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ABSTRACT

Iron is often present in leach lquors produced in chemical and hydrometallurgical
processes. It is known that voluminous iron precipitates with high impurity values are
formed if the conditions during its formation are not controlled well. These products
are also often difficult to treat in downstream processes. This study therefore focused
on the determination of product quality parameters for the production of good quality
iron precipitates from zinc-rich solutions. Special attention was given to the quality of
metastable phases such as ferrihydrite and schwertmannite formed at elevated
temperatures and in the pH range 1.5 to 3.5 in a continuous crystallizer. These phases
are produced over a range of supersaturation levels with the best quality products
formed at lower supersaturation. It was shown that most industrial processes are
operated well above the metastability limit at relatively high supersaturation.
However, stagewise precipitation of iron, even above the metastability limit, yielded

better quality products.

It was also shown that localized supersaturation levels could be controlled through
changes in the micro and macromixing environments. The three-zone model approach
was used to improve the quality of ferrihydrite and‘ schwertmannite precipitates.
Changes in the reactor design and the position of reagent feed points also impacted on
the quality of the precipitates. Control over the localized supersaturation not only
ensures the production of good quality nuclei, but also impacts on particle growth,

which is required to make downstream processing of precipitates possible.

In precipitation processes, growth mainly takes place through agglomeration as the
rate of molecular growth 1s generally low. The final quality of iron precipitates is
greaﬂy influenced by the quality of the agglomerates formed during iron precipitation.
A Hadamard matrix was used to indicate the relative importance of the most relevant

operating parameters for the formation of good quality iron precipitates.

Keywords iron, precipitation, reaction crystailization, product  quality,

Ihetastability, supersaturation, ferrihydrite, schwertmannite, mixing, agglomeration
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EXECUTIVE SUMMARY

Crystalline products are generally produced according to specifications that meet
market requirements. The factors that influence the quality of these products have
been studied extensively to allow industry to adhere to product specifications.
However, the same cannot be said for precipitation systems. The lack of knowledge in
tiu's area probably stems from the fact that precipitation processes often produce low
value products, are generally more complex and are difficult to control if compared
with crystallization systems. This is specifically the case when a poorly crystalline
phase, such as an iron hydroxide, is produced from ferric ion solution as big changes
in supersaturation often occur. These changes in supersaturation typically result in the
fbrmation of a voluminous product with a high relative surface area that is difficult to
treat in solid-liquid separation and storage steps. In zinc-rich solutions, a poor quality
iron precipitate could result in high zinc losses, which include water soluble zinc that
is difficult to remove through washing of the precipitate, adsorbed zine, unleached
Zn0 and entrained ZnSOy solution. The production of a poor guality precipitate also
very often increases the cost of the operation, i.e. more thickening, filtration and

product drying or storage capacity are required.

In order to address the relatively high zinc losses associated with iron precipitates

formed through the hydrolysis of ferric ions in zinc-rich solutions as well as the costs

associated with the iron removal operation, the following steps were followed to

improve iron precipitate quality:

. Identification of the iron phases present in a suiphate medium in the pH range
1.5 to 3.5 and the mechanisms involved in its formation. Initial work started in
2000 with the study of the Zincor iron removal process and its residues
whereas this follow-up study mainly focused on the relative stability of the
phases present.

é Determination of the influence of operating variables on the quality of these
phases through its influence on supersaturation, which in turn affects the rate
of the primary precipitation processes (nucleation and growth).

o Determination of the rate-limiting step and the factors that influence this step.
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. Determination of the parameters that influence agglomeration of primary iron

precipitates.

These steps covered the chemical, i.e. the specific phases formed and mechanisms
involved, as well as the physical, i.e. the formation and growth of the solid phase,

aspects of the precipitation of iron from ferric sulphate solution.

This approach was applied in a study of metastable iron phases, which include
ferrthydrite and schwertmannite. Specific attention was given to the influence of
operating parameters such as pH, temperature, seed addition and the mixing
environment through its influence on supersaturation, on product quality parameters,
which include the filterability of the precipitate, purity, particle size and density. The
relative importance of the above-mentioned operating parameters in the

agglomeration process was also addressed.

