned from the resulting mixture by
washing and filtering. After the filtration, a cake with around 20 wt.% solid content of
nano-silica is obtained. A flow chart of this process is presented in Figure 1.10.

Crushing & \
screening
Neutralization
Silica
filtration
Residual
solution

Figure 1.10. Flow chart of the production of nano-silica by the dissolution of olivine.

]

Olivine

Inert
minerals

In addition to the low temperature of this procedure (below 95 °C), it is remarkable that
the process is exothermic with a reaction heat of 223 kJ per mole of olivine [12]. The
energy generation during the olivine nano-silica process for the hypothetical case of an
adiabatic reactor is shown in Table 1.2. When 1.5 moles of olivine react with 1L solution
of sulfuric acid 25%, the temperature of the mixture will increase 79 °C. Therefore, the
reaction generates more than enough energy to keep the system at the desired temperature
(between 50 and 90 °C) provided the reactor is sufficiently insulated. In addition, the
dissolution of concentrated sulfuric acid also generates a considerable amount of heat.
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Table 1.2. Energy generation during the olivine nano-silica process.

AHr VH2504 mHzSO4 ny; mgy, X Q AT
(kJ/mol) (L) (g (mol) (g (%) (kJ) (O]
223 1 1186 1.5 242 100 333.5 79.3

AH, is the enthalpy of reaction, X the conversion degree of the reaction and Q is the heat generated. Heat
capacities of 25% sulfuric acid and forsterite are 3.38 [13] and 0.83 [14] J-g"-°C™", respectively. The heat
capacity of dunite has been approximated as the one of forsterite.

1.2.2 Literature review on olivine nano-silica

A few patents have been issued in the last years related to the production of nano-silica by
the dissolution of olivine [15-17]. In 1986, Schuiling [15] patented the neutralization of
waste sulfuric acid using olivine, where a silica gel was formed. However, this patent did
not report the purity of nano-silica nor the BET specific surface area (SSAggr).

In 1998, Olerud [16] patented a method for the production of nano-silica based on the
dissolution of olivine in hydrochloric acid using a similar process to the one described in
Section 1.2.1, but using HCI (instead of H,SO4) and centrifugation (instead of filtration)
as a separation technique. He reported several experiments with different process
conditions (i.e., reaction time, temperature, grain size of olivine and acid concentration),
resulting in nano-silicas with a SSAggr between 150 and 450 m?/g, pore volumes between
0.74 and 1.4 mL/g and an impurity content below 1%. However, Olerud did not report the
amount of olivine used, conversion degree or the purity of each single batch. Thus, even
if the textural properties of the olivine nano-silica changed with the process conditions, a
relationship between them and the process conditions could not be established. In
addition, Olerud [16] claimed that after drying, spherical silica particles between 30 and
70 nm were obtained. However, no analyses concerning these results were presented.

Gunnarsson patented in 2012 [17] the production of precipitated silica from olivine in
18% HCl solution (~5.4M), reporting an average SSAger of 236 m*/g. In this study, few
details about the properties of silica were given, and little attention was paid to the
influence of the process conditions on the textural properties of nano-silica. In addition,
Gunnarsson [17] dispersed the filter cake of silica with the following steps: 1) mixing the
cake with water; 2) addition of sodium aluminate to decrease the viscosity; and 3)
ultrasonic treatment for 13 minutes. However, no data about the particle size distribution
of the dispersion were presented.

The patents of Olerud [16] and Gunnarsson [17] provided some examples with useful
information about the textural properties of olivine nano-silica at specific production
conditions. However, they did not study the influence of the process conditions on the
properties of olivine nano-silica.

A deeper study of the olivine nano-silica synthesis should comprise the dissolution of
olivine in acid, and the particle growth of silica and its final textural properties. The
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dissolution of olivine has been widely studied [9-12,18-25], but only Jonckbloedt [12,25]
proposed a kinetic model under the conditions for the production of nano-silica. These
conditions included a negative pH as well as a high solid content and dissolved fraction.
Although Jonckbloedt’s model was a considerable step forward, in order to have a more
reliable and robust kinetic model, there are several points on which more effort could
have been made: 1) Jonckbloedt did not follow the kinetic standard equation (i.e., Eq.
(4.1)) for the dissolution of olivine; 2) the specific surface area and the mineralogical
composition were not reported; 3) he obtained the kinetic parameters by fitting the plot of
“log (d[H']/dt)” versus “— m-log(mol [H']) — n-log(act [H'])”, which is a peculiar
procedure. It would have been much simpler to obtain the kinetic parameters by fitting
the data of the dissolution curve to Eq. (4.1); and 4) the reaction order is lower than that
reported in most of the dissolution studies. In addition to these points, the mass transport
mechanism should be more deeply investigated.

The texture of nano-silica is a complex topic addressed by several researchers (cited here
are the most relevant studies for the particular case of olivine nano-silica [4,26-31]), but
only Lieftink [30,32] thoroughly studied the properties of nano-silica produced from
olivine. Although Lieftink [30] provided interesting results, in order to improve the
properties of the nano-silica, and optimize the production process, more data about the
following items are desired: 1) the effects of the process conditions (degree of conversion,
impurities content and pressure of filtration) on the textural properties of the resulting
nano-silica; 2) the influence of the mode of operation on the process, particularly on the
process yield; 3) the chemical composition of nano-silica produced; 4) development of
the silica particles; and 5) development of the pore structure.

1.3 Motivation and objective

The production of nano-silica by the dissolution of olivine is an interesting alternative to
the existing commercial methods (the thermal and wet route processes) because of the
low energy requirements and CO, emissions. However, after more than 25 years from the
first patent [15], no commercial process for the production of olivine nano-silica is yet
available. As was stated in the previous section, the main reason why this process is not
yet industrialized is because the process has to be studied more thoroughly, especially
regarding the process conditions and the final properties of the nano-silica.

The main objective of this research is to improve the technology of the olivine nano-silica
production process to be able to tailor the properties of this material to meet the
requirements of the possible applications. A secondary objective is to optimize the olivine
nano-silica process. In addition to these objectives, this research contributes to
understanding the three topics: the dissolution of olivine at negative pH, the silica particle
growth below the isoelectric point, and the development of the pore structure at negative
pH.
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In this thesis, three main topics of the olivine nano-silica process are investigated (see the
thesis outline in Figure 1.11): 1) the dissolution of olivine under the olivine nano-silica
conditions; 2) the influence of the process conditions on the textural properties of olivine
nano-silica; and 3) the technical aspects of the olivine nano-silica process. A concise
description of these topics is summarized in what follows.

1.3.1 The dissolution of olivine in acid

The dissolution of olivine under the conditions of olivine nano-silica production is
addressed in Chapters 3 and 4. Chapter 3 focuses on the experimental data and Chapter 4
proposes a kinetic model. The dissolution of olivine is essential to predict the conversion
degree over time. Furthermore, the olivine dissolution kinetics influences the properties
of olivine nano-silica.

Chapter 3 consists of three components: 1) the characterization of the olivine material
focusing on the specific surface area and the mineralogical composition; 2) the surface
characterization of olivine prior to and after dissolution; and 3) the experimental data of
the olivine dissolution curves.

Introduction (Ch. 1)

v

Materials and methods (Ch. 2)

I
v Vv

Dissolution of olivine in acid Properties of olivine nano-silica

Experimental data (Ch.3) Influence of the process
conditions on the SSA (Chs. 5-6)

Kinetic model (Ch. 4)

Development of silica particles
(Ch.7)

Development of pore structure
(Ch. 8)

\2

Technical aspects (Ch. 9)

Conclusions (Ch. 10)

Figure 1.11. Outline of this thesis.
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Chapter 4 is structured in two parts. In the first part, the mechanism of the dissolution of
olivine is investigated focusing on the possible resistances to the ionic transport; in the
second part, a kinetic model is developed. This kinetic model is successfully applied to
the dissolution of other commercial dunites and for bigger reactor volumes. Therefore,
this model can be considered to be robust, and it can be used in the industrial production
of olivine nano-silica.

1.3.2 The properties of olivine nano-silica

Chapters 5 and 6 study the properties of olivine nano-silicas produced at different
conditions. These chapters focus on the synthesis of amorphous nano-silica by the
dissolution of olivine in acid, showing the influence of the process conditions on the
properties of nano-silica. The main topics addressed are summarized below:

1. the influence of the reaction kinetics on the SSAggr (specific surface area
determined by the BET method);

2. the influence of the sulfate content on the SSAggr and SSAwmp (specific surface
area of the micropores);

3. the effect of the ripening treatment on the SSAggr and SSAwmp;

4. the development of the SSAggr and SSAwmp with the conversion degree;

5. the process yield and the separation efficiency of the olivine nano-silica
production process;

6. the development of the density and viscosity with the conversion degree;

7. the deagglomeration of the silica clusters using mechanical treatments.

The development of the olivine nano-silica particles is investigated in Chapter 7. This
chapter consists of two main sections: 1) a literature review on the polymerization of
silicic acid and particle growth of nano-silica, especially focusing on the investigations
performed below the isoelectric point; and 2) the study of the particle growth of nano-
silica when olivine is dissolved in acid. In addition to these, the zeta potential of an
olivine nano-silica dispersion is studied in the pH range between 1 and 10.

In Chapter 8, additional textural properties of different olivine nano-silicas are presented.
These properties are: 1) the pore size distribution (PoSD) determined using the BJH
method; 2) the silanol content and SSAnwr computed using *°Si nuclear magnetic
resonance (NMR); and 3) the pore sizes in the micropore range measured using
annihilation spectroscopy. From these data and the results of the particle growth of
olivine nano-silica, a model for the development of silica nanoparticles structure is
proposed. Furthermore, the PoSD and SSAxmr of precipitated and pyrogenic silicas are
also studied in this chapter.
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1.3.3 Technical aspects

Chapter 9 addresses different practical aspects of the olivine nano-silica process, focusing
on the following points:

1. conditions chosen of the production process of olivine nano-silica;
possible problems that might be encountered during the production.
experiments performed in pilot plants;

cost analysis of olivine nano-silica and precipitated silica;
generation of waste solutions and byproducts;

application of olivine nano-silica in building materials.

AN I
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Chapter 2. Materials and methods

2.1 Materials

Two types of dunite materials were used in this study for the production of olivine nano-
silica, one from Norway and another one from Greece. The dunite from Norway was
supplied by North Cape minerals (CRS) and by Eurogrit (GL50). Dunite CRS and GL50
are commercialized as slag conditioner and as abrasive material, respectively. The dunite
from Greece (PROMGM) was a byproduct from the magnesite mining activities in
Gerakini (Greece).

Figure 2.1 shows the original dunite materials from Greece: PROMGM-1, -2 and -3,
which are classified based on the olivine content as high, medium and low grade,
respectively. Even the high grade dunite has a lower content of olivine and considerably
higher content of serpentine, carbonates, enstatite and talc (as was reported in [33]) than
is advisable for the production of nano-silica as is mentioned in Chapter 9. These waste
rocks were beneficiated by dense media separation in order to increase the olivine content,
resulting in samples PROMGM-4, -8 and -10.

Med. Grade

PROMGM-2 /\‘

1A
v

Figure 2.1. Waste dunite materials from the magnesite mine in Gerakini (by
courtesy of Dr. Jonckbloedt).



16 Chapter 2. Materials and methods

Table 2.1 lists the chemical composition of the dunites determined by X-ray fluorescence
(XRF), the loss on ignition (LOI), the carbon content measured by combustion infrared
analysis and the olivine content. The olivine content of the Norwegian dunite was
stoichiometrically estimated from the hydrogen ion consumption when olivine was put
together with sulfuric acid (more details about this determination can be found in Chapter
3). In the case of the Greek dunite, the olivine content was determined by Grecian
Magnesite [33] combining the results of X-Ray diffraction (XRD), XRF and
thermogravimetric (TG) techniques. The low LOI and high magnesium content of the
Norwegian dunite confirm the high olivine content. In contrast, the original Greek dunites
feature a low content of magnesium, especially PROMGM-2, and a high LOI. After the
beneficiation of the byproduct dunite, the loss on ignition decreases below 2.5%. The
samples after beneficiation, PROMGM-4, -8 and -10, exhibit an olivine content twice that
of the original dunite material.

Table 2.1. Chemical composition analyzed by XRF of
Norwegian and Greek Dunites.

°c & & & & o o = 58 £

Dunite g%%%%%ggggggog
CRS 4741 784 4142 031 075 033 0.12 034 006 129 0.13 005 884
GL50 4932 732 4144 031 046 032 009 0.5 002 059 000|003 889
PROMGM-1 41.62 863 4146 05 052 03 015 069 009 592 012| - 440
PROMGM-2 189 633 41.09 036 084 0.9 000 9.84 016 2203 026| -  >20
PROMGM-3 3447 7.95 4351 045 178 025 0.4 133 033 96 019| - 290
PROMGM-4 4393 9.01 43.60 044 056 032 0.13 070 000 133 000|008 750
PROMGM-8 4379 890 42.67 041 059 031 013 065 000 255 000|013 750
PROMGM-10 45.12 879 4192 042 054 031 012 083 000 195 000|024 750

CRS and GL50 are dunite materials from Norway and PROMGM is a dunite material from Greece.
All values are expressed in wt.%.

2.2 Analytical and characterization methods

In this PhD thesis several characterization techniques were used to study the properties of
the dunite materials and the nano-silica. The techniques used are XRF, X-ray diffraction
(XRD), Inductively coupled plasma mass spectrometry (ICP-MS), combustion infrared
analyses (carbon and sulfur), volumetric analysis or titration, thermogravimetric (TG)
analysis, viscosity and density studies, laser light scattering (LLS), dynamic light
scattering (DLS), gas physisorption, positron annihilation lifetime spectroscopy (PALS)
and nuclear magnetic resonance (NMR).

The XRF and the infrared analyses were carried out in Canada by Actlab laboratories
using routines 4C and 4F, respectively. The XRD equipment used was a Bruker D2
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Phaser, where quartz was added to adjust the displacement of the diffractogram. The
inductively coupled plasma analyses were carried out with an ICP-MS X2, after the
samples were subjected to a “total” digestion. This digestion consists of a sequential
exposure of the samples to hydrofluoric acid, perchloric acid and nitric acid. The density
measurements were done with 50 ml glass picnometers, which were calibrated with water
at 20 °C. An STA 449 F1 Jupiter (Netzsch Instruments) was used to perform the TG
analysis. The buoyancy effect — meaning the forces affecting the balance due to the
change of gas density — was corrected by means of performing the same temperature

program to a blank. The concentration of hydrogen ions was determined by titration with
a solution of 0.05 M Na;B407; a 785 DMP Titrino with a pH probe was used.

2.2.1 Viscometer

The viscosity of the slurry was measured using a rotational rheometer with concentric
cylinders (Haake Rotovisco RV 20). This equipment was used with a measuring system
MI10 (max. speed 1000 rpm) and a sensor system MV1. A diagram of the sensor MV1 is
shown in Figure 2.2. The viscosity can be determined using:

Y(s)=M-%y, (2.1

t(Pa)=A %7, 2.2)

W(Pa-s)==. 2.3)
Y

Where 7y is the shear rate, %Y is the shear rate value displayed at the RV 20, 7 is the shear
stress, %7 is the shear stress value of the display, U is the viscosity, and M and A are
factors depending on the sensor used. The factors A and M together with the geometrical
parameters for sensor MV1 are listed in Table 2.2. This sensor can be used in the shear
rate range between 0.1 and 1000 s, and in the viscosity range between 2 and 2-10° mPas.

This viscometer with the sensor MV1 was validated using pure glycerol at 20 °C. The
viscosity of glycerol at 20 °C is 1.41 Pa-s [34]. The viscosity measurement of glycerol
was 7% lower than the expected value. Using the same equipment, Op de Hoek [35]
found an error of 8% for the viscosity in the range of 0.002- 0.050 Pa-s.

Table 2.2. Geometrical parameters and factors A and M of sensor MV1.
Ri(mm) L (mm) R, (mm) A M
20.4 60 21 6.44 23.4

R; means radius of the inner cylinder, L length and R, radius of the outer cylinder.
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Figure 2.2. Diagram of the sensor MV1 (modified from the manual of Haake
Rotovisco RV 20).

2.2.2 Laser light scattering and dynamic light scattering

The measurement of particle size distributions (PSD) is a major aspect of powder and
nano-materials technology. In this thesis, the dimensional properties of olivine grains (in
the range 0.01 to 0.6 mm) and olivine nano-silica agglomerates (approximately in the
range 0.1 um to 30 um) have been studied. In the case of olivine, attention is paid to the
specific surface area (SSA) of the granular material because it is one of the properties that
influences the kinetics of the dissolution of olivine (see Chapter 4). The SSA of olivine
can be measured using gas physisorption techniques. However, the determination of the
SSA of olivine grains using gas physisorption presents some problems as is discussed
more extensively in Chapter 3. The particle size of silica dispersions in liquids can be
determined using laser light scattering (LLS) and dynamic light scattering (DLS)
techniques. In addition, transmission electron microscopy (TEM) was also used in this
study to determine the shape and size of the nano-silica particles. However, the
microscopic analysis has two disadvantages. First, TEM analyzes the material properties
locally and not globally as it is done by LLS and DLS. And second, the structure of nano-
silica might be altered during this process since the samples are dried before performing
the analysis and not measured dispersed in the liquid.

LLS has become the dominating method for the characterization of powders in research
and industry [36]. The equipment used here is a Malvern Mastersizer 2000 together with
a Hydro S unit to disperse the samples. The Mastersizer 2000 is equipped with a red and
blue light source. This device measures the light scattered (an example of the light
scattered can be seen in Figure 2.3) by the particles. From this data, using the Mie theory
—which considers spherical particles—, the Mastersizer 2000 software calculates the
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particle size distribution of the particles. According to the manual of this device, the
measurement range is between 0.02 and 2000 um [37]. However, in the case of olivine,
the density is so high that when the sample had grains larger than 600 wm, which is the
particle size limit used in this PhD thesis, the dispersion unit was not powerful enough,
resulting in fast settling of the largest grains. The analyses of LLS have been performed
following the recommendation of Malvern [37] and the ISO standard 13320 for particle
analysis [38]. From the PSD measured by LLS, the geometric specific surface area is
computed:

SSA;=6> m,/(d;-p), (2.4)
i=1
where m; is the mass fraction i, d; the grain diameter i and p the density of the material.

B Background data B Olivine CRS 125-150
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Figure 2.3. Light scattering pattern of dunite CRS.

The background data can barely be observed due to its low signal.

Dynamic light scattering (DLS) is a non-invasive, well-established technique for
measuring the size of molecules and particles typically in the submicron region. The DLS
equipment used here is Nano ZS. DLS measures the Brownian motion, which is defined
as the random movement of particles suspended in a liquid due to collisions with the
molecules that surround them [39]. The Nano ZS measures the scattered patterns of the
particles at different time intervals. From these measurements, using a digital correlator,
the Brownian motion of the particles can be calculated. The relationship between the
particle size and the Brownian motion can be calculated with the Stokes-Einstein equation:
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k-T

= 2.5
3-m-u-D (2)

H

where k is the Boltzmann constant (1.38065 107 J.K™"), T the absolute temperature (K),
i the viscosity and D the diffusion coefficient. The size that is measured by DLS is called
the hydrodynamic diameter (Dy) and is defined as “the size of hypothetical hard sphere
that diffuses in the same fashion as that of the particle being measured” [39]. The Dy
depends not only on the size of the particle “core”, but also on the layer of tightly bound
water molecules, the particle surface structure, the particle concentration, and the type of
ions in the medium. This means that the Dy is larger than the size measured by electron
microscopy [40].

The Nano ZS has one light source, i.e., a red helium-neon-laser, for detecting purposes. A
conventional cell was used for particle size measurement (distribution in volume). The
theoretical range in which this equipment can measure the particle size distribution is
between 0.6 and 6000 nm [39].

2.2.3 Zeta potential

The zeta potential, also known as {-potential or electrokinetic potential, depends on the
interfacial double layer around particles. The [IUPAC defines the interfacial double layer
as “the coulombic interaction of ions and the electrostatic interaction of interfacial
molecules lead to particularly complex interfacial structures. The complex interfacial
profiles can be approximated by two different layers with different physical properties,
which are the Stern layer and the diffuse layer” [41]. Figure 2.4 represents the double
layer around charged particles on the surface, where the distance to the surface of the
particle, the different layers and the different potentials can be seen. In the Stern layer the
ions are bound to the solid surface of the particle [42]. The diffuse layer consists of
loosely ions. When a particle moves, a thin layer of liquid moves together with the
particle. This layer is called the hydrodinamically stagnant layer and is located from the
solid surface to the theoretical slipping plane. The slipping plane refers to the shear plane
between the hydrodinamically mobile and immobile fluid [42].

From a theoretical point of view, the zeta potential is the difference in the electric
potential between the slipping plane and a point in the bulk fluid (see Figure 2.4). The
magnitude of the zeta potential (either positive or negative) gives an indication of the
potential stability of the colloidal system. Usually, particles with magnitudes of zeta
potential higher than 30 mV are considered to be stable [39].
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Figure 2.4. The interfacial double layer around charged surfaces.

The equipment used within this PhD thesis to measure zeta potential is a Nano ZS from
Malvern. This equipment determines the electrophoretic mobility using laser doppler
velocimetry. The electrophoretic mobility can be defined as the velocity of a particle in an
electric field. With these data, the Henry equation can be applied to obtain the zeta
potential:

2-e-z-f(R-L, "
UE: €7 3(.!’L DL )’ (2.6)

where Ug is the electrophoretic mobility, z the zeta potential, € the dielectric constant, [
the viscosity, Lpy. the length of the electrical double layer and R the particle radius. The
term f(R-Lp.") is known as the Henry’s function and usually takes values between 1 and
1.5 [39]. The term electrophoresis refers to the movement of charged particles (particles
plus hydrodinamically stagnant layer) relative to the bulk fluid when an electric field is
applied. The electrophoretic mobility is assessed using laser Doppler velocimetry to
measure the velocity of the particles under an electric field. The zeta potential cell used in
these analyses is presented in Figure 2.5 [39], where the two electrodes inducing the
electric field are shown.
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Figure 2.5. Folded capillary cell used in the zeta potential measurements [39].

2.24 Gas physisorption

Physical adsorption is described by the ITUPAC as a phenomenon where the forces
involved are intermolecular (van der Waals forces), which do not involve a significant
change in the electronic orbital patterns of the species involved [41]. The extent of the
adsorption of gases by solids rises with increasing pressure and decreasing temperature.
The adsorption isotherms usually follow one of the curves depicted in Figure 2.6 [43].
Type I isotherm is typical for microporous materials with small external surface areas.
Type II isotherm is representative of non-porous or macroporous materials. Types III and
V are rarely found, and they are associated with weak adsorbent-adsorbate interactions. In
the adsorption isotherm types IV and V, the adsorption and desorption curves are
different. This phenomenon is known as hysteresis and is associated with capillary
condensation in mesoporous structures. The point B in Figure 2.6 (types IV and V)
indicates the stage at which an adsorbed monolayer is normally complete and multilayer
adsorption begins. Type 1V isotherm is characteristic of mesopores materials. Type VI
isotherm is representative of stepwise multilayer adsorption on a uniform non-porous
structure [43].

In gas physisorption, the isotherm curve can be subdivided into three regions: 1) gas
molecules are adsorbed at the sites of the largest adsorption potentials (i.e., micropores
are filled earlier than mesopores); 2) multilayer adsorption and 3) capillary condensation.
The actual gas pressures where these three regions are exhibited depend on the solid
material, temperature and type of adsorbate.

Pores are classified by the [UPAC as micropores (below 2 nm), mesopores (between 2
and 50 nm) and macropores (above 50 nm). The sorption behavior is different depending
on the pore size [44]. Macropores are so wide that their walls can be considered as flat
surfaces, while the sorption in micropores is ruled by the interaction between gas
molecules and pore walls. In the case of mesopores, the behavior of the gas molecules is
influenced by the gas-wall interplay as well as the interaction between the gas molecules.
Condensation in mesopores can occur at a lower pressure than the saturation pressure of
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the gas molecules (Py). A representation of the adsorption potential in the three types of
pores is shown in Figure 2.7 [44].
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Relative pressure (P/Pp) ——
Figure 2.6. Types of physisorption isotherms [43].

(a) (b) (©)

Figure 2.7. Adsorption potential (¢) on a) planar (or macropores) surface, b)
mesopores and ¢) micropore [44].

The specific surface area and porosity of silica samples were determined using a
Micromeritics TriStar 3000 equipment employing nitrogen as adsorbent at 77 K. Prior to
the analysis, the samples were degassed for 240 min at 120 and 190 °C. From these
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results the following parameters can be calculated: BET specific surface area (SSAggr),
external specific surface area (SSAg), microporous (or internal) specific surface area
(SSAwmp), average particle size (d), pore size in the adsorption branch (d,_a ), pore size in
the desorption branch (d, p ) and pore size distribution (PoSD). These parameters are
calculated with the Tristar II software [45] using the methods described below.

2.24.1 BET Specific surface area

The most commonly used specific surface area determined by gas physisorption is the
SSAger, which is based on the theory of Brunauer—Emmett—Teller [46]. They proposed a
method to estimate the volume of gas adsorbed on a solid as a monolayer.

As was mentioned previously, during the gas adsorption, the more energetic sites are
covered first. Before the adsorbate completely covers the surface, the formation of a
second adsorbed layer starts. Actually, a pressure where only one layer completely covers
the surface of the solid does not exist. However, the BET theory makes the theoretical
estimation of the number of gas molecules required to form a monolayer possible.
Brunaer, Emmett and Teller proposed the following equation for describing the multilayer
gas on solid materials [46]:

p I C-1| P P/P, I C-1|P
= + — | or = + — |, @7
V,.(p,-P) V,C V C(P, vV, d-pP/P,) V,C V,CP

where V, is the volume of gas adsorbed, Vy, the volume of gas adsorbed when the entire
surface is covered by a monolayer, P/P is the relative pressure (i.e., P the pressure of the
adsorbate and P, saturation pressure) and C is the BET constant. For most solids, when
the isotherm data are plotted using Eq. (2.7), it results in a straight line between 0.05 and
0.3 P/Py. Micromeritics software establishes a linear regression between 0.05 and 0.20
resulting in:

a=L and b=g, 2.8)
v C V. C

operating:

V, =—F, (2.9)
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where a and b are the intercept and slope of the line. Therefore, the SSA of gas monolayer
can be calculated using:

V_P 1 P
SSA_=SSA;;; =—-N,CSA=——-—N,CSA , 2.10
m BET RT A a+b RT A ( )

where CSA is the cross-sectional area with a value of 0.162 nm® for nitrogen.

When sufficient volume of gas has been adsorbed to form a monolayer on the solid, the
fraction of surface, (09)m, not covered by any molecule is dependent on the BET constant
and is given by [44]:

_Jc-1
@ =" 2.11)

for C values around 100, the fraction of surface not covered when sufficient gas has been
adsorbed to form a monolayer is 0.091.

In the adsorption region of relative pressures close to a completed monolayer (0.05-0.3),
the BET theory and experimental isotherms have a good agreement because the ratio
Va/Vn is close to unity for C values between 3 and 1000 [44], resulting in a powerful and
convenient method for the estimation of surface area. Although the BET theory is the
most extended and useful method to estimate the SSA, some of the assumptions made are
not exempt of criticism, such as: 1) the surface is considered energetically homogenous; 2)
the influence of lateral adsorbate interactions is ignored; and 3) the heat of adsorptions of
the second and higher layers is assumed to be equal to the heat of liquefaction [44]. The
BET equation fails to predict the adsorption behavior at high relative pressures (> 0.3)
because these suppositions are not valid anymore. Furthermore, the BET model is not
appropriate for microporous adsorbents, neither for solids with mesoporosity between 2
and 4 nm, because it is difficult to separate the process of mono-multilayer adsorption
from micropore filling [4,44,47-49].

2.24.2 t-plot method

The t-plot method is based on the concept of a homogenous statistical thickness (t) of the
adsorbate on the adsorbent surface. Although the thickness of the adsorbate layer is never
uniform, constant film thickness is usually assumed. The monolayer depth of a closely
packed hexagonal layer of nitrogen molecules is considered to be 3.54 A [44]. Therefore,
the statistical thickness of the adsorbed film is:
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. W
t(A)=3.54n, =3.54 7, (2.12)

m

where W, is the weight adsorbed and Wy, is the necessary weight adsorbed to form a
monolayer on the adsorbent. The ratio W,/W,, represents the theoretical value of the
number of monolayers covering the adsorbent. Modifying this equation using the liquid
volume and the surface area results in:

cm’ STP cm’ lig
Vo Ve ¢ JPlem’sTP) | A
t(A) — 1qui _ . 10 kg

- 2
SSA SSA(Cm J cm
g

(2.13)

where Viiquia 18 the volume of liquid adsorbed, V, the volume of gas adsorbed and pr the
density factor between the gas and liquid nitrogen with a value of 0.0015468; STP refers
to standard temperature and pressure (i.e., 0 °C and 1 bar).

The t-plot method is based on the comparison of an isotherm of microporous materials
with a standard type II isotherm (i.e., as exhibited by a non-porous or macropores
adsorbent) [50,51]. De Boer [51] obtained a master t-curve for nitrogen at 77 K identical
for a wide variety of adsorbents, provided no capillary condensation occurs and no
narrow pores are present. This curve is commonly used as a reference curve for texture
determinations and can be described perfectly by the equation of Harkins and Jura [52] in
the P/Py range of 0 to 0.75, where the quantity adsorbed is related to the statistical
thickness of the adsorbed film.

log [PBJ =0.034—- 13.99 . (2.14)

2
0 t
This equation can also be expressed as:

13.99

thy= 2 (2.15)
0.034 - logF

0

An example of the adsorption isotherm and t-plot curve of a material with microporosity
and mesoporosity is shown in Figure 2.8 [44].
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Figure 2.8. Adsorption isotherm and t-plot curve of a micro and mesoporous
material [44].

At the beginning of t-plot curve (i.e., small values of t), its slope (St) is related to the
adsorbed layer within large pores and complete filling of smaller pores. The total specific
surface area (SSAr) can be determined as follows:

SSA,(m*/g) =S, p, . (2.16)

Likewise, the SSAg of the wide pores (without taking into account the micropores) is
obtained from the slope of the upper linear portion of the t-plot (Sg).

SSA . (m*/g)=S, - p; . (2.17)

Sg is related to the development of a statistical thickness in all pores except in the
micropores, which are filled at lower values of t, in other words, at lower P/Py values. The
difference between the two areas (St and Sg) is the area in the micropores (SSAwp).

SSA,, =SSA, —SSA, . (2.18)

Without sufficient data points at low relative pressures, the St cannot be calculated. In
these cases, the SSAggr is used to estimate the SSAwp:

SSA,;, =SSA,.; —SSA, . (2.19)
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The software of the equipment TriStar 3000 uses the t-plot method to determine the SSAE.
The linear portion used to obtain the SSAg is between 0.35 and 0.50 nm (default values
specified by the software). This range starts when the theoretical values of the gas
monolayer (0.354 nm for N,) is reached and finishes shortly afterwards. Figure 2.9 shows
an example of a t-plot curve where the thickness range between 0.35 and 0.5 was used to
obtain the SSAE.

Quantity Adsorbed (cm3/g STP)

G T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Thickness (nm)

Figure 2.9. Example of the t-plot curve using a t range between 0.35 and 0.5 nm.

STP refers to standard temperature and pressure.

2.2.4.3 Average particle size calculated from the specific surface area

The mean particle size can be calculated from the geometrical relationship between
surface area and mass:

d (nm) = 6000 , (2.20)
SSA-p

where d is the mean particle size of nano-silica considering spherical particles (nm), p the
density of the material, which is 2.2 (g/cm3 ) for nano-silica, and SSA the surface area
(m*/g). This particle size is an average value considering that the particles are spherical
and not porous. In the case that the clusters formed by the grouping of non-porous
primary particles are present, and the porosity of the clusters is due to the assembly of the
primary particles, the particle size of the primary particles could be calculated using Eq.
(2.20).
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2.2.44 BJH Model

Barret, Joyner and Halenda [53] proposed a method for calculating the pore size
distribution (PoSD) from the isotherm data using the Kelvin equation and the thickness of
the adsorbed layer, known as the BJH method. The Kelvin equation [54] relates the pore
size with critical condensation pressure (also known as capillary condensation) in the
mesopores.

m| 25| o[ 2y vcosay 2.21)
P, R-T-R_

where P* is the critical condensation pressure, 7y the surface tension of the liquid, v the
molar volume of the condensed liquid, o the contact angle between the solid and the
condensed phase, R, the mean radius of curvature of the liquid meniscus, T the
temperature (77 K for nitrogen) and R the ideal gas constant.

The BJH method is based on an imaginary emptying of condensed liquid in the pores. A
pore filled with condensed liquid can be described with three zones: the core, the
adsorbed layer and the walls of the pore [45]. The core evaporates all at the same time
when the critical pressure, which is calculated using the Kelvin equation, for that pore
radius is reached. The adsorbed layer is composed of adsorbed gas that is removed
stepwise with each pressure step; the thickness of this layer can be defined by Equation
(2.15).

The BJH method is one of the most common methods used to determine the PoSD
because of its simplicity. However, it presents several drawbacks. 1) In micropores the
concept of capillary condensation is no longer valid [44,48]. That is because the Kelvin
equation does not consider the influence of the adsorption potential (see Figure 2.7) on
the position of the pore condensation transition [44], and also because it is (erroneously)
assumed that the pore fluid has the same properties as the bulk fluid. 2) For pores
narrower than 10 nm curvature effects should be taken into account, which means that the
statistical thickness should not be used [44]. 3) When the adsorbent has a random
distribution of interconnected pores, the tensile strength effect (TSE) occurs, resulting in a
different behavior for the adsorption and the desorption branch, which abruptly closes the
hysteresis. The impact of the forced closure due to TSE can be even higher if pore
network effects occur and wider pores have to be emptied through narrower pores. A
comparison between the PoSD obtained from the adsorption and desorption branch can be
used as a criterion to assess the nature of this phenomenon [55]. Pore size distribution
studies using the BJH method concluded that the this method underestimates the pore size
for pores narrower than 10 nm [44,56].
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2.2.45 Analysis conditions

The olivine nano-silica samples were dried at 105 °C just after they were produced and
stored in closed plastic containers. The gas physisorption equipment was employed with
liquid nitrogen at 77 K (boiling point of N,). The evacuation conditions (temperature and
time) were studied to find the optimum conditions for olivine nano-silica. Initially, the
temperature chosen in the analyses was 120 °C, using a low temperature to degas the
sample as was proposed by Lieftink [30]. Later on, a higher temperature (i.e., 190 °C)
was used in order to be sure that the physically adsorbed water was removed [5]. In
addition, analyses of the same silicas after two years were performed to check the
evolution of the dried nano-silica with time.

The influences of these parameters on the SSAggr of the olivine nano-silica are collected
in Table 2.3, where STD refers to the standard deviation, RSD to the relative standard
deviation and variation to the change between the same nano-silica sample, but at two
different conditions. The pretreatment conditions with sample NS-17 show that the
SSAggr remains constant once the evacuation time is above 240 minutes at 120 °C.
Therefore, 240 minutes can be considered the optimum time. It can also be observed that
there is a marked decrease (38%) in the SSAger when the silica was measured shortly
after the preparation and two years later using the same conditions. The evacuation
temperature affects the SSAggr as well, resulting in higher surface areas (increase
between 17 and 31%) at 190 °C than at 120 °C. The repeatability of the analysis was
studied analyzing the samples at the same conditions between 3 and 5 times, showing an
average and a maximum RSD of 2% and 5%, respectively.

2.2.5 Positron annihilation lifetime spectroscopy

The IUPAC [41] defines a positron as a positively charged electron and positronium as an
atom-like pair of particles consisting of a positron and an electron. Positron annihilation
lifetime spectroscopy (PALS) is a characterization technique to determine the pore size of
materials. Using quantum mechanical models [57,58], information about the pore size can
be obtained from the PALS.

In porous materials, a fraction of energetic positrons injected into samples forms
positroniums (Ps) [59]. The ground state of positronium has two possible configurations
(i.e., para-Ps with the spins of the positron and electron antiparallel, and ortho-Ps with
parallel spins) depending on the relative orientation of the spins of the electron and
positron. In addition to positroniums, free positrons co-exist in porous materials. The
positrons annihilate around 450 ps [59]. The singlet para-Ps has a mean lifetime of 125 ps
and decays preferentially into two y-ray photons of 511 keV [59]. The ortho-Ps will self-
annihilate into y-rays around 140 ns [60]. However, when they are located within pores,
their lifetimes are shortened by the effect of the molecular electrons of the wall pores.
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Once the lifetimes of ortho-Ps are known, the pore size can be determined using the Tao-
Eldrup model:

-1
r o =05|1-—" L g 2R (2.22)
| R+AR 2.7 \R+AR

where T,.ps 1s the lifetime of ortho-Ps in ns, 0.5 is a constant value in nanoseconds, R is
the pore size and AR is the thickness of homogenous electron layer in which the ortho-Ps
annihilate.

Table 2.3. Influence of the evacuation time and temperature on the SSAggy of
several number of analyses.

Evacuation Evacuation

Samples time temperature SS%BET S'lZ“D RSD Varization Variation
(min) ©C) (m/g)  (m7/g) (%) (m/g) (%)
140 120 216.9 10.7 4.9 - -
240 120 275.9 5.0 1.8 - -
NS-17
900 120 277.9 3.6 1.3 - -
240! 120 171.8 1.7 1.0 -104.1? -37.7
240 120 363.0 8.0 2.2
NS-HP 3
240 190 424.5 12.0 2.8 61.5 16.9
240 120 178.4 - -
NS-14-3F 3
240 190 233.3 - - 54.9 30.8
240 120 270.6 - -
NS-14-4F s
240 190 323.9 - - 53.3 19.7
240 120 291.0 -
NS-14-5F 3
240 190 341.7 6.6 1.9 50.7 17.4
240 120 263.2 - -
NS-14-6F 3
240 190 343.1 6.7 2.0 79.9 30.3

'This analysis was performed two years after the silica was prepared. “The variation for this sample is the

difference between the SSAgprdegassed at 240 minutes two years after the sample was prepared and after

the sample was produced. *The variation for this sample is the difference between the SSAgpr degassed at
120 °C and 190 °C.

The **Na radioisotope, generally employed as a positron source in the laboratory frame,
emits a positron together with a 1.27 MeV birth y-ray. The positron implanted into the
sample annihilates with the electron, providing 511 keV annihilation y-rays. The average
lifetimes at individual positron states are measured as the time difference between the
birth and 511 keV annihilation y-rays. The analysis of PALS was done by Dr. Sato, who
has used the PALS technique in several studies with nano-silica [39,40]. The PALS
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equipment used in this PhD thesis consists of a positron source and a digital oscilloscope-
based system (LeCroy WaveRunner 6050) employing photomultiplier tubes
(HAMAMATSU H6610) with BaF, scintillators (Oyo Koken) at room temperature. The
time resolution of the system is 180 ps full width at the half maximum (FWHM). For
each spectrum at least 1.0-10° coincident counts are registered. After subtracting the

background, positron lifetime spectra are numerically analyzed by the POSITRONFIT
code.

Figure 2.10 shows a PALS spectrum of olivine nano-silica. A PALS spectrum contains
the following lifetime constituents: 1) a component related to the annihilation of free
positrons with a lifetime around 450 ps; 2) a component related to the annihilation of o-Ps
in vacuum with a lifetime around 140 ns; and 3) components related to the annihilation of
0-Ps in pores with lifetimes between 10 and 30 ns depending on the pore size (they can be
seen in Figure 2.10).
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Figure 2.10. Example of PALS spectrum.

The pore range that the PALS technique can measure depends on the model used. The
Tao-Eldrup model [57,58] gives accurate pore sizes up to approximately 1 nm radius [61].
Even though several models have been proposed to determine the pore size of materials
above 2 nm [61-64], at the moment, there are no models widely accepted that can
accurately assess the mesoporosity of materials.

2.2.6 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is a characterization technique that uses
the magnetic properties of certain atomic nuclei to determine the physical and chemical
properties of the atoms surrounding the magnetic nuclei. The NMR active isotope (the
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atomic nucleus) used in this research is *’Si with a spin number of 1/2. The most
important parameter determined by NMR is the chemical shift [65]. The chemical shift ()
refers to the variations of nuclear magnetic resonance frequencies of the active isotope (in
this case *°Si) due to the distribution of electrons in the surrounding atoms. This
parameter is sensitive to the bonding angles and bond lengths of the silica structure [66].
Thus, the different number of siloxane bridges and of hydroxyl groups can be established
by NMR. Q% Q® and Q* are the silicon atoms with different number of siloxane bridges
(see Figure 2.11). The chemical shift is related to a reference signal, which in the case of
this research is tetra-methylsilane. Figure 2.11 shows an example of the ’Si NMR spectra
of the olivine nano-silica, with the area of the peaks of Qz, Q3 and Q4.

