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The aim of this thesis was to explore possible methods for the production of silica (silicon diox-
ide, SiO,) nanoparticles. In the literature review part, the polymerization behavior of silica and
state-of-the art ion exchange methods for silica nanoparticle production are described. Further,
silica nanoparticle aggregation, disaggregation, and production of precipitated and fumed silicas
are briefly covered. Judging from the literature survey, ion exchange methods that are currently
being used seem unpractical for producing large quantities of silica nanoparticles, and therefore
the development of a novel process is required.

In the experimental part, three different methods, namely acid neutralization, precipitation, and
coagulant processes were tested experimentally. All these methods are based on neutralization of
water glass (sodium silicate, Na,0-XSi0,) with acid. It was found that the Acid Neutralization
method, which is characterized by low silica concentration, could only produce small particles in
the range of 10 nm in dilute suspensions. Further, the stability of the products was poor. Using the
precipitation technique, primary particle sizes of 10-50 nm could be achieved. Silica concentration
was the parameter that had the greatest influence on primary particle size. These particles, how-
ever, formed always aggregates with sizes up to the millimeter scale. It was not possible to dis-
perse these aggregates using existing equipment. Using the coagulant method, discrete particles up
to 100 nm could be produced, but the large amount of coagulant needed in the process proved to
be a severe problem. Of these three processes, the precipitation process was chosen as the basis
for pilot and industrial process design in the process design part of the thesis.

Based on the experiments, a pilot process was designed. The aim was to design a process that can
be built using already available equipment. The process consists mainly of a batch stirred tank
reactor, where the precipitation reaction is performed, and a bead mill for dispersion of the aggre-
gates. The capital investment cost of the pilot process was estimated at about 170,000 €, the bead
mill being by far the most expensive individual item. Scaling up from the pilot process, a prelimi-
nary process design for an industrial scale process was conducted. The production cost in the in-
dustrial process was estimated at 1.17 €/kg 100 % SiO,, which is a competitive price compared to
similar commercial silica products.

At the end of the thesis, a few innovative reactor concepts described in the literature are explored.
The aim of innovative reactor design is to keep aggregation of the particles under control in such a
way that no milling is required after the reaction step.
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Témién diplomityon tavoitteena oli tutkia menetelmié piidioksidinanopartikkeleiden valmistuk-
seen. Kirjallisuusosassa luodaan katsaus piidioksidin polymerointikayttdytymiseen seké kdytossd
oleviin, ioninvaihtoon perustuviin valmistusmenetelmiin. Lisdksi sivutaan piidioksidipartikkelei-
den aggregoitumista, dispergointia, sekd precipitated silica ja fumed silica -nimisten tuotteiden
valmistusta. Kirjallisuuskatsauksen perusteella voidaan paatelld, ettd kdytossa olevat ioninvaihto-
menetelmit eivit sovellu sellaisenaan kiytettdviksi ja siksi uudenlaisen prosessin suunnittelu on
valttdmatonta.

Kokeellisessa osassa erilaisia valmistusmenetelmié kokeiltiin kdytannossd. Valitut menetelmat
olivat happoneutralointi-, saostus- seké koagulanttimenetelmét. Kaikki mainitut menetelmat perus-
tuvat vesilasin (natriumsilikaatti, Na,0-XSiO,) neutralointiin hapolla. Happoneutralointimenetel-
mall saatiin ainoastaan pienii, halkaisijaltaan noin 10 nm partikkeleita ja tuotteet olivat epésta-
biileja. Saostusmenetelmilld saatiin 10-50 nm priméaéripartikkeleita. Tarkein primaaripartikkeli-
kokoon vaikuttanut parametri oli piidioksidin konsentraatio. Partikkelit esiintyivét kuitenkin aina
aggregaateissa joiden koko ylsi millimetritasolle. Aggregaattien dispergointi kdytossd olleella
laitteistolla ei ollut mahdollista. Koagulanttimenetelmélld oli mahdollista saada jopa 100 nm par-
tikkeleita, mutta prosessissa vaadittava suuri koagulantin maaré osoittautui ongelmalliseksi. Nais-
td kolmesta menetelmisti saostusmenetelmi valittiin perustaksi prosessisuunnitteluosassa suunni-
telluille pilotti- ja teolliselle prosessille.

Kokeellisesta osasta saatujen tulosten pohjalta suunniteltiin pilottiprosessi joka olisi mahdollista
rakentaa jo saatavilla olevalla laitteistolla. Prosessi koostuu panostoimisesta sekoitusreaktorista,
jossa suoritetaan saostusreaktio sekd helmimyllystd, jossa saostetut aggregaatit dispergoidaan.
Prosessin padomakustannukseksi arvioitiin noin 170 000 €, josta suurin osa on helmimyllyn kus-
tannuksia. Pilottiprosessin pohjalta tehtiin my&s alustava suunnitelma teolliselle prosessille. Teol-
lisen prosessin tuotantokustannuksiksi arvioitiin 1,17 €/kg 100 % SiO,, mikd on kilpailukykyinen
hinta verrattuna vastaaviin kaupallisiin piidioksidituotteisiin.

Tyon lopussa luodaan katsaus joihinkin kirjallisuudessa esiteltyihin innovatiivisiin reaktorikon-
septeihin. Innovatiivisen reaktorisuunnittelun tarkoituksena on kehitta reaktori, jossa partikkelei-
den aggregoituminen saataisiin hallittua siten ettd reaktorin jalkeen ei tarvitsisi endé erillistd jau-
hatusta.
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1 Introduction

Nanotechnology has been defined by the United States’ National Nanotechnology
Initiative as “the understanding and control of matter at dimensions of roughly 1 to
100 nanometers, where unique phenomena enable novel applications.” Research ac-
tivity in the field of nanotechnology has exploded in recent years: The ability to en-
gineer materials on the small length scale is opening a broad range of product devel-
opment opportunities. In paper technology, the use of nanotechnology is seen capa-
ble to improve current products and processes to significantly improve the cost struc-
ture of current grades of paper or even develop products with improved functionality
that can be sold to existing markets and be produced on existing infrastructure. This

kind of change is expected to happen in the next five years. (Maloney 2007)

Colloidal retention systems have already been used in the paper industry for two dec-
ades. New applications are seen in the field of paper coating, opening the way to
mass customization where machines are run like commodity processes but constant
changes are made toward the end. (Koepenick 2001) Although the idea of coating
solids with nanoparticles is not new (see for example Iler 1956), only recent devel-
opments in imaging have opened the way to evaluating the benefits of nanostructures
(Koepenick 2001).

The aim of this thesis is to study production technologies for silica nanoparticles.

LITERATURE REVIEW PART

2 Terminology

Most nanoparticles appear in colloidal suspensions. A stable dispersion of solid col-
loidal particles in a liquid is called a sol. Silica sols are stable disperse systems in
which the dispersion medium (or continuous phase) is a liquid and the dispersed or
discontinuous phase is silicon dioxide in the colloidal state. Stable in this case means
that the solid particles are yet too small to settle (with diameters less than 1 pum) but
still sufficiently large to show marked deviations from the properties of typical solu-
tions (larger than 1 nm) (Florke et al. 2005, Bergna 2006). Most often, the terms sil-
ica sol and colloidal silica are used as synonyms. The term “silica nanoparticles” is

normally used for the discrete particles in silica sols.



The term gel is applied to systems made of a continuous solid skeleton made of col-
loidal particles or polymers enclosing a continuous liquid phase (Bergna 2006). The
term aggregation is used for all forms of colloidal particles linking together, includ-
ing gels. Precipitated silicas and pyrogenic silicas or fumed silicas are synthetic,

white, amorphous forms of silicon dioxide (Flérke et al. 2005).

Water glass is the trivial name for sodium silicate, Na;O - x SiO,. It is the most im-
portant raw material for various silica products and is available in either solid form
or as aqueous solutions. (Florke et al. 2005) In this thesis, the term sodium silicate is
used when speaking about silica chemistry, while the term water glass is mostly used

when speaking about industrial manufacturing processes of silica products.

3 The Polymerization Behavior of Silica

3.1 Polymerization of Silicic Acid

Most processes for the preparation of colloidal silica involve the formation of silicic
acid which can be considered to be Si(OH)s, a tetrahedral molecule. It can be ob-
tained for example by passing a solution of alkali silicate through a bed of ion ex-

change resin, a method which will be discussed later.

Monosilicic acid is soluble and stable in water at room temperature for periods of
time only at a concentration of less than about 100 ppm as SiO,. When a solution of
silicic acid is formed at a higher concentration and in the absence of a solid phase on
which the soluble silica might be deposited, then the monomer polymerizes to form
dimer and higher molecular weight species of silicic acid. Silicic acid polymerizes by
the reaction of the OH-groups to split out a water molecule and form a siloxane (Si-
O-Si) bridge between the corners of two tetrahedra. (Iler 1979, Roberts 2006) This

process is illustrated in Figure 1.
H H H H
méa mém-}m b@m
' H H +H0 H

Figure 1. Bonding of Si(OH), molecules (Roberts 2006)

H



If alkali, for example sodium, is present in the solution, then the pH of the solution
will raise as the result of the polymerization as NaOH that was adsorbed onto the
silicic acid is released (Yoshida 1994).

Silicic acid has a strong tendency to polymerize in such a way that in the polymer
there is a maximum number of siloxane bonds and a minimum number of uncon-
densed SiOH groups. Thus polymerization quickly leads to ring structures which link
together to larger three-dimensional molecules. These condense internally to the
most compact state with SiOH groups remaining on the outside (Figure 2). The re-
sulting spherical units, which are 1-2 nm in diameter, are the nuclei that develop into
larger particles. (Iler 1979, Roberts 2006)

Figure 2. Two-dimensional random network of a dehydrated but hydroxylated colloidal silica
particle (Florke et al. 2005)

3.2 Sol and Gel Formation

The polymerization of silica goes through three stages (Iler 1979):
- Polymerization of silica to form particles (nucleation).

- Growth of particles.

- Linking of particles together into branched chains, then networks, finally extend-
ing throughout the liquid medium, thickening into a gel.



The control over the polymerization reaction is the key to the formation of different

silica products.

As discussed before, freshly formed silicic acid tends to agglomerate quite rapidly to

small particles of 1-2 nm in diameter. The further polymerization depends mainly on

PH, salt concentration, and temperature. The polymerization behavior is summarized

in

Figure 3.

- Sol formation. At pH 7-10 with no salts present, the silica particles are negatively
charged and repel each other. Therefore, they do not collide, so that particle
growth continues without aggregation. Since not all the small three-dimensional
particles are of the same size, there is a solubility difference between particles of
slightly different sizes. Particles grow in average size and diminish in number as
the smaller ones dissolve and the silica is deposited on the larger ones. This proc-
ess is called Ostwald ripening and continues as long as the solubility difference
between smaller and larger particles is high enough. The final particle size de-
pends on the temperature. At 100 °C particle growth stops at diameters of 12-15
nm. (Iler 1979, Roberts 2006). This process is illustrated in Figure 4.

- Gel formation. At pH below 7, or if salt is present at a concentration higher than
0.2-0.3 N at pH 7-10, the charge repulsion is reduced and aggregation of particles

and the formation of a continuous gel are favored. (Iler 1979)
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Figure 3. Polymerization behavior of silica and the formation of different silica products (Florke
et al. 2005)
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Aggregation and gelling can be prevented to some extent by raising the temperature.
In the pH range 7-10.5 a sol of 2-3 % silica with a salt concentration of 0.2-0.3 N
gels at room temperature. However, if the sol is first heated to 80-100 °C, the parti-
cles grow in size and decrease in number so that aggregation and gelling are greatly
retarded or even prevented permanently (Iler 1979). Generally speaking, at low tem-
peratures, the formation of a continuous gel is favored, whereas at high temperatures,

the formation of discrete particles is favored (Roberts 2006).
4 Silica Sols

4.1 Manufacturing

Most commercial manufacturing processes use an alkali silicate, such as sodium or
potassium silicate, as the source of silica. Because of its low cost, compared to other
alkali silicates, sodium silicate is the preferred starting material. Sodium silicates are
low melting glasses, which vary in their ratio of Si0,:NayO, typically in the range
from about 1:2 to about 3.25:1. This ratio is used to characterize sodium silicates. It
is often given as a weight ratio, but since the molecular weights of SiO, and Na,O
are almost the same (60 and 62 respectively) the weight ratio is very close to the mo-
lar ratio. The higher (>3) ratio silicates are usually preferred since a major cost in the

process is the removal of sodium from the silicate. (Roberts 2006)

So far, virtually all commercial processes to making silica sols involve methods
whereby sodium is removed from the silicate and held apart from the silicic acid
units. Most, or all, of the alkali is removed from the solution by ion exchange or elec-
tro-dialysis and is replaced by hydrogen ions, thus forming silicic acid, which is then
polymerized to give particles as described in Paragraph 3.1 (Roberts 2006, Iler
1979). In general terms, the processes used to make colloidal silica involve the fol-
lowing steps (Roberts 2006):

- The removal of most or all of the sodium hydroxide from a solution of sodium

silicate converting it to silicic acid.

- Adjusting the alkali content to give a silica:alkali ratio and pH appropriate to the
desired final particle size and stability.

- Polymerization under controlled conditions to give colloidal silica particles.



- Concentration to give normal shipping conditions.

4.2 Stability of Silica Sols

Three forms of stability can be distinguished in silica sols, namely stability against

particle growth, stability against aggregation, and stability against gelling.

Stability against particle growth means that there is no change in particle size or par-
ticle size distribution. Normally, concentrated sols with small particle sizes usually

grow to larger sizes while standing, say from 4 nm to 5 nm. (Flérke et al. 2005)

Stability against aggregation is the central issue in colloidal silica and colloidal Sys-
tems in general. In this case colloidally stable means that the particles do not aggre-
gate at a significant rate. Silica sols are stabilized against aggregation by either (Iler
1979)

- anionic charge on particles so that particles are kept apart by charge repulsion, or

- an adsorbed, generally monomolecular, layer of inert material which separates

the silica surfaces to an extent that prevents direct contact.

Commerecial silica sols are stabilized at pH 8.5-10.5 by the use of low concentrations
of alkalis, usually sodium hydroxide. High concentrations, however, destabilize the
sol. Stability against aggregation becomes critical at high silica concentrations which
are required for shipping. Maximum concentration as a function of particle size is
given in Figure 5. Silica sols are said to be stable because they do not settle or aggre-

gate for long periods of time. (Florke et al. 2005)
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Figure 5. Maximum concentration versus particle size in stable aqueous silica sols at about pH

9.5; a) weight-%; b) g Si0,/100 ml, c) volume fraction of SiO, (x100) (Tler 1979, p. 325)



Stability against gelling is particularly important during the manufacturing process.
Gelling of silica sols is highly dependent on the pH of the solution, as illustrated in
Figure 6. The basic step in gel formation is the collision of two silica particles so that
siloxane bonds are formed, holding the particles irreversibly together. This requires
the catalytic action of hydroxyl ions. Thus gel formation increases with increasing
pH in the pH range 3-5 and is proportional to the hydroxyl ion concentration. Above
pH 6, scarcity of hydroxyl ions is no longer limiting, but instead, the rate of aggrega-
tion decreases because of the increasing charge on the particles. The net result of
these two effects is a maximum rate of gelling at around pH 5. In the range of pH 8-
10, sols are generally stable in the absence of salts. There is also a region of tempo-
rary stability at about pH 1.5. At lower pH, traces of hydrogen fluoride catalyze gel
formation. In addition to pH, particle size affects the rate of gelling. Gelling is more
rapid in sols with smaller particles than in sols with larger ones because of the larger

surface area in sols with small particles. (Iler 1979)

Zero Stable

Sol stability, gel time ——m

Figure 6. Effect of pH in the colloidal silica—water system (Iler 1979, p. 367)

4.3 The lon Exchange Method

The ion exchange process is currently the primary means of manufacturing silica sols

industrially. Various processes for making colloidal silica via the ion exchange



method have been described by Yoshida (1994) and Roberts (2006). Many of the
processes involve the following basic steps (Roberts 2006):

- Complete removal of sodium from a dilute solution of sodium silicate. At this
stage, the sodium ions are exchanged for hydrogen ions, and silicic acid is

formed, which then polymerizes to nuclei.
- Readjustment of the Si0,:Na,O ratio using sodium hydroxide or sodium silicate.
- Heating to produce particles.

- Continued addition of silica to grow the particles. (This step may or may not be
part of the process. It is discussed in detail in Paragraph 4.5.3.)

- Concentrating the dilute sol.

Figure 7 shows the basic flow chart for ion exchange processes.
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o
CONCENTRATION e

Figure 7. Basic flow chart for ion exchange processes (Yoshida 1994)

Yoshida (1994) classifies ion exchange methods into four categories according to
different technical combinations of nucleation, particle growth, and concentration as
shown in Figure 8. He also gives a qualitative characterization of the outcomes of
those methods with respect to control of particle size and particle size distribution

(Table 1). However, this classification is not very useful since the author does not



further specify terms as “slow”, “fast”, “small”, or “large” and it is unclear where the

data was obtained from. Figure 9 shows two different industrial processes.

Dilute WATER
GLASS agq. soln.
DE - SODIUM ION
Dilute WATER
GLASS aq. soin.
Active SILICIC ACID T
NaOH aq. soin. 0
o ailn I Dilute NaOH
) aq. soin.
— —
Stabilized ACTIVE ]

SILICIC ACID aq. soin.

Particle Particle
Growth Growth
Concentratio l
Dilute
SILICA SOL SILICA SOL
|
Concentratio
I |
Highly Concentrated Highly Concentrated
SILICA SOL SILICA SOL

[Method A-1] [Method A-2]

[Method B-1] [Method B-2]

Figure 8. Classification of ion exchange methods by Yoshida (1994)

Table 1. Characteristics of the silica sol manufacturing methods in Figure 8 according to Yo-

shida (1994)

Characteristics

Method A-1 Method A-2

Method B-1 Method B-2

Intermediate material

dilute silica sol

silicic acid and water glass

Particle growth and
concentration

simultaneous separate

simultaneous separate

Change in pH during
particle growth

7- 9-10.5

11.5- 9-10.5

Particle growth rate

slow

fast

Size of nuclei

small

large

Nucleation mecha-

Polymerization of particles

initial: hydrolysis of water glass;
intermediate to final: polymerization

nism of particles
Manufacturing of difficult (normal pressure); possible ossible
| large-particle sols (with pressurization) P
Ease of buildup more difficult than in process B easy

Control of particle

possible for microscopic- to me-

possible for microscopic- to large-

size dium-sized particles sized particles
Control of particle impossible or : impossible or g
size distribution | difficult possile | jiffieult peabie
S long (longer short (longer
Manufacturing time than in B-1) than in B-2) long short
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Figure 9. Industrial processes for silica sol production (Roberts 2006)

In the processes shown in Figure 9, the concentration of the product is constrained by
the concentration of the silicic acid (deionized silicate in Figure 9). Its maximal con-
centration seems to be about 6 %, probably based on the fact that this is the maxi-
mum concentration at which a sol consisting of particles about 2 nm in diameter is
stable, as can be seen in Figure 5. Thus an additional concentration step is required to
give appropriate shipping conditions. This is done normally by evaporation, but also

some membrane separations could be possible.