The hydrolysis of ferric iron, at temperatures ranging from 50 to 90°C, and pH values
between 1.5 and 3.5, resulted in the formation of metastable iron phases with different
morphologies and qualities. The changes in the morphology and product quality of
ferrihydrite and schwertmannite were linked to changes in the relative
supersaturation. These phases were precipitated over relative supersaturation levels
ranging from about 1000 to 30,000. Ferrihydrite and schwertmannite precipitates
formed at relative supersaturation levels below approximately 5000, contained lower

impurity levels and were ecasier to filter,

The (meta)stability regions of these phases were also determined as a function of
temperature and pH. A clear transition line between the stability regions of
ferrthydrite and schwertmannite was determined following the change in their
shlphate contents with a change in pH. This finding dispels the notion that
s‘chwertma.nnite is nothing else but ferrihydrite with high sulphate values. The
solubility curve, on the other hand, was determined using a technique where the pH
was cycled between predetermined values at different temperatures, noting the points
where a sudden increase and decrease in the ferric iron concentration occurred. The
sﬁlubility curve occurred at much higher pH values than the equilibrium solubility

line, giving rise to a much narrower metastable zone of 0.2 to 0.3 pH units. Operating
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within the metastable zone is therefore expected to be a difficult task. Nevertheless, it
was shown that stagewise precipitation of iron, with controlled supersaturation above

the metastable zone, increased the precipitate quality as defined by its purity.

Furthermore, since the nature of the iron precipitate formed is dependent on the
degree of supersaturation, and as mixing may determine local supersaturation levels,
the influence of the mixing environment on the quality of iron precipitates was
investigated. In such processes the mixing rate is generally a few orders of magnitude
slower than the rates of the chemical reaction and nucleation. Any change in the rate-
limiting step is therefore expected to influence supersaturation, which in turn impacts
on the nucleation and growth rates, which affect the final product quality. An effort
should therefore be made to reduce supersaturation, In this study iron precipitate

quality was improved by improving the mixing environment.

It is shown that the final product quality of iron precipitates formed through ferric iron
hydrolysis is significantly improved by changes in the micro and macromixing
environments, Results indicated that the specific filter resistance of the solids was
improved by about 50% and the zinc content of the iron precipitates was reduced by
about 75% and 14% for acid- and water soluble zine, respectively using the three-
zone model approach. The study also showed that product quality is more sensitive to
cation (iron in solution) mass transfer than the mass transfer of the neutralizing agent
in the region of the inlet points. As far as the influence of mixing time was concerned,
it appears as though mixing times smaller than about 5 minutes should be avoided as

it induced high supersaturation levels and fast nucleation rates.

Since product quality is more sensitive to changes in the macro- than the micromixing
ehvironrnent, the influence of reactor type and feed point position on product quality
was also studied. The best results were achieved using a CSTR. The draft-tube-baffled
(DTB) reactor, however, is expected to produce precipitates with superior quality
when optimized. The study also indicated that feed points should be placed as far as
possible from each other and in a position that gives adequate micro- and macro
rﬁixed fluids. The controlling mixing environment (micro or macromixing controlled)
~ generally indicates where feed points should be located. In a well-mixed macrofluid,

as found in a DTB reactor, feed points could be placed far away from the impeller.



University of Pretoria etd — Claassen, J O (2006)

When the macromixing environment is however less homogeneous such as in a

CSTR, better results were obtained with the feed points placed closer to the impeller.

