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Abstract
Silica is detrimental to the recovery of zinc from zinc bearing siliceous

materials. The difficulties involved in the hydrometallurgical processing of
silica are well documented, the major problem being the formation of gels.
These are extremely difficult to separate from solution, creating serious
problems. This work investigates the mechanism of the formation of
granular silica precipitates and how this differs from the mechanism of

formation of the gels.

Batch precipitation studies of silica from sulfuric acid solutions have revealed
valuable information about the processes occurring. A solution of
monosilicic acid (Si{OH);) was produced by leaching synthetic zinc
orthosilicate (Zn,SiO4) in sulfuric acid. Precipitation was monitored by
measuring the turbidity and silica concentration in solution at regular
intervals.  Electron microscopy was used to examine the precipitate
morphology. Variables known to influence silica precipitation are
supersaturation, temperature, seeding and the concentrations of sulfuric and
hydrofluoric acids and zinc, iron (lll) and aluminium sulfates. These were
investigated by comparing their effects on precipitation with those of a
control experiment. The evaluation criteria used were induction time, .
precipitation rate, precipitation time, product morphology and filterability.
The results of this work define conditions that yield a granular silica
precipitate in preference to a gel, low supersaturation being the most
important condition. The product morphology is insensitive to precipitation
rate over the range of conditions studied.

A laboratory scale continuous crystalliser was designed and constructed and
used to camy out a series of experiments to determine the operating
conditions for suitable processing of natural zinc orthosilicate ore to remove
the silica impurity in an easily separable form. The variables examined were
supersaturation as well as mixing and product removal conditions. The
relationship between supersaturation and morphology discovered during the

batch experiments was confirmed to also occur when employing a



continuous basis. This finding has not been previously reported in the
literature. The use of classified stirring and classified product removal led to
the formation of the highest quality silica product with a reasonable
residence time. The most important quality criterion being the filtration rate.

Insight into the mechanism of silica precipitation has been gained by
analysing information from both batch and continuous experiments. Under
the strongly acidic conditions studied, colloidal silica particles are initially
formed. At low supersaturation (S < 2.9) the colloidal particles aggregate
and cement together to form solid particles, while at higher supersaturation

(S 2 4.3) the colloidal particles aggregate to form a gel.

Vi
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1.0 iNTRODUCTION

1.1 ZINC PRODUCTION

This section briefly outlines the production of zinc using hydrometallurgical
processing and introduces Pasminco Limited, the industrial collaborator of

this project.

Pasminco Limited is an Australian company formed in 1988 by the merger of
CRA and North Broken Hill's lead and zinc operations, and is one of the
world’s largest vertically integrated base metal companies (Financial Times,
1997; McCristal, Manning and Sanderson, 1998). World production of zinc is
approximately 7 000 000 tonnes per annum, of which Pasminco produces
approximately 500 000 tonnes (Fitzgerald, 1997).

Greenwood and Earnshaw (1989) give a simplified view of the isolation of
zinc, over 90% of which is extracted from sulfide ores. Sedimentation or
flotation techniques are used to produce a concentrate from the run-of-mine
ore (Pryor, 1965). An analysis of a typical zinc concentrate is shown in Table
1.1.  This concentrate can be treated by either pyrometallurgical or
hydrometallurgical techniques to recover the metallic zinc. The main
smelting technique is the Imperial Smelting Process which uses a blast
furnace to produce almost 99% pure zinc that is further vacuum distilled to
90.99% purity (Greenwood and Earnshaw, 1989). The Imperial Smelting
Process overcomes the difficulty of zinc boiling below the carbon reduction
temperature of zinc oxide, by using a lead splash condenser (Gordon, 1985)
to minimise re-oxidation of zinc vapour leaving the furnace. Pasminco
operates the Imperial Smelting Process at its Newcastle plant in New South
Wales (Financial Times, 1997; Firkin, 1980; Staff of Pasminco Metals, 1993).
Hydrometallurgical treatment of zinc concentrate is by the Electrolytic
Process which has become the most popular method for the recovery of zinc
(Gordon, 1985). Over 80 percent of world production is by this method
(Dutrizac, 1990). Figure 1.1 shows a flow diagram of the process.



Zinc sulfide ore

v

Concentration

v

Zinc concentrate

v

Roasting ———®  Sulfuric acid

v

Zinc calcine

v

Leaching <

v

Zinc sulfate
solution

v

Purification

v

Cell room feed
solution

+ Cell room spent
Electrowinning —— electrolyte
+ solution

Zinc

Figure 1.1: Flow diagram of the Electrolytic Process for the
hydrometallurgical production of zinc (supplied by Pasminco).



The zinc concentrate is roasted to produce a calcine containing
predominantly zinc oxide with smaller amounts of zinc ferrite, zinc sulfate
and lead sulfate (Kershaw, 1995; Weimer, Wever and Lapee, 1959). A
typical zinc calcine analysis is shown in Table 1.1. A by-product of roasting
is sulfur dioxide gas which is used to make sulfuric acid. The calcine is then
leached with Cell room spent electrolyte, containing sulfuric acid, to produce
a zinc sulfate solution which is purified by precipitation and zinc cementation
processes. The pure zinc sulfate solution, referred to as Cell room feed
solution, is then electrolysed using lead anodes and aluminium cathodes to
produce zinc of 99.995% purity. The electrowinning process regenerates the
sulfuric acid in the Cell room spent electrolyte solution which is recycled to
leach further calcine (Weimer, Wever and Lapee, 1959). Pasminco operates
two plants using the Electrolytic Process, at Risdon in Tasmania and Budel
in the Netherlands (Financial Times, 1997; Gilmour, 1993).

Table 1.1. Percentage composition and speciation of typical zinc

concentrate and zinc calcine materials (supplied by Pasminco).

Analyte Zinc concentrate Zinc Calcine
(% wiw) (% wiw)
Zn 51.50 55.11
S 31.92 0.25
Fe 2.18 10.37
Pb 2.58 266
Si0; 1.55 172
Speciation Zinc concentrate Zinc Calcine
(% wiw) (% wiw)
ZnS 77.34 0.79
Zn0 0.00 59.12
ZnFe, 0y 0.00 2282
FeS 14.92 0.00
ZnS0,4.7H0 0.03 8.37
PbS 2.97 4.04
SiC, 1.55 1.72




Weimer, Wever and Lapee (1959) detail impurities in the calcine that are
released during leaching and become problematic to electrolysis and zinc
recovery. The recycling of Cell room spent electrolyte solution compounds
this impurity problem. Such impurities are arsenic, antimony, copper, iron,
cadmium, cobalt, nickel, tin, germanium, seienium, tellurium, silica, alumina
and others. Many of these impurities can be removed by an iron
precipitation stage with the residue separated by filtration.

Traditionally, the iron precipitation step was effected by raising the pH of the
filtered leach liquor with zinc calcine from 1.7 to approximately 5.1 in
conjunction with air sparging to precipitate all the iron as iron (lll) hydroxide.
Aluminium and part of the tin are alsoc removed during this step as
hydroxides. Copper is removed as a copper-zinc sulfate while arsenic,
antimony and germanium are removed by ion exchange on the precipitated
iron hydroxide (Bratt and Gordon, 1967).

Elimination of other impurities is achieved if the amount of iron present is in
excess of ten times the amount of impurities to be removed. [ron (lll} sulfate
or other forms of iron maybe added if there is insufficient iron present in the
calcine (Weimer, Wever and Lapee, 1958). Iron is the biggest impurity
present in calcine, typically assaying at ca 10% (Allen, Haigh and Hamdorf,
1970; Kershaw, 1995). This is also shown in Table 1.1.

Filtration and washing difficulties associated with the iron (lll} hydroxide
residue (Gordon, 1985) and the need for improvements in zinc extraction
from concentrates (Bryson, 1986; McCristal, Manning and Sanderson, 1998)
forced further research to develop better methods for iron removal.
Examples of these are the goethite, or paragoethite process, the haematite
process and, most importantly at the time, the jarosite process (Gordon,
1985). Dutrizac (1990) notes that the jarosite process is the most widely
used of the three iron removal methods because of its simplicity and low cost

of operation.



The jarosite process was developed jointly by Asturiana de Zinc in Spain,
Norzinc in Norway and the Electrolytic Zinc Company of Australasia (now
part of Pasminco Limited) to remove iron as ammonium jarosite
((NH4)Fes(S04)2(OH)s) (Gordon, 1985). Pasminco’s Hobart smelter has
produced jarosite since 1971 (Pammenter, 1893), which was land dumped
until 1973 (McCristal, Manning and Sanderson, 1998). Following this, ocean
dumping was introduced as a means of jarosite disposal under a special
permit from the Australian Commonwealth Government (Pammenter,
Gilmour and Salmon, 1993). Most of the world’s jarosite production,
however, is stored in ponds (Dutrizac, 1990; Elgersma, Witkamp and van
Rosmalen, 1993).

Jarosite is precipitated in an easily filterable form (Dutrizac and Kaiman,
1976) from zinc leach liquor high in iron at a pH of 1.5 at 90°C by the
addition of ammonium sulfate (Davey and Scoftt, 1976; Dutrizac and Jambor,
1985; Hutchison and Phipps, 1977). As well as removing the unwanted iron,
jarosite also effectively removes the metallic impurities: arsenic, gallium,
indium, lead, silver, cadmium, copper and cobalt from the leaching circuits to
prevent their accumulation (Elgersma, Witkamp and van Rosmalen, 1993).
This occurs with very low zinc incorporation in the jarosite, typically between
0.2 and 1.0%.

As a result of increasing environmental pressure, expiring dumping
concessions and danger of heavy metals reporting to ground water from
damaged ponds, pressure has been applied to the zinc industry to modify
current hydrometallurgical practice and stop jarosite production and storage
(Dutrizac, 1990; Elgersma, Witkamp and van Rosmalen, 1993; Reuter,
Sudholter, Kruger and Koller, 1995). Pasminco, specifically, was forced to
change its operation due to the expiration of its jarosite ocean disposal
permit at the end of 1997 (It's over: Pasminco ends ocean dumping, 1997}
even though, according to McCristal, Manning and Sanderson (1998),
independent research could find no adverse effects from ocean disposal.

Pasminco’s permit to produce jarosite at its Budel smelter in the Netherlands



also expired at the end of 1997 and an extension was granted to store
jarosite until June 30, 2000 (Ball, 1998; Bell, 1997a).

The conversion of Pasmince's Hobart smelter from the jarosite process to
the paragoethite process as the iron removal step in 1997 has alleviated this

problem in Australia (McCristal, Manning and Sanderson, 1998).

The goethite, or paragoethite process was developed by the Electrolytic Zinc
Company of Australasia and is outlined in a patent by Allen, Haigh and
Hamdeorf, (1970). The process involves adding the pregnant iron (lll) solution
to a reactor vessel containing zinc plant liquor at such a rate so as to match
the iron (lll) removal rate through precipitation of goethite. The iron (llI)
concentration in the reactor vessel should never exceed 1.0 g L'. The
preferred operating temperature range is from 65 to 95°C, and the pH should
be maintained in the range 2.0 to 3.0 by addition of a neutralising agent such
as zinc calcine. Significant amounts of arsenic, antimony, germanium and
fluorine are removed from the zinc plant liquor with the goethite. Davey and
Scott (1975) detail production of the same precipitate by initially reducing the
solution to form iron (ll) and then oxidising at a controlled rate so as to not
exceed 1.0 g L™ iron (Ill). The precipitation products of the goethite process
are crystalline a-goethite and on some occasions wholly or partly, very poorly
crystalline p-goethite (Davey and Scott, 1975; Davey and Scott, 1876). The
paragoethite precipitate formed at Hobart is typically amorphous and is
further treated at Pasminco’s Port Pirie plant to recover any entrained zinc
and lead and produce a significantly more inert slag {McCristal, Manning and
Sanderson, 1998). Johnson and Tyson (1993) describe the Port Pirie
operation as a slag fuming plant which treats lead blast furnace slag, and
now also paragoethite residue from Hobart, to produce zinc oxide fume. An

electrolytic zinc plant is used to convert the fume to metallic zinc.



Read (1995) reports that the Budel smelter would have been forced to close
because of the expiring jarosite storage permit, but now has a secure future
due to Pasminco’s purchase of the Century zinc project in August 1997 (Ball,
1998, Bell, 1997b). The Century orebody is, in world terms, a very large zinc
sulfide deposit that is unique in that it contains very little iron (Irving, 1998;
Waltho and Andrews, 1993) and would eliminate the need for jarosite
production at Budel (Ball, 1998). Irving (1998) notes that the total resource
is approximately 98.5 million tonnes assaying at 10.2% zinc. The Century
mine is set to start producing zinc concentrate in late 1999 or early 2000 and
half of the concentrate produced will be exported to the Budel plant (Bell,
1997a; Fitzgerald, 1997; Irving, 1998).

The Century zinc deposit has another unique, but this time undesirable
feature, the presence of an unusually high concentration of silica associated
with the sulfide mineralisation (Hamilton and Woodcock, 1993; Read, 1995;
Waltho, Allnutt and Radojkovic, 1993). Main (1993) and Read (1995)
mention the possibility of penalties from zinc smelters for the high silica
content of Century concentrate, detracting from its otherwise high purity.
The most likely method for overcoming the silica problem is by ultra-fine
grinding of the ore to liberate the zinc sulfide and separate it from the silica
during flotation to produce a low-silica concentrate. However, no concrete
knowledge appears in the literature that could be used to completely
overcome the silica problem at the Century mine.

Pasminco owns the Beltana mine in South Australia which also contributes
to the company's silica problems. Carmichael (1993) describes the mine’s
zinc bearing mineral as zinc silicate instead of the more commonly treated
zinc sulfide mineral. 380 000 tonnes of ore have already been mined, with
the deposit now containing approximately 180 000 tonnes of ore; assaying
38% zinc. The ore mined to date has been sold to overseas smelters with a
small amount having been treated at Pasminco’s Hobart smelter (Rangott,
1980). Elliot (1991) mentions the difficulty in treating zinc silicate ore by
conventional zinc smelting techniques. This, combined with the lack of a
method for ore concentration at the mine site has caused the project to be



shelved even though a new zinc silicate ore treatment method was
developed by the Electrolytic Zinc Company of Australasia. This method is

described in Section 1.2.

The above problems, combined with a lack of detailed knowledge in the
suitable processing of zinc silicate ore to recover the zinc, prompted
Pasminco to investigate the problem further. The diminishing world reserves
of good zinc sulfide ores (Frenay, 1985) and the discovery of large deposits
of zinc silicate ores (Abbruzzese, 1981) have no doubt contributed to
Pasminco’s decision. The global reserve of zinc sulfide ores is expected to
last for several decades, but for future demand, zinc silicate ores are a
significant alternative (Bodas, 1896).



1.2 SILICA IN ZINC HYDROMETALLURGY

The problems created by soluble silica in zinc hydrometallurgy are well
documented in the literature. Abbruzzese (1981); Ashman, Delong and
Jankola (1993); Betterton (1923); Bodas (1996); Dufresne (1976); Hutchison
(1958); Matthew and Elsner (1977a; 1977b); Pus'ko, Ushakov and Khan
(1979), Wood, Kern and Ashdown (1977) describe the formation of silica
gels and the subsequent problems with 'poor settling, filtering and washing of
these pulps when conventional zinc hydrometallurgy is applied to materials
containing large amounts of soluble silica. This section details the current

processes available to overcome these problems.

In the hydrometallurgical recovery of zinc, the source of soluble silica is the
naturally occurring oxidised zinc ores; zinc orthosilicate (Zn,SiO,, mineral
name willemite) and zinc pyrosilicate (ZnySi;O7(OH);.H,O, mineral name
hemimorphite) (Dufresne, 1976). Zinc concentrates containing quartz and
other siliceous gangue material produce zinc orthosilicate upon roasting to
form calcines {(Ashman, Delong and Jankola, 1993; Pus’ko, Ushakov and
Khan, 1979). Amorphous soluble silica is also present in other industrial
residues that are treated to recover the zinc, such as slags (Fugleberg and
Poijarvi, 1977 and 1979). Both zin_b orthosilicate and pyrosilicate readily
dissolve congruently in sulfuric acid (Terry, 1983a) to liberate monosilicic
acid and disilicic acid, respectively (Matthew and Elsner, 1877a). Zinc
orthosilicate dissolution is described by Margulis (1983) and many others as
occurring by the following reaction:
Zn2Si04 sy + 2H2804 (aq) = 2ZNS0Oy4 (ag) + Si(OH)4 (aq)

Thus, zinc pyrosilicate dissolution would occur by the reaction:

Zn;Siz07(0OH)2.H20 5y + 4H2S04 (ag) —

4ZnS04 (aq) + O(Si(OH)3)2 (ag) + 3H20 (aq)

Monosilicic acid polymerises via a condensation type reaction between
silanol groups (Si-OH) to form a siloxane bond of the dimer, disilicic acid,
according to the reaction (ller, 1979):



28i(OH)4 aq) > O(Si(OH)3)2 (aq) + H20 ey
ller (1979) describes further polymerisation occurring between silanol groups

of larger species to increase molecular weight.

Depending on conditions such as the pH, temperature, silica concentration,
impurities, presence of seed, holding time and ionic strength, Matthew and
Elsner (1977a; 1977b) describe the colloidal silica particles to be either
stable or unstable. Stable particles may aggregate to form a fine precipitate.
Alternatively, unstable colloidal silica particles may aggregate to form an
open network structure or gel. It is the formation of silica gel that is
responsible for the processing problems described previously. Accordingly,
the electrolytic zinc industry has expended considerable effort in solving this
problem. Several processes have been developed by various companies,
manipulating the above variables to successfully treat feed stocks containing
soluble silica. The most important of these will be discussed in turn. Note
that processes that avoid dissolution of the silica or silicate material to
liberate the zinc will not be discussed as they are not relevant to this study.
Also not discussed here are processes that dehydrate the precipitated silica
to render it filterable by using concentrations of sulfuric acid that are higher
than those typically found in zinc plant Cell room spent electrolyte solutions,
usually no higher than 200 g L. Examples of such processes are the
Reverse Leach process described by Zaitsev and Margulis (1985) and the
Quick Leach process developed by Dufresne (1976).

One process to treat zinc silicate ores and lead furnace slags is the Vieille-
Montagne process (Bodson, 1974). The process involves the suspension of
the siliceous zinc material in water or zinc sulfate solution, stirring and
heating to between 70 and 90°C. Over a period of three to ten hours with
continual stirring and heating, Cell room spent electrolyte is slowly added
until the final sulfuric acid concentration is in the range 1.5 to 15 g L. An
additional two to four hours of stirring and heating is specified. Bodson
(1974) explains that the long acid addition stage is necessary to achieve
complete ore dissolution, while complete silica precipitation is effected during

10



the additional stirring and heating stage. To recover the zinc electrolytically, it
Is necessary to neutralise the solution pH. This can be done either prior to
fittration to remove other impurities that will precipitate during neutralisation,
such as iron, or after filtration. Neutralisation is achieved by progressively
adding the entire slurry over the course of one to three hours to an aqueous
suspension of lime, zinc oxide or calcine at 80°C maintaining the pH in the
range 3 to 5. To precipitate the iron during neutralisation, finely dispersed air
must be pumped through the solution. Filtration rates for the resulting silica
precipitates, including iron precipitates on occasions, of up to 745 kg h' m?
using a vacuum of 450 mm of mercury were achieved. In this instance the
filter cake thickness was 35 mm and the pulp density was 557 g L. This
corresponds to a filtration rate of 1.34 m® m? h™ for the filtrate.

Another process for treating zinc silicate ores is the Radino process (Radino,
1957). The process involves a semicontinuous leach of the ore with
simultaneous precipitation of silica in the same vessel. Aluminium ions are
used as a coagulant for the silica, being added at the rate of 1 to 50% by
weight of the soluble silica. Processing begins by introducing Cell room
spent electrolyte, containing aluminium sulfate, into a stirred reactor vessel at
80°C. Ground zinc silicate ore is added in slight excess of the acid so the
final pH is approximately 4. The slurry is stirred for a further 30 minutes,
maintaining 95°C. The Cell room spent electrolyte, always containing
aluminium sulfate, and the additions of ore and the 30 minute stirring interval
are repeated at least twice more, or until the reactor vessel is full. Cne third
of the vessel contents are then removed, settied and filtered. Addition of Cell
room spent electrolyte; always containing aluminium sulfate, the additions of
ore, the 30 minute stirring period and the one third emptying process are
then repeated continuously. Radino (1957) states that the 30 minute stirring
pericd allows for complete coagulation of the silica. By removing one third of
the vessel contents, a large amount of silica remains as seed for the next
cycle. The silica precipitate can be classified into two separate types;
coarse, hard sand-like grains and jelly-like grains. The jelly-like grains being
produced in a single coagulation cycle and the sand-like grains being the

11



product of multiple cycles. As a result, the sand-like grains are easy to filter.
These different grains can be separated by settling in a thickener, with the
sand-like grains settling rapidly and the jelly-like grains remaining essentially
unseitled. By returning the jelly-like grains to the reactor vessel where they
undergo further acidification and coagulation cycles, the sizes of subsequent
filter cakes were reduced. A filtration test was performed and a rate of 1.53
m® m? h” for the filtrate was achieved. Matthew and Elsner (1977b) found
the Radino process unsuitable for some types of zinc silicate ores. Other
ores could be successfully treated without aluminium sulfate, providing the

ionic strength was high enough.

Matthew and Elsner (1977a) of the Electrolytic Zinc Company of Australasia
developed a continuous process for the treatment of zinc silicate ores and
siliceous calcines. Feed stock is leached at 40 to 50°C with Cell room spent
electrolyte in a series of three tanks, with the final tank having a pH in the
range 1.8 to 2.0. Leaching time is in the range of one to three hours, mainly
depending on the composition of the feed material. The low leaching
temperature ensures that the silica remains in solution until the coagulation
stage, as silica precipitation rate increases with temperature. Concentrations
of up to 28 g L™ colloidal silica have been recorded. Silica coagulation takes
place in three vessels, in series, with the pH raised to 4.0 to 5.5 via addition
of a neutralising agent and a temperature of 50 to 65°C. Holding time is
approximately three hours. The silica residue is then separated by filtration.

During test work, filtration rates of 0.5 to 1.0 m® m? h™ were achieved.

Fugleberg and Poijarvi (1977 and 1979) of the Outokumpu Oy company
expressed concerns that other industrial processes for handling soluble silica
had gelling problems if they were forced to shut down unexpectedly. This is
especially problematic if the pH is in the range 1.0 to 3.5, and soluble silica
concentrations are high, ie. 510 60 g L' as Si0O,;. The loss of zinc when
neutralising silica bearing solutions with calcine was also of concern. As a
result of these concerns, Fugleberg and Poijarvi (1977 and 1979) developed
a process for treating soluble silicate bearing zinc materials. The process

12



involves continuous operation of a single reactor vessel, stirred at 70°C,
where dissolution and precipitation of silica occur simultaneously. Zinc
silicate ore and Cell room spent electrolyte are slowly added to the reactor
vessel to achieve a residence time of about 20 hours. The addition of Cell
room spent electrolyte maintains the pH at less than 2.5 and certainly less
than that needed to dissolve the zinc silicate material. The soluble silicate
addition rate should be slow enough that its dissolution rate matches the
silica precipitation rate and the silica concentration in solution remains fairly
low, typically 0.9 to 1.6 g L' as Si0,. The silicate bearing material,
calculated as SiO;, should not be added at a rate above 3 g L' h'. For the
first several hours of operation, the product slurry is easy to filter; in the order
of 1.9 m®* m? h™. This is followed by a period where the silica gels and
filtration is virtually impossible. After approximately one and a half residence
times, filtration performance is constant in the range 0.2 to 0.4 m® m? h,
Upeon addition of an anionic flocculant, followed by settling, the thickened
silica precipitate can be filtered at 1.3 m* m2 h™".

Recently, Bodas (1996) studied the extraction of zinc from a predominantly
zinc pyrosilicate ore on a laboratory scale using simple batch processing.
The ore was compietely leached, maximum of 95.0% zinc extraction, in
sulfuric acid at a pH of 2.0 and 70°C in three hours. The resultant leach
slurry was virtually impossible to filter and very slow to settle, 0.5 cm® min™
(units by Bodas). After addition of 40 mL of a 0.05% solution of Magnafioc
156 the slurry could be filtered in 30 seconds and the settling rate had
improved to 20 cm® min™ (units by Bodas).

The most significant aspect of all these processes is the lack of fundamental
understanding of the silica precipitation process. The present study aims to
address this issue. The process that is of most interest to Pasminco at
present is the one developed at Outokumpu Oy (Fugleberg and Poijarvi,
1977 and 1979). This is because of its simplicity in equipment requirements
and operation, and also the safety feature of not producing a silica gel if

forced to shut down unexpectedly.
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1.3 PRECIPITATION THEORY

A brief introduction to precipitation theory will be given in this section, and the

distinction between crystallisation and precipitation will be addressed.

Precipitation is a difficult term to define according to Sohnel and Garside

(1992), who liken it to very rapid crystallisation with several important

features:

1.

Relatively insoluble materials are precipitated as their insolubility creates
high supersaturations when the material is produced by reaction
precipitation, je. the mixing of solutions of two, more soluble compounds.

Primary nucleation rates are usually very high due to the high
supersaturations encountered and thus nucleation is a primary factor in

precipitation.

. Large numbers of crystals or particles are produced because of the high

nucleation rates. This usually limits the overall particle size obtained.

. If the particles are sufficiently small, ripening, ageing, agglomeration and

coagulation can take place and dramatically alter the product size

distribution. Colloidal intermediates maybe important.

. The supersaturation generated for precipitation is usually the result of a

chemical reaction, precipitation is therefore sometimes called reaction

crystallisation.

. Precipitation is usually carried out at constant temperature and does not

therefore rely on cooling to produce supersaturation.

Mersmann (1995) defines precipitation as very rapid crystallisation where a

large number of crystal nuclei are formed. Often, the process of precipitation

can only be controlied to a small extent.
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No generally accepted definition of the term precipitation exists, according to
Mullin (1988; 1993), although it maybe referred to as very fast crystallisation,
and is usually an irreversible process due to the insolubility of the products
created. Another feature distinguishing precipitation from crystallisation
systems is that they are usually initiated at high supersaturation, resulting in
fast nucleation and the subsequent generation of a large number of very
small crystals. Precipitation and crystalfisation have much in common and
share many of the same laws.