In the so-called Consol (Concentrated Sol) process developed and used at DuPont,
the sodium silicate and the ion exchange resin are fed simultaneously to a stirred tank
reactor containing a heel of water or silica sol (see Figure 10). The flow rates are
controlled in order to remove most, but not all of the alkali from the system. This
avoids the need for further alkali addition. The sodium silica concentration in the

feed can be as high as 25 %, resulting in a final product concentration in the range

11




12-15 %. Moreover, a more uniform particle size distribution than in the other proc-

esses can be obtained. (Roberts 2006)

<

ION EXCHANGE

SODIUM
RESIN

SILICATE

=

Figure 10. The Consol process (Roberts 2006)

4.4 The Acid Neutralization Method

Sodium silicate reacts with acids, for example sulfuric acid, according to Equation

(1). In the reaction silica is set free, which then can polymerize to form particles.
NayO - 3.3 SiO; + H>SO4 = 3.3 SiO; + Na,SO4 + H,0 (1)

When a dilute solution of sodium silicate is partially neutralized with an acid to a pH
of 8-9, a silica sol is obtained if the concentration of the resulting sodium salt is less
than about 0.3 N (critical coagulation concentration, c.c.c.), and if the neutralization
is carried out at elevated temperature, so that the particles grow to several nanome-
ters as soon as they are formed, as described in Paragraph 3.2. If a sodium silicate
solution with a sodium:silica ratio of 3.3 is used, then the maximum stable concentra-

tion of the product is about 3 %.

The reaction described above is basically a precipitation reaction. It can be said that
the addition of the acid creates a supersaturation of silica in the solution, which then
precipitates as silica nanoparticles. The same chemistry is also used to make precipi-

tated silica (see Paragraph 7).
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It is essential that the mixing is carried out in such a way that none of the mixture
remains in the pH range 5-6 even locally, or otherwise gelling will occur almost in-
stantly. This means that the acid and the silicate must be mixed with intense turbu-
lence in the presence of either excess acid or excess silicate. (Iler 1979) An ultrafil-
tration or other separation step can be included in the process to wash out the salt and

concentrate the solution, if desired (Yoshida 1994). The basic flow chart is presented

in Figure 11.

Heating, Partial Neutralization SILICA SOL +

WATER GLASS) g SR e

g . Particle Growth other salts
Dilute H2804, HCI aq. soin.
al of Salts
Romov ~  Dilute SILICA SOL
Dialysis, Electrodialysis

Concentration
= > | SILICA SOL '
Evaporation, Ultrafiltration

Figure 11. Flow chart of the acid neutralization method (Yoshida 1994)

More control over the reaction can be achieved by first removing sodium ions from
the water glass solution and then adding sodium silicate and acid. Alexander et al.
(1952) patented such a process to make a 3 % silica sol consisting of particles 37 nm
in diameter. This process involves the use on an ior.1 exchange resin to form a sodium
silicate solution containing 2.2 % SiO, with a weight ratio of Si0,:Na,O of 85:1.
This dilute sol is then heated at 100 °C for about 10 min to form nuclei. Then dilute
solutions of sodium silicate and sulfuric acid are added simultaneously while the
mixture is stirred vigorously at 95 °C for 8 h and the pH is maintained at about 9.
The concentration of the sodium ions must not exceed 0.3 N at any time to prevent
aggregation.

Iler (1976) patented a process, whereby a hot solution of sodium silicate is partly
neutralized with acid at such dilution that the salt concentration does not exceed the
critical coagulation concentration. The sol, which contains 2-3 % Si0,, is cooled to
50 °C and concentrated by ultrafiltration while salt is simultaneously washed out by
adding water.

13



It is not known whether the acid neutralization method is in commercial use. How-
ever, because of its low cost it seems the most promising way to low-cost mass pro-

duction of silica nanoparticles if stability of the product is not an issue.
4.5 Methods for Making Large-Particle Sols

4.5.1 Overview

There are two basic ways for making large-particle silica sols in aqueous solutions,
both of them shown in Figure 12. In Process A, a silica sol consisting of medium-
sized particles is heated in an autoclave at elevated temperature. In Process B, a me-
dium- to large-sized silica sol is added to an alkaline solution. Then a silicic acid so-
lution is added to the mixture to allow buildup of particles. Yoshida (1994) says that
particles up to 200 nm in diameter could be produced by this method. However, only
particle sizes up to 130 nm have been reported (Florke ez al. 2005).

< Process A > < Process B >
Microscopic - sized to Water Glass aq. soin.
Medium - sized Particle or
SILICA SOL Dilute NaOH aq. soln.
(Si02:2-20 %)
= Heated
Partic!
Gmwt: Active
SILICIC ACID

Large Particle SILICA SOL

Concentration

Highly Concentrated Large Particle SILICA SOL

Figure 12. Methods for making large-particle silica sols (Yoshida 1994)

In journals and in patent literature, the terms “active silica” or “active silicic acid”
are often used for silicic acid solutions obtained by passing a silicate solution through
an ion exchange bed. It has been explained before that freshly deionized silicic acid

will form spontaneously small particles of about 2 nm in diameter. These are “ac-
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tive” in the sense that they are more soluble and dissolve in the presence of larger

particles (Iler 1979).

4.5.2 Relation of Particle Size and Temperature

The most straightforward method for making sols which consist of large particles is
by autoclaving an existing sol at high temperature. At higher temperatures, larger
particles can be dissolved and the number of particles further decreases as the parti-
cle size distribution shifts towards larger particles.

In a given sol at a given temperature, particle size appears to approach asymptoti-
cally a final value that depends on the temperature. At temperatures higher than 300
°C alkali-stabilized sols tend to form quartz crystals instead of stable colloids. If the
starting sol is first almost completely deionized and then autoclaved at 300-350 °C
crystallization does not occur (Iler 1979, p. 240). By this method, the particle size
range can be extended to at least 300 nm (Iler 1979, Florke et al. 2005). However,
the high pressures and long residence times needed make this process impractical for
mass production. Table 2 summarizes some experimental results given by Iler
(1979).

Table 2. Growth of silica particles by heating a 4 % sol of silicic acid at pH 8-10 (Iler 1979, p.
241)

Specific | Estimated
Mole Ra- Surface | Particle
tio Temperature | Area Diameter
Si0,:Na,0 | Time (°C) (m*g) | (nm)
100 1 h 80 600 5
64 6 h 85 510 6
100 5 h 95 420 7
78 6 h 98 406 7
80 30 min 100 350 8
85 3 h 160 200 15
85 3.25 min 270 200 15
85 0.9 min 250 225 15
90 3.1 min 200 271 10
85 10 min 200 228 12
85 10 min 295 78 36
85 30 min 295 N/A 64
Very high 3 h 340 N/A 88
Very high 6 h 340 N/A 105
Very high 3 h 350 20 150
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4.5.3 Increasing Particle Size by Adding Active Silica — Buildup
Process

The most promising approach to exact control over particle size seems to be a
method, whereby silicic acid or active silica is continuously added to an existing sol,
called a “heel” (Iler 1979, Yoshida 1994, Roberts 2006) or “seed” (Tsai et al. 2004,
2005a, 2005b). If the number of particles can be assumed constant, resulting particle
size can be predicted from a mass balance equation. In growing particles by this
process, the silicic acid must not be added to the system more rapidly than the silica

surface can take it up (Iler 1979).

If the newly added small units, which are present in the active silica solution, en-
counter a larger particle, the very large difference in their solubility will cause the
small particles to deposit on the larger ones (Figure 13). However, if the deionized
silica units only run into similar size particles, they will form new small particles
which will then act as nuclei for a new smaller family of particles. In that case the
resulting sol will have a very broad particle size range. This happens if the silica is
added faster than the larger particles can absorb it or if the concentration of the larger
particles becomes so small as to make it improbable that the incoming silica will en-
counter one (Figure 14). (Roberts 2006) In order to keep the number concentration of
particles constant, water has to be constantly removed from the system as the active
silica is added. Tsai et al. (2005a, 2005b) showed the results of those effects in their

experiments.

This also applies for the acid neutralization process (see Paragraph 4.4). If all the so-
dium silicate is neutralized at once, a large number of small particles will be the re-
sult. The small particles then agglomerate to give larger particles, whereby the final
particle size is constrained by the temperature. If, however, the acid is added to the
solution slowly, then the freshly formed silica can build up on the already existing

particles, allowing larger particles to be formed.
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Figure 13. Continued silica deposition to give larger particles (Roberts 2006)
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Figure 14. The key to narrow particle size distribution (Roberts 2006)

The maximum rate of addition without nucleation was given by Iler (1979, p. 315) as
about 10 g of active SiO, per 1000 m* hr™" area of silica surface. The surface area ob-
viously decreases with increasing particle size, as can be seen in Figure 15. From this
information, an estimated maximum addition rate can be calculated for a specific

particle size. This is shown in Figure 16
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Figure 15. Relation between particle size and specific surface area, with data from Table 2
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Figure 16. Relation between maximum active silica addition rate and particle size

If the number of particles remains constant, the theoretical increase in particle size
can be calculated from the following mass balance equation (Iler 1979, Tsai et al.
2005b)

d.\ w+w

4%
i n

where
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d P is the final particle size,
d, is the initial particle size,
W,  isthe mass of silica initially present as nuclei, and
W,  is the mass of active silica added to the system.

Equation (2) can be written as

d 3
[—f) =1+B,,
di

where the buildup ratio B, is defined as

4.5.4 Limitations of the Buildup Process

3)

“

Although the buildup process seems to be the most promising way to make large par-

ticles, it has some important limitations. The theoretical maximum diameter as a

function of the buildup ratio, calculated from Equation (3), is illustrated in Figure 17.
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Figure 17. Particle size as a function of buildup ratio calculated from Equation (3)

Obviously particle growth rate decreases quite rapidly with increasing buildup ratio.
This is further illustrated in Figure 18, which shows the particle growth rate as a

function of particle diameter. Figure 19 shows the amount of water that has to be re-

moved from the system in a constant volume process.
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Figure 18. Theoretical growth rates of particles in the buildup process
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Figure 19. The amount of Water that has to be removed from the system for a heel concentra-
tion of 2.5 % and active silica concentrations of 3 % and 6 % in the titrate

From these figures it can be clearly seen that the buildup process is not practical for
making particles much larger than 100 nm in diameter. If water is removed by evapo-
ration, then alone the energy requirements of the process are tremendous. However,
at least one continuous process of this kind has been patented by Brekau et al.
(1999), where active silica is added into the reactors of a multi-stage cascade reactor

containing a colloidal silica solution. The average particle sizes produced by the
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process are given as 27 to 72 nm. This and similar processes are discussed in more

detail in Paragraph 9.

4.6 Experimental Work

Tsai et al. have published a series of articles about their experimental work on silica
sol formation. The first one (Tsai 2004) deals with a basic ion exchange process,
where active silicic acid was titrated to a solution of potassium hydroxide. This is
basically Method B-2 in Yoshida’s classification (see Figure 8). The influences of
temperature, KOH concentration and silicic acid addition rate on mean particle size
were studied. The resulting particle sizes were in the range of 10-50 nm. Larger par-

ticles were obtained at high temperatures and with low silicic acid addition rates.

The second article (Tsai ez al. 2005a) basically deals with the buildup process. Active
silicic acid was titrated to a heel of silica particles in order to grow larger particles.
Two processes, namely the constant concentration process and the constant volume
process, were introduced. Both processes were carried out at boiling temperature. In
the constant volume process, the reaction volume was kept constant during the titra-
tion by evaporation of water. The constant concentration process was a reflux proc-
ess, in which the reaction volume increased during the reaction. Better results were

obtained by the constant volume process, as could be expected.

In the third article (Tsai ez al. 2005b) the influence of heel concentration on the out-
come of the constant volume process was investigated. It was found that at a heel
concentration of 2.47 %, measured particle size matched with particle size calculated
from Equation (2). At lower concentrations a new family of smaller particles was
formed, and at higher concentrations gel formation occurred. Figure 20 shows TEM
images of the outcomes. These results, however, can not be generalized, since the
outcome of the process depends on the silicic acid addition rate (not given in the arti-
cle) and the surface area of the colloidal silica in the solution. Despite these short-
comings the work by Tsai et al. provides a useful basis for making silica sols in labo-

ratory scale.
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Figure 20. TEM images of colloidal silica created in the buildup process; a) a new family of
smaller particles has been formed; b) added silica has been completely deposited on existing
particles, resulting in a uniform particle size distribution (Tsai et al. 2005b)

5 Aggregation of Particles

5.1 Terminology

The word aggregation is used for all the ways in which colloidal particles link to-
gether. Iler (1979) distinguishes the following four forms of aggregation:

- Gelling, where the particles are linked together into a three-dimensional network
that fills the whole volume of sol so that there is no increase in the concentration
of silica in any macroscopic region in the medium. Instead, the overall medium
becomes viscous and is then solidified by a coherent network of particles, which,

by capillary action, retains the liquid.

- Coagulation, where the particles come together into relatively close-packed
clumps in which the silica is more concentrated than in the original sol, so the

coagulum settles as a relatively dense precipitate.

- Flocculation, where the particles are linked together by bridges of the flocculat-
ing agent, which are sufficiently long that the aggregated structure remains open
and voluminous. There is no sharp distinction between coagulates and floccu-

lates.
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- Coacervation, in which the silica particles are surrounded by an adsorbed layer of
material which makes the particles less hydrophilic, but does not form bridges
between particles. The particles aggregate as a concentrated liquid phase immis-
cible with the aqueous phase.

The basic difference between coagulation or flocculation of particles and gelling is

illustrated in Figure 21.
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Figure 21. The difference between a gel and coagulates or flocculates. a) silica sol; b) a gel; c)
coagulates or flocculates. (Iler 1979, p. 365)

5.2 Coagulation Mechanisms

Coagulation is considered to be the result of van der Waals attraction which draws
two particles together at the moment of collision, unless hindered by two factors (Iler
1979, p. 373):

- The hydration of the surface of the particles by a layer of water molecules, hy-
drogen-bonded to the SiOH groups.

- The negative ionic charge on the particles above about pH 3.5 and the surround-

ing cloud of positive counter cations such as Na®, forming a “double layer”.

In the pH range 7-10 silica sols are stable if electrolyte concentration is low, but are
coagulated when salts are added. Two mechanisms for this have been suggested (Iler
1979, p. 373):

-  Particle-to-particle attraction by van der Waals forces. In this case the repulsion
force between particles with similar ionic charges is simply reduced by the addi-
tion of salt coagulant when a critical coagulation concentration (c.c.c) is ex-
ceeded.
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- Particle-to-particle bridging by the flocculating agent. This is a rather compli-

cated mechanism.
The critical coagulation concentration for sodium was given by Iler (1979, p. 378) as

N =0.26-0.005C - 0.002(7 - 40), 5)

where
N is the normality of the sodium salt,
C is the concentration of silica in g/100 ml, and

T is the temperature in °C.

5.3 Aggregation Models and Experimental Work

The aggregation stage has been investigated by many authors. Smoluchowski (1917)
was the first to systematically develop a theory of aggregation. He distinguished
perikinetic aggregation (when collisions are brought about by Brownian motion of
very small particles) from orthokinetic aggregation (when collisions are brought
about by fluid motion). Smoluchowski was also the first to derive equations for the

aggregation mechanisms, based on simple two-body collisions.

Schaer et al. (2001) investigated the aggregation process in colloidal silica by desta-
bilizing a commercial silica sol (Ludox HS 30, containing monodisperse, 12 nm sil-
ica particles) by the addition of sodium ions. The influences of various parameters
were investigated by the use of population balances. They found that the aggregation
process in colloidal silica goes through the stages of perikinetic and orthokinetic ag-
gregation. The perikinetic aggregation mechanism was dominant for aggregates with
mean number sizes lower than 250 nm. Only physico-chemical factors affected the
perikinetic aggregation mechanism, allowing the scale-up of the process from labora-
tory or pilot scale data. The orthokinetic mechanism was found to apply for particles

with mean number sizes larger than 250 nm.

Schaer et al. studied the influence of the following variables on the aggregation

process:

- Stirring speed. Stirring speed had no influence on particle size distribution during

the first stage of the aggregation process, when particles were smaller than about
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100 nm. Even after that, the influence of stirring speed was minimal and affected

mainly the breakage of larger aggregates.

- Sodium concentration. An increase in electrolyte concentration was found to en-

hance the aggregation process.

- Temperature. An increase in temperature enhanced aggregation during the first
stage of the process, since the collision efficiency increases with temperature in
the perikinetic aggregation stage.

- Silica concentration. An increase in total silica concentration was found to en-

hance the perikinetic aggregation rate.
The influence of primary particle size was not investigated.

Schlomach and Kind (2004a) developed a simulation model to predict aggregate
structure, whereby aggregates were modeled as fractals. For fractal systems, the rela-
tionship between aggregate diameter and the number of primary particles in the ag-
gregate is given by the equation

1

i/ (i]; %, ©)
a

is the aggregate diameter,

X is the primary particle diameter,

i is the number of primary particles in the aggregate,
a is a coefficient normally close to 1, and

d p is the fractal dimension.

The fractal dimension is 1 for a chain of particles and 3 for an ideally compact ag-
gregate. For silica aggregates the fractal dimension was found to be close to 2. Figure
22 shows simulation results for aggregate structures with 1000 primary particles.
Equation (6) can be used to estimate the number of primary particles per aggregate if
the diameters of the aggregate and the primary particles are known. (Schlomach and
Kind 2004a, 2004b)
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Figure 22. Examples of different aggregate structures consisting of 1000 primary particles each;
(a) Fractal dimension 2.19 (b) Fractal dimension 1.76 (Schlomach and Kind 2004a)

Finally, Schlomach and Kind (2004b) investigated experimentally the aggregation
kinetics of the precipitation process shown in Figure 23. The salt and particle con-
centrations in their experiment were allowed to become so high that gel formation
occurred, after which the gel was destroyed mechanically. This process is also
known as the sol-gel-process (see Paragraph 6). The authors developed and tested a
kinetic model for particle aggregation before the gel point, and also used Equation
(6) to calculate the number of primary particles in the aggregates. Figure 24 shows a
SEM image of the dried product. The primary particles were uniform in size with an
approximate diameter of 22.7 nm.

sodium silicate -
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ca.3t05nm ca. 20 to 40 nm max. ca. 170 nm

Figure 23. Schematic diagram of the precipitation process in the experiment by Schlomach and
Kind (2004b)
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Figure 24. SEM image of the dried product obtained by Schlomach and Kind (2004b); the image

shows a uniform primary particle size of about 22.7 nm
5.4 Break-Up and Dispersion of Aggregates

5.4.1 High-Shear Mixers

In a high-shear rotor-stator mixer, liquid is radially dispersed as jets through a rap-
idly spinning central rotor. As it travels across a small gap between the high-speed
rotor and the stationary stator, the fluid is forced into a pattern of slots, holes, or
other perforations in the stator, causing high mechanical and hydraulic stresses (Shel-
ley 2004). High-Shear mixers are used for example for the preparation of paper coat-
ings and the dispersion of fumed silica (see Paragraph 8) (Silverson Machines 2003,
2005). The dispersion process is shown in Figure 25.