Lowering the supersaturation, through changes in the operating parameters and
mixing environment, effectively reduce the nucleation rate to give more dense
ﬁrecipitates. However, even good quality nuclei formed in a well-controlled mixing
environment are usually less than one micron in diameter. Unless these nuclei are
allowed to grow, downstream processing of precipitates, such as liquid-solid
separation and storage, could be difficult and costly. Low solute concentrations
typically encountered in the formation of relatively insoluble phases during
precipitation processes, however, do not support the desired molecular growth rates
required to make these processes viable. Particle growth in precipitation systems
rather takes place through agglomeration and was therefore studied in detail. The
relative importance of some operating parameters was expressed in terms of the
filterability of the solids formed, the change in the particle population density and iron
removal efficiency, using the so-called Hadamard matrix. The effect of seed addition
on the purity of agglomerates was also evaluated. It was found that specific atiention
should be given to pH control, seed addition, iron solution iron concentration and
temperature control. Optimum agglomeration was found to occur at a pH of 3.0,
60°C, 15 to 35 g/L initial seed concentrations and initial seed sizes between 5 and
Gum. An initial seed concentration of 50g/L improved the filterability of the iron

precipitate by about 80%.
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1 BACKGROUND
1.1 Study of the Zincor iron removal process

Zincor Ltd. uses an integrated roast-leach-electrowinning circuit to produce high-
grade zinc products as well as zinc-aluminium alloys from zinc sulphide concentrates
[Meyer er al., 1996]. Solution purification, specifically irom removal, forms an
integral part of zinc refining circuits. Several processes, which include the hematite,
jarosite, goethite and so-called para-goethite processes (ferrihydrite precipitation),

have been developed to deal with iron in zinc-rich solutions, as discussed later.

At Zincor, iron is removed by means of the so-called Zincor Process, a process
developed by Zincor over a period of nearly three decades. Most of the development
work was done on a trial and error basis resulting in increased zinc losses, process
disruptions and slow progress. However, early in 2000 a study of the Zincor process
was Initiated in order to speed up development work and minimise the impact of
process changes on the circuit. This study by the authors aimed to characterise the
Zincor Process and its residues and address soluble and insoluble zinc losses, which
mainly result from the use of zinc calcine as a neutralising agent. In summary, it was
found that [Claassen ef al., 2002; Claassen et al., 2003(a)] the Zincor Process has a
unique character and could be viewed as a process in its own right. This finding was
based on the specific operating conditions employed in the process and the
mineralogical composition of the residue produced (refer to section 1.2). Furthermore,
soluble zinc losses could be reduced through improved pH and temperature control.
The pH of the acid wash stage utilised in the process should be controlled at values
between 2.7 and 2.9 due to silica gel formation at a pH below approximately 2.5 and
to optimise particle growth. The study also indicated that the final pH of the iron
removal step should be around 3.0. |

It was also shown that insoluble zinc losses could be significantly reduced if a more
reactive neutralising agent is used and/or a neutralising agent that contains no or little
zinc. Finally, some basic work on the utilisation of seed material to improve the
| quality of the precipitated product also showed potential to reduce both soluble and

insoluble zinc losses.

14
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After completion of the study, several changes were made to the Zincor iron removal
stage, such as changes to the operating set points, process controls and equipment.
These changes assisted in stabilizing the process and reduced zinc losses associated
with the iron residue. However, the inherent weakness of the Zincor Process, namely,
the relatively high insoluble zinc loss associated with the final residue, was not
adequately addressed. In order to reduce these losses, it was realized during the latter
part of the study that more attention should be given to the factors that influence the
two primary precipitation processes, nucleation and growth, i.e. a physical-chemical
approach should be followed. It was proposed that the following important aspects

should also be considered to improve the quality of iron precipitates:

. The rate-limiting step in the precipitation process.

. The influence of changes in the rate-limiting step on the quality of the
precipitate.

. The impact of changes in the supersaturation level, which is the driving force

for precipitation, on the quality of the precipitate.
] The influence and relative importance of operating parameters on the primary

precipitation processes.

. Effective utilization of seed material to improve process stability and reduce
zinc losses. |

. The (meta)stability regions of the poorly crystalline phases present in the
Zincor iron residue,

~In an effort to address thesc aspects, a follow-up study, of which the detail is

discussed in this document, was initiated early in 2003. The basis of this new study
was the earlier work performed on the Zincor process since 2000. The determination
of the mechanisms and phases formed during iron precipitation under the conditions

specified by Claassen et al. [2002] is relevant to this follow-up study.