Sohnel and Garside (1992) note that precipitation involves many different
steps and kinetic processes, as shown in Figure 1.2. However, it can be
broken down into three major steps; supersaturation, primary nucleation or
the birth of particles, and growth of these particles to adult particles. The
time scale for precipitation can range from a few seconds to many days.
Supersaturation is the driving force for precipitation, determining the rates of
the different processes:

Sacondary -
nucleation
[ o4
2
=
2
=3
§ Secondary changes
g e raarystallization, ageing, oo
o tion
= Primary aggreda
g nucieation
]
ot Growth -
* TFime
|
Creation of
supersaturation

Figure 1.2: Kinetic precipitation processes (Sohnel and Garside, 1992).
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Mersmann (1995) defines a supersaturated solution as one in which the
solute is present in a concentration higher than equilibrium solubility. A
solution that is saturated with solute in thermodynamic equilibrium is said to
be at equilibrium solubility, represented as ¢*, with respect to that particular
solute. Crystallisation can only occur from a supersaturated solution, and
the rate of crystallisation is usually dependent on the degree of
supersaturation. Supersaturation can be expressed either as a difference in
concentration, Ac, with the appropriate units:

Ac=c—c*

or as a dimensionless supersaturation ratio, S:

S=F

or as a relative supersaturation, o, also dimensionless:

A
o'=—c-S—l

C*
In all cases, ¢ is the concentration of the solute of interest. For this study the
supersaturation ratio S will be used, with silica concentration expressed as
the concentration of SiO;. Supersaturation can be created by several
methods; changing the temperature of the solution, je. cooling a solution with
a positive gradient for the solubility-temperature curve or heating a solution
with a negative gradient for the solubility-temperature curve; the solvent can
be removed by evaporation or by the addition of a drowning-out agent; by the
addition of a salting-out agent, /ie. a more soluble compound with a common

ion; mixing of reaction partners.

This study uses the mixing of reaction partners to create supersaturation, but
not in the traditional sense. A typical example of the mixing of reaction
partners is in the precipitation of barium sulfate where supersaturation is
created by mixing barium hydroxide and sulfuric acid (Mersmann, 1995).
Supersaturation in this study is generated by dissolving a silicate ore in
sulfuric acid, thus liberating monosilicic acid into solution at concentrations

above its equilibrium solubility level.
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Crystallisation typically involves supersaturation ratios of 1.01 < S < 2, while
precipitation typically involves 2 < § < 100 (Mullin, 1993). A differentiation
must be appreciated between global (bulk solution) and local supersaturation
for precipitation systems, as very high local supersaturations can occur near
the reactant inlets (Mersmann, 1995). This can result in very high nucleation
rates, in the same order of magnitude, or faster, as mixing rates. This, in
turn can lead to competition between mixing, reaction and nucleation. This
is not such a problem with the silica system, as the silicate ore which
provides silicic acid supersaturation must first dissolve in the liqguor. Thus, it

Is expected that very high local supersaturations will be avoided.

As mentioned above, precipitation or crystallisation can be divided into
supersaturation, nucleation and growth (including agglomeration which is
typically less important in rapid precipitation than in slow crystallisation)
processes. There are several types of nucleation that fit into two broad
categories, primary and secondary nucleation (Mersmann, 1995). Primary
homogeneous nucleation occurs from very pure, clean solution, free from
crystals of its own type and solid foreign particles. This is the classic form of
nucleation by successive addition of molecular units to form nuclei. Primary
heterogeneous nucleation occurs on the surface of foreign solid particles.
Both forms of primary nucleation occur when the metastable supersaturation
ratio, Smet, IS exceeded. Secondary nucleation occurs at lower
supersaturations than the metastable supersaturation when solution-type
crystals are present, either as added seed or as attrition fragments.
According to Sohnel and Garside (1992), secondary nucleation may occur
during precipitation by three mechanisms, aside from seeding:
1. Formation of nuclei on the surface of the solid phase, which grow to give
structures, such as dendrites, which subsequently break off the crystal.
2. Nuclei formation in the liquid phase by structural changes in the liquid
directly adjacent to the crystal surface.
3. Nuclei in the form of molecular aggregates forming in the adsorption layer
on the crystal surface which are then washed into solution.
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Figure 1.3 schematically shows the relationship between metastable
supersaturation and temperature for primary and secondary nucleation
(Mersmann, 1995). Clearly, primary homogeneous nucleation requires the
highest supersaturation, followed by primary heterogenecus nucleation and
then secondary nucleation. Thus, in an operational crystalliser, secondary
nucleation is the most likely event to occur, followed by primary
heterogeneous and finally primary homogeneous nucleation.

g
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Figure 1.3: Metastable supersaturation versus temperature for different

nucleation processes (Mersmann, 1995).

Once a stable nucleus has formed, je. it has reached the critical nucleus
size, it is capable of growing in supersaturated solution. Until the critical
nucleus size has been reached the nuclei are in dynamic solubility
equilibrium with the solution and are thus unstable (Mullin, 1993).

Growth of silica particles has been identified by ller (1979) as occurring by
the Ostwald ripening mechanism. This is not unexpected, due to the very
small size of silica particles. Mersmann (1995) states that Ostwald ripening
has a major influence on crystals below 1 um in size and these sizes are
very typical of precipitation systems. Ostwald ripening is defined by
Mersmann (1995) as follows: The solute concentration is in equilibrium with
the largest particles present in the system. Thus, the system is
undersaturated with respect to the smallest particles which dissolve.

Because of the additional dissolved solute, the system is now supersaturated
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with respect to the largest particles and hence, they grow. The overall effect
is the growth of larger particles at the expense of the smaller ones. Mullin
(1993) adds that, theoretically, the particle size distribution should change
towards that of a monosized dispersion. The driving force for Ostwald
ripening is the difference in solubility between small and large particles and
the tendency of the solid phase to adjust itself to achieve a minimum surface

free energy (Mullin, 1993).

The growth of crystalline precipitates can occur by several mechanisms.
Fleming (1981) notes that silica precipitated under non-hydrothermal
conditions is almost invariably amorphous, irrespective of the presence of
other forms of solid silica. As a result of this, only growth of amorphous

precipitates will be considered.

Mullin (1993), explains amorphous particle growth as a competition between
the aggregation and orientation velocities of the molecular growth units, with
aggregation dominating in the formation of amorphous particles.
Aggregation and orientation are both influenced by supersaturation,
temperature and in some instances by the precipitating species. For
example, as mentioned previously, silica precipitated under non-
hydrothermal conditions is almost invariably amorphous, while crystalline
silica, quartz, can be precipitated under hydrothermal conditions (Baughman,
1991; Demazeau and Lafon, 1994). Very little information is available in the
literature concerning the growth of amorphous particles from sclution.

Agglomeration and ageing also play an important role in the growth of
precipitates (Mullin, 1993). Agglomeration occurs soon after nucleation, and
generally applies to small particles, je. less than 1 um in size, where van der
Waals forces overcome Brownian motion. Interaction between the electrical
double layers of particles would also play an important role (Hunter, 1987).
Under these conditions interparticle collisions may result in permanent
attachment and the agglomeration of particles. Colloidal silica precipitates
are in the correct size range for agglomeration to be an important growth
factor. Ageing is used to describe any irreversible process that occurs to a
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precipitate after it has formed, such as Ostwald ripening or phase
transformations. Ostwald ripening has been discussed previously; however,
phase transformations can be of equal or greater importance. When a
metastable phase is precipitated initially and ages to yield a more stable
product, a phase transformation has occurred. Examples of metastable
phases undergoing transformations are amorphous precipitates ageing to
crystalline products, metastable polymorphs of the final material precipitating
first, a hydrated species ageing to a dehydrated species or a system
contaminated substance ageing to a less contaminated substance.
Ostwald’'s rule of stages is used to describe phase transformations: An
unstable system does not transform itself directly into the most stable state,
but into one which most closely resembles its own, associated with the

smallest loss in free energy possible.

Precipitation processes can be operated on either a batch or continuous
basis (Mullin, 1988). There are distinct advantages and disadvantages to
both modes of operation. Batch operation offers simplicity of equipment and
the ability to clean the crystalliser between batches, which minimises scale
build up and ensures a contamination free product. In some cases only a
batch crystalliser can produce the required product, in terms of morphology,
particle size distribution (PSD) and purity. Continuous, steady state
operation is often regarded as superior in industrial applications, with flexible
control of temperature, supersaturation, nucleation, growth and other
parameters that influence the PSD of the product. The operating costs of a
continuous process maybe significantly less than those of a comparable
batch process. A continuous crystalliser does not discharge its product
under equilibrium conditions, whereas a batch crystalliser can. Unless a
holding tank is used, this can cause problems down stream with further,
unwanted, precipitation occurring when the system is trying to reach
equilibrium. A holding tank may also be required if a phase transformation
takes place. Variations in product quality between batches can be a problem
that does not usually exist with continuous precipitation. In some instances,

a combination of both batch and continuous precipitation, known as
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semicontinuous precipitation, can combine the best features of both

operating modes.

On a laboratory scale, there are similar advantages and disadvantages for
both batch and continuous operation as there are in the industrial case. A
commonly operated continuous laboratory scale crystalliser is the mixed
suspension mixed product removal (MSMPR) crystalliser. A diagram of a
typical, laboratory scale, MSMPR crystalliser used for precipitation studies is

i S 1]

shown in Figure 1.4,

Sq

Figure 1.4: A typical laboratory scale MSMPR crystalliser: (A) reagent tank;
(B) constant pressure tank; {C) reactor vessel; (D) water jacket inlet; (E)
baffle; (F) thermometer; (G) level sensor; (H) discharge vaive; (I) product

removal; (J) controller (Mullin, 1988).

Randolph and Larson (1988) detail the requirements for MSMPR operation:
proper mixing of suspension and mother liquor with minimum power input;
product discharge should have the same characteristics as the slurry in the
crystalliser (no size classification); the size of the crystalliser should be small
enough so that reagent volumes are minimised but large enough to provide
adequate samples without disturbing the system. These three main points
will be further discussed shortly. Mullin (1988) states the following
assumptions in regard to achieving MSMPR behaviour; no crystals present in
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the reagent streams, all crystals in the reactor are of the same shape, no
attrition of crystals occurs, and growth rate is independent of crystal size.

A draft tube placed in the crystalliser is useful for reducing the power input
for agitation required to achieve complete suspension; flow is typically down
the draft tube and up the annular space (Randolph and Larson, 1988). The
use of a crystalliser with a contoured base will also reduce the agitation
power required to achieve proper mixing (Nyvit, 1982a). The use of baffles
reduces gross vortexing when agitating low viscosity liquids (Harnby,
Edwards and Nienow, 1985). Baffles should be about one tenth the vessel
diameter in width. Examples of these features are shown in Figures 1.5 and
1.6.
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Figure 1.5: Diagram of laboratory scale MSMPR crystalliser vessel fitted with
a draft tube, baffles, an electronic level sensing device and a pump for
product removal {Randolph and Larson, 1988).

22



- draft
C}L—::D tube

NI

Figure 1.6: Diagram of a laboratory scale crystalliser vessel with a contoured
base and fitted with a draft tube (Harnby, Edwards and Nienow, 1985).

An axial flow impeller is ideal for suspending solids and can therefore be
used to agitate the magma (McDonough, 1992). Examples of axial flow
impellers are the common marine propeller and the hydrofoil or fluidfoil,
which produces the lowest shear at the highest flow rate (pumping capacity)
of all impeliers. A diagram of a Lightnin A-310 Fluidfoil impeller is shown in
Figure 1.7. Of note is the decreasing blade width and blade angle from hub
to tip, which provide constant shear across the blade.

Figure 1.7: Lightnin A-310 Fluidfoil impeller (McDonough, 1992).

To obtain a product sample that is not classified with respect to the bulk
magma, the product sample must be removed from the crystalliser
isokinetically, /e. with the same velocity as the circulating magma at the point
of removal (Randolph and Larson, 1988). This can be achieved by placing
the product removal tube parallel to the circulation flow, with product removal
in the direction of flow in the crystalliser. Due to the small volume of
laboratory crystallisers, their subsequent very low through put rates and the
need for very high withdrawal velocity to achieve isokinetic conditions, it is
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necessary to remove product intermittently. An electronic level sensing
device and a pump can be used to accomplish this, as is shown in Figure
1.5. No more than 10% of the magma volume should be removed at one
time. Nyvit (1982a) recommends removing only 5% of the magma.

Crystaliiser volumes as low as 250 mL right up to production size have been
successfully used, according to Randolph and Larson (1988). Mullin (1988)
recommends the use of about a four litre vessel for MSMPR determinations,
smaller than this can cause poor scale up results and larger than this can
make it difficult to achieve true MSMPR behaviour,

The MSMPR crystalliser is started and run until steady state is achieved.
Randolph and Larson (1988) use 10 to 15 residence times to reach steady
state, while Nyvlt (1982a) uses 6 to 10. Mullin (1993) and Sohnel and
Garside (1992) both recommend 10 residence times to reach steady state.
Once steady state has been reached, a sample of the magma can be
removed and the particle size distribution (PSD), L, as a number function is
determined (Mullin, 1988). Using the following relationships and the steady
state residence time, r, the nucleation and growth rates, B and G
respectively, can be determined.

n=n €x '_—£

=hn,exp Gr
and
B=nG

Where » is the population density (number of crystals per unit size per unit
volume of the system) and », is the population density of nuclei (zero sized

crystals).

The long time taken to reach steady state is a distinct disadvantage to
operating a continuous laboratory scale crystaliiser. However, the
information that is obtained is suitable for scale up to industrial sized
crystallisers. The product quality is more reflective of that produced by
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actual continucus industrial crystallisers, compared to that of batch

crystallisers.

lLaboratory scale experiments using a batch crystalliser are also a useful tool
for understanding precipitation processes. Nyvit (1982b) describes how
batch precipitation experiments with a one-off, initial formation of
supersaturation followed by a steady decrease in supersaturation can be
used to compare precipitation performance on a relative scale between
experiments. An example of this type of experimentation is given by
Droppert, Demopoulos and Harris (1996) and Demopoulos, Droppert and
Van Weert (1985 and 1995) in their work on producing crystalline scorodite
(FeAsQ4.2H,0) under ambient conditions, shown in Figures 1.8 and 1.9.
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Figure 1.8 Precipitation curves for the production of scorodite using

magnesium hydroxide and sodium hydroxide as neutralising agents
{Droppert, Demopoulos and Harris, 1996).

A series of batch experiments were performed to investigate the effects of
supersaturation, seed concentration, type of neutralising agent and other
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variables important to that particular system. Figures 1.8 and 1.9 show the
precipitation curves produced to investigate two different neutralising agents,
and differing seed concentrations, respectively. This method allows for easy
determination of the relative rates of precipitation encountered.
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Figure 1.9: Precipitation curves for the production of scorodite with varying
seed loadings; (A)4gL", (B)10gL", (C)20gL" and (D)50g L™
(Droppert, Demopoulos and Harris, 1996).

In general, it maybe useful to use a combination of both batch and

continuous experiments on a laboratory scale to gain a fundamental
understanding of a precipitation system.
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1.4 SILICA POLYMERISATION

1.4.1 General silica polymerisation theory

Soluble silica is defined by ller (1979) as being monomeric; containing a
single silicon atom, tetrahedrally surrounded by four hydroxide units, thus
having the formula Si{OH)4 and is commonly called monosilicic acid. Two
monosilicic acid units polymerise via a condensation type reaction between
silanol groups (=Si-OH) to form a siloxane bond (=Si-O-Si=) and hence the
dimer, disilicic acid, according to the reaction:
2Si(OH)4 (aq) —> O(SiI(OH)3)z2 (aq) + HzO (aq)

The ionisation constant, pK,, of monasilicic acid was found to be 9.8, while
that of the disilicic acid was found to be 10.7 (ller, 1979). Comparison with
other inorganic acids would suggest that disilicic acid should be the stronger
acid. This anomaly is thought to be a function of the instability of a solution
of the dimer; preventing accurate determination of the pKa. It should be
noted that there is no similarity between aqueous silicic acid polymerisation
and organic polymers formed by condensation reactions. Further
condensation polymerisation occurs between silanol groups of larger species
to increase molecular weight. Polymerisation refers to all types of silica
growth that increase molecular weight, whether the growth forms spherical
colloidal particles or aggregates under certain conditions or forms viscous
gels under a different set of conditions. Both types of polymerisation can
occur simultaneously. ller's (1979) general theory of polymerisation will be
presented and discussed in a series of steps; it is also diagrammatically

represented in Figure 1.10.
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Figure 1.10: Polymerisation of silicic acid, (A) in acid solution or with
flocculating salts present and (B) in basic solution (ller, 1979).

. When a solution of monosilicic acid becomes supersaturated, ie. the
concentration is greater than 100 to 200 mg L' as SiO,, polymerisation to
form dimers and then cyclic, higher molecular weight species occurs. This
is provided there is no suitable solid phase surface for the monomer to
deposit on.

. The polymerisation mechanism is ionic, and above pH 2 the rate of
polymerisation is proportional to the hydroxide ion concentration, while
below this pH it is proportional to the hydrogen ion concentration.

. Polymerisation occurs to maximise the number of siloxane bonds and
minimise the number of unreacted silanol groups, which leads to three
dimensional structures with uncondensed silanol groups on the surface.

. These spherical nuclei can then grow into larger particles. The solubility

of these nuclei is dependent upon their size and also upon the extent of
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internal dehydration. Nuclei formed above 80°C, and especially those
formed above pH 7, are internally almost anhydrous.

. Nuclei grow by the Ostwald ripening mechanism, jie. smaller particles
dissolve to produce monosilicic acid which deposits on the surface of
larger particles. The higher solubility of smaller particles is only
pronounced when the particle size is less than about 5 nm. Above pH 7,
where silica reactivity is high, growth continues at ambient temperatures
up to sizes of 5 to 10 nm; above this pH, growth is slow. At low pH, where
silica reactivity is low, particle growth is minimal after 2 to 4 nm particles
have formed. However, larger particle sizes are achieved at higher
temperatures and especially above pH 7. Silica reactivity is a function of
zeta potential, which in turn varies with the solution pH (ller, 1979). Zeta
potential is described as the potential at the surface of shear between the
charged surface and the electrolyte solution (Hunter, 1987; Shaw, 1980).

. In the pH range 6 or 7 to 10.5, silica particles have a negative zeta
potential and repel each other, allowing growth without aggregation due to
a lack of particle interaction. Above pH 10.5 silica begins to dissolve.

. At low pH, or pH 6 or 7 to 10.5, with salts present, silica particles have a
low zeta potential and readily collide, thus aggregating and forming gels.
If the SiO2 concentration is above 1%, aggregation may occur as soon as
small particles form. At lower concentrations, and at a pH of about 2,
monosilicic acid forms discrete particles which then aggregate. At pHs of
about 5 to 6, the monomer is rapidly converted to particles which
aggregate and gel simultaneously. The aggregation rate increases with
silica concentration, and above a concentration of 1% aggregation

probably occurs between particles and higher order cligomers.

ller (1879) represents the overall effect of pH on polymerisation in Figure
1.11. Along gel time is synonymous with silica stability in solution, or a slow

rate of polymerisation. The gel time is defined as, the time taken for a gel to

form that will not flow when the container in which it is contained is tilted.

Curve ABC represents the silica-water system with maximum temporary
stability (A) over the pH range 1.5 to 3.0 and a minimum in stability (B) at pH
5 to 6. Stability is infinite (C) above pH 7. Curve DEF represents the silica-
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water system with an electrolyte present above 0.2 M in concentration. At
iow pH there is no effect on the temporary stability maximum (D) from the
electrolyte. The stability minimum (E) has increased to pH 7 while the region
of infinite stability (F) has increased to pH 10 and above. Both of these shifts
are caused by the electrolyte lowering the zeta potential of the silica
particles.

RELATWE GEL TIME

Figure 1.11: The effect of pH on the gelling of silica sols. Curve ABC in the
absence of electrolyte and DEF with electrolyte present (ller, 1979).

1.4.2 Gellation or precipitation

Silica removal from solution can be divided into stages, the polymerisation of
silicic acid to a colloidal sol, and the possible aggregation of this sol to form
amorphous silica in the form of a gel, a precipitate or a flocculate (Fleming,
1981; Queneau and Berthold, 1985).
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Aggregation is used to describe all methods of colloidal silica particles linking
together (ller, 1979). Hence, aggregation includes gelling, coagulation and
flocculation. Gelling is described as the linking of particles together in
branched chains that consume the entire liquid volume. There is no increase
in silica concentration in any region of the sol; instead, the whole medium
becomes viscous and then solidifies into a coherent network of particles.
The capillaries between particles retain the liquid medium within the gel.
Coagulation is described as the coming together of particles to form relatively
close packed clumps which settle as a relatively dense precipitate. As would
be expected, the silica concentration is higher in the precipitate than in the
original sol. Flocculation describes the traditional process of linking together
particles by bridging them with a long, flexible molecule, typically organic.
The resulting structure is open and voluminous, but sufficiently large to
settle. Flocculation is outside the scope of this study and therefore will be
discussed no further. Figure 1.12 shows diagrammatic, two-dimensional

representations of a gel and a precipitate.

A B

Figure 1.12: Diagrammatic two-dimensional representations of (A) a gel and
(B) a precipitate (Hler, 1979).

Colloidal silica refers to stable dispersions or sols of discrete particles of
amorphous silica (ller, 1979). By definition, it does not include soiutions of
poiysilicic acid where the polymer molecules or particles are unstable due to
their extremely small size and therefore high solubility. These particies are
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referred to as oligomers. In general, colloidal particles are in the size range
1 nm to 1 um (Shaw, 1980).

If the colloidal sol is stable, the silica particles are too small to settle and
remain suspended in solution indefinitely (Queneau and Berthold, 1985).
The stability of a colloidal sol of silica particles is dependent on several
variables, such as pH, temperature, particle size and sol concentration, and
the concentration of electrolytes (iler, 1979). Depending on some or all of
these variables, an unstable colloidal sol can either gel or precipitate. The
effect of these variables, particularly electrolyte concentration, can be related
back to the DLVO (Deryaguin-Landau-Verwey-Overbeek) theory of colloid
stability (Hunter, 1987; Shaw, 1980). This theory quantifies the stability of a
sol in terms of the energy changes that occur when colloid particles
approach each other. Estimations of: the energy due to overlap of the
electric double layers, and London-van der Waals energy, both in terms of
interparticle distance are summed to give the total interaction energy as a
function of interparticle distance. The stability of a colloidal sol is then

interpreted from the interaction energy-interparticie distance curve.

The effect of pH on the colloidal silica-water system is best described by
Figure 1.13 (ller, 1979).
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Figure 1.13: Effects of pH in the colloidal silica-water system (ller,1979).

The basic step in gelling or precipitation is the collision of two particles, with
sufficiently low zeta potential, and chemical reaction through the formation of
siloxane bonds to hold them together (ller, 1979). As the zeta potential
changes, so to does the frequency of collisions, and thus the rate of reaction.
Above pH 6, the negative zeta potential on particles increases, thus
increasing their mutual repulsion and drastically reducing the frequency of
collisions. Hence, the sol is increasingly stable with respect to gelling or
precipitation at a pH above 3.5. At pHs less than 6, the zeta potential is
quite low and has minimal impact on the rate of reaction. Below pH 2, the
rate of reaction is proportional to the hydrogen ion concentration and is
catalysed by traces of fluoride ion. A temporary (short term) stability
maximum, or alternatively a reaction rate minimum, occurs at pH 2, the point
of zero charge. Above pH 2, the rate of reaction is proportional to the
hydroxide ion concentration until the zeta potential predominates from pH 6
onwards. This produces a maximum rate of reaction, a stability minimum, at
pH 6.
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The isoelectric point and the point of zero charge for silica are both at about
pH 2 (ller, 1978). Thus, the zeta potential is positive below this pH and
negative above it. The temporary stability of silica at pH 2 is explained by
the lack of (OH)3;SiO" ions present, which are necessary for condensation
and dissolution reactions between silanol groups. This by far outweighs the
collision and interaction of particles, due to the lack of zeta potential, which is

not strongly present until pHs in excess of 7.

Since aggregation involves a kinetic mechanism, the rates of gelling and
precipitation increase with increasing temperature (ller, 1979).

According to ller (1979}, the effect of particle size and sol concentration on
the rate of reaction are interrelated. The rate appears to be proportional to
the specific surface area of silica available within the sol. Surface area is
inversely proportional to particle diameter, therefore sols having the same

ratio of concentration to particle size react at the same rate.

If an electrolyte is present, the zeta potential is reduced at a pH above 3.5,
and thus stability is reduced and the reaction rate increases rapidly, as seen
in Figure 1.13 (ller, 1979). Below pH 3.5, electroiytes have very litlle effect;
according to ller (1979) this is presumably due to a hydration layer on the

surface.

Similar findings to those of ller (1979), have been found by other workers, as

described below.

Queneau and Berthold (1985) found, that the formation of a gel or precipitate
is a function of the silicic acid supersaturation, availability of a seed surface,

temperature, pH and ionic strength.

Terry (1983b) reviewed silica behaviour in hydrometallurgy and concluded
that under acidic conditions and high silicic acid concentrations (greater than
1000 mg L' as SiO;) either a colloidal sol, a silica gel or a filterable
precipitate could be formed. Ordinarily, a gel will be formed at higher pHs,
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but a precipitate can be formed under conditions of rapid coagulation by

having high pH, temperature and ionic strength.

A study of particle nuclei from the polymerisation of silicic acid to colloidal
silica was made by ller (1980). Silicic acid concentration was 6000 mg L™ or
0.1 M as SiO,, the temperature was 25°C and several experiments were
carried out over the pH range 0 to 3. However, most data were collected at
pH 1.76 (considered to be the iso-electric point (ller, 1980)) where
polymerisation is slowest. The initial nuclei appeared after a two hour
induction period, and were about 1 nm in size. These grow at the expense
of monomer and by depolymerising oligomers forming more monomer.
When the oligomers have been consumed, the particles grow by Ostwald
ripening. After 20 days, 97% of the silica is in the form of particles 4 nm in
size in temporary equilibrium solubility with 200 mg L™ SiO, present as silicic
acid. When the pH is changed to either side of pH 1.75, polymerisation
becomes rapid with a ten times increase in the rate at pH 0.