Q’ Q*

1 1 1 1
-40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180
Position (ppm)

Figure 2.11. Example of the **Si NMR spectra of the olivine nano-silica.

From the Q values, the silanol content, which is one of the main parameters of nano-silica
particles, can be calculated following the procedure described by Leonardelli [67]:

f, :%, (2.23)
Q’+Q
f =—2Q +3Q T (2.24)
QP +Q'+Q
oy =T, - sl N, (2.25)

" SSAggr Mo, + Mgy £, (1+£,) ’
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where f, is the fraction of Q2 silanol sites, f; the fraction of all silanol sites, N4 the
Avogadro’s number, SSAggr the specific surface area determined by the BET method
[46], Msi0, the molar mass of silica (i.e., 60.06 g/mol), Mon the molar mass of hydroxyl
groups (i.e., 9 g/mol) and 0oy the silanol content (OH/nm?).

The NMR analyses were carried out at the University of Valencia. The equipment used
was a 400 Bruker Avance III spectrometer, equipped with a wide bore magnet of 9.4 T,
and a 4 mm DVT probe, which operated at 79.5 MHz. The spinning rate was 10 KHz and
the magic angle was adjusted using a sample of KBr. The °Si MAS spectra have been
acquired at 300 K with a ©t/2 pulse of 4 us and a relaxation delay of 30s. The sweep width
was 64 KHz, and the numbers of scans 2900. No proton decoupling was applied.
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Chapter 3. The dissolution of olivine for nano-silica
production —experimental data

3.1 Introduction

The study of the kinetics of dissolution of olivine in acid is addressed in Chapters 3 and 4.
In Chapter 3, the experimental data of the dissolution of olivine is presented, and in
Chapter 4 a kinetic model is proposed. The study of the dissolution of olivine is essential
for the large-scale production of nano-silica for two reasons: 1) for the industrial
production of olivine nano-silica, as for any industrial process, the assessment of the
reaction kinetics is needed in order to predict the time required to achieve a desired
conversion degree; and 2) the properties of olivine nano-silica (i.e., specific surface area,
aggregated/agglomerated state, etc.) depend on the kinetics of the dissolution of olivine
[30]. The production of nano-silica via the olivine dissolution has not been industrially
performed yet and is still under development. Hence, data about this production process
are limited, Jonckbloedt [12,25] being the only researcher who studied the dissolution of
olivine under the olivine nano-silica conditions. Jonckbloedt’s kinetic model of the
dissolution of olivine will be further discussed in Chapter 4, but for the purpose of this
chapter it is sufficient to mention that he did not consider the specific surface area of
olivine, nor the chemical and mineralogical composition of the dunite employed.

As mentioned in Chapter 1, olivine refers to the mineral (Mg,Fe),SiO4 and dunite refers
to a rock where at least 90% of the volume consists of olivine. The remaining 10% of
dunite ores can consist of pyroxenes, amphiboles, micas, carbonates, serpentines, etc.

The dissolution of olivine in acid follows Eq. (1.4). The kinetics of the dissolution of
olivine depends on the surface area of olivine, hydrogen ion activity and temperature. In
many dissolution studies, pure olivines were used [9,11,19,22,24]. These olivines were
handpicked; subsequently, they were thoroughly cleaned to remove any fine materials
from the surface. However, for the production of olivine nano-silica [12], commercial
dunite rocks —and sometimes even a by-product material with an olivine content lower
than 90 wt.% (see Greek dunites in Chapter 2)— are employed because this process
focuses on the industrial production of silica. The commercial dunites contain other
components besides olivine. Therefore, the determination of the specific surface area
associated with the olivine and the mineralogical composition of the dunite is required for
the dissolution studies. The mineralogical characterization should focus on: 1) the content
of minerals that consume a considerable amount of acid (besides olivine), such as
carbonates; 2) the content of minerals that will not react with acid, or will react much
slower than olivine; and 3) the olivine content. The lack or inadequate characterization of
the dunite rock could lead to an incorrect kinetic model.
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The first part of the study of the olivine dissolution consists of three items: 1) the material
characterization focusing on the specific surface area (SSA) and the mineralogical
composition; 2) the surface characterization of olivine before and after dissolution; and 3)
the experimental data about the dissolution curves. The olivine content, the SSA
calculated according to Brantley [68] and the information about the silica layer obtained
in this chapter will be used in Chapter 4, where a kinetic model of the olivine dissolution
for nano-silica production will be proposed.

3.1.1 Specific surface area and roughness factor

The specific surface area of olivine is one of the main parameters influencing the olivine
dissolution kinetics so its determination is basic for the study of the dissolution kinetics.
A geometric specific surface area (SSAg) can be estimated from the particle size
distribution of olivine assuming the grains are spherical (see Eq. (2.4)). The ratio between
the surface area and the geometric surface area has typically been called the surface
roughness [69,70]. A roughness factor (A), also named surface roughness, can be
calculated from a microscopic analysis technique (e.g. gas physisorption using the BET
equation, SSAggr) to estimate SSA and a macroscopic analysis technique (e.g. light
scattering) to estimate SSAg [69,71]:

A =SSA/SSA, . 3.1)

The surface roughness is higher than unity because the elementary particles are usually
not spherical and because some minerals are porous. In the case of porous materials, the
surface area of a mineral grain can be expressed in terms of the external surface area,
SSAE, and internal surface area, SSA; [68,71]:

SSA = SSA_+ SSA, = SSA - A+ SSA, . (3.2)

This equation can be applied to materials of varying grain size if the surface roughness
and internal surface area are both assumed to be independent of the grain size. Brantley
and Mellot [68] proposed an equation which can be used to estimate either the SSA as a
function of the grain size for impurity-free, laboratory-ground primary silicates without
significant porosity or the external surface area of porous silicates:

log SSA, =b+m-log(d), 3.3)
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where SSAg; is the specific surface area in cm*/g, bis 5.2 + 0.3, mis -1.1 £ 0.2 and d is
the grain size in pm, in the case of olivine. This equation considers that A is slightly
dependent on the grain size.

3.1.2 Literature review on the olivine properties in dissolution studies

Some properties of olivines, such as the forsterite/fayalite (Mg>SiO4/Fe,SiO4) ratio,
olivine content, specific surface area and roughness factor, used by different authors, are
summarized in Table 3.1. The roughness factor (A) of the olivines studied is in the range
of 2 to 67 (see Table 3.1), while the roughness factor of freshly crushed silicates should
be around 7 [71]. There are four studies where a roughness factor above 20 was reported
[68,72-74]. These high roughness factors are the result of the high SSAggr due to
measurement errors or because the materials have a higher SSAggr than expected. The
measurement errors can be attributed to either the gas used in the physisorption analysis
or the magnitude of the surface area. Analyzing samples using nitrogen as an adsorbate
results in values 40% higher than the values obtained using krypton [68]. When the total
surface area of the sample analyzed is smaller than 5 m” and nitrogen is used, problems
concerning the accuracy arise [75]. On the other hand, the high SSAggr can be due to 1)
the presence of porous materials, 2) fine particles or 3) bodies with cracks and etch pits.
The SSAggr is most affected by the presence of porosity, which can be due to the olivine
itself or to the presence of other porous minerals. Most likely, the presence of other
porous minerals leads to porosity because, as was stated by Brantley [68], olivine is
usually not mesoporous or microporous [68]. When, for instance, traces of porous
minerals are present, the SSAggr of the material is much higher than the SSAggr of the
olivine, whereas it does not affect the SSAg. Furthermore, Brantley [68] proved the BET
method is not always a reliable technique for assessing the SSA of olivine. Thus, if A of
the freshly crushed olivine is higher than 10, a careful determination of the material
should be carried out to demonstrate the absence of other minerals that could contribute
more to the SSAggr than the olivine. Another possibility would be to use Eq. (3.3) to
determine the SSAg, related to olivine of a dunite rock.

The most probable reason for the high A for the olivines studied by Grandstaff [18],
Brantley [68] and Haug [74] is the presence of other minerals besides olivine that are
porous. In the case of the olivine used by Herk [73], it is likely to be due to the pre-
dissolution step to etch the mineral.

The mineral composition of olivine (forsterite/fayalite ratio) is also a key factor of the
dissolution of olivine, since fayalite is six times more reactive than forsterite [21].
However, because the forsterite content of olivine is about 92% (normally expressed as
Fo092) in most studies, this factor has not been taken into account in the dissolution rate.
In the case of Norwegian olivine, the dunite rocks have a forsterite content in the range of
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92 to 93% [76]. The forsterite content can be estimated from the X-ray diffraction data
[77] using:

Fo (%) = 4233.91-1494.59-d,,, 4%, 3.4)

where di3 is the position of the 130 peak in A. The Fo calculated from Eq. (3.4) is very
sensitive to position shifts of the peak, having an error of 4%.

Table 3.1. Summary of the literature data on the properties of olivine used in the
dissolution studies.

2
.. 1 Fo 3 my) d da SSAger
Author Olivine (%) Hand (%) (um) (um) Gas (em’ /) A
Grandstaff [18] HB 81 NO 95 74-194 134 9300 66.7

van Herk [73] DW 93 NO 99.9 105-125 115 N2 6300 38.8
Wogelius [21] SCA 91 - - 250-420 335 Kr 307 5.5
Jonckbloedt [25] NO 93 NO 92.6 63-300 182 Kr

Awad [22] SCA 91 YES 100 iufgsl - - - -
Chen [24] SCA 91 YES 100 75-150 113 Kr 340 2.0
Pokrovsky [9] SCA 91 YES 100 50-100 75 Kr 800 3.2
Rosso [10] GM 92 NO - 250-350 300 N2 405 6.5
Oelker [11] SCA 89 YES 100 50-100 75 Kr 800 3.2
Hinchen [19] SCA 91 YES 100 90-180 135 N2 797 5.8
Olsen [20] GM 92 NO - 250-350 150  Eq. (5" 528 4.2
Brantley [68] SCA - - - 250-500 375 Kr 329 6.6
Brantley [68] TS - - - 250-500 375 Kr 2340 469
Haug’ [74] NO* 93 NO 95 74-147 111 N2 4700  27.8

'Where HB stands for Hanauma Bay, Hawai; DW for Dreiser Weiher, West Germany; SCA for San Carlos,
Arizona; NO for Norway; GM for Green Mountain, North Carolina; and TS for Twin Sisters Mountain,
Washington. “Fo stands for forsterite content. d refers to particle diameter and d, average particle diameter.
? Hand refers to handpicked. “SSA was calculated using Eq. (3.3). *This olivine was not used in the
dissolution studies, but it originates from Norwegian mines like the dunites used in this study.

3.2 Materials and methods

In this chapter, two types of olivine dissolution experiments are presented: 1) a set of
experiments to assess the kinetics of the dissolution of olivine; and 2) a set of experiments
to establish the extent of the olivine dissolution and the olivine content. In addition,
surface characterization experiments after the dissolution of olivine were also conducted.
The purpose of the surface characterization experiments was to study the surface of the
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olivine grains, focusing mainly on the presence or absence of a silica layer on the olivine
grains after the reaction with acids.

Olivine dissolution experiments were carried out around 50, 70 and 90 °C with crushed
dunite rocks of different fractions in a vigorously stirred, thermostated reactor of one liter
to evaluate its dissolution kinetics. The temperature was kept constant by circulating
water from a thermostat through a double wall. Particularly, in the initial state of the
experiments, the temperature was rather difficult to control for the most rapidly executed
experiments, resulting in an oscillation of up to + 3 °C for short time intervals. The
reagents used were 500 ml of 3M sulfuric acid and the equivalent stoichiometric amount
of olivine (previously dried). The concentration of hydrogen ions was determined by
titration with a 0.05 M Na,;B4O7 solution at regular time intervals.

Two Norwegian dunite rocks were used in this study as was mentioned in Chapter 2. One
was supplied by North Cape minerals (CRS), and the other one by Eurogrit (GL50).
Dunite CRS and GL50 are commercialized as slag conditioner and as abrasive material,
respectively. Both materials were analyzed by XRD, XRF, combustion infrared analysis,
thermogravimetric analysis (TGA), laser light scattering (LLS) and nitrogen
physisorption. Dunite GL50 was also characterized by scanning electron microscopy
(SEM) in order to observe the texture and morphology of this material prior to dissolution
and after dissolution with and without stirring. A Micromeritics TriStar 3000 device using
nitrogen and with an evacuation time of 240 min at 120 °C was used for the gas
physisorption analyses [43]. Two SEM devices were used: 1) a FEI XL-30 FEG-SEM
equipped with a Schottky field emission gun operated at 20 keV and with an EDAX®
energy-dispersive spectroscopy (EDS) device, and 2) a FEI Quanta 600 FEG-SEM with a
Schottky field emitter gun (at voltage of 10 keV).

The particle size of CRS and GL50 as received was in the range of 63-2000 wm and 100-
500 pm, respectively. Dunite CRS was cleaned to remove impurities and to obtain
different fractions. The cleaning steps performed were: wet sieving, ultrasound (US)
treatment with ethanol to remove the fines, and again wet sieving. This material was
named CRS-US. Dunite GL50 was used without cleaning treatments because 1) this
material had fewer impurities, and 2) for practical considerations in order to assess the
validity of the developed kinetic model when using commercial dunites.

In order to determine the olivine content, the reactivity of both dunites was studied. This
was performed at 90 °C in acidic solutions with a molar ratio of hydrogen ions to olivine
two times higher than that required by stoichiometry (molar ratio of hydrogen ion to
olivine, Ry, around 8) in order to establish the olivine content. The reagents used were
500 ml of 3M sulfuric acid and approximately 60 g of dunite. The particle sizes of the
dunites investigated were in the range 300-500 um and 100-500 pm for CRS-US and
GL50, respectively. The initial molar ratio of hydrogen ions to olivine was doubled to
complete the reaction within short times. The reagents were kept together in the reactor
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only long enough for all the olivine to be consumed and to minimize the reaction of the
slow weathering silicates. The water evaporated during the reaction was around 9 g (1.5 g
of water evaporated per hour) and was neglected, assuming a constant reaction volume.
After the reaction, the residue was collected and weighed. This residue was cleaned 3
times with 500 ml of distilled water in order to remove any particles of colloidal silica.
Subsequently, the residue was analyzed by XRD to check for the presence of olivine.

From these experiments, the olivine content (w) in the dunites was calculated following:

mol

w (%) = , 3.5)

du

m,=n, M, = [nmon (mol) —2n o, (mol)] ‘M, (3.6)

where m is the mass of olivine, mg, the mass of dunite, n, the number of moles of
olivine, Mg the molar mass of olivine, n . the number of moles of hydrogen ions

consumed and nyeco, the number of moles of magnesite.
&3

The characterization of the olivine surface was performed by scanning electron
microscope (SEM) using olivine GL50 with a particle size between 100 and 500 um. A
stoichiometric amount of this olivine reacted with 3M sulfuric acid at 90 °C for 3 hours.
Three olivine samples were analyzed: one before the dissolution, one after the dissolution
in an unstirred reactor and the third one after the dissolution in a vigorously stirred reactor.
The conditions of the olivine dissolution in a vigorously stirred reactor are similar to the
conditions employed in the experiments conducted to assess the kinetics of the dissolution
of olivine.

3.3 Material characterization

3.3.1 Chemical and mineralogical composition

The forsterite content, calculated with Eq. (3.4), was 93.1, 91.7 and 93.8% for CRS, CRS-
US and GL50, respectively, being in agreement with the range reported by Osland for
Norwegian dunites [76]. Hereafter, these dunites are considered to be rich in Fo93 olivine.
Table 3.2 lists the theoretical composition, the molecular formula and the molar mass of a
Fo93 olivine, with and without part of the iron replaced with nickel. This table shows that
the MgO content should be 51.6%, and that there should not be any loss on ignition (LOI)
for a pure Fo93 olivine. However, the commercial dunites used in this study contain other
minerals than olivine. Some of these minerals should be rich in aluminum and chromium
(see Table 3.3). The nickel content is related to the olivine mineral, resulting in a
chemical composition of (Mg; ssFeo.133Nip.007)S104 for the olivine. GL50 and CRS-US
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have similar contents of MgO and exhibit a similar LOI, meaning similar contents of
olivine.

Table 3.2. Chemical composition of olivine F093 with and without replacement of
nickel for iron.

M S © & el 2 S & ¢

o0 — o0 I —

Name Formula (g/mol) | S = 7 Z = = 2 ~

(()ELV;;‘; (Mg, s6Fey 14)Si04 145.11 | 51.65 6.94 4141 - |51.26 7.65 41.10 -
Olivine . .

(Foo3) ~ MeiseFeosNigom)SiO,  145.13 | 51.64 6,59 41.41 036 | 51.27 7.27 4111 0.36

All concentrations are expressed in wt.%.

Table 3.3. Chemical composition of commercial dunites CRS, CRS-US and GL50.

S ¢ % 2 2 8 8 % 8

=)
Name d (um) %‘3 S = = S S 3 2

LOI
Other
Oxides

CRS 63-2000 47.41 7.84 4142 031 075 033 0.12 034 0.06 001 129 0.12
CRS-US  63-2000 47.59 8.28 4096 033 064 035 0.11 029 004 007 1.19 0.15
CRS-US  300-500 48.46 7.9 40.67 0.25 065 036 0.10 02 002 005 0.89 045

GL50 100-500 48.78 7.4 4091 0.26 052 035 0.10 009 0.02 0.04 0.73 0.80

Samples CRS-US was cleaned to remove the fines using ultrasounds.
All concentrations are expressed in wt.%.

The diffractograms of the samples CRS, CRS-US and GL50 are shown in Figure 3.1,
where quartz was added as reference material to correct the difractogram displacement;
for the sake of clarity only the range between 5 and 34 degrees (20) is shown. Olivine is
the main mineral in dunites CRS, CRS-US and GL50 although there are other minerals
present as well (see Table 3.4). These minor minerals are amphiboles (actinolite and
hornblende), micas (phlogopite), serpentine minerals (chrysotile), chlorite, talc,
carbonates and enstatite. Most of these minerals have been identified in other Norwegian
dunites [74,78] and are the reason that the content of Al,O3 is between 0.5 and 0.8% and
the LOI is between 0.7 and 1.3% (see Table 3.3). Magnesite was only found in the
diffractogram of CRS; however, the combustion infrared analysis detected a small
amount of carbonates (between 0.2 and 0.4%) in all the samples (see Table 3.5).
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Figure 3.1. Diffractograms of dunites CRS, CRS-US and GL50 prior to dissolution.

Quartz was added as reference material.

Table 3.4. Mineralogical patterns found in the diffractograms (see Figures 3.1 and
3.4) of dunites CRS, CRS-US and GL50 before and after dissolution in acid.

Compound Name PDF number CRS CRS-US GL50 RE-CRS-US RE-GL50

Olivine 01-079-1192 Y Y Y N N
Actinolite 00-041-1366 Y Y N Y Y
Hornblende 01-071-1062 Y Y N Y Y
Biotite 01-088-1899 Y Y Y N N
Phlogopite 01-085-2275 Y Y Y N N
Chrysotile 00-025-0645 Y Y Y N N
Chlorite, chromian 01-083-1381 Y Y Y Y Y
Talc 01-073-0147 Y Y Y Y Y
Magnesite 01-080-0101 Y N N N N
Enstatite ferroan 01-088-1911 Y N Y Y Y

PDF number refers to the powder diffraction file number from the PDF-2 Database,
Y present and N absent.

Figure 3.2 shows the TG analysis of CRS, CRS-US and GL50 using a heating rate of
I °C/min. Table 3.6 lists the decomposition temperatures of the minerals present in the
dunites. Table 3.7 summarizes the mass loss measured during the thermal analysis for
CRS, CRS-US and GL50. The mass loss due to the decomposition of minerals is around
1.5% for CRS and 0.8% for CRS-US and GL50. Table 3.7 also shows the maximum
possible amount of serpentine, calculated from the TG analyses, being around 0.4% for
dunites CRS-US and GL50. The critical mass loss is displayed in the temperature interval
between 450 and 650 °C. The minerals that decompose with this temperature interval are
magnesite, talc and chlorite.
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Table 3.5. Carbon content, magnesite content and magnesite LOI of dunites CRS,
CRS-US and GL50.

C-Total Magnesite' LOI

Name = (q,) (%) (%)
CRS 0.05 0.35 0.18
CRS-US 0.06 0.42 0.22
GL50 0.03 0.21 0.11

'Magnesite content calculated considering that all the carbon is present in this mineralogical form.

*LOI related to the magnesite decomposition.
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Figure 3.2. TG analyses of dunites CRS, CRS-US and GLS50 prior to dissolution.

Table 3.6. Decomposition temperature of the minerals present in the dunites.

Thermal decomposition

Mineral Formula ©C) Reference
Actinolite Ca,(Mg,Fe)sSisO2(OH), 850 [79]
Phlogopite KMg;Si;Al0,o(OH,F), >1050 [80]
Serpentine Mg;Si,05(OH), 650-720 [81]
Magnesite Mg(COs3) 570-610 [82]
Talc Mg3(Si,0s5),(OH), 100-500 & 700-1000 [83]
Chlorite MgsAlg75Cro25AlSi3.010(OH)g 500-900 [84]
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Table 3.7. Mass loss (wt.%) and serpentine content of the dunites in the TG analyses.

Samples 2000-1000 452-650 652-720 Serpentine’
(°C) (W) °C) (wt. %)
CRS 1.52 0.96 0.09 0.78
CRS-US 0.77 0.51 0.05 0.43
GL50 0.81 0.56 0.05 0.43

'Serpentine content related to the LOI between 650 and 720 °C.

The other silicate minerals present in the dunites, react with acid much more slowly than
olivine (see Table 3.8). Olivine reacts 50 times more rapidly than enstatite, which is the
second fastest weathering silicate present. Thus, for short reaction times, the other
silicates may be considered as inert materials regarding the consumption of hydrogen ions.
Furthermore, the content of these other minerals is very small. Consequently, the
hydrogen ion consumption will only be related to the content of olivine and carbonates.

Table 3.8. Dissolution rates of several silicate minerals at pH values of 2 and 25 °C.

1

Name pH Tem?)eéilture (moll (;’(fn I:z s (moiofnf'z s Reference
Olivine 2 25 -12.0 -12.0 [20]
Hornblende 3.5 25 -15.6 - [85]
Phlogopite 5 25 -16.4 -15.4 [86]
Serpentine 8 25 -15.7 -14.3 [87]
Chlorite 5 25 -16.5 -15.0 [88]
Talc 5 25 -16.0 - [86]
Enstatite 2 25 -13.7 -13.7 [89]

Whererr is the dissolution rate obtained from the literature at the pH and temperature of each different study
and r' are the values calculated at pH = 2 and T = 25 °C.

Table 3.9 lists the experimental conditions of the reactivity experiments of dunites GL50
and CRS-US, the moles of hydrogen ion consumed and the olivine content determined
using Egs. (3.5) and (3.6). After 3 hours of reaction, the magnesite and olivine, which are
the most reactive minerals, were completely consumed for GL50 as can be seen from
Figure 3.3, where the hydrogen ion concentration remains constant after three hours. In
order to be sure that all the olivine was consumed, the reaction time of the experiments
was fixed at 5 hours for GL50. The reaction time for CRS-US was set one hour longer
than for GL50 (6 hours) because the SSAg; of GL50 is higher than for CRS-US. After
reaction for 5 and 6 hours for GL50 and CRS-US, respectively the residual material was
collected and analyzed by XRD. The diffractograms of these residue materials (see Figure
3.4) exhibited actinolite (amphiboles), chlorite, talc and enstatite for residue RE-2 (GL50)
and RE-4 (CRS-US), but not olivine, which indicates that the olivine was completely



Chapter 3. The dissolution of olivine — experimental data 45

consumed. Neither mica nor serpentine minerals were found in the diffractograms. As
these minerals dissolve slower than olivine and the reaction time is relatively short, mica
and serpentine should still be present in the diffractograms. In fact, enstatite, which is
more reactive than these minerals, is still present in the residue. Therefore, either mica
and serpentine must have been removed during the cleaning steps of the residue, the
sample analyzed was not representative of the total material or the content was below the
detection limit. Another remarkable fact is that amphiboles were detected in the residue of
GL50, whereas they were not detected in the material before the dissolution; this is due to
either the sample analyzed before dissolution was not representative of the total material
or the content was below the detection limit. After dissolution, olivine, which is the main
mineral phase, has disappeared, making the relative content of other minerals higher.

Table 3.9. Experimental conditions of the reactivity experiments of dunites CRS-US
and GLS50, the moles of hydrogen ion consumed and the olivine content.

Vi + . u r ng+ ol ol
. mo,  Dumite GG R moh  (mo (%)
RE-0O 498.6 6.11 GL50 61.79 90.2 7.8 - - -

RE-1 501.9 6.05 GL50 62.25 90.1 7.9 1.523 0.381 88.8
RE-2 502.4 6.05 GL50 62.21 90.0 7.9 1.524 0.381 88.9
RE-3 501.6 6.08 CRS-US 62.29 90.3 8.0 1.529 0.382 89.1
RE-4 500.7 6.07 CRS-US 62.69 90.1 7.9 1.514 0.378 87.6

Name

6 ¢

[H*] (mol/L)
*
*

O 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time (h)

Figure 3.3. Dissolution curve of dunite GL50 at 90 °C: Experiment RE-(0 (more
details of this experiment can be found in Table 3.9).
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Figure 3.4. Diffractograms of the residue of dunites CRS-US and GLS50 after
dissolution.

Quartz was added as reference material.

The average olivine content determined from the reactivity experiments (see Table 3.9) is
88.9 and 88.4 wt.% for GL50 and CRS-US, respectively. Therefore, around 11 wt.% of
the material of these dunite rocks consists of different minerals than olivine. Comparing
the residual masses after the experiments, experimental (me.yp) and theoretical (mg), it can
be observed that these values are similar for both experiments (see Table 3.10). The
experimental residue (me.p) has a weight of 0.5 g or 7% higher than the theoretical
residue because some silica, produced during the dissolution of olivine, was present
within the residue. The good agreement between both residual masses confirms that the
dissolution method is a reliable procedure for the determination of the olivine content in
commercial dunites.

Table 3.10. Residual masses experimental and theoretically (after complete
dissolution of olivine) of the reactivity experiments of dunites CRS-US and GL50.

m, m,
Exp. Dunit xp th
P Hoite (2) )
RE -2 GL50 6.6 6.0
RE -4 CRS-US 7.0 6.5
3.3.2 Specific surface area

Since dunite CRS had more impurities than dunite GL50 (see Tables 3.3-3.5 and 3.7),
CRS of the fraction 125-500 um was used to study the effect of the cleaning treatments
on the SSAggr. The specific surface areas of this material treated in different ways are
shown in Table 3.11, where DS, WS and US refer to dry sieving, wet sieving and
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ultrasound treatment in ethanol, respectively. As can be seen from the reduction in the
SSAggr, using wet sieving instead of dry sieving leads to a substantial improvement in the
removal of the fines. The ultrasound treatment step still reduces the specific surface area,
but to a lower extent.

Table 3.11. BET specific surface area of CRS 125-500 after different treatments.

Name Treatment sséBET
(m/g)
CRS-125-500 DS 1.109
CRS-125-500 WS 0.264
CRS-125-500 WS/US 0.143
CRS-125-500 WS/US 0.208

CRS-125-500 WS/US/WS 0.296
CRS-125-500 WS/US/WS/US  0.178

DS stands for dry sieving, WS for wet sieving and US for ultrasounds.

The average specific surface areas and the roughness factor of dunite CRS-US and GL50
are collected in Table 3.12. The particle size distributions of different fractions of CRS-
US are plotted in Figure 3.5. When a mineral displays no porosity, the SSAggr should
increase with a drop of the particle size, and when a mineral is porous the SSAg should
rise with a decrease of the particle size. However, for SSAg, this trend could not be
observed due to measurement errors as can be seen from the high relative standard
deviation (RSD). These high RSDs are due to the low total surface area of the samples
(between 0.5 and 1.5 mz), whereas the recommended surface area for this analysis is at
least 5 m’ [75]. The SSAggr also breaks with this trend because the dunites exhibit
porosity as can be seen from the hysteresis of the adsorption isotherm (Figure 3.6) and the
positive values of SSAmp. Usually, olivine is not porous [68], so it is likely that the
porosity is due to the presence of other minerals. Therefore, in this case, the SSAggr does
not seem to be a reliable parameter to assess the specific surface area of the olivine
because a small amount of impurities can significantly distort the SSAggr. Furthermore, if
the olivine were microporous, the dissolution rate would be much lower inside the pores
(process controlled by diffusion) than outside (process controlled probably by surface
reactions), and the SSAggr would not be a reliable parameter either.
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Table 3.12. Average specific surface areas (SSAggr, SSAE, SSAnp, SSAG, SSAp;) and
roughness factors (Asgr, A:) of dunites CRS-US and GL50.

CRS-US CRS-US CRS-US CRS-US CRS-US CRS-US GL50'
125-150  150-250  250-300  300-500 500-600  600-700  100-500

da (um) 138 200 275 400 550 650 300
SSAger (m¥g)  0.309 0.149 0.284 0.174 0.174 0.260 0.280
SSAg (m%/g) 0.168 0.035 0.094 0.021 0.093 0.117 0.115
SSAwp (m¥/g) 0.142 0.114 0.190 0.153 0.081 0.143 0.165
SSAg (m%/g) 0.011 0.008 0.006 0.004 0.003 - 0.006
SSAg, (m¥/g) 0.068 0.046 0.033 0.023 0.018 - 0.038
. 6.4 6.2 6.0 5.8 5.8 - 6.1
Ager 29.1 19.8 50.9 434 57.4 - 44.8
RSDger (%) 9 17 12 34 0 33 14
RSD: (%) 15 159 18 286 3 60 55
RSDyp (%) 23 27 9 78 5 10 14

'This fraction was not measured by LLS because the grains settled too fast. The term d, refers to the
average particle size obtained from sieving. The cleaning treatment employed in CRS-US were: wet
sieving, ultrasound treatment and again wet sieving.
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Figure 3.5. Particle size distribution, measured using LLS, of different fractions
(125-150, 150-250, 250-300, 300-500, 500-600 wm) of dunite CRS-US.

The fractions of CRS-US were obtained by wet sieving.
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Figure 3.6. Nitrogen adsorption isotherm of dunite CRS-US 125-150.

The hysteresis loop is due to the difference between the adsorption and desorption curve.

The roughness factor calculated from the SSAggr is in the range of 20 to 55, while the
roughness factor calculated from the SSAg; is around 7, which is in agreement with the
values of White [71] for freshly crushed silicates. Thus, if Aggr of the freshly crushed
olivine is higher than 10, a thorough characterization of the material, to detect the
presence of impurities, would be advisable. When other minerals are present together
with olivine, the use of the SS Ag; instead of the SSAggr for the olivine dissolution studies
would be more reasonable. Even in the case that the only component in the material is

olivine and the olivine grains are porous, the SSAg, would be more useful for dissolution
studies than the SSAggr.

34 Surface characterization of olivine before and after the
dissolution

SEM images were taken from GL50 grains before and after dissolution with and without
stirring. The silica layer, detected by EDS analysis, can be visually identified because 1)
the surface of olivine has a different texture than the surface of silica and 2) the silica
layer exhibits shrinking cracks formed during the drying of the material. The molar ratio
between metal ions and silicon (Me/Si) for an olivine grain is 2, and it would be O for a
pure and thick silica layer. Layers with shrinking cracks exhibit ratios between 0.2 and
1.8. Values close to zero correspond to silica layers with a thickness of at least the
excitation depth of the electron beam. Values close to 1.8 correspond to silica layers
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much thinner than the excitation depth; that is because the material below the superficial
layer is also taken into account in the EDS analysis.

Van Herk [73] and Jonckbloedt [25] also carried out SEM analyses of olivine grains
dissolved in acid in a stirred reactor. Van Herk found a layer that presents shrinking
cracks with a Me/Si ratio of 1.6, and Jonckbloedt did not find any silica layer.

Figure 3.7 shows SEM pictures of GL50 prior to dissolution, where the presence of
particles smaller than 10 um can be observed. These particles are not olivine and
contribute greatly to the specific surface area. Figure 3.8, a — d, depicts images of the
olivine grains after dissolution in an unstirred reactor. The presence of a silica layer on
the surface of olivine can be observed in all the images, which is representative for most
grains examined in this sample. Figure 3.8, ¢ and d, were taken from the same spot but
with different angles and magnifications. The thickness of the silica is larger than 700 nm
for the grain in Figure 3.8, ¢ and d. Figure 3.9, a - e, shows the olivine grains after
dissolution in a stirred reactor. Etch pits and dissolution cracks can be observed in Figure
3.9, a and b. The presence of these features is indicative for a dissolution mechanism
controlled by surface reaction [90]. Silica layers could not be perceived on most of the
grains examined, and in the rare cases, where they were observed, they did not
completely cover the olivine grains. Figure 3.9, c and d, are examples of these cases
where a sheet silicate is in the matrix of olivine as an intergrowth, and the sheet silicate
behaves as a shelter for the silica. Figure 3.9e shows an exfoliated sheet silicate that
offers a protecting area to the silica particles from the stirring action. To conclude, a silica
layer is covering most of the olivine grains when the dissolution takes place in an
unstirred reactor; however, the presence of a silica layer is unusual when a stirred reactor
is employed.

200 pm
«— >

Figure 3.7, a and b. SEM pictures of dunite GL50 prior to dissolution.
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50 um
«—>

526.5 nm

Figure 3.8, a — d. SEM pictures of GL50 after dissolution in an unstirred reactor.
The thickness of the silica layer in Figures ¢ and d was 500 and 700 nm, respectively.

3.5 Data from dissolution experiments

This section presents data obtained in the dissolution experiments. From this data, a
kinetic model is proposed in Chapter 4 for the dissolution of olivine in acid under the
conditions of olivine nano-silica production. The variables of the experiments are the
main parameters of the olivine dissolution kinetics (i.e., specific surface area, hydrogen
ion activity and temperature), except for the concentration of hydrogen ion, which was set
at the beginning of the experiment as 6M (i.e., 3M H,SO4). Therefore, different
experiments were conducted changing the grain fraction of the dunite and temperature. In
addition, two types of commercial dunites, both originating from Norway, were used to
check if their dissolution behavior was similar.
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Figure 3.9, a - e. SEM pictures of dunite GL50 after dissolution in a stirred reactor.

In Figure 3.9, a and b, etch pits and dissolution cracks can be observed. In Figure 3.9, ¢ — e, silica deposits
can be found in protected sites offered by an inert (or less reactive) silicate mineral.
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Table 3.13 lists the experimental conditions for all the experiments. Figures 3.10 - 3.12
show the hydrogen ion concentration versus time for different set of experiments with
similar reaction temperatures using dunite CRS-US. Figure 3.13 represents the same type
of graph for experiments using dunite GL50 at different temperatures. In addition, the
experiment conducted at 70 °C (NS-14) was performed in a bigger reactor to see whether
the scale-factor was playing a role in the kinetics. How all these parameters affect the
dissolution kinetics is discussed in detail in Chapter 4, but from the experimental data, it
can already be observed that the most influencing parameter for the dissolution of olivine
is the temperature. An example of this is the required time to neutralize the hydrogen ion
from 6M to 1M, which is around 2200 and 200 minutes for experiments performed at 50
and 90 °C, respectively.

Table 3.13. Experimental conditions of dissolution of dunites in 3M sulfuric acid.

.. Fraction Ag,! T, Ratio Vu,s0

Sample  Otwine it R T O w0l
NS-1 CRS-US 138 125-150 0.068 48.7 4.5 0.5
NS-2 CRS-US 200 150-250 0.045 52.0 4.0 0.5
NS-3 CRS-US 400 300-500 0.023 55.0 3.8 0.5
NS-4 CRS-US 200 150-250 0.045 70.2 4.0 0.5
NS-5 CRS-US 400 300-500 0.023 70.7 4.0 0.5
NS-7 CRS-US 275 250-300 0.032 87.7 4.2 0.5
NS-8 CRS-US 400 300-500 0.023 86.2 4.1 0.5
NS-9 CRS-US 200 150-250 0.045 50.6 4.1 0.5
NS-10 CRS-US 200 150-250 0.045 89.8 4.2 0.5
NS-11 GL50 302 250-355 0.034 90.0 4.2 0.5
NS-12 GL50 302 250-355 0.034 89.7 4.1 0.5
NS-13 GL50 302 250-355 0.034 89.9 4.1 0.5
NS-14 GL50 300 100-500 0.038 70.2 4.3 10

'SSAg, prior to dissolution. The term d, refers to the average particle size obtained from sieving, Fraction
the olivine fraction used and ratio H/Ol the molar ratio of hydrogen ion to olivine.
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Figure 3.10. Dissolution curves of dunite CRS-US around 50 °C in 3M sulfuric acid.

The experimental conditions are presented in Table 3.13.
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Figure 3.11. Dissolution curves of dunite CRS-US around 70 °C in 3M sulfuric acid.

The experimental conditions are presented in Table 3.13.
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Figure 3.12. Dissolution curves of dunite CRS-US around 90 °C in 3M sulfuric acid.

The experimental conditions are presented in Table 3.13.
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Figure 3.13. Dissolution curves (NS-11, NS-12 and NS-13 around 90 °C and NS-14
around 70 °C) of dunite GL50 in 3M sulfuric acid.

The experimental conditions are presented in Table 3.13.

3.6 Conclusions

To study the kinetics of the dissolution of olivine in acids, the commercial dunites need to
be adequately characterized. The characterization of dunite needs to focus on the
mineralogical composition and the specific surface area of the material. The
mineralogical composition should be centered on the amount of olivine, unreactive
silicates and carbonates.
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Besides the olivine, the XRD analyses revealed small amounts of other minerals in both
dunites studied here such as mica and serpentine. The content of carbonates measured by
combustion infrared analysis is 0.4 and 0.2 wt.% for CRS-US and GL50, respectively.
The average olivine content from the reactivity experiments is 88.4 and 88.9 wt.% for
CRS-US and GL50, respectively.

The roughness factor of the dunites studied calculated with the SSAggris in the range of
20 to 55, whereas the expected value should be around 7. These high values are due to the
presence of porous and finely divided species. Since olivine is usually not porous, it is
likely that the porosity is due to the presence of other minerals. Even in the case that the
only component in the material were olivine and the olivine grains were porous, the
SSAg: would be more useful for dissolution studies than the SSAggr. In any case, the
SSAggr is not a reliable parameter to use in the kinetic study of the dissolution of olivine
because the porosity of the samples and the large error in the measurement. Thus, it
appears that the equation proposed by Brantley [68] is more suitable to calculate the SSA
of the olivine grains.

SEM pictures of olivine GL50 before dissolution show that some finely divided species
are present together with the olivine. After dissolution in an unstirred reactor, most of the
olivine grains examined were covered by a silica layer. The silica layer measured on the
grains was thicker than 700 nm. When the reactor was stirred, olivine grains with etch
pits and dissolution cracks were observed, and only on rare occasions silica was found.

The olivine content, the SSAg; and the information about the silica layer will be used in
the next chapter, where a kinetic model of the olivine dissolution for the nano-silica
production will be proposed.
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Chapter 4. The kinetics of the dissolution of olivine
in acid

4.1 Introduction

In this chapter a kinetic model of the dissolution of olivine for nano-silica production is
proposed, using the experimental data presented in Chapter 3. The dissolution of olivine
in acid follows Eq. (1.4). As was mentioned in the previous chapter, a kinetic model for
the dissolution of olivine is essential for the basic understanding of the process and the
upscaling of the nano-silica production. Many researchers have studied the dissolution of
olivine under normal weathering conditions (above pH 1, a dissolved olivine fraction
smaller than 10% and a solid content below 50 g/L) [9-11,18-24]. These researchers agree
that the dissolution mechanism is controlled by surface reactions, and the kinetics
depends on the hydrogen ion activity, surface area of olivine and temperature:

-E
r=kT~a“H+=A~exp(R %J'a"HH (4.1)

where r is the dissolution rate (mol-cm'z-s'l), kr the rate constant (mol-cm'z-s'l), A the pre-
exponential factor (mol-cm™s™), E, the activation energy (kJ/mol), R the gas constant
(8.314-107 kJ-mol-K™), T the temperature (K), ag" the hydrogen ion activity and n the
reaction order. A summary of the kinetic parameters together with the experimental
conditions found in the literature can be seen in Table 4.1. The values of E, range from 25
to 105 kJ/mol, n from 0.33 to 1.1, and r from 2:10™" to 5-10"? mol-cm™s”. However, the
most frequently mentioned value for the reaction order is around 0.5, and the activation
energy is in the range between 43 and 80 kJ/mol.