15
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Since the speciation of phases involved in precipitation or crystallization processes
could be seen as the first step to improve precipitate product quality, the process
followed and findings of the earlier study on the characterization of the Zincor

Process and its residues are discussed in more detail in section 1.2.
1.2 Speciation of iron phases

In precipitation systems, speciation of the phases present is done to determine the
reaction mechanisms involved in the process, the relative stability of the phases

present in the final product and the morphology of these phases.

Various analytical techniques were used to determine which phases are present in
Zincor’s iron residue. Firstly, results obtained from chemical and XRD analyses
indicated that about 50% of the iron present in the residue could be associated with
poorly crystalline phases. This was established by performing an elemental balance
using the data obtained from these two techniques. The XRD study indicated the
presence of crystalline iron-bearing phases, of which the most abundant were
franklinite (Zn0.Fe;03), plumbo jarosite (Pbo_sFe3(SO%)2(OH)6) and argento jarosite
(AgFes(SO4)2(0OH)g).

A SEM-EDX study of the residue confirmed the presence of one or more poorly
crystalline phase in the form of oxy-hydroxides and oxy-hydroxy sulphates. The
difference in the morphology of the phases present was also indicated by the SEM
backscattered images, i.e. dense crystalline particles and smaller poorly crystalline
particles with relatively large surface areas. The images also clearly indicated that the
pootly crystalline oxy hydroxide phase(s) contained significantly more zinc than the

hydroxy salts, which include basic iron sulphates and jarosites.

To identify the poorly crystalline phases present was more difficult. Several
téchniques including FT-IR spectroscopy, Raman spectroscopy, X-ray Photoelectron
spectroscopy (XPS) and Méossbauer effect spectroscopy (MES) were used. Of these
téchnjques, MES gave the best results. Samples were analyzed at room (= 300 K),
liquid nitrogen (= 77 K) and liquid helium temperature (=~ 5 K) as the different iron

16
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phases expected to be present are magnetically ordered at different temperatures,
giving the opportunity to identify phases through a process of elimination. The data
obtained fitted the spectra of franklinite, jarosite, schwertmannite, a poorly crystalline
oxy-hydroxy sulphate, and ferrihydrite, reasonably well.

Furthermore, MES indicated that neither goethite nor any of its polymorphs were
ﬁresent in the residue samples and it was therefore proposed that the oxy-hydroxide
phase found during the SEM-EDX study, could be ferrihydrite. To confirm this, a
number of synthetic samples were produced using the same conditions employed in
Zincor’s iron removal process. The simulation focused on the hydrolysis of ferric iron
in the absence of alkali clements, i.e. no franklinite was present and no additional
chemicals were added to simulate jarosite precipitation. MES, XRD and wet chemical
analyses were again utilized to analyze the precipitates produced. The results obtained
using these techniques all confirmed that schwertmannite and ferrihydrite should be
present in the iron residue. The iron phases therefore proposed to be present in the

Zincor iron residue and their abundances are shown in Table 1.

Table 1. Iron phases expected to be present in Zincor’s iron residue [Claassen et al.,

2002].

- Phase Formula _ Abundance
(%)

‘Schwertmannite  FegOsSO4(OH)s 50

- Ferrithydrite Fes0;(OH).4H,O }

Jarosite(s) Pb[Fes(SO0)x(OH)ela, 20

j Plumbo jarosite and solid solution phases

~ Franklinite ZnQ.Fe; O3 25

| Unknown -- 5

17
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The reactions involved in the formation of these phases, were proposed to be:

4Fey(504); + ZnO(s) + 13Hy0 = FeyOg(OH)sSO04(s) + ZnS0, + 10H,80,4 .
3Fex(804); + PbSO4(s) + ZnO(s) + 11H,0 = 2Pby sFes(80,):(0H)s(s) + ZnSOQ, + SH,S0, o2
5Fex(SO4); + ZnO(s) + 23H,0 = 2[Fes0-(OH). 4H,0](s) + ZnSO, + 14H,80, ...3

From this investigation, it should be highlighted that :

50% of the iron present in Zincor’s iron residue is in the form of poorly
érystalline ferrihydrite and schwertmannite, which are metastable towards
goethite.