Providing supersaturation is not so great that monomer polymerises to form
a gel, precipitation of monosilicic acid from supersaturated solution can occur
by two methods (ller, 1979):

The first is by formation of a sol of colloidal particles. Nucleation is by
polymerisation of an ionised monomer with a nonionised monomer to form a
dimer. Below pH 2, monomer is ionised to (HO):SiO™ and above this to
(HO);Si". At low pHs, ionisation occurs only to a small degree and thus
dimerisation is very slow. This was also noted by Fleming (1981). At pHs
less than 2, the reaction is described as:
(HO)3SiO™ + HOSI(OH)s — (HO)3SIOSi(OH)s + OH
If the dimer is a stronger acid than the monomer, it toc can become ionised
and react with monomer to produce the linear trimer, according to:
(HO)3SiOSi(OH),0" + HOSi(OH)3; — (HO)3SiOSi{OH),0Si(OH); + OH"

lonised monomer can react with either dimer or trimer and similarly, ionised
dimer can react with monomer, dimer or trimer to increase molecular weight.
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The end silanol groups of the linear tetramer and higher linear polymers
condense to form the respective cyclic molecules. Bond angle strain makes
the formation of a cyclic trimer unlikely. Monomer and dimer preferentially
condense with the more highly ionised cyclic molecules to further increase
their molecular weight. Adjacent silanol groups now condense wherever
possible to make ring closures, leading to more compact, three-dimensional
molecules. Molecules such as the double-three-ring hexamer and larger are
considered to be the core of future particles. They are not yet described as
silica particles as they do not contain an anhydrous core. When an oligomer
such as an octamer or decamer is to be the core of a particle, further
deposition of 40 to 50 monomer units is necessary to render the original
oligomer almost anhydrous as the core. This is considered to be a stable
nucleus, and is approximately 1.6 nm in diameter. Growth of nuclei to
colloidal dimensions is by further condensation with monomer, either directly
from solution or by the dissolution of other oligomers. Growth is more rapid,
and condensation and internal dehydration more complete at higher
temperatures. |t should be remembered that up until the critical nucleus size
is achieved, the molecules are soluble with solubility being inversely
proportional to size. Nucleation will only occur if there is insufficient suitable

surface for deposition.

Deposition on a solid surface is the second method for the removal of
monosilicic acid from supersaturated solution. Once again, it is assumed
that supersaturation is not so great that monomer polymerises to form a gel.
Monosilicic acid condenses with hydroxide groups of any pre-existing solid
surface that it can react with, specifically silica, but alternatively any metal
hydroxide surface that will form a silicate under the conditions involved. This
is described by the following equation where M is silicon or any suitable

metal:
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-—OH HO "OH —M —0 OH
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M —— OH HO OH M 0o oH

Once a layer of silica has deposited on the su'rface, further deposition is
simply silica on silica. Due to deposition of monomeric silica, the film will be
impervious. Deposition onto a surface is thought to be the reverse process
of dissolution (ller, 1979). Although monosilicic acid is believed to be the
deposited material, it is possible that “active silica”, consisting of low
molecular weight polysilicic acids (including extremely small colloids)
dissolves to liberate monomer for deposition. Deposition is faster at higher
temperatures, and is fastest between pH 8 and 11; below this deposition is

slow, and above this silica is soluble.

According to ller (1979), colloidal silica particles can deposit on a surface if
the pH and electrolyte conditions are similar to those for coagulation or
precipitation. Deposition occurs when a colloid particle collides and bonds to
the surface by formation of a siloxane bond. Due to the relatively large size
of the colloidal particles, and hence poor packing, the deposited film will be
porous. The concentration of colloid particles in suspension must not be too

great, otherwise coagulation and gelling will occur.

It is possible for colloidal silica to deposit on a surface in the presence of
monosilicic acid (ller, 1979). This is a greatly accelerated reaction, and
results in dense, hard deposits that are cemented together by the deposition
of monomer. These deposits are usually microporous as there is insufficient
monomer to completely fill the pores between individual colloid particles.
However, if conditions are suitable, further deposition of monomer can fill the

pores to form an impervious surface.

Fleming (1981) studied the kinetics of silica precipitation from solutions of
silicic acid and found that the polymerisation rate constant for silicic acid was
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a function of the pH over the range 0.12 to 5.11. The rate constant function
was observed to be symmetrical near the isoelectric point. Precipitation
experiments, with and without seed, over the silicic acid concentration range
80 to 930 mg L as SiO, were carried out. The temperature was 18+2°C,
and equilibrium solubility is 100 mg L™ as SiO; under these conditions. No
mention of stirring was made. As is shown in Figure 1.14 precipitation is
quicker at low pHs and higher silicic acid concentrations. Precipitation is
mainly due to deposition on seed surfaces, rather than by nucleation.
Nucleation only predominates until sufficient surface growth sites have been
generated, with the transition from nucleation to growth occurring very early
on in the process. This is evident by comparing Figure 1.14 and Figure 1.15,
where the precipitation rates are slightly higher at all pHs when seed is
present. The precipitation rate is described as the gradient of the tangent to
the precipitation curve at the beginning of the experiment.
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Figure 1.14: Unseeded silica precipitation experiments, silicic acid
concentration versus time, as a function of pH, which is displayed down the
right hand side of the graph (Fleming, 1981).
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Figure 1.15: Seeded silica precipitation experiments, silicic acid
concentration versus time, as a function of pH, which is displayed down the
right hand side of the graph (Fleming, 1981).

In their review of zinc silicate ore processing, Matthew and Elsner (1977b)
noted that precipitation of colloidal silica can be assisted by controlling or
changing the pH, increasing the temperature, using a long conditioning time,
adding ionic coagulants - such as aluminium or ferric iron, increasing ionic

strength, use of seed and minimising the concentration of colloidal silica.

Chen, Dong and Yang (1997) investigated the size-dependence of the
growth rate of monodisperse silica particles produced from tetraalkoxysilane.
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Under conditions free of nucleation, particles of different size grew at the
same rate, and thus growth is surface reaction limited {growth rate is size
independent). When nucleation was present, smaller particles grew faster
than larger ones, indicating growth to be diffusion limited. New particles
were 70 nm in diameter while the largest particles grew to 1250 nm. It is not
known whether the same situation exists when silica is precipitated from

aqueous solution.

1.4.3 Factors influencing silica polymerisation

Betterton (1923) studied soluble silica, from zinc pyrosilicate ore, in the
preparation of zinc sulfate solution for the electrolytic recovery of zinc. Upon
experiencing problems with silica gelation, a series of tests were performed
to evaluate sulfuric acid, zinc sulfate and soluble silica concentrations and
their effect on the time taken to form a gel. it was found that increasing the
concentration of either sulfuric acid or zinc sulfate led to a reduction in the
time taken to form a gel. The time taken to form a gel decreased with silica
concentrations from 8 to 10 g L™ and increased with concentrations from 10
to 13 g L. From this work, Betterton (1923) was able to calculate the time
taken to form a gel if the concentrations of these three variables were known.
Solutions containing 100 g L™ zinc, 5 g L™ sulfuric acid and 20 g L silica
have been successfully handled on a pilot plant scale.

Hurd and Letteron (1932) studied the formation time of silica gels from
sodium silicate and acetic acid. They measured the time taken to form a gel,
or the time of set as they call it, by placing a stirring rod in the solution at
about 20° to vertical. If the stirring rod remained standing then the gel was
considered to have set. Using this tiited rod method, they studied the effect
of temperature on gelling, and found the time of set to decrease with
increasing temperature. The concentration of acetic acid ranged from 0.50
to 0.75 M, temperature ranged from 13 to 80°C and silica concentration
ranged from 0.4 to 0.8 M.
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Hurd and Barclay (1940) investigated the time of set of silica gels containing
high concentrations of mineral acids using the tilted rod technique. Sulfuric
acid containing gels were studied in the pH range -0.5 to 0.5 and
temperatures from 0 to 40°C at a silica concentration of 0.67 M. A linear
relationship was found between the logarithm of time of set and the pH, with
time of set decreasing with decreasing pH (increasing sulfuric acid
concentration). An increase in temperature also decreases the time of set.

Hurd and Sheffer (1941) studied the effect of silica concentration on gelling
from solutions of sodium silicate and acetic acid over the pH range 4.8 to
6.5. The silica concentration ranged from 0.25 to 1.00 M as SiO; and the
temperature ranged from 0 to 40°C. Once again, the tilted rod technique
was used to determine the time of set. It is apparent that at a given pH and
temperature, an increase in the concentration of silica results in a decrease

in the time of set.

Chan (1989) reviewed silicic acid polymerisation under various conditions,
and found that the length of the induction period (time for gelation to begin)
decreased with increasing supersaturation. The polymerisation rate was
found to increase with temperature over the range from ambient to boiling.
Queneau and Berthold (1985) also note the presence of an induction pericd
before polymerisation occurs. This can be removed by seeding, increased

supersaturation and/or higher temperature.

Ashman, Delong and Jankola (1993) report that the treatment of calcines
containing up to 6% silica, in the form of zinc orthosilicate, is only possible

with the addition of iron (I1) at a concentration of between 1.5and 2.0 g L™

As mentioned earlier, Matthew and Elsner (1977b) noted that the
precipitation of colloidal silica can be assisted by controlling or changing the
pH, increasing the temperature, using a long conditioning time, adding ionic
coagulants - such as aluminium or iron (ill), increasing ionic strength, the use

of seed and minimising the concentration of colloidal silica.
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The Radino process uses aluminium ions as a coagulant for silica,
dramatically improving its filtration performance (Radino, 1957}. Aluminium
is added at the rate of 1 to 50 % by weight of the silica present.

ller (1952; 1979) warns of the catalytic effect of fluoride on silica
polymerisation to form gels. ller (1952) produced silicic acid sols, 1.0 M in
SiO,, in the pH range 0.5 to 3.0 using sulfuric acid at 25°C and studied the
effect of sodium fluoride additions on gel times. Gel time was deemed to
have been reached when the beaker was tilted and the solution no longer
flowed. Fluoride ion concentrations up to 45 mg L' were investigated, and
reductions in gel time in the order of five times were observed at pH 2. The
addition of aluminium ions, as sulfate, stabilises silicic acid sols by removing
the fluoride ions via formation of complexes such as [AlFs]>. Beryllium and
thorium ions have a slightly lesser effect than aluminium ions, while iron ()
ions have a slightly smaller but still significant effect on stabilisation. ller
(1952) suggests that below pH 2 the rate of silica polymerisation is catalysed

by hydrogen and fluoride ions.

Hutchison (1958) studied the effect of aluminium and iron (lll) ions on the
gelation of silica in zinc leach pulp, catalysed by flucride. It was concluded
that one atom of aluminium has a marked influence on restraining one atom
of fluoride and a partial influence on restraining two atoms of fluoride. Five
to ten atoms of iron () were required to fully neutralise one atom of fluoride,

while smaller quantities have a lesser effect.

1.4.4 Solubility of silica

The solubility of silica is higher when the surface of a particle is convex and
lower when it is concave (ller, 1979). This observation also applies to drops
of liquid in a vapour, and bubbles in a liquid, as well as colloidal solids in a
liguid, and is based upon the Kelvin equation, shown below (Hunter, 1987;
Shaw, 1980).
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Where « is the activity of a species at a surface with radius of curvature r
(positive for convex surfaces, negative for concave surfaces), yis the surface
energy, and ¥, is the molar volume of the species. R is the Universal gas

constant and T is the temperature.

It is the relationship of the degree of curvature to the radius that is the
important factor in this case, with the smaller the radius the larger the effect
on solubility. Thus, a smalil spherical particle, with a small, positive radius of
curvature, is more soluble than a larger particle, with its larger positive radius
of curvature. This explains the instability of oligomers of silica and also the
growth of silica particles by Ostwald ripening. Similarly, the crevice between
two aggregated particles has an extremely small, negative radius of
curvature and is thus a region of very low solubility. Silica will therefore
dissolve from other regions of the particle and deposit in the crevice,
cementing the particles together. This explains the tendency of silica
particles to grow by aggregation when the zeta potential is low, such as low
pH or pH 6 or 7 to 10.5 with electrolyte present. Initial adhesion of colliding
particles is thought to be by the formation of siloxane bonds.

The equilibrium solubility of amorphous silica in water is dependent on the
particle size, the state of internal hydration and the presence of impurities in
the system (ller, 1979). Due to these factors, reported values range from 70
to 150 mg L™ SiO, at 25°C, with a figure of 321 mg L' quoted for a
temperature of 100°C (ller, 1979). As can be seen in Figure 1.16 various
results have been reported for solubility as a function of pH at ambient
temperatures. However, there is a general trend of decreasing solubility with

increasing pH, with a minimum at about pH 7.
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Figure 1.16: Solubility of amorphous silica in water as a function of pH at

ambient temperatures, from several studies (ller, 1979).

ller (1979) states that fluorine and sulfate ions have no effect on the solubility

of silica, but aluminium ions reduce the solubility somewhat.

Queneau and Berthold (1985) reviewed silica in hydrometallurgy and noted
that of all forms of silica, amorphous silica has the highest solubility, as
shown in Figure 1.17. They also noted that up to a pH of about 8, the
solubility of amorphous silica was essentia"y constant with pH, Figure 1.18.
However, increasing the temperature of a silica solution at a given pH
increases solubility, as shown in Figure 1.19. it should be noted that the ion-
product constant for water, K, is also temperature dependant (Skoog, West
and Holler, 1988).
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Figure 1.17: Solubilities of various forms of silica in water as a function of
temperature (Queneau and Berthold, 1985).
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Figure 1.18: Solubility of amorphous silica in water at 25°C as a function of
pH (Queneau and Berthold, 1985).
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Figure 1.19: Solubility of amorphous silica in water at various pHs as a
function of temperature (Queneau and Berthold, 1985).

The equilibrium solubilty of amorphous silica precipitated from
hydrometallurgical zinc liquors varies greatly, with those values quoted in the

literature displayed in Table 1.2,

Table 1.2: Equilibrium solubility of amorphous silica precipitated from

hydrometallurgical zinc solutions.

Amorphous Silica - Amorphous Silica - Temperature Reference
Equilibrium Solubility  Equilibrium Solubility (°C)
(mg L as Si0y) (M as SiOy)
100 1.66x10” Not quoted Hutchison (1958)
290 to 380 4.83x10° to 6.32x10° a0 Bodson (1974)
100 1.66x10° 80 Bodson (1974)
80 1.33x10° 75 Bodson (1974)
350 o 400 5.83x107 to 6.66x107 95 to 100 Radino (1957)
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1.4.5 Summary

ller's (1979) comprehensive monograph on the chemistry of silica is
unfortunately lacking in detailed information covering polymerisation at pHs
less than 2. This relatively unexplored area of silica precipitation is
commonly found in hydrometallurgical processing. Many workers have
investigated this region, and their research provides much qualitative theory
and information concerning polymerisation and variables that influence it.
However, very little quantitative information is given, concerning the
formation of dense, easily separable precipitates. What is also unclear is the
reason for formation of a gel as opposed to a precipitate. It appears to be
mainly a function of silica concentration and other variables such as pH,
temperature and the presence of electrolytes, but is not well quantified.
These shortcomings provide further evidence of the need for the current

investigation.
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1.5 DISSOLUTION OF ZINC ORTHOSILICATE

Zinc orthosilicate is the source of monosilicic acid for this study, and hence a

knowledge of its dissolution is important for the investigation.

The dissolution of oxidised zin¢ ores in various media has been studied by
several workers (Abbruzzese, 1981; Frenay 1985; Pus'ko, Ushakov and
Khan 1979). However, the most thorough investigation of silicate dissolution
has been made by Terry. In his literature review of silicate dissolution Terry
(1983a) divides silicate decomposition by leaching, into three broad
categories:

1. Complete breakdown of the silicate structure with liberation of the metal

cations and silica.
2. Partial decomposition of the silicate structure with liberation of only the
metal ions, thus leaving an insoluble siliceous residue.

3. No reaction.

Both zinc orthosilicate and zinc pyrosilicate are group 1 silicates that dissolve
stoichiometrically, a process called congruent dissolution. The strength of
the silicon-oxygen bond compared to the metal cation-oxygen bond plays a
part in the relative solubility of a particular silicate. For example, the
zirconium-oxygen bond is much stronger than the zinc-oxygen bond,
explaining the inertness of zirconium oxide (ZrSiO,) to acid attack while zinc
orthosilicate and zinc pyrosilicate are quite soluble. Complexation of the
metal cation of the silicate and the anion of the solublising acid enhances the
solubility of silicates. This explains the order of reactivity of the following
acids on zinc orthosilicate and zinc pyrosilicate:  Zinc orthosilicate:
phosphoric acid > sulfuric acid > perchloric acid > hydrochloric acid. Zinc
pyrosilicate: phosphoric acid > sulfuric acid > hydrochloric acid.
Complexation of the metal cation of the silicate with sulfate ions explains the
increase in the dissolution rate of zinc orthosilicate and zinc pyrosilicate upon

addition of sulfate.

From this literature study, it can be concluded that the zinc industry is

fortunate to have a most suitable solvent in sulfuric acid, in the form of zinc
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plant Cell room spent electrolyte, for the dissolution of zinc orthosilicate and
zinc pyrosilicate. The high sulfate loading in hydrometallurgical zinc plant
liquors is also advantageous to dissolution of these minerals.

The mineral acid dissolution of zinc orthosilicate and zinc pyrosilicate was
studied by Terry and Monhemius (1983) over a range of temperatures and
pHs. The stoichiometric dissolution is described according to the following,
respective reactions:

ZnySiOy sy + 4H" (aq) € 2Zn%" (a) + SI(OH)4 (aq)
Zn4Six07(0H)2.Hz0 (g + BH' iy © 4Zn** (ag) + O(SI(OH)3)z agy + 3H20 (ag)
The dissolution of zinc orthosilicate occurs under mixed chemical-diffusional
control over pHs from 0.15 to 3.00, and temperatures from ambient up to
80°C. The predominance of chemical or diffusional control is dependent on
the temperature and pH conditions used for leaching. At low temperatures
and low pH, dissolution is chemically controlled, while at high temperatures
and high pH, diffusion is the rate controlling step of dissolution. Dissolution
follows the shrinking core model under all conditions studied. Dissolution of
zinc pyrosilicate is much more rapid than zinc orthosilicate, and is controlled
predominantly by diffusion control over the pH range 2.0 to 3.5. This pH
range was used, as dissolution was too rapid to accurately measure below

pH 2.0.

Terry (1983c¢c) summarised his own work and that of others on the rates of
dissolution of various oxides and silicates in mineral acids. The specific
chemical rate, &, with units of mol Zn cm™ s for the dissolution of zinc
orthosilicate by sulfuric acid was expressed as:

ks =216€Xp_49x103 {H+}0.5

RT

R is the Universal gas constant (J mol’ K"), 7 is the temperature (K) and
{H'} is the hydrogen ion activity (mol cm™). This correlation is based on the
gas adsorption method for determining the particle surface area. if the
correlation is normalised with respect to the geometric area for a smooth
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sphere, the value of ks should be increased by a factor of 4.3. No results for

zinc pyrosilicate are reported.

Zinc orthosilicate was chosen as the source of soluble silica for this study for

three reasons:

1. It readily liberates monosilicic acid, which is the base unit for silica
polymerisation.

2. Pasminco had a ready supply of run-of-mine ore available for use.

3. Synthetic zinc orthosilicate of reasonably high purity can be easily
produced using an adaptation of a method reported by Yatabe, Yamada,
lkawa and Kageyama (1992). The method reacts zinc chloride and
sodium metasilicate solutions in an aqueous precipitation stage, followed

by a heat treatment to 1250°C.
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1.6 AIM OF THE WORK

The aim of this project was to gain an understanding of silica precipitation
from electrolytic zinc plant solutions, and also investigate the factors that
affect silica precipitation under these conditions. More specifically, it was an
investigation into the mechanism of the formation of granular silica
precipitates and how this differs from that of unwanted, but more easily

produced, silica gels.

The research involved studying the precipitation of silica from supersaturated
monosilicic acid solutions obtained by the treatment of zinc orthosilicate with
sulfuric acid in the form of Cell room spent electrolyte from a zinc plant. The
literature describes several hydrometallurgical processes regarding this
treatment, none of which are well understood on a fundamental level, or
suitable for Pasminco’s specific needs. Beginning with the most appropriate
method for Pasminco’s purposes, the project involved precipitation studies of
silica using actual process reagents and also synthetic reagents. The use of
synthetic reagents in an essentially pure system allowed for the effect of
impurities and commonly found zinc plant chemicals to be studied. The
precipitation studies were carried out on a laboratory scale using a batch and
also a continuous crystalliser, both of which were specifically constructed for

this project.

The batch crystalliser was used to produce a batch precipitation curve under
ideal conditions, with no impurities or additives present, and this was used as
a control. This was achieved by leaching synthetic zinc orthosilicate in pure
sulfuric acid to produce a supersaturated solution of monosilicic acid. This
was aged at temperature in a stirred, jacketed reactor vessel with
precipitation monitored by measuring the turbidity and monosilicic acid and
silica concentrations in solution at regular intervals. Electron microscopy was
used to examine the precipitate morphology and the filterability quantified.
Further batch experiments were used to investigate the effect of the
fundamental precipitation parameters of supersaturation, sulfuric acid

concentration and temperature; additives such as zinc, iron (lll) and
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aluminium sulfates and hydrofluoric acid; and various types of silica seeds.
These variables were investigated by comparing their effects on precipitation
with those of the control experiment. The criteria used were the length of the
induction period, precipitation rate, precipitation time, product morphology
and filterability.

The continuous crystalliser was used to apply the knowledge gained from
batch experiments to process industrial reagents. This provided industrially
relevant information for Pasminco, such as precise flow rates and
concentrations of reagents, operating temperature, residence time and
mixing and product removal conditions. It also produced relevant information
on silica product quality, measured as filterability, settling rate, thickened
solids loading, water content of the filter cake and impurity entrainment in the

precipitate.

Insight into the mechanism of silica precipitation was gained by analysing

information from both the batch and continuous experiments.

The formation of a gel-like silica precipitate, and the subsequent processing
problems this causes, is a major limiting factor to increasing production
throughput of materials high in soluble silica. In some instances it is enough
to prevent processing of such materials altogether. Thus, through gaining
fundamental and practical knowledge, this project elucidated the factors that
cause gel formation, and help derive strategies to avoid its formation while
optimising productivity. Hence, this has provided a sound basis for

improving industrial operations.
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1.7 DEFINITION OF SILICA STRUCTURES

For the purposes of this research, silica gel refers to dissolved silica that
polymerises to consume the contents of the vessel and sets to a thick
rubbery mass, much like cured, silicone sealant. Silica micro-gel refers to
dissolved silica that has polymerised in a similar fashion to silica gel.
However, the silica concentration in micro-gel is much lower than that in
silica gel and while the micro-gel entrains all the liquid in the vessel, it still
remains fluid although somewhat viscous. A solution of silica micro-gel is
extremely difficult to filter. The references to silica gel in this section,
generally apply to both silica gel and silica micro-gel, as defined here. Silica
precipitate has a completely different structure to that of silica gel or micro-
gel, and resembles a traditional precipitate, /e. a closely packed structure,
excluding most of the mother liquor with each particle essentially
independent of the next. As would be expected, a suspension of silica

precipitate is easily filtered, in comparison to a suspension of silica micro-gel.

54



2.0 PREPARATION OF ZINC ORTHOSILICATE MATERIALS

2.1 PRODUCTION AND CHARACTERISATION OF SYNTHETIC ZINC
ORTHOSILICATE

Synthetic zinc orthosilicate, to be used in the batch precipitation experiments,
was produced from zinc chloride and sodium metasilicate using an
adaptation of the method described by Yatabe, Yamada, lkawa and
Kageyama (1992). The actual method used to produce 10 kg of material is

described below.

Zinc chloride (25 kg) was dissolved, with stirring, in 73 L of water in a 200 L
drum. Similarly, 19.4 kg of sodium metasilicate was dissolved in 122 L of
water. The resulting solutions were pressure filtered through a 1.0 pm
membrane to remove insoiuble impurities. The zinc chloride solution was
added to the sodium metasilicate solution over the course of four hours, with
constant stirring. An additional three hours of stirring followed, after which
the slurry was allowed to settle for 24 hours. The supernatant liquor was
decanted, and the remaining slurry pressure filtered (1.0 um membrane).
The recovered solid was repulped in 30 L of water, stirred for one hour,
pressure filtered (1.0 um membrane) and dried at 100°C in an oven for 24
hours. The intermediate solid was sintered at 1250°C for eight hours in clay
pots. A large amount of material fused to the clay pots and couid not be
recovered. The remaining solid was crushed using a rod mill to pass a 53
um screen. Batches of the solid product, weighing approximately 1 kg, were
leached with stirring in 4 L of sodium hydroxide solution (3 M in Milli-Q™
water) at 85°C for 3 hours. A 5 L glass beaker covered with a watchglass
was used. This step was used to remove amorphous silica that had co-
precipitated with the zinc orthosilicate. Following this, the slurry was
pressure filtered (0.45 pm membrane) and washed with water. Re-leaching,
under the previous conditions, followed by pressure filtering (0.45 pm

membrane) and washing with Milli-Q™ water were carried out and finally the
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zinc orthosilicate product was dried in an oven at 60°C for 24 hours. The
yield was 6 kg, the major loss of product occurring during the sintering stage.

The particle size of -53 um was chosen to allow for rapid dissolution in the
batch experiments. The particle size distribution (PSD) of the synthetic zinc
orthosilicate after screening is shown in Figure 2.1. The ordinate in Figure
2.1, and all other PSDs in this thesis, represents the frequency of particles of

a specific size.

Synthetic zinc
orthosilicate

Frequency

0.1 o 10 100 1000
Particle size (um)

Figure 2.1: PSD of the synthetic zinc orthosilicate after preparation.

The synthetic zinc orthosilicate has a PSD centred at about 30 um, with a
gradual decline in the distribution towards the smaller particle sizes and a
sharp decline in the distribution towards the larger particle sizes, a resuit of
screening the material through a 53 um screen. The small amount of
material reporting over 53 um in size is the result of particles with one

dimension greater than 53 um, passing through the screen.
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The synthetic zinc orthosilicate was characterised using X-ray diffraction
(XRD). The diffractogram is shown in Figure 2.2, with the identified peaks
labelled. Clearly, the predominant phase is willemite, Zn,SiO4. Table 9.1
details the minor element composition of the synthetic zinc orthosilicate. The
presence of several unidentified peaks in the XRD is indicative of other minor
phases present. However, nothing conclusive could be identified until the
synthetic material was treated to determine the percentage of insoluble
material, the method detailed in Section 9.2.2.5. XRD of the insoluble
residue indicated that the phase tridymite (SiO,) was present. It is therefore
assumed that the 10.1% (w/w) insoluble material listed in Table 9.1, is

tridymite.
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Figure 2.2; XRD of synthetic zinc orthosilicate.