There are several studies in which the dissolution parameters are out of these ranges. The
study of Grandstaff [18] is one of them, with values of E, of 38 kJ/mol and n of 1.1. The
different values established by this author could be the result of the high roughness factor
of the studied dunite (see Table 3.1); this roughness factor is due to the presence of other
minerals with higher specific surface area (SSA) than olivine. Van Herk [73] also
reported anomalous activation energy values of 30 kJ/mol together with high values of
the roughness factor. Chen [24] reported a value of E, of 126 kJ/mol, which is
surprisingly high, and an reaction order of 0.7, which is also relatively high. He
conducted experiments only at one temperature, obtaining the activation energy by
combining his results with experiments from the literature [21,23]. In addition, the
roughness factor was 3 times smaller than the expected roughness factor for freshly
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crushed silicates [71]. For these reasons his results can be considered to be unreliable.
The remainder of the dissolution studies in Table 4.1 display similar values of kr and n.

Table 4.1. Summary of the olivine dissolution kinetics in the literature.

Solid Frac.
A E, k! n r! content Dis. Acid pH Ref.
(g/L) (%)
1.53E-04 38.1 32E-11 1.10 2.0E-13 2 6.6 HCI 3-5 [18]
6.71E+02 79.5 7.9E-12 0.50 7.9E-13 0.1-10 - HCI 2-10 [21]
- 25.0 - 0.33 - - 80-99 HC1 1-3 [73]
- 30.0 - 0.43 - - 80-99 H,SO, 1-3 [73]
- 66.5 - 0.33 - 250 90-99 H,SO, -0.5-1 [12]
- 71.5 - - - - 10< H,SO, 1-2 [22]
- 125.6 - 0.70 - 0.5-3 2 HCl 2-5 [24] 2
- - - 0.50 2.0E-12 4-16 5< HCl 1-8 [9]
3.46E-04 42.6 1.2E-11 050 1.2E-12 30 - HNO; 2-4 [10]
1.90E-01 63.8 1.3E-12 - 1.3E-12 3-8 - HCI 2 [11]
8.54E-02 52.9 4.6E-11 046 5.5E-12  0.5-10 0.05-99 HI;IS(I)3 2-12 [19]
- - 9.3E-12 046 1.1E-12 50 - HNO; 1-4 [20]
1.13E+02 70.5 5.0E-11 0.46 6.0E-12 - - - - 911°

A, kr, and n are given in mol-cm™s™, E, in kJ/mol and n dimensionless units. 'Calculated at pH=2 and
T=25 °C. *Experiments were done only at 65 °C and E, was calculated by comparing these results with the
literature. * This study statistically obtained the kinetic parameters from 22 investigations.

Although the dissolution of olivine has been widely studied, only Jonckbloedt [25]
conducted experiments under conditions relevant for the production of nano-silica. These
conditions included a negative pH to accelerate the reaction as well as a high solid
content and an elevated conversion degree to increase the amount of nano-silica produced
per batch. Under these conditions, the study of the olivine dissolution is still problematic
for the following reasons: 1) the concentration of hydrogen ions cannot be maintained
constant because of the lack of pH sensors that could operate in such an aggressive
environment; 2) the viscosity rises during the experiment [32]; 3) the olivine surface area
substantially decreases over time; 4) the quantity of silica released is much higher than
the silica solubility [92].

Jonckbloedt studied the dissolution of olivine in 3M sulfuric acid with a stoichiometric
amount of olivine and without keeping the pH level constant [12]. He also proposed a
model for these conditions where the olivine particles shrink over time:
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(mol/ min)= —exp(REaTj-l.%-log -SSA;-a, ", (4.2)

d[H"]

where E, is 66.5 kJ/mol and SSA¢ (geometric specific surface area) is expressed in m*/g.
The particle shrinkage was incorporated into Jonckbloedt’s model by means of the SSAg,
which changed over time. Although Jonckbloedt’s model was a considerable step forward
in the elucidation of the kinetics of the dissolution of olivine under the conditions of
olivine nano-silica production, there are several points on which more effort could have
been attempted: 1) Jonckbloedt did not follow the standard equation (i.e., Eq. (4.1)) for
the dissolution of olivine; 2) the specific surface area and the mineralogical composition
of the olivine employed were not reported, so Jonckbloedt’s results cannot be compared
with the other studies; 3) the specific surface area used was the geometric, whereas, as
was mentioned in Chapter 3, the SSAgp, (see Eq. (3.3)) would have been a better
estimation of the real external specific surface area of olivine; 4) he obtained the kinetic
parameters by fitting the plot of “log (d[H']/dt)” versus “—m-log(mol [H']) — n-log(act
[H])”, which is a peculiar procedure. It would have been much simpler to obtain the
kinetic parameters by fitting the data of the dissolution curve to Eq. (4.1); and 5) the
reaction order is lower than in most of the dissolution studies. In addition to these points,
the mass transport mechanism should be more deeply investigated because there are some
controversial points in Jonckbloedt’s work [12]: 1) the mass transfer through the liquid
film was calculated considering a stagnant liquid and an effective diffusivity instead of
the mass-transfer coefficient (ki) obtained from Sherwood’s number; 2) the change in the
viscosity of the slurry was not taken into account when calculating the mass transfer
through the liquid film.

In this chapter, a kinetic model for the dissolution of olivine under the nano-silica
production conditions is developed. Before proposing a model, the mechanism of the
olivine dissolution focusing on the possible resistances to the transport is studied. Once it
is concluded that the mechanism dominating the process is the surface reaction, a model
is developed using Eq. (4.1) to fit the experimental data of the rate of consumption of
hydrogen ions. The change in the olivine surface area is incorporated in the model using a
roughness factor based on the Brantley equation. Finally, this model is compared with the
ones from the literature.

4.2 Mechanism of the olivine dissolution
4.2.1 Solubility, nucleation and polymerization of silica

The mechanism controlling the dissolution of olivine in acid depends on the mixing
device, reaction kinetics, silica concentration, silica solubility, silica polymerization and
fluid properties.
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The solubility of silica at the pH level of 1 is 150 mg/L or 2.5 mmol/L [92]. Once the
silica concentration is above this value, silica starts to nucleate and condensate. At the
olivine nano-silica production conditions, 218 grams of olivine (1.5 moles) per liter of
acid are used. Once this material has reacted with the acid, 90 (stoichiometric calculations)
grams of silica are released to the medium. The silica starts to condensate when the
conversion degree, X, is 0.1664%, which happens 4 seconds after the reaction has started
at 90 °C (see Table 4.2). Therefore, it can be considered that solid particles of silica are
present during the whole experiment. The primary particles formed in a silicic acid

solution are around 5 nm [4,93]. These silica particles grow forming siloxane bonds as
described by [4]:

=Si—OH + OH-Si=—>=Si-0-Si= +H,0. 4.3)

Table 4.2. Time to release 2.5 and 135 mmol/L by the dissolution of olivine.

T t t;

Sample  oc)  (gec)  (min)
NS2 520 90 55
NS-10  89.8 4 3.4

Where t; and t, are the required time to produce 2.5 and 135 mmol/L of silica.

The formation of siloxane bonds is catalyzed by the concentration of hydrogen ion [4].
Gorrepati [93] stated that the silica particles grow over time in acidic media reaching
sizes above 500 nm. She also stated that silica particles reach a diameter of 200 nm after
100 minutes in an 8M HCI solution at 5 °C with a silica concentration of 135 mmol/L,
while the particles need almost seven days in a 2M HCI solution. Under the olivine nano-
silica production conditions (3M H,SO4, T ~ 90 °C, and initial and final silica
concentration of 0 and 1500 mmol/L, respectively), the temperature and silica
concentration are much higher than in Gorrepati’s experiments, except at the beginning of
the experiment (3.4 minutes passed in experiment NS-2 to release the same amount of
silica that was used in Gorrepati’s experiments); therefore, the polymerization kinetics
should be faster once the silica is released.

4.2.2 Possible resistances to the transport

The most common reaction models in leaching and dissolution of solids are shown in
Figure 4.1. Model (a) illustrates a spherical particle that shrinks over time without any
layer covering the surface. Model (b) shows a spherical particle in which the core shrinks
over time, but the solid layer covering the surface of the cores increases over time;
therefore, the size of the particle (core plus solid layer) remains constant. Model (c)
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describes a spherical particle where the core shrinks over time together with a solid layer
of constant thickness. More details about these models can be found in [94-96].

' ‘ ) (a) Shrinking Particle

‘ @ @ (b) Shrinking Core - Constant Particle Size
‘ @ @ (c) Shrinking Core - Shrinking Particle

>

Dissolution time

Figure 4.1. Dissolution models of solid particles [96].

When a solid layer covers the grains of olivine there are 3 possible resistances to the
transport of ions from the bulk liquid to the olivine surface and vice versa: 1) diffusion
through the liquid film, 2) diffusion through a solid layer and 3) reaction on the surface.
When all the resistances influence the dissolution of olivine, the shrinking of the core
spherical particles can be described in analogy with Levenspiel [94]:

d(Rol):_ [H+]/(41001) (44)
dt Ril 951 'Rol 1 ’ ’
5 + +—
R01+9 'kL R01+9Si 'De kT

where R is the core radius of olivine grains, Roeg the radius of the olivine grain
covered by a solid layer, Og; the thickness of the solid layer, ki the mass-transfer
coefficient in the liquid film, D, the effective diffusion coefficient through the solid layer,
kr the reaction rate constant of the olivine dissolution and p, the olivine density. In
steady state, the molar flux in each step should be equal to the others:

N=r=N, =N (4.5)

so ?

where N is the overall flux rate for the dissolution of olivine, r is the reaction rate, Nt is
the molar flux through the liquid layer and Ny, is the molar flux through the solid layer,
all of them in mol-s™-cm™.
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4.2.3 Literature review on solid layers

The formation or lack thereof of a solid layer around the olivine particles is of great
interest when tackling the kinetics of the dissolution of olivine and has been investigated
by many authors [9,12,18,73,96-102]. Table 4.3 summarizes different studies about the
dissolution of olivine where a solid layer was investigated.

Table 4.3. Summary of the studies where the presence of a silica layer around the
olivine particles was investigated

Solid - Si/Dep Os;
content Stirring SEM/TEM ! Reference
layer (nm)
(M
250 N Y Y - [12]
250 Y N Y - [12]
6 Y Y XPS 1 [98]
2 Y N Y - [18]
4 Y Y Y - [73]
- Y Y Y - [100]
4-16 Y N Y - [9]
50-100 MS Y XPS <2 [99]
- N N Y - [101]
- N Y Y - [97]
100 N Y Y <40 [102]

Si/Dep layer refers to the presence or lack thereof of a solid layer and Og; the silica layer thickness.

A silica layer was only found by Schott [98], van Herk [73] and Bearat [100] in a stirred
reactor using SEM, TEM or X-ray photoelectron spectroscopic (XPS) techniques. Schott
found a thin layer of 10 A that was unstable and did not grow over time; he also stated
that this layer did not inhibit the diffusion. Van Herk found a silica layer partly covering
some of the olivine grains. Bearat also found a passivating silica layer and that the
passivation effect of the silica could be decreased by increasing the abrasion between the
particles. In the same study [100], the influence of the solid content on the conversion
degree was studied, concluding that the conversion increased up to a solid content of 10
wt.%, after which it remained constant. The fact that the conversion remained constant
implies that either the silica layer was completely removed or its thickness was constant
and, therefore, incapable of being reduced any further by abrasion.

Silica layers cover the surface of olivine only on rare occasions when the slurry was
vigorously stirred (more details are provided in Chapter 3). Under these mixing
conditions, silica is removed from the surface of olivine. The detachment of the silica
layer from the olivine grains depends on the fluid and mixing properties, and the pH of
the slurry. The increase of the solid content improves the abrasion, detaching the silica
layer from the olivine [97,100]. In addition, at low pH, the polymerization of silica is
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enhanced [4,93] increasing the removal of the silica layer as well. Under the olivine nano-
silica production conditions, the presence of a silica layer is more unlikely than in the

studies reported in the literature because 1) the solid content is higher, and, therefore, the
abrasion, and 2) the polymerization is faster.

4.24 Diffusion through the liquid film as the limiting step

When the diffusion through the liquid film controls the process, the hydrogen ion
concentration around the particle can be described by Figure 4.2 and Eq. (4.6).

Olivine core

Concentration of [H™]

[H'],

ol

T
Rol + 951 Ro] 0 Rol Ro] + 9Si
Radial position

Figure 4.2. Diagram of a reacting olivine particle when the diffusion through the
liquid film is the rate limiting step [94].

N =k ([H Ty ~[H], )=k, -[H'], . 4.6)

where Ny is the molar flux of the hydrogen ion through the liquid layer, [H']s the
concentration of hydrogen ions in the bulk liquid and [H"] the concentration of hydrogen
ions on the surface of olivine. In the case that the diffusion through the liquid film
controls the process, the surface reaction resistance, and, therefore, [H']y, can be
neglected. The Sherwood’s number (Sh) for diffusion from a sphere into a stagnant
medium is described by:
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Sh=—-L =2, (4.7)

where ki is the mass-transfer coefficient, d the particle diameter and D the diffusion
coefficient.

For forced convection, the important hydrodynamic variables are the relative velocity
between the solid and the liquid, also known as slip velocity (vs), and the rate of renewal
of the liquid layer around the solid particle [103]. The mass-transfer coefficient can be
estimated following the procedure explained in [103]. This coefficient is calculated using
an empirical equation for solid particles suspended in an agitated vessel when a
significant density difference exists [104]. In this procedure, the free settling velocity (vy)
— which refers to the decantation speed of a solid particle in a stagnant fluid — is used
instead of the slip velocity.

k, -d

Sh = =2+0.44-Re"? S | (4.8)
Re=Pr Ve d 4.9)
Sc=—H_. (4.10)

p.-D

where Re is the Reynolds number, Sc the Schmidt number, p the viscosity and pr the
density of the liquid. Equation (4.8) is valid for solid-liquid systems where the particles
settle faster than 5-10™* m/s. The free settling velocity can be calculated following [103]:

12
v[=[4'g'(p°l_pL)j , @.11)
3G pp

where g is the gravitational constant and Cp the drag coefficient. Cp, is a function of the
Reynolds number and particle shape [103]. The drag coefficients of spherical particles for
the different flow regimes are listed in Table 4.4.

Table 4.5 lists the density and viscosity at 20 °C of the slurry during the dissolution of
olivine in acid under the following conditions: 3M H>SO4, a solid content of 250 g/L and
at 70 °C. The viscosity was measured with a Haake Rotovisco RV 20 at a shear rate of 64
s, which is similar to the average shear rate (calculated following the procedure in [103])
in the reactor. The flux of hydrogen ions through the fluid film for different conditions,
using the initial concentration of hydrogen ion in the calculations, is listed in Tables 4.6 -
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4.8. The diffusion coefficients used in these calculations are in the range 10 to 1071 mz/s,
which are typical values for liquids [13]. For some of the calculations in Tables 4.6-4.8,

the free settling velocity is smaller than 5 .10 my/s; therefore, Eq. (4.8) is not valid. This

equation can be used when the olivine particle size is bigger than 28, 126 and 150 pm for

the conditions in Tables 4.6 - 4.8, respectively. When the velocity is lower than 5-10™ m/s,
the Sherwood number is close to two, which is the value for spheres in a stagnant fluid,
and this equation is still used as an (under)estimation. In the real case, the slurry is
vigorously agitated and the mass-transfer coefficient will be always higher than the values
obtained using the method with the free settling velocity. The slowest mass-transfer rate
calculated through the liquid film at the beginning and at the end of the dissolution (see
Tables 4.6 and 4.8) is 1-10” and 2-10° mol-s™-cm™, respectively.

Table 4.4. Hydrodynamic regimes for settling spherical particles [103].

Regime Reynolds Number Cp Expression
Laminar 0-0.3 Cp =24/Re
Intermediate 0.3-1000 Cp = 24/(Re™®)
Turbulent >1000 Cp =0.445

Table 4.5. Density and viscosity of the slurry during the olivine dissolution at 20 °C.

Time Psi Hy
(kg/m’) (Pa-s)
At the beginning of reaction 1180 0.0017
5< X <50 1276 0.0332
End of reaction 1364 0.0452

At the beginning of the reaction, the p and [ of the slurry refer to the density and viscosity of 3M H,SO4
found in [105]. X refers to the conversion in %. The viscosity was measured at a shear rate of 64 s

Table 4.6. Mass-transfer of hydrogen ions at the initial conditions.

d N
(kg/sﬁﬁ) (Pp:-ls) (mlgls) (um) (nf}s) Re Se Sh (;{is) (mol-s'Lf-Hcm'Z)
1180  0.0017 1.00E-09 10 6.51E-05 4.52E-04 144E+03 2.15 2.15SE-04  1.29E-04
1180 0.0017 1.00E-09 50 1.63E-03 5.65B-02 144E+03 3.66 7.32E-05  4.39E-05
1180 0.0017 1.00E-09 100 1.23E-02 8.54E-01 144E+03 845 8.45E-05  5.07E-05
1180 0.0017 1.00E-09 500 7.74E-02 2.69E+01 1.44E+03 38.17 7.63E-05  4.58E-05
1180  0.0017 1.00E-08 100 1.23E-02 8.54E-01 1.44E+02 4.69 4.69E-04  2.81E-04
1180 0.0017 1.00E-09 100 1.23E-02 8.54E-01 144E+03 845 8.45E-05  5.07E-05
1180 0.0017 1.00E-10 100 1.23E-02 8.54E-01 1.44E+04 17.47 1.75E-05  1.05E-05
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Table 4.7. Mass-transfer of hydrogen ions between 5 and 50% conversion.

pSl uSl D d Vi kL NL,H
(kg/m’) (Pas) (m¥s) (um)  (mis) Re Se Sh s (mol-s-cm?)

1276 0.033 1.00E-09 10  3.18E-06 1.22E-06 2.60E+04 2.02 2.02E-04 1.21E-04
1276 0.033 1.00E-09 100 3.18E-04 1.22E-03 2.60E+04 2.73 2.73E-05 1.64E-05
1276 0.033 1.00E-09 500 7.95E-03 1.53E-01 2.60E+04 10.19 2.04E-05 1.22E-05

1276 0.033 1.00E-08 100 3.18E-04 1.22E-03 2.60E+03 2.31 2.31E-04 1.38E-04
1276 0.033 1.00E-09 100 3.18E-04 1.22E-03 2.60E+04 2.73 2.73E-05 1.64E-05
1276 0.033 1.00E-10 100 3.18E-04 1.22E-03 2.60E+05 3.76 3.76E-06 2.25E-06

Table 4.8. Mass-transfer of hydrogens ion at the end of the reaction.

pSl uSl D d Vi kL NL,H
(kg/m®) (Pas) (m¥s) (um)  (ms) Re Se Sh ) (molst-em?)

1364 0.045 1.00E-09 10 2.22E-06 6.71E-07 3.32E+04 2.02 2.02E-04 1.21E-04
1364 0.045 1.00E-09 100 2.22E-04 6.71E-04 3.32E+04 2.60 2.60E-05 1.56E-05
1364 0.045 1.00E-09 500 5.56E-03 8.39E-02 3.32E+04 8.65 1.73E-05 1.04E-05

1364 0.045 1.00E-08 100 2.22E-04 6.71E-04 3.32E+03 2.25 2.25E-04 1.35E-04
1364 0.045 1.00E-09 100 2.22E-04 6.71E-04 3.32E+04 2.60 2.60E-05 1.56E-05
1364 0.045 1.00E-10 100 2.22E-04 6.71E-04 3.32E+05 3.43 3.43E-06 2.06E-06

4.2.5 The diffusion through a silica layer as the limiting step

When the diffusion through a silica layer controls the process, the hydrogen ion
concentration around the particle is illustrated by Figure 4.3 and described by:

N_. =D, [H"]; —[H"], ~D, [H I
o 0Si 0Si

, 4.12)

Where Ny g is the molar flux of the hydrogen ion through the liquid layer, D, the effective
diffusion coefficient and 0 the thickness of the silica layer. In the case that the diffusion
through the silica layer controls the process, the surface reaction resistance and [H']o can
be neglected. Daval [102] studied the formation of a silica layer around the olivine grains
in small unstirred capsules finding a 40 nm layer around the olivine grains with a D, of
3-10%* m?/s. Safari [96] developed a mathematical model for the leaching of zinc ores
containing silicates where a silica layer covering the ores was taken into account. The
values obtained from Safari’s model are a D, that depends on the temperature for the
diffusion through a silica layer of 1.2 um:
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28167.83

InD, =-12.92— , (4.13)

where R is 8.314 J -mol”' K. At 90 °C, the D, is 2.2-10™"° m*/s. In Perry’s Handbook [13]

the diffusion coefficient through solids given is in the range of 10" and 10”* m*/s and the
reference value proposed is 10™* m?/s.

N, = mass-transfer rate through the
liquid layer

Liquid
\ Ngo = mass-transfer rate through
/

the solid layer

r = reaction rate

Olivine core

[H'],

Concentration of [H*]

[H"], ; »
Ry +6g Ry 0 Ry Ry +6g

Radial position

Figure 4.3. Diagram of a reacting olivine particle when the diffusion through the
silica layer is the limiting step [94].

Table 4.9 lists the flux of hydrogen ions through a silica layer for the three different
diffusion coefficients [13,96,102]. There is a significant difference between the fluxes in
this table because the Daval diffusion coefficient is 10'* times lower than the Safari

diffusivity, while both layers are made up of silica. This reflects the difficulty of
obtaining an effective diffusion coefficient.
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Table 4.9. Hydrogen ion flux through a silica layer.

D, (m?/s) 3.00E-22 2.17E-10 1.00E-14

Reference Daval [102] Safari [96] Perry HB [13]
eSi Nso Nso Nso

(nm) (mol-s™-cm™) (mol-s™-cm™) (mol-s™-cm™)

1 1.80E-13 1.30E-01 6.00E-06

10 1.80E-14 1.30E-02 6.00E-07

50 3.60E-15 2.61E-03 1.20E-07

500 3.60E-16 2.61E-04 1.20E-09

4.2.6 Overall resistance

The overall hydrogen ion flux is in the range of 1.82:107 to 1.31-10™"" and 3.12-10® to
1.28-10° mol-cm™s™ for experiments NS-2 and NS-10 at the beginning and at the end of
the reaction (see Table 4.10), respectively. The slowest hydrogen ion flux through the
fluid film at the beginning and at the end of the reaction, calculated in Tables 4.6 and 4.8,
is 10 and 2-10° mol-s™.cm™, respectively. Thus, the resistance due to the liquid film can
be neglected because the transport through it is much faster than the overall flux. The
resistance due to the silica layer could not be neglected in the case that a silica layer
would actually exist and the value of D, would be 3-10%* m*s™ or smaller. However, the
presence of a silica layer under the olivine nano-silica process conditions is unlikely due
to the vigorous agitation, high solid content (250 g/L) and strongly acidic medium, which
improves the abrasion and increases the polymerization of silica. SEM pictures of the
olivine grains (taken under the dissolution conditions presented in Chapter 3) show that
only on rare occasions the olivine grains were partly covered by silica. In addition, etch
pits and dissolutions cracks were also found in the pictures, which are indicative of a rate
controlled by surface reaction [90]. Thus, it can be considered that the overall flux is
controlled only by the surface reaction. In the case that a silica layer would cover the
olivine grains, which is unlikely, the overall flux would involve both steps, the surface
reaction and the diffusion through the silica layer.

Table 4.10. Species flux for experiments NS-2 and NS-10 at the beginning and at the
end of the reaction.

Sample Fractionm Tr N[,],l N[,] 2 NH,1 NH,Z
P (um) (&S] (mol-s-cm™) (mol-s™-cm™) (mol-s™-cm™) (mol-s-cm™)
NS-2 150-250 52.0 4.54E-10 3.27E-11 1.82E-09 1.31E-10
NS-10 150-250 89.8 7.80E-09 3.21E-10 3.12E-08 1.28E-09

N1 and N, are rate of the consumption of olivine and Ny ; and Ny, are the molar fluxes (per sz) of
hydrogen ions, at the beginning and at the end of the experiments, respectively.
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4.3 Surface reaction model
4.3.1 Hydrogen ion activity

The evolution of different species with the conversion degree for the olivine dissolution is
plotted in Figure 4.4. Silica is not plotted in this graph because its concentration is
constant once the solubility value is reached, which happens almost immediately (Table
4.2). Using these concentrations as inputs for the PHREEQC model [106] the activity of
the hydrogen ions was calculated. Figure 4.5 plots the calculated hydrogen ion activity
versus the pH of the solution at 20, 50 and 90 °C.
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Figure 4.4. Estimated evolution of [H'], [Mg**], [Fe**] and [SO4*] against the
conversion degree of the olivine dissolution in 3M sulfuric acid.

In order to incorporate the hydrogen ion activity in the model without the use of the
PHREEQC software-model, the activity curves were fitted to two polynomial equations
below and above a pH of -0.4 for temperatures between 20 and 90 °C:

—log[a, .]=a, -pH'+a,-pH’+a, -pH*+a,-pH+a, . 4.14)
gla, 4P 3°P 2P 1°P 0

The constants of Eq. (4.14) are a function of the temperature and can be fitted with
another polynomial equation:

a,=b,-T>+b,,-T+b,,. 4.15)
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Figure 4.5. Hydrogen ion activity calculated using the PHREEQC model [106],
versus the pH of the solution at 20, 50 and 90 °C.

The fitting constants of Eq. (4.15) are listed in Tables 4.11 and 4.12. From these results,
the constants of Eq. (4.14) can be obtained, and, with them, the hydrogen ion activity can
be calculated for different pH values and temperatures.

Table 4.11. Fitting constants of Eq. (4.15) for pH < -0.4 and the determination

coefficient.
a as a a a
b, -1.381E-02  -3.197E-02  -2.678E-02  -9.523E-03  -1.191E-03
by 4.942E-01  9.994E-01  7.090E-01  2.170E-01  2.901E-02
bo -3.787E+00 -8.638E+00 -7.405E+00 -1.260E+00  1.510E-01
R? 0.9999 1.0000 1.0000 1.0000 1.0000

Table 4.12. Fitting constants of Eq. (4.15) for pH > -0.4 and the determination

coefficient.
a as a a E: 1)
b, -9.476E-06  6.474E-06  1.165E-05  -1.337E-05  2.124E-05
b, -3.102E-03 6.379E-03 -5.246E-03 2.997E-03 6.958E-03

by -2.150E-02  1.121E-01 -1.587E-01 1.115E+00  4.069E-01
R’ 0.9994 0.9995 0.9997 0.9999 1.0000




Chapter 4. The kinetics of the dissolution of olivine in acid 71

4.3.2 Shrinking core model and specific surface area

As was stated in Chapter 3, the specific surface area is calculated with the Brantley
equation using the geometric particle size distribution (PSDg). Because the fraction
dissolved is in the range of 0 to 99%, the specific surface area of olivine significantly
changes over time. Therefore, a shrinkage model should be used that takes into account
the particle size reduction. The best model in this case, where no solid layer is involved,
is the shrinking particle (Figure 4.1). The particle size reduction (AR) as a function of the
olivine consumed, considering spherical particles, can be described by:

3 nH+ 'Mol
AR =3 67 =1.3921-3/n . , (4.16)
.ﬂ' pol con

where n . is the number of hydrogen ions consumed by the olivine and M, the molar
mass of olivine. Using this equation, the PSDg with the conversion degree can be
obtained and, likewise, the SSAg,. However, the equation proposed by Brantley was
obtained for laboratory-ground primary silicates and not for weathered silicates. Because
there is no better alternative to estimate the SSA of weathered olivine, the SSAg, equation
is employed here. In addition, the use of the Brantley equation (see Eq. (3.3)) gives
erroneous values when most of the olivine (above 80%) is consumed as can be seen in
Figure 4.6. The cause of this is a calculation issue that appears because: 1) a discrete
particle size distribution is used; 2) the difference between AR and R is extremely small,
which gives an extraordinary high surface area; and 3) the Brantley equation is
logarithmic. Figure 4.7 shows the variation of the relative roughness surface area, A/A;,
with the olivine consumed, where the same calculation problem can be observed. An
expression that determines the A without this problem can be obtained by fitting the
relative roughness surface below 80% of the olivine consumed (m ) to a polynomial

ol_con

equation and multiplying it by the initial (prior to dissolution) roughness factor:

ﬂ’ = 2i ’ [A ’ (mol_con )5 + B ’ (mol_con )4 + C ’ (mol_con )3 + D ’ (mol_con )2 + E ’ (mol_con )2 + 1] (4'17)

The constants of this equation are listed in Table 4.13. Because the relative roughness
surface areas show similar trends, this equation can be used to calculate the roughness
factor for all the dunite fractions used in the dissolution experiments after shrinking.
Therefore, using Eq. (4.17), the specific surface area for all the different PSD of olivine
during the reaction can be estimated.
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Figure 4.6. Evolution of the total surface areas, SAg, and SA¢, with the olivine
consumed for experiment NS-4 (220 g/L of olivine in 3M H,SQOy).

The amount of olivine is calculated from the dunite quantity and its olivine content.
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Figure 4.7. Variation of the relative roughness surface area, A/A;, with the olivine
consumed for experiment NS-4.

Table 4.13. Fitting constants of Eq. (4.17).

A B C D E
2.9795E-09 -5.2239E-07 3.2821E-05 -8.2023E-04 8.0935E-03

It is remarkable that the relative roughness surface area (A/A;) shown in Figure 4.7 slightly
increases with the mass of olivine consumed (i.e., the conversion degree), whereas the
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expected trend for A/A; of silicates should be a decrease with the conversion degree. This
difference is not only because the Brantley equation was obtained for laboratory-ground
primary silicates, but also because this equation considers that A is dependent on the grain
size.

4.3.3 Mass balance

In addition to the hydrogen ion activity and the specific surface area of the shrinking
cores, a mass balance is required in order to develop a model for the experimental data of
the hydrogen ion concentration. A mass balance over the hydrogen ions results in:

[H](t)=[H"],—(4-1r-SSA)-At, (4.18)

where [H'] is the hydrogen ion concentration, r the dissolution rate, SSA the specific
surface area of olivine and t the time.

The model proposed in this Chapter studies the changes of the hydrogen ion
concentration with time. The programming language used to develop the model was
Visual Basic. This model includes three parts: the mass balance of the hydrogen ion (Eq.
(4.18)), the shrinking core model of the olivine grains (Eq. (4.16)) and the olivine
dissolution kinetics (Eq. (4.1)). The experimental variables of this model are the specific
surface area of olivine, the reaction temperature and the hydrogen ion activity. The model
factors that need to be calculated from the fitting to the experimental data are the kinetic
parameters kr and n.

4.4 Results

The kinetic parameters, kt and n (see Eq. (4.1)), can be obtained by fitting the model
based on Eq. (4.18) to the experimental results. For each dissolution experiment, a set of
parameters that minimize the error between the kinetic model and the experimental data
was obtained. Figure 4.8 shows the experimental data and two calculated dissolution
curves for the n values of 0.35 and 0.5, and a rate constant of 3.45 107 (mol-cm'z-s'l) for
experiment NS-8. The calculated dissolution curve of n = 0.5 gives better results than the
curve of 0.35.

Table 4.14 lists the values of kr and n that produced the best fit for experiments NS-1 to
NS-10, where dunite CRS-US (see Chapter 3) was used. The calculated dissolution
curves, obtained using the best fitting values of kt and n, are shown in Appendix II. The
activation energy and the pre-exponential factor can be calculated from a linear regression
of the logarithm of kr versus the inverse of the temperature, as can be seen in Figure 4.9.
In this figure, experiment NS-3 was not included in the linear regression because it did



74 Chapter 4. The kinetics of the dissolution of olivine in acid

not follow the general trend. The linear regression closely fits the logarithmic values
resulting in a determination coefficient above 99%. Working out this equation results in a
pre-exponential factor of 856 (mol-cm™s™) and an activation energy of 78.5 (kJ/mol):

_78.5 0.5
r=856-exp| —— |-a,’ . 4.19)
P ( R-T j :
7
¢ Experimental data
------- n=0.35
n=0.5
J
Is)
g
T
=)
S
1000 1500
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Figure 4.8. Experimental data and calculated dissolution curves for n of 0.35 and 0.5
and kr of 3.45 -10° (mol-cm’z-s'l) for experiment NS-8.

Table 4.14. Values of ky and n producing the best fitting for experiments NS-1 to
NS-10 using dunite CRS-US.

Experiment (moll-{ch;:l'tz-s'l) n (o'Ié)
NS-1 1.45E-10 0.5 48.75
NS-2 2.10E-10 0.5 52.07
NS-3 3.00E-10 0.5 51.11
NS-4 9.30E-10 0.5 70.21
NS-5 1.04E-09 0.5 70.67
NS-7 4.10E-09 0.5 88.51
NS-8 3.45E-09 0.5 86.19
NS-9 1.95E-10 0.5 50.57

NS-10 3.90E-09 0.5 89.75
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Figure 4.9. Logarithm of ky versus the inverse of the temperature for experiments
with dunite CRS-US.

Experiment NS-3 is not included in the regression.

Table 4.15 lists the rate constants calculated using Eq. (4.19) and the error between the
kr sicand kr_ca. The average error in kt ¢, —excluding experiment NS-3—is 5%.

Table 4.15. Rate constants calculated and the error between the Ky g and Ky cq.

Experiment (motz;::'lz.s'l) E(l;;"](;l‘
NS-1 1.549E-10 6.85
NS-2 2.090E-10 0.46
NS-3 1.919E-10 36.02
NS-4 9.701E-10 432
NS-5 1.006E-09 3.23
NS-7 3.901E-09 4.86
NS-8 3.296E-09 4.46
NS-9 1.828E-10 6.27
NS-10 4.266E-09 9.38

Comparing the reaction constant (kt ca) of NS-1 and NS-10 at 49 and 90 °C, the reaction
at 90 °C is 27 times faster than at 50 °C. Table 4.16 shows the temperature rise needed to
double the rate of reaction for activation energies in the range 40 to 78.5 kJ-mol”, which
is the E, range found in the literature for the olivine dissolution (see Table 4.1). At 40
kJ-mol” (smallest activation energy found in the literature), the required temperature rise
to double the reaction rate is considerably higher than at 78.5 kJ-mol™. Thus, the higher
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the E, is, the more temperature-sensitive the kinetics is. This means that the model
proposed here with an E, of 78.5 kJ -mol™ is more sensitive to the temperature than the
models in the literature (except in the study of Wogelius [21]). Usually, chemical
reactions are more temperature-sensitive than the physical steps (e.g. diffusion transport).

Table 4.16. Temperature rise needed to double the rate of reaction for activation
energies in the range 40 to 78.5 kJ/mol.

Ea

(kJ mol™) 40 50 60 70 78.5

Temperature rise (°C)

25 13.4 10.7 8.8 7.5 6.7
50 15.8 12.5 10.4 8.8 7.9
90 20 15.9 13.1 11.2 10

T
Q)

This kinetic model was also used with experiments NS-11 to NS-14, where dunite GL50
was employed. Table 4.17 presents the fitted and calculated reaction constants for these
experiments as well as the error between the two values of kr. In experiments NS-11, -12
and -13, where the same dunite fraction was used (see Chapter 3), the fitted rate constant
is around 8% smaller than the calculated rate constant. The error in experiment NS-14,
where another dunite fraction and a reaction volume 20 times larger was used, is around
7% higher than the calculated rate constant. The average error between kr calculated and
fitted for experiments conducted with dunite GL50 is 7.6%.

Table 4.17. Fitted and calculated reaction constants for experiments with dunite
GL50 and the error between these two kr.

Exp. TCO (moll-{ch;t:fz-s'l) (mollle}c:" 12-s'l) E(l;;;;(;r
NS-11 90.0 3.950E-09 4.343E-09 9.96
NS-12 89.7 4.000E-09 4.253E-09 6.34
NS-13 89.9 4.020E-09 4.319E-09 7.44
NS-14 70.2 1.040E-09 9.691E-10 6.81
4.5 Discussion

The kinetic parameters E, and n obtained for the model proposed here are in the range
found in the literature. The activation energy is slightly higher than in most of the kinetics
studies (except for the work of Chen [24], where the E, is dubious as is explained before),
only being above this value the E, reported by Wogelius [21]. Comparing with the E,
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obtained by Jonckbloedt [12], the activation energy in the experiments performed in this
study is 18% higher, which makes the developed model more temperature-sensitive than
Jonckbloedt’s model. The reaction order found here agrees with most of the data from the
literature, but disagrees with the kinetic model of Jonckbloedt.

The reaction order of 0.5 was explained by Rosso [10] as the formation of an activated
complex, where two hydrogen ions attach to each of the two bridging oxygen atoms, and,
simultaneously, water molecules displace the Mg-O bonds. This activated complex
should be less rigid than the olivine structure, breaking down to aqueous species. Rimstidt
[91] stated that the forsterite dissolution involves chain reactions with several elementary
reaction stages. Thus, the reaction order (likewise the kinetic parameter A and E,) here
obtained should be considered as apparent values of the overall process.

The rate constant and the dissolution rate, calculated with the model developed, at 25 °C
and pH of 2 are presented in Table 4.18. The dissolution rate agrees with the results from
the literature showing the validity of the kinetic model. Unfortunately, the dissolution rate
of the model proposed here cannot be compared with the one of Jonckbloedt because he
did not report the SSAg. The kinetic model developed (obtained using dunite CRS-US)
can also be used for dunite GL50 with an error of 7.6%. In addition, an experiment with a
reaction volume 20-times larger (NS-14) was also well described by Eq. (4.19),
confirming the robustness of the model.

Table 4.18. Dissolution rate and rate constant calculated using Equation (4.19).

° Kt cal r
TCO pH (mol-cm™.s™) (mol-cm*s™)
25 2 1.51E-11 1.51E-12
4.6 Conclusion

Several assumptions have been made about the dissolution of olivine in acid under the
conditions of nano-silica production such as: 1) the process is not controlled by the
diffusion through a silica layer but by the surface reaction; 2) the olivine particles shrink
over time as the shrinking particle model describes (Figure 4.1a); and 3) the specific
surface area of olivine can be estimated using the roughness factor based on the Brantley
equation. In order to avoid calculation problems generated when entering the SSAg; in the
model, the evolution of the relative roughness factor with the consumption of olivine was
determined (Figure 4.7 and Eq. (4.17)). From the good correlation between the
experimental data and the proposed model it can be inferred that the assumptions made
are reasonable.

In this study an activation energy of 78.5 kJ/mol and a reaction order of 0.5 were obtained.
This activation energy is slightly higher than that reported in most kinetics studies. The
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dissolution rate and rate constant at pH value of 2 and 25 °C are 1.5-10"* mol-cm™-s™ and
1.5-10"" mol-cm™s™, respectively, which are comparable to the values found in the
literature.

The average error between kr ¢ and kr g is 5%, which shows a good agreement between
the present model and the olivine dissolution experiments for dunite CRS-US. The

average error of kr ¢, for dissolution experiments performed with dunite GL50 is slightly
higher (7.6%).

This kinetic model can be applied, with good accuracy, to predict the olivine dissolution
under the nano-silica production conditions for other dunite materials than those used in

this work, and for other reaction volumes. Therefore, it can be used in the industrial
production of nano-silica to predict the evolution of the conversion over time.
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Chapter 5. Properties of olivine nano-silica

5.1 Introduction

As mentioned in Chapter 1, a wide range of silica products is presently manufactured for
various applications. World demand for specialty silicas is rising 5.6% per year to reach
2.8 million metric tons in 2016, and in economic terms, the market is expected to grow by
7.5% to reach $6.4 billion in 2016 [3]. Nowadays, there are two main commercialized
routes for the productions of synthetic amorphous silica, which are the thermal route and
the wet route (see Chapter 1) [1]. In these production methods, a high temperature process
is involved (above 1000 °C). To reach these temperatures huge amounts of fuel are
consumed making these processes: a) non-sustainable because of the scarcity of fuels; b)
not environmentally friendly because of the huge amount of CO, emitted; and c)
expensive because of the fuel price.

An alternative synthesis route to the commercial production methods of amorphous nano-
silica with low energy requirements (reaction temperature below 100 °C and exothermic
reaction) is the dissolution of olivine in acid. The dissolution of olivine, which follows Eq.
(1.4), yields a slurry consisting of a mixture of magnesium/iron salts, amorphous silica,
unreacted olivine and inert minerals. Once the reaction is complete, the unreacted olivine
and inert minerals are removed from the final suspension by sedimentation. Subsequently,
the silica can be cleaned from the magnesium/iron salts by washing and filtering.