Approximately 70% of the iron removed from the hot iron solution is in the
form of these two phases. Any further study into the factors that influence the
quality of iron precipitates should therefore focus on these phases.

Ferrihydrite and schwertmannite form through a hydrolysis process in the
absence of alkali and other elements. The iron and hydroxide concentrations
are expected to play an important role in their formation as indicated in
equations 1 and 3.

Ferrihydrite and schwertmannite were found to have different morphologies
and impurity levels. The relative stability and the factors that influence the
stability and morphology of these phases should therefore be investigated.

Due to their poor crystalline nature, these two phases contain high impurity
levels as shown in the SEM-EDX study.

Industrial processes where iron is removed at elevated temperatures, a pH
range between about 2.5 and 3.5, and without significant amoﬁnts of alkali
elements such as Na and K, probably all produce ferrihydrite and

schwertmannite,

In previous paragraphs the need to determine the factors that influence the quality of

poorly crystalline iron precipitates, such as ferrihydrite and schwertmannite, produced

in the Zincor and probably other industrial processes where a sulphate leach medium

is used under similar conditions, were indicated. In the present work the factors that

18
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influence the quality of these poorly crystalline iron phases were studied. The steps

used in this investigation could be summarized as follows:

. Speciation of the iron phases and the determination of the reaction
mechanisms responsible for their formation. The initial work done on the
Zincor iron removal process and its residues were used as basis, as
summarized in sections 1.1 and 1.2.

. Study the differences in the morphology of the phases present.

. Determine the relative stability of ferrihydrite and schwertmannite.

. Study the role of supersaturation in the precipitation of ferrihydrite and
schwertmannite.

. Determine the influence of typical operating conditions on the quality of

ferrihydrite and schwertmannite precipitates.

. Determine the rate-limiting step in iron precipitation processes.
. Study the influence of changes in the mixing environment on precipitate
quality.

. Study particle growth and specifically the factors that influence the

agglomeration of iron precipitates.

19
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2 INTRODUCTION
2.1  Precipitation in hydrometallurgy

Crystallization and precipitation are widely used industrial processes in the chemical
and hydrometaliurgical industries. Vast quantities of crystalline and poorly crystalline
materials are manufactured commercially. These include the production of products
such as pigments, dyestuffs, pharmaceuticals, fertilizers, plant protection agents and
metallic products with varying metal contents and purities, All of these products are
produced in one or more steps that include separation, purification, concentration and
crystallization. The type of crystallization referred to here is generally known as
“mass” or “bulk” crystallization where large numbers of particles are formed and
grown at the same time in large industrial reactors. The specific method of
crystallization employed to bring about the bulk removal of crystallites or precipitates
from a solution or melt is a function of the properties of the solute. These include the
sensitivity to thermal changes and the solubility of the crystallized product. Figure 1
indicates some criteria that could be used to choose the method of crystallization

suitable for a specific application.

‘Specifications:

. Melt crystallization
Yield > 0> Tme{t < I_OOQC ? (not at high viscosity)
Purity purity high
Average particle size

Particle size distribution
Precipitation
Yes Evaporative
Coq>02g/g — it
1a{
dC/dT < 0.005 gig °C crystallization

Cooling crystallization

Figure 1: Decision diagram to choose the method of crystallization [After Rosmalen
Van and Kramer, 1998]. C.q = equilibrium solution concentration of element being

removed.