A scanning electron microscopy (SEM) analysis of the synthetic zinc
orthosilicate and associated tridymite phase was not conducted as the batch
experiments that used the zinc orthosilicate removed the insoluble tridymite
phase by filtration prior to silica precipitation. Thus, a knowledge of the
interaction between the zinc orthosilicate and the tridymite is not important.
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2.2 PREPARATION AND CHARACTERISATION OF NATURAL ZINC
ORTHOSILICATE

The natural zinc orthosilicate ore (50 kg) was supplied by Pasminco. The
particle size was less than 10 mm. A jaw crusher with a set of 4 mm was
used to crush the ore initially. The ore was air dried in an oven at 60°C for
24 hours and then pulverised using a continuous ring mill. The material was
screened using a vibrating screen separator fitted with a 100 pm screen.
Oversize material was repeatedly reground until all material passed through
the screen. A riffle splitter was used to split the ore into approximately 1.25
kg packets.

The chosen particle size of -100 um was a compromise between the length
of time required to prepare the ore and a small enough particle size that
would not block the peristaltic pump tubing in the continuous crystalliser,
Section 4.0. The PSD of the natural zinc orthosilicate material after sample
preparation is shown in Figure 2.3. Also shown, is the PSD of the insoluble
material after its separation from the soluble zinc orthosilicate by the method
described in Section 9.2.2.5. A knowledge of the PSD of the insoluble
material is needed for the continuous precipitation experiments, detailed in
Section 4.0. The percentage of insoluble material was found to be 16.8%

(wiw).
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Figure 2.3: PSDs of the natural zinc orthosilicate after sample preparation
and the insoluble material remaining after leaching in 50 g L™ sulfuric acid at

85°C.

The PSD of the natural zinc orthosilicate is centred at about 60 to 70 um,
with a gradual decline towards the smaller particle sizes and a sharp decline
towards the larger particle sizes, a result of screening the material to pass
100 um. The presence of the small fraction of material above 100 um in size
has been discussed previously. The PSD of the insoluble material is much
narrower than that of the natural zinc orthosilicate material prior to leaching,
and has its distribution centred at about 20 um. Again, the distribution shows

particles larger than the expected 100 um in size.

The natural zinc orthosilicate was characterised using XRD. The
diffractogram is shown in Figure 2.4 with the identified peaks labelled.
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Figure 2.4: XRD of the natural zinc orthosilicate.

The diffractogram in Figure 2.4 clearly shows the most abundant phase to be
willemite (Zn»SiO4) with traces of quartz (SiOy), haematite (Fe203), anglesite
(PbSQ,) and muscovite (AlxgH.KO42Si3 1) also being present. Table 9.1
details the minor element composition of the natural zinc orthosilicate
material. The presence of these minor phases was confirmed by an XRD
analysis of the insoluble residue mentioned above. This analysis also

indicated the complete leaching of zinc orthosilicate from the ore.

SEM-energy dispersive X-ray analysis (EDX) was used to characterise a
sample of the natural zinc orthosilicate ore that had been set in a resin block
which was ground and polished to cross section the particles. In the
description that follows, elements are listed in decreasing order of
concentration, according to their peak height in the EDX spectrum. It should
be noted that this is only a qualitative examination to determine the elements
present, not a quantitative determination. Peak height or area is not an
accurate method of determining elemental composition because of the
dependence of X-ray emission intensity on atomic number and differential
absorption of X-rays, particularly those emitted by the light elements because
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of their relatively low energy. The resin material contains mostly carbon, with
a much lesser amount of oxygen and a trace amount of chloride. The EDX
spectrum is shown in Figure 2.5. All of the spectra in this section exhibit a
trace amount of carbon from the coating process required to enable

successful imaging.
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Figure 2.5: EDX spectrum of the resin used to mount the natural zinc

orthosilicate sample.

As would be expected, the composition of most of the patrticles in the sample
suggests that they are zinc orthosilicate. Figure 2.6 shows a micrograph of a
typical zinc orthosilicate particle, imaged using backscattered electron
imaging, as are all micrographs in this section. The resin appears as the
black areas surrounding other particles. The EDX spectrum of a typical zinc
orthosilicate particle is shown in Figure 2.7. The particles contain zinc,
silicon and oxygen, with traces of aluminium and a second unidentified
element at 2.7 keV. A double peak for zinc is also present. This result
confirms the XRD analysis that the predominant phase is zinc orthosilicate.
The majority of the zinc orthosilicate particles present are very pure,
containing almost no impurity inclusions. This is evident in Figure 2.6.
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Figure 2.6: SEM micrograph of a typical zinc orthosilicate particle, imaged
using backscattered electron imaging.
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Figure 2.7. EDX spectrum of a typical zinc orthosilicate particle.

o
<
tn
—_—

XRD identified the mineral anglesite, PbSO4, as being present. This
compound was easily detected by atomic number contrast, being white in
colour compared to the grey zinc orthosilicate particles. This is clearly shown

in Figure 2.8.
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Figure 2.8: SEM micrograph of anglesite, zinc orthosilicate and
calcium/magnesium oxide, hydroxide or carbonate particles, imaged using
backscattered electron imaging.

The anglesite particles, as determined by SEM-EDX, were found to be
composed of arsenic, lead, sulfur, oxygen and calcium, with a trace of zinc
present, The EDX spectrum is shown in Figure 2.9. A double peak for
lead/sulfur is also present in the spectrum. The results of the ICP-AES
analysis of the natural zinc orthosilicate material, shown in Table 9.1,
indicate that 2.0% lead and 0.92% arsenic are present in the ore. It is
reasonable to infer therefore, that this phase is arsenic rich anglesite,

containing calcium and zinc as impurities.
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Figure 2.9: EDX spectrum of a typical anglesite particle.

Also visible in Figure 2.8 is another impurity phase, darker in atomic number
contrast than the zinc orthosilicate. The EDX spectrum for this material is
shown in Figure 2.10 and contains peaks for calcium, magnesium and
oxygen, with lesser amounts of carbon, silicon, manganese, iron and zinc. It
is assumed this phase is some type of calcium/magnesium oxide, hydroxide
or carbonate. This phase was not identified by XRD and is of very low

occurrence.
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Figure 2.10: EDX spectrum of calcium/magnesium oxide, hydroxide or

carbonate impurity phase.

Figure 2.11 shows the EDX spectrum of another impurity phase detected in
the natural zinc orthosilicate ore. This phase contains silicon, oxygen and a
small amount of mercury, a silicon double peak is also present. This
material is most likely to be quartz (SiO;), as this phase was detected using

XRD.
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Figure 2.11: EDX spectrum of a typical quartz particle.

Figure 2.12 shows a micrograph of a quartz particle with several zinc
orthosilicate particles. Two of the zinc orthosilicate particles have quartz
associated with them. Another impurity phase is present in Figure 2.12. lts
EDX spectrum is shown in Figure 2.13, and contains peaks for iron and
oxygen and much smaller ones for silicon, aluminium and zinc. The use of
XRD identified the presence of haematite (Fe,O;) in the ore sample. Thus,
this impurity detected by SEM-EDX is probably haematite.
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Figure 2.12: SEM micrograph of a quartz particle, several zinc orthosilicate
particles, some with associated quartz and a haematite particle, imaged

using backscattered electron imaging.
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Figure 2.13: EDX spectrum of a typical haematite particle.

The remaining impurity phase identified in the natural zinc orthosilicate by
XRD is muscovite (AlgH:KO12Si31). This presence of this phase was
confirmed by SEM-EDX, with a typical spectrum shown in Figure 2.14.

Peaks are present for silicon, aluminium, potassium and oxygen. Other
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minor peaks are present; however, they are too weak to be accurately
identified.
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Figure 2.14: EDX spectrum of a typical muscovite particle.

Muscovite was found both associated with quartz, as is shown in Figure

2.15, and also on its own.

Quartz

Muscoviie

Figure 2.15: SEM micrograph of a quartz-muscovite particle, imaged using
backscattered electron imaging.
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As seen in some of the previous micrographs, some particles contain

multiple phases; an example of this is shown in Figure 2.16.
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Figure 2.16: SEM micrograph of a particle containing multiple phases,
imaged using backscattered electron imaging.

This patrticle (Figure 2.16) contains zinc orthosilicate, anglesite, quartz and

two other impurity phases, the EDX spectra of which are shown in Figure
2.17 and Figure 2.18.
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Figure 2,17: EDX spectrum of multiple phase A.

Multiple phase A contains silicon, zinc, oxygen, aluminium and magnesium,

with traces of calcium, mercury and iron.
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Figure 2.18: EDX spectrum of multipie phase B.
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Multiple phase B is very similar in composition to multiple phase A, except
that it contains potassium instead of calcium as a minor constituent. These
two phases appear to be heterogeneous, as is shown in Figure 2.16, and
could be mixtures of several other phases that have already been identified.

They are present in very low concentration and were not identified by XRD.

Several other impurity phases were also identified in the natural zinc
orthosilicate sample in relatively low concentrations. The EDX spectrum of
one of these phases is shown in Figure 2.19; peaks are present for the
elements manganese, sulfur and oxygen, with smaller ones present for lead,
zing, calcium and iron. It is likely that this compound is impure manganese

sulfate; however, XRD did not detect this phase.
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Figure 2.19. EDX spectrum of manganese sulfate.

Manganese sulfate is usually associated with other phases. An example of
this is shown in Figure 2.20 where it is imaged associated with a
calcium/manganese sulfate phase, the EDX spectrum for which is shown in
Figure 2.21. The internal structure of the manganese sulfate is most

unusual.
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Figure 2.20: SEM micrograph of manganese sulfate associated with a
calcium/manganese sulfate phase, imaged using backscattered electron

imaging.
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Figure 2.21: EDX spectrum of a calcium/manganese sulfate phase.
Since the EDX spectrum shows calcium, manganese, oxygen and sulfur to

be present, the phase is thought to be a calcium/manganese sulfate phase.

Small amounts of carbon and zinc are also present.
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Manganese sulfate has also been imaged associated with multiple phase C,
the EDX spectrum for which is shown in Figure 2.22. Figure 2.23 shows
multiple phase A (Figure 2.17) and multiple phase C, intimately associated
with a manganese sulfate particle. Once again, the very distinct morphology

of the manganese sulfate is visible.
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Figure 2.22: EDX spectrum of multiple phase C.

Multiple phase C contains arsenic, calcium, zinc, oxygen, manganese, lead
and sulfur. The manganese and some of the sulfur and oxygen detected in
the EDX spectrum maybe from the manganese sulfate particle as it is
entrained in the muitiple phase, as is shown in Figure 2.23. This phase

appears to be homogeneous in its nature.
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Multiple

Figure 2.23: SEM micrograph of multiple phases A and C associated with a
manganese sulfate particle, imaged using backscattered electron imaging.
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3.0 BATCH PRECIPITATION

3.1 INTRODUCTION

This section describes the construction and use of a laboratory scale batch
crystalliser to study silica precipitation. The aims of these batch precipitation

experiments are described below.

This section of work investigated the mechanism for the formation of silica
precipitates, rather than micro-gels. Zinc orthosilicate was leached in sulfuric
acid to produce a solution supersaturated with respect to monosilicic acid.
The solution was aged at temperature in a stirred, jacketed reactor vessel
while the precipitation was monitored by measuring the turbidity and silica
concentration in solution at reguiar intervals. The monosilicic acid
concentration was also studied during the reaction. The morphology of the
precipitate was examined using Electron microscopy, and the filtration

performance quantified when precipitation had ceased.

This section described the effects of supersaturation, sulfuric acid
concentration and temperature. Also of interest were the impact of zinc,
aluminium and iron (lll) sulfates, hydrofluoric acid and various types of silica
seeds. These variables were investigated by comparing their effects on
precipitation with the results of a control experiment. The comparison criteria
to be used were induction time, precipitation rate, precipitation time, product

morphology and filterability.
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3.2 EXPERIMENTAL OUTLINE

3.2.1 Description of the batch crystalliser

The batch crystalliser consisted of a simple, beaker like reactor vessel, of
400 mL capacity, that was custom fabricated from glass with an integral
water jacket for heating the precipitation mixture. A photograph of the
crystalliser appears in Figure 3.1.

Figure 3.1: Photograph of the batch crystalliser. Note two separate

crystallisers are shown.

Figure 3.1 shows a duplicate set-up with two batch crystallisers set up side
by side. This enabled higher productivity by performing two experiments
simultaneously. The two reactor vessels share common heating water that is
circulated through the reactor vessel jackets to maintain the desired
precipitation temperature by a Grant heater/circulator fitted to a Grant W6
water bath. Thus, both experiments must be carried out at the same
temperature. The heating water is split into two parallel streams by a “Y”
connector and delivered to the reactor vessels through equal length tubing to
ensure that both reactors operate at the same temperature. The heating
water exiting the reactor vessels is recombined in a second “Y” connector
before returning to the water bath. Each reactor vessel is fitted with a dual
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surface condenser to prevent evaporation. in Figure 3.1, 50 mL glass
beakers can be seen inverted, atop the condensers to prevent any dust
entering the reactor vessels. Cooling water is recirculated through the
condensers, which are plumbed in series, from a 20 L drym using a Uno
Powerhead submersible pump. The large volume of cooling water used
prevents it from becoming heated and losing efficiency. The precipitation
liquor in the reactor vessels is stirred at 210 RPM (measured using an optical
tachometer) by a magnetic stirrer bar measuring 41 x 12 mm using an |IEC

hotplate/stirrer.

A 316 stainless steel lid was secured to the glass reactor vessel via a
clamping mechanism consisting of two vertical 316 stainless steel shafts, 6
mm in diameter, attached to the base of the clamp. The reactor vessel was
placed on the base and a silicone rubber seal placed atop this. The holes in
the lid were fitted over the vertical shafts and 316 stainless steel wing nuts (6
mm metric thread) were screwed onto each shaft and tightened to hold the
lid in place and compress the seal to create an airtight joint. A cross
sectional-view, dimensional drawing of the reactor vessel and lid, with its

clamping mechanism is shown in Figure 3.2.

The lid contains two holes to clamp it to the base, a sampling port and
another port fitted with a polypropylene fixture to accept the dual-surface
condenser. A plan-view, dimensional drawing of the reactor vessel lid is

shown in Figure 3.3.
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Figure 3.2: Cross sectional-view, dimensional drawing of the reactor vessel

and lid with its clamping mechanism.

1 Fixing to secure lid to reactor vessel, 7.0 mm.
2 Sampling port, 22.0 mm.
3  Condenser, 23.0 mm.
Figure 3.3: Plan-view, dimensional drawing of the reactor vessel lid.
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Details of the sampling port and condenser fitting are shown in Figure 3.4 A
and B, respectively. The sampling port, hole 2 in Figure 3.3 is shown in
further detail in Figure 3.4 A. It is constructed from 316 stainless steel and is
welded to the lid of the reactor vessel. The plug that seals the sampling port
is also manufactured from 316 stainless steel and uses a nitrile rubber O-ring
to form a seal and simply presses into the lid recess. The large size of the
port allows for the turbidity probe to be inseried directly into the reactor
vessel.

The dual-surface condenser is connected to the reactor vessel lid using a
polypropylene fitting, through hole 3 in Figure 3.3. The fitting is threaded (22
mm metric thread) and is secured fo the lid by means of a nut on the
underside of the lid; details of both are shown in Figure 3.4 B. The fitting and
the nut contain nitrile rubber O-rings for sealing. The lower ground glass
joint (Quickfit 19/26) of the condenser is wrapped in Teflon tape and firmly
pressed into the tapered polypropylene fitting, with the ouiside of the joint
also being wrapped in Teflon tape. Polypropylene was used for this fitting as
it is much softer than stainless steel and is therefore more compatible with a

glass fitting.
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Figure 3.4 A-B: Cross sectional-view, dimensional drawings of the fittings for

the reactor vessel lid.
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3.2.2 Operation of the crystalliser

The crystalliser components are assembled as shown in Figure 3.1 and the
water bath filled. The heater/circulator is switched on and the temperature
set on the controller to achieve the correct precipitation temperature, bearing
in mind the temperature loss between the water bath and precipitation liguor
inside the reactor vessel. The temperature of precipitation liquor is
measured directly, using an accurate thermometer, as a check. The

condenser cooling water pump is also switched on.

A typical 400 mL precipitation liquor for a batch experiment was produced
according to the following procedure. In this example the liquor contains
7000 mg L silica as SiO, and 50 g L' sulfuric acid. Synthetic zinc
orthosilicate (11.15 g), prepared using the method outlined in Section 2.1,
was slurried in 20.0 mL of Milli-Q™ water. An acid sclution containing 15.5
mL of sulfuric acid (98% w/v AR grade) and 314.5 mL of Milli-Q™ water was
produced. Of the 15.5 mL of sulfuric acid, 10.9 mL is required to achieve the
background acidity, while 4.6 mL is needed to dissolve the synthetic zinc
orthosilicate. The method to determine the volume of sulfuric acid required
to dissolve a set mass of the synthetic zinc orthosilicate is outlined in Section
9.2.2.6. The acid solution was heated to 95°C in a covered, 1000 mL glass
beaker and stirred magnetically. The synthetic zinc orthosilicate slurry was
washed into the hot acid solution with 50.0 mL of Milli-Q™ water and stirred
until dissolution was complete; requiring five minutes at 95°C. When the
synthetic zinc orthosilicate slurry was added to the acid solution, the time
was noted, as this constituted the start of the precipitation experiment. The
liquor was pressure filtered through a Gelman Supor 0.45 um filter
membrane and transferred to the reactor vessel. The sulfuric acid
concentration was determined according to the titration method outlined in
Section 9.2.2.4 as a quality measure to determine if solution volumes were
correct. When differing amounts of synthetic zinc orthosilicate, sulfuric acid
or other additives or seeds were used, the volume of Milli-Q™ water was
varied accordingly, to maintain the total liquor volume at 400 mL. When the

precipitation temperature was lower than 95°C, the acid solution was heated
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to the required temperature and the leaching time increased to ensure

complete dissolution of the synthetic zinc orthosilicate.

Once the precipitation liquor was in the reactor vessel, the magnetic stirrer
was switched on and samples were taken at regular intervals throughout the
experiment. Individual precipitation curves were constructed using turbidity,
silica concentration by ICP-AES and monosilicic acid concentration data.
These data were collected using the methods outlined in Sections 9.2.2.1,
9.2.2.2 and 9.2.2.3, respectively. For some experiments, samples were
prepared for transmission electron microscopy (TEM) examination at all
sampling points, as outlined in Section 9.2.2.7. On several occasions it was
necessary to examine a sample using SEM or SEM-EDX. In such cases the

sample was prepared according to the method outlined in Section 9.2.2.8.

The relationship between turbidity and particle size and concentration has
been described by Gregory and Nelson (1986). The turbidity of a
suspension of particles much smaller than the wavelength of the turbidity
instrument (in this case 900 nm), increases with the particle size. When the
particle size is comparable to the wavelength of the turbidity instrument, the
turbidity decreases with increasing particle size. Turbidity is also related to
the number of particles in suspension, with an increase in the concentration
of particles resulting in an increase in turbidity. The inverse also applies for

these three relationships.

The precipitation experiment was considered finished when the liquor
turbidity had reached equilibrium. At the end of each experiment a sample
was prepared for TEM examination, according to the method in Section
9.2.2.7. The filtration rate of the product was determined using the method
described in Section 8.2.2.12.
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3.3 RESULTS AND DISCUSSION

3.3.1 Typical precipitation curves

The precipitation curves for the silica and monosilicic acid concentrations,
and the turbidity for the experiment described in Section 3.2.2 are shown in
Figure 3.5. The turbidity curve reflects changes in the physical nature of the
precipitate, and exhibits an induction period followed by a precipitation period
which is followed by a small reduction in turbidity associated with ageing of
the precipitate. The silica concentration curve reflects changes in solution
chemistry, and exhibits an induction period and precipitation period after
which equilibrium solubility of 350 mg L™ SiO; is attained. The monosilicic
acid curve also reflects changes in the solution chemistry, albeit on a
different molecular scale. Within nine minutes of the start of the experiment
about 80% of the monosilicic acid has reacted, and after about five hours the
concentration has reached equilibrium solubility of 350 mg L expressed as
Si0O,. ltis clear from this result that only monomer is present at equilibrium,
and no higher silica species are present. Due to the very rapid reaction and
disappearance of the monosilicic acid from solution, it was decided not to
pursue this method as a means of monitoring precipitation.

The equilibrium solubility value of 350 mg L SiO; at 95°C is close to that
reported by ller (1979) of 321 mg L at 100°C. It is also within the ranges
350 to 400 mg L™ at 95 to 100°C reported by Radino (1957) and 290 tc 380
mg L at 90°C reported by Bodson (1974). These last two literature values
were determined from precipitation in hydrometallurgical zinc liquors. The
value of 350 mg L™ will be used in this research and in all calculations of
silica supersaturation ratio, as described in Section 1.3. Thus, the silica
supersaturation ratio for this particular experiment is 20.0, which corresponds
to 7000 mg L™ Si0,. For the remainder of this section, silica concentrations

will be expressed as supersaturation ratios.

The silica concentration and turbidity curves, in Figure 3.5, describe different
processes, as their induction and precipitation periods do not coincide. This
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experiment was performed in duplicate to test experimental reproducability of
the silica concentration and turbidity measurements which, as can be seen in

Figure 3.5, was very good.
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Figure 3.5: Silica precipitation curves. Turbidity, and silica and monosilicic
acid concentrations versus time, testing experimental reproducability.
Precipitation conditions for both experiments: S = 20.0, 50 g L™ H,$0,4 and
95°C.

Analysis of the qualitative filtration data, recorded at each sampling point
when the liquor was filtered for ICP-AES analysis, indicates that the liquor
became extremely difficult to filter when equilibrium solubility of silica (SiO;)
was reached. The poor filtration performance of the silica product would
suggest that a micro-gel had formed. The morphology of a typical micro-gel
particle from this experiment is shown in Figure 3.6, and appears as a very

porous structure of approximately 500 nm in size.
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Figure 3.6: Transmission electron micrograph of a typical micro-gel particle,
imaged at two different magnifications. The scale bar is displayed on the
upper right hand side of the micrograph. Precipitation conditions: S = 20.0,
50 g L' H,S04 and 95°C.
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it must be appreciated that the particle in Figure 3.6 has become dehydrated
from the high vacuum of the TEM and appears two dimensional from being
laid out on the specimen grid, and because of the nature of TEM imaging.
The use of XRD has confirmed that these particles are amorphous.

After further experimentation, it was discovered that the silica concentration
curve could be shifted along the time axis depending on the pore size of the
membrane filter used. An example of this is shown in Figure 3.7, where the
samples collected for silica determination were filtered successively through
0.45, 0.20 and 0.10 um filter membranes prior to analysis. All samples were

collected from the same experiment.
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Figure 3.7: Silica precipitation curves. Silica concentration versus time as a
function of filter membrane pore size. Precipitation conditions: S = 20.0, 50
g L' H,S0, and 95°C.

The samples filtered through the 0.45 um membrane exhibit the highest
silica concentration throughout the experiment and are the slowest to reach
equilibrium solubility. The smaller the pore size of the membrane used to

filter the sample, the lower the apparent silica concentration. This is strong
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evidence that a micro-gel is precipitated under these conditions. The
general shape of the silica concentration curve is a result of micro-gel
forming and, as time progresses, the micro-gel becomes stronger and is less
readily forced through the filter membrane. At some particular point in time,
most of the micro-gel is unable to be forced through the filter and thus a
massive decrease in the apparent silica concentration is measured. When
using a smaller pore sized membrane, this event will appear much earlier in
the precipitation experiment. As a result of this, this method does not
measure true SiO; concentration in solution but the solution SiO;
concentration plus the mass of silica particles passing through the pores of
the particular membrane used. This method is thus suitable for the
comparison of precipitation curves between experiments that are analysed
using the same pore size filter membrane; assuming the same behaviour of
micro-gel, eg. same particle size distribution, aggregation behaviour efc.. A
membrane pore size of 0.45 uym was chosen for experiments in this section
as this behaviour was only discovered when most experiments had already

been completed.
The silica concentration and turbidity curves shown in Figure 3.5 are used as

the control experiment with which future experimenis are compared. The

results from this experiment are shown in Table 3.1.
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Table 3.1: Mean results from the duplicate control precipitation experiment.
Precipitation conditions: S = 20.0, 50 g L™ H.$O, and 95°C.

Measured by Turbidity Measured by Silica
Concentration
Induction Period (hours) 10 12
Precipitation Time {(hours) 22 15
Filtration Rate (m* m? h™) <0.05

Of the criteria employed for comparing precipitation performance mentioned
in Section 3.1, those in Table 3.1 are the most commonly used for this work.
The most significant is the filtration rate, followed by the precipitation time.
The precipitation time is defined as the time taken, from the start of the
experiment, until equilibrium is achieved. For the silica concentration curve
equilibrium is reached when equilibrium solubility is attained and for the

turbidity curve, equilibrium is reached when maximum turbidity is attained.

3.3.2 Silica precipitation - fundamental aspects

Three fundamental aspects of silica precipitation have been examined and
assessed: the precipitation time, by both turbidity and silica concentration;
the filtration rate; and the precipitate morphology (using TEM). Changes in
these parameters that resulted from varying initial supersaturation, sulfuric
acid concentration and temperature were assessed by comparing the results

with those of the control experiment detailed in Section 3.3.1.

3.3.2.1 Effect of supersaturation

The results of the experiments comparing initial silica supersaturation and

those of the control are shown in Table 3.2.
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Table 3.2; Effect of initial silica concentration {(supersaturation) on
precipitation time and filterability. Precipitation conditions for all experiments:

50 g L' H,S0, and 95°C, with * denoting the control experiment.

Initial Silica Supersaturation Precipitation Precipitation Filtration Rate
Concentration Ratio Time - Turbidity ~ Time - Silica (m*m?h™
(mg L Si0y) (hours) Concentration

{hours)
7000* 20.0 22 15 <0.05
5000 14.3 40 30 <0.056
3000 86 91 60 <0.05
2000 57 214 141 <0.05
1500 4.3 267 194 <0.05
1000 29 348 120 1.47

A definite trend is evident between initial silica concentration
(supersaturation) and precipitation time, whether measured by silica
concentration or turbidity. As would be expected from crystallisation theory,
the time for precipitation increases as the supersaturation, or driving force for
precipitation, decreases (Randolph and Larson, 1988). Hurd and Sheffer
(1941) similarly report an increase in the time of set of silica gels (cf.
precipitation time) with decreasing silica concentration.