When a stoichiometric amount of olivine is placed in a reactor together with 3M sulfuric
acid, 1.5 moles of silica will be produced. The concentration of the hydrogen ion, silica
and olivine in the slurry (but not in the solution) versus the conversion degree is plotted in
Figure 5.1. Once the silica concentration is above the solubility value, which is 150 mg/L
at the pH level of 1 [92], silica starts to nucleate and condensate. This concentration is
reached for a conversion of 0.1664% (see Chapter 4 and Table 4.2), which already occurs
after 4 seconds of reaction in experiment NS-10 (at 90 °C) and after 90 seconds in
experiment NS-2 (at 52 °C). Therefore, it can be assumed that the nucleation starts from
the beginning of the experiment. The primary particles formed in a silicic acid solution
are around 5 nm [4,93]. These silica particles grow forming siloxane bonds as described
by Eq. (4.3). The silica condensation reaction below the isoelectric point mainly depends
on the hydrogen ion concentration and temperature; the presence of other ions in the
solution also influences the condensation reaction, however, its effect is less significant
[4,93]. As was stated in Chapter 4, Gorrepati found that silica particles grow to 200 nm in
100 minutes in an 8M HCI solution at 5 °C and with an initial concentration of 135
mmol/L [93].
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Figure 5.1. Species concentration versus the conversion degree for the dissolution of
olivine in 3M sulfuric acid.

The texture of nano-silica is a complex topic reviewed by several researchers
[28,29,32,107], but only Lieftink [30,32] studied in depth the nano-silica produced from
olivine. Although Lieftink [30] provided interesting results, more data about the
following items are desired: i) the effects of the process variables (surface area of olivine,
hydrogen ion activity and temperature) on the textural properties of the resulting nano-
silica; ii) the influence of the mode of operation on the process, particularly on the
process yield; iii) the chemical composition of nano-silica produced in order to establish
the impurities left.

In the previous chapters, attention was paid to the kinetics of the dissolution of olivine for
the production of nano-silica. The main purpose of this chapter is to assess the properties
of the nano-silica synthesized (i.e., specific surface area, porosity and content of
impurities), in order to demonstrate that amorphous porous nano-silica can be produced
satisfactorily by the dissolution of olivine in acid. An additional aim is to present new
data and more details about the influence of the process conditions on the textural
properties (i.e., size of the primary particles and size and shape of the agglomerates),
separation efficiency, and content of impurities of the nano-silica produced.

5.2 Review of the olivine nano-silica

The main researcher in this area, Lieftink [30], who studied the texture of the silica
produced by the dissolution of olivine, showed that variation of the production rate and
the total reaction time led to different silica textures. Thus, Lieftink stated that the silica
texture generated during the reaction of olivine is mostly determined by the dissolution
rate of olivine. The dissolution of olivine in acid depends on the surface area of olivine,
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hydrogen ion activity and temperature (see Chapter 4 and Eq. (4.19)). Therefore,
increasing the surface area of olivine, hydrogen ion activity and/or temperature will
increase the reaction rate.

Lieftink [30] stated that when the dissolution of olivine exhibited a slow rate, particle
growth occurred; and when the dissolution proceeded rapidly, particle growth occurred as
well, but slower. Particle growth proceeded according to a particle agglomeration model,
which implies that the final cluster size was determined by the rate of formation of 2 nm
particles (primary particles formed after nucleation) and the agglomeration of these
particles into clusters. Therefore, when the 2-nm particles were produced rapidly, the
probability of agglomeration of two small particles was larger than the probability of
accommodation of small particles into a larger, growing particle.

Another factor which influences the texture of nano-silica, especially the specific surface
area, is the amount of magnesium sulfate. The separation and washing of the olivine
nano-silica increases its specific surface area and its pore volume. Washing does not
affect the texture of the silica, but removes the magnesium sulfate from the pores.
Therefore, the washing of olivine nano-silica can be considered as the extraction of
magnesium sulfate from the porous system. Lieftink [30] reported that seven washing
steps using 100 ml of demineralized water were needed to remove almost all magnesium
sulfate from 750 ml of colloidal nano-silica, increasing the surface area from 50 to 300
m?/g.

The specific surface area (SSAggr), external specific surface area (SSAg) and reaction
time (t;) of the olivine nano-silica produced by Lieftink [30] at different temperatures are
presented in Table 5.1. This olivine nano-silica presented a SSAggr in the range of 140 to
400 m*/g and exhibited micropores, mesopores and macropores [30].

Table 5.1. Specific surface area of the olivine nano-silica prepared by Lieftink in the
temperature range between 40 and 90 °C [30].
Coarse (425-1000 pm) Fine (90-425 pm)
SSAger SSAg SSAger SSAg

T OC tr h tl‘ h
O wiyg wrpg "V wg wyg W
40 140 110 145.8 227 151 71.7
50 - - 62.5 - - 7.2
70 280 186 22.5 310 209 5.7
90 340 263 43 399 312 2.5

where coarse and fine refers to the olivine particle size.
5.3 Process yield of the olivine nano-silica

The process yield (Yns) is defined as the proportion between the amount of nano-silica
produced experimentally (mns_cxp) and the potential nano-silica present in the olivine
calculated theoretically (mns_m1):
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m
Yy (%) = ——=22.100. (5.1)

NS _thl

The theoretical nano-silica is expressed as:

M NS hi =m01'M5102/M01, (5.2)

where m is the mass of olivine, and Msio, and M, are the molar masses of silica and

olivine, respectively. The mys_exp 1S calculated with:

m (5.3)

NS _exp = mNS?expiim ) VvSiO2 ’

where mys exp im (g) 1S the total mass of nano-silica dried at 120 °C (i.e., silica with
impurities) and wsio, (%) the silica content or silica mass fraction of the dried material,
which can be determined if the other compounds present in the material are known.
Besides silica, silanol groups, physisorbed water and sulfates can also be found in this
dried nano-silica.

When silica is thermally treated, the physisorbed water is removed at about 150 °C. At
200 °C, all the physisorbed water from the surface has evaporated, but the silanol groups
still remain. Above this temperature, silanol groups condense releasing water according to
Eq. (4.3). This happens in 3 different steps: 1) at 450-500 °C vicinal groups, which
structure is represented in Figure 5.2, condense; ii) at 600-800 °C internal silanol groups
(also commonly called structurally bound water, see Figure 5.2) condense; and iii) up to
about 1000-1100 °C, only the isolated silanol groups remain on the silica surface [6]. Iron
and magnesium sulfate decompose at around 460 and 800 °C [108], respectively; and
sulfuric acid decomposes at 340 °C [109].

The silica content, Wsio,, can be calculated from thermogravimetric analysis (TGA) as the
difference between the final mass fraction of the TGA at 1100 °C and the oxide content
with:

Wsio, (%) = (WIIOO ~WnMmeo T Wreo )/(100_ W0-120 ) ) (54

where w,, |,, is the mass fraction loss in the interval 20-120 °C due to the release of water
adsorbed by the nano-silica.
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Figure 5.2. Representation of silanol groups: a) vicinal silanols and b) internal
silanol groups of silica [5].

The fourth oxygen is above or below the plane of the paper.

Another important parameter of the process is the separation efficiency (Escp) defined as
the proportion between the mass of nano-silica produced experimentally and the mass of
the nano-silica that can be potentially produced from the reacted olivine (mns_h2):

By, (%) == 100 (5.5)

Myg mo

In this case the theoretical amount of nano-silica is expressed as:
mNSfch(g):nH,neu'MSi02/4’ (5.6)

where ng_pe, 1S the amount of hydrogen ions neutralized.

Generally, the process yield depends on the conversion degree of the reaction and on the
separation efficiency of the post reaction treatments. Because in the olivine nano-silica
experiments presented here almost all the olivine reacts with sulfuric acid, the yield
depends mainly on the amount of nano-silica lost in the separation steps. When the
separation is performed by filtration, which is the most common method to separate the
silica from the sulfate salts, the process yield depends on the time required to produce the
silica cake and the properties of the silica cake. For the olivine nano-silica process,
Jonckbloedt [12] reported a production of 65 g of nano-silica per kg of 3M sulfuric acid
and 190 g of olivine, resulting in a separation efficiency of 67%. This value is calculated
from the amount of [H'] neutralized because no data about the purity of olivine was
reported.
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54 Materials and methods

The dunite rock used in this chapter was CRS-US (see Table 3.3). The desired grain size
fractions were obtained by wet-sieving. Then, the sieve fractions were ultrasonically
treated with ethanol to remove any adhering fines. Approximately 88.4 wt.% of the rock
was olivine with the composition (Mg scFeo.133Nip007)Si04, with a forsterite content of
93% and a molar mass of 145.13 g/mol.

Experiments were carried out at 50, 70 and 90 °C with dunites of different size fractions
(the experimental method used is described in more detail in Chapter 3). The
neutralization reaction was stopped when the concentration of [H] reached 0.1 mol/L
when it was stopped. Subsequently, the stirrer was switched off and the slurry was left for
ten minutes, after which the silica suspension was separated from the solid residue by
sedimentation. After that, the resulting suspension was washed with 500 ml of 0.1 M
sulfuric acid solution and filtered over a Buchner funnel with a vacuum pump (Paps = 0.2
bar). Sulfuric acid was chosen as the rinsing liquid to prevent oxidation of iron. The
washing and filtering processes were repeated four times, except in cases where too much
silica escaped with the filtrate.

The nano-silica produced dried at 105 °C was characterized by ICP-MS, combustion
infrared analysis, TG analysis, gas physisorption and TEM. The TG analysis was
corrected for buoyancy effects; the temperature was increased gradually from room
temperature to 1100 °C at 1 °C/min, keeping it constant for two hours at 200 °C and
1100 °C (see Chapter 2 for more details). The evacuation conditions prior to the gas
physisorption analysis were 120 °C for 240 minutes.

The purity of the silica can be calculated with:

P, (%)=100-w,_ , (5.7)

where wiy, is the mass fraction of impurities (i.e., sulfates and metallic ions), considering
that sulfur is in the sulfate form.

5.5 Results
5.5.1 Experimental conditions

The experiments carried out are shown in Table 5.2 together with the amount of reagents
used (mu,so, and me), molecular ratio of hydrogen ions/olivine, average particle size of
olivine, d,;, and reaction temperature, T,. The neutralization curves of these experiments
are presented in Appendix II.
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Table 5.2. Initial conditions of the olivine nano-silica experiments.

my, so, my; Ratio d, T

Sample 0 @  H70l @m) (O
NS-1 589.1 109.8 4.5 138 48.7
NS-2 593.5 125.0 4.0 200 52.0
NS-3 555.8 121.7 3.8 400 55.0
NS-4 532.7 112.6 4.0 200 70.2
NS-5 593.9 122.9 4.0 400 70.7
NS-6 594.2 113.1 4.4 550 69.9
NS-7 593.7 119.4 4.2 275 87.7
NS-8 592.3 121.5 4.1 400 86.2

3M sulfuric acid was used in all the experiments.

Table 5.3 shows the key parameters for the production of nano-silica. These parameters
are the [H"]fna at which the reaction was stopped, reaction time, t,, time required to reach
[H'] of 1M, aging time, tag, amount of unreacted olivine, mo_unr, 0livine conversion, Xo,
and filtration steps. The aging time was calculated as the difference between the total
reaction time and the time when 90% of the olivine was consumed.

Table 5.3. Parameters of the production of olivine nano-silica.

+ t. .
Sample [H ]final t, (h) [H+] =1M tag My unr Xol Filt.
p

(mol/L) (h) (h) (® (%)  Steps
NS-1 093  46.0 43.4 11.5 4.6 95.1 2
NS-2 024 710 29.7 35.8 5.0 95.4 4
NS-3 0.31 75.0 37.2 5.9 100 90.6 3
NS-4 023 19.2 5.8 10.6 4.5 95.4 4
NS-5 027 422 10.1 25.3 3.7 96.6 4
NS-6  0.65 63.7 33.6 32.6 1.4 98.3 4
NS-7  0.62 6.0 35 1.9 4.9 93.5 4
NS-8 025 23.0 4.7 17.2 2.3 97.8 3

The times required to reach the [H'] of 1M (conversion degree around 83%) versus the
average particle size of olivine at the different temperatures are plotted in Figure 5.3. The
reaction time required decreased when the temperature increased and when the average
particle size of olivine declined. The value of the reaction time required for the NS-1
experiment is not presented in this figure. This reaction time was unexpectedly long
compared with the rest of the experiments at 50 °C, because the ratio (H"/Ol) was too
high and also because the temperature was the lowest. The high ratio of (H*/Ol) was due
to smaller amount of olivine used in this experiment, which means that most of the
olivine is consumed and the pH is still significantly low.
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Figure 5.3. Time to reach [H*] of 1M versus the average particle size of olivine.

For industrial applications, the synthesis process can be carried out under fast kinetic
conditions to decrease the required reaction time. Only three hours are required to
produce nano-silica at 87 °C, which is a reasonable industrial reaction time. The reaction
time can be reduced even further by operating at higher temperatures, higher H"/Ol ratios
or using olivine with higher surface area.

5.5.2 Properties of the olivine nano-silica

The adsorption isotherms and t-plot curves of different silicas are shown in Figures 5.4
and 5.5, respectively. Figure 5.4 represents the adsorption isotherm of NS-1 and NS-2
since these samples had the lowest and the highest SSAggr. The adsorption isotherm
curves of all the olivine nano-silicas have similar shapes, but the volumes of gas adsorbed
are higher for samples of higher specific surface areas.

The adsorption isotherm of olivine nano-silica can be classified as type IV with H1
hysteresis loop [43,110]. This adsorption isotherm is typical for mesoporous materials
and is related to capillary condensation taking place in mesopores [43]. Hysteresis H1 is
associated with porous materials consisting of agglomerates with narrow pore
distributions [43].
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Figure 5.4. Adsorption isotherms of the olivine nano-silica NS-1 and NS-7.

STP refers to standard temperature and pressure.
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Figure 5.5. t-plot curves of olivine nano-silica.

Where circles have been used to represent the fitted data. STP refers to standard temperature and pressure.

Table 5.4 shows the values of the surface area, average pore size using the BJH [53]
method from the adsorption and the desorption isotherm, average particle size and ratio
between SSAwmp and SSAggr of the olivine nano-silica. The specific surface areas for
samples produced at 50, 70 and 90 °C are shown in Figure 5.6. As was mentioned
previously, Lieftink [30] stated that the SSAggr of the olivine nano-silica increases with
the rate of the olivine dissolution. That means, the SSAggt of nano-silica rises with the
reaction temperature, the specific surface area of olivine and the [H']. This trend is not so
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pronounced, but it can be observed in the experiments performed at 70 °C (NS-4 to NS-6),
where the SSAggr decreases with the average diameter of the olivine grains (related to the
specific surface area of olivine). The same trend is appreciated in the experiments
performed at 90 °C but not in the experiments at 50 °C or the experiments with similar
olivine particle size (i.e., doy = 400 um). The reasons for not observing this trend are that
the temperature in these experiments (particularly in experiments NS-1, NS-2, and NS-3)
was not constant, the final concentration of [H'] was slightly different, but most
importantly, the number of filtration steps, and, therefore the sulfate content, was not
constant.

Table 5.4. Surface area, pore size, particle size and ratio SSAyp/SSAggr of the
olivine nano-silica.

Sample SSAwr SSAwe  SSAp  dyx  dpp  dur  dp SSAw/SSAuer

(m’/g) (m/g) (mYg) (@m) (@m) (M) (@Om) (%)
NS-1 131 27 104 21 21 26 21 21
NS-2 150 27 123 18 17 22 18 18
NS-3 165 43 122 18 18 22 17 26
NS-4 218 52 166 18 17 16 13 24
NS-5 198 58 139 19 19 20 14 29
NS-6 179 47 132 28 24 21 15 27
NS-7 266 72 194 25 22 14 10 27
NS-8 185 36 149 18 17 18 15 19

d,_a and d,, p are the average pore size from the adsorption and desorption branch. dggr and dg, are the
average primary particle sizes determined from Eq. (2.20) using SSAggr and SSAg, respectively.
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Figure 5.6. Specific surface area of olivine nano-silica against the particle size of
olivine for experiments at 70 and 90 °C.
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The chemical composition and the purity of silica (calculated with Eq. (5.7)) are shown in
Table 5.5. The purity of silica includes the content of silica and silanol, and it is above 95%
except for NS-1 and NS-8.

Table 5.5. Chemical analysis (in mass %) of the olivine nano-silica.

S Na Mg Al Ca Cr Fe Ni Ps;
(%) (%) (%) (%) (%) (%) (%) (%) (%)
NS-1 389 0.00 1.88 0.02 0.05 0.00 036 0.02 86.01
NS-2 1.18 0.00 0.18 0.01 0.03 0.00 0.04 0.00 96.20
NS-3 1.26 0.01 0.29 0.02 0.08 0.00 0.06 0.00 9576
NS-4 1.17 0.00 0.16 0.01 0.03 0.00 0.03 0.00 96.26
NS-5 1.19 0.00 0.26 0.02 0.04 0.00 0.05 0.00 96.06
NS-6 0.92 0.02 039 004 0.05 001 0.05 0.00 96.68
NS-7 1.36 0.00 0.28 0.02 0.04 0.00 0.06 0.00 95.52
NS-8 2.16 0.00 0.96 0.03 0.03 000 0.15 0.01 9234

Where Pg; is calculated using Eq. (5.7).

Sample

TEM images (89 kx magnification) are shown in Figures 5.7 and 5.8, for NS-1 and NS-7,
respectively. Figures 5.7 and 5.8 show a material of particle size between 10 and 50 nm.
The highly agglomerated state, typical for silicas produced at low pH, can be seen in both
silicas. This highly agglomerated state is because the silica particles agglomerate. Sample
NS-1 was more agglomerated than sample NS-7, probably because in experiment NS-1
the reaction time was longer, giving more time to the silica to agglomerate.

TEM picture (89 kx) of olivine nano-silica NS-1.

\ Figure 5.7.

The primary particle size of the silicas derived from the SSA, Eq. (2.20), is in the range of
14 to 26 nm and of 10 to 21 nm for dggr and dg, respectively. In addition, the average
pore diameters (calculated using the BJH method), d, a and d,, p, are in the same range as
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the primary particles, showing that the porosity is due to the voids between the primary
particles in the agglomerate. Therefore, olivine nano-silica can be considered as an
agglomeration of primary particles and as a (meso)porous material (the silica pore
structure is studied in more detail in Chapter 8). In addition, the SSAymp does not exhibit a
particular trend regarding the SSAggr (see Table 5.4), and the ratio SSAmp/SSAggT is
almost constant, being in the interval 18 to 29%.

X

4

Figure 5.8. TEM picture (89 kx) of olivin

nano-silica NS-7.

Table 5.6 shows the number of moles of sulfur, ns, magnesium, ny, and iron, ng,
together with the mass fraction of total sulfate, wso, 1, of sulfate related with olivine,
Wso, ol Of free sulfate, wso, n,s0,, and ratio magnesium/metal ions. The term wso, ol
refers to the equivalent amount of sulfate salts (MgSO4 and FeSOy). The free or extra
sulfate, wso, n,s0, 18 calculated from the difference between wso, T and wso, o. The nj,
nme and ng. are plotted in Figure 5.9. The number of moles of these three components
follows a similar trend, exhibiting higher sulfate values (and also magnesium and iron
values) for samples with fewer washing steps.

The wso, 1 and the filtration steps carried out for the different samples are shown in
Figure 5.10. The wso, T decreases with the filtration steps. In addition, the free sulfate
could be easily removed adding extra filtration steps with distilled water. Therefore,
additional steps of washing with water would reduce the total sulfate, increasing the
purity of the nano-silica. In fact, some experiments with 6 washing steps, the last three of
them with distilled water, have shown purities above 99% (see next chapter).

Another interesting point is that the ratio of magnesium/metal ions in the silica remains
stable with an average value of 0.93, which is identical to the value for dunite CRS-US
(see Chapter 3). It means that the magnesium and iron salts are adsorbed on the nano-
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silica with the same ratio as present in the olivine and that they are desorbed with the
same ratio during washing as well.

Table 5.6. Sulfate content and ratio magnesium/metal ions of the olivine nano-silica.

ng Iy Ny, Wso, 1 Wso, o Wso, H,S0,

g
Sample  (101/100g) (mol/100g) (mol/100g) (%) (%) (%) e/ (Oreriv)
NS-1 0.121 0.077 0.006  11.655 8.05 3.60 0.92
NS-2 0.037 0.007 0001  3.535 077 277 0.92
NS-3 0.039 0.012 0001 3775 126 2.51 0.92
NS-4 0.036 0.007 0.001  3.506  0.69 2.82 0.93
NS-5 0.037 0.011 0.001  3.565  1.09 2.48 0.93
NS-6 0.029 0.016 0.001 2756  1.62 1.14 0.95
NS-7 0.042 0.012 0001 4075 121 2.86 0.92
NS-8 0.067 0.040 0003 6472  4.07 2.40 0.93
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Figure 5.9. Molar composition of S, Mg and Fe of the olivine nano-silica.
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Figure 5.10. Total sulfate and number of filtration steps of the olivine nano-silica.
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5.5.3 Process yield of the olivine nano-silica

The TG analyses of NS-1, NS-2, NS-5 and NS-8 and the DTG of NS-1 are shown in
Figure 5.11. The higher mass loss of NS-1 is related to the higher amount of sulfates. The
TG curves of NS-3, NS-4, NS-6 and NS-7 are similar to the NS-5 curve, showing
comparable values of sulfates. Five TG analyses of the sample NS-3 were conducted,

showing a relative standard deviation (RSD) of 5.0% in the loss on ignition between 400
and 1100 °C.

The process yield (Yns), separation efficiency (Esp) and the purity of silica are estimated
using Eq. (5.1), Eq. (5.5) and Eq. (5.7), respectively. These parameters are shown in
Tables 5.7 and 5.8. The silica purity presented here (Psi*) is estimated from the TG
analysis, instead of the ICP analysis. The values of purity obtained by the TG analysis are
only slightly higher than the purity values calculated from the ICP analysis. This
difference is because the sulfate content calculated from the ICP analysis is slightly
higher than the values from the TGA analysis.

Table 5.7. The silica content and the purity of silica (Ps;*) of the olivine nano-silica.

Sample W00 Whigo Wreo W20-120 Wh0_A Won Wsio, Pg*
(%) (%) (%) (%) (%) (%) (%) (%)
NS-1 77.86 3.12 0.46 8.59 9.34 4.19 81.26 87.80
NS-2 86.96 0.30 0.05 7.27 7.76 4.36 93.41 98.74
NS-3 85.20 0.48 0.08 8.25 9.09 3.95 92.25 97.68
NS-4 87.17 0.27 0.04 6.78 7.24 4.43 93.18 98.53
NS-5 84.13 0.42 0.06 9.81 10.52 4.07 92.75 98.24
NS-6 85.84 0.64 0.06 9.38 9.65 2.87 93.94 97.65
NS-7 89.85 0.47 0.07 3.65 4.38 4.46 92.69 98.15
NS-8 81.34 1.60 0.20 9.81 10.66 3.80 88.20 94.01

Wio_a 18 the water loss fraction between 20-200 °C and woy water loss fraction between 400-1100 °C
subtracting the amount of Wy,o and Wgeo. Ps;s is the silica purity from the TG analysis (Eq. (5.7)).

The amount of nano-silica produced experimentally, theoretically and the process yield
are plotted in Figure 5.12. The yield was in the range of 66 to 83%, except for the first
experiment where it was 54%. The separation efficiency was in the range 71 to 88% with
the exception of the first experiment. The process yield is only slightly higher than the
separation efficiency, which means that the main factor affecting the process yield is the
separation efficiency, and that is because more than 90% of the olivine has reacted with
the acid in every experiment (see Table 5.3). The separation efficiency for NS-1 was
unexpectedly low, possibly due to the high value of [H']. Although in the present study
nano-silica was produced with a higher yield than the yield reported by Jonckbloedt [12],
this parameter should be further improved, because around 30% of the produced material
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was lost during the filtration. In order to increase the nano-silica recovery, a more
efficient separation process should be employed. The separation process depends on the
properties of the silica cake obtained during the filtration and on the time involved in
producing the filter cake. The time is controlled by the texture of the nano-silica. Thus,
the faster a filter cake is formed, the higher the yield will be.

Table 5.8. Process yield and separation efficiency of the olivine nano-silica.

MNS exp im  TINS_ex MNS_hi Yns MNS h2 E,.
S l _€Xp_ _exp _ _ P
ampre (2 (2 (2) (%) (2) (%)
NS-1 26.72 21.71 40.16 54.06 38.20 56.84
NS-2 39.61 37.00 45.71 80.95 43.61 84.84
NS-3 31.91 29.44 44.51 66.13 40.35 72.96
NS-4 35.00 32.61 41.19 79.18 39.30 83.00
NS-5 36.70 34.04 44.95 75.73 43.42 78.39
NS-6 35.10 32.97 41.35 79.74 40.65 81.11
NS-7 39.01 36.16 43.66 82.81 40.84 88.53
NS-8 35.11 30.97 44.44 69.69 43.45 71.27
100 NS-1-DTG
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Figure 5.11. TG and DTG analyses of the olivine nano-silica.

The SSAggr versus the Egp is plotted in Figure 5.13. The general trend is that the Eg,
increases with the SSAggr. Therefore, it can be stated that the specific surface area of
nano-silica influences the separation efficiency. The Es, of experiment NS-2 is depicted
in a different color, because its values were higher than expected. The reason why the E,

DTG (%/min)
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was higher than expected is the long aging time of this experiment compared with the
short aging time of the rest of the experiments carried out at 50 °C. A plausible
explanation for the phenomenon of increasing E,, with the aging time would be that
nano-silica particles agglomerate more with the aging time, forming the filter cake faster
and losing less material. However, the primary particle size of the material does not
change during the aging. In other words, the specific surface area of nano-silica remains
constant, but larger clusters are formed, facilitating the filtration and enhancing the silica
yield. This phenomenon could be used to improve (time and efficiency) the separation
process of the nano-silica.

IMNS_exp EEN NS —he= Yy
50 100

40 80
30 + 60
20 + 40
10 20
0 40
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Figure 5.12. Yield and experimental and theoretical masses of olivine nano-silica.
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Figure 5.13. Specific surface area of olivine nano-silica versus separation efficiency.
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554 Comparison of different amorphous nano-silicas

Table 5.9 summarizes the physical and chemical properties of pyrogenic silica [1],
precipitated silica [1] (see Table 1.1), olivine silica produced by Lieftink [30] (at
temperatures between 40 and 90 °C) and the olivine nano-silica produced in the current
study. All of them have a purity above 95%, high SSAggr and small particle size. Olivine
nano-silica is the material with smaller pore size diameter. The main difference between
the two olivine nano-silicas is that the nano-silica prepared here features a slightly smaller
specific surface area than Lieftink’s nano-silica. This difference in the surface area of
olivine nano-silica is due to the kinetics of the dissolution of olivine, and probably also
due to the content of impurities. The latter hypothesis cannot be confirmed since Lieftink
did not report the chemical composition of the silicas, but additional filtration steps would
reduce the content of impurities and increase the specific surface area. Lieftink [30]
produced nano-silicas with shorter reaction times than the nano-silica presented here, as
can be seen from the reaction times in Tables 5.1 and 5.3, which means that he stopped
the reaction at lower conversions.

Table 5.9. Summary of the properties of different amorphous nano-silica [1,30].

Parameters Pyrogenic [1]  Precipitated [1] Lieftink [30] This work

Purity, SiO, (%) >99.8 >95 - >95
SSAger (m7/g) 50-400 30-500 100-400 100-300
d; (nm) 5-50 5-100 8-25 10-25
d, (nm) None >30 >10 >10

An XRF analysis of the olivine nano-silica produced by Jonckbloedt [12] with waste
sulfuric acid is shown in Table 5.10. The value of the loss on ignition includes the water
condensed from the nano-silica as silanol groups. Considering that the mass of water
released is around 5%, the silica content is still under 85%, which is much lower than the
purity of nano-silica produced in this study.

Table 5.10. Chemical analysis of the olivine nano-silica
produced by Jonckbloedt [12].

SlOz A1203 F3203 MnO MgO CaO NazO KzO TlOz P205 LOI
78.5 <022 0.19 <0.006 03 <0.13 021 <0.05 2.09 001 1194
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5.6 Conclusions

The synthesis of nano-silica by the dissolution of olivine is a feasible method to produce
amorphous porous nano-silica. The olivine nano-silica prepared in this chapter has a
specific surface area between 100 and 300 m*/g and a primary particle size between 10
and 25 nm. These particles are agglomerated in clusters forming a porous material with
an average pore diameter (obtained using the BJH method) between 17 and 28 nm. The
impurity content is below 5% after three cleaning steps and can be further decreased by
performing additional washing steps using water (silicas of a lower sulfur content and
higher SSAggr are presented in the next chapter).

The specific surface area of olivine nano-silica depends on the kinetics of the reaction of
olivine and the amount of magnesium sulfate in the porous material. Thus, increasing the
reaction temperature, surface area of olivine, activity of the hydrogen ions and/or number
of washing steps results in an increase in the nano-silica surface area. In this way,
different types of nano-silica can be produced by changing the process conditions. The
influence of the kinetics of the olivine dissolution on the specific surface area of the nano-
silica is less straightforward than was stated by Lieftink [30], being much more apparent
the effect of sulfates on the SSA.

The separation efficiency (Esp) increases with the specific surface area of the nano-silica
and aging time. Even if the E, is higher than that reported by Jonckbloedt [12], it could
still be improved by accelerating the build up of the cake during the filtration and/or
modifying the properties of the cake. One way to obtain a better filter cake is to keep the
slurry aging for several hours before the filtration. Thus, there is more time for the nano-
silica to agglomerate, leading to a more efficient separation process. Another possibility
would be to add a recovery step to the filtration process.

The results presented in this chapter demonstrate that the dissolution of olivine in sulfuric
acid is a feasible method to produce an amorphous porous nano-silica. Therefore, the
olivine dissolution process is a convenient alternative to the traditional methods of nano-
silica production. The next chapter continues with the properties of olivine nano-silica for
materials with lower sulfur content. Additionally, it addresses the method to tailor the
properties of the olivine nano-silica by means of a hydrothermal treatment.
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Chapter 6. The influence of process conditions and
Ostwald ripening on the SSA of olivine nano-silica

6.1 Introduction

Nanotechnology and nanomaterials have attracted great attention in the previous years as
can be seen from the fact that the number of patents in this field has increased by 600%
from 1992 to 2002 [111] and the annual global turnover is estimated to increase up to
€1.5 trillion by 2015 [112]. The specific surface area (SSA) is a crucial parameter
conferring special properties to nanomaterials. This is because materials with a large
surface area possess a large surface energy, and, thus, they are thermodynamically
unstable or metastable [113]. Therefore, the application of nano-materials strongly
depends on the SSA making it one of the most relevant parameters to study. Olivine
nano-silica is agglomerated in clusters forming a porous 3-D network structure of a high
SSA. The agglomerated state of this silica can be beneficial for some applications where
high-porous agglomerates are needed, such as nano-silica for ink-jet paper or catalytic
materials. However, no research has been carried out focusing on tailoring the SSA of
olivine nano-silica in order to meet with the requirements of different applications.

The main purpose of this chapter is to analyze the influence of the process conditions
during nano-silica production by the dissolution of olivine, and the subsequent ripening
treatment on the SSAggr in order to assess the possibility of tailoring olivine nano-silica.
The results obtained here demonstrate that olivine nano-silica (with purity above 99%) in
the range of 90 to 400 m*/g can be produced using an Ostwald ripening treatment at 20 °C.
An additional aim of this chapter is to present new data about the evolution of the density
and viscosity of the slurry over time and the preparation of silica dispersions by means of
physical methods (i.e., high shear mixing and ultrasonic methods). The evolution of the
density and viscosity is important not only because this information can contribute to the
understanding of the physical and chemical changes occurring during the dissolution of
olivine, but also because the viscosity and the density are essential parameters for the
scale-up of the industrial production. The breaking up or deagglomeration of silica is a
key factor to prepare colloidal dispersions, which is one of the most valuable product
forms of nano-silica.

In the previous chapter, olivine nano-silicas with SSAggr between 100 and 300 m?/g,
primary particles between 10 and 25 nm and purities above 95% were reported. The
primary particles were agglomerated in clusters forming a porous material with an
average pore diameter measured by Barrett-Joyner-Halenda (BJH) method above 10 nm.
In addition, it was stated that the SSAggr of olivine nano-silica depends on the kinetics of
the reaction of olivine and the amount of magnesium sulfate remaining in the material.
The current chapter focuses on the following points: 1) washing steps required to obtain
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purities above 99%; 2) influence of the sulfates on the specific surface areas (SSAggr,
SSAwmp and SSAg); 3) influence of the filtration pressure on the SSA; 4) influence of the
conversion degree of the olivine dissolution on the SSA; 5) influence of the Ostwald
ripening on the SSA; and 6) influence of the mechanical treatments (high shear mixer and
ultrasound devices) on the particle size distribution of silica.

6.2 Ostwald ripening theory

The Ostwald ripening process consists of a hydrothermal treatment at basic pH levels in
order to modify the equilibrium of the solubility of silica. The solubility equilibrium is
reached when the rate of dissolution is equal to the rate of the deposition/condensation.
The solubility of silica depends on the solution pH, temperature, radius of curvature of the
silica particles and content of impurities. In the olivine nano-silica case, the impurity
content is not relevant due to the low content of magnesium and iron ions and the
inability of sulfate ions to affect the solubility of the silica [4]. Regarding the pH and the
temperature, the solubility of silica increases when these parameters rise [4]. In addition,
the solubility of silica is higher for convex surfaces than for concave surfaces, and the
radius of curvature has two main consequences for the solubility.

The first consequence is that in a dispersion with individual particles of two sizes, the
smaller particles exhibit a higher solubility than the larger ones. Consequently, the
concentration of dissolved silica is higher next to smaller silica particles than in the
vicinity of larger silica particles. The concentration difference in the liquid solution leads
to the silica transport from the regions with high to low concentrations. The second
consequence is that in a dispersion with agglomerated and individual particles, the
individual particles dissolve more than the agglomerates, and the deposition of silica
proceeds most preferably at the point of contact between particles in the agglomerates due
to the negative radius of curvature. These two consequences are graphically described in
Figures 6.1 and 6.2. Thus, when a silica dispersion is not in equilibrium, the more soluble
particles dissolve. Subsequently, the dissolved silica condenses on the surface of silica
particles of lower solubility. The solution/deposition process will continue until a new
equilibrium is established. Another important factor in the solubility equilibrium of silica
is the particle size distribution. This can be easily illustrated with the following example:
a monomodal narrow particle size distribution would not be affected by a change in pH
from 4 to 11 because, although the solubility of silica is much higher at pH 11 than at pH
4 [4], when the size of all the particles is the same, the ripening stops.
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Figure 6.1. Ostwald ripening representation when two individual particles of
different sizes are present in a dispersion.

N

y

Si(OH)4

\ Si(OH)4

Figure 6.2. Ostwald ripening representation when aggregates are present in
dispersion.

6.3 Materials and methods

The nano-silica synthesis experiments were carried out in a stirred glass thermostated
reactor of one liter. The reagents used were 500 ml of 3M sulfuric acid and a
stoichiometric amount of olivine, previously dried. The dunite rock used in this chapter
was GL50 (see Chapter 2). The neutralization reaction was stopped when the
concentration of [H'] reached 0.1M. Then, the silica suspension was separated from the
solid residue by sedimentation. Subsequently, the slurry was washed and filtered either
using a vacuum pump (Paps = 0.2 bar) or filter press (Paps = 3-5 bar). When the washing
and filtration was performed employing a vacuum pump, the silica was redispersed after
each step, whereas when the silica was filtered using a filter press, the washing and
cleaning was performed in a continuous step.

The ripening experiments were performed in a stirred glass thermostated reactor of two
liters with an olivine nano-silica supplied by Eurosupport (the Netherlands). This material
was supplied in a cake form with a solid content around 20 wt.%. The Ostwald ripening
treatment was carried out in an alkaline solution using either NH4OH or NaOH. The pH
was adjusted to the desired value and kept constant during the experiments. The
experiments were carried out at 20 and 90 °C, in the pH range between 4.6 and 11, and
with a silica content between 3 and 6 wt.%. A high shear mixer (Silverson multifunctional
L5M laboratory mixer with a shear screen) and an ultrasound bath of 10 liters
(Powersonic 1100d with an effective power of 200 W) were used in some of the
experiments. During the ripening process, samples were taken at regular intervals to
determine the pH of the solution and the SSA of the dried silica. The silica samples were
filtered and dried in an oven at 110 °C for about 15 hours.
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In addition to the Ostwald ripening experiments, silica dispersion tests in water were
performed using an ultrasound equipment, which is more effective in breaking up the
particles than the ultrasound bath. The ultrasonic device (Hielscher UP400S) was coupled
with a 22 mm diameter sonotrode (model H22). The power of the ultrasound wave
generation was in the range of 139-200 W with a frequency of 24 kHz. The amplitude of
the sound wave was adjusted to 100% of the maximum (100 pm). Using ultrasound, 100
ml of slurry with 1 wt.% of solid content was sonically treated for several minutes.
During this treatment, the dispersion was cooled down using a double walled vessel and a
cooling liquid at 5 °C. The resulting silica dispersion was characterized by laser light
scattering (LLS).

The nano-silica produced dried at 105 °C was characterized by nitrogen physisorption,
transmission electron microscopy (TEM), X-ray fluorescence (XRF), combustion infrared
analysis (determination of sulfur content) and LLS. The evacuation condition of the
nitrogen physisorption analysis were 190 °C for 240 min.

6.4 Results

6.4.1 Influence of the process conditions

The olivine silicas were synthesized using different process conditions. The process
conditions studied were the number of washing steps using a vacuum pump and the
filtration pressure during the washing. Table 6.1 shows the specific surface areas (SSAggr,
SSAwmp and SSAg), the increase in the SSA between samples with consecutive filtration
steps, particle size (calculated using Eq. (2.20)) and average pore size in the adsorption
branch (d,_a) of the silicas; this table also shows the micropore volume (Vmp) and the
pore volume in the adsorption branch(Vp ).

Table 6.1. SSA, Variation of the SSA between samples with consecutive vacuum
filtration steps, particle size, pore size, micropore volume and pore volume.

SSAger SSAwmp  SSAr  ASSAgrr ASSAnp  ASSAg d dp a Vmp Ve a

Sample 2y (mUg) m¥p) (%) (%) (%) (um) (mm) (cm¥g) (cm¥/g)
NS-14-3F 233 58 175 - - - 11.7 14.5 0.025 0.529
NS-14-4F 324 122 202 39 110 15 8.4 13.9 0.055 0.578
NS-14-5F 346 142 204 7 16 1 7.9 13.7 0.064 0.589
NS-14-6F 348 142 206 0 0 1 7.8 14.6 0.064 0.679
NS-HP 433 125 308 - - - 6.3 14.7 0.055 1.026

F refers to the number of washing/filtration steps and HP to high pressure filtration.
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Table 6.2 presents the chemical composition, loss on ignition (LOI), purity of silica and
conductivity of the filtrate. The purity of silica was calculated using:

P (%) = W0, + Wior — Wso, (6.1)

which was above 99% after five filtration steps, showing the good quality of the silica for
the samples using vacuum filtration.

Table 6.2. Chemical composition, purity and conductivity of the olivine nano-silicas
with different number of filtration steps, of a filter-pressed olivine nano-silica, and
of the raw material used in the Ostwald ripening experiments.

SlOz A1203 F3203 MgO CaO KzO Cl'203 LOI S Psi Cond.

Sample @) (%) (%) (%) (%) (%) (%) (%) (%) (%) (mSlem)

NS-14-3F  86.05 0.02  0.21 1.35 001 0.01 002 1233 175 93.96 52.60
NS-14-4F 91.64 0.09 007 038 001 001 002 7.77 033 98.59 12.30
NS-14-5F 92,56 0.12 005 021 001 001 002 7.01 0.05 9945 2.47
NS-14-6F 9242 030 004 022 005 003 002 692 0.03 99.27 0.32
NS-HP 85.70  0.02 1.00 166 0.04 001 003 11.54 126 94.07 0.33
NS-RM 90.29  0.05 021 026 003 003 002 9.10 0.06 99.24 -

Pg; was calculated using Eq. (6.1). F refers to the number of washing/filtration steps, HP high pressure
filtration and RM raw materials.

Table 6.3 presents the number of moles and masses of sulfur, magnesium and iron, where
the magnesium and iron salts are in a monohydrate form at 190 °C [108] (temperature at
which the evacuation, prior to the gas physisorption, was conducted). In addition, the total
mass of impurities (Wt _im) 1S also presented in this table. It is noteworthy that the number
of moles of magnesium is higher than the moles of sulfur for samples with low sulfur
content, e.g., NS-5F, NS-6F. This is likely due to the different analysis techniques used to
determine the content of oxides and sulfur. For these special cases, the number of moles
of magnesium based on the sulfur content (n, . = ng) was calculated, and the amount of
iron was neglected.