20
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In precipitation processes, the driving force, i.e. the change in the supersaturation

level, for the phase change is provided by a chemical reaction. Under these conditions

a solid with a relatively low solubility of ca. 1% is formed compared to ca. 20% for

solids formed in crystallization processes, i.e. the equilibrium concentration in

solution of the element being precipitated is low (Refer to Figure 1). This indicates

that a relatively high supersaturation is present during precipitation processes. Despite

this fact and the impact the high driving force has on product quality, precipitation, or

reactive crystallization is widely used in the minerals and metals industry. Reactive

crystallization is used to produce metal sulphides, phosphates, hydroxides and

carbonates, to name a few. Table 2 gives a summary of some compounds produced

from precipitation processes.

Table 2. Summary of ionic and hydrolytic precipitation methods [Habashi, 1999].

Precipitate Precipitating agent | Example

Oxides, hydrated oxides | H,O TiO,, Al(OH);, Be(OH),

and hydroxides Ol Cupy0, Mg(OH),, Co(OH),

Hydroxy salts OH + Anion Cu(OH),.CuCO;, Jarosites,
Iron hydroxy sulphates

Polyacids and their salts:

Vanadates H NagV017, NH)4[ V4012]

Molybdates H" (NH4)4[H; MO 02:1.3H,0

Tungstates H Nay; Wy Oy .28H,0

Uranates OH’, MgO (NH4): U205, Nay U007, Mg U0

Dialuminates OH’ + Cation LiAl,(OH);. 2H,0

Sulfides §* Cus, NiS, CoS, ZnS

Carbonates CO3> Li»COs

Chlorides Cr CuClL, (NHy), PtCls, Ko TiClg

Cyanides CN’ CuCN

Fluorides F PuF;, UF,4. nH,0

Oxalates (C204)” Th(C204)2, Li2(C204)3

Peroxides 0~ U0y, 2H;0, PuQ,

Sulfites {NH4)>803 Copper ammonium sulfites

Metalloids I Se from selenosulfate solution

21
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Most of the compounds listed in Table 2 contains the sought after element whereas an
element such as iron is in most cases precipitated as part of a purification step, i.e. it is
treated as an impurity. Iron, one of the most abundant elements on earth, mostly ends
up in leach solutions and typically needs to be eliminated prior to the final product

removal step.

This is also true for the hydrometallurgical processing of zinc concentrates. These
concentrates generally contain between 1% and 10% iron with some concentrates that
can contain up to 18% [Chen and Cabri, 1986]. Initial attempts to remove iron from
leach solutions as a hydroxide resulted in poorly filterable, voluminous and gelatinous
precipitates [Tainton and Leyson, 1924]. This was a direct result of the high
supersaturation levels present during the precipitation of iron from ferric ion
solutions. Later attempts focused on the establishment of processes where precipitates
can be formed using more dilute solutions, i.e. the level of supersaturation is kept low
to improve the quality of nucleates and promote particle growth rather than

nucleation,

This principle is used in two of the precipitation processes developed to control and
remove iron from zinc-rich process solutions, i.e. the goethite (FeOOH) and the so-
célled para-goethite processes [Gordon and Pickering, 1975]. During more or less the
same period, the hematite (Fe;O3) process [Tsunoda er al., 1973; Onozaki et al., 1986]
was developed and implemented at the Iijima Zinc Refinery in Akita, Japan. It was
also recently shown [Claassen ef al., 2002] that the Zincor Process discussed earlier,
which is similar to the para-goethite process [Patrizi ef al., 1985; Cubeddu ef al.,
1996; McCristal and Manning, 1998], produces mainly iron hydroxy sulphates in the
form of schwertmannite (FegO3SO4(OH)s) and plumbo-jarosite
(Pby sFe3(SO4):(OH)g). The establishment of these processes in the zinc industry was
preceded by the development of the jarosite process (AFe;(SO4)(0I)g) where A is
typically Na*, K or NH". These processes, excluding the Zincor Process, are shown

in Figure 2.
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Figure 2. Iron removal processes used in the zinc industry to purify zinc-rich process

solutions [After Claassen et al., 2003(b)].