Stage | Stage 2 Stage 3

Figure 25. Dispersion of solids using a high-shear mixer. Stage 1: The suction created by the
rotor draws both liquid and solid ingredients into the workhead. Stage 2: Centrifugal force
drives the materials to the periphery of the workhead where they are subjected to a milling ac-
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tion in the gap between the rotor and the stator. Stage 3: The product is expelled from the head
and projected back into the body of the mixer (Silverson Machines 2005)

High-shear mixers are available as batch mixers, often with interchangeable work-
heads, inline mixers, and ultra high-shear inline mixers (Shelley 2005). Typical par-
ticle size distributions generated by these three types are shown in Figure 26. The
figure shows that submicron sizes are achievable with high shear mixers, but the
mean particle (aggregate) size remains approximately one order of magnitude larger

than the primary particle size.
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Figure 26. Typical particle size distributions generated by different types of high-shear mixers
(Shelley 2005)

5.4.2 Bead Mills

Bead mills, also called stirred media mills, have raised an increasing amount of inter-
est in recent years, as bead mills suitable for grinding materials to the nanometer
scale have been developed. A fine bead mill is a very effective piece of equipment
for grinding crystalline materials and disaggregating solids, including silica, even
down to nanometer sizes. According to Way (2007), they are reasonably simple,

scalable, and low-cost.

A bead mill can be run in a single-passage operation, a cyclic operation, or in a circu-
lation mode of operation (Figure 27). With the choice of the right bead size, the mill-
ing time can be reduced down to a few minutes (McLaughlin 1999, Way 2007). Bead
mills can be used in either batch or continuous operation. In continuous operation,

the residence time required should equal the residence time in the mill so that milling
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can be performed in a single-passage operation. In this case, the flow inside the mill
should be close to plug flow. To achieve near plug flow, high throughput rates that
result in uniform velocity of particles through the mill are required (Mende ef al.
2006).

ST L
JULLELEE L

Figure 27. Modes of operation in bead milling; a) single passage; b) cyclic mode; c) circulation
mode (Kolb and Scherer 2002)

Bead mills have a vertically or horizontally arranged cylindrical tank which is filled
between 70 and 90 % with grinding beads. The beads are normally made of steel,
glass or ceramic materials. An agitator with suitable agitation elements provides in-
tensive movement of the grinding material, while the product suspension is continu-
ously pumped through the grinding chamber. The suspended solids are ground or dis-
persed between the grinding and beads by impact or shearing forces. The product and
the beads are separated by a separator gap, sieve or a centrifugal system at the dis-
charge outlet of the mill. (Kolb and Scherer 2002)

The theoretical basis of the grinding technology has been described by Kwade and
Schwedes (2002). According to their theory, the transmitted grinding energy is pro-
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portional to two basic values, the number of stress events (contacts) and the stress
intensity at each stress event. The number of contacts decreases with decreasing ini-
tial particle size. This can be compensated by using smaller beads. Thus very fine
beads and a mill that is able to use these beads are required to grind materials down
to nanometer scale. (Kolb and Scherer 2002, Mende et al. 2006) Bead sizes of 100 to
200 pm are usually used. 100 pm glass beads have been successfully used to disag-
gregate silica particles down to a mean particle size of 40 nm. (Mende et al. 2006)
For dispersion or disaggregation, the ratio between bead size and final particle size
should be between 10 and 10* (Kolb and Scherer 2002). For a primary particle size
of 40 nm, this corresponds to a bead size of 4-400 um. By using appropriately sized
beads, the residence time required can be reduced to even less than a minute under

optimal conditions (McLaughlin 1999).

A distinction must be made between disaggregating of aggregates and actual grind-
ing of crystalline materials. In the case of the silica particles, only disaggregating is
desired. In fact, too high stresses inside the mill can lead to undesired change in the
crystalline structure of the product and its properties. (Mende et al. 2006) The key to
the dispersion of nanoparticles is a technique called “mild dispersion”, whereby
small beads and slow agitator tip speed are used to create multiple, low-energy con-
tacts between the grinding media and the particles (Way 2007). The low agitator

speed also results in low energy consumption of the mill.

5.4.3 Ultrasonic Dispersing

A third approach to dispersing aggregates is ultrasonic disaggregation. Pohl and
Schubert (2003) have compared the effects of rotor-stator systems and ultrasonic dis-
persing on mean aggregate size. With ultrasonic dispersion, the resulting aggregates
normally show a very broad size distribution. With milling, the achieved particle size
distribution is often much narrower. Pohl ez al. (2004) have investigated the disper-
sion characteristics of fumed silica (Aerosil 90 by Degussa, primary particle size 21
nm) in ultrasonic dispersing. They found that the main parameter affecting particle
size was specific energy. Remarkable effects were achieved at specific energies
higher than 10° kJ/m’.
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6 The Sol-Gel Process

The term sol-gel process is applied to describe fabrication of inorganic materials by
preparing a sol, gelling, and then drying the gel (Scherer 1994). Figure 28 shows the

stages and possible end products of the sol-gel process.
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Figure 28. The various stages of the sol-gel process (Brinker 1994)

What makes the sol-gel technology particularly interesting is the fact that it combines
the control over the molecular structure of the material as well as the ability to shape
it at room temperature, for example by casting it into molds (Brinker 1994). Syn-
thetic silica powders can be obtained by grinding the dried gel.

The term sol-gel process is normally applied to a process where silica alkoxydes,
such as tetra-ethyl-ortho-silicate (TEOS, Si(OC,Hs),), but also aqueous solutions of
metal silicates, such as water glass, are used as precursors. (Brinker 1994) The aque-
ous sol-gel process was investigated by Sclomach and Kind (2004b), as mentioned

before.

Using TEOS as the precursor, extremely large primary particles of perfect spherical
shape can be obtained, with diameters of hundreds of nanometers (Hench and West
1990, Khan et al. 2004). However, TEOS as raw material is too expensive in indus-

trial production (Lee et al. 2006). The precipitation is normally done in an ethanol
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solution using ammonia. Ghosh and Pramanik (1997) have suggested that a nano-
sized ceramic powder similar to silica particles could also be precipitated from an
aqueous solution by using metal formates instead of metal alkoxides as the raw mate-
rial.

TEOS-derived silica particles are often used as model particles and for calibrating
measuring equipment. Their properties can be easily and exactly controlled by vary-
ing the reaction conditions. (Gellermann et al. 2007) Figure 29 shows a TEM image
of typical spherical silica particles obtained by the sol-gel method using TEOS as

precursor.
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Figure 29. TEM image and particle size histogram of a typical batch of spherical silica particles
produced by the sol-gel method using TEOS as precursor (Hench and West 1990)
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7 Precipitated Silica

7.1 Production

Precipitated silica is a synthetic, finely divided, white, amorphous form of silicon
dioxide. It has only been produced commercially since the 1940s, but in the mean-
time it has become the most important group of silica products on the basis of the
amounts produced. (Florke et al. 2005)

The formation of precipitated silica is essentially a neutralization process. It is very
similar to the acid neutralization process discussed in Paragraph 4.4, with the differ-
ence that the final salt concentration exceeds the critical coagulation concentration.
Raw materials for the production of precipitated silica are aqueous alkali metal sili-
cate solutions, most commonly water glass, and acids, generally sulfuric acid. Pre-
cipitation with other acids has also been proposed but those are of minor economic
interest (Florke et al. 2005). Thornhill and Allen (1955) and Hiiter and Steenken
(1962) have made a particularly interesting proposition to use carbon dioxide as the

acid in the precipitation process.

In the process for making precipitated silica, the silica precipitates according to
Equation (1):

Na;O - 3.3 SiO; + H,SO4 = 3.3 SiO; + Na,SO4 + H,O (1

In contrast to silica gels, which are produced under acidic conditions, precipitation is
carried out in neutral or alkaline media. The properties of the precipitated silica can
be influenced by the design of the plant equipment and by varying the process pa-
rameters. (Florke et al. 2005) The process involves the following steps (Iler 1979, p.
556):

- Forming and growing colloidal particles.

- Coagulating particles into aggregates forming a suspended precipitate, controlled

by pH and Na" ion concentration.
- Reinforcing the aggregates to a desired degree without further nucleation.
An industrial production process consists of the following steps (Florke et al. 2005):

- Precipitation
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- Filtration

- Drying

- Grinding

- Compacting and granulating (optional).

Precipitation is most commonly carried out in a batch process, although continuous
processes have also been proposed (Societé Frangaise des Silicates Spéciaux Sifrance
1972, see Paragraph 9). Figure 30 shows the basic process scheme. (Florke et al.
2005)
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Figure 30. Basic process scheme for the production of precipitated silicas; a) Precipitation; b)
Filtration; ¢) Drying; d) Grinding; e) Storage; f) Compacting; g) Granulation; h) Packaging
(Florke et al. 2005)

7.2 Chemistry

There is a close relation between the formation of silica gel and precipitate. In pre-
cipitation, the silica concentration is lower and the particles are brought together into
aggregates by forces of coagulation. In the absence of a coagulant, silica is not pre-

cipitated from solution at any pH. (Iler 1979, p. 554)

As discussed before in Paragraph 3.2, under acidic conditions silicic acid polymer-
izes to small particles which network together to form a continuous gel throughout
the water. Under alkaline conditions, silica polymerizes to discrete colloidal particles
which grow to sizes larger than about 5 nm in diameter and remain as a stable sol. A
simple way to differentiate between a precipitate and a gel is that a precipitate en-

closes only part of the liquid in which it is formed. (Iler 1979)
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Above pH 7 and up to 10.5, where silica begins to dissolve, the silica particles are
charged negatively and repel each other. Therefore, they do not collide, and particle
growth continues without aggregation. When silica particles are present in hot sus-
pension at pH 9-10, they are coagulated when the concentration of sodium ions ex-
ceeds the critical coagulation concentration, or c.c.c. (In a solution of sodium silicate
with the commonly used ratio 3.3 SiO,:Na,O the sodium ion normality is 0.1 C,
where C is the silica concentration in g/100 ml.) During this aggregation stage parti-
cles form colloidal fractal structures. The resulting aggregates can be reinforced by
the addition of active silica, which is usually formed by the addition of more water
glass and acid (Figure 31). The active silica is then deposited on the surface of the
aggregates in a similar manner as in the buildup process (see Paragraph 4.5.3). (Iler
1979)
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Figure 31. Reinforcement of aggregates by adding active silica (Iler 1979, p. 557)

7.3 Enhanced Precipitation

7.3.1 Precipitation from Emulsion Systems

Jesionowski (2001, 2002a, 2002b) has investigated the precipitation of silica from
emulsion systems of an aqueous sodium silicate solution and cyclohexane. Cyclo-
hexane was removed from the product by distillation. Sulfuric (Jesionowski 2001)
and hydrochloric acids (Jesionowski 2002a, 2002b) were used for precipitation. Both

the acid solution and the water glass solution were emulsified in cyclohexane and
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then mixed together. Figure 32 shows the flow diagram. The effects of various emul-
sifiers and dispersing media on particle size and morphology were examined. Ionic
and non-ionic surfactants were used as emulsifiers and a top stirrer, a homogenizer,
and an ultrasonic bath were used as dispersing media. Under optimal conditions, par-
ticles in the range of a few hundreds of nanometers with very narrow particle size
distributions were obtained. Best results were achieved by using a non-ionic surfac-
tant as the emulsifier and a homogenizer as the dispersing medium (Jesionowski

2002b). The obtained particles showed similar characteristics to those precipitated

from TEOS systems.

Water glass solution, Sulfuric or hydrochloric acid,
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Figure 32. Flow diagram of the coagulant process used by Jesionowski (2001, 2002a, 2002b)

7.3.2 Precipitation Using Coagulants

The first type of precipitation using coagulants is described in the patents by Moyer
(1945), Baker and Frankle (1965), and Tamenori et al. (1987). In this process, first a
coagulant, also called clustering agent (Baker and Frankle 1965), is added to a solu-
tion of water glass to coagulate the silica aggregates in the water glass to micelles of
desired size. Then an acid is added to remove the sodium ions from the micelles and

to precipitate the silica particles. The flow diagram is shown in Figure 33. The acid is
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also sometimes called insolubilizing agent (Baker and Frankle 1965). By this
method, very fine precipitates of globular shape can be obtained. According to Baker
and Frankle (1965), the coagulant has to be a hydrophilic material which tends to re-
duce the effective charge on the colloidal particles in the sodium silicate solution or
reduces the dielectric constant of the medium between the particles. Among possible
coagulants are completely water-miscible organic liquids such as alcohols, ammo-
nium hydroxide, and its water soluble derivatives and highly soluble uni-univalent or

uni-divalent salts, such as NaCl or Na;SOj.

Water glass solution

Coagulant l
I . Mixing

Acid ¢
Mixing

Filtration and
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Silica product

Figure 33. Flow diagram of the Baker and Frankle (1965) coagulant process

To obtain a proper product, the coagulant quantity must be exactly controlled. The
reference point is set by the so-called opalescence point, which is the amount of co-
agulant that is just enough to cause a faint opalescence in the water glass solution.
This indicates the formation of micelles in the solution. The coagulant amount is ex-
pressed relative to the opalescence point. Then the acid, for example sulfuric acid or
carbon dioxide, is added quickly to the solution to remove the sodium ions from the
micelles, and to precipitate the silica particles. Depending on the size of the particles,
the silica either stays in colloid suspension or a solid precipitate is formed. Accord-

ing to the patent, particle sizes of 7-100 nm could be obtained.

A patent by Tamenori et al. (1987) describes a very similar process for the produc-
tion of high-purity solar cell grade silicon, with the exception that the acid is added

slowly to form larger precipitates.
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A second type of coagulant process patented by Acker and Winyall (1977) produces
loosely aggregated precipitated silica, consisting of primary particles of 200-500 nm
in diameter, which can be easily disaggregated by milling. In their method, an alkali
metal silicate solution is neutralized by addition to an ammoniated carboxylic acid
solution, or an ammoniated alkali metal silicate solution is neutralized by addition of

carboxylic acid. Figure 34 shows the two possible flow diagrams.

Ammonia and carboxylic Water glass and ammonia

acid ¢ ‘
Water glass ¢ s ¢ Carboxylic Mixing
solution Mixing acid
' . .
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Figure 34. Variants of the Acker and Winyall (1977) coagulant process

8 Fumed Silica

Fumed silica, or pyrogenic silica, is another form of nanostructured silica. It is made
from silicon tetrachloride at high temperatures by a flame-hydrolysis oxidation proc-
ess. In the process, silicon tetrachloride is continually vaporized, mixed with dry air

and then with oxygen, fed to a burner, and hydrolyzed according to the equations
2H;+ 0O;— 2H;0 and @)
SiCly + H,O - SiO, +4 HCI. ®)

The gases leaving the reactor contain all of the silica in form of an aerosol. The silica
is separated from the sour gas by cyclones or filters. The process is shown in Figure
35. Fumed silica is characterized by its specific surface area, being normally in the
range 50400 m?/g, corresponding to a primary particle size between 10 and 100 nm.
Figure 36 shows typical particle size distributions of fumed silicas with various spe-
cific surface areas. Aqueous silica sols can be made by dispersing fumed silica in wa-
ter. (Florke et al. 2005)
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Figure 35. Industrial process for fumed silica production; a) Vaporizer; b) Mixing chamber; c)
Burner; d) Cooling section; e) Separation; f) Deacidification; g) Hopper (Florke et al. 2005)
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Figure 36. Primary particle size distribution of fumed silicas with various specific surface areas;
a) 300 m*/g; b) 200 m%/g; ¢) 90 m%/g; d) 50 m*/g (Florke et al. 2005)

9 Continuous Processes

9.1 Overview

So far, almost all processes that have been introduced either for silica sol or precipi-
tated silica production are batch or semibatch processes. For silica sols there are,
however, a few continuous processes that have been described mostly in patents.
Some of these are discussed in paragraph 9.2. Furthermore, EKA Chemicals claims
to have a continuous process for manufacturing their Bindzil Colloidal Silica prod-
ucts (EKA Chemicals 2007). However, no public information about this process is

available, except that it is said to produce any particle size between 5 and 100 nm.

Concerning precipitated silica and precipitated nanoparticles in general, there has

been quite a lot of research in recent years. In paragraph 9.3, the most interesting ex-
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perimental works are described as well as one patent on continuous precipitation of

silica.

9.2 Silica Sols

A few continuous processes have been described for silica sol manufacturing in the
patent literature. Nalco Chemical Company (1963) seems to be the first to have a
patent on a continuous process, based on ion exchange. Weldes ef al. (1969) patented
a process where a silicic acid solution is mixed with an alkaline solution in a con-

tinuous stirred tank reactor.

Brekau et al. (1999) patented a continuous process for Bayer. The process is basi-
cally the buildup process described in Paragraph 4.5.3, but it uses a multi-stage cas-
cade reactor, where each reactor is fed with overflow from the preceding stage. The
process starts with a heel of silica sol, to which silicic acid is added in the reactors.
pH is controlled by alkaline addition and reaction volumes are controlled by evapora-
tion of water. Operating conditions of the reactors are given in Table 3. The authors
claim that their process could produce silica sols with an average particle size be-

tween 27 and 72 nm.

Table 3. Operating conditions of the reactors in the patent by Brekau et al. (1999)

Particle Average Resi-  Average SiO, Concen-
pH Size (nm) dence Time (h) tration (wt-%)
First Reactor 10.7-11.7 14-27 0.5-2 9-16
Second Reactor 9.8-11.3 15-41 0.5-2 11-30
Third Reactor 9.9-10.8 18-49 0.5-2 16-40
Fourth Reactor 9.4-10.5 20-68 1.5-2 22-45
Fifth Reactor 9.0-10.5 27-72 1.5-2 28-50

Although being not very practical, the method proposed by Brekau ef al. seems to be
the only feasible method for making silica sols with exactly tailored particle sizes in
a continuous process. It can be assumed that various commercial silica sol manufac-
turers, including EKA Chemicals, have developed similar processes, without pub-

lishing any information on them.