The adsorption isotherm and the t-plot curve for silicas after different washing steps are
shown in Figures 6.3 and 6.4, respectively. An increase in the specific surface areas
(SSAger, SSAmp and SSAg) with the number of washing steps can be observed. During
the washing and filtration, the sulfate salts, which are soluble, were removed from the
silica. The sulfate salts were adsorbed on the surface of silica, and cleaning could be
regarded as an extraction of the salts from the silica [30]. The specific surface area in the
micropores for clean silicas (samples with 5 and 6 filtration steps) was 40% of the
SSAggr.
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Table 6.3. The number of moles and mass fractions of sulfur, magnesium and iron of
different olivine nano-silicas.

ng Nyg N, Ny = Wmgso, WFes04 WH,S0, WT_im

Sample (mol/g) (mol/g) (mol/g) (mol/g) (%) (%) (%) (%)

NS-14-3F  5.277E-04 3.214E-04 2.543E-05 3.214E-04 4.4478 0.4321 1.7737 6.6536
NS-14-4F 1.027E-04 9.402E-05 8.743E-06 9.402E-05 1.3010  0.1015 0.0000 1.4013
NS-14-5F  1.563E-05 5.222E-05 6.276E-06 1.563E-05 0.2163 0.0000 0.0000 0.2163
NS-14-6F  9.349E-06 5.453E-05 5.005E-06 9.349E-06 0.1294  0.0000 0.0000 0.1294

Where MgSO, and FeSOj, are in monohydrate form.

—}+— NS-14-3F —A— NS-14-6F

Quantity Adsorbed (cm3/g STP)
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Relative Pressure

Figure 6.3. Adsorption isotherms of the olivine silicas for sample NS-14 with 3 and 6
filtration steps..

STP refers to standard temperature and pressure.

In order to investigate the influence of the sulfate salts on the SSA of silica, two
hypotheses are proposed: 1) the only influence of the sulfates on the SSAger would be
their mass, not having any direct effect in the SSAggr. In that case, an SSAggr of the
sulfate-free silica (i.e., SSAger*) can be calculated taking into account that the impurity
mass does not contribute to the SSAggr:

A
SSABET*:—(ISS BET (6.2)
_WT_im)

and 2) the sulfates are located in the micropores, partly blocking them. Thus, an SSAyp*
could be estimated using the following formula:
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SSA,,
1=(0; 1n(%))/100°

SSA,,* = 6.3)

where ¢t im (%) is the volume fraction between the total volume of impurities (Vr in) and
the total volume of the micropores (Vr mp). Table 6.4 presents the following values: a)
the SSAggr*; b) volume of the impurities in the silica using the densities of magnesium
and iron sulfate monohydrate (2.45 and 1.9 cm’/g, respectively) as well as sulfuric acid
(1.84 cm3/g); c¢) total volume of the micropores (V1 mp, see Eq. (6.4)), with consideration
that sulfates are only found in those locations; d) the ratio of the impurity volume
regarding this total volume; and e) the estimated SSAmp*.

VT?MP =Vyp + VTfim . (6.4)

o NS-14-3F + Not fitted points o NS-14-6F V Not fitted points
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G T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

0.0 0.1 02 0.3 04 0.5 0.6 0.7 0.8
Thickness (nm)

Figure 6.4. t-plot curves of sample NS-14 with 3 and 6 filtration steps.

In the case that the only influence of the sulfates on the SSAggr would be their mass, the
SSAger* should be constant for all the samples; however, SSAggr* increases from 250 to
348 m?/g. In the case that hypothesis 2 holds, the SSAyp* should be constant for all the
samples. Although the SSAyp* increases from 127 to 149 m?/g, the increase is much
lower than in the case of hypothesis 1. Hypothesis 2 is also in agreement with the fact that
between consecutive filtration steps, particularly between filtration steps 3 and 4, the
SSAwmp had a higher increase (110%) than the SSAg (15%).
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Table 6.4. Estimation of SSAper™ for a sulfate-free silica, volume of impurities, total
volume in the micropores and SSAyp*.

SSABET SSABET* VMgSO4 VFeSO4 VHZSO4 VT,im VT?MP ¢T7im SSAMP>I<

Sample  “Yg)  (mg)  (emYg) (emYg) (emYg) (emV®) (eme) (%)  (mYg)
NS-14-3F 233 250 0.0182 0.0023 0.0096 0.0301 0.0551 54.61 127
NS-14-4F 324 329 0.0053 0.0008 0.0000 0.0061 0.0615 9.91 135
NS-14-5F 346 347 0.0009 0.0000 0.0000 0.0009 0.0652 1.36 149
NS-14-6F 348 348 0.0005 0.0000 0.0000 0.0005 0.0646 0.82 149

Where MgSO, and FeSOj, are in monohydrate form.
SSAger* was calculated using Eq. (6.2) and SSAyp* was calculated using Eq. (6.3).

The purity of sample NS-HP was lower than sample NS-6F (see Table 6.2) even though
the conductivities of the filtrates were similar. This was due to the formation of
preferential paths during the filtration of NS-HP, which makes the washing inefficient.
Another remarkable fact of sample NS-HP was that in spite of its low purity content, this
sample presented a high SSA. This could be due to the compression effect on the bulk
structure of silica, which would be in agreement with the statement of Madeline [114]
about the influence of pressure on the voids of a nanoparticle cake. This idea is also
supported by the highest volume of the pores (Vp a) of sample NS-HP (see Table 6.1).
Thus, the fact that the specific surface area does not decrease but increase means that the
filtration pressure was high enough to compress the pores of the material, but not high
enough to collapse the pores. If the filtration pressure had been higher, the pores would
have collapsed, resulting in a drastic drop of the SSAyp and SSAggr. Therefore, it can be
stated that the filtration pressure is a key parameter influencing the specific surface area.

In addition to the experiments in which the number of washing steps and filtration
pressure were modified, two batches of silica were produced. In these two experiments
(NS-50 and NS-51) samples were taken at different times, or in similar fashion, at
different conversion degrees, in order to check the influence of the conversion on the
properties of silica (see Table 6.5). The conversion used in this chapter is based on the
hydrogen ion, while in Chapter 5 the conversion is based on the olivine. The difference
between the conversions calculated in either way is small since the amount of reagents
(olivine and sulfuric acid) was close to the stoichiometry values, but with a little excess of
the concentration of hydrogen ion. Figure 6.5 presents the adsorption isotherms of NS-50-
S3 and NS-50-S4 with conversion degrees of 38 and 77%, respectively. Figure 6.6 shows
the evolution of the specific surface area with the conversion.
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Table 6.5. Silica batches at different conversions.

Sample TEEE Otivine Fra(l;z;nm @ @ e e e
NS-50-S3 50.4 GL50 100-500 38 0.2 517 137 380
NS-50-S4 50.4 GL50 100-500 77 0.33 325 132 193
NS-50-S5 50.4 GL50 100-500 90 0.16 310 139 170
NS-51-S4 70.5 GL50 100-500 81 0.4 375 124 251
NS-51-S5 70.5 GL50 100-500 94 0.05 354 143 210
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Figure 6.5. Adsorption isotherm of samples NS-50-S3 and NS-50-S4.

From the results shown in Table 6.5, it can be observed that the SSAggr depends on the
conversion degree (X). The SSAggr decreases with the reaction time (as well as with the
conversion) as can be observed in Figure 6.6. It is remarkable that a nano-silica with a
SSAger above 500 m*/g was produced (i.e., NS-50-S3) even at low reaction kinetics
(reaction temperature of 50 °C), exhibiting a SSAger 200 m*/g higher than for the same
batch at higher conversion degrees. The adsorption isotherm curve of NS-50-S3 starts
with higher adsorbed values, which means that this material is more microporous than
NS-50-S4. Also, the slope of the BET region (i.e., relative pressure between 0.05 and 0.2),
which is associated with the multilayer region, is steeper for samples with lower X.
Surprisingly, in disagreement with the adsorption isotherm, the microporous surface area
(calculated using the t-plot method with Eq. (2.19)) is almost constant for all the samples.
This phenomenon is likely due to the fact that the SSAyp was calculated with the BET
specific surface area instead of the total specific surface area (see Eq. (2.19)) since no
sufficient data in the low relative pressure range can be obtained with the TriStar 3000.
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As was mentioned in Chapter 2 the SSAggr cannot be correctly determined for
microporous materials.

600

500 |

400

300 r
@ NS-50 (50 °C)
NS-51 (70 °C)

SSAggr (m?/ 2)

200 |

100

O 1 1 1 1
0 20 40 60 80 100
X (%)

Figure 6.6. SSAggr versus the conversion for experiments NS-50 and NS-51.

As was mentioned in the previous chapter, Lieftink [30] stated that the specific surface
area of olivine depends mainly on the kinetics of the dissolution of olivine and the sulfate
content of the silicas. However, in Chapter 5 it was found that although there is some
influence of the olivine dissolution kinetics on the SSAggr, it is not as clear as expected.
In addition, the conversion degree influences significantly the SSAggr, this factor
resulting to be more important than the kinetics.

6.4.2 Evolution of density and viscosity of the olivine nano-silica slurry

During the NS-50 and NS-51 experiments, the evolution of the density and viscosity of
the olivine nano-silica slurry was studied. The density was measured using 50 ml glass
picnometers, and the viscosity was obtained with a Haake Rotovisco RV 20. The slurry
was sampled after stopping the stirrer for approximately 2 minutes to let the coarse grains
(olivine and other silicate minerals) settle. Tables 6.6 and 6.7 and Figure 6.7 show the
density evolution of the slurry with the conversion.

The density increases by 15% over time (i.e., with the conversion) from the initial value
of the 3M sulfuric acid (1.18 mg/L) to the final value (1.36 mg/L). At 40% conversion the
density reaches a local maximum in both experiments, this effect being more significant
for NS-50. This phenomenon could be due to a density change of some of the species (Fe,
Mg and silica species) in the slurry with the pH, but further research is still needed to
clarify this.
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Table 6.6. Evolution of the density of batch NS-50 with the conversion.

sample time (h) (n[ll(-)ll;]L) X (%) p (g/ml)
0 0.0 6.09 0.00 1.180
1 1.3 5.36 11.87 1.198
2 4.3 3.97 34.82 1.294
3 5.9 3.75 38.41 1.260
4 25.9 1.43 76.52 1.319
5 48.6 0.59 90.34 1.349

Table 6.7. Evolution of the density of batch NS-51 with the conversion.

1.40

1.35

1.30

p (g/mL)

1.25

1.20

1.15

-
sample  time (h) (n[lf)IV]L) X (%) p(g/ml)
0 0.0 6.02 000 1.180
1 0.6 454 2461 1214
2 1.0 364 3957 1276
3 24 260 5684 1280
4 5.9 114 8LI13 1317
5 25.6 008 9863  1.364
—+—NS-50 (50 °C)
- NS-51 (70 °C)
./
0 20 40 60 80 100
X (%)

Figure 6.7. Evolution of the density of batches NS-50 and NS-51 with the conversion.

The viscosity of the slurry is an important parameter for two reasons: 1) knowledge of the

viscosity is required for the industrial design of the facilities (type of reactor, stirrer,
pumps, etc.); and 2) it provides information about possible changes in the slurry.
However, continuous measurement of the viscosity inside the reactor is difficult due to
the corrosive environment (pH, temperature and abrasion). Lieftink [30] found that the
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viscosity of the slurry initially increased (at low conversion degrees) passing through a
local maximum. After this increase, the viscosity dropped returning to the initial value.
He reported the time which preceded the appearance of a “gel phase” (using Lieftink’s
terminology) and the time the “gel phase” was present (see Table 6.8). This gel phase was
identified visually, observing the movements of the mineral grains over time. He stated
that the beginning and duration of the gel phase depend on the reaction rate of the
dissolution of olivine. In addition, he concluded that the gel phase started when the
concentration of silica was about 0.05 mol/L, and it disappeared when the colloidal
particles grew [30].

Table 6.8. Appearance and duration time of the “gel phase” for different
temperatures and olivine fractions as measured by Lieftink [30].

Fractiono, Rez.lction .Onseft Viscos.ity
T (°C) (um) tm.le Vlscqsny dura.tlon
(min) (min) (min)
90 425-1000 260 18 40
90 90-425 150 10 20
70 425-1000 1350 40 35
70 90-425 340 23 20
70 >90 100 7 90
40 425-1000 8750 260 150
40 90-425 2800 200 1200

Table 6.9 and Figure 6.8 show the evolution of the viscosity of batch NS-51 slurry with
the conversion. As was mentioned in Chapter 4, the average shear rate in the impeller
region (calculated following the procedure in [103]) is around 64 s'. The viscosity trend
shows an increase with the conversion for shear rates between 64 and 181 s™, rising the
viscosity from 1.8 (viscosity of sulfuric acid) to 45 mPa-s (viscosity of the slurry with
conversions above 90%). At low conversions (samples NS-51-1 and NS-51-2), the
viscosity passed through a local maximum at low shear stress as can be seen in Figure
6.9, which shows that the slurry features the phenomenon of yield stress. In the case of
dispersions, yield stress occurs when particles start to flocculate forming an extended
network.

Further research with viscometers working at low shear rates and with higher sensitivity
at viscosities as low as that of sulfuric acid would be required to ensure the presence of
yield stress for this type of slurry. Comparing sample NS-51, which was performed at 70
°C with a dunite fraction of 100-500 pwm, with the experiments of Lieftink (see Table 6.8),
it can be seen that the beginning and duration time of the local maximum of the viscosity
(or gel phase) are within the same range. However, at shear rates above 64 s, the
viscosity local maximum at low conversion degrees cannot be observed.
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Table 6.9. Evolution of the slurry viscosity (mPa-s) of batch NS-51 with the
conversion degree.

Sample 0 1 2 3 4 5
23 1.8 58.2 58.2 19.2 14.5 439
38 1.8 41.8 40.7 19.7 19.1 43.2
64 1.8 33.2 33.2 18.9 22.4 45.2
é; 108 1.8 25.0 25.2 18.6 23.0 44.8
> 181 1.8 20.3 20.3 18.2 23.7 454
302 1.8 17.5 17.5 17.8 24.1 45.0
505 1.8 15.5 15.6 17.1 24.0 439
time (h) 0.0 0.6 1.0 2.4 5.9 25.6
[H'] (mol/L) 6.02 4.54 3.64 2.60 1.14 0.08
X (%) 0.00 24.61 39.57 56.84 81.13 98.63

Where the value of sample 0 is the viscosity of 3M sulfuric acid [105].
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Figure 6.8. Evolution of the slurry viscosity of batch NS-51 with the conversion.
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Figure 6.9. Slurry viscosity of sample NS-50-S1 versus the shear rate.
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6.4.3 Ostwald ripening experiments

The experimental conditions of the ripening tests are shown in Table 6.10, giving the
average values of the reactor temperature, pH, silica mass percentage and the base used.
Table 6.11 lists the specific surface areas, specific surface area variations or reductions
after the ripening treatment and primary particle size (calculated using Eq. (2.20)) of
nano-silica for the ripened samples.

Table 6.10. Experimental conditions of the ripening tests using a normal and high
shear mixer.

T mg;o HM Speed
Sample °C) pH % )2 Base (rplfl)
RP-1 89 8.4 44 NH,OH -
RP-2 90 10.0 3.1 NH,OH -
RP-3 90 8.3 2.6 NaOH -
RP-4 90 9.6 3.3 NaOH -
RP-5' 90 10.0 6.6 NaOH 5000
RP-6 RT 9.0 3.1 NaOH 1200
RP-7 RT 9.0 3.1 NaOH 5000
RP-8 RT 9.0 3.0 NaOH 7500
RP-9 RT 4.6 3.1 - 5000
RP-10 RT 7.1 3.1 NaOH 5000
RP-11 RT 11.0 3.0 NaOH 5000

RT refers to room temperature and HM to high shear mixer.
" In RP-5 the high shear mixer was used for 10 min in order to break the silica lumps faster.

The parameters of the ripening experiments were the type of solution, pH, silica
percentage, temperature, reaction time, and type and speed of mixer. As can be seen in
Table 6.11, the type of solution and silica percentage do not affect the final SSAggr. In
the first four experiments (RP-1 to RP-4), it was noticed that the silica lumps did not
disappear earlier than after three hours, but after 10 minutes with the high shear mixer,
the lumps were gone. The speed of the high shear mixer did not affect the final surface
area (see RP-6, RP-7 and RP-8). Therefore, it can be stated that the high shear mixer
cannot alter the final result of the SSAggr during the Ostwald ripening, but it accelerates
the ripening process. The pH and temperature are the most important factors influencing
the final properties of the silica due to the enhancement of its solubility.

The influence of the temperature can be seen comparing experiments RP-3 and RP-4 (pH
8.3 and 9.6 at 90 °C), where the SSAggr decreased as much as 133 m’/g, to experiment
RP-6 (pH 9 and 20 °C), where the SSAggr dropped only up to 197 m*/g. The influence of
the pH is illustrated in Figure 6.10, where the SSAggr of the samples ripened at room
temperature decreases with the pH (90 m?/g at pH=11). Figure 6.11 shows the reduction
of the SSApp and SSAg during the Ostwald ripening. As can be seen from these curves,
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the decrease of the SSAwp is greater than the decrease for SSAg involving samples with a
small reduction of SSAggr. For Sample RP-11, 89% of the micropore area is reduced
producing a material of low porosity.

Table 6.11. Specific surface area, specific surface area variation and particle size of
the ripened olivine nano-silica.

Time SSABET SSAMP ASSAMP SSAE ASSAE dpiA dpr dBET

Sample  “h)" (m¥Yg) (m¥y (%) (¥ (%) (m) (m) (om)

NS-RM - 341 102 - 239 - 17 16 8
RP-1 6.0 140 20 80 120 50 20 19 19
RP-1 22.0 124 19 81 105 56 17 16 22
RP-2 3.0 150 22 78 128 47 20 19 18
RP-2 6.0 135 18 82 117 51 19 19 20
RP-3 1.5 181 25 75 156 35 21 20 15
RP-3 6.0 133 18 82 115 52 23 22 20
RP-4 6.0 133 19 81 114 53 18 17 21
RP-5 0.2 159 19 82 140 41 22 20 17
RP-5 6.0 139 19 81 120 50 20 19 20
RP-6 0.2 209 29 71 180 25 20 20 13
RP-6 1.0 197 27 73 170 29 21 20 14
RP-7 0.2 200 28 72 172 28 21 20 14
RP-7 1.0 199 26 74 173 28 22 21 14
RP-8 0.2 203 28 72 174 27 22 20 13
RP-8 1.0 191 26 74 165 31 23 22 14
RP-9 1.0 347 105 - 242 - 17 17 8
RP-10 1.0 283 70 31 212 11 19 19 10
RP-11 0.2 141 16 84 124 48 25 23 19
RP-11 1.0 90 12 89 79 67 28 26 30

RP-11%* 2.0 101 12 88 89 63 27 24 27

RM refers to the raw material used. *In sample RP-11 an ultrasound bath was used for 1 hour.

In addition to the specific surface area results, particle size distribution (PSD) analyses
were carried out (see Table 6.12 and Figure 6.12) for the samples where the high shear
mixer was used and for the slurry of nano-silica produced by the dissolution of olivine.
The slurry of olivine nano-silica was sampled after a conversion degree around 90% was
reached. Subsequently, the stirring was stopped to let the mineral grains settle. The dso of
the slurry was 110 wm. Since it is not certain that all the mineral grains have been
removed from the slurry, it is not known whether these large particles are mineral grains
or nano-silica clusters, or both. The PSD of the ripened dispersions shifted to smaller
particles than present in the olivine nano-silica slurry. The ds sizes of silica clusters of
the ripened samples were in the range of 13 to 18 um. In experiment RP-11, where the
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sample was treated in an ultrasonic bath for 60 minutes, the dso size was reduced by as
much as 9 um. These nano-silica dispersions exhibit particle sizes in the microrange but
not in the nanorange. However, this olivine silica is still considered as a nanomaterial (or
nanostructured materials) due to its high specific surface area.
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Figure 6.10. Reduction of the SSAggr after the Ostwald ripening treatment using the
high shear mixer.
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Figure 6.11. Reduction of the SSAy;p and SSAg after the Ostwald ripening treatment
using the high shear mixer.
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Table 6.12. dy9, dsp and dyy of the ripened olivine nano-silica dispersion.

Sample time dio (um) dso (um) dgp (Lm)

RP-6 10 6.9 16.9 36.0
RP-6 60 6.8 17.5 432
RP-7 10 6.3 15.0 31.6
RP-7 60 6.1 13.0 25.0
RP-8 10 5.7 13.8 32.7
RP-8 60 4.9 10.9 24.6
RP-9 60 6.0 14.1 31.5
RP-10 60 6.7 15.7 35.9
RP-11 10 6.54 14.5 29.2
RP-11 60 6.04 14.1 29.7
RP-11" 60 4.76 9.8 19.0

" In sample RP-11 an ultrasound bath was used for 1 hour.
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Figure 6.12. Particle size distributions of different olivine nano-silica dispersions
after the Ostwald ripening treatment and of the olivine nano-silica slurry.

Where Slurry refers to the nano-silica slurry produced by the olivine dissolution.

TEM photographs of RP-1 are shown in Figure 6.13. Agglomerates are still present and
the edges of the silica clusters seem to be more rounded than in samples without ripening
(see Figures 5.7 and 5.8).
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Figure 6.13. TEM photographs (250 kx and 430 kx, respectively) of olivine nano-
silica after the Ostwald ripening treatment.

Although the Ostwald ripening treatment of the olivine nano-silica was successful in
tailoring the SSA, this treatment was not able to break the agglomerates into nano-
particles, not even when the high shear mixer was used. In addition, the ripening
treatment is also likely to reinforce the silica structure since soluble silica deposits on the
point of contact between particles.

6.4.4 Preparation of a silica dispersion using ultrasounds

Silica dispersions with 1 wt.% solid content in demineralized water were prepared using
the following steps: high shear mixing for 5 minutes at 5000 rpm, and ultrasonic
treatment with the Hielscher UP400S device for O (i.e., no ultrasonic treatment), 5 or 20
minutes (see Table 6.13). The PSD results of the three dispersions are shown in Figure
6.14. Ultrasonification periods longer than 20 minutes were not used because the
temperate of the dispersion increased with the treatment duration.

Table 6.13. Silica dispersions in water using a high shear mixer and ultrasonic

device.
. . . tam tus dyo ds dyy
Dispersion Material (min) (min) (um) (um) (um)
D-1 NS-50-S4 5 0 6.96 13.20 23.70
D-2 NS-51-S5 5 5 2.01 5.00 23.24
D-3 NS-51-S5 5 20 0.21 5.96 20.30

Where tyy and tyg refer to the treatment time of the high shear mixer and ultrasonic devices.
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Figure 6.14. Particle size distribution of silica dispersions in water prepared by
treatment with a high shear mixer and ultrasonic device for 5 and 20 minutes.

When only the high shear mixer was used (dispersion D-1), the particle size distribution
was in the range of micrometers, being 3 um the smallest clusters measured. After 5
minutes of ultrasonification, the dso decreased from 13 to 5 um (see Table 6.13), but the
dop remained unchanged and no particles below 1 um were produced. The best result was
obtained after 20 minutes of ultrasonification, where 28% (by volume) of the
agglomerates was in the range of nanometers with aggregates as small as 30 nm.
Therefore, the silica clusters can be broken up producing particles in the nanometer range
by means of ultrasonification. The possibility of producing dispersions with nano-silica
particles is very interesting in order to have the possibility of preparing colloidal
dispersions, which is one of the high-valuable commercial products of nano-silica.
Further research is still needed to optimize the breaking process of the silica clusters to
increase the amount of small agglomerates.

6.5 Discussion

In Section 6.4.3, the results of the ripening of olivine nano-silica are presented showing a
drastic decline of the specific surface area as well as a minor decrease in terms of the size
distribution of the silica clusters. In addition, TEM photographs revealed that the edges of
the ripened silica clusters are more rounded. These changes are due to the Ostwald
ripening, where the solubility equilibrium is shifted, and they can be explained by the
following hypothesis: the smallest individual silica particles (in the case that individual
particles are present in the dispersion) exhibit the highest solubility. Consequently, the
concentration of dissolved silica is higher next to smaller silica particles than in the
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vicinity of larger silica particles. Then, part of the soluble silica condensates at the points
of lower solubility, which are the contact points between the primary particles in the
agglomerates. When the individual particles have been removed from the dispersion, and
the equilibrium is not yet reached, the external parts of the agglomerates dissolve to
condensate afterwards at the contact points between particles. This process continues until
the equilibrium is established and there are no silica particles with different solubilities
anymore.

This proposed hypothesis can explain why the agglomerates are still present after the
ripening experiments; the decrease of the SSAyp is greater than that of the SSAg for
samples exhibiting a small reduction of SSAggr, and the edges of the silica particles seem
more rounded (see Figure 6.13). The silica agglomerates are still present after the
ripening because the high shear mixer can neither break them into individual particles nor
can they dissolve during the ripening. In fact, the agglomerates are likely to be even
mechanically stronger since the dissolved silica condenses on junctions between the silica
particles strengthening their union. The SSAwmp is reduced more than the SSAg for
samples with a small reduction of SSAggr because the soluble silica first condenses
within the micropores. As the ripening progresses, the reduction of SSAyp proceeds more
slowly and the reduction of SSAg accelerates, mainly due to the fact that the most
accessible SSAyp has already been filled with silica.

The solubility of silica should not be increased above pH 11 because the ion
concentration would be two high (e.g., Na"), which is undesirable for some applications,
but most important because above this high pH silica dissolves massively forming ions
(e.g., HSiO3). Therefore, the SSAggr cannot be further reduced by raising the pH level.
An alternative method to further reduce the SSAggr could be to add active silica to the
solution. This method is known as the building-up process [4,115,116] and is based on a
continuous ripening of nano-silica due to the continuous addition of active or reactive
silica. Using this method it is possible to further grow the nano-silica particles, but it has
the inconvenience that the agglomerates cannot be broken since the active silica will
deposit on the silica clusters.

Further research should be performed to study the effect of the Ostwald ripening
treatment on silica dispersions ultrasonically prepared, so that the large agglomerates (e.g.,
silica dispersions with a PSD below 1 pum) are not present. From these experiments,
similar reductions of the SSAggr as after the Ostwald ripening treatment performed here
could be expected, but with smaller sizes of silica clusters.

6.6 Conclusions

The process conditions of the olivine nano-silica production have a strong influence on
the final specific surface area of this material. The process conditions and the ripening
treatment influence the properties of nano-silica in different ways. 1) The cleaner the
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nano-silica is, the higher its specific surface area is, reaching values between 300 and 400
mz/g for olivine silicas of a low content of salts and, hence, silica purities above 99%. The
sulfate salts are located in the pores of the silica clusters, blocking them and drastically
reducing the SSAwmp. 2) The higher the filtration pressure is, the higher the surface area
will be. This is due to a reduction of the pore volume. However, if the applied pressure is
too high, it is likely that the pores of the material collapse, reducing the SSAggr. 3) The
smaller the conversion degree is, the higher the SSAggr is. Silicas with surface areas
above 500 m’/g were produced at slow reaction rates (50 °C) and conversions of 38%
(see sample NS-50-S3). And 4) the ripening process diminishes the specific surface area
of nano-silica by 75%, and a further reduction in the SSAggr could be achieved if the
material would be treated gradually using the building-up process. In addition, this
treatment removes the microporous surface area of the samples almost completely.

Although the combination of the high shear mixing and the Ostwald ripening treatment of
the olivine nano-silica is successful in tailoring the SSAggr and partly reducing the
particle size of the agglomerate, this treatment is not able to break the agglomerates into
nano-particles. In fact, the agglomerates are likely to be even stronger since soluble
particles condense on the junctions between particles, strengthening their union.

The ultrasonic treatment can break apart the silica agglomerates, producing individual
aggregates as small as 30 nm. However, this process should be optimized to increase the
amount of dispersed particles in the nanometer range. This optimization could be done
using longer ultrasonification times (but intermittently to prevent the temperature from
rising too high) or separating the dispersion in different size fractions so that the
ultrasounds treatment would be more effective. An alternative would be to use a colloid
mill, which is usually more effective in breaking up the clusters than an ultrasonic device.
Even though the deagglomeration process still has to be optimized, it is clear that the
olivine nano-silica clusters can be broken using mechanical techniques. Therefore, these
techniques make possible the production of stable colloidal dispersions using olivine
nano-silica.

To conclude, the results shown here demonstrate that the SSAggr of olivine silica can be
tailored to meet the requirements of different possible applications. This tailoring can be
done by changing the filtration pressure, controlling the conversion degree of the olivine
dissolution and/or performing ripening treatments after the production process has been
completed. Thus, the typical SSAggr for a clean nano-silica (~350 m*/g) can be modified
in the range 90 to 500 m*/g.
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Chapter 7. Development of the olivine nano-silica
particles

7.1 Introduction

The most important properties of silica powder are the particle structure (i.e., size, shape
and aggregate/agglomerate ratio), pore structure (i.e., size and pore interconnection) and
surface chemistry. That is because these parameters influence the properties of silica, and,
therefore, its possible applications. In Chapters 5 and 6, the properties of olivine nano-
silica are reported, showing that this material is structured in large porous clusters of high
surface area. Understanding the formation process of these clusters (under the olivine
nano-silica process conditions) might provide useful knowledge to improve the tailoring
of the nano-silica properties, control the particle growth and explain the difference
properties between olivine silica and commercial silicas.

The formation process of commercial silicas produced using the wet route (i.e., silica gel,
precipitated and colloidal silica) has been thoroughly studied by many researchers [4-
6,26-28,31,117-122]. However, only a few of them have studied the polymerization
below the isoelectric point [26,28,30,93,118], and no research has been done under the
olivine nano-silica conditions.

Lieftink [30] investigated the texture of silica produced under the olivine nano-silica
conditions. These conditions are negative pH, slow and continuous silica release and
sulfate salts concentrations around 3M. He measured the particle size of olivine nano-
silica using TEM, resulting in particles sizes between 6 and 20 nm in agreement with
values calculated from the SSAg using Eq. (2.20). Nevertheless, the silica particles in the
TEM micrographs [30] seemed to be grouped in clusters, and single particles with sizes
between 6 and 20 could not be observed. In addition, Lieftink [30] stated that a stable
colloidal dispersion was obtained for olivine nano-silica. He specified that stable colloidal
silica particles were obtained during the dissolution of olivine. He also stated that these
colloids were likely to be stabilized by steric repulsion via two possible mechanisms: 1)
the formation of a strongly adsorbed hydration layer; and 2) the formation of a sulfate
layer adsorbed on the silica where water molecules could be adsorbed [30]. However, the
only results that Lieftink reported to support this theory on the stabilization were the
particle size measured using TEM and the decrease of the viscosity, which was visually
identified (see Chapter 6). In addition, Gorrepati [93] found that silica particles prepared
from waterglass grew to clusters of 3 um in 4000 minutes in 4M hydrochloric solutions at
5 °C (see Figure 7.5). Therefore, Lieftink’s statement about stable colloidal silica
particles is considered to be doubtful.

This main aim of this chapter is to clarify the mechanism of the silica polymerization
under the olivine nano-silica production conditions in order to understand the influence of
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the polymerization on the textural properties of the silica. A secondary objective is to
study the zeta-potential of dispersed olivine nano-silica particles, and compare it with
other types of silica. An additional objective is to explain why gelling does not take place
under these conditions.

This chapter is structured in three parts: 1) literature review on the mechanisms involved
in the particle polymerization and stability of silica; 2) zeta potential studies of olivine
nano-silica; and 3) polymerization studies of olivine nano-silica.

7.2 Literature review
7.2.1 Dispersion stability of colloidal particles

A colloidal dispersion (the definition of a colloidal dispersion can be found in Appendix I)
is stable when its properties remain constant over time, which means that colloids do not
grow with time nor the dispersion becomes a gel. The forces that can be present between
colloidal particles are electrostatic, van der Waals and steric [6,123]. The electrostatic
forces between particles are attractive when the particles have charges of opposite sign
and repulsive when the charge has the same sign. The electrostatic repulsion is due to the
overlap of electric double layers of the same sign. The van der Waals forces refer to the
attractive or repulsive forces between molecular entities (or between groups within the
same molecular entity) other than those due to bond formation or to the electrostatic
interaction of ions or of ionic groups with one another or with neutral molecules [41]. The
DLVO theory [124,125] proposes the following expression for the total potential:

V=V, +V;, (7.1)

where V7 is the total potential, V, is the attractive potential and Vg is the repulsive
potential, which does not take into account steric forces. When the attractive potential is
higher than the repulsive potential, the colloidal dispersion is unstable; otherwise, the
colloidal dispersion is stable. In addition to the potentials taken into account in the DLVO
theory, steric stabilization should be considered as well since it is the main mechanism in
the stability of some colloidal dispersions. Steric stabilization occurs when there is a layer
on the surface of the colloidal particles that prevents the particles to come closer than a
certain limit.

The effect of gravity should also be considered in stabilization studies when the particles

dispersed in a liquid are bigger than one pm. The ratio of gravitational to brownian forces
determines which factor dominates the dispersion process [126,127]:
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4

Gravitationalforce 1" -Ap-g

Brownian force ky-T

, (7.2)

where r is the particle radius, Ap the density difference between the dispersed and
continuous phases, g the acceleration due to the gravity, kg the Boltzmann constant and T
the absolute temperature. When this ratio is higher than one, sedimentation is likely to
occur even if the electrostatic repulsion is very high; when this ratio is lower than one, the
Brownian force is the dominant factor. The radius of silica at 20 °C to make this ratio the
unity can be estimated (Ap is 1200 kg/m3 ), resulting in 766 nm. Thus, when the silica
particles are larger than 1.5 pm, some sedimentation is likely to occur, which makes the
dispersion unstable. When the gravitational force dominates the process, the
sedimentation rate of the particles can be slowed down decreasing the Ap and increasing
the viscosity

7.2.2 Zeta potential and isoelectric point

The isoelectric point is defined by the [IUPAC as the value at which the net electric charge
of an elementary entity is zero [41]. According to a review performed by Parks [128], the
isoelectric point of silica is the range between pH 0.5 and 3.7, being commonly
considered that the isoelectric point is around pH 2 [128]. The isoelectric point depends
on the type of silica (crystalline or amorphous) and presence of impurities [129]. Below
this pH, the silica particles are positively charged, and above this pH they are negatively
charged.

Figures 7.1 and 7.2 present zeta potential curves of monodisperse amorphous silica with
an average diameter around 400 nm for different chloride salts with concentrations of
0.00IM and 0.1M [129]. When the salt concentration is 0.001M, the isoelectric point is at
the pH value of 2 for all the chloride salts. On the other hand, when the salt concentration
is increased, the isoelectric point is shifted to higher pH values.

7.2.3 Polymerization of silica

Iler [4] stated that the polymerization of silica consists of three stages: 1) nucleation of
particles; 2) growth of the nucleus forming bigger particles: and 3) linking of particles
into branched chains and networks. Silica particles grow following a condensation
reaction of the silanol groups according to Eq. (4.3) [4].
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Figure 7.1. Zeta potential of amorphous silica
in 0.001M chloride dispersions [129].
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Figure 7.2. Zeta potential of amorphous silica in 0.1M chloride dispersions [129].

7.2.3.1 Supersaturation and nucleation

Before the silica nucleation takes place, the solution needs to reach a supersaturated state.
The supersaturation ratio at which the nucleation starts can be defined as:

S =% (1.3)

where S is the supersaturation ratio, [Si]sp the silica concentration at the supersaturation
point and [Si]q the silica concentration at the equilibrium (i.e., solubility of silica).
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The solubility of silica depends on the type of silica, temperature, pH, particle size and
presence of other compounds in the dispersion [4], the most influencing parameters being
the pH and the temperature. Goto [130] studied the influence of the temperature and pH
on the solubility of amorphous silica particles of 5 nm (see Figure 7.3). Alexander [92]
studied the solubility of amorphous silica in water in the pH range between 1 and 11,
obtaining a solubility value around 150 ppm at pH 1 and 25 °C.
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Figure 7.3. Solubility of amorphous silica particles of 5 nm at different temperatures
and pH values [130].

The nucleation of silicic acid (also referred as silica monomers) has been studied by many
researchers [4,26,27,120-122,131] following the disappearance rate of silicic acid using
the molybdate method. This method determines photometrically the concentration of
molybdate-reactive silica. Molybdate-reactive silica includes dissolved simple silicates,
monomeric silica and silicic acid and an undetermined fraction of polymeric silica [132].
More details about this method can be found in [4,132,133].

Table 7.1 summarizes the literature data about the supersaturation ratio. The
supersaturation ratio of silica is in the range 1 to 10, except for the study conducted by
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Gorrepati [131], who estimated theoretically a supersaturation ratio of 25 for a critical
nucleus of 5 nm.

Table 7.1. Supersaturation ratios of silica.

pH T (°C) S Reference
8 - 5-10 Marsh  [134]
5 95 2-3 Makrides  [135]
2 90 6.3 Alexander [92]
- - 25! Gorrepati  [131]

" This value was estimated theoretically [131].

Okkerse [26,31] studied the disappearance of silicic acid (or what he called low-
molecular silicic acid) of 0.25 wt.% (~2500 ppm) waterglass solutions in the pH range
between 1 and 5. He found that the disappearance rate was minimal at about pH 2, and
increased linearly with the hydrogen ion concentration below pH 2. At lower pH levels
than the isoelectric point, silica condensates following reaction Eq. (4.3), where the
hydrogen ions catalyze the reaction creating an intermediate species carrying a positive
electrostatic charge [6,26]:

=SiOH; +HO—Si=—=Si—0-Si=+H" +H,0. (7.4)

Okkerse [26,31] proposed a condensation rate at pH below the isoelectric point for silicic
acid depending on the hydrogen ion concentration and the concentration of dissolved
silica:

Tw =Ko - (FSI(OH), 1)) -[H']-[Si(OH), T, (7.5)

con

where 1, is the condensation rate and f[Si(OH)4]i is a parameter proportional to the
concentration of silicic acid at the beginning of the experiment. Okkerse [26] also
proposed that the rate of condensation of silicic acid with silica of higher molecular
weight is slower than the rate of condensation between two units of silicic acid. Therefore,
when waterglass is added to an acidic solution with a pH below 2, the rate of formation of
nuclei is higher than the rate of deposition of silicic acid on silica of high molecular
weight.

Weres [121] performed experiments on the rate of disappearance of silicic acid using
waterglass solutions with silica concentrations between 500 and 1200 ppm, pH in the
range 2.5 to 8 and NaCl concentrations up to 1M. He stated that silica nucleation is
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homogenous (i.e., nucleation does not take place in preferential locations), provided no
colloidal silica particles are in the medium, which is in agreement with Iler [4]. Weres
[121] affirmed that the nucleation rate depends on the concentration of silicic acid,
temperature and the ionization of the silica, which likewise depends on the pH of the
solution and the ionic strength. This statement was also confirmed by Chan [120].

Fleming [27] conducted experiments on the disappearance rate of silicic acid in the
presence of colloidal silica using waterglass solutions with silica concentrations between
100 and 500 ppm, pH in the range 4 to 8 and NaCl concentrations up to 1M. He found a
supersaturation level of 200 ppm. Fleming [27] concluded that the disappearance of
silicic acid follows two mechanisms depending on the supersaturation level: below 200
ppm, the silicic acid coats the surface of the colloidal silica and the disappearing rate is
relatively low; and above 200 ppm the disappearing rate is much higher.

Gorrepati [131] studied the polymerization of silicic acid using waterglass solutions with
a silica concentration of 135 mmol/L (~12000 ppm) in HCI solutions between 2M and
8M, and up to 1M chloride salt concentration at 5 °C. She found a disappearance rate at
pH levels far below the isoelectric point, depending on the concentrations of hydrogen
ions and silica (in the absence of chloride salts):

r., =k, [Si(OH),]’, (7.6)

con

where kcon depends on the initial concentration of silicic acid and the hydrogen ion. In the
literature, reaction orders of 2, 3 and 4 can be found [26,27,92,122,131,136]. Gorrepati
[131] accounted these discrepancies for the different experimental conditions used (e.g.,
pH and temperature).

Figure 7.4 presents Gorrepati’s results of the concentration of silicic acid and the particle
size of silica [131]. She found that the silicic acid concentration drastically decreases at
the beginning of the experiment, having being almost completely consumed after 20
minutes. On the other hand, the increase of the particle size is exponential, being more
pronounced at the end of the experiment. From these results, Gorrepati concluded that the
mechanism of the particle growth of silica is the aggregation of silica particles, and she
ruled out that it would be due to addition of monomeric species

7.2.3.2  The formation of primary particles

Primary particles refer to the smallest colloidal particle (temporarily stable) that can be
experimental observed. The size of the primary particles of silica is in the range of 1 to 6
nm [4,6,29,30,131,137-141]. The reasons for the difference between the sizes of the
primary particles are that: 1) not all the researchers have used the same characterization
methods; 2) the synthesis methods are different; 3) the synthesis conditions are different



126 Chapter 7. Development of the olivine nano-silica particles

(i.e., pH, temperature, silica concentration, etc.); and 4) the times when the analyses have
been performed are different.
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Figure 7.4. Evolution of silicic acid concentration and particle size in an 8M HCl
solution at 5 °C [131].