An anomaly occurs at S = 2.9 when the precipitation time, as determined by
silica concentration, is less than that at S = 4.3 or 5.7 and a dramatic
improvement in filterability occurs. A TEM examination of the product, Figure
3.8, clearly shows well resolved granular, spheres of silica, 25 nm in
diameter.
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Figure 3.8 TEM micrograph of a typical granular precipitate. The scale bar
is displayed on the upper right hand side of the micrograph. Precipitation
conditions: $S=2.9,50g L™ H,S0,4 and 95°C.

This morphology has previously been reported (Stober, Fink and Bohn,
1968; ller, 1979; Brinker and Scherer, 1990; Chen, Dong and Yang, 1997),
and accounts for the improved filterability. The very narrow particle size
distribution (PSD)} can be explained in terms of the metastable
supersaturation diagram shown in Figure 1.2. Primary nucleation, either
homogeneous or heterogeneous, has occurred and nuclei have been
formed. As a result of nucleation, the supersaturation has now dropped
below the metastable zone for primary nucleation and into the region of
growth on existing particles. The supersaturation is now too low for
nucleation to occur and thus the initial nuclei all grow to the same size.
These particles are also amorphous to X-rays. All particles precipitated from
supersaturations above S = 2.9 have the same morphology as shown in
Figure 3.6.

There appear to be different mechanisms for the formation of silica particles
from solutions with initial supersaturations between S = 2.9 and 4.3 and
above. This is supported by the different shapes of the silica concentration
and turbidity curves at different initial supersaturations {Figure 3.9 and Figure
3.10, respectively).
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Figure 3.9: Silica supersaturation versus elapsed time, as a function of initial
supersaturation. Precipitation conditions for all experiments: 50 g L H;S0,
and 95°C.

The precipitation curve for S = 2.9 in Figure 3.9 shows a much less sharply
defined precipitation period following the induction period, reinforcing the
difference between that curve and those produced at higher

supersaturations.
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Figure 3.10: Turbidity versus elapsed time, as a function of initial

supersaturation. Precipitation conditions for all experiments: 50 g L' H,S0,

and 95°C.

The precipitation curve for S = 2.9 in Figure 3.10 shows a higher final
turbidity and a much narrower peak in the curve when compared to the
curves produced at the higher supersaturations of S=4.3and S =5.7. This
reinforces the proposal that different mechanisms operate at the different
supersaturations. The anomaly at S = 2.9 is more clearly visible in a plot of
precipitation time, determined by turbidity and silica concentration, versus
initial supersaturation. This is shown in Figure 3.11, where the precipitation
time, as determined by silica concentration, reverses its trend at S = 2.9.
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Figure 3.11: Precipitation time versus initial supersaturation, determined by
turbidity and silica concentration. Precipitation conditions for all experiments:

50 g L™ H,S0,4 and 95°C.

As reported by Chan (1989), the induction period for silica precipitation can
be reduced by increasing the initial supersaturation ratio. This is clearly

shown in Figures 3.9 and 3.10, thus reinforcing this statement.

In an attempt to determine the mechanism of precipitation, and how it
differed at S = 2.9 compared to supersaturation ratios above this value,
samples from each sampling point of the two experiments carried out at
supersaturation ratios of S = 2.9 and S = 5.7, were examined by TEM.
Unfortunately, the resolution of the available instrument was such that only
the full grown silica particles could be imaged clearly. Despite this, two

useful observations were made.
It was observed that the experiment at S = 2.9 contained full grown colloidal

silica particles, 25 nm in diameter, approximately 24 hours after the
commencement of the experiment. These particles are very similar to those
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shown in Figure 3.8. While smaller particles could be imaged earlier in the
experiment, the image quality was extremely poor and hence the
micrographs are not shown here. It should be noted that these colloidal
particles were visible before the peak in the turbidity signal arose. This peak
was actually the result of aggregation of the colloidal silica to form larger
particles. This is not unexpected, as Mullin (1988) suggests
agglomerationfaggregation of precipitates, particularly if they are in the
colloidal size range. Typical aggregate structures are shown in Figure 3.12.
After aggregation it was very unusual to image single silica particles, as most
particles had aggregated to form larger particles. In Figure 3.12, colloidal
silica particles can be seen cemented to neighbouring particles. This is
presumably a result of the dissolution of monosilicic acid from regions with
large positive radii of curvature and re-deposition in the crevices between
particles (regions with a small, negative radii of curvature). This

phenomenon was described in Section 1.4.4.
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Figure 3.12: TEM micrographs of typical aggregates of colloidal silica
particles. The scale bar is displayed on the upper right hand side of the

micrograph. Precipitation conditions: S = 2.9, 50 g L' H,S04 and 95°C.

A very interesting observation was made with the S = 5.7 experiment. The
precipitate behaved as expected, in that micro-gel had formed by the time
the solution became difficult to filter (supersaturation ratio decreasing to $ =
1.0). However, after the turbidity peaked and began to decrease, the
precipitate became easier to filter and the micro-gel network began to break
up and densify into individual particles with a filtration rate of 0.65 m> m™ h.
The sequence of TEM micrographs in Figure 3.13 A-D show this ageing
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event as a function of time. The precipitate became difficult to filter after
approximately six days, and over the following ten days the ageing process
occurred.
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U
Figure 3.13 A-D: TEM micrographs of silica micro-gel ageing to dense

particles that filter readily. (A) - 6 days, (B) - 9 days, (C} - 13 days and (D) -
20 days. The scale bar is displayed on the upper right hand side of the
micrograph. Precipitation conditions: S = 5.7, 50 g L™ H,S0, and 95°C.

Those particles precipitated at the lower supersaturation of S = 2.9 are
obviously more desirable in a hydrometallurgical sense; however, the
precipitation time is very long at this supersaturation.

After the completion of this series of experimenis with varying
supersaturation at 95°C and 50 g L™ sulfuric acid, the equilibrium solubility

value of 350 mg L™ SiO,, was assigned an error range of 150 mg L™ SiO;
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based on the actual fluctuation in results. It is assumed that this error is a
result of experimental errors associated with the experiments themselves,

and the determination of the SiO2 concentration by ICP-AES.

3.3.2.2 Effect of sulfuric acid concentration

The results of the experiments of varying sulfuric acid concentration, and
their comparison with those of the control are shown in Table 3.3 and also in
Figure 3.14.

Table 3.3: Effect of suifuric acid concentration on precipitation time and
filterability. Precipitation conditions for all experiments: S = 20.0 and 95°C,

with * denoting the control experiment.

Sulfuric Acid Precipitation Time - Precipitation Time - Filtration Rate
Concentration Turbidity Silica Concentration (m*m2n")
{g L' H,S0,) (hours) (hours)

50* 22 15 <0.05

65 16 10 <0.05

100 7 5 <0.05

215 1.2 1.2 <0.05
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Figure 3.14: Precipitation time versus sulfuric acid concentration,
determined by turbidity and silica concentration. Precipitation conditions for
all experiments: S = 20.0 and 95°C.

Again, a clear trend is evident, with precipitation time decreasing with
increasing sulfuric acid concentration. This has previously been reported
(Betterton, 1923; Hurd and Barclay, 1940; ller, 1979). Based on all previous
experiments, it would be expected that the precipitation time at 215 g L™
sulfuric acid, as determined by silica concentration, would be less than that
determined by turbidity. However, due to the very short duration of this
experiment and the number of sampling points, these results can not be
differentiated. There is no change in filterability or morphology (examined by
TEM) as a function of sulfuric acid concentration. However, a significant
reduction in precipitation time can be achieved by operating at higher acid

concentration.

It would appear from these experiments, covering the sulfuric acid range 50
to 215 g L™, that the equilibrium silica solubility decreases with increasing
suifuric acid concentration at which the precipitation was carried out. This is

a general observation and no evidence is shown here to support this
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statement, as replicate experiments were not carried out to determine the
exact equilibrium solubility value. This is because of experimental
fluctuations observed in the silica concentration at equilibrium. As a result of
this, the equilibrium solubility used in the calculation of the supersaturation
ratios in Table 3.3 is 350 mg L™ SiO,. Solubility data for this temperature
and pH range are not available in the literature to enable a comparison to be
made.

3.3.2.3 Effect of temperature

The results of the experiments of varying temperature and their comparison
with those of the control are shown in Table 3.4, and graphically in Figure
3.15.

Table 3.4: Effect of temperature on precipitation time and filterability.
Precipitation conditions for all experiments: S = 20.0 and 50 g L™ H,S0,,
with * denoting the control experiment.

Temperature Precipitation Time - Precipitation Time - Filtration Rate
(°C) Turbidity Silica Concentration (m*m?h")
{hours) {hours)
95* 22 15 <0.05
70 77 58 <0.05
25 2500 1100 <0.05
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Figure 3.15:; Precipitation time versus temperature, determined by turbidity
and silica concentration. Precipitation conditions for all experiments: S =
20.0 and 50 g L H2S0,.

Hurd and Letteron (1932) and Hurd and Barclay (1940) both report an
increase in the time of set of silica gels (cf. precipitation time) with a
decrease in temperature, in agreement with these results. Although the
precipitation curves are not shown here, the length of the induction period
was shortened by using a higher precipitation temperature, as reported by
Chan (1989). The rate of silica precipitation was found to increase with
temperature, as reported by Matthew and Eisner (1977a). It is obvious that
as high a temperature as possible should be chosen to achieve the shortest
precipitation time. No change in morphology as a function of temperature

was observed by TEM, and no change in filterability was detected.

Queneau and Berthold (1985) and also Bodson (1974) report an increase in
the equilibrium solubility of silica with an increase in temperature, at a fixed
pH. This trend was also observed in the experiments discussed in this
section. However, as with the experiments of varying sulfuric acid

concentration, fluctuation in the silica concentration at equilibrium made it
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difficult to determine an accurate value for the equilibrium solubility. Once
again the equilibrium solubility has been taken as 350 mg L SiO; in the
calculation of the supersaturation ratios for the various temperatures listed in
Table 3.4.

3.3.3 Silica precipitation - effects of additives

The resuits of this suite of experiments conducted at 95°C with S = 20.0, 50
g L™ H,80, and various additives are shown in Table 3.5. The additives
tested were zinc sulfate, aluminium sulfate, iron (Ilf) sulfate and hydrofluoric
acid. Zinc sulfate was chosen as an additive for investigation as it is typically
present in solutions found in a hydrometallurgical zinc plant. The other three
additives investigated were selected as they are known to influence silica
polymerisation, as detailed in Section 1.0.

Table 3.5: Effect of additives on precipitation time and filterability.
Precipitation conditions for all experiments: S = 20.0, 50 g L™ H,S0, and

95°C.
Additive and Precipitation Time - Precipitation Time - Filtration Rate
Concentration Turbidity Silica Concentration (m*mZh™
{hours) {hours)

Control 22 15 <0.05
ZnS0O, 050 M 18 14 <0.05
ZnS0,1.00 M 10 8 <0.06

Alx(SO4); 0.25 M 13 10 <0.05
Aly(SO4); 0.50 M 6 4 0.20
FexS04): 0.25 M 15 10 <0.05
Fex(S04); 0.50 M 8 6 <0.05
HF 130 mg L™ 2 1.7 <0.05
HF 195 mg L™ 1.2 1.0 <0.05

Zinc sulfate causes a decrease in precipitation time, which is in agreement
with Betterton (1923) who observed a decrease in the time of set of silica
gels (cf. precipitation time) with increasing zinc sulfate concentration. This
result is encouraging, because a hydrometallurgical zinc plant operates in a

zinc sulfate medium which is favourable to silica precipitation. However, no
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change in filterability or morphology, as observed by TEM, were detected, at
either concentration of zinc sulfate investigated.

Aluminium sulfate produces a significant reduction in the precipitation time at
both concentrations studied and an improvement in filterability at an addition
level of 0.5 M. Radino (1957) used aluminium as a silica coagulant to
improve filterability, but no record is made of any effect on precipitation time.
The success of the Radino process relies on aluminium ions added at 1 to
50% by weight of the mass of silica present. In this study 200 and 400% by
weight of aluminium ions were added and it was only at the higher
concentration that a coagulation effect was seen. TEM examination
revealed both precipitates to be morphologically similar to the micro-gel
particle in Figure 3.6, with no reason for the improved filterability at the
higher addition level apparent from the images.

Iron (I11) ions have been reported as assisting in the precipitation of silica by
acting as a coagulant (Ashman, Delong and Jankola, 1993; Matthew and
Elsner, 1977b). In this instance the addition of iron (lil) sulfate has improved
the precipitation times, however the lack of change in morphology and
filterability does not support the literature findings that it acts as a coagulant

to improve filtration performance.

Of the three metal sulfates tested, aluminium sulfate shows the greatest
improvement in precipitation times, followed by iron (lll) sulfate and then zinc
sulfate. This comparison is made at the same molar concentration of metal
species, 1.00 M in Table 35. It should be noted however, that the
concentration of sulfate ion, added as the metal sulfate is not constant for

the three metals of interest.

Hydrofluoric acid, even at low concentrations, is known to catalyse the
formation of silica gels (ller, 1952). The addition of 130 mg L™ of hydrofiuoric
acid produced an exceptional reduction in the precipitation time, while the
addition of 195 mg L' had an even greater effect. There was however, no

change in filterability or morphology as examined by TEM.
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No new findings in regard to ller's (1979) statement concerning the solubility
of silica in the presence of fluoride, aluminium and sulfate ions have been
made as a result of this section of work. As mentioned previously, the silica
concentration at equilibrium fluctuates, and as a result, an accurate
equilibrium solubility value can not be reported without additional replicate
experiments being performed. Thus, the equilibrium solubility has been
taken as 350 mg L™ SiO, in the calculation of the supersaturation ratios
listed in Table 3.5.

The solution samples collected during these experiments for silica analysis
were also analysed for the particular additive of interest for that experiment.
In all cases there was no detectable decrease in the concentration of the
additive material throughout the course of the precipitation. SEM-EDX also
found no traces of the additive materials present in the respective silica
precipitates. These additive materials maybe acting as catalysts for
improving precipitation performance and are thus, not consumed in the
process. It is also possible that the additives are affecting the electric double
layer interactions between the silica particles and this accounts for their
effect on silica precipitation. Due to the high ionic strengths present in these
experiments, the electric double layer of the silica particles will be highly

compressed; reducing the importance of electrical interactions.

Following the successes of the precipitation experiments at S = 2.9, in terms
of filterability, and those using additives to improve precipitation time at S =
20.0, these conditions were combined to try and produce a filterable
precipitate in a shorter time. The results of this work, from S = 2.9, are
shown in Table 3.6. The second experiment in Table 3.6 was used to
investigate two important aspects of silica precipitation. The first concerns
the investigation into the mechanism of silica precipitation. Namely, is silica
micro-gel formed at S = 2.9, if the rate of precipitation is extremely rapid?
The second area of importance is the role of the insoluble impurity particles
that are present in the natural zinc orthosilicate ore used for the continuous
precipitation experiments, detailed in Section 4.0. For this experiment it was

therefore decided to use the natural zinc orthosilicate ore instead of the
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synthetic zinc orthosilicate. This will provide an understanding of the role of
these impurity particles on silica precipitation. The precipitation liqguor was
not filtered before the experiment as had been done previously and hence
the insoluble impurity particles remained in the liquor. The concentration of
additives for this experiment were selected to enable the duration of the
experiment to be as short as possible but still allow enough sampling points
to construct accurate precipitation curves. [t was thought that the two
different aspects of the experiment would not interfere with each other.

Table 3.6: Effect of additives on precipitation time and filterability.
Precipitation conditions for all experiments: S = 2.9, 50 g L™ H,S0, and

95°C.
Additive and Precipitation Time - Precipitation Time - Filtration Rate
Concentration Turbidity Silica Concentration (m*m2hh
{hours) {hours)
Control 348 120 1.47
HF 195 mg L 58 30 3.92
ZnS0, 0.5 M,
Alx(S04); 0.25M and NA 5 14.70
HF 130 mg L™

The addition of hydrofluoric acid at S = 2.9 results in a dramatic improvement
in both precipitation time and filterability. The spherical morphology
observed by TEM in Figure 3.8 was maintained; however, the particle size
increased to approximately 50 nm. This is thought to account for the
improved filterability, but the reason why remains unclear. It is not known
why the addition of fluoride ions increases the PSD. ller (1979) states that
hydrofluoric acid catalyses silica polymerisation and this result reinforces that
finding. This result also implies that all forms of silica precipitation (yielding
silica gel, micro-gel or granular precipitate) occur by very similar
mechanisms, as they appear to be influenced by the same factors. It should
be remembered that it was proposed in Section 3.3.2.1 that silica micro-gel

and silica precipitate formed by similar mechanisms.
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The effect of the three additives and the presence of the inscluble material
had a very dramatic effect on the silica precipitation of the second
experiment.  Turbidity measurements could not be used to monitor
precipitation due to the high turbidity signal present from the insoluble
material. The precipitation time, determined by silica concentration, was
about 4% of that without the soluble and insoluble impurities present. The
filtration rate indicates that silica micro-gel did not form. Thus, over the
range of conditions studied, the structure of the silica precipitate is
chemically controlled, not kinetically controlled, as may have been expected.
It is not unreasonable to expect the structure of a precipitate to be a function
of the rate of its formation. The exceptional filterability is explained by
examining the precipitate morphology using SEM, the particle size being too
large for TEM. Figure 3.16 shows a typical silica precipitate approximately

30 um in size and somewhat spherical in shape.
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Figure 3.16: SEM micrograph of a typical silica particle precipitated in the
presence of zinc and aluminium sulfates, hydroflucric acid and various solid
impurity particles. Precipitation conditions: S = 2.9, 50 g L' H,SO, and
95°C.

The silica particles from this particular precipitation experiment appear to be
aggregates of colloidal particles. These colloids are presumably of the same
structure as those precipitated from S = 2.9 without additives, shown in

Figure 3.8. A sample of the dried precipitate was mounted in a resin block
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and ground and polished to cross-section the particles. Examination using
SEM revealed the silica aggregates to contain the insoluble impurity
particles. A micrograph showing this behaviour is shown in Figure 3.17.
These impurities were seen to be nucleation or aggregation centres for silica
precipitation or aggregation, respectively. Since none of the other soluble
additives had this effect on the silica, it is assumed to be a result of the solid
impurities. The additional precipitation and or aggregation of the colloidal
silica particles leads to a much larger particle size which in turn explains the
very high filtration rate. This behaviour is the same as that observed in the
continuous experiments, detailed in Section 4.3.10.2, and thus no detailed

analysis is provided here.

Figure 3.17: SEM micrograph of typical silica particles precipitated in the
presence of zinc and aluminium sulfates, hydrofluoric acid and various solid
impurity particles, imaged using backscattered electron imaging.
Precipitation conditions: S = 2.9, 50 g L™ H,SO,4 and 95°C.

3.3.4 Silica precipitation - effect of seed

Several silica seeds were trialed, with the aim of improving both precipitation
time and the filterability of the silica product. The seeds used were a mix of
commercially available pyrogenic and precipitated silicas; a precipitated silica
produced from a dried micro-gel that was the product of an earlier

precipitation experiment; and also a precipitated silica micro-gel that had
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always remained in solution. The experiments were carried out at S = 20.0
to provide a relatively short experiment duration. The seed solids loading
was 3.3 @ L. This value represents the seed solids loading for the
experiment where silica micro-gel, that had always remained in solution, was
used as the seed source; this value was maintained for the other seeded
experiments in this suite. The results of these experiments are shown in
Table 3.7 and Figure 3.18. Turbidity measurements were not made for these
experiments, as the seed material produced a background turbidity over
which the small change in turbidity associated with precipitation could not be
detected.

Table 3.7: Silica precipitation as a function of different silica seeds.
Precipitation conditions for all experiments: S = 20.0, 50 g L H,S0,, 95°C
and 3.3 g L' seed loading.

Seed Type Precipitation Time - Silica Filtration Rate
Concentration (m*m?Zh™
(hours)
Control - unseeded 15 <0.05
Pyrogenic silica - commercial 12 <0.05
Precipitated silica - 12 <0.05
commercial
Precipitated silica - dried 19 <0.05
micro-gel
Precipitated silica - wet 18 <0.05
micro-gel

The data contained in Table 3.7 indicate that the commercial pyrogenic and
precipitated silicas show promise as potential seed materials with
precipitation times shorter than those of the control experiment, whereas the
two silica micro-gels appear not to be functioning very well as seeds, as their
precipitation times have increased over that of the control experiment. The
reason for this unusual result is not known.
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Figure 3.18: Silica supersaturation versus precipitation time as a function of
different silica seeds. Precipitation conditions for all experiments: S = 20.0,

50 g L H,S04, 95°C and 3.3 g L™ seed loading.

However, the extra data in Figure 3.18 suggest a different conclusion. The
commercially available pyrogenic silica produced a precipitation curve similar
in shape to that of the control experiment, providing good evidence that the
seed material was relatively inactive. However, the precipitation time was
reduced by about three hours, as shown in Table 3.7, which indicates that
the seed was having some effect. It would be expected that an effective
seed would remove the induction period from the silica precipitation curve
altogether (Queneau and Berthold, 1985).

The commercial precipitated silica had the best performance of all the dried
silicas with a precipitation time about three hours shorter than that for the
control experiment. Although the precipitation curve appears to have no
induction period, the overall shape of the curve is similar to that of the controi
experiment, which indicates the precipitated silica is not acting as a fully
effective seed.
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The dried micro-gel silica was the least effective seed trialed. The shape of
the precipitation curve with this seed was the same as that for the control
experiment, indicating an ineffective seed. The precipitation time was

approximately four hours longer than that for the control experiment.

The precipitated micro-gel that had always remained in solution was an
effective seed, with no induction period present before precipitation. The
exponential shape of the- precipitation curve differs from that of the control
markedly, and because of that, combined with the absence of an induction
period, indicates that growth on seed is occurring. The precipitation time for
this seed is about six hours longer than that of the control experiment. While
this seems unusual, it maybe a result of the very early, rapid precipitation,
that reduced supersaturation to the extent that further precipitation to
achieve equilibrium would be very slow. The seed and product particles from
this experiment were examined by TEM and found to be very similar to the
particle shown in Figure 3.6, Section 3.3.1. Due fo the irregular nature of the
seed particles, it was not possible to detect any evidence of further growth
using TEM.

As is shown in Table 3.7, the resulting precipitates from these experiments
all had filtration rates of less than 0.05 m®> m? h™'. This was expected of the
wet micro-gel, as it had this filtration rate to start with, but it is further
evidence that the well filtering dry seeds were not participating to any great

3

extent in the precipitation of micro-gel. -

..

-
Y

The important result from the seeding experiments concerns the initialr
precipitation rate, measured as the gradient of the tangent to the
precipitation curve in the initial stages of precipitation. The steeper the .
gradient, the higher the precipitation rate. However, this is only applicable _
when secondary nucleation and growth is predominant, not primary
‘nucleation. For this series of experiments the precipitated micro-gel that had
E:\Iways remained in solution was the most effective seed and was the only

one that has been conclusively found to have acted as an efficient seed.
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It was assumed from these experiments that the surface of the dry seeds
had somehow become deactivated by removing them from their agueous
environments, and this accounted for their inertness. A further avenue for
investigation is that of reactivating the silica surface in a suitable solvent prior
to use as a seed. However, for the remainder of this thesis it is
recommended that only seeds that have remained in solution from their

production should be used.

In an attempt to reduce the very long precipitation time encountered at S =
2.9, and still produce a filterable product without the use of any foreign
additives, it was decided to pursue seeding with the colloidal silica precipitate
produced at S = 2.9 as an alternative. The precipitation experiment at S =
2.9, 50 g L' sulfuric acid and 95°C that produced the colloidal precipitate
that filtered very well, was repeated on an increased scale at six times the
original volume. After precipitation and settling, enough seed was collected
to carry out a batch experiment at 3.3 g L™ seed loading. The filtration rate
of this seed was 0.74 m®> m? h™', which is less than the expected value of
about 1.47 m® m? h™! achieved previously. The lower filtration rate is a result
of aggregation during the settling period. Due to the extended period of time
needed to produce this seed, it was also decided to test some already
available precipitated silica product from one of the continuous experiments
in Section 4.0. This material was collected from Industrial run number 5
(IRN-5) during a period when the filtration rate was good, the resultant seed
slurry at 3.3 g L solids loading having a filtration rate of 1.76 m® m? h™.
The results of these experiments are compared with that of the control and
displayed in Table 3.8 and Figure 3.18.
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Table 3.8: Effect of different seeds at 3.3 g L' seed solids loading on
precipitation time and filterability. Precipitation conditions for all experiments:
$=2.9,50gL" H,SO, and 95°C.

Seed Type Precipitation Precipitation Filtration Rate -  Filtration Rate -

Time - Silica Rate Initial Final
Concentration  (mg SiO, L' h™") (m*m2h") (m*m*h™
{hours)
Control - 120 16 NA 1.47
unseeded
Synthetic seed 46 94 0.74 1.02
Industrial seed 40 51 1.76 1.08
3

—— Controf - unseeded

2.57 —-& |ndustrial seed
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Figure 3.19: Silica supersaturation versus elapsed time, as a function of
seed type at 3.3 g L' seed solids loading. Precipitation conditions for all
experiments: $=2.9, 50 g L' H,SO, and 95°C.

The results in Figure 3.19 show that both the industrial and synthetic seeds
increase the rate of precipitation over that of the control (unseeded); the
synthetic seed being almost twice as efficient as the industrial seed, in terms
of precipitation rate. Compared to the control, an induction period is not
present in the seeded systems. The final filtration rates of the two products
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is very similar, even though their initial filtration rates were quite different.
The final filtration rates are also less than that for the control, the reason for
both these resuits is not known. Thus, with an effective seed it is possible to

reduce the precipitation time considerably when precipitating from S =2.9.

TEM examination of the synthetic seed and resultant product confirmed that
the growth of silica particles is by the mechanism outlined by ller (1979} in
Section 1.4. The supporting micrographs are shown in Figure 3.20. During
the TEM examination of the initial seed material, many individual particles
were visible; however, after further precipitation virtually no individual
particles were visible. Clearly, growth is by aggregation of colloidal particles
and further deposition of monosilicic acid in the crevices between the
particles to rigidly bond the aggregates together. Under the conditions of this
experiment, growth is predominant over nucleation. This conclusion is
supported by the lack of any new nuclei forming during the experiment, as
detected by TEM. Examination of the industrial seed and the resultant
product using TEM revealed no differences in the particles: they are both
very irregular in shape and surface structure. Surface area analysis of the
industrial seed and resultant product may have detected the presence of
growth on the seed particles. However, this was not considered necessary
as seeded growth has aiready been confirmed in Figure 3.19.
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Figure 3.20: TEM micrographs of (A) initial seed particles precipitated from
§$=29,50gL" H,SO, and 95°C and (B) particles after 6 hours of growth

under the same conditions. The scale bar is displayed on the upper right

hand side of the micrograph.