9.3 Precipitated Silica

A first continuous process for making precipitated silica has been patented by

Societé Frangaise des Silicates Spéciaux Sifrance (1972). The flowsheet is shown in
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Figure 37. Apparently, this is not a very practical process because of the multiple

continuous stirred tank reactors is series.
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Figure 37. Continuous process for making precipitated silica (Societé Francaise des Silicates
Spéciaux Sifrance 1972)

An apparatus for continuous flow precipitation was described by Matijevi¢ (2006).

According to the author, the apparatus could be used for making yttrium dioxide, sil-

ica, aluminum hydroxide, and barium titanate particles. A schematic presentation of

the apparatus is shown in Figure 38.
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Figure 38. Schematic presentation of the apparatus for continuous flow precipitation (Matijevié

2006)
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10 Conclusions from the Literature Review

The formation of colloidal silica has been studied quite extensively over the years. A
detailed discussion of the polymerization behavior of silica and particle formation is
given in Iler (1979). For a brief introduction to particle formation and manufacturing
of colloidal silica, the articles by Roberts (2006) and Yoshida (1994) can be recom-
mended. Recent experimental work has been done by Tsai et al. (2004, 2005a,
2005b).

There is also a lot of published material on aggregation and precipitation of silica.
Again, the basics can be found in Iler (1979). Among the most interesting experi-
mental works are the ones by Schaer et al. (2001) and Schlomach and Kind (2004b).
Also an article by Schlomach et al. (2006), in which parallels between the precipita-
tion of calcium carbonate and silica are drawn, is considered interesting. An over-
view of all the topics can also be found in Ullmann’s Encyclopedia of Industrial
Chemistry (Florke et al. 2004). The size ranges of silica structures together with the

parameters that affect their formation are summarized in Figure 39.
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Figure 39. Size ranges of silica structures and the parameters that affect their formation

So far, only methods based on ion exchange seem to be in industrial use for the
manufacturing of silica nanoparticles in the form of colloidal silica. Autoclaving and
sol-gel methods based on TEOS chemistry have been used in the laboratory. Meth-

ods based on acid neutralization are mainly used for the production of precipitated
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silica. Some methods presented in the Literature Review Part that produce discrete
silica particles are roughly categorized according to their product’s size range and
their estimated complexity in Figure 40. Precipitated and fumed silica are not in-
cluded because the products produced by those methods are quite different.
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Figure 40. Classification of methods that produce discrete silica particles

Figure 40 shows that the complexity of the process increases quite rapidly with in-
creasing particle size. Acid neutralization and precipitation techniques, possibly fol-
lowed by a disaggregation stage, seem to be the most promising methods for the low
cost on-site manufacturing of silica nanoparticles. Presumably, some degree of ag-
gregation in the product has to be taken into account when using such a process. Sta-
bility of the product is not an issue if the product is to be used within the next few
hours or even minutes. The aim of the experimental and process design parts is to

explore these methods and evaluate their usability for industrial production.
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EXPERIMENTAL PART

11 Introduction to the Experimental Part

The aim of the experimental work was to find out what types of nanoparticles can be
made using water glass and acid, and testing different processes in a semi-batch reac-
tor arrangement. Three processes were tested experimentally: Sol via Acid Neutrali-
zation, Precipitation, and the Baker and Frankle (1965) Coagulant Process. A list of

experiments is presented in Appendix A.

The Sol via Acid Neutralization —Process consists of neutralizing a dilute, hot water
glass solution so that no gel is formed (see Paragraph 4.4). In order for this to be pos-
sible, the sodium sulfate concentration in the product has to be kept under a critical
limit which was given by Iler (1979). All processes that are introduced here are basi-
cally acid neutralization processes. However, the term Acid Neutralization Process is
used in the literature to refer to a process at low silica concentration. Thus it is used

here in that sense as well.

The Precipitation Process is a very similar process, but in this case the silica concen-
tration is substantially higher (see Paragraph 7.2). Gel formation during the reaction
will occur, but any gel is broken up using high stirrer speed. The product suspension
contains large aggregates of silica particles. The precipitation process can be seen as

a variation of the sol-gel-process.

In the Coagulant Process, a coagulant is added to the water glass solution before neu-
tralizing it with acid (see Paragraph 7.3.2). The addition of the coagulant results in
the formation of micelles in the water glass solution, from which the sodium ions are
removed by the addition of an acid. This results in substantially different precipita-

tion characteristics than in the above mentioned two other processes.

12 General arrangements

The experiments were performed at the Laboratory of Chemical Engineering during
May and June, 2007. The reactor used was a 2 | spherical glass reaction vessel. The
batch was mixed with a Heidolph RZR 2020 mixer. A six-blade impeller which was
placed near the bottom of the reactor was used for agitating and mixing. For heating,

an electric dry bath was used. Temperature was measured directly from the reaction



mixture. In most experiments acid was fed into the batch using a diaphragm pump. In
some experiments acid was also poured by hand. The flow rate of the pump could be
varied by changing the stroke volume and the stroke frequency. Acid feed was moni-
tored with a scale placed under the acid container. pH was not monitored during the
reaction but it was measured from the batch after the reaction was complete. The ex-
periment setup is shown in Figure 41.

Temperature Stifrer
measurement

— D Diaphragm pump

N
N

Acid
container

cele W==]

Scale

Electric dry bath

Figure 41. The semi-batch reactor arrangement used in the experiments

The water glass used in the reaction was Zeopol 33, manufactured by J.M. Huber
Finland Oy. It is a sodium silicate solution with an Si:Na mole ratio of 3.3 and a sil-
ica concentration of approximately 28 %. The sulfuric acid was a 95-98 % sulfuric
acid obtained from Sigma Aldrich. It was diluted to 20 % in most of the experiments.

Tap water was used as solvent in all experiments.

13 Sample Analysis by Dynamic Light Scattering

13.1 Theory

The primary means of sample analysis was a Malvern Zetasizer ZS Nano instrument,
which performs size measurement using a process called Dynamic Light Scattering
(DLS). The same or a comparable instrument has been used by many researchers
(Schaer et al. 2001, Schlomach and Kind 2004b, Tsai 2004, Tsai et al. 2005a, Tsai et
al. 2005b) and it is considered very reliable. Sample analysis concentrated on particle
size. Other potentially interesting characteristics like zeta potential or specific surface

area were not measured.
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DLS (also known as Photon Correlation Spectroscopy, PCS) measures Brownian
motion and relates it to the size of the particles. A laser beam is shot through the
sample and the particles in the suspension will scatter the light in all directions. A
detector that is placed close to the sample will measure an interference pattern. Due
to the Brownian motion of the particles the pattern is not stationary. The intensity
fluctuation of the scattered light depends on the size of the particles. From the inten-
sity fluctuations, the velocity of the Brownian motion can be determined, and the
particle size distribution can be calculated using the Stokes-Einstein relationship. The
instrument reports a size that has the same hydrodynamic properties as a sphere of
equal hydraulic diameter. (Malvern Instruments 2005)

The fundamental size distribution generated by DLS is an intensity distribution. This
can be converted into volume and number distributions. To do this, the refractive in-
dex of the material has to be known. 1.46 was taken as the refractive index for silica
(Siliconfareast.com 2004). However, one must be very careful when interpreting
number distributions because small errors in the intensity distribution will lead to
huge errors in the number distribution. If a sample contains large and small particles,
the small particles will show only very weakly in the intensity and volume distribu-
tions. This is because the intensity of scattering of a particle is proportional to the
sixth power of its diameter and the volume of a particle is proportional to the third
power of its diameter. (Malvern Instruments 2005) Figure 42 shows a real-life ex-

ample.

Intensity Volume Number

Figure 42. Intensity, volume and number distributions of a sample (Sample A5)

There are some limitations to DLS analysis that became evident when analyzing the

samples. Firstly, the suspension must be almost clear and colorless for the laser beam
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to pass through. Secondly, the particles have to remain in suspension and must not
settle. With these two limitations, the limit for the maximal particle size for silica
was found to be about 1000 nm. For larger particles, for example a Malvern Master-

sizer, which uses conventional Fourier optics, could be used (Schaer et al. 2001).

The results were averaged from three measurements, every measurement consisting
of ten measurement runs, meaning that every result was calculated by the system as
an average from a total of 30 measurement runs. The intensity and number peaks
were considered as the most important numbers produced by the instrument. Also
size distribution graphs were considered interesting, although graphical presentations
of particle sizes in this manner are problematic (Sommer 2000). Other numbers pro-
duced by the system are the polydispersity index (PDI) and Z-average size, which is
an intensity-weighted average size. Z-average size is normally the most stable num-
ber produced by the system and should be used for quality control purposes, but it
does not necessarily relate to the real particle size unless the size distribution is very

narrow (Malvern Instruments 2005).

13.2 Measurements of Commercial Silica Sols

For testing purposes, the particle size distributions of a few commercial sols were

measured. The results are shown in Table 4.

Table 4. Size measurements of commercial silica sols

Particle size Measured particle size / nm
given by ;
Product manufactirer Intensity Volume Number Z-A\{erage

s peak peak peak size
Product 1 6 24 4 7.56 5.08 16.5
Product 2 25 37 28.1 23.1 334
Product 3 10 -100 130 102 69.3 113
Product 4 15 42.2 17:9 12.6 28.6
Product 5 40 131 103 68.4 113
Product 6 N/A 137 110 73.8 M7

The results show that the values closest to the particle size given by the manufacturer
are the volume peak and the number peak. The manufacturer’s value lies between
these two numbers in all measurements except Product 5. In this case there might be
some aggregation. All samples showed a more or less wide distribution similar to
Figure 42 instead of a sharp peak. If the number given by the manufacturer is as-

sumed to be correct, then volume and number peaks seem to give good estimates for
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the mean particle size, the volume peak giving slightly larger and the number peak
giving slightly smaller values. In the following paragraphs, the number peak was
chosen as the most important number to characterize particles. If microscopic images

are to be taken, it is most likely to see particles of that size on the pictures.
14 Sol via Acid Neutralization

14.1 Experimental Procedure

In the first experiments, stable silica sols were produced at lower silica concentra-
tions by acid neutralization. This could be achieved when total silica concentration

was kept below about 3 % (mass-percent).

A dilute water glass solution was partially neutralized with sulfuric acid to a pH of
about 9-10. The reactor was first charged with water and water glass solution and the
batch was then heated until reaction temperature was reached. The acid was then
added to the batch using the pump while stirring. Temperature was kept at 80-83 °C
during the reaction. Stirrer speed was set at 400 rpm. The basic block diagram is
shown in Figure 43. Samples were taken from the batch and analyzed by DLS. Ap-
proximate gel times of the samples were determined by observing the bottled sam-

ples for several days.

Water glass solution

l

Heating
Acid
l Mixing
Silica product

Figure 43. Basic block diagram for the acid neutralization experiments
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14.2 Neutralization of Water Glass

The neutralization curve of the water glass solution is presented in Figure 44. It was
measured in experiment Al. Measured quantities of sulfuric acid were successively

added to a water glass solution and pH was measured after each addition.

12
Silica dissolves
—
———
10 N —

Stable sols \\
8

Gel formation \
4

Metastable arpa

pH

0% 20% 40 % 60 % 80 % 100 % 120 %
Proportion of water glass neutralized

Figure 44. Neutralization curve of the water glass solution

From Figure 44 it can be seen that in order to remain in the stable area, the appropri-
ate proportion of neutralization is 50-90 %, calculated from reaction stoichiometry.
Dropping of the pH below 7, even locally, must be avoided because gel formation at
pH 5-7 is almost instantaneous. If the pH drops into the gelling range even locally,
then microgel will be formed which then is dispersed throughout the batch and acts
as seed for gel formation throughout the liquid. This is illustrated in Figure 45. The
pH can be lowered into the metastable area if acid addition and mixing are very
quick while crossing the gel formation area. To get into the metastable area, a pro-
portion of sulfuric acid of about 120 % of the amount sufficient to neutralize the wa-
ter glass is needed.

49




e HE

Gel formation at Gel fragments are The gel network
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Figure 45. Formation of gel fragments and gel extension throughout the liquid volume

14.3 Results

Results from the successful acid neutralization experiments A4-A9 are listed in Table
5. More detailed information on the experiments is presented in Appendix B. Origi-
nal outputs of the particle size measurements are shown in Appendix F. Stable sols
could be obtained when acid addition rate was slow enough and the quantity of acid
added was kept moderate at a proportion of about 70 % of the quantity which would
have been necessary to completely neutralize the water glass. Else, gelling of the
product was the result. If acid addition rate was lowered, then more acid could be
added without the risk of gelling, as can be seen in experiment A9. This was proba-
bly due to the reasons discussed in Paragraph 14.2. Very high acid addition rates led

to immediate gelling.

All stable sols were clear liquids. Particles with number mean diameters around 10
nm were obtained in these experiments. At higher concentrations the particle size
distributions were broader and showed slightly more larger-sized particles. This is
probably due to the aggregation of particles because of the sodium sulfate that was
being formed in the reaction. Acid addition rate did not have an effect on mean parti-
cle size, but at lower acid addition rate the particle size distribution was slightly nar-

rower. (Compare the DLS results for samples A5 and A8 in Appendix F.)

50




Table 5. Acid neutralization experiments in the stable sol area

Experiment A4 A5 A6 A7 A8 A9

Batch

Eﬁ;a'msaf;)m“ce""am” 21% 25% 30% 36% 26% 26%

total Na,O concentra-

tion (by mass) 0.7 % 0.8 % 0.9 % 11% 0.8 % 0.8 %

Sulfuric acid addition

H,SO, addition rate/gs™ 0.12 0.12 0.12 0.12 0.02 0.02
proportion neutralized 71 % 72 % 72 % 71 % 72 % 86 %

Measurements

mean number particle

&% § ek 6.82 8.62 11.9 N/A 7.29 12.2
final pH 10.1 10.0 10.0 10.1 10.2 9.3
Calculated

Igen?:z;)“"ce"“atm” 14% 18% 21% 24% 18%  21%
total Na-norm 0.19 0.23 0.27 0.32 0.23 0.23
free Na-norm 0.13 0.17 0.19 0.23 0.16 0.20
critical Na-normality

calculated from ller’s 0.18 0.18 0.18 0.18 0.18 0.18
formula

Another area of interest was the stability of the products, which relates to the Na'-
concentration in the suspension. The samples with Na,SO4-concentration higher than
about 1.3 % gelled within a few days to a few minutes. The sols with lower Na,SOs-
concentrations were stable for long periods of time. The dependence between
Na;SO4-concentration and gel time is illustrated in Figure 46. The stability decreases
exponentially with increasing Na,SO4-concentration, as was predicted by Iler (1979).

10000
1000 \

Days \
100

=
2 \
. 10
3 Hours \\
1 \
0.1 ~
Minutes

0.01 T T T T r T
09% 10% 11% 12% 13% 14% 15% 16% 1.7% 1.8%

Na;SO4 conc. in product (by mass)

T T

Figure 46. Stability of the silica sols obtained in the Acid Neutralization Process
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14.4 Conclusions

Particles of about 7-12 nm in diameter were obtained by acid neutralization in the
stable sol area. This is in good accordance with the equilibrium particle sizes given
by Iler (1979, p. 242-243) for temperatures lower than 100 °C. The particle size

seems to grow slightly with increasing silica concentration.

The stability of the sols decreases rapidly with increasing product concentration, as
could be expected. From Table 5 it can be seen that sodium normality exceeded the
threshold calculated from Iler’s formula (calculated as 0.1 C, C being is the silica
concentration in g/100 ml) at a Na,SO4-concentration of about 1.5 %, which is also
the concentration at which the samples were not stable anymore. Thus it can be said
that Iler’s formula is reasonably accurate for predicting product stability. The value
given by the formula seems to apply for the normality calculated from free sodium
concentration (sodium present as Na;SO4), whereas the value 0.3 N, which was also
given by Iler, seems to apply for the normality calculated from total sodium ion con-

centration (sodium present as Na,SO4 and sodium silicate).

It is obvious that large particles cannot be obtained by this method. Also, low prod-
uct concentrations and rapidly decreasing stability at higher concentrations can be

expected to cause problems when applying this method to practice.
15 Precipitation

15.1 Experimental Procedure

In order to make particles larger in diameter, precipitation experiments at higher sil-
ica concentrations were performed. The procedure was very similar to the acid neu-
tralization experiments: The reactor was first charged with a batch of water and water
glass solution, which then was heated until reaction temperature was reached. Then
acid was added by pumping. If a gel was formed, it was broken up with high stirrer
speed. 400 rpm were not sufficient to break up the gel, but at least 800 rpm were nec-
essary. In most of the experiments, stirrer speed was set at 1000-1300 rpm. Acid ad-
dition rate was kept very low in most experiments. The quantity of acid added was
controlled so that product pH was above 8. A quantity enough to neutralize 80-90 %
of the water glass was added to the batch. Figure 47 shows the basic principle. Using

the given reactor, the highest practical silica concentration was found to be about 10
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%. At higher concentrations, crystallization of the product on the reactor walls be-
P

came a problem, affecting reactant concentrations and heat transfer.

Water glass solution

l

Heating

Acid
v

‘ | Mixing

'

Filtration or de-
cantation

. .

Light phase Heavy phase
or filtrate or filter cake

Figure 47. Basic block diagram for the precipitation experiments

The acid addition rate had to be kept very low in order to avoid gelling. At high acid
addition rate, an extremely rigid gel, which could not be broken up, was formed al-

most instantly. The temperature during the reaction was kept at 80-85 °C.

15.2 Stirrer Speed and Power Input

In the Precipitation Process, violent agitation is crucial for rapid mixing-in of the
acid and for keeping gelling and aggregation under control. Power input can be esti-
mated from stirrer speed using a power law. Correlations for unbaffled vessels are
given for example in Peters et al. (2003, p. 539-542). Approximated values, based on
the properties of water (viscosity 1 mPas, density 1000 kg/m®), are presented in
Table 6.

Table 6. Stirrer speed and approximate power consumption in the batch

Stirrer speed / rpm  Power input / kW m™

400 0.07
600 0.26
800 0.64
1000 1.3
1300 3.0
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In most experiments, stirrer speed was between 1000 and 1300 rpm, corresponding
to a power input of 1-3 kW/m’. Schlomach and Kind (2004b) used a power input of
0.163 kW/m® before the gel point and 0.765 kW/m? after the gel point, based on the

viscosity of water.

15.3 Measurement of Primary Particle Size

Primary particle size was measured from the samples by the following procedure:
Some of the well-dispersed product suspension was diluted with water and the larger
particles were allowed to settle. Then a sample was taken from the slightly turbid top
phase and passed through a 450 nm filter into a cuvette. In most cases, the suspen-
sion passed easily through the filter. The sample could then be analyzed by DLS. The
method is illustrated in Figure 48.