Prior to the formation of the primary particles, oligomers should be formed. Iler [4]
defined them as the low molecular weight polysilicic acids from trimers to perhaps
octamers. He divided up the oligomer formation into the following steps: 1) condensation
of silicic acid into dimers; 2) tetramer formation by combination of two dimers; 3) ring
closure of tetramers; 4) henceforth monomer and dimer react preferentially with these
more highly ionized species, increasing their molecular weight; simultaneously, wherever
it is possible, silanol groups condense evolving to more compact, three-dimensional
species, which are the precursors of the primary colloidal particles [4]. Iler stated that the
nucleation process is reversible, and each polymer species is in equilibrium with a certain
concentration of silica monomer in solution [4].

Once the oligomers are formed, a further increase in the particle size occurs rapidly if the
solution is still supersaturated. A polycyclic oligomer is not actually considered as a silica
particle because there is no anhydrous silica core. At this point, the monomers in the
solution condense with the silanol groups of the oligomers until the oligomers remain as
an anhydrous silica core. Monomers also condense with themselves forming a silica layer
on the surface of the oligomers with the silicon atoms outwardly exposing silanol groups
[4].

In molecular simulations performed by Iler [4], it was found that when monomers
condensate on octamers or decamers to form a nearly anhydrous silica core surrounded by
silicon atoms forming the external hydroxylated surface of the particle, the particle
contained between 40 and 50 silicon atoms. This primary particle had a particle size
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around 1.6 nm [4]. Okkerse [26] found that the size of the primary particles produced
from the neutralization of waterglass was influenced by the rate and duration of the
condensation reaction. A slow condensation reaction resulted in small silica particles,
while at fast reactions larger primary particles were obtained. In acidic conditions,
primary particles between 1 and 2 nm have been found [6,29,118,142].

Kelt [28] studied the hydrolysis of tetraethyl orthosilicate and the subsequent
polymerization of silica at pH 1, 5 and 8 using 'H and *’Si NMR. He interpreted that
silica grows forming linear oligomers instead of cyclic oligomers. Zerda [118] also
studied the hydrolysis and polymerization of tetramethyl orthosilicate in the pH range
between 1 and 9 using Raman spectroscopy and *Si NMR. At pH 1, the condensation
reaction was catalyzed by the hydrogen ions according to Eq. (7.4) in agreement with
Okkerse [26]. Zerda [118] proposed that at a pH level of 1 and at the beginning of the
polymerization process, linear chains or weakly cross-linked branched structures of
approximately 2 nm and low internal degree of condensation were produced.

He explained the formation of these chains with the following hypothesis: the
condensation takes place in the least acidic silanols, which are the silicon atoms with the
lowest number of condensed groups (e.g., in a chain the silicon atoms with less siloxane
bonds are the edges) [118]. As the silica particle keep increasing in size, the silanol
groups attached to the branched chains internally condense, and at the same time other
silanols bind to the edge of the particles. In the last stages of this process, three
dimensional growth becomes more dominant, leading to the formation of highly branched
particles [118]. Thus, Kelt [28] and Zerda [118] found that, below the isoelectric point,
the nuclei formation based on a ring structure proposed by Iler [4] does not take place.

7.2.3.3 Particle growth by aggregation

Based on the condensation model of Ordway [143], Iler [4] proposed a hypothesis about
the reaction mechanism of silicic acid when some nuclei are present for pH values
between 2 and 7. According to this hypothesis, silicic acid condenses preferentially at a
location where the silicon atom has only one OH group because it is the most acidic and
readily ionized [4]. When a certain amount of nuclei are present in the dispersion, the
remaining silicic acid reacts preferentially with them because of its greater acidity and
degree of ionization. As the concentration of silicic acid drops, the oligomers, which were
in equilibrium with the higher silicic acid concentration, depolymerize. Subsequently, the
newly dissolved silicic acid condenses on the nucleus [4]. On the other hand, Okkerse [26]
and Gorrepati [131] found that, below the isoelectric point, the formation of nuclei is
faster than the rate of condensation between silicic acid and high molecular weight
particles.

Iler proposed that in the pH range between 2 and 7 silica colloids link together into
branched chains to form three-dimensional network regions forming gels [4]. The
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condensation follows a similar path as in Eq. (7.4), but instead of Si(OH),", SiO species
are involved. The presence of silicic acid or silica monomers then plays a role in further
cementing the particles together. In addition, Iler [4] pointed out that the presence of
silicic acid may play a role in promoting the formation of the initial bond.

7.2.3.4  Overall particle growth of silica particles

The influence of the pH and salt concentration on the aggregation rate of silica monomers
at pH far below the isoelectric point was studied by Gorrepati using waterglass [93]. She
found that both parameters have an important influence on the aggregation rate of silica
particles, as can be seen in Figures 7.5 and 7.6. Gorrepati [93,131] stated that the silica
particle growth follows a two steps process: 1) formation of primary particles of 5 nm;
and 2) aggregation of these particles.
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Figure 7.5. Size of the silica clusters over time for different HCI concentrations [93].

Depending on the state of the clusters, they could be classified as aggregates or agglomerates
(definitions of them are provided in Appendix I).

The polymerization of silica proposed by Iler between pH 2 and 10 is summarized in
Figure 7.7. This figure shows the reaction path to form the primary particles as well as the
two possible growth routes depending on the pH and salt concentration, which result
either in silica gel or a stable colloidal dispersion.
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Figure 7.6. Size of silica clusters over time for 4M HCI solutions
for different chloride salts [93].
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Figure 7.7. Polymerization behavior of silica between pH 2 and 10 [4].

Nano-silica produced from the olivine route polymerizes at similar conditions to
Gorrepati’s experiments because olivine nano-silica is produced far below the isoelectric
point. Thus, the particle growth should follow a similar path to the one proposed by
Gorrepati [93]. The main differences between the process of Gorrepati and the olivine
nano-silica process are the type of acid used, temperature and the source of silica. The
source of silica used by Gorrepati was waterglass [93], whereas the source of silica in this
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study is the olivine mineral. The main difference between these two is that in the case of
olivine, silica is released into the medium at the dissolution rate, whereas silica from
waterglass is in the medium from the beginning.

Gorrepati also investigated the dissolution and precipitation of the zeolite mineral
analcime. She studied the evolution of the concentration of silica particles smaller than
200 nm using ICP (see Figure 7.8). Gorrepati concluded that the silica produced from the
dissolution of analcime precipitates in the same manner as the silica from waterglass.
Therefore, she considered that the silica released during the analcime dissolution
polymerized in the same way as waterglass silica [93,131].
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Figure 7.8. Evolution of the concentration of silica particles smaller than 200 nm
using analcime and waterglass [131].

8 grams of analcime (particle size between 0.2-38 um) were dissolved in 300 mL of 4M HCl at 5 °C. The
dispersion was filtered using a 0.2 pm filter prior to the analysis.

7.2.4 Stability of colloidal silica and gelling

A central aspect of the chemistry of colloidal silica is the study of stabilization and
gelling. The stability of colloidal silica has been investigated for several decades due to
its importance and complexity. Colloidal silica is considered to behave anomalously in
the sense that does not follow the DLVO theory [124,125]. The reason for this anomalous
behaviour is that besides the van der Waals and electrostatic forces, the effect of the steric
force and slow condensation rate at low ionization states (i.e., around the isoelectric point)
should be taken into account. In the case of colloidal silica, stabilization by steric
repulsion has been reported by several authors [6,144-152]. Two types of layers causing
the steric repulsion have been proposed: a hydration layer and a silica layer.

Figure 7.9 summarizes the gelling behaviour of colloidal silica in the pH range between 0
and 14, and with and without 0.1M NaCl [4]. This figure shows that at pH 2, when the
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ionization is the lowest, the colloid system is temporary stable. This is due to a steric
repulsion [4,146-148,150,153], and also maybe due to the low ionization state of the
silica, which makes the particle growth very slow [92]. The stability decreases with
increasing pH between 2 and 7, and at pH 7, it starts to increase again. According to the
DLVO theory, this stability rise is the result of a higher electrostatic charge. Above pH
10.5, silica starts to depolymerize because the solubility of silica increases exponentially
since silicic acid is dissociated into ionic species. The presence of NaCl above pH 6
reduces the stability of the colloids. This decrease in the stability is due to the
compression of the double layer as predicted by the DLVO theory. The type of salt and
the size of silica colloids also have an important influence on the stability of silica
[4,144,147-149].
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Figure 7.9. Gelling time of colloidal silica versus the pH of the solution with and
without 0.1M NaCl [4].

A gel was defined by Iler [4] as the condensation of silica particles into siloxane chains,
then branching and cross-linking to form a three-dimensional molecular network. Silica
gels are commonly produced by acidification of waterglass immediately followed by
depositing onto a moving belt where the gelation takes places in several minutes (Figure
1.7 shows the flow diagram of the silica gel production process) [2,6]. Silica gels can be
produced in a wide pH range, but normally they are produced above the isoelectric point
at pH conditions where gelling occurs fast. A silica gel under negative pH conditions was
produced by Lambert [154]. He reported a gelling time around one hour for a colloidal
dispersion with 12 nm particles and with 10% solid content in a 98% sulfuric acid
solution [154]. This gelling time is much longer than the predicted time by the equation
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derived by Yates [6,155]. When the silica colloids are of a considerable size, particularly
at low pH, interparticle bonding is rarely observed [4]. Actually, particles larger than 100
nm over the whole pH range hardly gel, even in concentrated sols [4].

7.3 Materials and methods

The zeta potential of olivine nano-silica was studied with a dispersion of 1 wt.% of silica
in distilled water. Batch NS-51-S5, the chemical composition of which is presented in
Table 7.2, was used in these experiments. This dispersion was prepared using the high
shear mixer at 5000 rpm for 3 minutes and the ultrasonic device (details of the high shear
mixer and ultrasonic device are given in Chapter 6) at maximum power for 5 minutes.
The pH of the dispersion was adjusted with NaOH and H,SO, solutions.

Table 7.2. Chemical composition of cake NS-51-S5 measured by XRF and
combustion infrared technique.

SlOz A1203 F3203 MgO CaO KzO Cl'203 LOI S Psi
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

NS-51-S5  89.72  0.25 0.64 0.14 0.01 0.03 0.08 9.13 0.05 98.72

Sample

The particle growth of silica during the olivine dissolution was investigated with
Norwegian dunite GL40. GL40 has a similar chemical composition to GL50 (see Table
2.1), but its average particle size is smaller. In addition, GL40 was milled for 30 minutes
in order to accelerate the olivine dissolution without speeding up the particle growth of
nano-silica. These experiments were carried out at 20 °C, in a vigorously stirred,
thermostated reactor of two liters with sulfuric acid. The amount of olivine used was
selected to have a similar silica concentration to Gorrepati’s experiments (135 mmol/L).
The experimental variables were the concentration of sulfuric acid and surface area of
olivine. The temperature of 20 °C was selected to slow down the particle growth in order
to be able to track the particle size development. This low temperature also slows down
the olivine dissolution reducing the release rate of silica. The concentration of hydrogen
ions was determined by titration with a 0.05M Na,B4O7 solution at regular time intervals,
from which the amount of silica produced was calculated. The particle size (or cluster
size) was measured with the Malvern ZS after passing the samples through a filter of 1
um in order to avoid the presence of olivine particles in the dispersion. However, at the
beginning of the experiment, some particles in the size range between 500 and 1000 nm
were found. These particles were neglected because they were likely to be olivine
particles. Table 7.3 lists the conditions of the nano-silica polymerization experiments.

The particle size measured with the Malvern ZS can be classified as aggregates or
agglomerates depending on its stage (definitions of aggregate and agglomerate terms are
provided in Appendix I). For example, at the beginning of the experiment, where sizes
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below 100 nm are found, the silica clusters are likely to be aggregates, whereas at longer
times, and, therefore, larger particle sizes, the silica clusters are likely to be agglomerates.

Table 7.3. Conditions of the nano-silica polymerization experiments.

. ;

Experiment Db ) el ) o) (O
NS-PO-2 50 307 116 0.09 9.0 4.0 20
NS-PO-3 50 307 116 0.09 9.0 2.0 20
NS-PO-6 70 429 116 0.09 12.6 4.1 20

[Si]eq refers to the equivalent concentration of silica from the olivine amount, SSA geometric specific
surface area, and SAr total surface area of the olivine.

7.4 Results
7.4.1 Zeta potential

Table 7.4 lists the conductivity and zeta potential of nano-silica dispersions prepared with
batch NS-51-S5. It was not possible to measure the zeta potential below pH 1 because the
conductivity rose above 40 mS/cm resulting in problems with the measurements. Figure
7.10 shows the zeta potential versus the pH, where it can be seen that the isoelectric point
is around a pH value of 1, being in the interval found by Parks [128]. The zeta potential
profile is linear, the negative charge of the particles increasing with the pH. Zeta
potentials of -30 mV — value at which colloids are commonly considered to be stabilized
electrostatically — are obtained around pH 7.
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Figure 7.10. Zeta potential of nano-silica dispersions versus pH.
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Table 7.4. Zeta potential of nano-silica dispersions at different pH values.

Conductivity  zeta potential

pH (mS/cm) (mV)
40 0.1 14.0
7.7 0.1 32,0
8.8 0.2 41.0
9.4 0.2 42,0
38 0.1 14.0
438 0.1 17.0
5.9 0.1 26,0
24 18 8.0
1.0 40.0 1.0
5.0 0.3 15.0
31 0.7 76
22 3.0 5.8
15 14.6 2.9
1.0 45.0 1.6
37 0.2 132
27 12 7.0
2.0 53 42
12 26.0 1.6

The zeta potential profile of olivine nano-silica (batch NS-51-S5) is similar to the results
of Franks [129], except for few differences: 1) the zeta potential profile of olivine nano-
silica does not feature a plateau at high pH values, while Franks’ profile with 0.001M salt
concentration does; 2) the isoelectric point is found at a lower pH level in the case of
olivine nano-silica; and 3) the pH needs to be above 7 to obtain a negative charge on the
silica particles leading to a zeta potential below -30 mV, whereas this zeta potential is
obtained around pH 5 in Franks’dispersions (see Figure 7.1) [129]. These differences
could be due to the presence of impurities such as aluminium and iron ions, which are
ions that can change significantly the electrostatic charge of the silica surface [4].

7.4.2 Particle growth

Figure 7.11 plots the concentration of silica produced during the dissolution of olivine in
the polymerization experiments. The quantity of silica produced is calculated
stoichiometrically from the amount of hydrogen ions consumed. NS-PO-2 and NS-PO-6
showed similar production rates of silica, whereas the rate of NS-PO-3 is lower. This
lower production rate is because the concentration of hydrogen ion for NS-PO-3 was 2M
instead of 4M. On the other hand, it is remarkable than the particle growth of NS-PO-2 is
slightly faster than that of NS-PO-6 since the total surface area of NS-PO-2 is supposed to
be smaller.
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Figure 7.11. Silica produced over time for the particle growth experiments.
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Where 135 mmol/L is the concentration used by Gorrepati [93].
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Figure 7.12 presents the average particle size of silica over time during the particle

growth experiments at 20 °C. Table 7.5 shows the estimated time and the amount of silica
produced at the point where the average cluster size of silica was 60 and 100 nm for the

three polymerization experiments. The cluster size of silica increased exponentially with
time, reaching values above 400 nm after 4300 min for NS-PO-2. The growth rate of
silica accelerated with the increase of the hydrogen ion concentration and amount of

nano-silica released. In the case of the olivine nano-silica produced under the conditions
used in Chapters 3-6 (3M H,SO4 and temperatures between 50 and 90 °C) the particle
growth should be much faster than under the conditions of the polymerization

experiments.
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Figure 7.12. Growth of silica particles during the dissolution of olivine.
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Gorrepati [93] found that using 135 mmol/L of waterglass and a 4M HCI solution, around
1300 minutes were required to obtain silica particles of 100 nm (see Figure 7.5) [93,131].
In the case of NS-PO-2, 2600 minutes passed before 100 nm silica particles were found.
In addition, in the analcime experiments of Gorrepati [131] (see Figure 7.8), most of the
zeolite had reacted after 100 minutes, whereas the cluster size of silica colloids from
waterglass under similar conditions required around 1300 minutes to grow over 100 nm.
Therefore, the dissolution time of the analcime regarding the time to obtain silica particles
above 100 nm is rather short. In the case of the olivine, it is the opposite, the olivine
dissolves slowly, only having been dissolved 42% of this material when the silica clusters
have grown over 100 nm for experiment NS-PO-2. Thus, it can be concluded that the
main reason for the slower particle growth of olivine silica is probably a slow release of
silica into the medium.

The growth of the olivine silica clusters presents a trend similar to the one found in
Gorrepati’s experiments using waterglass, but with a lower particle growth rate. This
similarity could mean that the mechanism of the particle growth of olivine nano-silica
follows the same path as the silica particle growth from waterglass. However, further
research would be necessary to verify this.

Table 7.5. Time and amount of silica produced for the formation of 60 and 100 nm
silica particles during the polymerization experiments.

Experiment dy time [Si] dy time [Si]

P (nm) (min) (mmol/L) (nm) (min) (mmol/L)
NS-PO-2 60 2016 125.04 100 2639 130.89
NS-PO-3 60 4212 107.05 100 6989 150.78
NS-PO-6 60 3011 - 100 4011 -

d, is the average particle size of silica determined by laser light scattering.

7.5 Discussion

As was mentioned previously, silica gels are commonly produced by the acidification of
waterglass. This process is normally performed above the isoelectric point at pH
conditions where gelling occurs fast, but also can be conducted under negative pH
conditions [154]. However, a silica gel is not obtained during the dissolution of olivine
under the conditions (temperature, pH and olivine concentration) employed in this study.

An explanation for the absence of gelling of large silica colloids was given by Iler [4],
who stated that particles larger than 100 nm do usually not gel. He suggested that the
mechanical force between the particles due to the Brownian motion is strong enough to
break the newly formed siloxane bonds [4]. In experiment NS-PO-2, particles of 100 nm
were formed after 2600 minutes. In addition, under the production conditions used in
Chapters 3-6, the required time to form 100 nm particles would be even shorter.
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Therefore, olivine silica grows fast to sizes over 100 nm, preventing the dispersion from
gelling. Other possible reasons for the lack of gelling of olivine silica are: 1) the silica
concentration of small silica colloids (i.e., smaller than 100 nm) is not high enough. In the
case of complete conversion and 3M sulfuric acid (see Figure 5.1), the maximum amount
of silica produced is around 9 wt.%; and 2) the vigorous mixing in the reactor to keep the
olivine particles suspended makes gelling unlikely. In fact, during the olivine nano-silica
experiments, gel formation on the reactor wall above the liquid level (where the slurry
was not mixed) took place.

Another unclear aspect of olivine nano-silica is the increase of the viscosity at low
conversion degrees (see Figure 6.8 and Table 6.8). Lieftink [30] considered that this
increase of the viscosity was due to the formation of a gel-phase. He also concluded that
the gel phase appeared when the concentration of silica was about 0.05 mol/L, and this
gel phase disappeared when the colloidal particles grew. This explanation seems
reasonable, but more experiments with more accurate determinations of the viscosity are
required to confirm it.

7.6 Conclusion

The zeta potential of silica produced from the dissolution of olivine is linear in the pH
interval between 1 and 9.5. The isoelectric point for olivine silica dispersions is around
pH 1, being slightly lower than the values found in the literature for silica colloids [128].
Zeta potential values above 30 mV, which is usually considered the value to stabilize
colloids electrostatically, are obtained when the pH value is above 7.

The cluster size of olivine silica grows up to 420 nm after 4300 minutes of reaction at 20
°C in 2M H,SOgsolution. The particle growth should be much faster under the conditions
described in Chapters 3-6 (>50 °C and 3M H,SOs), at which olivine dissolves within
several hours. The particle growth shows a trend similar to the one found in Gorrepati’s
experiments using silica from waterglass, which could mean that the mechanism of the
growth of olivine silica is due to the nucleation of primary particles and subsequent
aggregation of these primary particles. Further research is needed to verify this hypothesis.

Olivine nano-silica does not gel. This behaviour of olivine silica can be due to three
reasons: 1) silica polymerizes fast at 90 °C in 3M H,SO, solution, forming particles
above 100 nm in a short time; 2) the concentration of small silica colloids (i.e., below 100
nm) is low; and 3) the vigorous mixing in the reactor to keep the olivine particles
suspended.
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Chapter 8. Development of the pore structure of
olivine nano-silica

8.1 Introduction

As was mentioned in the previous chapter, the most important parameters of silica
powders are its particle structure (i.e., size and morphology), pore structure and surface
chemistry. In Chapter 7 it is mentioned that olivine silica grows via a condensation route
(Eq. (4.3)), and that silica clusters grow above 100 nm in about 2-day time at room
temperature and 2M H,SO4 (see NS-PO-2 in Table 7.5). Under the conditions employed
in Chapters 3, 4, 5 and 6, the growth occurs much faster resulting in silica agglomerates
in the micrometer range as can be observed from Figures 6.12 and 6.14. These
agglomerates are greatly porous featuring high specific surface areas.

The total porosity and pore structure of amorphous silica strongly affects the properties
and functionality of silica. A specific pore structure is required for some applications,
such as the use of porous silica in the field of catalysis or as dry agent. The main factor
governing the specific surface area of porous silica, which is strongly related to the
porous structure, is the size of the primary particles [26]. As was mentioned in the
previous chapter, the size of the primary particles depends on the reaction rate and
duration of condensation [26]. Besides the influence of the primary particles on the
specific surface area of silica, the aggregation conditions (pH, temperature, amount of
silica monomers and silica aggregates in the dispersion, etc.) and the production
conditions of olivine nano-silica (impurity content, conversion degree, filtration pressure
and ripening treatment) also affect the particle growth and pore structure.

The textural properties of pyrogenic, precipitated and silica gel are summarized in Tables
1.1 and 8.1. In the book of Bergna [6], the porosity of commercial pyrogenic, gel and
precipitated silica were reviewed. Pyrogenic silica is essentially non-porous material
formed by primary particles of 1 nm with a high coordination number. When this material
is pressed, well defined mesopores are developed [156,157]. Precipitated silica is usually
considered as macroporous, but to a small extent, also microporous [6]. Silica gels are
likely to be mesoporous and/or microporous [6].

Okkerse [26] studied the properties of silica produced in the pH range from -1 to 10 using
waterglass as a silica source. Some of his results are summarized in Figure 8.1, where it
can be observed that the highest surface area was obtained between pH -1 and 5; at pH
above 5, the SSAggr was reduced drastically. Similar results have also been found by
Plank [158] and Sing [159]. Okkerse [26] concluded that in the pH range between -1 and
5, the primary particle size of the silica gel was the same since the specific surface area
was constant. The reason for this is that there are two opposite effects influencing the size
of the primary particles: the reaction rate and reaction time. Thus, at pH 2, the reaction
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rate was the slowest, resulting in the smallest primary particles, but the gelling time was
also the longest, allowing the primary particles to become larger [26].

Table 8.1. Textural properties of different amorphous nano-silicas [6].

Parameters Pyrogenic  Precipitated Gel
Purity, SiO, (%) >99.9 98-99 99.5
SSAger (m7/g) 50-400 50-800 20-1000
d; (nm) 7-40 2-20 -
d; (um) - 3-3000 0.1-5000
Porosity - Macroporous nlzgis((:)r];)ozrlgl(is

d, refers to the diameter of the primary particles, d; to agglomerate particles and d, to pore.
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Figure 8.1. Influence of the pH on the SSAggy of silica gel [26].

The pore structure of olivine nano-silica has only been studied by Lieftink [30]. He
studied the pore size distribution (PoSD) of olivine nano-silica using nitrogen
physisorption with two equipments: Micromeritics ASAP 2400 and ASAP 2010. The
ASAP 2400 device was a standard equipment for gas physisorption in the relative
pressure range between 0.01 and 0.99 and the ASAP 2010 device was used to study the
microporosity at low relative pressures. The material was degassed at 100 °C overnight.
This temperature is lower than the required temperature to remove all the physisorbed
water, which is 190 °C (see Chapter 2). Thus, some of the pores of the silica could still be
partly filled with adsorbed water. Lieftink studied the pore size distribution using the BJH
method [30]. Because the BJH method does not give accurate results for pores below 10
nm (see Chapter 2), Lieftink estimated the microporosity using the t-plot [50,51], the
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Dubinin [160] and the Saito methods [161]. These methods determine the total amount of
microporosity, but they do not provide a pore size distribution. The findings of the
nitrogen physisorption analysis performed by Lieftink can be summarized as follows: 1)
at low conversion degrees (X) olivine nano-silica is microporous and mesoporous; 2)
when the conversion progresses, macropores are also developed. Pore size distributions
by mercury porosimetry were also determined, the results of which indicate that olivine
nano-silica was mesoporous and macroporous [30].

The specific surface area determined by the BET method [46] using nitrogen can lead to
inaccurate results when the sample is microporous (see Chapter 2) due to the method
itself, and, in the case the pores are small enough, to the impossibility of nitrogen to
penetrate the pores. Another way to determine the SSA is from the content of silanols,
considering that the content of the surface silanol groups is constant when silica is fully
hydroxylated (0teq):

SSA = % SSA

FH

BET 5 8.1)

where Qo s the silanol content determined using (in the case of this study) NMR and TG
techniques. The NMR and TG techniques determine a total content of the silanol groups,
including surface silanols, silanols on the micropores and silanols on internal surface
areas (see Figure 5.2). According to Zhuravlev [162], the maximum extent of
hydroxylation of silica is around 4.9 OH/nm’. Zhuravlev determined this constant using
the deuterium method, which is limited to surface silanols, and the SSAggt using krypton
as the adsorbate gas with a krypton surface area of 0.215 nm”[162]. In the determinations
performed by Zhuravlev [162], the internal silanols and the silanols in pores narrower
than 1 nm were neglected. Gallas [163] disagreed with the maximum silanol number
determined by Zhuravlev and proposed a value of 8 OH/nm” for precipitated silicas. He
determined the silanol content using the TG-IR technique and the SSAggr using nitrogen
as the adsorbate gas with a nitrogen surface area of 0.136 nm’. Gallas attributed the
difference in the silanol groups to the fact that Zhuravlev determined the SSAggr using a
krypton surface area higher than expected, resulting in higher values of SSAggr and lower
values of opn [162,163]. For olivine nano-silicas, Lieftink found a silanol content
between 9 and 27 OH/nm” using NMR. He mentioned that this high silanol content was
likely to be due to the presence of internal silanols and silanols in micropores. To
conclude, a value of oy of 5 OH/nm” is used in this thesis for the estimation of SSAnmr
(Eq. (8.1)) because the Zhuravlev constant [162] is the most widely used silanol value for
fully hydroxylated silicas, and to compare with the results of Lieftink [30], who also used
this value in his determinations.
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Lieftink [30] reported the pore structure and the SSAxwmr of olivine nano-silica. However,
he studied the pore size distribution using the BJH method, and this technique is not
suitable for the determination of pore sizes below 10 nm. Also, more data about the pore
size distribution is desired in order to understand the influence of the process conditions
(conversion degree, impurity content, hydrothermal treatment, etc.) on the pore structure
of olivine nano-silica. Likewise, more data about the SSAnmr 1S also desired.

In this chapter the pore structure of olivine nano-silica is studied using nitrogen
physisorption with the BJH method and positron annihilation lifetime spectroscopy
(PALS), so that the whole porous range can be determined. Furthermore, the influence of
the process conditions on the porous structure and the SSAnwmr is investigated.

The results presented in this chapter show that olivine nano-silica is microporous,
mesoporous and macroporous. The process conditions have an important influence on the
textural properties of olivine nano-silica. Thus, the pore size distribution of olivine nano-
silica can be tailored by changing the process conditions to match the requirements of
different applications. In addition, a model describing the development of the olivine
nano-silica structure is proposed.

8.2 Materials and methods

Nano-silicas prepared via the olivine route under different experimental conditions were
analyzed to determine their pore structure and SSAnmr. The pore structure was
determined using the BJH method and PALS technique (more details about these two can
be found in Chapter 2). The SSAxmr Was calculated from the ooy values using Eq. (8.1);
the clon was determined from the silica NMR spectrum (an example of the olivine nano-
silica NMR spectrum can be seen in Figure 2.11) with Eq. (2.25). The SSAggr used in
this calculation was determined from gas physisorption analyses with degas temperatures
of 120 and 190 °C for 4 hours.

The silanol number can also be determined from TG analysis. For this calculation two
considerations have to be taken into account: 1) the mass loss involving water related to
the silanol groups occurs in the temperature range between 400 and 1100 °C [6]; 2) there
are two silanol groups per each water molecule evaporated. Thus, the silanol content can
be calculated with:

*
Won

2 . A 100 8 2
o.,(OH/nm")=——>+—"—>— .
OH( : MHZO 'SSABET 62
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Where Ny is the Avogadro’s number, wop™ is the water mass fraction (%) loss in the
temperature interval 400-1100 °C for dried silicas at 200 °C and Mp,ois the molar mass

of water. Table 5.7 collects the water mass fraction loss in the range 400-1100 °C for
silicas containing physically adsorbed water (womn), from which the wou* can be
calculated:

100
Won >l<(%)) =Woq m . (8.3)
H,0_A

where wi,0_a is the mass fraction loss between 20 and 200 °C.

8.3 Results
8.3.1 Pore size distribution of olivine nano-silica BJH

The main properties of the specific surface area and pore structure of different olivine
nano-silicas are listed in Table 8.2. These properties are the specific surface areas
(SSAger, SSAmp, SSAE), average pore size (dp p) and BJH volume of pores (Vp p) from
the desorption branch, and micropore volume (Vwp). Furthermore, the sulfur content and
olivine dissolution conversion are also presented.

Figure 8.2 shows the BJH pore size distribution from the desorption branch of silica
NS-14 after three and six filtration steps. The dashed line at 1.7 nm indicates the lower
limit of the BJH method [53], however, as was mentioned in Chapter 2, this method
underestimates the pores below 10 nm [44,55,164]. Even though the BJH method
miscalculates the pores size distribution (PoSD) for pores smaller than 10 nm, it still can
be used below this pore size for comparative purposes. The sulfur content of NS-14-3F
and 6F was reduced from 1.75 wt.% to 0.03 wt.% by adding three additional washing
steps, and the SSApgr increased from 233 m?/g to 348 m*/g. The pore size distribution in
both samples was between 2 nm and 100 nm. However, the sample with more sulfur
featured a lower pore volume in this pore size range.
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Table 8.2. Summary of the main properties of the SSA and pore structure of
different olivine nano-silicas.

Samples SS%BET SS?MP SszAE dy p Vl\gp VPSD S X
(m7g) (m/g) (m7/g) (nm) (cm’/g) (ecm/g) (%) (%)
NS-14-3F 233 58 175 14.4 0.025 0.529 1.75 91
NS-14-4F 324 122 202 12.6 0.055 0.578 0.33 91
NS-14-5F 342 142 200 14.5 0.064 0.589 0.05 91
NS-14-6F 348 142 206 16.3 0.064 0.679 0.03 91
NS-HP 433 125 308 14.1 0.055 1.026 1.26 91
NS-50-S3 517 137 308 9.5 0.059 0.992 0.20 38
NS-50-S4 325 132 308 12.9 0.060 0.597 0.33 71
NS-50-S5 310 139 308 12.6 0.063 0.475 0.16 90
NS-51-S4 375 124 251 13.7 0.055 0.816 0.40 81
NS-51-S5 354 143 210 12.4 0.065 0.588 0.05 94
NS-RM 334 100 235 17.2 0.042 0.970 0.06 >90
RP-1-22h 124 19 105 16.3 0.008 0.439 0.06 >90
RP-9-1h 347 105 242 16.6 0.046 0.969 0.06 >90
RP-10-1h 283 70 212 18.8 0.030 1.026 0.06 >90
RP-8-1h 191 26 165 25.2 0.010 1.003 0.06 >90
RP-11-1h 90 12 79 25.7 0.004 0.581 0.06 >90

These samples were degassed at 190 °C for 4 hours. The conditions of the preparations of these samples are

—— NS-14-3F

given in Chapter 6.
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Figure 8.2. Pore size distribution determined by nitrogen physisorption and the BJH
method for NS-14.
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Figure 8.3 plots the BJH pore size distribution from the desorption branch of silica
NS-HP, which was filtered using a filter press (P,ns = 3-5 bar) instead of vacuum filtration
(Pabs = 0.2 bar). The PoSD of this sample was between 2 nm and 30 nm, showing a
narrow peak and high pore volume around 20 nm. Thus, NS-HP did not exhibit
macroporosity.

. —t— NS-HP

[

dV/dlog(w) Pore Volume (cm?/ g-A)

G T T T I T T T T I T T T I T T I + I I
1 5 10 50 100
Pore Width (nm)

Figure 8.3. Pore size distribution determined by nitrogen physisorption and the BJH
method for NS-HP.

Figure 8.4 plots the BJH pore size distribution from the desorption branch of silica NS-50
at different conversion degrees. The PoSD for the lowest X was between 2 and 50 nm
with a high pore volume around 15 nm. The PoSD for NS-50-S4 and NS-50-S5 were in
the range between 2 and 100 nm with a lower pore volume than the sample with the lower
conversion (see Figure 8.8).

Figure 8.5 shows the BJH pore size distribution from the desorption branch of two
ripened silicas (RP-1 at 22 hours and RP-11 at 1h) and the raw material (NS-RM) used in
the ripening experiments. RP-1-22h was ripened for 22 hours at pH 8.4 and 90 °C,
resulting in a SSAggr of 124 m*/g. RP-11-1h was ripened for 1 hour at pH 11 and at room
temperature with a high shear mixer, resulting in a SSAggr of 90 m*/g. NS-RM and RP-1-
22h featured a PoSD between 2 and 100 nm, but the pore volume was much lower in the
ripened sample. The PoSD of RP-11-1h was in the range of 9 to 80 nm, the porosity
below 9 nm being completely removed.
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Figure 8.4. Pore size distribution determined by nitrogen physisorption and the BJH
method for NS-50.
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Figure 8.5. Pore size distribution determined by nitrogen physisorption and the BJH
method for the ripening experiments and the raw material.

Figure 8.6 shows the micropore volume and the BJH pore volume for NS-14 after
different washing and filtration steps. The micropore volume increased with the filtration
steps by 155% (from sample NS-14-3F to NS-14-6F). This is because the impurities were
mainly located in the micropores as was presented in Chapter 6. The biggest increase was
found between steps 3 and 4. The BJH pore volume increased gradually with the filtration
steps resulting in a rise of 28%. However, as can be observed from Figure 8.2, the pore
size range did not change with the increase of the number of filtration steps, only the Vp p
was increased.
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Figure 8.6. Micropore volume and pore volume determined for NS-14.

Figure 8.7 shows the micropore volume and the BJH pore volume for ripened nano-silicas
where a high shear mixer was used. In this figure, the samples are organized from left to
right in decreasing order of SSAggr. RP-9-1h and RP-11-1h exhibited a SSAggr of 347
m’/g and 90 m?/g, respectively. The micropore volume decreased with the ripening
treatment, being greatly reduced for sample RP-11-1h. The BJH pore volume remained
constant for samples RP-8, -9 and -10 and decreased for RP-11. Sample RP-1-22h also
displayed a significant decrease of the BJH pore volume (see Table 8.2).

0.05 12
n VMP VP?D

004 | 110
0 108 &
E 0.03 | 5
2 {06 A
> 002 t >

{04

0'01 | IJ | 0'2

OOO 1 1 1 I_I_ OO

RP-9-1h RP-10-1h RP-8-1h RP-11-1h

Figure 8.7. Micropore volume and pore volume determined by the BJH method for
ripened olivine nano-silicas.

Figure 8.8 plots the pore volume versus the conversion degree for silicas NS-50 and NS-
51; a) plots the micropore volume and b) the BJH pore volume from the desorption
branch. The micropore volume remains almost constant for NS-50 and increases slightly
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with the conversion degree for NS-51. The BJH pore volume decreases significantly with
X for NS-50 and NS-51.
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Figure 8.8. Pore volumes versus the conversion degree for NS-50 and NS-51; a) the
micropore volume and b) the BJH pore volume.

For comparison with other studies where the silicas were analysed after degassing at 120
°C, Figure 8.9 plots the pore volumes of different silicas degassed at 190 and 120 °C; a)
plots the micropore volume and b) the BJH pore volume from the desorption branch.
Silicas degassed at 190 °C featured higher micropore volumes than silicas degassed at
120 °C. Carrott [165] found that the volume of the micropores of precipitated silica
increased with the degassing temperature up to 200 °C. Bergna [6] explained that this
phenomenon is the result of the removal of adsorbed water from fully hydroxylated
microporous surfaces. On the other hand, the degassing temperature has no or little
influence on the BJH pore volume.
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Figure 8.9. Pore volumes for different silicas evacuated at 190 and 120 °C; a) the
micropore volume and b) the BJH pore volume.
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To summarize, the pore size distribution (PoSD) of olivine nano-silica determined by the
BJH method is in the range of 2 to 100 nm. The PoSD is influenced by the content of
impurities, filtration pressure, conversion degree and ripening treatment. Thus, the PoSD
of olivine silica can be tailored to match the requirements of different applications. This
tailoring can be done by changing the filtration pressure, controlling the conversion
degree and/or performing ripening treatments after the production process has been
completed. Thus, the initial PoSD (2-100 nm) can be modified to a distribution of 9 to 30
nm.

8.3.2 Pore size measured by positron annihilation spectroscopy

The positron lifetime annihilation spectroscopy (PALS) technique measures the pore size
and the intensity of each pore size. The pore intensity is related to the quantity of pores of
each size. Thus, samples with higher intensity have larger amount of pores of the size
involved. The results of PALS for different olivine silicas are listed in Tables 8.3-8.5 and
in Figures 8.10-8.12. In the case of olivine nano-silicas two types of pores were found,
pore 1 (pl) around 6 A and pore 2 (p2) around 25 A. The pore size and pore intensity
determination of p2 is just above the limit of the Tao-Eldrup model [61]. Therefore, the
results of p2 are likely to have associated a small error.

Table 8.3 reports the pore size (d,) and pore intensity (I,) of pores 1 and 2 of olivine
nano-silicas produced during 2010 and 2011, which are reported in Chapters 5 and 6. This
table also provides the conversion degree (X), sulfur content (S) and SSAggr. Table 8.4
lists the pore size and pore intensity of nano-silicas NS-50 and NS-51 with different
conversion degrees.

Table 8.5 gives the pore size and pore intensity of ripened olivine nano-silicas. All the
PALS analyses were performed in 2013.

Table 8.3. Pore size and pore intensity for different olivine nano-silicas.

Sample o) (q) S(Smé}}gE)T R SR
NS-1 84.55 3.89 131 5.6 10.1 22.8 2.1
NS-2 96.00 1.18 150 5.6 10.1 26.2 5.8
NS-4 96.18 1.17 218 6.0 13.5 26.2 5.0
NS-7 89.70 1.36 266 5.8 10.6 24.4 3.9
NS-8 95.84 2.16 185 5.8 10.4 24.2 3.6

NS-HP 91.42 1.26 425 6.2 8.2 27.0 10.4

NS-14-6F 91.07 0.03 348 5.8 10.9 26.4 11.8

NS-RM >90 0.06 341 5.6 10.2 26.6 10.5
NS-1 to NS-8 were prepared during 2010 and 2011.
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Table 8.4. Pore size and pore intensity for different olivine nano-silicas.

X S SSABET dJ’l Ipl dJ’Z Ip2
(%) (%)  (m¥g) (A [%] (A) [%]

NS-50-S1 38.41 0.20 517 5.6 6.8 25.0 10.8

NS-50-S2 76.52 0.33 325 5.6 10.5 25.0 4.2

NS-50-S3 90.34 0.16 310 5.6 10.5 24.0 3.6

NS-51-S1 81.13 0.40 375 5.8 8.2 24.8 4.7

NS-51-S2 94.35 0.05 354 5.8 9.0 25.6 5.5
NS-50 and NS-51were prepared in 2013.

Sample

Table 8.5. Pore size and pore intensity for ripened olivine nano-silicas.

X S SSABET d 1 I 1 d 2 I 2

1 P p P p
Sample (%) (%) (¥ A  [%] (A [%]
RP-1-22h >90 0.06 124 6 8.8 23.8 5.2

RP-8-1h >90 0.06 191 5.6 8.9 24.2 7.6
RP-9-1h >90 0.06 347 5.6 8.3 24.0 8.2
RP-10-1h >90 0.06 283 5.8 8.2 24.4 8.1
RP-11-1h >90 0.06 90 5.6 8.3 24.2 2.2

The ripened nano-silicas were prepared in 2012.

Figure 8.10 plots the pore size of p2 (dp») pore size versus the sulfur content for different
olivine nano-silicas. The trend for nano-silicas produced during 2010 and 2011 is that the
pore size decreases with the sulfur content. Nano-silicas produced in 2013, do not follow
this tendency. Although, all nano-silicas were dried overnight at 105 °C and stored in
sealed plastic containers immediately after their preparation, it could be that the silica is
still aging in this dried state. In fact, the aging of the dried silica is confirmed by the
nitrogen physisorption results shown in Chapter 2, where the SSAggr decreased by 38%
after two years of storing the samples in plastic bottles.