Due to the length of time needed to produce even small quantities of the
synthetic seed, the large volume of readily available industrial seed and the
similarities in their performance it was decided to use the industrial seed for

the remaining seeding experiments.

It is desirable to know the effect of seed loading on silica precipitation from

an initial supersaturation ratic of S = 2.9. The results of experiments
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investigating seed loadings of 3.3 and 6.6 g L™ of industrial seed, are shown
in Figure 3.21 and Table 3.9.

—=— Control - unseeded

25 = 33¢gL"

~66gL"

1.5

Silica supersaturation

0.5

0 T T T T T T T
0 10 20 30 40 50 60 70 80
Elapsed time (hours)
Figure 3.21: Silica supersaturation versus elapsed time, as a function of
industrial seed loading. Precipitation conditions for all experiments: S = 2.9,

50 g L' H,S0, and 95°C.

Table 3.9: Effect of industrial seed loading on seeded silica precipitation.
Precipitation conditions for all experiments: S=2.9,50g L H.80, and

95°C.
industrial Seed Precipitation Precipitation Filtration Rate -  Filtration Rate -
Loading Time - Silica Rate Initial Final
(L™ Concentration  (mg SiO, L' h™") (m*m?h") (m*m?h™
(hours)
Control - 120 16 NA 1.47
unseeded
3.3 40 51 1.76 1.08
6.6 37 107 1.04 2.20

Clearly, the higher seed loading has improved the precipitation performance,
both in terms of precipitation and filtration rates. The precipitation rate at the

115




higher seed loading is almost double that at 3.3 g L. Whilst filterability only
improved at 6.6 g L seed loading, it was still acceptable at 3.3 g L™
Precipitation theory would predict an increased precipitation rate with
increased seed loading due to increased surface area available for growth,
as observed in these experiments (Randolph and Larson, 1988). Once
again, TEM was unable to detect any significant changes between the seed
and the precipitation product.

With such a dramatic improvement in the precipitation rate with an increase
in seed loading, it is logical to think that perhaps seed can be used to
prevent the formation of silica micro-get at supersaturations higher than S =
2.9. Seeded precipitation experiments were conducted from S = 86 to
ensure a relatively short reaction time; the results with 3.3 and 8.6 g L seed
loadings are shown in Figure 3.22 and Table 3.10.

- Control - unseeded

#3391

—~ 66l

[4,]
1

Silica supersaturation

0 T ) T T T T T
0 10 20 30 40 50 60 70 80
Elapsed time (hours)

Figure 3.22: Silica supersaturation versus elapsed time, as a function of
industrial seed loading. Precipitation conditions for all experiments: S = 8.6,
50 g L H,S04 and 95°C.
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The shape of the precipitation curves in Figure 3.22 for the two seeded
experiments indicate that they were unsuccessful in trying to achieve
improvements of the magnitude observed at S = 2.9 (Figure 3.21). The
curves are similar to that of the control and exhibit an induction period of
similar duration to that of the control, albeit the curve is a different shape.
This is followed by a precipitation period, prior to equilibrium solubility being
reached. This indicates that the seed was ineffective in preventing the
nucleation and growth of micro-gel. In fact, the seed has had a detrimental
effect on precipitation with the precipitation time, shown in Table 3.10, being
longer than that for the control.

Table 3.10: Effect of industrial seed loading on seeded precipitation.
Precipitation conditions for all experiments: S = 8.6, 50 g L™ H,SO, and

95°C.
Seed Loading Precipitation Time -  Fiitration Rate - Initial Filtration Rate -
@L" Silica Concentration (m*>m2h™ Final
{(hours) (m*m?2h™"
Control 60 NA <0.05
33 72 176 <0.05
6.6 72 1.04 <0.05

The filtration rates for the seeded products are the same as that for the
control, further evidence that the seed was ineffective in preventing micro-gel
precipitation from this supersaturation. The precipitation rates are not shown
in Table 3.10 because these experiments had induction periods in which
primary nucleation of micro-gel is occurring and not exclusively growth on
seed. Thus, the tangent to the precipitation curves in Figure 3.22 does not
exclusively represent the precipitation rate due to growth on seed, as it does
in Figures 3.19 and 3.21.

It would be advantageous if increased seed loadings could be used to
precipitate silica from concentrations above the S = 2.9 cut-off to producing a

micro-gel. However, the results of the experiments shown here indicate that
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this is not possible, although increased seed loadings do permit much higher
precipitation rates from S = 2.9.
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3.4 CONCLUSIONS

A series of simple batch experiments from strong sulfuric acid solutions have
revealed much valuable information about the silica precipitation process.
Monosilicic acid and silica concentrations, and turbidity measurements were
used to follow the progress of precipitation, while filtering tests and electron
microscopy were used to determine the precipitate quality and morphology,
respectively.

The equilibrium solubility of silica precipitated from 50 g L™ sulfuric acid, at
95°C with a range of initial silica concentrations from 1000 to 7000 mg L
was determined to be 350+50 mg L'1, expressed as Si0O,. The presence of
aluminium, iron (lll) or fluoride ions did not influence the equilibrium
solubility. Further experimentation determined the only solution species

present at equilibrium to be monosilicic acid.

The inductively coupled plasma - atomic emission spectroscopy (ICP-AES)
method used to determine the aqueous silica concentration was in fact also
measuring a proportion of solid silica that passes through the membrane
filter during sample preparation. Only at equilibrium does the ICP-AES value

truly represent the monosilicic acid concentration in solution.

The rate of silica precipitation is proportional to the supersaturation. It is also
proportional to the concentrations of sulfuric acid, zinc sulfate, iron (lll)
sulfate, aluminium sulfate and hydrofluoric acid, and the precipitation
temperature, all at a fixed silica supersaturation. None of these additives
appear to be incorporated in the silica precipitate, nor noticeably consumed
from the liquor; their effect would therefore appear to be catalytic. Studies
on the effect of supersaturation revealed a dramatic change in the precipitate
morphology between S=2.9and S =4.3. AtS =4.3 and above, unfilterable,
porous, micro-gel particles are formed, while at S = 2.9 and below granular,
colloidal particles that filter rapidly are formed. The filtration rate of silica
micro-gel particles can be increased by addition of aluminium sulfate during
precipitation, but only at concentrations of 0.5 M Alx(SQO4); and above. While
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some of these additives may not willingly be used in a hydrometallurgical
zinc plant, they are, however, present in solution and a knowledge of their

effects is important.

Only silica that has an activated surface is suitable for secondary
precipitation, with the rate being proportional to the seed loading. Silica seed
particles that have remained in solution and were precipitated under similar
conditions to those used for further growth make the best seeds. While seed
can be used to increase the rate of silica precipitation from any
supersaturation, it cannot be used to prevent the precipitation of micro-gel
from supersaturations above S = 2.9. The insoluble impurity phases present
in the natural zinc orthosilicate ore are acting as either nucleation or

aggregation centres for silica precipitation.

The structure of precipitated silica is independent of the rate of precipitation.
Micro-gel particles always form at S = 4.3 or above, whether it be in one hour
or 2500 hours. Similarly, granular, colloidal particles always form at S = 2.9
or below, whether it be in seven hours or 350 hours. Therefore, the structure
of the silica precipitate is controlied by chemical means rather than kinetic
means, with supersaturation being the most dominant factor. /e., The rate at
which the product is formed does not determine its structure, the chemical

conditions under which it is formed are responsible for this.

It would appear that hydrofluoric acid catalyses all forms of silica precipitation
(gel, micro-gel or granular precipitate) and not just gelation. The mechanism
for the formation of silica micro-gels and granular precipitates is essentially
the same, but is dominated by supersaturation. There were previously
thought to be two completely separate mechanisms, but since the same
chemical factors have a similar influence on both, it is likely that they are

similar.

A suspension of poorly filtering, micro-gel particles can be aged at 95°C to
form a suspension of dense particles that have greatly improved filtration
performance. The time frame for this to occur is about double the time taken
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for precipitation to reach equilibrium (as determined by silica concentration),
eg. from S = 5.7 the time for precipitation is approximately six days, while the
ageing process occurred over the following ten days.

121



4.0 CONTINUOUS PRECIPITATION

4.1 INTRODUCTION

This section describes the construction and use of a laboratory scale
continuous crystalliser to study silica precipitation. The crystaliiser is loosely
based on the design of those used by Pasminco in their pilot plant, but on a
smaller scale. The aims of these continuous precipitation experiments are

described below.

First, the major finding from the batch experiments, Section 3.0, needed to
be tested on a continuous basis. Jje., the hypothesis stating “The silica
supersaturation limit of 2.9 < S < 4.3 (equivalent to a silica concentration
between 1000 and 1500 mg L™ Si0,) is the gel point for silica. Above this
limit silica gel is formed and below this silica precipitate is formed” needed to
be accepted or rejected. This was essentially an investigation of the effect of

supersaturation on silica precipitation.

Secondly, the effect of mixing and product removal conditions on continuous
silica precipitation needed to be determined. Pasminco had indicated that
this could be a major problem in scaling up to pilot plant and full plant scale.
More specifically, there was concern about the quality of mixing and product
removal in a pilot plant or plant scale crystalliser compared to a laboratory

scale crystalliser.

Thirdly, a set of conditions needed to be determined for successful operation
of the crystalliser. This was a request from Pasminco, with successful
operation being defined as that producing a silica product that: has a filtration
rate in the order of 1.0 m® m? h'; has a dense structure not incorporating
zinc ions; settles readily when flocculated, at a rate of at least 1.0 m h'1; has
a thickened solids loading in the order of 300 g L™ after settling; contains 20
to 25% moisture after filtering; contains as many impurities as possible so as

to purify the resulting solution. Ideally, the process would have a residence
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time of approximately 20 hours or less. This objective may well be achieved
as a result of the information learned from the first two steps.

The batch experiments, detailed in Section 3.0, have revealed that
increasing the sulfuric acid concentration increases the rate of silica
precipitation.  This would seem an obvious avenue to explore using
continuous experiments; however, industrially, it is not economically feasible
for Pasminco to operate at an acidity higher than 50 g L™ sulfuric acid.

The last aim of this section of work was to gain further insights into the

mechanism of silica precipitation.
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4.2 EXPERIMENTAL OUTLINE

4.2.1 Description of the continuous crystalliser

The continuous crystalliser, a photograph of which is shown in Figure 4.1,
was of the mixed suspension mixed product removal (MSMPR) type and
utilised a draft tube baffle reactor vessel. The working volume of the
crystalliser was 2050 mL. Agitation was provided by an impeller, driven by
an overhead mechanical stirrer. The crystalliser is depicted schematically in
Figure 4.2. The entire system was operated from the Control computer
which is linked to send signals to, and receive signals from, the various

electrical components via the Transfer box.

Figure 4.1: Photograph of the continuous crystalliser with the major

components labelled: (A) ore slurry storage, (B) acid storage, (C) product
pump, (D) ore slurry pump, (E) acid pump, (F) transfer box, (G) product
removal valve, (H) reactor vessel, {I) pH transmitter, (J) conductivity
transmitter and (K) condenser cooling water storage. The control computer

is not shown.
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Figure 4.2: Schematic diagram of the continuous crystalliser.
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A stable operating temperature was achieved by measuring the temperature
and transmitting it to the Control computer which then switched the
Immersion heater on and off as required to maintain the set-point
temperature. The precipitation process began with ore slurry, that was
agitated by an impeller, driven by an overhead mechanical stirrer, being fed
into the reactor vessel at constant rate by a peristaltic pump, the Ore slurry
pump. The pump returned the ore slurry flow rate to the Control computer.
As the ore was dissolved in the reactor vessel, acid was consumed and the
pH increased and the conductivity decreased. Either of these parameters
could be used to control the acidity. By keeping the acidity and the Ore
slurry flow rate constant, constant silica supersaturation was achieved. The
pH or the conductivity was measured and transmitted to the computer which
in turn switched on a second peristaltic pump, the Acid pump, to dose acid
into the reactor vessel to maintain the set-point pH or conductivity. The
further the pH or conductivity was from the set-point the faster the Acid pump
was operated to correct it. This pump also returned a flow rate to the
computer which is added to the ore slurry flow rate to determine the
cumulative volume of reagents dosed into the crystalliser, which was used to
determine the residence time of the process. When the liquor in the reactor
vessel reached the Liquor level sensing electrode, a signal was sent to the
Control computer which turned on a third peristaltic pump, the Product pump.
For 20 seconds the product flowed through the Product loop and returned to
the reactor vessel to allow for homogeneity in the Product loop to be
achieved. The Control computer activated the Product removal valve and
product was discharged into a receiver. When the liquor fell below the
Liquor level sensing electrode, the Product pump was reversed in flow
direction to clear the Product removal tubing. Following this, with the
Product pump still operating in reverse, the Product valve was deactivated
thus emptying the contents of the Product loop back into the reactor vessel.
Five seconds after the Product valve was deactivated, the Product pump was
switched off and awaited the next product removal cycle. The whole process
was carried out continuously for approximately six residence times, upon
which steady state was achieved and a true steady state sample could be

taken.
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4.2.2 Description of the reactor vessel

The reactor vessel was of the draft tube baffle type and had a working
volume of 2050 mL. Figure 4.3 shows a cross sectional-view, dimensional
drawing of the reactor vessel and lid. The general design follows that
outlined in Section 1.3. Note the contoured reactor vessel bottom and draft
tube to minimise the power input to achieve homogeneous suspension, one
of the requirements for MSMPR operation. The slurry in the reactor vessel
travels down the draft tube and up the annulus. The diameter of the draft
tube was thus 2/3" of the diameter of the reactor vessel. The draft tube had
three integral 316 stainless steel support shafts, 4 mm in diameter,
protruding from the upper end of the tube and was suspended from the lid
using these shafts. This arrangement allowed for vertical adjustment of the
draft tube within the reactor vessel to vary mixing conditions. Four baffles,
14 mm wide or approximately 1/10" the internal vessel diameter, were
located at 90° intervals in the draft tube anulus to prevent excessive
vortexing. The 316 stainless steel impeller consists of a Lightnin A310
Fluidfoil, 66 mm in diameter, mounted on an 8 mm shaft. The diameter of
the impeller was 3/4 the diameter of the draft tube. This type of axial flow
impeller produced very low, and constant shear across the full width of each

blade, resulting in minimal attrition of suspended solids.

The reactor vessel and draft tube were manufactured by Whickam
Fibreglass from Hetron 197 glass reinforced plastic. This material was
chosen because of its excellent resistance to acid and high temperature, its
ease of manufacture to produce intricate designs and its overall low cost.
The lid was manufactured from 316 stainless steel due to its strength,

inertness to chemical attack and machinability.
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Figure 4.3: Cross-sectional view, dimensional drawing of the reactor vessel
and lid.
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Further detail on the construction and optimisation of the mixing and product

removal conditions in the continuous crystalliser is shown in Section 9.3.

4.2.3 Operation of the crystalliser
The Ore slurry reagent was made up by dispersing, with stirring, 1400 g of

natural zinc orthosilicate ore in approximately 2000 mL of Cell room feed
solution. Details of the preparation and characterisation of the natural zinc
orthosilicate ore are given in Section 2.2, while the Cell room feed solution is
described in Section 9.2.1. The resultant slurry was washed into the Ore
slurry storage tank with further Cell room feed solution and made up to the
3500 mL mark to produce a slurry of 400 g L™ solids loading. A two blade,
centrifugal impeller, driven by an overhead stirrer at 1000 rpm was used to
homogenise the suspension. The Ore slurry was agitated for at least 12
hours prior to the commencement of operation to ensure complete
dispersion of the ore as a preventative measure against the peristaltic pump

tubing becoming blocked.

The Acid storage tank was filled with Cell room spent electrolyte, detailed in
Section 9.2.1, and weighed. The density was 1.27 g em™ and thus the

volume of Cell room spent electrolyte can be easily calculated.

The crystalliser components were assembled as shown in Figure 4.1, and all
electrical and tubing connections were made. The stuffing box seals,
described in Section 9.3.1, were replaced at the beginning of each
experiment, as was all the peristaltic pump tubing. Each piece of tubing was
wrapped in electrical tape on the up-flow side of the pump head next to the
tubing clamp. This prevented the tubing slipping through the pump head
during operation. The desired mixing and product removal conditions were

set, from those in Table 9.4.
An initial mixture of Cell room spent electrolyte and Cell room feed solutions

totaling 2000 mL was prepared and placed in the crystalliser. The mixture

had the same acidity as the desired operating acidity for the experiment, in
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all cases 50 g L" sulfuric acid. To begin a precipitation experiment, the
Control computer and printer were switched on and the software loaded.
The overhead stirrer to agitate the reactor vessel and the condenser cooling
water pump were switched on, along with power to the Transfer box. The
software was started, but at this stage only heating of the reactor vessel was
occurring. The temperature was under control after about 60 minutes of
operation. At this stage, the three peristaltic pumps were switched on and
the process started. The residence time for the process was determined by
the flow rate of Ore slurry into the reactor vessel, and this was set
accordingly to provide the desired residence time. The computer controlled
all aspects of the operation of the crystalliser, and all that was required was
routine sampling and preventative maintenance. The crystalliser was
typically operated for at least six residence times to achieve steady state
before being shut down. Upon completion of the experiment the remaining
volume of Ore slurry and the remaining mass of Cell room spent electrolyte
were recorded. Once again, the volume of Cell room spent electrolyte was
calculated, from the known density, and the volume of reagents consumed
was compared with that determined by the Control computer. This allowed
for a check on the accuracy of the computer, and also provided the
volumetric ratio of Cell room spent electrolyte to Ore slurry, which is an

important figure for Pasminco to know.

Sampling was performed at intervals of one quarter the duration of the
residence time and involved waiting for the crystalliser to discharge product
from the product loop, this material then became the sample. Sampling in
this manner did not disturb the operation of the crystalliser. Approximately 4
mL of sample was collected and the acidity determined and a sample filtered
and diluted for ICP-AES analysis. The sample preparation methods for
these analyses are described in Section 9.2.2.4 and 9.2.2.2, respectively.
During filtration of the sample for ICP-AES analysis, a qualitative estimate of
the filtration performance was recorded. The acidity determination was used

as a check on the computer’s control of that parameter.
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At the end of each residence time, more extensive sampling was conducted,
in addition to the sampling described above. While the crystalliser was
discharging product, approximately 50 mL was collected directly from the
discharge tube, to prevent any classification, in a plastic bottle for the
determination of the PSD as outlined in Section 9.2.2.11. A sample was
prepared for TEM imaging according to the method in Section 9.2.2.7. A
further 50 mL of the raw sample was used to determine the quantitative
filtration rate, the method is supplied in Section 9.2.2.12. When steady state
had been reached at the end of six residence times, the crystalliser was shut
down, and all the above samples collected and tests performed. A settling
test, outlined in Section 9.2.2.15, was also performed using 500 mL of the

remaining product in the reactor vessel.

Preventative maintenance was carried out at intervals of one half the
duration of the residence time to ensure smooth, uninterrupted operation of
the crystalliser. The Liquor level sensing electrode, Conductivity sensor and
Product removal tube were removed from the reactor vessel and wiped clean
of any deposits that might hinder their successful operation. While the
Product removal tube was removed, the product loop was flushed with
Milli-Q™ water to remove any product deposits that might build up in the
loop, particularly in the Product removal valve. The tubing for the Ore slurry
peristaltic pump was back-flushed with Cell room feed solution into the Ore
slurry tank to remove any particles that might have been lodged in the tubing
that causing it to become blocked. Only a very small volume of Cell feed
solution was used, so as not to dramatically alter the solids loading of the

Ore slurry.
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4.3 RESULTS AND DISCUSSION

In total, 12 continuous precipitation experiments were carried out. However,
the first six experiments were used to identify and eliminate any faults in the
system, in order to improve operating proficiency and develop a reliable
crystalliser. During this period, it was determined that pH control of acidity
was not suitable for this high acid concentration, and thus conductivity
control was employed. No useful precipitation results could be obtained from
these experiments, and they are not discussed any further. The remaining

six experiments are discussed in turn.

4.3.1 Industrial run number 7 (IRN-7)

The aim of this experiment was to formulate a standard experiment against
which all future experiments could be compared. The conditions used for
this experiment were based on the results of the batch experiments detailed
in Section 3.0 and the Patents of Fugleberg and Poijarvi (1977 and 1979) of
the Outokumpu Oy company. The batch experiments clearly show the rate
of silica precipitation to be proportional to temperature, thus the highest
possible temperature, at ambient pressure, was chosen. The Outokumpu
Oy Patent suggests a residence time of approximately 20 hours. The
conditions used are tabulated in Table 4.1. Detail of the MSMPR

configuration of the reactor vessel is shown in Section 9.3.4.

Table 4.1: Operating parameters for IRN-7.

Parameter Value
Mixing and product removal conditions MSMPR
Silica feed rate (g Si0, L' h™) 1.20
Temperature (°C) 95
Acidity (g L™} 50
Residence time (hours) 18

Figure 4.4 shows a plot of the main process variables as a function of
elapsed time for the entire experiment. The residence time intervals are also

shown. The variables graphed on the primary Y axis are recorded in the
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legend on the left-hand side of the figure, while those graphed on the
secondary Y axis are recorded in the legend on the right-hand side of the
figure. This also applies to Figures 4.7, 4.8, 4.10, 4.11 and 4.14.

* L

100 150 200 250 3.00 3.50 4.b0 450 5.00
Elapsed time (days)

0.00 050

* Residence time = Acidity (g.L'")

— Filterability (x100 m*>.m2.h™"
—- [SiOz] in solution (mg.L’1)

~* Solids loading (g.L™")

Figure 4.4: Main process variables versus elapsed time for IRN-7.

Control of acidity during the experiment was satisfactory, at best, with a
couple of excursions outside the expected operating zone of 50+2 g L™
sulfuric acid. Control for the steady state period however, was very good.
Temperature control was excellent at 95.0+0.2°C for the duration of the
experiment. The solids loading in the reactor vessel increased for the first
two residence times, decreased during the third residence time and
increased for the remainder of the experiment. The silica concentration
fluctuates throughout the experiment with a massive initial spike, and does
not reach equilibrium at any stage. It should be remembered that the silica
concentration was determined by filtration of a liquor sample folliowed by
ICP-AES analysis and contains, as well as the soluble silica, a portion of the
solid silica that passes through the filter membrane as well. Further detail of
this is given in Section 3.3.1. The filtration performance of the silica product
was found to be similar to that reported in the literature (Fugleberg and
Poijarvi, 1977 and 1979). For the first several hours of operation the product

slurry is easy to filter. This is followed by a period where the silica gels and
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filtration is virtually impossible. By the end of the first residence time filtration
performance is much improved. These observations are qualitative only and
were made when filtering the sample for ICP-AES analysis. Figure 4.4
shows the filterability improving for the first two residence times, decreasing
for the next two and staying roughly constant at about 0.25 m®> m? h™ for the
remainder of the experiment. This filtration performance is in the range 0.2
to 0.4 m®> m? h” as reported by Fugleberg and Poijarvi (1977 and 1979).
Pasminco states a filtration rate in the order of 1.0 m®> m? h™' as being
satisfactory, so clearly the conditions used in this experiment do not produce
a satisfactory product. The fluctuation in silica concentration and the
unsatisfactory filtration performance at steady state might be linked to the
hypothesis detailed in Section 4.1. However, further experiments are
needed to qualify this.

More detailed results from the sixth residence time, the steady state period,
are shown in Table 4.2.

Table 4.2: Results at steady state for IRN-7.

Parameter Value
Silica concentration (mg L) 850
Temperature (°C) 95.0:+0.2

Acidity (g L™ 50+2

Filterability (m® mZ h™") 0.22
Reactor solids loading (g L) 37.9

Filter cake thickness (mm) 2

Filter cake water content {%w/w) 68
Filtrate clarity 46+
Settling rate (m h™) 5.0
Thickened solids loading, after 60 minutes (g L) 156
Supernatant clarity, after 60 minutes 28

The settling rate, determined at steady state on a portion of the reactor
contents, was found to be very good at 5.0 m h™; well above the 1.0 m h™
target figure of Pasminco. The thickened sclids loading after 60 minutes of

settling was 156 g L, and is approximately half the desired 300 g L?
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typically found in these types of settled slurries. The water content of the wet
fiiter cake was very high at 68% and is much higher than the 20 to 25%
quoted by Pasminco as being a reasonable value. The major disadvantage
of a high water content of the filtered product is that a large volume of wash
water will be needed to wash the material free of trapped mother liquor,
which contains the valuable zinc sulfate solution. The transportable moisture
limit of the product is also of consideration. This is the moisture limit, above
which the material can liquefy. This value is not known for silica but is
expected to be in the order of 20 to 25%, which is similar to other

hydrometallurgical precipitation products.

Figure 4.5 shows the PSDs for the insoluble material in the natural zinc
orthosilicate ore and at the end of the first residence time for IRN-7, while
Figure 4.6 shows the PSDs at the end of each residence time for all of
IRN-7.

12
Natural zinc
— grthosilicate -
104 insoluble material
- IRN-? Residence
time 1
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Figure 4.5. PSDs for the insoluble material in the natural zinc orthosilicate

ore and at the end of the first residence time for IRN-7.
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A comparison of the PSD frem the insoluble material in the natural zinc
orthosilicate ore and that at the end of the first residence time for this
experiment clearly show their mean particle sizes to be approximately the
same. However, there is some additional material present that has narrowed
the PSD in the IRN-7 sample. It should be noted that only a small portion of
the IRN-7 sample is the insoluble material from the natural zinc orthosilicate.
Thus, the PSD curve for the insoluble material in the natural zinc
orthosilicate, shown in Figure 4.5, is disproportionately large. The silica
concentration curve in Figure 4.4 has a massive spike during the first
residence time that would indicate silica precipitation had occurred, thus
indicating the additional material seen in the PSD could be silica. The fact
that the mean size of the initial silica particles, about 20 pm, is the same as
the insoluble particles form the ore suggests that these insoluble particles
might be acting as primary heterogeneous nucleation centres for silica

precipitation.
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Figure 4.6: PSD at the end of each residence time for IRN-7.