Filtration

) 450 nm fiter —» DLS
Analysis

y

Smaller particles re-
main in suspension

Large precipitates

Reaction Dilution and
decantation

Figure 48. Determination of primary particle size from precipitates

In most cases, the particle size distributions showed two peaks, of which the smaller
peak was interpreted as the primary particles, while the larger peak was interpreted
as aggregates of two or three particles. This can be clearly seen in Figure 49, which
shows the analysis result for sample B3. The primary particle size could be measured
in experiments B2, B3, B4, B6, and B7.
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Size Distribution by Intensity
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Figure 49. DLS analysis in the procedure from Figure 48 shows two peaks in the number distri-
bution. The smaller peak corresponds to the primary particles (Sample B3)

15.4 Results

The most important data for experiments B2-B7 are shown in Table 7. Complete
measured and calculated data for those experiments are listed in Appendix C. The

original output of the instrument is presented in Appendix G.
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Table 7. Results of the precipitation experiments

Experiment B2 B3 B4 B5 B6 B7

;‘;‘g'oﬁ'gg o 33% 43% 7.3% 8.5% 8.6 % 10.9 %

Proporonneutrak  g09%  842%  766%  80.8%  824%  831%
white, white, white, white, white,

s gel-like powder- powder- powder- powder-  powder-

charactarization precipitate  like pre- like pre- like pre- like pre-  like pre-
cipitate cipitate cipitate cipitate cipitate

free silica concen-

tration in product 2.6 % 3.6% 5.6 % 6.8 % 71% 9.0 %

(by mass)

primary particle *

e S 10.5 18.4 32.5 N/A 345 50

* Primary peak not observed in the measurements

At silica concentrations lower than about 4 %, a gel-like precipitate was formed,
which gelled again within a few days of storage. At higher concentrations, white

powder-like precipitates were formed, which were stable for long periods of time.

At silica concentrations lower than 4 %, acid addition was complete before gel for-
mation, and a gel-like precipitate was formed. At higher concentrations acid addition
was continued during gel formation and breakup, and a powder-like precipitate was
obtained. The stability of the precipitates was probably due to the reinforcement of
aggregates by the addition of additional silica to the aggregate surface.

The precipitation process goes through the stages shown in Figure 50. All of these
stages could be observed visually. In the beginning, the solution was a clear liquid.
The formation of aggregates was indicated by an increase in turbidity. When the gel
point was reached, the liquid became completely turbid and its viscosity increased
rapidly. When the gel was broken up, the viscosity decreased again, and the disper-
sion became white. At higher silica concentrations, the stages of gel formation and
breakup were very fast. After the gel breakup was complete, there was no further
change in product consistence, even when acid addition was still continued. The ob-
servations were basically the same that were described by Schlomach and Kind
(2004b). They also measured quantitatively the compaction of the gel fragments by
measuring the fractal dimension, but that could not be done in these experiments be-
cause there was no instrument available that could handle such large particles. The
fractal dimension of the aggregates can be measured using static light scattering
(Schlomach and Kind 2004b).
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Figure 50. Stages in the precipitation process. The figure is not to scale

15.5 Microscopic Analysis

Samples B3 and B4 were sent to the Laboratory of Forest Products Chemistry for
microscopic analysis. The samples were first centrifuged, and the light phase was
then applied to a silicon wafer by spin coating. Then Atomic Force Microscope

(AFM) images of the surfaces were taken. The results are shown in Figure 51.

Sample B4

Figure 51. AFM images of surfaces prepared with samples B3 and B4. Spin coating parameters
(speed and acceleration): B3: 3000 rpm, 1420 rpm/s; B4: 4000 rpm, 1420 rpm/s (taken by Tiina
Nypelo at TKK Laboratory of Forest Products Chemistry)
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The image of sample B3 shows aggregates up to approximately 500 nm in diameter
and primary particles between 10 and 20 nm. The crystal in the top left corner of the
image of sample B3 is probably crystallized sodium sulfate. The image of sample B4
also shows aggregates up to 500 nm in diameter and primary particles in the range
30-40 nm. The primary particles are uniform in size as observed by Schlomach and
Kind (2004b). The difference between the particle sizes is clearly visible, and the im-
ages are consistent with the results of the DLS analysis. Keeping in mind that the
only difference between samples B3 and B4 was the silica concentration, the images
seem to confirm that primary particle size can be controlled by varying the silica

concentration.

Scanning Electron Microscope (SEM) images of sample B6 were taken at the Labo-

ratory of Materials Science. Figure 52 shows the sample in two magnifications.

B

Figure 52. SEM images of sample B6 (taken by Eero Haimi at TKK Laboratory of Materials

Science)
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The primary particle size for sample B6 was 34.5 nm in the DLS measurements. The
SEM images show a primary particle size between 30 and 40 nm, which is consistent

with the DLS measurements. The images are shown in full scale in Appendix I.

15.6 Conclusions

In these experiments, product structure and the primary particle size were considered
especially interesting. It was also tested whether it was possible to obtain nanometer-
sized aggregates by varying the precipitation conditions. The two most important pa-

rameters that affected the outcome of the experiments were:

- Silica concentration. At low silica concentrations (lower than about 3 %), silica
sols could be obtained, which were stable for at least a few hours. At concentra-
tions of 3-4 %, a gel-like precipitate was formed, which gelled again within a few
days of storage. In this case, acid addition was finished before gel formation, and
the gel was broken up with high stirrer speed. At concentrations above 4 %, a
white powder-like precipitate was formed that did not gel upon standing. In this
case, acid addition was not completed before gel formation, but instead was con-

tinued during gel formation and breakup.

- Acid addition rate. Precipitates were only formed at a low acid addition rate. A
high acid addition rate resulted in the formation of a very rigid gel, which could
not be broken up. It is hard to specify a high or a low acid addition rate because it
depends on reactor type, mixing intensity, and reactant concentrations. In these
experiments, the low acid addition rate was specified as about 0.02 g H,SO4/s
and the high acid addition rate as about 1.3 g H,SO4/s.

The products formed at different combinations of these parameters are summarized

in Figure 53.

Other important parameters are temperature and stirrer speed. Temperature has to be
kept high enough during the reaction because at lower temperatures gelling is pre-
ferred. In the experiments a temperature of about 80 °C was found to be high enough.
Stirrer speed must be high enough to break up any gel as soon as it is formed. At
least 800 rpm, better more than 1000 rpm, are required to break up any gel, corre-
sponding to a power input of about 0.6 to 1 kW/m® (see Paragraph 15.2). Sinnott
(1999, p. 471) recommends at least 2 kW/m’ for violent agitation in fine slurry sus-

pensions.
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Figure 53. Possible products from acid neutralization when a hot solution of sodium silicate is

neutralized with sulfuric acid at pH above 7

The results for the primary particle size are shown as a function of the product’s free
silica concentration in Figure 54. The results indicate that a primary particle size of at

least about 50 nm is achievable in a precipitation process. This is an important result,

since there has been no published data of this kind so far.
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Figure 54. Measured primary particle size as a function of product free silica concentration

when a hot solution of water glass is neutralized to a pH of about 9-10
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These particles, however, come always aggregated in precipitates or in a gel. Thus if
primary particles are the desired product, these aggregates must be broken up in
some way during precipitation or afterwards; It might also be possible to control the
aggregate size during precipitation by applying high shear force. However, Schaer et
al. (2001) have suggested that at small scale (smaller than about 250 nm) hydrody-
namics have only very little effect on the particle size distribution. Thus it may not
be possible to obtain primary particles or very small aggregates directly. So far, there
have been no public studies on disaggregating nanoparticles by high-shear mixing.

It is probable that the aggregates in the product show a certain size distribution, rang-
ing from the nanometer area with aggregates of a few particles to the millimeter area.
However, this distribution could not be measured in the experiments because there

was no suitable instrument available.

16 Coagulant Process

16.1 Experimental Procedure

The coagulant process as described by Baker and Frankle (1965) was also tested ex-
perimentally. NaCl and Na,SO4 were used as coagulants.

The reactor was first charged with water and water glass solution and then heated to
a slightly elevated temperature, about 45-50 °C. Then the coagulant was added
slowly, and the mixture was allowed to stabilize for a few minutes. Then a measured
quantity of acid enough to drop the pH to 1-2 was added to the solution. The basic
block diagram is shown in Figure 55.

Water glass solution

Coagulant l
| . Mixing
Acid
A

I Mixing
v

Silica product

Figure 55. Basic block diagram for the coagulant process experiments
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In a preliminary experiment it was tested how much of the coagulant was necessary
to cause a light turbidity in the water glass solution. It was found that for NaCl, the

mass concentration had to be at least twice as high as the silica mass concentration.

16.2 Results

Results of the experiments are summarized in Table 8. More detailed records are pre-
sented in Appendix D. Original outputs for samples C4 and C5 are presented in Ap-
pendix H.

Table 8. Details for the coagulant experiments with NaCl as coagulant

Experiment C1 C2 C3 C4
Canguisst conc. 13.31 % 762 % 3.33 % 4.94 %
(by mass)
Total SiO, conc. G G o o
(by mass) 6.65 % 4.53 % 2.03 % 1.65 %
Characterization wax-like pre- . .
cipitate upon rigid gel clear liquid S"g';iﬂ{ﬂtgrb'd
salt addition q
Coagulant type NaCl NaCl NaCl NaCl
Coagulant conc. 162 86 35 53
g/
Experiment C5 C6 C7 C8
Coagulant conc. = o o -
(by mass) 5.52 % 5.59 % 6.60 % 10.01 %
SiO, conc. (by 0 0 0
mass) 1.95 % 1.87 % 1.90 % 1.49 %
Characterization slightly turbid white precipi- ) -
liquid tale clear liquid clear liquid
Coagu|ant type NaCl NaCl Na2$O4 Nast4
g/?agulant conc. 59 60 72 113

In most cases, the solution turned slightly turbid at the point of coagulant addition. If
the amount of coagulant was too low, no change was observed at this point. This
happened in experiments C7 and C8. If the amount of coagulant was too high, a wax-
like precipitate was formed at this point. This was observed in experiment C1. Co-

agulant addition rate seemed to have no influence on the product.

In most experiments, the acid was added practically instantaneously. Experiment C6
was done with slow acid addition rate. During acid addition, stirrer speed was in-
creased to promote effective mixing. Baker and Frankle (1965) specified that the

mixing-in of the acid should be completed in less than 5 seconds.

At high acid addition rate and rapid mixing, in most cases a stable slightly turbid sol

was formed which passed easily through a 450 nm sieve. Experiments were done us-
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ing low silica concentrations, so the results were comparable to those obtained from

the acid neutralization experiments at low concentrations.

The particle size intensity distributions showed two families of particles, one in the
range of 10 nm and another in the range of 100 nm, which is visible in the intensity

distribution. Figure 56 shows the particle size intensity and number distributions for
sample CS5.
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Figure 56. Particle size intensity and number distributions for sample C5. The two particle
families are clearly visible in the intensity distribution

16.3 Microscopic analysis

Spin coating surfaces and AFM images of sample C5 were prepared. The images
mainly show only crystalline NaCl, which covers all silica particles on the surface.

Figure 57 shows an image of a surface prepared with high speed, which seems to
show silica particles of about 100 nm under a layer of crystalline NaCl.
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Figure 57. An AFM image of a spin coating surface prepared with sample C5. Parameters: 5000
rpm, 1420 rpm/s (taken by Tiina Nypelé at TKK Laboratory of Forest Products Chemistry)

16.4 Conclusions

With the aid of coagulants, substantially different results than those in acid neutrali-
zation experiments could be obtained. However, the NaCl concentration had to be at
least twice as high as the silica concentration in order to have an effect on the particle
size distribution. Na,SO4 concentration should have been even higher and a suffi-
cient concentration was not found in the experiments. If a salt is used as the coagu-
lant, then the solubility of the salt could turn out to be limiting at high silica concen-

trations.

The particle size distributions were hard to interpret. The number distributions
showed similar results than in the Acid Neutralization Experiments, which could be
expected since the silica concentration range was the same. In the intensity distribu-
tions, however, a second family of larger particles was clearly visible. No parameters
that would clearly affect the particle size distribution were found, but then again the

number of experiments was so low that no reliable conclusions can be drawn.

The samples obtained in experiments C3-C5, C7 and C8 were stable sols that showed
a slight turbidity, indicating the presence of larger particles. Those samples were sta-
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ble for unexpectedly long periods of time, despite of their high salt concentration.
This was probably because of an altered surface charge of the particles. This could
give hints for how the modification of the particles should be done, but still more re-

search in this area is required.

Stable sols were only obtained if acid addition was practically instantaneous. If the
acid addition rate was slow, a very fine white powder-like precipitate was formed.
This observation is in accordance with the patents by Baker and Frankle (1965) and
Tamenori ef al. (1987).

17 Additional Experiments

The main focus of the experiments was to investigate what products could be ob-
tained by neutralizing a hot solution of water glass with acid at a pH higher than 7.
However, some additional interesting experiments, mainly connected to the precipi-

tation experiments, were performed:

- Experiment D1 was closely connected to the precipitation experiments. It was
tested whether nanometer-sized precipitates could be made by forming gel frag-
ments of desired size by first applying high shear and then adding additional wa-
ter glass and acid to add a layer of reinforcing silica on the gel fragments to stabi-
lize the product. This was tested by first mixing water glass and acid until just be-
fore the gel point. Then the slightly turbid suspension was agitated with a high-
speed kitchen mixer. Additional water glass was added to the solution and acid
addition was continued. The result was a very smooth paste-like gel, but not a
suspension as was expected. This experiment is considered interesting because it
shows that the product properties can be changed by varying the precipitation
conditions. In this experiment, one would have expected a result similar to the re-
sult of experiment B3, but instead a smooth paste-like gel was obtained. More de-

tails of the experiment are presented in Appendix E.

- In experiment D2 it was tested whether the precipitation reaction could be
stopped before the gel point by quickly neutralizing the solution with acid before
gelling occurs. It turned out to be possible, but measured particle sizes were not

very large, so there were only few large aggregates present in the solution.
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- In experiments D3-D4 it was also tested whether a similar product could be ob-
tained by the inverse route, i.e. by adding water glass to a sulfuric acid solution
under acidic conditions. In these cases, the product was rather a gel than a pre-
cipitate. The viscosity of the product was quite low in the beginning when water
glass addition was complete, but then increased steadily until the product turned
into a rigid gel. If an impurity, for example a piece of dry silica gel, was intro-
duced into the suspension, then gelling was very rapid. This experiment shows
that precipitation should be performed by adding a sulfuric acid solution to a wa-

ter glass solution, and not vice versa.

18 Conclusions from the Experimental Part

18.1 General Conclusions

The synthesis of large silica nanoparticles using only water glass and sulfuric acid
without using ion exchange or autoclaving at high temperatures proved to be quite
challenging. The performed experiments should be seen as a starting point for further

research with more sophisticated equipment.

However, some good results could be obtained in these experiments already, and at

least the following conclusions can be drawn:
- Acid neutralization before the gel point does not produce desired particle sizes.

- With precipitation at higher concentrations, more favorable particle sizes can be
obtained. These particles, however, come always aggregated and must be dis-

persed in some way.

- Coagulant processes can be used for producing larger particles in colloidal sus-
pensions, but they are impractical because of the large coagulant concentrations
needed.

18.2 Key Variables

The following key variables that have an influence on product properties were identi-
fied:

- Silica concentration. The silica concentration is maybe the most important pa-

rameter that characterizes the whole process. It is the most important parameter

66




that affects particle size and product appearance. In the Precipitation Process,
varying the silica concentration can be used to control the primary particle size at
least in the range of about 7-50 nm, which corresponds to product silica concen-
trations of about 1.5-10 %. Within this range, the relation between silica concen-
tration and particle size is almost linear. Figure 58 shows primary particle size as

a function of the product’s silica concentration throughout the whole measured

concentration range.
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Figure 58. The relation between (primary) particle size and product silica concentration

throughout the measured concentration range when a hot solution of water glass is neutralized
to a pH of about 9-10

Acid addition rate. Acid addition rate is a very important parameter in all of the
processes. In the Acid Neutralization and Precipitation Processes, slow acid addi-
tion is the key to obtaining proper products (stable sols or precipitates). Rapid
acid addition results in gel formation. Acid addition has to be done in such a way
that pH is maintained as uniform as possible throughout the reactor volume. In
the Coagulant Process, the acid addition rate determines the product characteris-
tics: Stable sols can be obtained by quick acid addition, while slow acid addition
results in the formation of a precipitated powder.
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Stirring intensity. Stirring intensity is an important issue in all of the three proc-
esses. In the Acid Neutralization and Coagulant Processes, efficient stirring is
necessary to maintain a constant pH in the batch. In the Precipitation Process, an-
other important function of stirring is to break up any gel that is formed during
the reaction. In the experiments a power input of at least 1-3 kW/m® was found

appropriate.

Temperature. Temperature has to be sufficiently high in all processes. In the
Acid Neutralization and Precipitation Processes, temperature should be at least
70 °C, more favorably 80 °C. Attempts to make products at low temperature re-
sult easily in gelling. In the Coagulant Process, temperature is not such an impor-
tant parameter, but it was discovered that the risk of gelling can be reduced by
performing the reaction at elevated temperature, about 45-50 °C.

18.3 Product Stability

Product stability is an issue only in the Acid Neutralization Process. This is discussed

in more detail in Paragraph 14.3. In the Precipitation and Coagulant Processes, the

obtained products are stable for long periods of time, even weeks to months. Nor-

mally, some aggregation will occur but gelling or other changes in the visual appear-

ance of the products are not observed. In any case, there will be no or little change in

the primary particle size distribution but only in the degree of aggregation.

18.4 Suggestions for Further Research

Still more research is required in the following fields:

More experiments are needed to verify whether aggregate size can be influenced
during the precipitation stage if sufficiently high shear forces were applied. The
stirred tank reactor used in these experiments is not suitable for that because the
flow field in the reactor is not homogenous. A Taylor-Couette reactor (Marchisio
et al. 2001, Judat et al. 2004) or even an ultrasonic reactor (Machunsky and Peu-
ker 2007) could be more appropriate (see Paragraph 22.2). A further possibility is
to test whether the aggregation of particles can be prevented by the use of some
additives. However, there has been no published information on this and there is

yet no clue what these additives might be.
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More experiments are also needed to find the optimal reaction conditions. The
exact parameters for reactant addition rate, temperature, and reactant concentra-
tions depend heavily on the type of reactor and cannot be specified universally. In
these experiments, the maximum silica concentration was about 10 % due to the

crystallization of material on the reactor walls at higher concentrations.

More experiments at higher concentrations are needed to find the maximum pri-

mary particle size that can be achieved.