Figure 8.11 represents the influence of the sulfur content on the intensity of pore 2. The
pore intensity also decreased with the sulfur content for samples produced during 2010
and 2011, while this trend cannot be observed for samples produced in 2013.

Figure 8.12 shows the influence of the conversion degree on the intensity of pore 2,
displaying a pronounced decrease with the X. Figure 8.13 plots the pore intensity of
ripened olivine nano-silicas versus the SSAggr. It can be observed that with the ripening,
as the SSAggr is reduced, the intensity of pore 2 is reduced as well. The decrease of the
pore intensity is more pronounced when the SSAggr is reduced below 200 m*/g. On the
other hand, the d, pore size was not influenced by the ripening treatment.
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Figure 8.10. Size of p2 versus the sulfur content of different olivine nano-silicas.
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Figure 8.11. Intensity of p2 versus the sulfur content of different olivine nano-silicas.
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Figure 8.12. Intensity of p2 versus the conversion degree for NS-50.
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Figure 8.13. Intensity of p2 versus the SSAggr for ripened olivine nano-silicas.

To conclude, two types of pores were found by PALS, one at around 6 A (pore 1) and
another one at around 25 A (pore 2). Pore 1 is considered as an ultramicropore [44], while
pore 2 is considered as a small mesopore [43]. The only trend that can be observed for
pore 1 is that the pore intensity increases with the conversion degree for NS-50 and NS-
51. On the other hand, the process conditions have a big influence on pore 2, which can
be summarized as follows: 1) the pore size and intensity decrease with the sulfur content;
2) the pore intensity decreases with the ripening treatment, especially once the SSAggr is
reduced below 200 m*/g; and 3) the pore intensity decreases with the conversion degree.
Thus, pore 1 is not so much affected by the process conditions as pore 2. One way to
explain the origin of these pores could be that pore 1 is intrinsic to the amorphous matrix
of olivine nano-silica and pore 2 is related to the voids between the primary particles.

8.3.3 Silanol content and specific surface area measured by NMR

Tables 8.6-8.8 list the silanol content and the SSAnmr calculated with Eq. (2.25) and Eq.
(8.1), respectively. Additionally, the conversion degree, sulfur content and SSAggr are
also presented here. Table 8.6 provides the NMR results of the silicas discussed in
Chapter 5. Table 8.7 gives the NMR results of some silica samples presented in Chapter 6.
Table 8.8 shows the NMR results of silicas NS-50 and NS-51 (see Chapter 6). Table 8.9
lists the NMR results of ripened silicas mentioned in Chapter 6.



Chapter 8. Development of the pore structure of olivine nano-silica 153

Table 8.6. Silanol number and SSAxwmr for different olivine nano-silicas
degassed at 120 °C for 4 h.

Samples @) ( Sb ) S(i?}};; ( OI-OIc/o:mZ) Factor 55:121\}151
NS-1 85 3.89 131 23.0 4.6 602
NS-2 96 1.18 150 22.2 4.4 665
NS-3 95 1.26 165 19.3 3.9 634
NS-4 96 1.17 218 15.5 3.1 674
NS-5 95 1.19 198 17.0 3.4 672
NS-6 89 0.92 179 194 3.9 694
NS-7 90 1.36 266 13.2 2.6 706
NS-8 96 2.16 185 18.5 3.7 685

Where Factor refers to the ratio Qop/Oly.

Table 8.7. Silanol number and SSAxwmr for different olivine nano-silicas
degassed at 190 °C for 4 h.

X S SSABET OloH SSANMR
Samples %) (%) (m /g)  (OH/nmd) Factor (m? /g)
NS-14-3F 91 1.75 233 14.3 2.9 668
NS-14-6F 91 0.03 343 10.9 2.2 745
NS-HP 91 1.26 433 8.9 1.8 773
NS-RM >90 0.06 334 11.5 2.3 768

Table 8.8. Silanol number and SSAxwmr for silicas NS-50 and NS-51
degassed at 190 °C for 4 h.

Samples (;i) ( Sb ) S(i?}};; ( OI-OIc/o:mZ) Factor S(Sn?zlj;‘)l‘
NS-50-S3 38 0.20 517 8.2 1.6 844
NS-50-S4 77 0.33 325 12.1 2.4 790
NS-50-S5 90 0.16 310 12.8 2.6 791
NS-51-S4 81 0.40 375 10.7 2.1 804
NS-51-S5 94 0.05 354 11.2 2.2 793

Figures 8.14 and 8.15 show the influence of the degassing temperature of the gas
physisorption analyses on the 0oy and SSAnwmr. This is due to the influence of the
degassing temperature on the SSAggr, and, therefore, on the oon and SSAnxmr (see
Equations (2.25) and (8.1)). The average values of SSAnwmr for silicas degassed at 120 °C
and 190 °C are 666 and 775 m’/g, respectively. In addition, it can be observed in Figure
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8.15 that there is an upward linear trend for SSAxmr, Which means that the factors (i.e.,
process conditions) affecting the SSAggr also have a positive influence on the SSAxmr.

Table 8.9. Silanol number and SSAnwmr for ripened olivine nano-silicas.

SSABET aOH SSANMR
Samples (m /g) (OH/nm?) Factor (m? Ig)
RP-1-22h 124 22.2 4.4 551
RP-8-1h 191 18.2 3.6 696
RP-9-1h 347 114 2.3 789
RP-10-1h 283 14.4 2.9 814
RP11-1h 90 40.3 8.1 725
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Figure 8.14. Silanol content versus SSAggr for samples degassed at 120 and 190 °C.
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Figure 8.15. SSAnxmr versus SSAggr for samples degassed at 120 and 190 °C.
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Figures 8.16 and 8.17 show the influence of the conversion degree on the Oon and
SSAnmr for silica NS-50. The silanol content increases with the X, whereas the SSAxmr
decreases slightly with it.
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Figure 8.16. Silanol content versus conversion degree for sample NS-50.
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Figure 8.17. SSAnmr versus conversion degree for NS-50.

Figure 8.18 plots the silanol content versus the SSAggr for the ripened nano-silicas, where
results measured on the raw material, samples treated with the high shear mixer (HM) and
a sample after long ripening (without the HM) are presented. The silanol content rises
with the ripening (i.e., with the reduction of SSAggr). The highest silanol values were
obtained for the samples with smallest SSAggr, which are RP-1-22h and RP-11-1h with
silanol values of 22 and 40 OH/nm’, respectively. The silanol content for RP-11-1h was
considerably higher than for RP-1-22h. This difference is likely to be either due to the
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long ripening time of RP-1-22h or the high pH of RP-11-1h (see Table 6.10). Figure 8.19
represents the variation of the SSAxmr with the SSAggr. The SSAnmr remains almost
constant, increasing only slightly with the SSAggr.
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Figure 8.18. Silanol content versus SSAggr for ripened olivine nano-silicas.

HM refers to samples prepared with the high shear mixer (RP-8 to RP-11) and long ripening to samples
prepared without HM (RP-1 at 22 hours).
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Figure 8.19. SSAnmr versus SSApgr for ripened olivine nano-silicas.

The silanol number was also calculated from TG analysis using Eq. (8.2) to compare
them with the results obtained from NMR. These determinations were done for silicas
NS-1 to NS-8. Figure 8.20 plots the silanol content from NMR and TGA analyses. Both
determinations show similar results; however, the silanol content obtained from TG
analysis is slightly lower than that from the NMR analysis.
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Figure 8.20. Silanol content determined from NMR and TG analyses versus SSAggr.

To summarize, the silanol content is in the range of 13 to 22 OH/nm? for olivine nano-
silicas dried at 120 °C and 11 to 13 OH/nm’ for silicas dried at 190 °C. The ooy of
olivine silicas is higher than the values obtained by Zhuralev (4.9 OH/nm2) [162], and
also by Gallas (~8 OH/nmz) [163], but similar to the values reported by Lieftink (9-27
OH/nm?) [30]. The reason for these high silanol values is because the NMR technique
determines the total amount of silanols, including silanols in the ultramicropores and
internal silanols, but the SSAggr does not take into account the internal surface area nor
the area of micropores. The conditions of the olivine nano-silica production process have
a considerable influence on the silanol values. The silanol content decreases with the
purity and filtration pressure, and increases with the conversion degree of the dissolution
of olivine and ripening treatment. Actually, silanol values as high as 40 OH/nm” were
obtained for ripened silicas. The SSAnwmr, however, is much less affected by the process
conditions than the 0oy, exhibiting slope which is nearly zero.

8.34 Precipitated silicas and pyrogenic silica

In this section the specific surface areas, pore size distributions and silanol contents of
two precipitated silicas (Sipernat 50S and 310) and two pyrogenic silicas (Aerosil 200
and 380) are presented. Table 8.10 shows some physical properties from the material
safety data sheet of the commercial products and some textural properties from the gas
physisorption analysis. It is noteworthy that the result of the micropore volume for Sip
310 is negative, but since this is physically not possible, it is assumed zero. Another
abnormal fact is that for the same sample, the SSAyp is positive in disagreement with the
Vump. This is due to the calculation of the SSAwmp using Eq. (2.19), where the SSAggr is
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used as the total surface area, instead of Eq. (2.18), where the total surface area is
determined from the t-plot.

Table 8.10. Main properties of precipitated and pyrogenic silicas.

Data sheet N, physisorption
Silicas SS‘%BET d; Pg; SS‘%BET SS?MP SSZAE d; dpr V1v31P VPSD
(m7g)  (um) (%) | (m7/g) (m7g) (m7/g) (nm) (nm) (cm’/g) (cm/g)
Sip 50S | 500.0 18.0 - 456.0 26.7 429.3 6.0 11.0  0.007 1.380
Sip 310 700.0 8.5 - 693.6 15.3 678.3 3.9 7.8 0.000 1.537
Aero 200 | 200.0 - >99.8 | 216.8 8.7 208.1 126 129 0.001 0.582
Aero 380 | 380.0 - >99.8 | 379.0 37.1 341.9 7.2 10.0 0.012 0.805

Where Sip refers to Sipernat, Aero to Aerosil, d; to the size of the primary particles (calculated using Eq.
(2.20)) and d; to the agglomerate size.

Table 8.11 presents the pore sizes and pore size intensities obtained from the PALS
analysis of Sipernat and pyrogenic silicas. Table 8.12 provides the silanol number and the
SSAnmr of Sipernat silicas. Pyrogenic silicas do not contain or contain very few silanol
groups since the flame temperature of the production process is in the range of 1200 to
1600 °C [2].

Figure 8.21 presents the pore size distribution of Sipernat 50S and 310, both of them in
the range of 2 to 100 nm, but Sip 310, which features a larger SSAggr, has a higher pore
volume in the mesopore range (5-50 nm) than Sip 50 S. Usually, precipitated silica is
considered to be mainly macroporous [1,6], however, the pore size distribution clearly
shows the presence of some pores in the range 2-50 nm.

Table 8.11. Pore size and pore intensity from PALS
of precipitated and pyrogenic silicas.

SSABET dJ)l Ipl dJ)Z Ip2

Sample  “ove) A (%) A (%)
Sip 50S 500 6 6.3 25.2 7.1
Sip 310 700 5.8 5.9 23.8 8.4
Aero 200 200 54 9.5 21.2 34
Aero 380 380 5.6 8.5 22.2 4.2

Table 8.12. Silanol number and SSAxwvr of precipitated silicas.

SSABET fg fs Olol SSANMR
Samples (mz /g) (AU) (AU) ( OH/nmz) Factor (mz /)
Sip 50S 500 0.164 0.307 6.8 1.4 681

Sip 310 700 0.263 0.402 6.8 1.4 947
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Figure 8.21. BJH pore size distribution of precipitated silicas.

Figure 8.22 shows the pore size distribution of Aerosil 200 and 380, which is in the range
of 2 to 150 nm. The mesoporosity of this type of silica was unexpected since it is usually
considered as non-porous silica [1,6,166] with type II physisorption isotherm, showing no
hysteresis. However, when this material is pressed, mesopores are developed [156,157].
Lieftink [30] also found that Aerosil 200 was mesoporous with a similar pore size range

and pore volume to the results presented here.
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Figure 8.22. BJH pore size distribution of pyrogenic silicas.
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Figures 8.23-8.25 present transmission electron microscope photographs of Sipernat 50S,
Aerosil 200 and Aerosil 380, respectively. These samples have been prepared by
ultrasonic dispersion in ethanol. It is possible that during the sample preparation in
ethanol, neck formation between the silica particles of Aerosil occurred. All three types of
silica are structured in 3D networks. In addition, in all the micrographs, voids can be
found, which are related to mesoporosity and macroporosity.

N

£ ; N

Figure 8.24, a and b. TEM photographs of Aerosil 200 (135 kx and 250 kx,
respectively).

A comparison between the precipitated and olivine silicas reveals that: 1) the SSAggr is
higher for Sipernat 310 than for olivine silicas; 2) the Vp p is considerably higher in the
case of Sipernat silicas, which means that precipitated silicas have a higher content of
mesopores and macropores; 3) the Vyp is much lower in the case of Sipernat silicas,
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resulting in lower micropore surfaces areas; 4) the intensity of pore 1 measured by
positron annihilation lifetime spectroscopy (PALS) is lower for precipitated silicas than
for olivine silicas, while the intensity of pore 2 is in the same range; 5) the silanol content
of Sipernat (~7 OH/nmz) is lower than the silanol content of olivine silicas (~12 OH/nm*
for samples degassed at 190 °C); 6) The SSAxmr follows the order: Sipernat 310 >
olivine nano-silica > Sipernat 50S, with an average value for olivine nano-silica of 780
m*/g; and 6) both types of silicas form 3D network structures.

e ] 28 TR

Figure 8.25, a and b. TEM photographs of Aerosil 380 (89 kx and 175 kx,
respectively).

On the other hand, pyrogenic silicas exhibit similar SSAggr and Vp p, and lower Vyp.
Regarding the PALS analysis, pyrogenic silicas show a similar intensity for pore 1 and a
lower intensity for pore 2. Additionally, pyrogenic silicas also form 3D network
structures.

The pore size ranges mentioned in the literature for precipitated and pyrogenic silicas are
different from the PoSD obtained in this study. Mesoporosity was found for precipitated
and pyrogenic silicas. There are two possible explanations for these results:

1) The evacuation temperature employed in this study removes all the physically
adsorbed water so mesopores can take up gas. In fact, Carrott [165] found that the
volume in the micropores of precipitated silica increased with the evacuation
temperature up to 200 °C. Bergna [6] explained that this phenomenon is the result
of the removal of adsorbed water on fully hydroxylated microporous surfaces.

2) It could be that at some steps during the production processes, mesoporosity is
created. For example, this could happen if pyrogenic silica would be compressed
after its production.
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8.4 Discussion

Prior to analyzing how the pore structure develops with the conversion degree and
ripening, a few aspects about the particle growth of silica should be recalled. The
formation and particle growth of silica can be summarized (see Chapter 7) with the
following steps: 1) Olivine dissolves releasing silica into the medium; 2) Soluble silica
nucleates, and primary particles of 1 to 2 nm are formed; 3) The silica particles grow by
condensation of hydroxyl groups (Eq. (4.3)) forming linear chains [118]; and 4) If the
reaction continues, the chains keep growing, forming 3D networks. In addition to these
points, it is important to remark that during the olivine dissolution reaction several
processes occur at the same time such as the release of silica from the olivine, the
continuous nucleation and formation of primary particles and the growth of silica. It is
important to understand these processes since the properties of olivine nano-silica are
affected by all of them.

The term growth of silica refers to both processes: aggregation and agglomeration
(definitions of aggregation and agglomeration are provided in Appendix I). This term is
used in this thesis because aggregation and agglomeration occur during the production of
olivine nano-silica, but also because the frontier between them cannot be discerned so
clearly.

Figure 8.26 presents the textural properties variation (SSAger, SSAmp, SSAnmr and Vp p)
in percentage versus the conversion degree. The SSAggr and Vp p decrease pronouncedly,
the SSAnmr decreases slightly, and the SSAymp remains constant with increasing
conversion degrees (X). SSAger shows a similar trend to Vp p since SSAggr is the sum of
SSAg, which is related to the BJH pore volume, and SSAyp. The decrease of Vp p with X
can also be inferred from Figure 8.5, which shows that the PoSD is wider, but much
flatter for higher conversion degrees. The decrease of the BJH pore volume with X means
that the silica agglomerates become more compact due to a better packing of the particles.
This is in agreement with the findings of Okkerse [141], who stated that a better packing
was obtained for silicas gels after longer gelling times. Another interesting fact from the
BJH PoSD is that the pore size becomes wider at higher conversions. This is in agreement
with the findings of Lieftink [30], who found that olivine nano-silica at the beginning of
the reaction was microporous and mesoporous, and with time, macropores were
developed.

The SSAnwmr slightly decreases with the conversion degree, being almost constant. Since
silica grows via a condensation route, it would be expected that the silanol number is
reduced with the particle growth. This reduction occurs, but to a lower extent than for
SSAger and Vp p. The difference in the reductions of SSAxmr and SSAggr could be
explained assuming that internal porosity is developed with the conversion degree as the
result of condensation of two blocks of silica particles. Thus, this internal surface area is
not available anymore for gas although the NMR analysis still detects the silanol groups
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on these surfaces. In addition, the silanols in the ultramicropores are likely to remain
unchanged.
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Figure 8.26. Variation of the textural properties of olivine nano-silica versus the
conversion degree.

The SSAnmr is an important parameter of the olivine nano-silica since it provides the
specific surface area of a fully hydroxylated silica, being different that the SSAggr. The
SSAnmr determinations can be used to estimate the amount of silanols in the
ultramicropores and internal silanols. However, these surface areas are not accessible or
difficult to access, which makes them not so useful from the point of view of some
applications.

Considering all the results from the different analyses of this study and the literature data
reviewed in Chapter 7 [4,118,131,141], the development of the nano-silica structure could
be summarized with the following steps. 1) Initially, soluble silica nucleates and primary
particles of 1 to 2 nm are formed. 2) The silica particles grow via a condensation route
forming linear chains. 3) As the growth continues, the silica particles keep increasing in
size, resulting in 3D networks. 4) With time, the aggregates become bigger and more
compact. 5) The final result of the olivine nano-silica production process is agglomerates
as large as 20 um (see Figure 6.12). This texture development model of the olivine silica
is described graphically in Figure 8.27, where the shown shape and morphology are only
for illustrative purposes. Because the silica aggregates and agglomerates of silica consist
of many more primary particles than are shown in this figure, this representation is not
realistic but illustrative, and could be misleading regarding the PoSD and the pore volume
between the particles.
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Figure 8.27. Texture development model of olivine nano-silica.

The silica agglomerates are not shown here since they are too big for the adopted scale.

Figure 8.28 represents the variation of the textural properties (SSAmp, SSAxmr and Vp p)
in percentage with the SSAggr of the ripened olivine nano-silicas. The SSAggr decreases
with the ripening treatment (i.e., pH of ripening, see Figure 6.10). The SSAmp decreases
by 90% with the ripening. The Vp p remains constant initially, decreasing drastically for
samples after intensive ripening treatments (SSAggr below 200 m*/g). The SSAnyr drops
slightly with the ripening.

The pronounced decrease of SSAwp is due to the reduction of pores of around 2 nm. That
can be inferred from the results of the positron annihilation lifetime spectroscopy (PALS),
where two types of pores were found. The intensity of pore 1 (~0.5 nm) did not change
during the ripening treatment, but the intensity of pore 2 (~2.5 nm) decreased by 75%.
Therefore, the microporosity was reduced significantly, but the ultramicropores remained
unaffected. The BJH pore volume remained constant for non-intensive ripening
treatments, decreasing for samples with a SSAggr below 200 m*/g. The pore range was
also reduced during the ripening (see Figure 8.4), the pores below 9 nm being completely
removed. This phenomenon is because dissolved silica condensates initially on the walls
of accessible micropores, and when most of the micropores have been filled, the
dissolved silica condensates on the smaller mesopores. A similar effect can be observed
in Figure 6.11.

The SSAxmr decreases gradually and slowly with the ripening treatment, resulting in a
total reduction of 8% for the most intensive ripening. The most plausible explanation for
the small reduction of SSAxmr is that most of the silanols in olivine nano-silicas are



Chapter 8. Development of the pore structure of olivine nano-silica 165

located on internal and ultramicropores surfaces. Therefore, they are not affected by the
ripening treatment.
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Figure 8.28. Variation of the textural properties of ripened olivine nano-silica versus
the SSABET.
8.5 Conclusions

Olivine nano-silica exhibit a SSAggr in the range of 100 to 500 m*/g, with an average
value of 350 m*/g for silicas of high purity, X > 90% and filtered under vacuum. The BJH
pore size distribution is in the range of 2 to 100 nm. The silanol number is in the range of
13 to 22 OH/nm” for olivine nano-silicas dried at 120 °C and 11 to 13 OH/nm’ for silicas
dried at 190 °C. These high silanol values are due to the presence of internal and
ultramicropore silanols. In the PALS analyses two types of pores were found, one at
around 6 A (pore 1) and another one at around 25 A (pore 2). Pore 1 was in the
ultramicropore range, while pore 2 was in the low mesopore range. Pore 1 can be
considered to be intrinsic to the amorphous matrix of olivine nano-silica, and pore 2 can
be due to the voids between the primary particles. Therefore, olivine nano-silica is
considered to be as microporous, mesoporous and macroporous.

The process conditions (i.e., the impurity content, conversion degree, pressure of filtration
and ripening treatment) have an important influence on the textural properties of olivine
nano-silica. The pore size distribution of olivine silica can be tailored to meet the
requirements of different possible applications. This tailoring can be done by changing
the filtration pressure, controlling the conversion degree and/or performing ripening
treatments after the production process has been completed. Thus, the initial PoSD (2-100
nm) can be modified to a distribution of 9 to 30 nm.



166 Chapter 8. Development of the pore structure of olivine nano-silica

The development of the nano-silica structure during the olivine process can be described
by the following steps: 1) initially, soluble silica nucleates and primary particles of
around 2 nm are formed; 2) the silica particles grow via a condensation route, forming
linear chains; 3) as the growth continues, the silica particles keep increasing in size,
resulting in 3D networks; and 4) with time, the aggregates become bigger and more
compact. The final result of the olivine process is agglomerates as big as 20 pum. In
addition, internal pores (also called closed pores) are developed with the conversion
degree as the result of condensation of two blocks of silica particles.

In comparison with precipitated silica (Sipernat 310 and 50S), olivine nano-silica is
characterized by: 1) a lower SSAggr than Sipernat 310; 2) Vp p is considerably lower,
which means that precipitated silicas have a higher content of mesopores and macropores;
3) the Ve is much higher which results in higher micropore surfaces areas; 4) the silanol
content is higher; and 5) the SSAxmr follows the order: Sipernat 310 > olivine nano-
silica > Sipernat 50S, with an average value for olivine nano-silica of 780 m*/g. On the
other hand, pyrogenic silicas feature similar SSAggr and Vp p, but lower Vyp than olivine
nano-silicas. In addition, all three types of silica form 3D network structures.
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Chapter 9. Technical aspects of the production of
olivine nano-silica

9.1 Introduction

As was mentioned previously, the olivine nano-silica process is not yet a commercialized
product. This chapter addresses different practical points of the olivine nano-silica
process, which will be useful in the case that this process is implemented industrially. The
aspects presented here are:

1. conditions chosen of the olivine nano-silica process;

2. problems that can occur during the production;
3. experiments performed in pilot plants;
4. cost analysis of olivine nano-silica and precipitated silica;
5. generation of waste solutions and byproducts;
6. application of olivine nano-silica in concrete.
9.2 Conditions chosen
9.2.1 Type and concentration of acid

The acid used in the dissolution of olivine is sulfuric acid because of its relatively low
cost and low corrosive behavior compared with HCL. In addition, experiments performed
by Jonckbloedt [12] showed that the use of sulfuric acid produced nano-silica with higher
specific surface area than using hydrochloric acid. He found that the dissolution of olivine
in 3M sulfuric acid at 70 °C produced an amorphous silica with a specific surface area
between 220 and 240 m*/g, whereas using 6M hydrochloric acid at 70 °C produced a
material of 97 mz/g (no data about the chemical composition was reported) [12].

Initially, one may think that it could be convenient to work at the highest possible
concentration of sulfuric acid in order to accelerate the dissolution rate; however, the
maximum amount of sulfuric acid that can be used in the dissolution of olivine is limited
by the solubility of MgSO,. Table 9.1 lists the soluble concentration (mol/L) of MgSO, at
different temperatures obtained from the solubility values [105].

As is shown in Table 9.1, the solubility at 20 °C is 2.67 mol/L. This value is the solubility
of MgSO0O4 in water considering that no other compounds are in the solution, but the real
solubility of MgSOy in the olivine slurry is influenced by the presence of other ions in the
solution. No presence of crystals has been observed during the olivine reaction under the
experimental conditions used (between 50 and 90 °C with 3M sulfuric acid). However,
crystallization occurred when the slurry was filtered directly after decantation, as can be
seen in Figure 9.1. This problem can be solved by diluting the slurry with water.
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Table 9.1. Soluble concentration of MgSQ, at different temperatures.

T W Ps m [MgSO;];
(°C) (%) (g/em’)  (g/L) (mol/L)
0 18.2 1.200 218.5 1.815
10 21.7 1.240 269.1 2.236
20 25.1 1.279 321.0 2.667
30 28.2 1.314 370.7 3.079
40 30.9 1.345 415.7 3.453
50 33.4 1.374 458.8 3.812
60 35.6 1.399 498.0 4.137
70 36.9 1.414 521.6 4.334
80 359 1.402 503.4 4.182
90 34.7 1.388 481.8 4.003

W, is the saturation concentration, ps density of the solution, ms mass of the solute and [MgSQ,];

concentration at the saturation point.

Figure 9.1 Formation of MgSO4 needle crystals during filtration.

9.2.2 Type of silicate mineral

The silicate mineral selected in this study to produce nano-silica is olivine due to the
absence of Si-O bonds in its structure (see Figure 1.9), which makes the reaction faster
than for other silicate minerals. In addition, dunite, which consists of 90% of olivine, is
the most common rock in the upper mantle. Deposits of dunite rocks can also be found in
the earth crust, which makes it a low price commodity (between 75 and 150 $ per ton
[167]). Two types of dunite materials were used, one from Norway and another one from
Greece. The Norwegian material is richer in olivine because the Greek material is a
byproduct of a magnesite mine with a lower content of olivine (more details about the
chemical composition of these materials are presented in Chapter 2).
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9.2.3 Reactor design

The olivine silica setup consists of a stirred double-walled glass reactor, a thermostat bath
and a cooling vessel that adjust the reactor temperature through the outer wall. Two
reactors have been used, one of 1 liter and another one of 15 liters. The schematic
diagram of the setup for the production of olivine nano-silica is shown in Figure 9.2. The
reactors used are shown in Figures 9.3 and 9.4, respectively.

PRT, ﬁ Mka &

Thermostat

\i

Reactor Vessel

1 Bleeding valve

2 Bleeding/filler valve

3 Bypass valve

Cooling 4 Draw-off valve

vessel Mk, Shut-off valve heating system
Mk, Shut-off valve cooling system
DA, 3-way valve cooling system
DA, 3-way valve heating system

! PRT, Temperature sensor

N :]4 PRT, Temperature sensor

M Diaphragm pump

Figure 9.2. Diagram of the setup for the production of olivine nano-silica.

The reactors were designed following the recommendations of the Handbook of Industrial
Mixing [103]. The main characteristics of the reactors are: 1) the reactors have baffles; 2)
the reactor bottoms are rounded; 3) the stirrer type is a pitched blade turbine (PBT) with
an angle of 45°. The stirrer engine is oversized in order to have enough power to keep all
the particles in complete motion (known as Zwitering criterion) even at the most viscous
state. When a slurry is under the Zwitering condition, the maximum surface area of the
particles is exposed to the fluid for chemical reaction or mass transfer [103]. The
minimum agitation speed (Nj,) for the suspended state can be calculated with:
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045
N, =S ! |:g(ps _p1):| (X013 @02 408, (9.1)
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where S is a dimensionless number which is function of the type of impeller, v the
kinematic viscosity, g the gravitational acceleration, p, the density of the solid particles,
p1 the density of the solution, X the solid content, d, the olivine particle size and d; the
diameter of the impeller.

Figure 9.3. Reactor of 1 liter for the production of nano-silica.

Table 9.2 presents the values of Nj, for the initial conditions and the maximum viscosity
conditions found in Table 4.5 for olivine particles of 10, 100 and 500 wm. The parameters
used in Eq. (9.1) for the 15 liter reactor are an impeller diameter of 0.0415 m, the
Zwietering constant (S) of 3.4 and the mass ratio of suspended solids 0.22 kg solid/kg
liquid. The agitation speed used in this study was around 8 rps. Therefore, the stirring
speed is always above the minimum agitation speed for the suspended state except for
olivine particles of 500 um, where the agitation speed is slightly lower than Njs. It has not
been considered in this calculation that the mass ratio of suspended solids decreases with
time; thus, the real value of Nj, should also decreases with time.

9.3 Production problems during the synthesis

As in many other production processes, while developing a new material or synthesis
method, many problems appear related to the properties of the main product or to the
production process such as material corrosion, control operation, inadequate mixing,
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separation difficulties, etc. The problems encountered while performing the experiments
are described below.

Table 9.2. Estimation of the minimum agitation speed.

State 1 State 2
Njs (rps) Njs (rps)
do; = 10 um 39 5.0
do; = 100 um 6.1 8.0
do; =500 um 8.4 11.0

State 1 refers to the beginning of the reaction (p = 1180 kg/m® and .= 1.70-10° Pa-s), State 2 to the
maximum viscosity conditions (p = 1364 kg/m3 and W = 0.0452 Pa-s) and d,, is the diameter of the olivine
grains.

Figure 9.4. Reactor of 15 liters for the production of nano-silica.

9.3.1 Iron oxidation in the slurry

Figure 9.5 plots the phase diagram (pSO./pH) of Fe (II) and Fe (III) when no other ions
are in the medium [168]. The horizontal line describes the change of pH in a solution with
a constant pSO4 of -0.48 (equivalent to 3M without taking into account the activity
coefficient). Thus, in a solution with only sulfates (3M), hydrogen ion and iron, the iron
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species at the initial pH (around -0.77) would be in the form of FeHSO,**. As the pH
increases, the iron phase would change to FeSO,", shortly after that to Fe(SO4),, and
finally around the pH value of 4 to Fe(OH)3, which would precipitate.

pSO,

W

pH
Figure 9.5. Phase diagram of FeSQ, against the pH [168].

In the case of the dissolution of olivine in acid, the iron in the solution is susceptible to
oxidation from Fe (II) to Fe (III) when the solution pH increases. When that happens the
slurry changes its colour from green-grey to yellow-brown (see Figure 9.6) and the silica
becomes contaminated. Besides iron and sulfates, there are more species in the slurry (i.e.,
magnesium, silica, silicate minerals) that modify the speciation of the iron. In order to
determine the point of the precipitation of the iron, several experiments were performed
under the olivine nano-silica production conditions. These experiments were conducted
with slurries of different batches, masses of slurry and volume of distilled water, as can
be seen in Table 9.3. The precipitation point, which is related to the change of colour,
occurs in the pH range between 3.1 and 3.4 (excluding the experiment in batch 1 with a
pH value of 4.2). Therefore, all the operations in the production of olivine nano-silica
should be performed below this pH. That is the reason why in the previous chapters the
washing and filtering of the nano-silica is carried out initially with an 0.1M sulfuric acid.
Once most of the iron is removed, distilled water is used in order to further remove the
sulfates from the silica (see Chapter 6). Using this procedure, the washing and filtering
under nitrogen conditions (as was done by Jonckbloedt [12]) can be avoided.
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Figure 9.6. Change of color of the slurry with the pH.

Table 9.3. Precipitation point of the olivine nano-silica slurry.

Batch I(I;S)' (Z;lv) pH; pH,
1 14.0 50 1.6 3.4
1 2.0 45 2.1 42
1 5.0 0 2.1 3.4
2 10.0 50 1.7 3.3
2 23.2 0 0.7 3.1
myg refers to the slurry mass, V,, the water volume, pH; to the initial pH and pH,

to the pH at the precipitation point.

9.3.2 Cleaning of the olivine nano-silica

One of the most problematic operations in the olivine nano-silica production process is
the separation of nano-silica from the other components of the slurry. The first difficulties
can occur during the decantation of the remaining silicate minerals. In a couple of
experiments, some minerals went together with the silica/sulfate dispersion as can be seen
in Figure 9.7. Besides the contamination, the presence of mineral grains allows the
formation of preferential paths during the filtration, which considerably reduces the
separation efficiency, letting some silica escape from the filter cake. This process should
be optimized in order to completely separate the minerals from the slurry, and at the same
time minimize the amount of silica loss. This could be done by using a decantation vessel
designed specifically for this process and using more than one decantation step.
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Figure 9.7. TEM picture of olivine nano-silica with mineral impurities.

Even when no minerals are present in the filter cake, some silica dispersion is passing
through the filter at the beginning of the operation until the filter cake is formed. In
Chapter 5, data about the separation efficiency is presented (see Figure 5.13), where it is
mentioned that the separation efficiency increases with the specific surface area of nano-
silica and aging time. A possibility to increase the separation efficiency beyond this value
(80%) would be to add a recovery step to the process.

When using a laboratory filter press (Serfilco model 0.02 - 7PPMH) with a cake volume
of 566 ml, clogging of the filter cloth and overpressure has been observed. However,
when using a larger filter press (experiments performed by Eurosupport and Hellas Gold
as is explained later in this chapter) this situation did not occur even though the filter
cloth used was the same type. Probably, this was because with the lab filter was difficult
to control the pressure in the initial stages. This initial high pressure could break down the
pore structure of the nano-silica. Similar effects were described by Madeleine [114] for
cakes consisting of nano-particles under the effects of high pressure resulting in a
collapse of the structure.

When using Greek materials PROMGM-1 and PROMGM-3, additional problems related
to the cleaning of the nano-silica were found. The separation of the silica from the slurry
was impossible because a thick mud was formed, as can be seen in Figure 9.8. This thick
mud was formed due to the presence of talc and precipitated gypsum (CaSOs4-2H20); the
latter as a result of the high content of CaO in the dunite.
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4 i

Figure 9.8. Thick mud produced when dissolving PROMGM-1 in sulfuric acid 3M.

9.3.3 Overheating

Because the dissolution of olivine in acid is exothermic, heat is generated during the
process. Table 1.2 shows that the temperature would rise up to 79 °C if 1.5 moles of
olivine reacted with sulfuric acid in an adiabatic reactor. Actually, in the real case,
systems are far away from adiabatic conditions since there are energy losses to the
surrounding medium. However, for normal batch reactor shapes, the bigger the reactor
the smaller the energy loss should be. The advantage when operating an industrial reactor
is that the energy requirement to heat up the mixture can be neglected. However, whereas
the temperature control is relatively simple in the laboratory reactors, a more careful
approach should be considered when operating industrial reactors.

The heat generation rate depends on the kinetics of the olivine dissolution. Likewise, the
kinetics depends on the hydrogen ion activity, olivine specific surface area and reaction
temperature (as discussed in Chapter 4). The concentration of the hydrogen ion should be
as high as possible to obtain the maximum amount of silica per batch, but should be
below the saturation concentration of MgSO4 to avoid its precipitation. That means the
acid concentration is fixed at the highest possible value that ensures no crystallization of
MgSOs. The olivine specific surface area and the reaction temperature could be adjusted
in order to slow down the reaction kinetics and, therefore, to avoid problems of
overheating, and at the same time have short reaction times.

9.34 Cementation in the reactor

Another important problem is the cementation of the solid material when the whole
reactor or part of it is not stirred vigorously enough. This happens as the result of the
precipitation of silica on the olivine grains acting as a binder between the mineral grains.
This phenomenon occurs when the mixing between the solid particles and the fluid is
inadequate. Factors that make the mixing poor are the presence of dead zones, low
stirring speed or a bad configuration of the stirrer.
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9.3.5 Aggressive medium

The olivine nano-silica production is performed under aggressive conditions, which are
25% sulfuric acid, temperature between 50 and 90 °C and a solid content of 250 g/L. The
main problems related to these aggressive conditions are the corrosion of some parts of
the reactor and the difficulties in monitoring and controlling the pH. Resistant materials
for these conditions are special stainless steel, special alloys and stainless steel covered
with a protective layer (made of enamel, PTFE or special metals such as tantalum,
zirconium and niobium). Steel 654 SMO is the stainless steel most resistant to elevated
temperature at a concentration of sulfuric acid 25%, featuring a corrosion of 0.1 mm per
year at 80 °C (see Figure 9.9) [169]. Hastelloy C and B-3 feature a corrosion of 0.13 mm
per year in 25% sulfuric acid at 85 °C and 110 °C [170], respectively. The special metals
tantalum, zirconium and niobium are very resistant to sulfuric acid, being corroded less
than 0.13 mm per year [171]. The protective layers of enamel and PTFE are also resistant
to corrosion under these conditions. However, the enamel layer could crack under impact,
and the PTFE wears out more rapidly at this high solid content than the metallic materials.
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Figure 9.9. Isocorrosion curves (0.1 mm/year) of special stainless steels in H>SO,.
Where 654 SMO, 254 SMO and 904 L are austenitic stainless steels and MONIT is a ferritic stainless steel.

94 Experiments on pilot plants

In addition to the production of olivine nano-silica on laboratory scale at the Technical
University of Eindhoven, other experiments were performed in larger reactors in
collaboration with Eurosupport (The Netherlands) [172] and Hellas Gold (Greece) [173].
Figure 9.10 illustrates the schematic diagram of the pilot plant for the production of
olivine nano-silica in Eurosupport [172], and Figure 9.11 shows the picture of the pilot
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plant in Hellas Gold [173]. In the experiments performed by Eurosupport, Norwegian
olivine GL50 (see Table 2.1) was employed in a batch reactor made up of stainless steel
covered with enamel. In the experiments performed by Hellas Gold, the material
PROMGM-10 (see Table 2.1) was used in a set of reactors made of stainless steel. In this
case, no attention was paid to the corrosion of the steel because this system was used only
for a limited number of experiments.

Reactor Decantation vessel Filter press Waste vessel
80L 100L 100L
Olivine HzSO4 25%
1 Waste
Solution
Nano-silica

Figure 9.10. Schematic diagram of the pilot plant in Eurosupport (Netherlands).
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Flgure 9.11. Plcture of the production pilot plant in Hellas Gold (Greece) [173]

Table 9.4 lists the reaction volumes, BET specific surface area (SSAggr), sulfur content,
purity of silica and the process yield of the olivine nano-silica produced. The scale up of
the reaction from laboratory scale (1 and 15 liters) to pilot plant (60 and 80 liters) did not
cause any problem. The cleaning of the nano-silica using a filter press gave excellent
results in the case of Eurosupport. Olivine nano-silica produced by Eurosupport featured
similar purities to the values presented in Chapter 6, and with an average process yield
equal to the best values reported in Chapter 5. However, in the case of Hellas Gold, the
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average purity obtained was 96.5% because some problems occurred during filtration.
The filtration problems can be explained by the presence of minerals in the filter cake.
The presence of minerals in the filter cake creates preferential paths and makes the
cleaning of nano-silica inefficient. This means that with the set-up of Hellas Gold the
decantation of the slurry was not performed properly.

Table 9.4. SSAggr, sulfur content and purity of olivine nano-silica produced by
Eurosupport [172] and Hellas Gold [173].

SSAgeT Sulfur Pg;

(m’/g) (%) (%)
Volumeg Range  Aver. Range Aver. Range Aver. Yns
(L) (%)

Eurosupport 80 321-401 385 0.05-0.27 0.08  98.5-99.4 99.15 83
Hellas Gold 60 320-420 375 0.13-1.8 0.6 92.2-99.4  96.5 -

Where Volumeg, refers to the reaction volume.

9.5 Cost of the materials and energy requirements

In this section an estimation of the cost of the raw materials, the energy requirements and
CO, emissions is presented for both production processes: the olivine nano-silica and
precipitated nano-silica using water-glass. Table 9.5 presents the material properties (i.e.,
molecular weight and concentration) and the process yield of the olivine nano-silica
process. The average prices of sulfuric acid, dunite and waterglass (WQG) are listed in
Table 9.6.

Table 9.7 shows the sulfuric acid and the dunite costs associated with the production of
olivine nano-silica. The estimated total cost of the raw materials in the olivine nano-silica
process is 1023 $ per ton of silica.

Table 9.5. Properties of the materials in the olivine nano-silica process.