After the first residence time, the peak centred at 20 um becomes less

intense and another peak centred at 4 um increases in intensity, as is shown
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in Figure 46. The PSD appears to reach equilibrium as a bi-modal
distribution during the fifth and sixth residence times. The fluctuation in silica
concentration during the experiment, shown in Figure 4.4, does not appear
to affect the PSD of the product.

4.3.2 Industrial run number 8 (IRN-8}

The aim of this experiment was to trial a higher volumetric, silica feed rate to
the crystalliser, or in other words a shorter residence time. These changes
are reflected in the operating conditions, outlined in Table 4.3. The reason
for this was to investigate the Qutokumpu Oy patent (Fugleberg and Poijarvi,
1977 and 1979) where a silica feed rate as high as 3.0 g L' h™", calculated
as SiO,, can be used, producing silica with filtration rates in the range 0.2 to
04m°m?h’.

Table 4.3. Operating parameters for IRN-8.

Parameter Value
Mixing and product removal conditions MSMPR
Silica feed rate (g SiO, L' h™") 2.37
Temperature (°C) 95
Acidity (g L™ 50
Residence time {(hours) 8

Figure 4.7 shows a plot of the main process variables as a function of
elapsed time for the entire experiment; residence time intervals are also

shown.
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Figure 4.7: Main process variables versus elapsed time for IRN-8.

Much better control of acidity was achieved with this experiment compared to
IRN-7; within the operating zone of 5012 g L™ sulfuric acid for the entire
experiment. Once again, temperature control was excellent at 95.0+0.2°C
for the duration of the experiment. The solids loading in the reactor vessel
remained very constant in the range 30 to 35 g L after building up for the
first residence time. As with IRN-7, the silica concentration fluctuates
throughout the experiment with a massive initial spike, this time up to 5000
mg L Si0,. Once again equilibrium is not reached at any stage of the
experiment. The filtration performance was much worse than that in IRN-7,
but followed the same trend. The 0.2 to 0.4 m®> m™ h™ reported by Fugleberg
and Poijarvi (1977 and 1979) was achieved only at the end of the second
residence time. Following this, the filtration rate was in the range 0.01 to
0.05 m*> m? h', appalling by any standard. Obviously, under these
conditions, the feed rate of silica cannot be raised to the maximum level of
3.0 g L' h"" as suggested by Fugleberg and Poijarvi (1977 and 1979). The
same qualitative filtration observations were made as for those in IRN-7,
except that the steady state filterability was far worse. A possible trend
maybe discerned in regard to the fluctuation in silica concentration and the
unsatisfactory filtration performance at steady state. It would appear that,

after the initial spike in silica concentration, the filtration performance is
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satisfactory until approximately such time as the silica concentration rises
above 1000 mg L. When this occurs, an unfilterable silica product is
formed. This observation is in line with the hypothesis detailed in Section
4.1. Further experiments are needed, with the silica concentration remaining

below 1000 mg L™ to qualify this.

More detailed results from the sixth residence time, the steady state period,

are shown in Table 4.4,

Table 4.4: Results at steady state for IRN-8.

Parameter Value
Silica concentration {mg L™) 1080
Temperature (°C) 95.010.2

Acidity (g L' 5042

Filterability (m* m2 h™ 0.04
Reactor solids loading (g L™) 34.0

Filter cake thickness (mm) 2

Filter cake water content (%w/w) 67
Filtrate clarity 46+
Settling rate {m h™) 7.1
Thickened solids loading, after 60 minutes (g L) 92
Supernatant clarity, after 60 minutes 37

A very good settling rate was achieved for this experiment, 7.1 m h'.
Despite this good result, the thickened solids loading was poor at less than
100 g L. The moisture content of the filter cake was almost identical to that

of IRN-7, and is most unsatisfactory.

The PSDs for this experiment were almost identical to those of IRN-7 (Figure
4.6) and thus, are not shown. The same initial, single peak at 20 ym was
present which transformed into the bi-modal distribution with peaks at

approximately 4 and 20 um by the steady state period.
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4.3.3 Industrial run number 9 (IRN-9)

The aim of this particular experiment was to use mixed suspension classified
product removal (MSCPR) conditions to selectively leave a higher proportion
of the larger fraction of the product in the crystalliser (see Section 9.3.4).
The idea being to increase the PSD of the silica and produce a better filtering
product. Thus, the parameters used for this experiment are the same as
those for the control, IRN-7, with the exception of the mixing and product
removal conditions, and these are displayed in Table 4.5.

Table 4.5: Operating parameters for IRN-9.

Parameter Value
Mixing and product removal conditions MSCPR
Silica feed rate (g Si0, L™ 1) 1.20
Temperature (°C) 95
Acidity (g L™ 50
Residence time (hours) 18

Figure 4.8 shows a plot of the main process variables as a function of

elapsed time for the entire experiment; residence time intervals are also

shown.
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Figure 4.8: Main process variables versus elapsed time for IRN-9.
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Very good control of acidity was maintained throughout the experiment, with
only one minor excursion out side the operating zone of 50+2 g L™ sulfuric
acid, to 54 g L™ sulfuric acid. Excellent control of temperature was achieved
to 95.0+0.2°C for the experiment. The solids loading followed the same
trend as in previous experiments, and was constant at about 30 g L™ from
the second residence time onwards. However, at the end of the sixth
residence time the solids loading is much higher than expected and is most
likely to be in error as this did not occur in IRN-7 (Figure 4.4) or IRN-8
(Figure 4.7). The reason for this increase is not known and thus, the value
quoted in Table 4.5 is from the fifth residence time. The relationship
between silica concentration and filterability seen in previous experiments
continues with this one. Once again, as soon as the silica concentration
rises above 1000 mg L the filterability decreases dramatically. This is after
the initial silica concentration spike, where the filterability, determined
qualitatively, is extremely poor. The encouraging result from this experiment
was the high level of filterability achieved until the third residence time,
indicating that using classified product removal conditions improves silica
filterability. Since the silica concentration rose above 1000 mg L' during this
experiment, no further conclusions relating to the supersaturation hypothesis

can be made.

More detailed results from the sixth residence time, the steady state period,

are shown in Table 4.6.
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Table 4.6: Results at steady state for IRN-9.

Parameter Value
Silica concentration (mg L ™) 980
Temperature (°C) 95.0+0.2
Acidity (g L™ 50+2
Filterability (m* m? h™") 0.02
Reactor solids loading (g L") 28.6
Filter cake thickness (mm) 2
Filter cake water content {%w/w) 61
Filtrate clarity 46+
Settiing rate (m h™ 16.4
Thickened solids loading, after 60 minutes (g L™ 130
Supernatant clarity, after 60 minutes 46+

An exceptional settling rate of 16.4 m h™ was achieved for the silica product
during steady state. However, the thickened solids loading was lower than
desired at 130 gL". Once again the water content of the filter cake was very
high.

The PSDs for this experiment are shown in Figure 4.9. There is a higher

proportion of larger product present at steady state than there was in

previous experiments without product classification, ie. IRN-7, Figure 4.6.
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Figure 4.9: PSD at the end of each residence time for IRN-9.

4.3.4 Industrial run number 10 (IRN-10)

In an attempt to run an experiment without the silica concentration rising
above 1000 mg L™ in order to test the hypothesis concerning the relationship
between filterability and silica concentration, the residence time for this
experiment was increased by reducing the silica feed rate to the reactor
vessel. The parameters for this experiment are displayed in Table 4.7.

Table 4.7. Operating parameters for IRN-10.

Parameter Value
Mixing and product removal conditions MSMPR
Silica feed rate (g SiO, L™ h™") \ 0.66
Temperature (°C) 95
Acidity (g L™ 50
Residence time (hours) 29

Figure 4.10 shows a plot of the main process variables as a function of
elapsed time for the entire experiment; residence time intervals are also

shown.
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Figure 4.10: Main process variables versus elapsed time for IRN-10.

As a result of increasing operating proficiency, acidity and temperature were
controlled to within their respective operating zones for the entire experiment.
The solids loading remained essentially constant at 30 to 35 g L' from the
second residence time. The silica concentration appears to reach
equilibrium from the second or third residence time onwards, at a level just
below 1000 mg L. There is some unusual behaviour occurring with the
silica concentration during the first residence time that hasn't previously
appeared. The initial spike is still present, but it appears as if there is now a
second one as well. However, this is most likely due to sampling or analysis
error and will therefore be ignored. As a result of the silica concentration
remaining below 1000 mg L™ after the first residence time the filterability has
also reached equilibrium at an acceptable level of about 0.6 m* m? h™ at
steady state. This is the first time filterability has reached equilibrium. While
this level of filtration is not as high as the ideal 1.0 m®* m? h™, it is still
acceptable to Pasminco and is better than that reported by Fugleberg and
Poijarvi (1977 and 1979). Unfortunately, to obtain this level of filtration
performance the residence time is undesirably long. The results of this
experiment now confirm the hypothesis concerning silica supersaturation and
morphology. However, the supersaturation range for the gel point of silica,
quoted in the hypothesis, can be narrowed to a single decimal point figure of
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S = 2.9 (equivalent to a silica concentration of 1000 mg L™ expressed as
SiOy).

More detailed results from the sixth residence time, the steady state period,

are shown in Table 4.8.

Table 4.8: Results at steady state for IRN-10.

Parameter Value
Silica concentration (mg L) 655
Temperature {°C) 95.0+£0.2

Acidity (g L™ 5012

Filterability (m® m? h™) 0.65
Reactor solids loading (g L™) 33.8

Filter cake thickness (mm) 2

Fitter cake water content {%w/w) 66
Filtrate clarity 46+

Settling rate (m h™) 11.5
Thickened solids loading, after 60 minutes (g L™ 152
Supernatant clarity, after 60 minutes 46+

As with previous experiments, a very good settling rate of 11.5 m h” was
achieved, combined with a less than ideal, but typical, thickened solids
loading of 162 g L". The very high filter cake water content is, once again,

quite typical of these experiments.

The PSDs for this experiment were almost identical to those of IRN-7 (Figure
4.6) and IRN-8, and thus are not shown. The same initial, single peak at 20
um was present which transformed into the bi-modal distribution with peaks

at approximately 4 and 20 um by steady state.

4.3.5 Industrial run number 11 (IRN-11)

After the success in improving filterability by using MSCPR conditions in
[RN-9, it was the aim of this experiment to improve upon that by using
classified stirring classified product removal (CSCPR) conditions. This
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mixing and product removal configuration is detailed in Section 9.3.4. It is
hoped to be able to achieve filtration performance close to that required by
Pasminco. The conditions used for this experiment are outlined in Table 4.9.
The slightly different values for the silica feed rate and consequently the
residence time, for this experiment compared to IRN-7 and IRN-9, are due to
the use of a different method of programming the Ore slurry pump. It is
believed that these small changes will not dramatically affect the validity of

comparing these three experiments, based on their silica feed rates.

Table 4.9: Operating parameters for IRN-11.

Parameter Value
Mixing and product removal conditions CSCPR
Silica feed rate (g SiO, L' h™) 0.96
Temperature (°C) 95
Acidity (g L") 50
Residence time (hours) 20

Figure 4.11 shows a plot of the main process variables as a function of
elapsed time for the first six residence times. The duration of this experiment
was nine residence times in total; however, there was very little change in
product quality once steady state had been reached. Thus, results after the
sixth residence time are not shown. Since CSCPR conditions were used, the
solids loading for both the product and reactor are shown. The samples from
the reactor were taken by briefly returning the crystalliser to MSMPR
conditions to remove a small representative sample to enable determination
of the solids loading and PSD.
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Figure 4.11: Main process variables versus elapsed time for IRN-11.

Temperature control for the experiment was once again excellent at
95.0+0.2°C. Acidity control was good with only two small excursions outside
the prescribed operating zone of 50+2 g L™ sulfuric acid. The solids loadings
for the experiment are interesting. As would be expected under CSCPR
conditions the solids loading for the product is less than that for the reactor,
however, the difference is not as great as was expected on the basis of the
wash-out tests described in Section 9.3.4. From the fourth residence time
onwards, the solids loadings reverse with the reactor ones being higher. It is
difficult to draw definite conclusions from these results as there is a 5% error
in the solids loading value and some values are within experimental error.
The solids lcadings reach equilibrium at the end of the third residence time
for this experiment, compared with the end of the second residence time for
experiments using MSMPR conditions. The silica concentration reached
equilibrium after the third residence time and never rose above 1000 mg L
for the entire experiment, apart from the initial spike during the first residence
time. As a result of the silica concentration, the filterability for the experiment
was exceptionally good, remaining above the ideal 1.0 m* m? h™ for the
duration and reaching an equilibrium value of 1.7 m® m? h™' at steady state.
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This is further reinforcement of the supersaturation hypothesis proved in
IRN-10.

More detailed results for the product and reactor samples from the sixth

residence time, the steady state period, are shown in Table 4.10.

Table 4.10: Results at steady state for IRN-11.

Parameter Value
Silica concentration (mg L) 900
Temperature (°C) 85.0+0.2
Acidity (g L™ 50+2
Reactor filterability (m° m= h™) 1.47
Product filterability {m® m? h™) 1.74
Reactor solids loading {g L™ 33.4
Product solids loading (g L") 34.0
Reactor filter cake thickness (mm) 2
Product filter cake thickness (mm) 2
Reactor filter cake water content (Y%ow/w) 70
Product filter cake water content (%w/w) 71
Reactor filtrate clarity 46+
Product filtrate clarity 46+
Settling rate (m h™") 2.2
Thickened solids loading, after 60 minutes (g L") 124
Supernatant clarity, after 60 minutes 46+

The settling rate for this experiment, 2.2 m h", was much lower than that for
previous experiments, but stil good and very acceptable according to
Pasminco’s standards. The thickened solids loading was once again low,
but typical of this series of experiments. The water content of the filter cake,
both for the reactor sample and the product sample, at steady state were
very similar and typically high. The filterability of the reactor contents was
determined and as is shown in Table 4.10 was slightly less than that of the
product, for the same residence time. This would, no doubt, be a result of

the CSCPR conditions, but the reason is unknown.
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The PSDs for both the product samples and reactor samples are shown in
Figures 4.12 and 4.13, respectively, and exhibit only minor changes between
the product and reactor samples at the end of each residence time. The use
of CSCPR conditions has produced a product with excellent filterability, the
most important quality criterion specified by Pasminco. The difference in
filtration performance, compared to other experiments using different mixing
and product removal conditions, may not be a function of the PSD, or the
differences in the PSDs of IRN-11 may lie outside the detectable range of
the Malvern Mastersizer X instrument (0.1 to 600 um for all previous
experiments and 1.2 to 600 um for IRN-11). The author believes the filtration
performance of the silica precipitate from continuous experiments is
independent of small changes in the PSD, as we have seen previously in ali
continuous experiments dramatic changes in the filtration performance
without corresponding changes in the PSD. It is believed that the improved
filtration performance experienced with this experiment is a result of the
mixing and product removal conditions. The major point of difference when
examining the PSDs between this experiment and the MSMPR experiment,
IRN-7, is the shift in the mean particle sizes of the two main peaks. The
initial peak appears at 30 um whereas it was at 20 um in the MSMPR
experiments, while the secondary peak, forming after the third residence
time is centred at 10 um as apposed to 4 um. It is also clear that the peak
size ratios of the two size fractions are different between the two mixing and
product removal conditions at steady state. It is therefore concluded that the
differences in the PSDs between IRN-7 and IRN-11 are the result of the
different mixing and product removal conditions employed for these two
experiments. This is reinforced by the three experiments carried out using
MSMPR conditions; IRN-7, IRN-9 and IRN-10, having the same PSDs at the
end of each residence time.
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Figure 4.12: PSD at the end of each residence time for IRN-11, product
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The use of CSCPR conditions may not have had a very dramatic impact on
the PSD between the reactor and product samples, but it might have
impacted on the residence times for the solid and liquid products. The
stunning improvement in filterability of the product is most likely a result of an
increase in the residence time for the solid product with respect to the liquid
product. It is believed that, under CSCPR conditions the liquor in the reactor
vessel is well mixed and representatively removed, while the solid particles
settle and become concentrated at the bottom of the reactor vessel and
subsequently only the smaller particles are mixed and removed from the
reactor vessel. The result of this is that the residence time for the liquid
portion of the product is the actual operating residence time, while the
residence time of the solid portion of the product is somewhat greater than
this. In turn, this allows for the solids to age more than under MSMPR
conditions and subsequently become more filterable. This would also
account for the increased particle sizes seen in this experiment, due to
additional growth and or agglomeration; but, as explained previously, this is

not the reason for the improved filterability.

4.3.6 Industrial run number 12 (IRN-12)

The aim of this experiment is to eliminate the massive silica over-
supersaturation and resultant poor product filterability experienced during the
first residence time of all the previous experiments. Solving this problem will
overcome what will no doubt be a big industrial problem, that is; what to do
with the poorly filtering material produced during the first residence time?
The use of a one-off batch of seed in the reactor vessel at start up and the
use of a long residence time until the solids loading had built up to a normal
level are seen as the most effective means to eliminate this problem. it is
planned to shorten the residence time duration, at the end of each residence
time. The seed is to be produced by a similar method to that used in Section
3.3.2.1 which provided a well filtering colloidal precipitate, je. batch
precipitation at S = 2.9, 50 g L™ sulfuric acid and 95°C. \The aim is to
produce a seed that has never been through the initial gelling period and

thus having superior filtration performance.

151



In order to produce this seed, the crystalliser was set up as described in
Section 4.2.3, and addition of Ore slurry and Cell room spent electrolyte
solution started as normal. After a specified period of time, determined so
that the silica concentration would not exceed 1000 mg L, the reagent
pumps were switched off and the experiment allowed to continue as a batch
type experiment. From batch experiments in Section 3.3.2.1, the time to
reach equilibrium solubility was established. After this period had elapsed,
further addition of reagents commenced and the reagent addition cycle was
repeated approximately 50 times over a period of almost two months. During
this time, the silica concentration never exceeded 1000 mg L' and the silica
never gelled. Before commencement of the continuous period of this
experiment the properties of the seed slurry were determined, and the

results are shown in Table 4.11.

Table 4.11: Results for the batchwise seed production stage of IRN-12.

Parameter Value
Final SiO; concentration (mg L) 410
Temperature (°C) 95.0+0.2
Acidity (g L™ 50+2
Filterability (m> m? h™") 1.64
Reactor solids loading (g L) 22.0
Filter cake thickness (mm) 1
Filter cake water content {%w/w) 63
Filtrate clarity 48+

The seed produced had similar filterability and product characteristics to that
of the steady state product from IRN-11. The relatively low solids loading is
the reason for starting the continuous phase of the experiment with such a
long residence time, this aliows for the solids loading to build up. Due to the
time taken to manufacture this seed, there is no advantage in pursuing this
as an industrial source of seed. A better source would presumably be the
steady state product from the reactor, suitably thickened and recycled into

the reactor vessel to increase the solids loading.
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The parameters used for the continuous phase of this experiment are shown
in Table 4.12.

Table 4.12: Operating parameters for the continuous stage of IRN-12.

Parameter Value

Mixing and product removal conditions
Silica feed rate (g Si0, L™ ™)

MSMPR
0.43, 0.66 then 0.96

Temperature (°C) 95

Acidity (g L) 50
Residence time {hours) 45, 29 then 20

Initial seed concentration (g L™) 220

Due to the failure of the Level sensing electrode, the experiment was
stopped after only one 45 hour residence time had been completed. The
results for this period are shown in Figure 4.14 and Table 4.13.
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Figure 4.14: Main process variables versus elapsed time for IRN-12.
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Table 4.13: Results for residence time one of IRN-12.

Parameter Value
Silica concentration (mg L™) 395
Temperature (°C) 95.0+0.2
Acidity (g L™ 5048
Filterability (m* m? h™") 1.31
Reactor solids loading (g L) 36.3
Filter cake thickness (mm) 2
Filter cake water content (%w/w) 73
Filtrate clarity 46+

Temperature control, as always was excellent at 95.0£0.2°C for the
experiment. Acidity control was not ideal, with the concentration rising as
high as 58 g L™ during the shortened experiment. This is because this was
the first time a residence time as long as 45 hours had been trialed, and
reagent flow rates were unknown. The initial acidity was higher than desired
at 56 g L™ and this contributed to the problem. This is not considered to be a
major problem however, because, as seen in previous experiments, the silica
product quality is independent of acid concentration. The solids loading rose
to a nominal level by the end of the first residence time. As a result of this,
the second residence time would have been shortened to 29 hours if the
experiment had continued. The silica concentration remained essentially
constant throughout the experiment at a level close to the equilibrium
solubility; no massive concentration spike was observed. Thus, the use of a
very long residence time and the initial presence of adequate seed is
sufficient to prevent a concentration spike. Subsequently, the filterability
remained very good for the experiment and probably only decreased due to
the increase in solids loading. The filtration performance, observed
qualitatively, throughout this period was also very good. Since the
experiment was not run to steady state a settling test was not carried out.

The water content of the filter cake was typically high.
The PSD for the initial seed and the product sample after one residence time

are not shown as they are very similar to one another and also to the steady
state samples from IRN-7 (Figure 4.6), which was also operated under
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MSMPR conditions. This is further reinforcement that the filterability is
independent of PSD, which is itself a function of the mixing and product

removal conditions.

4.3.7 Cell room spent electrolyte to ore slurry ratio

The ratio of Cell room spent electrolyte to Ore slurry was determined at the
end of each continuous experiment. All experiments were carried out at an
acidity of 50 g L' sulfuric acid. In all cases the volumetric ratio was
determined to be 3.00+0.05:1.00. The sulfuric acid concentration in the cell
room spent electrolyte was 170 g L™, while the Ore slurry solids loading was

400 g L' and was slurried in Cell room feed solution.

4.3.8 Chemical composition of solution and solid products

The analysis for zinc and other elements of interest to Pasminco was
performed by ICP-AES on the solution samples previously examined for their
sifica content and on the solid samples recovered from the filtration tests at
the end of each residence time. Samples were collected and analysed
according to the method detailed in Section 9.2.2.2. Fluorine was
determined using ion selective electrode measurements. Due to the lack of
suitable equipment, these samples were out-sourced to a commercial
laboratory for analysis. The behaviour of the analytes throughout the
progress of each experiment were very similar, so only the results for [IRN-11
are shown (Table 4.14). The figures in parentheses are the percentage
distribution between solution and solid for each analyte. The solution
concentration of all species for this experiment reached equilibrium by the
end of the second residence time, hence the results shown are the mean of
the values at the end of each residence time after this. The concentration of
all species in the precipitated solids remained constant for the duration of
each experiment, thus the results shown in Table 4.14 are the mean values

at the end of all residence times.
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Table 4.14: Concentrations of important analytes in solution and in the silica
precipitate. Figures in parentheses are the percentage distribution between

solution and solid for each analyte.

Analyte Solution concentration Solid concentration
(mg L") (%owiw)
SiO, 885 (4%) 59.5 (96%)
Zn 125 000 (>99.5%) 1.10 {<0.5%)
As 735 (96%) 0.088 (4%)
Pb 45 (5%) 2.60 (95%)
Al 360 {38%) 1.73 (62%)
Fe 270 (14%) 4.77 (86%)
Ge <1.0 <0.005
Sb <1.0 <0.005
F 57 (98%) 0.0036 (2%)

No relationship between filterability and the concentration of any other
analyte, apart from silica, is observed. The fact that filterability fluctuates
with silica concentration, while the concentration of all other elements
remains constant, is evidence of that. The behaviour of silica has been
previously discussed in detail, and it is sufficient to mention here that the
distribution between solution and precipitate is excellent with almost all the

silica reporting to the precipitate, as would be expected.

The concentration of zinc in solution remains essentially constant throughout
any given experiment. This is simply an artefact of the zinc concentration in
the initial solution being the same as the steady state zinc concentration. At
any given time approximately 40%, by weight, of the zinc entering the reactor
vessel is liberated from the ore. The low level of zinc reporting to the solid
product is very encouraging, and would presumably be due to a combination

of entrained zinc sulfate solution and undigested natural zinc orthosilicate.

It is desirable for the impurity elements to report to the silica precipitate, as
this helps to purify the resultant zinc sulfate solution. This reduces the
amount of downstream purification required. Arsenic and fluorine do not

report to the silica residue and remain almost exclusively in solution, while
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lead reports almost completely to the solid product. Approximately one third
of the aluminium present remains in solution, while the remainder reports to
the solid product. Iron is mostly concentrated in the solid product during
these experiments. The reason for the distribution of these elements is
discussed in the following sections. The silica precipitate is very effective in
removing lead and iron, and moderately effective in removing aluminium
from solution. Arsenic and fluorine, and to a lesser degree aluminium, may
present a cumulative problem in solution as they are not being recovered
with the solid residue, and hence will need to be removed downstream
before electrowinning to recover the zinc. Arsenic and aluminium are
leached from the natural zinc orthosilicate ore and were not present in the
aqueous reagent streams. The source of the fluorine is not known.
Germanium and antimony are both below the detection limit of the ICP-AES

instrument, and therefore no conclusions can be drawn as to their behaviour.

It should be remembered from Section 3.3.3 that the presence of zinc,
aluminium and iron (lll) as sulfates and fluorine in solution increases the
silica precipitation rate. While the presence of aluminium sulfate in solution
improves filterability, the concentration in a typical continuous experiment is

well below the 0.5 M Al(S0O4); required for this to happen.

4.3.9 Speciation of solid products by X-ray diffraction (XRD)

Since all solid products from the continuous experiments have been so
similar in nature, only two experiments were selected for analysis by XRD.
IRN-9 was selected as it had a dramatic change in filtration performance
between the third and fourth residence times: from 1.03 to 0.01 m® m? h™,
respectively. It is desirable to know if this change can be detected by XRD
and its cause then determined. The second experiment selected was IRN-

11, as this was the most stable experiment with very good product qualities.
The XRDs for both experiments were almost identical and thus only one

series is shown here. There was no detectable change in the XRD as a

resuit of the decrease in filterability in IRN-9. Since the chemical
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composition of IRN-11 was discussed earlier in Section 4.3.8, it seems
logical to focus on the XRD for this experiment also. The XRDs for this
experiment are shown in Figure 4.15. The peaks for the crystalline phases

identified have been labelled.
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Figure 4.15: XRDs recorded at the end of each residence time for IRN-11.

Peaks for the crystalline phases identified have been labelled.