Research is required to find out at what stage of the process the modification of
the nanoparticles should be done and whether the modification process is com-
patible with the precipitation process. Since there is yet practically no informa-
tion how the modification is going to be done, there is still a significant uncer-

tainty factor in the whole process.
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PROCESS DESIGN PART
19 Evaluation of Process Alternatives

19.1 Introduction

One aim of this thesis was to compare different processes that could be used for sil-
ica nanoparticle production. The following processes were chosen for comparison:

- Acid Neutralization

- Precipitation

- Coagulant Processes

- Emulsion Process

- Ion Exchange.

An industrial process concept, based on own experiments and literature, was created
in each of the cases and is briefly presented in the following paragraphs. The proc-
esses are represented as block diagrams whereby each block represents one unit op-

eration.
19.2 Processes

19.2.1 Acid Neutralization

The simplest process is the Silica Sol via Acid Neutralization —process, which was
also tested experimentally (see Paragraph 14). The process consists of mixing-in of
the acid and then possibly separation of the sodium salt by ultrafiltration or another
membrane operation, and concentration of the product. Figure 59 shows the basic
flow diagram. In this process, the silica concentration has to be very low, less than

about 3 %, so that no aggregation or gelling occurs.

Raw ma- —p| R :
eaction Membrane
terials operation — Product
v
Salt

Figure 59. Flow diagram of the Acid Neutralization process
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19.2.2 Precipitation

The Precipitation Process operates at a considerably higher concentration than the
Acid Neutralization Process, and aggregation of the product is taken into account.
Different process variants, depending on the desired product, can be imagined.
Figure 60 shows three different possibilities. If a reactor can be designed where ag-
gregation can be kept under control (using high shear) then size reduction may not be
needed. This is discussed in Paragraph 22. Else, size reduction by grinding or ultra-
sonic dispersing is needed. It can be placed either before or after washing and salt
separation. If washing takes place before size reduction, then normal filtration can be
used because of the large size of the aggregates. If the washing step is placed after

size reduction, then ultra- or microfiltration is required.

...........
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Figure 60. Alternative flow diagrams for the precipitation process

19.2.3 Coagulant Processes

In the Coagulant Processes described by Baker and Frankle (1965) and Acker and
Winyall (1977), an additional component is introduced into the flow sheet (see para-
graphs 7.3.2 and 16), and thus coagulant separation and recycle are needed. Figure
61 shows two possible flow sheets.

The water glass is mixed with the coagulant, which effects the formation of micelles
in the solution. Then acid is mixed in rapidly to effect precipitation of the micelles,
whereby the particles retain the size and shape of the micelles. Then the coagulant is

removed from the product if needed and recycled.
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Figure 61. Possible flow diagrams of coagulant processes; a) This diagram applies as well to the
Baker and Frankle (1965) process as to the Acker and Winyall (1977) process; b) This diagram

applies if the same salt is used as coagulant that is being formed in the neutralization reaction

19.2.4 Emulsion Process

Figure 62 shows the flow diagram for the Emulsion Process described by Je-
sionowski (2001, 2002a, 2002b, see Paragraph 7.3.1). Acid and water glass are
mixed with an emulsifier to make two emulsions which are then mixed together in
the precipitation step. The acid effects the precipitation of the silica particles, which

retain the shape and the size of the emulsion droplets.

Organic phase and emulsifier recycle

Make-up
l y »
Water Emulsification Precipitation '§
glass > > " 3
z
b= ]
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Acid ——p
y
Washing
—® Product
Salt

Figure 62. Flow diagram of the emulsion process described by Jesionowski (2001, 2002a, 2002b)
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19.3 Comparison of the Processes

Table 9 shows a comparison between the different process variants using various cri-
teria. The particle size ranges and shapes are taken from own experiments or from
the literature. The complexity of the processes was defined as the number of unit op-
erations (number of blocks in block diagram) plus the number of additional compo-
nents (in addition to water, water glass and an acid) in the flow sheet. Also, a con-
ventional state-of-the-art ion exchange process (Figure 63) is taken as a benchmark.
Sol-gel-processes using TEOS as raw material are not included in the comparison

because only processes that produce the product in an aqueous phase are considered.

Waterglass, ... L
NaOH, or KOH : Water
PO R 9
Water lon exchange Reaction ' Reaction 3
glass — ¥ e e |
L R : g
y <)
Reaction steps can be =
added for larger particle

Resin regen- size
Acid —®  eraion  —» gait l

Product

Figure 63. Flow diagram of an ion exchange process

Figure 64 shows a graphical representation of the comparison with the process com-
plexity and the product particle size as criteria. It can be seen that for producing very
different products, completely different processes are needed. It is not possible to
have a single process that could produce any desired particle. One should notice that
the comparison of the precipitation process with the other processes is not com-
pletely fair since the products are quite different. When talking about Precipitation

Processes, one should not confuse aggregate size and primary particle size.
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Table 9. Comparison of processes. Complexity index is defined as the number of unit operations + the

number of additional components in the flow sheet

Additional Unit opera- Complexity
Particle size Particle shape
components tions index
Acid neutrali-
zation About 10 nm Globular None 2 2
Aggregates: .
hundreds or _Aggrelgates.
Precipitation | thousands of | [rrogulan fractal
ecipitatio ousands 0 p
s rimary parti- None 2-3 2-3
nm; Primary .
cles:
part.: at least Globular
10-50 nm
Coagulant
At least up to 1 (Coagulant
(Baker sd | 500 5iim, maybie | Globular (sal; alcohol of 34 45
Frankle 1965) | larger ammonia))
Cougnieut 1 (Ammonia,
Globular, ) .
(Acker and 200 — 500 nm loosely agyrs: mineral acid is 4 5
replaced b
WinysR 1977) gated c?;boxylicyacid)
Ion Exchange 0-1 (NaOH or 4-9, depending )
10-100 Globular KOH) ek partinle size 4-10
2-3 (Organic
Emulsion 200 — 1000 nm _Globular or phase, en'.lulsp 5 7-8
irregular fier, possibly
coagulant)
Complexity
A
10
£ Emulsion process
N
&
oF
o
Coagulant pfocess Coagulant p_rOGeSS|
(Baker& Frankle) I
> £
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Acid N.
1
1nm 100 nm 1000 nm
Particle size

Figure 64. Process comparison with particle size and process complexity as criteria

74




19.4 Selection of a Process

The comparison in the previous paragraph shows that precipitation and ion exchange
are the processes that are best suitable for industrial mass production. Those are also
the ones that are already being used in industrial production. Acid neutralization
could also be considered for producing small particles, but the very low product con-
centration makes the process impractical. Coagulant processes can be problematic
because of the high coagulant concentrations and the difficulties that arise from co-
agulant separation and recycle. Coagulant processes can be considered if a coagulant
is found that is easily separable or has not to be separated at all. Emulsion processes
are most suitable for the small-scale production of highly specialized products. In
emulsion processes, problems arise from the separation of the organic phase. Fur-

thermore, the use of flammable solvents like cyclohexane is not favored.

Since the Precipitation Process is a new and promising approach for the production
of silica nanoparticles, it is chosen as the basic principle for the pilot and industrial
processes to be designed. The main advantages of the Precipitation Process are the

following:
- Simplicity, compared to other processes.

- The reaction can be performed at a significantly higher concentration than in ion
exchange processes, making separation of water by evaporation or membrane

separation unnecessary.

- Particle size can be controlled quite easily in the range of at least 10-50 nm vary-
ing the reactant concentrations. In state-of-the-art ion exchange processes, parti-

cle size can only be varied by varying the number of reaction steps.
The main disadvantages are:
- The aggregated nature of the product which may be difficult to deal with.

- The considerable amount of sodium sulfate or other salt in the product, which has
to be eventually separated. Separation may not be required in the pilot process,
but most probably it has to be done in industrial scale.

- Since equipment for size reduction in the nanoscale is not yet in wide industrial
use, it might still be expensive and not yet fully reliable. This is expected to

change with ongoing research and development at the equipment manufacturers.
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20 Pilot Process Design

20.1 Introduction

For the first pilot-scale process, a semi-batch process that can be built by combining
existing equipment is recommended. At this stage, there is not yet enough knowledge
to design a continuous process, with the greatest challenge being probably in reactor
design. The pilot process is based on the Precipitation Process principle, but it can

also be used for testing other process schemes, like the Coagulant Process.

A stirred tank reactor, which is operated in semi-batch mode, is chosen as the reactor.
The reactor is followed by size reduction equipment, which may be a stirred media
mill (bead mill), an ultrasonic probe or a homogenizer. The size reduction equipment
can be designed to be interchangeable so that test runs with different equipment can
be performed.

Filtration and washing equipment are not included in the pilot process, because the
amounts of sodium salt produced are not very high and it is not yet known at what
stage of the process the washing should be done. If filtration and washing are needed,

there are two ways to do it in the process:

- A conventional filter can be placed right after the reactor, when the aggregates
are still large. Presumably, the filtration has to be a batch operation where the ag-

gregates are collected in a filter cake and then washed with water.

- Ultra- or microfiltration equipment can be placed after the size reduction step
when aggregates are already smaller in size and conventional filtration is not pos-
sible anymore. This kind of filtration and washing is easier to perform in a con-

tinuous or semi-continuous mode of operation.

Separation could also be done after the application of the nanoparticles to the surface
if the sodium sulfate does not cause any problems in the previous stages of the proc-
ess. In that case the salt can be separated from the waste water if needed. If an addi-

tive or a coagulant is used, then its separation should be considered individually.

20.2 Capacity
The design capacity of the pilot process is 0.9 g/s SiO,. The capacity of the reactor

also depends on the desired SiO, concentration of the product suspension. It is as-
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sumed that the minimum practical SiO, concentration in the process is about 4 %.

The usage calculations are presented in Table 10.
Table 10. SiO, usage in the pilot process

Total SiO, usage

gs-1 0.9
gh’ 3060
kg h’ 3.06

kg h™ 10 % solution 30.6

kg h™ 4 % solution 76.5
The reaction time in larger scale is not yet known. In the patent by Sifrance (1972),
which features a similar system, a reaction time of 40-180 minutes is recommended.
Scaling up from the experiments, where the acid addition rate was 0.02 g H,SO4/s, a
reaction time of about 40 minutes can be estimated, based on a constant feed of acid
per unit volume. Thus, a 40 minutes reaction time can be assumed to be a good esti-

mate.

20.3 Description of the Process

Figure 65 shows the preliminary flow sheet of the pilot process. A more detailed
flow sheet with controls and valves is presented in Appendix J. Table 11 shows a list
of the equipment in the pilot process together with the most important technical data,
based on a reaction time of 40 min. The individual items are also discussed briefly in

the following paragraphs.

Water glass is charged into the reactor DC-101 and then diluted with water to the de-
sired concentration. The batch is then heated with the immersed heater EB-101 to a
temperature of about 80 °C. Acid is fed to the reactor with the acid feed pump GA-
101 while constant temperature is maintained in the reactor. When the desired acid
quantity has been added to the reactor, the acid feed is stopped. The reactor discharge
valve is then opened and the mill feed pump GA-102 and the mill KA-101 are
started. Grinding in the bead mill produces additional heat, so the mill will normally
be equipped with a cooling jacket. Milling can be done either in a single passage or a
circulation mode of operation (see Paragraph 5.4.2). Also, milling during the reaction
is possible. In that case, the reaction mixture is being pumped through the mill while
acid is being added. When the desired disaggregation stage is achieved, the slurry is
pumped into the storage tank FA-101 using the pump GA-102, and a new batch can
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be prepared. The storage tank is equipped with an agitator to keep the particles in

suspension. The two-tank system allows quasi-continuous operation where a new

batch is being prepared while the other one is being consumed. From the storage

tank, the suspension is pumped to the process using the pump GA-103.

GD-101

GA-101
®
Reactor
DC-101
EB-101 — 3

Figure 65. Flow sheet of the pilot process

On-line analysis

Bead Mill
KA-101

GD-102

Table 11. Equipment list for the pilot process

Storage tank
FA-101

GA-103

Product

Label Name Material Technical data Remarks
0.1 m® volume,
DC-101 Reactor PP or GRP 0.8 m diemeter
EB-101 Reactor heater gfssitrﬁlillg 30 kW
FA-101  Storage tank PP or GRP 0.1m?
GA-101 Acid feed pump Special® 0.134 l/min Peristaltic pump
GA-102 Reactor discharge pump Silicone* 6 — 20 l/min Peristaltic pump
GA-103 Product discharge pump Silicone* 0.4 -1 I/min Peristaltic pump
$ . Hastelloy 0.2 kW shaft :
GD-101 Reactor agitator or similae power Rushton turbine
: Stainless 0.2 kW shaft
GD-102  Storage tank agitator stoel power
: 4| grinding
KA-101  Bead mill Stainess  chamber vol-
ume, 15 kW

*tubing material

20.4 Reactor DC-101 and Heater EB-101

For the pilot plant, a stirred tank reactor is chosen despite its limitations because it is

versatile, easy to scale-up, and low-cost. The stirred tank reactor allows testing of

different reaction conditions and also the use of additives or coagulants. It also al-
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lows frequent product changes and the use of different modification agents, assuming

that the surface modification takes place in the reaction step.

A baffled tank with 0.1 m® (100 1) volume is chosen for the reactor, based on the as-
sumption of batch sizes between 30 and 80 kg. Such a DIN standard vessel has 0.508
m diameter (Vogel 2005) and is available in many materials, and it can be obtained
from various manufacturers. The reactor must withstand basic and acidic conditions
at the reaction temperature (80 °C) and should be easy to clean. One would intui-
tively think of a glass reactor, but it is not a good choice because glass is not com-
patible with sodium silicate. Sulfuric acid, on the other hand, is incompatible with
the most metallic materials of construction. Therefore, polypropylene, which can be
used for temperatures up to 120 °C, is chosen as the reactor material. Also glass-fiber
reinforced plastics (GRP) can be used, but then chemical compatibility has to be
checked first. Further, polytetrafluoroethylene (PTFE) lined stainless steel can be
considered. (Sinnott 1999)

Heating of the reactor can be done via a jacket or an immersed coil either by steam,
water, or heat transfer oil, or electrically via an immersed heater. An immersed
heater is preferred over a jacket because of its higher heat transfer coefficient. The
heater should be able to maintain a constant temperature in the reactor during the re-
action. Most heaters can be equipped with a thermostat which can provide this task.
If 10 min are allowed for heating a 70 kg batch, the heater must have a duty of 30
kW, based on the heat capacity of water. The heater should be made of a material
that can withstand the sulfuric acid, for example Hastelloy or aluminum bronze. An-
other possibility could be to use hot water for diluting the water glass for bringing in
a part of the heat needed. The reactor should have some insulation to prevent exces-
sive heat loss. Figure 66 shows a schematic drawing of the reactor with two different

heat transfer possibilities.
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Figure 66. Schematic drawings of the reactor with different heat transfer possibilities; left: elec-

tric immersed heater; right: immersed coil for heat transfer fluid

20.5 Bead Mill KA-101

In the precipitation reactions tested so far, the formed precipitates have had sizes up
to the millimeter scale, thus requiring size reduction. The bead mill KA-101 is used
to perform this task. Specially designed machines for nanoparticle disaggregation
have been developed by the German company Netzsch-Feinmahltechnik GmbH. Es-
pecially the models Zeta RS and Zeta LMZ are recommended for pilot and industrial
scale use. Figure 67 shows the two machines. The Zeta RS model is especially de-
signed for the “mild dispersion” of nanoparticles as described by Way (2007), while
the Zeta LMZ model can also be used for actual milling of crystalline materials. The
LMZ model can be used for bead sizes down to 150 pm, while the RS model can
even be used for 50 pm beads. Grinding in the bead mill sets free additional heat and
thus all bead mills are equipped with a cooling jacket. (Netzsch) Sizes and power re-
quirements of the LMZ series mills are given in Table 12.

Table 12. Sizes and power requirements of Netzsch’ LMZ series bead mills (Netzsch-
Feinmahltechnik 2006)

Machine size LMZ 2 LMZ 4 LMZ 10 LMZ25 LMZ60 LMZ150
Grinding chamber

vohiwe ] | 1.6 4 10 25 62 151
Batch size approx. / | 10 100 500 2000 > 2000 > 4000
Drive power of the 4  135-15 175-22 36-45 70-90 160

agitator mill / kW
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From Table 12 it can be seen that for the pilot process with a maximum batch size of
100 1, a mill with a 4 1 grinding chamber volume and 15 kW power is sufficient. The

Zeta RS mill has the same operation parameters.

Because the mill is not in contact with sulfuric acid, stainless steel can be chosen as
the material of construction. For the beads, various materials and sizes are available.
100 pm glass beads have been successfully used for disaggregating silica aggregates
(Mende et al. 2006), but ultimately, test runs at the manufacturer should be per-
formed to find the optimal bead size and material.

Another uncertainty is the time required for milling. According to McLaughlin
(1999), there is a rapid drop in the particle size in the first few minutes of the milling
process, after which size reduction is only very slow. Therefore, long term milling to
achieve smaller particles is economically inefficient. Using 100 um beads, time es-
timates for achieving a mean particle size of 100 nm range from 2 minutes
(McLaughlin 1999) to 10 minutes (Netzsch-Feinmahltechnik 2005). Therefore, 10

minutes are taken as a first estimate. Again, test runs at the manufacturer are required

to achieve certainty.

Figure 67. Netzsch Zeta LMZ and Zeta RS bead mills (Netzsch-Feinmahltechnik 2006)
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20.6 Agitators

20.6.1 GD-101
The task of the agitator GD-101 is to keep the solids in the reactor DC-101 in sus-

pension and maintain a uniform pH throughout the reactor volume by efficient mix-
ing-in of the acid. A standard flat six-blade turbine (Rushton turbine), as used in the
experiments, is chosen as the agitator. The agitator must withstand sulfuric acid and

must therefore be made of an appropriate material, for example Hastelloy.

Figure 68 shows a typical flow pattern for the impeller. From the figure it can be
seen that the acid feed point should be somewhere next to the impeller where the
mixing intensity is the highest possible. Therefore, an acid feed tube must be inserted
into the tank.

~

k X /Q'\ o

Figure 68. Typical flow pattern for radial-flow impellers (Tilton 1998)

The power required for violent agitation in fine slurry suspensions is at least 2
kW/m?® (Sinnott 1999). The required shaft power is therefore 0.2 kW for a maximum
batch size of 100 1. A power input in this range was also found appropriate in the
laboratory experiments (see Paragraph 15.2). Using a turbine with diameter 0.15 m
(0.3 times tank diameter), the required speed is about 430 rpm, calculated from a
power law between stirrer speed and energy input (for example Sinnott (1999), p.
471)

In this case, only specific power input is used as the scale-up criterion. One must

keep in mind that scale-up using only specific power input leads to a different flow
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pattern and therefore different mixing characteristics in the reactor, which can affect

reactor performance. (Zauner and Jones 2002a).