M, Msio, Muso, H,SOs H,SO;  my ratioyy, ratioy Yns
(g/mol) (g/mol)  (g/mol) ™M) (%) (%) H,SO04/Si ol/si (%)
145.13 60.08 98.06 3 24.97 90 2 1 0.8

Table 9.6. Reagent prices of olivine nano-silica and precipitated silica processes.
H,SO, Dunite WG 27 wt.%

($/tn) ($/tn) ($/tn)
152 113 555
Ref. [174] [167] !

Where WG refers to waterglass. ' Value obtained from the PQ corporation.
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Table 9.7. Estimated costs of sulfuric acid and dunite for the production of
1 ton of olivine nano-silica

Nxs npso, Muso, Cuyso, n, My, Cau Crum

(kmol)  (kmol)  (kg) $  (kmol) (kg () ()
16.64 3329 425048 645 16.64 335502 377 1023

Table 9.8 lists the estimated raw material (RM) cost of precipitated silica from the
waterglass route, which results in a cost of 2266 $/ton. In addition, in the production of
waterglass, 403 kg of CO,/ton are released [2]. The required energy reported by several
companies for the production of 2.0 sodium silicate liquor (Si0,:Na,O ratio of 2:1) with a
48% solid content (i.e., 32 wt.% of Si0;,) is between 420 and 1250 MJ/ton [2]. Taking the
average of these two values and considering that 3900 kg of 27 wt.% waterglass is used
per silica ton, results in an energy requirement of 2800 MJ/ton.

Table 9.8. Estimated raw material costs of precipitated silica using waterglass.

myso, Cuso, mwe Cwe Crm
(kg) ® (kg) $) $)
660 100 3900 2166 2266

The raw materials required for the production of olivine nano-silica are considerably
cheaper than for the production of the precipitated silica using waterglass. The energy
required during the synthesis of olivine nano-silica could be negligible since the reaction
is exothermic (see Table 1.2), provided the reactor is sufficiently large and well insulated.
The main energy consumption — not considering the energy in the drying step — is the
electricity to crush the olivine. Thus, the energy requirement is lower for the olivine nano-
silica process than for precipitated nano-silica. Likewise, the CO, emission is also lower
for the olivine nano-silica than for the precipitated processes.

The estimated average price for precipitated silica, which is currently the silica most
produced, in 2016 will be 2285 $/ton [3]. However, the prices of nano-silica can vary
over in a wide range depending on the purity, physical state (dried powder, colloidal
dispersion or gel), morphological properties (particle size, SSAggr, pore size distribution),
etc., being able to reach values of 15000 $/ton for special applications such as in the field
of catalysis.

9.6 Waste solution management

The dissolution of olivine in acid produces a slurry that consists of a mixture of nano-
silica, sulfates, metallic ions and unreacted minerals. This slurry is diluted by 50% with
water for two reasons: 1) to decrease the viscosity of the mixture, and, thus, to allow the
unreactive minerals to settle faster; and 2) to avoid precipitation of MgSO, in the filter
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cake (see Figure 9.1). After removal of the unreacted minerals, the remaining slurry (here
referred as mother slurry) is washed and filtered. Figure 9.12 depicts the filtrate
conductivity of the mother slurry produced with 10 liters of 3M sulfuric acid against the
rinsing volume during a continuos cleaning of the mother slurry and filtered using the lab
filter press. The first 40 liters of rinsing fluid were 0.1 M H,SOs to avoid the precipitation
of iron, and after that water was used. The volume of rinsing fluid to reach a filtrate
conductivity below 1 mS/cm was around 10 times the initial volume of the acid employed.
The chemical composition of this sample (NS-HP) was presented in Table 6.2, resulting
in a purity surprisingly high (i.e., 94.07%) due to the formation preferential paths
(discussed in Chapter 6).
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Figure 9.12. Conductivity of the filtrate versus the rinsing volume used during the
cleaning of nano-silica produced with 10 L of 3M H,SO,.

Table 9.9 lists the volume of slurry produced for the synthesis of one ton of nano-silica
using 3M (=25 wt.%) sulfuric acid. Table 9.10 presents the volume, concentrations and
masses of the main components of the slurry after the dilution, without taking into
account the minor components such as Al, Ca, Ni, etc. The total volume of waste solution
after filtration is much larger than the value of 20 m’ per ton of silica. Thus, after
filtration, the waste volume should be around 228 m® with a sulfate concentration of
0.182 mol/L. The quantity of rinsing fluid can be further optimized using different
approaches such as: 1) using a countercurrent flow for washing and cleaning; 2) adding a
reverse osmosis step to concentrate to obtain two streams, one with high concentration of
ion, and another one of clean water. Even after these optimization steps, the amount of
waste solution will be considerably huge. Therefore, to make the whole olivine nano-
silica process appealing, the waste solution should be cost efficiently treated to obtain
byproducts that can be commercialized, or in the worst case, disposed with minor harmful
effects for the environment and low economic costs.
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Table 9.9. Stoichiometric calculations of the mother slurry for one ton of nano-silica.

NNs NHys0,  Muyso, HLSO4 My Vsl
(kmol) (kmol) (kg (%) (kg  (m)

16.64 33.29 4080 2497 16341 13.87

myq and Vg refers to the mass and volume of the mother slurry.

Table 9.10. Volume, concentration and mass after diluting the mother
slurry with water for one ton of nano-silica.

Vysw  [Mg] [Fe] [SO4] My My, mso,
(m’)  (mol/L) (mol/L) (molL) (kg (kg) (kg)

20.8 1.84 0.16 2 930.6 1859  3997.6

Vuisizw refers to the volume of the mother slurry plus 50% dilution water.

The main contaminants of the waste solution are sulfates, magnesium and iron ions. If
iron could be removed from the solution, MgSO,4 hydrated salts, which are valuable
products, could be produced; therefore, the problem would be reduced to efficiently
concentrate the salts of magnesium. The salts of magnesium have different degrees of
hydration (see Figure 9.13 [13]), but the most widely commercialized is epsonite
(MgSO4 7H20).
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Figure 9.13. Phase diagram of MgSQy,, adapted from [13].
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9.7 Possible applications

Olivine nano-silica could be used as a replacement of the commercial silicas (pyrogenic
and precipitated silica) where its properties, i.e., chemical composition, SSA, aggregate
size, pore size distribution and content of silanol groups, are desired. However, in this
thesis only the use of olivine nano-silica in building materials was considered, leaving out
for further research other possible applications. These experiments were performed in
collaboration with MSc. G. Quercia (parallel PhD research project), who studied more
deeply the application of nano-silica in concrete [175-177].

9.7.1 Application of olivine nano-silica in concrete

Nano-silica in concrete is not yet commonly applied, but silica fume, which is considered
as a micro-silica, has already been used in concrete for several decades to produce high-
performance concrete. The use of micro-silica in concrete continues to increase despite its
relatively high cost because of its pozzolanic behavior and its content of fine particles.
These two features of the micro-silica confer some benefits to the concrete. The
pozzolanic behavior refers to the reaction between silica and portlandite, Ca(OH),, to
produce C-S-H (calcium silicate hydrate) gel, which is the main phase contributing to the
concrete’s strength. Also, because of its small particle size, micro-silica fills the voids
between the cement particles; this improves the packing and reduces the porosity. Besides
the above mentioned features, nano-silica has the following effects on cement pastes and
concrete mixes: acceleration of the setting, cement matrix densification and improvement
of the interparticle transition zone (ITZ) of aggregates (filling effect).

One of the reasons to add micro-silica to concrete is to replace the cement content with
micro-silica. Micro-silica can replace cement due to its pozzolanic reaction (1 part silica
instead of 3 to 4 parts cement), while the strength is unaffected [178]. Therefore, the
replacement of cement by micro-silica should considerably reduce the CO, footprint of
the concrete. That is important because the cement industry is one of the industrial sectors
that releases large amounts of CO, into the environment, accounting for 8% of global
CO; emissions [179]. In addition to this interesting application, the largest use of micro-
silica is for producing concrete with enhanced properties, such as high early strength, low
permeability and enhanced durability [180]. Considering that the main difference between
nano-silica and micro-silica is their respective particle sizes and assuming that the
pozzolanic behaviors in both are similar, nano-silica will react faster with the cement due
to its higher SSA.

9.7.2 Pozzolanic activity of olivine nano-silica

To determine the pozzolanic index of the olivine nano-silica, different cement mortars
were prepared and tested following guideline CEN EN 196-1 [181]. A replacement of 7%,
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based on the weight of binder (bwob), which is cement plus nano-silica, was selected
using the procedure described by Justnes [182]. This silica was applied in concrete in
dried form. In addition, two cement mortars, with and without the replacement of cement
with micro-silica (PmS-4), were prepared. The superplasticizer (SP) content (see Table
9.11) of the mixes was adjusted to obtain a spread flow of 175 + 15 mm ensuring the
desired rheological properties of the mixture. The SP used was a polycarboxilic ether
(PCE) type with a solid content of 35% and density of 1.095 g/ml. The mortar with
olivine nano-silica needed more than four times the amount of SP than the mortar with
micro-silica to exhibit a similar spread flow, and still, the result of this test was 20 mm
smaller.

Table 9.11. Mix design of mortars used to determine the pozzolanic index.

Materials (g) Reference ONS PMS-4
CEM152.5N 450 418.5 418.5
Olivine nano-silica 0 31.5 0
Micro-silica 0 0 31.5
Water 225 225 225
Standard sand 1350 1350 1350
SP 0 2.25 0.5
SP (% bwob) 0 0.5 0.11
w/c ratio 0.5 0.54 0.54
Spread flow (mm) 180 £3 167 £8 184 £7

Where ONS refers to a mixture with olivine nano-silica and PMS-4 to a mixture with micro-silica.

There are three reasons why the rheological properties of mortars with olivine nano-silica
are more viscous than those with micro-silica. 1) Olivine nano-silica reduced the amount
of free water in the mixture. This occurred because olivine nano-silica captured a high
amount of water inside its structure as a result of its high specific surface area and
mesoporosity. Therefore, less water was available to provide the desired rheological
properties of the mix. 2) Also, nano-silica accelerated the hydration process of cement
[183,184]. And 3) the last factor influencing the rheological properties of the mixture was
the shape of nano-silica particles. The 3-D clusters of olivine nano-silica made the slurry
more viscous than the spheres of micro-silica.

The flexural and compressive strengths of the mixtures were determined after 1, 7 and 28
days following the procedure of the guideline CEN EN 196-1. Finally, the pozzolanic
activity index was calculated based on the results of the reference cement mortar. The
strength development of the different mortars is shown in Figures 9.14 and 9.15. The
flexural and compressive strengths after one day were lower for the nano-silica mortar
than those of the reference and micro-silica mortars. This may be due to the higher dose
of SP, which reduces the hydration kinetics of the cement, in the nano-silica mortar. The
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flexural strength at 28 days of the nano-silica mortar was the lowest. The compressive
strength of the nano-silica mortar at 28 days showed higher values than the reference
mortar, but lower than the micro-silica mortar.
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Figure 9.14. Flexural strength development of the tested mortars.
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Figure 9.15. Compressive strength development of the tested mortars.

The 7-day and 28-day compressive strengths were used to estimate the relative pozzolanic
activity index of the olivine nano-silica and micro-silica mortars. The pozzolanic index
was calculated based on the compressive strength of the reference mortar (see Figure
9.16).
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Figure 9.16. Pozzolanic activity index of nano-silica and micro-silica mortars.

The pozzolanic index shows that olivine nano-silica has a high pozzolanic reactivity
(101%). Therefore, olivine nano-silica can be classified as a pozzolanic material [185].
Nevertheless, the 28-day activity index was lower than the activity index of micro-silica
(107%). This was probably due to the higher specific surface area and the agglomerated
state of the nano-silica regarding micro-silica, which means that the maximum wet
packing was not achieved, resulting in a lower compressive strength. Despite the positive
results that were obtained, further research is needed to understand the strength
development of the mortars prepared with additions of olivine nano-silica.

9.7.3 Experiments about the application of nano-silica in concrete

The effect of olivine nano-silica in conventional vibrated concrete (CVC), which is the
most commonly used concrete, was investigated by casting three mixtures with different
replacement levels of CEM I 52.5N with olivine nano-silica (5, 7 and 10% by volume).
The olivine nano-silica was applied in concrete in a water dispersion form. This
dispersion was prepared using the high shear mixer (Silverson multifunctional L5SM
laboratory mixer with a shear screen) for around 10 minutes. The mix designs were based
on a commercial recipe (see Table 9.12); eighteen cubes were cast using a vibrating table
and were tested for their compressive strength after 1, 7 and 28 days. Additionally, the
workability of the fresh concrete was investigated by analyzing the slump following 206-
1 standard [186]. The SP used was Ha-BE 100 (polycarboxylate ether type). Table 9.12
also presents the results of the slump test. The only mix with similar slump values to the
reference mix was the one with 5% replacement by volume. The SP requirement for this
mix was more than double compared to the reference mix. In the cases of 7 and 10%
replacement, even though the SP contents were higher than for concrete with 5%
replacement, it was not possible to obtain the desired slump class (S2). Therefore, when
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the specific surface area of the mix was increased by addition of nano-silica, more SP was
required to maintain the same slump class. This is a clear disadvantage of the use of nano-
silica, and it needs to be addressed in the future in order to find the type of SP that works
more efficiently with olivine nano-silica. Another possible solution for this problem could
be to tailor the properties of olivine nano-silica to get lower specific surface areas and
more spherical particles.

Table 9.12. Mix designs of CVC with and without replacement
of cement with olivine nano-silica.

Materials (kg/m3) Reference 5% vol. 7% vol. 10% vol.
Olivine nano-silica 0 6.9 10.3 13.7
CEMI525N 210 199.6 194.3 189.1
Fly-Ash 88.2 88.2 88.2 88.2
Sand 0-4 780.6 780.6 780.6 780.6
Gravel 4-16 1086.3 1086.3 1086.3 1086.3
Water 158.8 159.1 158.1 158.1
SP (% bwob) 0.5 1.12 1.33 1.75
w/f (%) 0.54 0.54 0.54 0.54

Slump class (mm) S2 (60 mm) S2(60mm)  S1 (40 mm) S1 (40 mm)

Where w/f refers to the ratio between water and fines.

The compressive strengths of concrete after 1, 7 and 28 days are depicted in Figure 9.17.
This figure shows that the strength after one day was not significantly affected by the
increase of the SP content in these mixes. Only the mix with 10% replacement showed a
lower strength than the reference. The 7-day compressive strength, on the other hand,
displayed an increase for all the substitution levels. The 28-day compressive strength
showed similar trends as the 1-day compressive strength; only the mix with 10%
replacement showed a lower strength than the reference. The best result after 28 days was
obtained for the mix with 5% replacement, where the compressive strength increase by
20% compared to the reference mix. This suggests that the optimum substitution of
olivine nano-silica should be around this value.

Figure 9.18 presents the estimated CO, footprint per cubic meter of reference CVC and
CVC with 5% replacement. These estimations were performed using the CO, footprint of
each compound from a database of the Dutch precast concrete organization. The CO,
footprint of olivine was estimated from a life cycle analysis performed by VIT (ProMine
internal report, FP7). The reduction of CO, emissions for CVC with 5% replacement was
3% with respect to the reference concrete. This could be improved by tailoring the
properties of olivine nano-silica so less SP would be necessary to maintain the same
rheological properties or slump class. Since the compressive strength of CVC with 5%
replacement was 20% higher than the reference concrete, there would be the possibility of
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reducing the total amount of cement used while maintaining the same compressive
strength as the reference material, therefore, minimizing CO, emissions.
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Figure 9.17. Compressive strength development of CVC at different replacement
levels of cement with olivine nano-silica (ONS).
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9.8 Conclusions

The results presented in this chapter can be summarized as follows:

1. The mother slurry changes its color between pH 3.1 and 3.4 due to the oxidation
of iron. If that occurs, precipitation takes place, contaminating the silica.
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The experiments performed in the pilot plants of Eurosupport and Hellas Gold
show that the scale up can be performed straightforwardly, the most problematic
point being the separation and purification of olivine nano-silica.

The estimated cost of raw materials is lower for olivine nano-silica than for
precipitated silica using waterglass. In addition, the energy requirements and CO,
emissions of olivine nano-silica are also much lower.

The volume of waste solution generated during the production of olivine nano-
silica is around 11 times the initial volume of sulfuric acid. Further research is
needed to reduce the waste volume during the washing and cleaning of the nano-
silica, and to find a method to separate and reuse the different byproducts.

The compressive strength of the standard mortar is affected when cement is
replaced with olivine nano-silica by 7% based on the weight of cement. Olivine
nano-silica is a pozzolanic material with an activity index of 101%.

The optimal replacement of cement with olivine nano-silica in conventional
vibrated concrete (CVC) is around 5%, resulting in an improvement in the
compressive strength of 20%. The superplasticizer dosage is increased when
cement is replaced with olivine nano-silica to maintain similar rheological
properties. The CO, emissions are reduced by 3% for the CVC with 5%
replacement compared to the reference concrete. Therefore, the use of the olivine
nano-silica in CVC does not only improve its compressive strength but also
reduces the CO, emissions.
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Chapter 10. Conclusions and recommendations

10.1 Conclusions

Nanotechnology and nanomaterials have attracted great attention in the previous years as
can be seen from the fact that the number of patents has increased by 600% from 1992 to
2002 [111] and the annual global turnover is estimated to increase up to € 1.5 trillion by
2015 [112]. Nano-silica is one of the compounds that is boosting the field of
nanomaterials with an annual rise of 5.6% to reach a projected 2.8 million metric tons in
2016 [3]. Likewise, the market is estimated to grow by 7.5% to $6.4 billion [3].

Nowadays, the two most important commercial processes in the production of nano-silica
are the thermal route (also known as flame hydrolysis) and the wet route (e.g., the
neutralization of sodium silicate solutions). A high temperature process is involved in
both production methods. The production of nano-silica by the dissolution of olivine is an
interesting alternative to the existing commercial methods because of the good quality of
the resulting silica and low energy requirements and CO; emissions.

The main objective of this research is to improve the technology of the olivine nano-silica
production process to be able to tailor the properties of this nano-silica. A secondary
objective is to optimize the olivine nano-silica process. In addition to these objectives,
this research contributes to the understanding three topics: the dissolution of olivine at
negative pH, the silica particle growth below the isoelectric point, and the development of
the pore structure at negative pH.

In this thesis, three main topics of the olivine nano-silica process have been investigated:
1) the dissolution of olivine under the olivine nano-silica conditions; 2) the influence of
the process conditions on the textural properties of olivine nano-silica; and 3) the
technical aspects of the olivine nano-silica process. The conclusions concerning all these
three parts are summarized in what follows.

10.1.1 Kinetic model of the dissolution of olivine in acid

A kinetic model for the dissolution of olivine is proposed based on the following
assumptions: 1) the process is not controlled by the diffusion through a silica layer but by
the surface reaction; 2) the olivine particles shrink over time as the shrinking particle
model describes (Figure 4.1a); and 3) the specific surface area of olivine can be estimated
using the roughness factor based on the Brantley equation. From the good correlation
between the experimental data and the proposed model, it can be inferred that the
assumptions made are reasonable. Thus, the dissolution of olivine at negative pH can be
described by Eq. (4.19):



190 Chapter 10. Conclusions and recommendations

“E\ . ~785Y) s
r=A-ex L |-a", =856- —|-a 7,
p(R Tj d eXp(R-Tj ti

where r is the dissolution rate (molcm?®s™), A the pre-exponential factor
(mol-cm™s™), E, the activation energy (kJ/mol), R the gas constant (8.314-107 kJ-mol
LK), T the temperature (K), ay" the hydrogen ion activity and n the reaction order.

The activation energy is slightly higher than that reported in most kinetics studies. The
reaction order found here is the most common value reported in the literature. The
dissolution rate and rate constant at pH of 2 and 25 °C are 1.5-10"* mol-cm™s” and
1.5-10"" mol-cm™s™, respectively, which are comparable to the values found in the
literature.

The average error between the reaction constants obtained from the fitting to the
experimental data (kr 5) and from the estimation of Eq. (4.19) (kr ca) is 5%, which
shows a good agreement between the present model and the olivine dissolution
experiments for dunite CRS-US. The average error for dunite GL50 is slightly higher
(7.6%). This kinetic model can be applied with good accuracy to predict the olivine
dissolution under the nano-silica production conditions for other dunite materials than
those used in this work, and for other reaction volumes.

10.1.2  Textural properties of olivine nano-silica
10.1.2.1 BET specific surface area

The process conditions (i.e., the impurity content, conversion degree, pressure of filtration
and ripening treatment) of the olivine nano-silica production have a strong influence on
the final SSAggr of this material. Thus, modifying the process conditions, nano-silicas
with different SSAggr can be synthesized. The process conditions and the ripening
treatment influence the properties of nano-silica in different ways:

1) The cleaner the nano-silica is, the higher its specific surface area is, reaching values
between 300 and 400 m*/g for olivine silicas with low content of salts or silica
purities above 99%. The sulfate salts are located in the pores of the silica clusters,
blocking them and drastically reducing the SS Ap.

2) The higher the filtration pressure is, the higher the surface area will be. This is due to
a reduction of the pore volume. However, if the applied pressure is too high, the
pores of the material drastically collapse, reducing the SSAggr drastically.

3) The smaller the conversion degree of the dissolution of olivine is, the higher the
SSAggr is. Silicas with surface areas above 500 m*/g were produced at slow kinetics
(50 °C) and conversions of 38% (see sample NS-50-S3).
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4) The ripening process diminishes the specific surface area of nano-silica by 75%. In
addition, this treatment removes the microporous surface area of the samples almost
completely.

The SSAggr of olivine silica can be tailored to meet the requirements of different possible
applications. This tailoring can be done by changing the filtration pressure, controlling the
conversion degree and/or performing ripening treatments after the production process has
been completed. Thus, the typical SSAger for a clean nano-silica (=350 m*/g) can be
modified in the range 90 to 500 m*/g.

10.1.2.2 Particle size

The particle size of olivine silica grows up to 420 nm after 4300 minutes (~72 h) of
reaction at 20 °C in 2M H,SOy4 solution. The particles will grow much faster under the
synthesis conditions employed in this study for the olivine nano-silica process (i.e., 50-90
°C and 3M H,SO,). At these conditions olivine dissolves only in several hours (4 to 8 h).
The particle growth shows a trend similar to the one found within Gorrepati’s
experiments using waterglass, which could mean that the mechanism of the particle
growth of olivine silica is due to the nucleation of primary particles and subsequent
aggregation of these primary particles.

At the production conditions of olivine nano-silica, this material does not exhibit gelling
behaviour. This phenomenon could be due to three reasons: 1) silica polymerizes fast at
90 °C and in 3M H,SOy solution, forming large particles above 100 nm in a short time; 2)
the concentration of small silica colloids (i.e., below 100 nm) is low; and 3) the vigorous
mixing in the reactor.

The combination of the high shear mixing and ripening treatment of olivine nano-silica is
successful in tailoring the SSA; however, this treatment is not able to break the
agglomerates into nano-particles. In fact, the agglomerates are likely to be even stronger
since soluble particles condense on the junctions between particles, strengthening their
union. On the other hand, the ultrasonic treatment can break apart the agglomerates,
producing particles as small as 30 nm. Even though the deagglomeration process still has
to be optimized, it is clear that the olivine nano-silica clusters can be deagglomerated
using mechanical techniques. Therefore, these techniques make possible the preparation
of stable colloidal dispersions using olivine nano-silica.

10.1.2.3 Pore size

Olivine nano-silica features a SSAggr in the range of 100 to 500 m*/g, with an average
value of 350 m*/g for silicas with high purity, conversion degree above 90% and filtered
under vacuum. The BJH pore size distribution is in the range of 2 to 100 nm. The silanol
number is in the range of 13 to 22 OH/nm” for olivine nano-silicas dried at 120 °C and 11
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to 13 OH/nm’ for silicas dried at 190 °C. These high silanol values are due to the
presence of internal and ultramicropore silanols. The positron annihilation lifetime
spectroscopy analysis found two types of pores, one at around 6 A (pore 1) and another
one at around 25 A (pore 2). Pore 1 was in the ultramicropore range, whereas pore 2 was
in the low mesopore range. Pore 1 can be considered to be intrinsic to the amorphous
matrix of olivine nano-silica, and pore 2 can be due to the voids between the primary
particles. Therefore, olivine nano-silica is considered as microporous, mesoporous and
Mmacroporous.

The pore size distribution of olivine silica can be tailored to meet the requirements of
different possible applications. This tailoring can be done by changing the filtration
pressure, controlling the conversion degree and/or performing ripening treatments after
the production process has been completed. Thus, the initial PoSD (2-100 nm) can be
modified to a distribution of 9 to 30 nm.

The development of the nano-silica structure during the olivine process could be
summarized with the following steps (see Figure 8.27): 1) initially, soluble silica
nucleates and primary particles of around 2 nm are formed; 2) the silica particles grow via
a condensation route, forming linear chains; 3) as the growth continues, the silica
particles keep increasing in size, resulting in 3D networks; and 4) with time, the
aggregates become bigger and more compact. The final result of the olivine process is
agglomerates as big as 20 wm. In addition, internal pores (also called closed porosity) are
developed with the conversion degree as the result of condensation of two blocks of silica
particles.

In comparison with precipitated silica (Sipernat 310 and 50S), olivine nano-silica is
characterized by: 1) a lower SSAggr than Sipernat 310; 2) Vp p (pore volume from the
desorption branch of the BJH pore size distribution) is considerably lower, which means
that precipitated silicas have a higher content of mesopores and macropores; 3) the Vyp
(micropore volume) is much higher, which results in higher micropore surface areas; 4)
the silanol content is higher; and 5) the SSAxmr follows the order: Sipernat 310 > olivine
nano-silica > Sipernat 50S, with an average value for olivine nano-silica of 780 m*/g. On
the other hand, pyrogenic silicas feature similar SSAggr and Vp p, but lower Vyp than
olivine nano-silicas. In addition, all three types of silica form 3D network structures.

10.1.3 Technical aspects

The technical aspects of the olivine nano-silica process can be summarized as follows:

1. The separation efficiency (Ep) increases with the specific surface area of nano-silica
and aging time. Process yields in the range of 66% to 83% were obtained for nano-
silicas produced in the laboratory. An average process yield of 83% was obtained for
nano-silicas produced in the pilot plant of Eurosupport [172].
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2. The mother slurry (slurry obtained after the reaction of olivine with acid and with 50%
water dilution) changes its color between pH 3.1 and 3.4 due to the oxidation of iron.
If that occurs, precipitation takes place, contaminating the silica.

3. The experiments performed in the pilot plants of Eurosupport [172] and Hellas Gold
[173] show that the scale up can be performed straightforwardly, being the most
problematic point the separation and purification of olivine nano-silica.

4. The estimated cost of raw materials is lower for olivine nano-silica than for
precipitated silica. In addition, the energy requirements and CO, emissions of olivine
nano-silica are also much lower.

5. The volume of waste solution generated during the production of olivine nano-silica
in the laboratory experiments was around 11 times the initial volume of sulfuric acid.

6. Olivine nano-silica is a pozzolanic material with an activity index of 101%.

7. The optimal replacement of cement with olivine nano-silica in conventional vibrated
concrete (CVC) is around 5%, resulting in an improvement in the compressive
strength of 20%. The superplasticizer dosage is increased when cement is replaced
with olivine nano-silica to maintain similar rheological properties. The CO;
emissions are reduced by 3% for the CVC with 5% replacement compared to the
reference concrete. Therefore, the use of the olivine nano-silica in CVC does not only
improve its compressive strength but also reduces the CO, emissions.

10.2 Recommendations for future research

This thesis studies the production process of olivine nano-silica in order to be able to
tailor the properties of olivine nano-silica and to optimize the production process. The
main recommendations for future investigations that have emerged during this study are
summarized as follows:

1. Although the pore size distributions (PoSD) have been determined using the BJH
method and the positron annihilation lifetime spectroscopy technique, it still
would be convenient to determine the PoSD using gas physisorption at low
relative pressures. With this analysis, density functional theories (DFT) models
can be used; DFT models are particularly useful to estimate the pore size
distribution in the range 0.5 to 10 nm.

2. A more extensive research about the particle growth of olivine nano-silica should
be performed. The main aspects that should be further investigated are:

a. The influence of the hydrogen ion concentration and olivine surface area
on the rate of particle growth of olivine nano-silica.

b. The growth of silica nanoparticles using waterglass (instead of olivine).
The waterglass should be fed into the reactor at the same rate that the silica
would be released from the olivine into the medium. This approach has
two main advantages regarding the particle growth of silica using olivine:
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1) olivine grains are not in the medium; and 2) the mechanism of the
particle growth at similar conditions to the olivine nano-silica process can
be studied.

3. A study of the viscosity of the slurry during the olivine dissolution is
recommended to understand if and when an increase of the viscosity takes place.
This study could clarify whether the increase of the viscosity depends on the
concentration of silica in the medium or both the concentration of silica and pH.

4. The use of mechanical treatments (i.e., ultrasonic devices and colloidal mills)
should be explored. The different aspects that can be studied employing these
devices are:

a. the possibility of breaking the agglomerates into nanoparticles;

b. the preparations of stable colloidal dispersions;

c. the influence of the combination of mechanical treatment and Ostwald
ripening on the textural properties of olivine nano-silica.

5. A reduction and recycling method for the waste solution of the olivine nano-silica
process should be investigated.

In addition to these recommendations, which are closely related to the research performed
in the present study, the following other investigations are suggested: 1) the use of olivine
nano-silica in different applications such as rubber, catalysis, etc.; and 2) the
functionalization of the surface chemistry of this type of nano-silica.
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List of abbreviations and symbols

Abbreviations

BET Referring to the Brunaer, Emmett and Teller method
BJH Referring to the Barrett, Joyner and Halenda method
bwob Based on the weight of binder

CVC Conventional vibrated concrete

DLS Dynamic light scattering

DLVO Theory named after Derjaguin and Landau, Verwey and Overbeek.
DS Dry sieving

DU Dimensionless units

F Filtration steps

Fo Forsterite content

HM High energy mixer

ICP-MS  Inductively couple plasma - mass spectrometry
ITZ Interparticle transition zone

LLS Light laser scattering

LOI Loss on ignition

Me/Si Molar ratio of Metal (Mg+Fe) to silicon (Si)
NMR Nuclear magnetic resonance

NS Nano-silica

ol Olivine

ol_unr Olivine unreacted

PALS Positronium annihilation lifetime spectroscopy
PCE Polycarboxilic ether

PSD Particle size distributionb

PoSD Pore size distribution

RM Raw material

RP Ripening

RT Room temperature

RSD Relative standard deviation

SAS Synthetic amorphous silica

STD Standard deviation

SP Superplasticizer
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TG Thermogravimetry
TSE Tensile strength effect
[N} Ultrasounds
wlc Water cement ratio
w/f Water fine ratio
WS Wet sieving
XRD X-ray diffraction
XRF X-ray fluorescence
Du Dunite
Symbols
Roman
a Activity (-)
A Pre-exponential factor (mol-cm™s™)
Cp Drag coefficient (-)
d Diameter, usually referring to particle size (um) or (nm)
da Average size (um) or (nm)
d; Primary particle size (nm)
d> Aggregate size (um)
d; Agglomerate size (wm)
dp A Average pore diameter calculated with the BJH method
for the adsorption branch (nm)
dy p Average pore diameter calculated with the BJH method
for the desorption branch (nm)
dp1 Average pore diameter calculated with PALS for pore 1 (A)
dp2 Average pore diameter calculated with PALS for pore 2 (A)
D Diffusion coefficient (mz/s)
Du Hydrodynamic diameter (nm)
E Efficiency (%)
Ea. Activation energy (kJ/mol)
Eeep Separation efficiency (%)
I Intensity (%)
kr Rate constant (mol-cm™s™)
k Boltzmann constant 1.38065-10%° (J-K™)
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z s 23 CrF

o
4

—

Vmp
Vr b

Liquid-phase mass-transfer coefficient
Length

Mass

Molar mass

Number of moles

Molar flux per unit of area

Purity

Reaction/dissolution rate

Gas constant or radius

Radius of the outer cylinder of the Haake viscometer
Reynolds number

Radius of the inner cylinder of the Haake viscometer
Schmidt number

Sherwood number

BET specific surface area

Brantley specific surface area

External specific surface area

Geometric specific surface area

Microporous specific surface area

Specific surface area calculated from the NMR analysis

Total specific surface area calculated from the t-plot
Time or layer thickness

Aging time

Reaction time

Temperature

Temperature in the reactor

Volume

Slip velocity

Free settling velocity

Micropore volume

Volume of pores calculated with the BJH method for the

desorption branch

Mass fraction or mass content

(m/s)

(mm)

€]

(g/mol)
(moles)
(mol-cm'z-s'l)
(%)
(mol-cm™s™)
8.3144 (J-mol.K™)
or (Lm)
(mm)

)

(mm)

)

)

(m’/g)
(m’/g)
(m’/g)
(m’/g)
(m’/g)
(m’/g)
(m’/g)

(h) or (A) or (nm)
(h)

(h)

°O)

°O)

(mL) or (L)
(m/s)

(m/s)

(cm3 /g)

(cm3/g)
(%)
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X Conversion degree (%)
Yns Production Yield (%)
Greek
o Contact angle between the solid and condensed phase  (°)
OloH Silanol number (OH groups/nm?)
Y Shear rate (s'l)
A Increment (-)
Dielectric constant (-)
0 Volume fraction (%)
Os; Layer thickness of silica (um) or (nm)
(60)m Fraction of surface not covered by any molecule (-)
A Roughness factor (-)
1) Viscosity (dynamic) (Pa-s) or (mPa-s)
\% Kinematic viscosity (m’/s)
p Density (g/cm’)
T Shear stress (Pa)
To-Ps Lifetime of ortho-Ps (ns)
Subscripts
A Average
Br Brantley
cal Calculated
du Dunite
exp Experimental
G Geometric
i Initial
neu Neutralized
ol Olivine
pu Pure
r Reaction
re Real
Si Silica
t Time
T Temperature
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B
Br

con

e
L
G

o

ol

o

SO

th

Bulk
Brantley
Consumed
Effective
Liquid
Geometric
Initial
Olivine
Particle
Reaction
Solid
Time
Temperature

Theoretical
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Appendix I: Definitions

Colloidal dispersion:

A colloidal dispersion is defined by the IUPAC [187] as a system in which colloidal
particles (i.e., 1 to 1000 nm) of any nature (solid, liquid or gas) are dispersed in
continuous phase of a different composition or state.

Nano-material:

Particle of any shape with dimensions in the range of 1 to 100 nm [188]. The basis of the
100-nm limit is the fact that novel properties that differentiate particles from the bulk
material typically develop at a critical length scale of under 100 nm [188].

Nanostructured material:

Nanostructured materials may be defined as those materials whose structural elements —
clusters, crystallites or molecules — have dimensions in the 1 to 100 nm range [189].
Also, it can be defined from the point of view of the specific surface area as a material
with an equivalent specific surface area to the one of a nanomaterial.

Aggregate:

Regarding the definitions of aggregate and agglomerate there is some controversy
because these terms have been used indistinctively referring to the same concept or
because the terms are switching. An example of the last one is the difference between the
German standard DIN and the British Standards Institution, which define these terms the
other way around. In this PhD thesis we follow the nomenclature of the German Standard
DIN [190], which is also adopted in the JACC report about synthetic amorphous silica [1].

Aggregates can be defined as the assembly of primary particles which are grown together
face-to-face in the form of chains or clusters [190]. The aggregates are formed by the
collision of primary particles during particle growth and/or by the further deposition of
silica onto these aggregates. Synthetic amorphous silica (SAS) aggregates represent the
smallest, stable, non-dispersible particle units of three-dimensional structure, with a size
ranging from 100 to 1000 nm for pyrogenic and precipitated SASs.

Agglomerate:

Agglomerates are assemblies of aggregates, held together by strong physical adhesion
forces [190].
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Cluster:

According to the IUPAC [41] a cluster is a number of metal centers grouped close
together which can have direct metal bonding interactions or interactions through a
bridging ligand, but are not necessarily held together by these interactions.

The encyclopedia Britannica provides a more general definition, which is: clusters are
aggregates of atoms, molecules, or ions that adhere together under forces like those that
bind the atoms, ions, or molecules of bulk matter.

Olivine:

Olivine is a solid solution between the minerals forsterite (Mg,SiO4) and fayalite
(FCQSiO4).

Forsterite:

Forsterite is the mineral (Mg,Si04)

Fayalite:
Fayalite is the mineral (Fe;Si04)

Dunite:

Dunite is a rock where 90% of the volume is made up of olivine.
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Appendix II: Dissolution curves with the best fitting

parameters
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Figure A.II-1. Experimental data of experiment NS-1 and calculated curve using
kr = 1.45.10"" and n = 0.5.
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Figure A.I1-2. Experimental data of experiment NS-2 and calculated curve using
kr=2.1.10"" and n = 0.5.
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Figure A.I1-3. Experimental data of experiment NS-3 and calculated curve using
kr=3-10"" and n = 0.5.
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Figure A.I1-4. Experimental data of experiment NS-4 and calculated curve using
kr=9.3-10"" and n = 0.5.
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Figure A.I1-5. Experimental data of experiment NS-5 and calculated curve using
kr =10.4-10"" and n = 0.5.
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Figure A.I1-6. Experimental data of experiment NS-7 and calculated curve using
kr=41-10" and n = 0.5,
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Figure A.I1-7. Experimental data of experiment NS-8 and calculated curve using
kr = 34.5-10"" and n = 0.5.
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Figure A.I1-8. Experimental data of experiment NS-9 and calculated curve using
kr = 1.95.10"" and n = 0.5.
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Figure A.I1-9. Experimental data of experiment NS-10 and calculated curve using
kr=39-10"" and n = 0.5.
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Figure A.I1-10. Experimental data of experiment NS-11 and calculated curve using
kr = 39.5-10"" and n = 0.5.
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Figure A.II-11. Experimental data of experiment NS-12 and calculated curve using
kr=40-10"" and n = 0.5,
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Figure A.I1-12. Experimental data of experiment NS-13 and calculated curve using
kr = 40.2.10"" and n = 0.5.
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Figure A.I1-13. Experimental data of experiment NS-14 and calculated curve using
kr = 10.4-10"" and n = 0.5.
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Summary

Nano-silica is one of the most used nano-materials, and its use is rising 5.6 per cent per
year to reach a projected 2.8 million metric tons in 2016. Likewise, the market for
specialty silicas is estimated to grow 7.5% per year reaching a total value of $6.4 billion
in 2016. The current production methods involve steps with high temperatures. To reach
these temperatures, vast amounts of fuel are consumed making these processes: a)
unsustainable because of the scarcity of fuels; b) environmentally unfriendly because of
the high amount of CO, emitted; and c) expensive because of the fuel price. The
production of nano-silica by the dissolution of olivine is an interesting alternative to the
existing commercial methods because of the good quality of the resulting silica and low
energy requirements and CO, emissions.

The main purpose of this research is to improve the technology of the olivine nano-silica
production process to be able to tailor the properties of this nano-silica. A secondary
objective is to optimize the olivine nano-silica process. In addition to these objectives,
this research contributes to the understanding of three topics: the dissolution of olivine at
negative pH; the silica particle growth below the isoelectric point; and the development of
the pore structure at negative pH.

The content of this PhD thesis can be divided up into the following parts: 1) the
dissolution of olivine under the olivine nano-silica conditions; 2) the influence of the
process conditions on the textural properties of olivine nano-silica; and 3) the technical
aspects of the olivine nano-silica process.

The main conclusions of this work are:

1. The kinetic model proposed here can be applied with good accuracy to predict the
olivine dissolution under the nano-silica production conditions.

2. Olivine nano-silica features an average SSAggr of 350 m*/g and a BJH pore size
distribution in the range of 2 to 100 nm for silicas with purities above 99%, extent
of conversion above 90% and filtered under vacuum.

3. The process conditions of the olivine nano-silica production have a strong
influence on the final SSAggr of this material. Thus, modifying the process
conditions, nano-silicas with different textural properties can be synthesized.

4. After the tailoring, olivine silicas with a SSAggr between 100 and 500 m*/g and a
pore size distribution of 9 to 30 nm can be obtained.

5. The growth model for the olivine silica particles proposed here explains the rapid
growth of particles above 1 pm and the porous structure of the material.

6. Mechanical techniques such as ultrasonification can be employed to break apart
the agglomerate into nano-particles.
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The production of nane-silica by the dissolution of olivine is an interest-
ing altermative to the existing imercial meathods ause of the good

lity of the resulting silica and low energy requirements and CO2

B
The main purpose of this research is to improve the technology of the

olivine nano-silica production proce o be able to tailor the properties of
this nano-silica. A secondary objective is to optimize the olivine nanc-silica
process. Inaddition to these objectives, this research contributes to the
understanding of three topics: the dissolution of alivine at negative pH;

influgnce of the process conditions on the textural properties of olivi

nano-silica: and 3) the technical aspects of the olivine hano-:
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