It is evident from Figure 4.15 that the six XRDs are virtually identical, with
only minor changes in some peak intensities between residence times. The
most noticeable feature is the broad amorphous peak from approximately 15
to 40°, 26, due to the large proportion of amorphous silica in the solid
product from the crystalliser. The formation of amorphous silica was
expected and reinforces Fleming’'s (1981) finding that silica precipitated
under non-hydrothermal conditions is almost invariably amorphous. There
are four minor crystalline phases present in the solid residue. These phases
are, in order of approximate decreasing abundance: quartz (SiO,), haematite
(Fe203), anglesite (PbSQO4) and muscovite (Al gH:KO12Si51). The order of
abundance was determined from both the XRDs and the chemical
composition of the solid product by ICP-AES shown in Table 4.14. All the
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crystalline phases are present in similar quantities at each residence time.
These four crystalline phases were also detected in the natural zinc

orthosilicate reagent, details of which are given in Section 2.2.

Quartz and anglesite are virtually insoluble and slightly soluble (respectively)
(Lide, 1994) components of the natural zinc orthosilicate ore, under the
operating conditions used here. They simply pass through the crystalliser
essentially unreacted and report to the solid residue. Muscovite, known for
its chemical inertness (Greenwood and Earnshaw, 1989), would behave in a
similar manner to anglesite. The low concentrations of lead and aluminium,
as determined by ICP-AES and shown in Table 4.14, present in the product
solution from the continuous experiments, would be as a result of the slight
solubility of anglesite and muscovite, respectively. Haematite, on the other
hand, is soluble in suifuric acid (Lide, 1994). Despite this, the ICP-AES
results, shown in Table 4.14, indicate only a small proportion of the iron, je.
haematite, is solublised, with the majority reporting to the solid residue. The

reason for this is not known, at this stage.

There is no XRD evidence to support the presence of any unreacted zinc
orthosilicate in the solid residue. There is also no zinc sulfate detectable in
the residue, indicating that the entrained water soluble zinc concentration in
the residue is very low. The absence of these two zinc phases in the solid
product reinforces the very low concentration of zinc present in the solid
product, as determined by ICP-AES (Table 4.14). No jarosite type
compounds, which maybe expected to precipitate under these conditions,
were detected. It should be remembered that the detection limit for XRD is
in the order of a few percent. The presence of any amorphous species

present in the solid residue will also not be detected.
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4.3.10 Examination of solid products by electron microscopy

4.3.10.1 Field emission scanning electron microscopy (FESEM)

The solid residue from the end of each residence time for each of the six
experiments in this section was examined by FESEM. As with other
characteristics of the precipitates, there were no visible differences between
samples obtained at different residence times and from different
experiments. In short, all the precipitates looked very similar. A micrograph

of typical silica particles of a range of sizes is shown in Figure 4.16.

Figure 4.16: FESEM mlcrogra.p.h. of typical precipitated, silica particles.

The silica particles appear to be porous aggregates of colloidal sub-particles.
Aggregation of colloidal silica particles was evident during batch
precipitation, as discussed in Section 3.3.2.1, and is not unexpected for
colloidal sized precipitates {Mullin, 1988). The range of particle sizes
observed, from 1 to approximately 500 um, reinforces the particle size range
determined by the Malvern Mastersizer instrument {(Sections 4.3.1 to 4.3.6).
The large aggregates display no distinct morphology. They appear to be
somewhat spherical, possibly as a result of attrition. A micrograph of a

typical aggregate is shown in Figure 4.17.
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Figure 4.17: FESEM micrograph of a typical silica aggregate.

Upon closer examination of an aggregate, the sub-particle structure is clearly
evident; a micrograph showing this in Figure 4.18. The aggregate sub-
structure is made up of particles approximately 50 nm in diameter. The
structure appears to be quite dense on the colloidal scale, but porous on a
larger scale. Figure 4.18 was taken at the useable limit of the instrument’s
resolution and thus it is not possible to image any finer sub-structure detail.
The structure of these aggregates is consistent with the growth mechanism
outlined in Section 1.4. That is, initial formation of colloidal particles and

subsequent aggregation of these particles to form larger particles.
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Figure 4.18: FESEM micrograph of a typical silica aggregate, showing fine

structure detail.

The same structure is evident in all particles, independent of their size.
Upon further examination, some particles are found to have smooth areas
present in the structure as well as the aggregated structure just discussed.

This is shown in Figure 4.19.

Figure 4.19: FESEM micrograph of a silica aggregate containing two
structure fypes.
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Examination of this particle at higher magnification reveals the aggregated
area to have the same structure as previous particies, while the smooth area

is quite different and is shown in Figure 4.20.

Figure 4.20: FESEM micrograph of the smooth area of a silica particle.

The smooth area has small aggregates on the surface. The structure of
these smooth areas is probably the result of a previously aggregated area
having been subject to further deposition of colloidal and monomeric silica to
produce a dense, continuous mass of impervious silica. This type of growth
was also described in Section 1.3. As well as particles having definite areas
of separate growth, some particles have both types of growth intermixed, as

depicted in Figure 4.21.
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Figure 4.21: FESEM micrograph of a silica aggregate showing further
growth.

Particles containing smooth areas of growth would presumably be relatively
old particles compared to those particles with only the aggregated structure.

4.3.10.2 Scanning electron microscopy - energy dispersive X-ray
analysis (SEM-EDX)

Solid product samples from the end of each residence time from IRN-8 and
IRN-11 were set into resin blocks and polished to cross-section the particles
so as to expose their internal features. SEM-EDX was used to qualitatively
determine the chemical composition of the particles and also the nature and
distribution of the impurities present. As with previous examinations, there
were no detectable differences between particles from different residence
times within the same experiment, even when significant changes in
filterability occurred. There was also no difference between particles from
different experiments. Once again a sample from [RN-11 will be discussed

in further detail.
The resin block contains mostly carbon, with a much lesser amount of

oxygen and a trace amount of chloride, the EDX spectrum is shown in Figure

4.22. In this section, elements are listed in decreasing order according to
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their peak height in the EDX spectrum. It should be noted that this is only a
qualitative examination to determine the elements present, not their exact
concentrations. Peak height or area is not an accurate method of
determining elemental composition because of the dependence of X-ray
emission intensity on atomic number and differential absorption of electrons,

particularly by the light elements.
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Figure 4.22: EDX spectrum of the resin block.

As would be expected, most of the particles present in the sample are silica
and contain silicon, oxygen, carbon and traces of chlorine, aluminium, iron
and sulfur. Also present in the spectrum is a silicon double peak, caused by
two silicon X-rays hitting the detector simuitaneously. The carbon, chlorine
and a proportion of the oxygen would no doubt be present in the silica as a
result of resin filling the pores within these particles. Carbon also appears in
the EDX spectra of alf the samples in this section as a result of the samples
being coated with carbon to enable imaging without charging. The
aluminium and iron are not unexpected impurities based on the bulk
chemical analyses discussed in Section 4.3.8. Sulfur is also not unexpected

as there is bound to be some entrained zinc sulfate or other sulfate species
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present in the silica, even though its concentration was below the detection
limit of the XRD instrument. The EDX spectrum for the silica particles is

shown in Figure 4.23.
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Figure 4.23: EDX spectrum of the silica particles.

Figure 4.24 is a micrograph of a typical silica particle imaged using
backscattered electron imaging, as are all micrographs in this section. The
silica particle appears grey in colour and occupies most of the image area.
The surrounding black areas are resin. The most noticeable feature is the
amount of impurities present within the silica particle. Almost all the silica
particles have this feature in common. It would appear that the solid
impurities present in the natural zinc orthosilicate ore have acted as primary
heterogeneous nucleation centres for precipitation, or initial centres for
aggregation. ller (1979) described the deposition of monosilicic acid and
higher order silica particles onto the hydroxylated surface of a foreign
substrate (Section 1.4.2). This process maybe used to explain the tendency

of silica to deposit onto these impurity particles, as is shown in Figure 4.24.
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Figure 4.24: SEM micrograph of a typical silica particle containing impurities,

imaged using backscattered electron imaging.

The five main areas of impurities present in the silica particle in Figure 4.24
have been labelled and have the following compositions:

1) The EDX spectrum for this impurity is shown in Figure 4.25 and contains
peaks for silicon, oxygen, mercury and a silicon double peak. This
compound is, or maybe quartz, which has been detected in both the initial
ore and the solid product by XRD. The EDX spectrum of a quartz particle in
the initial ore is shown in Figure 2.11, and is identical to the EDX spectrum

shown here, confirming the quartz particles to be the same.
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Figure 4.25. EDX spectrum of quartz particles.

Quartz has also been observed associated with the precipitated silica and
would appear to be the site for nucleation or aggregation of the silica itself,
as is shown in Figure 4.26. The quartz appears brighter in the micrograph
than the precipitated silica and has a very distinct morphology. The
precipitated silica appears grey in colour while the resin appears black. The
difference in brightness between the quartz and precipitated silica is an
indication that the precipitated silica is of lower density than the quanz.
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Figure 4.26: SEM micrograph of a silica particle associated with quartz,

imaged using backscattered electron imaging.

The brighter areas in impurity region 1 of Figure 4.24, contain silicon,
aluminium, oxygen and potassium with traces of magnesium, mercury, iron
and sodium. The EDX spectrum is shown in Figure 4.27. These particles
are, or maybe the muscovite phase identified by XRD as being present in the
precipitation product. Muscovite has also been detected in the natural zinc
orthosilicate ore both on its own and associated with quartz. A comparison
of the EDX spectrum shown here and that of the muscovite phase in the
initial ore (Figure 2.14), reveals them to be very similar. It is therefore
concluded that the muscovite passes through the crystalliser without
significant dissolution. Muscovite has also been observed associated with

the precipitated silica, as depicted in Figure 4.28.
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Figure 4.27: EDX spectrum of muscovite particles.
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Figure 4.28: SEM micrograph of a silica particle associated with muscovite,

imaged using backscattered electron imaging.

The muscovite appears as the brighter, central region in Figure 4.28 and

seems to have provided a nucleation or aggregation site for the silica to

precipitate onto. The muscovite has a very similar atomic number contrast to

that of the pure silica but has a distinct and different morphology.
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2) The EDX spectrum for this impurity compound is shown in Figure 4.29.
Clearly, it is manganese sulfate, as the EDX spectrum contains manganese,
oxygen and sulfur with smaller amounts of potassium, zinc and arsenic.
Manganese sulfate was detected in the initial zinc orthosilicate ore, and its
EDX is shown in Figure 2.19. While the two EDXs are somewhat dissimilar it
is assumed to be the same material in each case. Based on this, it is
concluded that the manganese sulfate passes through the crystalliser
essentially unreacted. Without knowing which manganese sulfate phase is
present, no comment can be made concerning its solubility under the
experimental conditions studied. The identity of the manganese sulphate

phase could not be determined using the available equipment.
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Figure 4.29: EDX spectrum of manganese suifate particles.

Manganese sulfate particles have also been identified elsewhere in the
sample, independent of any other particles and also associated with silica,
as shown in Figure 4.30. The manganese sulfate particle, white in the centre
of the micrograph, seems to have nucleated or aggregated the silica particle
that appears grey. The resin is the black area that surrounds the particles.
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Figure 4.30. SEM micrograph of a silica particle associated with manganese

sulfate, imaged using backscattered electron imaging.

3) This impurity compound is muscovite, as described in region 1. On this

occasion it contains no entrained impurities.

4) This impurity would undoubtedly be haematite as the EDX spectrum,
shown in Figure 4.31, contains iron and oxygen with traces of silicon and
carbon. The presence of haematite has been identified by XRD. The
natural zinc orthosilicate contains haematite, determined by XRD and SEM-
EDX, with the spectrum, shown in Figure 2.13, being very similar to the one
shown here in Figure 4.31.
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Figure 4.31. EDX spectrum of haematite particles.

Silica has been observed associated with haematite, as is shown in Figure
4.32. The haematite appears as the bright particle in the centre of the
micrograph, surrounded by the grey silica which appears to have precipitated
or aggregated onto the haematite. The surrounding black regions are the
resin. The poor contrast between the silica and the resin in this micrograph
is due to the large difference in contrast between these two compounds and

the haematite.
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Figure 4.32: SEM micrograph of a silica particle associated with haematite,
imaged using backscattered electron imaging.

5) Impurity region 5, in Figure 4.24, has its EDX spectrum shown in Figure
4.33. Manganese, sulfur, silicon and oxygen are present in large
concentrations along with smaller concentrations of arsenic, potassium, zinc
and carbon. It is not certain what this material is, as it is very similar in
composition to the manganese sulfate in impurity region 2 except for the
silicon. Since this phase is not present in the initial ore used for the
continuous experiments, it is most likely manganese sulfate with some silica
precipitating in the pores of the particle. Figure 2.20 shows the manganese
sulfate particles present in the initial ore sample to have a very unusual,
porous structure containing a calcium/manganese sulfate phase within the
pores. It is concluded that the calcium/manganese sulfate phase was
dissolved in the crystalliser and silica has precipitated to fill the pores.
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Figure 4.33: EDX spectrum of manganese sulfate containing silicon.

The only other impurity encountered in the samples that doesn't appear in
Figure 4.24 has its EDX spectrum shown in Figure 4.34. The compound
contains predominantly arsenic and lead, with trace amounts of calcium,
oxygen and carbon. A double peak for lead/sulfur is also present in the EDX
spectrum. The XRD analysis of the precipitated product from the continuous
experiments, Section 4.3.9, identified the presence of anglesite, PbSO4. The
initial ore used for these experiments was analysed in Section 2.2 and was
found to contain anglesite rich in arsenic. It is therefore concluded that this

impurity compound is the arsenic rich anglesite present in the initial ore.
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Figure 4.34: EDX spectrum of anglesite.

o
-
48]
[
I
on
[2})

Figure 4.35 shows a white anglesite particle in the centre of the micrograph
that appears to be the nucleation or aggregation centre for the precipitation
of a silica particle, that appears grey in colour. The resin appears as the
black regions around the other particles. The poor contrast between the
silica and the resin in this micrograph is due to the large difference in atomic
number contrast between these two phases and the anglesite phase. This
image was produced using a mixture of 70% backscattered and 30%
secondary electron imaging. Anglesite particles only ever appear associated

with silica particles.
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Figure 4.35: SEM micrograph of a silica particle associated with anglesite,
imaged using a mixture of 70% backscattered and 30% secondary electron

imaging.

SEM-EDX in conjunction with XRD has been used to determine that solid
impurities present in the initial ore charge are acting as primary
heterogeneous nucleation centres or aggregation centres for silica
precipitation or aggregation, respectively. Such impurities are quartz,
muscovite, manganese sulfate, haematite and anglesite. While at least one
of these phases is soluble in sulfuric acid, it nonetheless appears in the
product encapsulated in precipitated silica. In fact, it is most uncommon to
see a silica particle that is free of impurities and most particles contain many

separate impurity inclusions.

4.3.10.3 Transmission electron microscopy (TEM)

The aim of this study was to determine the cause of the dramatic decrease in
filterability when the silica supersaturation ratio rises above S = 2.9
Samples from IRN-9 were chosen for the investigation. At the end of the
second residence time of IRN-9, the supersaturation ratio rose above S =2.9
and remained above this level for the third and fourth residence times
(Figure 4.8). As a result of this the filtration performance began to decline.
Samples from the end of the third and fourth residence times of IRN-9 were

chosen for examination as the filtration rate was 1.03 and 0.01 m®* m? h'',
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respectively. This is a bigger difference in filtration performance than
between the second and third residence time samples. Examination of a
range of precipitate sizes from these samples by FESEM revealed no
differences in the nature of the particles as a result of the reduction in
filterability. In an effort to investigate further the cause of gelling, it was
decided to use TEM to study the colloidal particle size range. Two TEM
micrographs of samples taken form the end of the third and fourth residence

times of IRN-9 are shown in Figure 4.36 and Figure 4.37, respectively.

Figure 4.36; TEM micrograph from the third residence time of IRN-9. The

scale bar is displayed on the upper right hand side of the micrograph.
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Figure 4.37: TEM micrograph from the fourth residence time of IRN-9. The
scale bar is displayed on the upper right hand side of the micrograph.

The sample from the third residence time (Figure 4.36) has many small,
discrete particles in the order of 5 to 10 nm in diameter and several larger
aggregates of these smaller particles. The sample from the fourth residence
time (Figure 4.37) has both the features common to the previous sample but
also appears to have a fine network of silica micro-gel present. This tends to
give the image a de-focussed, fuzzy appearance, but the central aggregate
in the image is proof the micrograph is well focussed. The presence of this
micro-gel network explains the source of the filtration problems. This micro-
gel network nucleates and forms when the supersaturation increases above
S$=209.
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4.4 CONCLUSIONS

The effect of supersaturation on silica precipitation is best described by
Figure 4.38. The most important indicator of precipitate quality is filtration
performance. Supersaturation in these continuous experiments is difficult to
quantify, as it fluctuates until the system reaches steady state. For Figure
4.38 the degree of supersaturation is represented by the flow rate of soluble
silica into the reactor vessel. The higher the flow rate the higher the
supersaturation. Changing the flow rate of soluble silica into the reactor
vessel also impacts on the residence time duration, with the higher the flow
rate the shorter the duration of the residence time. These three experiments
were conducted using MSMPR conditions.
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Figure 4.38: Filterability versus residence time number as a function of silica

feed rate.

While the filterability is only measured at the end of each residence time, it is
given an initial value of zero at the start of the experiment, in Figure 4.38, as
it is extremely poor for most of the first residence time. This statement also

applies to Figure 4.39. Clearly, in Figure 4.38, a relationship exists between
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the degree of supersaturation and the filterability of the silica product. At any
stage throughout an experiment, the lower the supersaturation the better the
filterability. A trend in the filtration performance of the silica product at the
end of each residence time is also evident in Figure 4.38. Filterability
increases for the first two residence times, decreases for the next two and
becomes stable after that (the steady state period). It is clear that using
MSMPR conditions requires a very long residence time duration to achieve
satisfactory filtration performance at steady state. IRN-10 has a residence
time of 29 hours and while the filterability is satisfactory at approximately 0.6
m® m? h' it is not as high as that defined by Pasminco as being acceptable
industrially (Section 4.1). This suggests that an even longer residence time
would be required to achieve an acceptable filtration rate using MSMPR
conditions. This was not pursued as the effect of hydrodynamics was seen

as a more significant area to investigate.

The effect of mixing and product removal conditions on precipitate quality,

most importantly filterability, is summarised in Figure 4.39.
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Figure 4.39: Filterability versus residence time number as a function of

mixing and product removal conditions in the reactor vessel.

These three experiments were carried out with very similar soluble silica flow
rates into the reactor vessel, ranging from 0.96 to 1.20 g SiO, L™ h™. This
corresponds to residence times of 20 and 18 hours, respectively. These
small differences are thought not to impact greatly upon the results of these
experiments or the conclusions drawn from them. The three mixing and
product removal conditions studied were MSMPR, MSCPR and CSCPR.

For MSMPR and MSCPR conditions the trend in filterability with residence
time is roughly the same as that seen in Figure 4.38 above; however, there
are some unexpectedly low results for the steady state period for IRN-9
(MSCPR). Before this period, the filterability is superior with MSCPR
conditions. Overall, the more classified the mixing and product removal
conditions are, then the better the filtration performance. This is clearly
evident in Figure 4.39 and especially with IRN-11 (CSCPR). It should be
remembered that the steady state period is the most important, as this

represents typical operating conditions. Changing mixing and product
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removal conditions has much more impact on the filterability than does
changing the supersaturation. The conditions used for IRN-11 result in the
highest quality product and satisfy most of the quality criteria requested by
Pasminco, the most important being filterability (Section 4.1). These
operating conditions could therefore be used in industry, with suitable scale-
up procedures.

After the above conclusions had been drawn, the most important conclusion
from this section of work was made: the acceptance of the following revised
hypothesis. “The silica supersaturation limit of S = 2.9 is the gel point for
silica. Above this limit silica micro-gel is formed and below this silica
precipitate is formed”. This has only been tested under the fixed conditions
of 50 g L sulfuric acid and 95°C, and the supersaturation limit is expected to
change with a change in either or both of these variables. The acceptance
of this hypothesis is a major step in increasing our knowledge of silica
precipitation and has not been reported previously in the literature. This one
piece of information explains, quite simply, the precipitation behaviour of
silica. There is a distinct change in the morphology/structure at this
supersaturation; the reason for this is not known. The gel network that forms
when S > 2.9 and causes filtration performance to decrease dramatically
does not appear to precipitate onto existing particles. TEM examination
indicates that a fresh gel network appears to nucleate and render the
solution unfilterable. Thus, the filterability is not a function of particle size,

contrary to expectations.

The growth of silica particles under these acidic conditions follows the
mechanism of ller (1979). That is, nucleation of colloidal sized particles
followed by aggregation to form larger particles. There is evidence of further
deposition of monomer and colloidal particles to form dense impervious
areas on some of the aggregate particles. It maybe the case that the
insoluble impurity particles present in the ore are acting as aggregation
centres, rather than nucleation centres. The initial silica particles formed are
colloidal in size and then appear to aggregate to form larger particles, almost

exclusively containing solid impurity species. PSD analysis indicates that the
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silica particles are of the same mean size as the insoluble impurity material
present in the ore, by the end of the first residence time in a continuous
experiment. TEM has been used to indicate the presence of discrete,
colloidal silica particles during a continuous experiment. This evidence
supports the theory that the solid impurities are indeed centres for silica

aggregation, rather than silica nucleation.

The morphology of the silica particles, as examined by FESEM, would be
described as irregular but tending towards spherical. The silica particles
appear as porous aggregates of colloidal sub-particles. The aggregate
sub-structure is made up of particles approximately 50 nm in diameter. The
structure appears to be quite dense on the colloidal scale but porous on a
larger scale. The somewhat spherical nature of the silica aggregates is most
probably a function of attrition caused by collisions between the aggregates
and the impeller and also the reactor vessel walls. Attrition is thought to be
the cause of there being a bi-modal distribution of particle sizes at steady
state. Initial aggregation of particles is centred around the insoluble material
in the ore, and under MSMPR conditions this results in a peak at 20 um. By
the time steady state is reached this single peak has transformed into two
peaks, the second at 4 um. CSCPR conditions result in a iarger mean size
of particles with peaks at 10 and 30 um. It is thought that under these mixing
and product removal conditions the solid portion of the silica product ages,
aggregates or grows to a further extent than under MSMPR conditions,
resuiting in the larger particle sizes. At the lower stirring speed of the
CSCPR conditions, the product is also less affected by attrition, which may

contribute to the larger particle sizes.

ICP-AES was used to examine both the solid and liquid products from the
continuous experiments. The products from all experiments and all
residence times within an experiment were very similar in their chemical
composition. A very low level of zinc reports to the solid product with greater
than 99% remaining in solution. The silica precipitate contains 96% of the

silica and is very effective in removing lead and iron and moderately effective
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in removing aluminium from solution. Arsenic and fluorine, and to a lesser
degree aluminium remain in solution. XRD identified four minor crystalline
phases present in the solid residue that were also present in the initial ore,
as well as, a large amorphous peak from the non-crystalline precipitated
silica. These crystalline phases are, in order of approximate decreasing
abundance; quartz (SiO;), haematite (Fe;0s3), anglesite (PbSQO,) and
muscovite (Alx gH2KO12Si5 ). The identification of these phases
complements the ICP-AES results. SEM-EDX has confirmed the presence
of quartz, muscovite, haematite and arsenic rich anglesite and also identified
a manganese sulfate phase present in the solid product. It is conciuded that
all other impurity phases identified in the natural zinc orthosilicate ore in
Section 2.2 are dissolved in the crystalliser and hence do not appear in the

solid product.

SEM-EDX has confirmed that these solid impurities are acting as centres for
silica aggregation. It is most uncommon to see a silica particle that is free of
impurities and most particles contain multiple, separate impurity inclusions.
Unfortunately, the synthetic zinc orthosilicate also contains insoluble
impurities, so the full impact of these impurity phases cannot be realised by

conducting a continuous experiment in the absence of solid impurities.

The MSMPR model, described in Section 1.3, was not applied to IRN-10 to
determine the nucleation rate, B, and growth rate, G, of the silica particles.
This was due to the aggregation based growth mechanism being so
dependent on the foreign solid particles present. This growth mechanism
was considered to be too far removed from traditional crystallisation for the
MSMPR treatment to be applied.
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5.0 CONCLUSIONS

Extensive conclusions have been made at the end of the sections regarding
batch and continuous precipitation in Sections 3.4 and 4.4, respectively. For
completeness those previous conclusions will be summarised here and
further conclusions that have been drawn by combining these previous

sections will be presented.

Batch experiments have determined, as would be expected, that the rate of
silica precipitation is proportional to the initial silica supersaturation. it is also
proportional to the concentrations of suifuric acid, zinc sulfate, iron ([lI)
sulfate, aluminium sulfate and hydrofluoric acid, and the precipitation
temperature, all determined at a fixed silica supersaturation ratio. The role of
all these additives appears to be catalytic but the mechanism of catalysis is
unknown. Studies on the effect of supersaturation revealed a dramatic
change in the precipitate morphology between S=29and S =4.3. AtS =
4.3 and above, unfilterable, porous, micro-gel particles are formed, while at S
= 2.9 and below granular, colloidal particles that filter rapidly are formed.
The morphology of precipitated silica is independent of the rate of
precipitation and is therefore thought to be controlled by chemical means
rather than kinetic means, with supersaturation being the most dominant

factor.

The presence of silica seed can be used to increase the rate of silica
precipitation, with the rate being proportional to the seed solids loading.
Seed however, cannot be used to prevent the precipitation of micro-gel from
supersaturations ratios of S = 4.3 and above. The insoluble impurity phases
present in the natural zinc orthosilicate ore appear to be acting as centres for

silica aggregation.

Continuous experiments confirmed the relationship between silica
supersaturation and precipitate morphology discovered during the batch
experiments. However, the supersaturation ratio range for the gel point has

been narrowed to S = 2.9. This finding does not appear to have been
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recorded previously, in the literature. Thus, the steady state filtration
performance of the silica product is a function of the supersaturation ratio.
The steady state filterability was also found to be a function of the mixing and
product removal conditions within the reactor vessel, with CSCPR conditions
producing better filterability than MSMPR conditions, at the same
supersaturation ratic. It is believed that the CSCPR conditions provide the
silica precipitate with a longer residence time in the reactor, allowing ageing

to form particles with higher filterability.

The growth of silica particles during continuous precipitation (¢f. industrial
operation) has been elucidated by combining the results from a variety of

batch and continuous precipitation experiments.

The silica supersaturation rises rapidly during the initial stages of a
continuous experiment. This is due to the dissolution rate of the natural zinc
orthosilicate ore being much greater than the precipitation rate of silica, as
there is insuf