20.6.2 GD-102
The task of the agitator GD-102 is to keep the solids in storage tank FA-101 in sus-

pension and prevent settling of the particles. As material, stainless steel can be cho-
sen. Special agitators for the suspension of solids are available but also a six-blade
turbine can be used. Required power input depends on the stage of disaggregation
and mean particle size. If the fluid is a stable colloidal suspension, no agitation at all
may be required. If the fluid is a slurry suspension, severe or violent mixing with a
power input of 1.5-2 kW/m® may be required (Sinnott 1999). Therefore, an identical
agitator to GD-101 is the safest choice.

20.7 Pumps

20.7.1 GA-101
A peristaltic pump is chosen as the acid feed pump GA-101. Because sulfuric acid

solution is quite a corrosive fluid, a peristaltic pump is a good choice because the
fluid only touches the tubing material. Most peristaltic pumps are programmable and
allow monitoring of the flow rate. Another advantage is that they can be used over a
wide range of flow rates. A reaction time of 40 minutes was assumed earlier. Assum-
ing, that acid is added continuously over this time, an acid flow rate of 0.153 kg/min

or 0.134 I/min (for 20 % sulfuric acid) is specified.

20.7.2 GA-102

The pump GA-102 is used to circulate the slurry suspension through the bead mill
and discharge the reactor at the end of the cycle. It should be a pump that can handle
quite viscous liquids and suspensions, and it should be able to handle the reactor dis-
charge even in case of failure when gel formation has occurred. A peristaltic pump
can be used for this task. The pump should be able to discharge the reactor in quite a
short time, say 5 to 10 minutes. This corresponds to a flow rate of about 6 to 20 I/min

for batch volumes between 30 and 100 1.

Some bead mills like the Netzsch Zeta LMZ come complete with a pump and no ad-
ditional pump is required in this case.
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20.7.3 GA-103
The pump GA-103 is used to discharge the storage tank and feed the suspension to

the process. It should be able to handle a wide range of flow rates because the re-
quired flow rate depends on the silica concentration. For a 10 % SiO, suspension, the
flow rate is about 30 kg/h or about 25 I/h. For a 4 % suspension, the flow rate is
about 70 kg/h or about 60 I/h (about 0.4-1 /min). A peristaltic pump can be used
here as well. For an exactly steady flow rate, also gear, progressing cavity, or cen-

trifugal pumps can be considered.

20.8 Storage Tank FA-101

The storage tank FA-101 is used to buffer the feed to the process. The tank must be
able to accommodate the largest possible batch from reactor DC-101, which is 100 1.
Since the batch size in normal operation is estimated at 30-70 1, 2 1001 (0.1 m°®) tank
is considered sufficient for the storage tank. The material should withstand acidic and
basic conditions, but it is not exposed to sulfuric acid. Polypropylene or GRP can be
used here as well. Also stainless steel (AISI 304) can be used.

20.9 Tubing and Valves

Because of the low flow rates, tubing diameter is not an issue in this case and should
be chosen to fit the fittings on the pumps, vessels, and valves. Tubing in the peristal-
tic pumps should be chosen to match the flow rates according to the pump manufac-
turers’ recommendations. Tubing and valves must withstand elevated temperatures
(up to 100 °C) and acidic and basic conditions. Silicone tubing is an appropriate
choice (Sinnott 1999).

For the acid feed line, special tubing that can withstand the sulfuric acid must be
chosen. Peristaltic pump manufacturers have special materials for this purpose. Also

PVC tubing can be used for sulfuric acid solution at low temperature (Sinnott 1999).

20.10 On-line Analysis

An on-line analysis instrument is useful in the process for measuring the degree of
disaggregation during the processing in the bead mill. It should be able to handle a
wide range of particle sizes, and one instrument may not be sufficient. For example

Schlomach and Kind (2004b) used a Malvern Zetasizer 3000 for measurements be-
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fore the gel point, and a Malvern Mastersizer S with a wet sample dispersion unit for
large aggregates. The same instrument was also used by Schaer et al. (2001). A Mal-
vern Mastersizer laser particle analyzer is also available at the Laboratory of Materi-

als Processing.

20.11 Capital Investment

Capital investment estimates for process equipment are presented in Table 13. The
total capital investment costs for the pilot process are estimated at about 170,000 €.
The by far most expensive individual item is the bead mill with a price of approxi-
mately 150,000 € (including beads), accounting for about 88 % of the capital invest-
ment cost. The particle size analyzer is not included in this sum because its price de-
pends heavily on its type and functionality. Instrumentation includes temperature,
flow rate and pH measurements, and scales for controlling mass balances. Minimum
instrumentation requirements are presented in Table 14. Installation of the system is
assumed to take 4 weeks or 160 h of work, resulting in an installation cost of about
5000 €.

Table 13. Capital investment cost estimate for the pilot process. Prices are rough estimates.
Price information from Peters ef al. (2003), Behiilter KG (2007), and Netzsh-Feinmahltechnik

Label Name Price estimate / € %
DC-101 Reactor 1000 0.6
EB-101 Reactor heater 1500 0.9
FA-101 Storage tank 1000 0.6
GA-101 Acid feed pump 1200 0.7
GA-102 Reactor discharge pump 2000 1.2
GA-103 Product discharge pump 3000 1.8
GD-101 Reactor agitator 2000 1.2
GD-102 Storage tank agitator 1000 0.6
KA-101 Bead mill* 150,000 87.6
Tubing and valves 500 0.3
Instrumentation 3000 1.8

Installation 5000 2.9

Total 171,200 100

*The price of the mill (model Zeta RS, 4 1 volume) was given by the manufacturer as 105,000-190,000 €, depending on mate-
rial, and the price of the beads as 5000-20,000 €, depending on bead size, the smaller beads being the more expensive.
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Table 14. Minimum instrumentation requirements for the pilot process. Additionally, scales are

required for controlling mass balances

Type Target Utility value Measuring range
LIC GA-101 0.134 |/min 0-0.5 I/min
TIC EB-101 80 °C 0-100°C

LI DC-101 N/A 0-100 %
Fl GA-102 N/A 0 - 30 I/min
LI FA-101 N/A 0-100 %

20.12 Alternative Pilot Process Design

In an alternative pilot process design, the bead mill KA-101 is omitted and the con-
ventional agitator GD-101 is replaced with a high-shear mixer, capable to break up
the aggregates in a single step during the reaction. The flow sheet of the alternative
design is presented in Figure 69. The high-shear mixer that is recommended for this
application is a top-entering batch mixer. For example a batch mixer with 1.5 kW
power and 3000 rpm can be used (Silverson Machines). The power of the high shear
mixer is much more than that of the conventional mixer, but still much less compared
to the bead mill, which has 15 kW power. One must, however, take into account that
equivalent disaggregation results as with the bead mill are probably not achieved us-
ing a high-shear mixer (see Paragraph 5.4).

High-shear
GA-101 mixer
Acid GD-101 GD-102
feed > ( > > |
Reactor
DC-101 -
4 Storage tank
— FA-101
EB-101 Z
~ ~N
omsi:em:::ysas Product
GA-102 GA-103

Figure 69. Alternative pilot process design with high-shear mixer

Obviously, the flow sheet of the alternative pilot process is much simpler than that of
the original design. Savings can also be significant, since the price of a high shear

mixer is significantly lower than the price of a bead mill. For comparison, an IKA T
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65 D Ultra-Turrax high-shear mixer with 1.5 kW power and 50 1 maximum batch
size costs about 10,000 €. This price may be at the lower end of the scale but it gives
an order of magnitude. Assuming a total price of 20,000 € for the mixer, the pilot
process capital investment cost would drop to about 40,000 €.

21 Scale-up to Industrial Scale

21.1 Process Design

A preliminary scale-up of the existing pilot process to industrial scale was made in
order to obtain an estimate for the costs of the industrial production of the silica
nanoparticles, although it is probable that this kind of process will not be built in in-
dustrial scale. It is, however, that type of process that can be realized with existing

equipment and can therefore be used as a benchmark for comparing silica products.

First, the process design of a possible industrial process was created. Figure 70
shows a schematic representation of the process. There are few changes compared to
the pilot process: Heating of the reactor is done by a circulation heat exchanger and a
filter has been added for Na,SO4 separation. The type of the filter is not further
specified. Equipment was scaled up from the pilot process using shortcut correla-

tions.
R > (D——

materi-
als -.@_l
y

Reactor

Storage

Bead mill b

XX

.| Pro-
duct

Figure 70. Schematic flow sheet of the industrial process

An industrial process with a design capacity of 370 kg SiO,/h was assumed. If the
silica is prepared as a 10 % suspension, then a 3000 1 (3 m?) stirred tank reactor with
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one batch per hour is appropriate. Whether the batch can really be prepared in this
time was not further considered. Further a bead mill with 62 1 grinding chamber vol-
ume and 90 kW power is needed (see Table 12). A list of equipment with the most
important technical data for costing is presented in Table 15.

Table 15. List of equipment in the industrial process

Equipment Technical data
Reactor 3m’
Agitator for reactor 6 kW
Storage tank 6m’
Agitator for storage tank 6 kW
Pumps (4 pcs) 0.2-1kW
Heat exchanger 20 m?
Filter N/A

3 62 | grinding chamber
Heam ik v%lume,ggo KW

21.2 Capital Investment

Investment costs can be estimated directly using the equipment list given in Table
15. Equipment costs are estimated using correlations given by Peters et al. (2003).
US Dollar prices were converted into Euros using the factor 1.2 $/€. Table 16 shows
the estimated fixed-capital investment (FCI). Installation, instrumentation, piping,
electrical systems, and building and services costs were estimated using factors given
by Peters et al. (2003, p. 251). Buildings and services in this case refer mainly to raw
materials storage facilities. Construction, service facilities, and similar costs were not
taken into account because the process is designed to be installed at an existing plant
where the facilities are already available. To make the calculation more realistic,
only 10 % of the price of the bead mill was taken into account when using the factor
method. This is because of the high price of the mill, which does not correlate to the

needed amount of instrumentation, piping, et cetera.
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Table 16. Capital investment cost estimate for the industrial process

Equipment Cost purchased /| € Remarks

Reactor 33,000 includes agitator

Storage tank 15,000 includes agitator

Pumps (4 pcs) 8000 2000 € each

Heat exchanger 7000

Filter 83,000

Mill* 700,000

Total purchased

equipment 546,000

Basis for factor esti- Only 10 % of mill

mates 210994 cost included
Factor (times

Other costs Cost/ € basis)

Installation 84,200 0.39

Instrumentation 56,200 0.26

Piping 67,000 0.31

Electrical systems 21,600 0.10

Buildings and services 62,600 0.29

Engineering 69,100 0.32

Total fixed-capital in- 1,206,700

vestment (FCI)

*Scaled up from the price for the pilot process mill using exponent 0.6

21.3 Production Costs

Production costs comprise raw materials, utility, investment, and personnel costs.
The estimated unit costs of raw materials, utilities, and labor are presented in Table
17. Their usage estimates are based on a cycle of one batch per hour and a running
time of 8000 h/a. A significant uncertainty factor in the production costs is the sur-
face modification agent, which is not yet known. It is assumed to be a specialty
chemical with a price of 2000 €/t (Pitt 2002) and its use is estimated at 10 kg/batch,
resulting in a yearly use of 80 t. Labor requirements are estimated at 0.1 per-
sons/shift. Equal annual capital cost was calculated assuming a 15 % cost of capital

and 10 years economic lifetime, resulting in an annuity factor of 0.19925. The sum-

mation of the total manufacturing costs is presented in Table 18.

Table 17. Unit costs of raw materials, utilities and labor

Sodium silicate (100 % solids)’ 700

Sulfuric acid (100 %) 80
Modification agent® 2000
Steam 30
Electricity 0.07
Process water 0.5
Waste water 1.2
Labor 30

'Anon (2005)

%pitt (2002)

€/t

€/t

€/t
€/MWh
€/kWh
€/m®
€/m?
€/h
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Table 18. Total manufacturing costs in the industrial process

Category Usage k€/a 1 0:"2 ksgioz %
Raw materials }q’ggegkg'sﬁ;s) 3885 t/a 2720  0.92 78.8
a‘gguﬁ;;ac'd 1244 ta 100  0.03 2.9
g”;:n'?“m" 80 ta 160  0.05 4.6
Total raw materials costs 2979 1.01 86.3
Utilities Steam 1678 MWh/a 50 0.02 1.5
Electricity 824,000 kWh/a 58 0.02 1.7
Process Water 25,000 m?a 13 0.00 0.4
Waste water 20,000 m¥a 24 0.01 0.7
Total utilities costs 145 0.05 4.2
Other costs Labor 876 h/a 26 0.01 0.8
Maintenance 5 % of FCI 60 0.02 1.7
Total other costs 87 0.03 2.5
Total operating costs 3210 1.08 93.0
Capital; equal annual costs 240 0.08 7.0
Total manufacturing costs 3451 1.9 100

As shown in Table 18, the raw material costs account for about 86 % of the total
manufacturing costs. Especially the costs for water glass are dominating with about
79 % of the total manufacturing costs. Figure 71 shows a graphical representation of
the total manufacturing costs.

@ Water glass

B Sulfuric acid

0O Modification agent

0 Utilities

M Other costs

@ Capital; equal annual costs

Figure 71. Graphical representation of the total manufacturing costs in the industrial process

Table 19 shows a comparison between the manufacturing costs of the own process

and the prices of comparable silica products. As can be seen, the price for silica from
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the own process is of the same order of magnitude as the price for precipitated silica,
which is logical since the production processes are very similar. The product of the
own process, however, is more comparable with silica sol than precipitated silica,
which is a filler material and not as such usable for the intended purpose. If the proc-
ess is installed to replace purchased silica sols or fumed silica, then savings are sig-

nificant.

Table 19. Prices of silica products

€/kg 100% SiO,

Own process 1.17

Precipitated silica’ 115

Silica sol® 25-4

Fumed silica' 4-7
'Lemer (2004)

%Florke et al. (2005)

22 Innovative Reactor Design

22.1 Introduction

A batch reactor is hardly the best choice for an industrial-scale process. Therefore,
alternative and innovative continuous reactor concepts must be developed. In most
precipitation reactions, stirred tank reactors are being used. These have also been

used in most of the experimental work.

Also, many alternative reactor concepts have already been suggested for nanoparticle
precipitation, and especially for continuous operation. Many of the reactors have
only been tested for precipitation of barium sulfate nanoparticles. Their suitability for
the production of silica nanoparticles has to be evaluated separately. Some of those

concepts are presented in Paragraph 22.2.
22.2 Reactor Concepts Presented in Journals

22.2.1 Taylor-Couette Reactor

A Taylor-Couette reactor is made of two coaxial cylinders with the inner one rotat-
ing. The fluid is contained in a gap between the two cylinders and flows in axial di-
rection. Different fluid dynamic regimes can be achieved depending on the rotational
speed of the inner cylinder. (Marchisio et al. 2001, Judat et al. 2004) Figure 72
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shows a Taylor-Couette cell. Taylor-Couette reactors can be used either in batch or

continuous operation.

Figure 72. A Taylor-Couette cell (Marchisio ez al. 2001)

22.2.2 Sliding Surface Reactor

Rousseaux et al. (1999) have suggested a sliding-surface mixing device for perform-
ing fast precipitation reactions. The device consists of a tank which has a rotating
disk placed closely over the bottom. The reactants are fed from under the disk into a
zone which is called the confined mixing zone, where very high shearing stresses are
generated in a very small volume. Above the disk is a zone of moderate mixing
where the particles can undergo an aging stage. The sliding-surface reactor can be

used in batch or continuous operation. The device is shown in Figure 73.

22.2.3 Ultrasonic Reactor

Machunsky and Peuker (2007) have designed an ultrasonic precipitation reactor for

continuous operation. The device is shown in Figure 74.
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Figure 73. The sliding-surface reactor used by Rousseaux et al. (1999)

Figure 74. The ultrasonic precipitation reactor designed by Machunsky and Peuker (2007) with

different configurations
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22.2.4 Y- and T-mixers

Schwarzer and Peukert (2002) made experiments with the precipitation of barium
sulfate nanoparticles in a T-mixer. They found that particle size could be controlled
by the mixing conditions in the reactor. This could be done independently of the con-
centrations of the raw materials. A schematic picture of the apparatus is shown in
Figure 75 and a photograph in Figure 76. The authors have also developed mathe-
matical and simulation models for the continuous precipitation of barium sulfide
nanoparticles (Schwarzer and Peukert 2004, 2005, Schwarzer et al. 2006, Gradl et al.
2006). The results could possibly be applied to the design of a continuous silica

nanoparticle precipitation process as well.

A disadvantage of Y- and T-mixers is that throughput, mixing energy, and geometric
parameters cannot be varied independently of each other, making scale-up impossi-
ble. Therefore, parallel reactors are necessary for large-scale production. (Machun-
sky and Peuker 2007) Y- and T-mixers are, however, well suitable for continuous

operation.

sampling

analysis

Figure 75. Schematic picture of the T-mixer apparatus used by Schwarzer et al. (2006)
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mixing zone

Figure 76. Photograph of the T-mixer used for the precipitation of barium sulfide nanoparticles
(Schwarzer et al. 2006)

22.2.5 Cascade Reactor

Another reactor concept is the cascade reactor in which the acid is added gradually
into consecutive stirred tank reactors. Similar designs are featured in the patents by
Sifrance (1972, see Paragraph 9.3) for the production of precipitated silica and
Brekau et al. (1999, see Paragraph 9.2) for the production of silica sols. The basic
scheme is shown in Figure 77. Cascade reactors are not very practical in industrial

production because of their space and instrumentation requirements.

Acid

Water

gass  } v [ Vv [ by | 4.4

Product

Figure 77. Schematic drawing of a cascade reactor
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22.3 Ideas for Further Research

The design of the optimal reactor is a difficult task. A simulation model should be
developed for theoretical testing of the different ideas before going to practical ex-
periments. For this, kinetic models of particle growth, aggregation and breakage
should be developed and combined with Computer Fluid Dynamics (CFD) models of
reactor hydrodynamics. Figure 78 shows the different parameters that affect precipi-
tation and particle size distribution. The Segregated Feed Model (SFM) used by Zau-
ner and Jones (2000a) could be a good approach to modeling the precipitation of sil-
ica particles. It requires experimental data of particle growth, aggregation, and
breakage kinetics that have to be measured in laboratory-scale experiments and com-
bined with population balance and hydrodynamic models. This data, in combination

with the simulation model, can then be used for scale-up purposes, according to the

methodology shown in Figure 79.

Zauner and Jones (2000b) have developed a methodology to obtain kinetic data in a
calcium oxalate system. This could be a good starting point for kinetic measurements
in silica systems. Aggregation kinetics for silica has already been determined for ag-
gregation in silica sols (Schaer et al. 2001). Some kinetic studies for silica crystalli-
zation have been performed by Tavare and Garside (1993), but these are not suffi-

cient for this purpose.
« Nucleation
w interfacial tension < supersaturation
1L \ mixing
suspension % growth 4

particle-particle- {

\ :' flow field in
:' mixer

Interaction, : shear forces /
stabilization \ agglomeration g~ ~ - '
(attrition, breakage) collision rate

nanoscaled particle feedback on

size distribution > flow field?
Figure 78. Precipitation mechanisms and influencing parameters on particle size distribution

(Schwarzer and Peukert 2002)
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Population bal- Hydrodynamic
ance model (CFD)

Mixing model

Large-scale

reactor

Figure 79. Precipitation process scale-up methodology (Zauner and Jones 2000a)

23 Conclusions

The aim of this thesis was to evaluate different possibilities for the production of sil-
ica nanoparticles. In the Literature Review Part, most important aspects of silica
chemistry and the state-of-the-art production of different silica products are covered.
Based on the literature, three processes were chosen for experimental investigations:
The Sol-via-Acid-Neutralization Process, the Precipitation Process and the Coagulant

Process.

The Precipitation Process proved to be the most promising approach because of its
simplicity. In the Precipitation Process, primary particle size can be easily controlled
by varying the silica concentration during the reaction stage. However, those parti-
cles tend to aggregate very eagerly, and preventing the aggregation of particles in the
process is a big challenge that requires further experimental work and innovative re-
actor design. The state-of-the-art approach is the use of a bead mill or a comparable
device after the reaction stage for disaggregating the aggregates. In recent years,
bead mills that are capable to handle extremely fine beads have been developed,

making milling even down to primary particle size possible.
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Based on these facts, a pilot process that features a stirred tank reactor and a bead
mill was designed for first tests. The process is operated in batch mode. As an alter-
native to the bead mill, a high-shear mixer can be used which also lowers the costs
significantly. In this case, however, a complete disaggregation of the particles may
not be expected. It is explicitly stated that test runs with different equipment must be

performed in cooperation with the manufacturers before a purchase decision is made.

Based on the pilot process, an industrial process using the same principle was de-
signed to obtain an estimate for the production costs in an industrial environment.
The production costs were estimated at 1.17 €/kg 100 % SiO,, which is a competitive
price compared to similar silica products. The main cost element is the raw materials,
and especially water glass, which accounts for more than 80 % of the production

costs.

For the process to be really competitive, innovative reactor design is required. In-
stead of a batch stirred tank reactor, a continuous reactor has to be designed in such a
way that aggregation can be kept under control already during the reaction stage.
This can be done either using high shear or additives that affect the surface charge of
the particles.

As a suggestion for further research, kinetic parameters for silica particle growth, ag-
gregation, and breakage of aggregates should be measured in laboratory experiments
and combined with population balance and CFD models to test and simulate different

reactor concepts. This data can then be used for scale-up to industrial scale.
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Table B.1. Details for experiments A4-A9

Appendix B

Experiment [ A4 | A5 | A6 A7 A8 | A9
Batch
Water/ g 9966 | 9997 | 10025 | 9986 | 9999 | 999.9
Water glass solution/ | g, g 100 1206 | 1459 | 1008 | 1008
Si0;/ g 226 28.0 338 209 282 282
Na;O/ g 71 8.8 10.6 12.8 8.8 8.8
Total SIO, (bymass) | 21% | 25% | 30% | 36% | 26% | 26%
Total Na;O (bymass) | 07% | 08% | 09% | 11% | 08% | 08%
Si0, / mol 0376 | 0466 | 0562 | 0680 | 0470 | 0.470
NazO / mol 0114 | 0141 | 0170 | 0206 | 04142 | 0.142
Sulfuric acid addition
Solution / g 39.9 49.9 60 716 499 60.2
H,S0:/ g 7.08 9.8 12 14.32 9.08 12.04
H,S0, / mol 0081 | 0102 | 0122 | 0146 | 04102 | 04123
reaction time/s 65 80 97 116 456 550
_';/23504 additionrate/ | 45 0.12 0.12 0.12 0.02 0.02
:Z’:d””b“ neutral- 71 % 72 % 72 % 71 % 72 % 86 %
Measurements
Number peak 6.82 8.62 11.9 N/A 7.29 12.2
Intensity peak 142 33.1 70.8 N/A 163 407
Final pH 10.1 10.0 10.0 10.1 10.2 93
Calculated
Free SiO, / mol 027 0.34 0.40 0.48 0.34 0.41
Free Si0,/ g 1614 | 2018 | 2427 | 2896 | 2018 | 24.35
E;f‘e(s;or;:s"s’;“""‘" 14% | 18% | 21% | 24% | 18% | 21%
Na,SO, / mol 0.08 0.10 0.12 0.15 0.10 0.12
Na,S04/ g 1156 | 1445 | 1738 | 2074 | 1445 | 17.44
Na2S04 concentra- " = o o o o
i b 10% | 13% | 15% | 17% | 13% | 15%
JopNe. batch volume | 4447 1223 1249 1272 1224 1233
total SI0, / g/ml 0.02 0.02 0.03 0.03 0.02 0.02
total SIO, / g/100 ml 1.89 2.29 2.70 3.21 2.31 2.29
free SI0, / g/ml 0.01 0.02 0.02 0.02 0.02 0.02
free SO, / g/100 ml 1.35 1.65 1.04 2.28 165 197
Na-norm/total 0.19 0.23 027 0.32 0.23 0.23
Na-norm/free 013 0.17 0.19 0.23 0.16 0.20
Critical Na-normality
A 0.18 0.18 0.18 0.18 0.18 0.18




Appendix C

Table C.1. Details for experiments B2-B7

Experiment | B2 | B3 | B4 | BS | B8 | B7

Batch

Water /g 1000.1 1000.5 699.6 501.0 501.1 401.7

Water glass

byt 142.7 201.1 301.7 285.6 298.9 406.9

SiO,/ g 40.0 56.3 84.5 80.0 83.7 112.0

SiO, / mol 0.665 0.937 1.41 1.38 1.39 1.86

Na,O / mol 0.201 0.284 0.426 0.403 0.422 0.565

Na,O/g 12.5 17.6 26.4 25.0 26.2 35.0

SiO, conc. o 0 0 0 0 0

(by mass) 3.3% 43 % 7.3% 8.5% 8.6 % 109 %

Sulfuric acid addition

Solution / g 79.9 117.2 160.0 159.7 170.5 230.0

H,SO,/g 16.0 23.4 32.0 31.9 34.1 46.0

H,SO4 / mol 0.16 0.24 0.33 0.33 0.35 0.47

;esa"m“ v 760 1110 1530 1800 2782 2543

H2804 addi-

tion rate / 0.02 0.02 0.02 0.02 0.01 0.02

| gis

Proportion 5 o

neutralized 80.9 % 84.2 % 76.6 % 80.8 % 82.4 % 83.1%

Calculations

free silica/ g 323 47.4 64.7 64.6 69.0 93.0

ot 0.163 0.239 0.326 0.326 0.348 0.469

Na,SO4/ g 23.1 339 46.3 46.3 49.4 66.6

SO W | g 90, 26% 40% 49% 5.00 % 6.5 %

Approx.

batch vol- 1223 1319 1161 946 971 1030

ume / ml

Measurements

Stirrer

speed/rpm 1300 800 1300 1300 1050 1050

Final pH 9.8 9.5 9.9 9.4 8.9 8.7

Characteri- white, white, white, white, white,

zation gel-like powder- powder- powder- powder- powder-
precipitate like pre- like pre- like pre- like pre- like pre-

cipitate cipitate cipitate cipitate cipitate

Primary par-

ticle size / 10.5 18.4 325 N/A 34.5 50

nm

Free silica

conc. (by 2.6 % 3.6 % 5.6 % 6.8 % 71 % 9.0 %

mass)




Table D.1. Details for experiments C1-C6 with NaCl as coagulant

Appendix D

Experiment C1 Cc2 C3 C4 C5 Cé6
Water/ g 201.1 230.0 700.7 699.7 700.1 699.3
Water glass / g 100.6 65.8 69.7 70.9 711 70.4
SiO,/ g 28.2 18.4 19.5 19.9 19.9 19.7
NaCl/g 56.4 31.0 32.1 59.6 56.3 58.9
ﬁd‘tma' water | g55 79.8 161.2 376.6 193.3 225.9
NaClconc.(by | 4339, | 76% 3.3% 49 % 5.5 % 5.6%
mass)
SiO, cone. (by 6.7% 45% 2.0 % 1.7% 2.0 1.9%
mass)
Characterization wax-like . <
=k ’ slightly slightly :
precipitate o clear lig- 4 lie i | white pre-
upon salt rigid gel uid turblq lig turblq liq cipitate
s uid uid
addition
Temperature 20 20 50 50 50 50
C‘&p;‘:"' batoh 0.35 0.36 0.92 113 0.95 0.98
NaCl conc. / g/l 162 86 35 53 59 60

Table D.2. Details for experiments C7 and C8 with Na,SO, as coagulant

L9/

Experiment Cc7 Cc8
Water / g 701.3 703.2
Water glass / g 71.7 69.9
SiO, /g 20.076 19.572
Na;SO4 /g 69.6 131.6
Additional water

/g 212.6 409.7
Na,SO,4 6.6 % 10.0 %
SiO, conc. (by o o
mass) 1.9% 1.5%
Characterization | clear liquid | clear liquid
Temperature 50 50
Approx. batch
vol /1 0.97 1.17
Na,SO, conc. / 72 113




Table E.1. Details for experiment D1

Experiment | D1
Initial batch

Water / g 995.5
Water glass solution / g 140.9
SiO,/ g 39.5
SiO, / mol 0.656
Na,O / mol 0.199
Na,O/g 12.3
SiO, conc. (by mass) 3.5%

Sulfuric acid addition (first stage)

Solution/ g 80.2
H2$O4 / mol 0.164
Proportion neutralized 82 %
Water glass addition

Additional water glass solu- 54.8
tion/g '
Additional SiO,/ g 15.3
Additional SiO; / mol 0.255
Additional Na,O / mol 0.077
Additional Na,0 / g 48
Total SiO, conc. (by mass) 4.6 %

Sulfuric acid addition (second stage)

Solution/ g 30
H2$O4 / g 6
H,SO,4 / mol 0.061
Total proportion neutralized 81 %

Appendix E

The initial batch was heated to a reaction temperature of about 80 °C and then the

first stage of sulfuric acid addition was performed. Then, the reaction mixture was
stirred with a high-speed kitchen mixer and additional water glass was added to the

batch. The second stage of acid addition was performed using the regular stirrer. The

result was a smooth, paste-like gel completely different from the gels obtained in

other experiments.




Sample A4
Results

Diam. (nm)

Peak 1: 142
Peak 2: 258
Peak 3: 0.00

Z-Average (d.nm): 13.1
Pdl: 0.266

Intercept: 0.947
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% Intensity  Width (nm)
904 6.89

9.6 144

0.0 0.00

Intensity (%)
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Size Distribution by Intensity
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Record 48: silica2.5./1 avel

Results

Diam. (nm)

Peak 1: 6.82
Peak 2: 0.00
Peak 3: 0.00

Z-Average (d.nm): 13.1
Pdil: 0.266

Intercept: 0.947

% Number  Width (nm)
100.0 1.94
0.0 0.00
0.0 0.00
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Sample AS
Results
Diam. (nm) % Intensity Width (nm)
Z-Average (d.nm): 23.6 Peak 1: 331 100.0 214
Pdl: 0.239 Peak 2: 0.00 0.0 0.00
Intercept: 0.953 Peak 3: 0.00 0.0 0.00
Size Distribution by Intensity
g
=
3
$
£
[—— Record 52: silica2.5./3 ave|
Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 23.6 Peak 1: 8.62 100.0 3.02
Pdl: 0.239 Peak 2: 0.00 0.0 0.00
Intercept: 0.953 Peak 3: 0.00 0.0 0.00
Size Distribution by Number

Number (%)

Size (d.nm)

Record 52: silica2.5./3 ave|
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Sample A6
Resuits
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 46.2 Peak 1: 70.8 100.0 51.8
Pdi: 0.311 Peak 2: 0.00 0.0 0.00
Intercept: 0.951 Peak 3:  0.00 0.0 0.00
Size Distribution by Intensity
8
7
6
£5
g4
g,
2
1
0
01
Size (d.nm)
[—— Record 56 silica2.5./4 avel
Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 46.2 Peak 1: 119 100.0 5.37
Pdi: 0.311 Peak 2: 0.00 0.0 0.00
Intercept: 0.951 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Size (d.nm)

—— Record 69: silica4.5./1 ave|

Sample A8
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 14.4 Peak 1: 16.3 927 8.17
Pdl: 0.242 Peak 2: 399 73 213
Intercept: 0.937 Peak 3: 0.00 0.0 0.00
Size Distribution by Intensity
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Diam. (nm) % Number  Width (nm)
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Intercept: 0.937 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Sample A9
Results
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 28.2 Peak 1: 40.7 100.0 28.9
Pdl: 0.241 Peak 2: 0.00 0.0 0.00
Intercept: 0.963 Peak 3: 0.00 0.0 0.00
Size Distribution by Intensity
g
$
£
Size (d.nm)
[= Record 73: silicad.5./2 avel
Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 28.2 Peak 1: 12.2 100.0 3.62
Pdi: 0.241 Peak 2: 0.00 0.0 0.00
Intercept: 0.963 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Appendix G (1/6)

Sample B2
Results
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 122 Peak 1: 168 99.5 101
Pdl: 0.312 Peak 2: 123 05 2.09
Intercept: 0.936 Peak 3: 0.00 0.0 0.00
Size Distribution by Intensity

Intensity (%)

Size (d.nm)
[ Record 110 silica15.5./1 ave
Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 122 Peak 1: 10.5 317 1.74
Pdl: 0.312 Peak 2: 19.6 35.1 4.50
Intercept: 0.936 Peak 3: 62.7 33.2 236
Size Distribution by Number
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Sample B3

Results

Z-Average (d.nm): 149

Intercept: 0.929

Appendix G (2/6)

% Intensity  Width (nm)

Diam. (nm)
Peak 1: 213 98.2 108
Pdl: 0.288 Peak 2: 245 1.8 5.83
0.0 0.00

Peak 3: 0.00

Size Distribution by Intensity
3
2
c
g
=
Size (d.nm)
[— Record 102: silical4.5./1 15.5. ave|
Results
Diam. (nm) % Number  Width (nm)
Z-Average (d.nm): 149 Peak 1: 82.6 66.7 38.2
Pdl: 0.288 Peak 2: 184 333 4.14
Intercept: 0.929 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Appendix G (3/6)

Sample B4
Resuits
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 168 Peak 1: 218 100.0 132
Pdl: 0.284 Peak 2: 0.00 0.0 0.00
Intercept: 0.864 Peak 3: 0.00 0.0 0.00
Size Distribution by Intensity

Intensity (%)

Size (d.nm)

[ Record 106: silica 14.5./2 15.5. avel

Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 168 Peak 1: 325 18.4 4.37
Pdl: 0.284 Peak 2: 71.5 81.6 354
Intercept: 0.864 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Appendix G (4/6)

Sample BS
Results
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 157 Peak 1: 187 100.0 80.3
Pdl: 0.162 Peak 2: 0.00 0.0 0.00
Intercept: 0.935 Peak3: 000 0.0 0.00
Size Distribution by Intensity
g
g
5
-
[——Record 119: silica18.5. suodatettu avel
Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 157 Peak 1: 98.1 100.0 411
Pdl: 0.162 Peak 2: 0.00 0.0 0.00
Intercept: 0.935 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Appendix G (5/6)

Sample B6
Results
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 192.1 Peak 1: 258.0 99.5 148.5
Pdl: 0.241 Peak 2: 37.63 05 4.953
Intercept: 0.876 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (%)

Size (d.nm)
Record 182: silica19.6. ave]
Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 192.1 Peak 1: 75.87 67.5 41.18
Pdl: 0.241 Peak 2: 34.46 32.5 5.903
Intercept: 0.876 Peak 3: 0.000 0.0 0.000
Result quality : Good
Size Distribution by Number
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Appendix G (6/6)

Sample B7
Results
Diam. (nm) % Intensity ~ Width (nm)
Z-Average (d.nm): 197 Peak 1: 237 100.0 109
Pdl: 0.218 Peak 2: 0.00 0.0 0.00
Intercept: 0.907 Peak 3: 0.00 0.0 0.00
Size Distribution by Intensity
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[ Record 155 silica31.5./1 avel
Results
Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 197 Peak 1: 50.0 19.8 6.80
Pdl: 0.219 Peak 2: 119 80.2 59.1
Intercept: 0.807 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Appendix H (1/2)

Sample C4
Resulits
Diam. (nm) % Intensity  Width (nm)
Z-Average (d.nm): 74.6 Peak 1: 112 934 58.9
Pdl: 0.320 Peak 2: 16.1 6.6 4.71
Intercept: 0.956 Peak 3:  0.00 0.0 0.00
Size Distribution by Intensity

Intensity (%)

Size (d.nm)

[ Record 124: silica21.5./2 avel

Results
Diam. (nm) % Number  Width (nm)
Z-Average (d.nm): 74.6 Peak 1: 104 100.0 3.27
Pdl: 0.320 Peak 2: 0.00 0.0 0.00
Intercept: 0.956 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
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Appendix H (2/2)

Sample C5
Results
Diam. (nm) % Intensity Width (nm)
Z-Average (d.nm): 120 Peak 1: 183 100.0 117
Pdl: 0.356 Peak 2: 0.00 0.0 0.00
Intercept: 0.952 Peak 3: 0.00 0.0 0.00
Size Distribution by Intensity
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Record 139: silica23.5. NaCl avel
Results
Diam. (nm) % Number  Width (nm)
Z-Average (d.nm): 120 Peak 1: 226 100.0 8.02
Pdl: 0.356 Peak 2: 0.00 0.0 0.00
Intercept: 0.952 Peak 3: 0.00 0.0 0.00
Size Distribution by Number
251.--..----------;-----;-----------------.------.:’.-...---....-.:A---......-....:
D T T 2oy R R P S TR SRR
= : [\
é 15................‘.......-......- .... y"---li:-..-..“'..““‘.'“...“.““”.“.'“:
£ ; : 3 :
Lensaanssssss s aEee . me e ® w aespasad Nessessce iolsieieialale visin A a's O e R L 2
2" : : :L :
" — ESRR—— e s oeiolh - bl ... i) :
01 1 10 100 1000 10000
Size (d.nm)
[—— Record 139: silica23.5. NaCl ave




Appendix I

SEM images of sample B6 (taken by Eero Haimi at TKK Laboratory of Materials

Science)
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TKK-MOP 25.0kV 6.6mm x60.0k SE(U) 8/23/07 500nm
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