The advent of the jarosite process reduced the complexity of the early treatment of the
zinc containing neutral leach residues dramatically. It was the first iron removal
i)rocess that allowed the production of a filterable residue on a commercial scale and
s still the most widely used iron precipitation process used in the zinc industry today
[i’ammenter et al, 1986; Uusipaavalniemi and Karlman, 1996]. A simplified

flowsheet of the jarosite process is shown in Figure 3.
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Figure 3: Simplified jarosite precipitation flowsheet [Arregui ef al., 1980].

Whereas volumes have been published on the jarosite and goethite processes, little is
known about the para-goethite and Zincor processes, that mainly produce ferrihydrite
fLoan ef al., 2001} and schwertmannite [Claassen et al., 2002] respectively. These
phases were reported {0 be poorly crystalline with high surface areas and are
metastable towards goethite |Bigham er al.,, 1990, 1994, 1996; Cornell and
Schwertmm 1996; Jambor and Dutrizac, 1998; Dutrizac, 1999]. As such, the iron-
bearing residues produced in the para-goethite and Zincor Processes is less filterable,

more voluminous and contains more zinc than goethite, jarosite and hematite residues
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{Dutrizac, 1985]. Even though the para-goethite and Zincor Processes are relatively
simple and easy to operate, higher zinc recoveries than what these processes can

achieve are required in an extremely competitive industry.

Howevér, precipitation of sparingly soluble substances from solution, such as iron,
has not been studied to the same extent as most crystallization processes. This
probably indicates that these processes are difficult to study as reaction crystallization
(precipitation) generally involves the simultaneous and rapid occurrence of primary
processes in the presence of secondary processes [S6hnel and Garside, 1992]. The
primary processes involve mixing on macro, micro and molecular scale, the chemical
reaction (sometimes with a complex mechanism), nucleation and growth of the
particles. Secondary processes playing a role during reactive crystallization include
agglomeration, ageing and ripening of the precipitates. As a result very little
information is available in the literature on reaction crystallization. The general
approach in studying these systems is therefore to apply classical crystallization
theory to a specific system and make adjustments where necessary through empirical

observations.

The main drive for studying crystallization and precipitation processes is to enable the
engineer to design and control these processes with the emphasis on the production of
a suitable quality product, i.e. optimum recovery and materials handling propetties, at
the required rates and as economical as possible. However, if precipitation processes
are not well understood and controlled, gelatinous phases could form which would
séverely hamper downstream processes such as liquid-solid separation, which include

filtration, thickening and bulk storage.
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2.2 Precipitate product quality

In general the type of precipitate, the purity of the precipitate, density of the particles,
particle size and size distribution influence the economics of a precipitation process.
These factors are all strongly influenced by the primary and secondary precipitation
processes mentioned earlier. This is discussed in detail for crystallization systems by
Nielsen [1964, 1967], Walton [1967, 1969], Nyvlt {1971, 1982], Nyvit ef al. [1985],
Mullin [1972, 1976], Pamplin {1975], Garside [1977], Sohnel and Garside [1992],
Mersmann [2001] and David and Klein {2001].

However, as far as product quality of iron precipitates is concerned, very little
information is available. Reference is made in the literature to iron precipitate product
quality parameters, such as particle size, size distribution and porosity [Cornell and
Schwertmann, 1996], but little attention is paid to the factors that influence product
quality and the importance of controlling the supersaturation to obtain the desired
product [Demopoulos, 1993]. |

A proper understanding of the stability of iron phases formed in the precipitation
process as well as the kinetics of precipitation (nucleation and growth) and all the
factors, such as hydrodynamics, temperature, supersaturation/pH, and seeding, that
impact on iron precipitate product quality, are therefore required. In order to address
all these issues, the results obtained from the study were summarized in three
sections. In the first chapter, the chemical aspects of iron precipitation is addressed,
with the results obtained from the earlier study of the Zincor iron removal process and
i‘_ﬁs residues as basis, by studying the influence of typical operating parameters on the
stability of poorly crystalline phases as well as the influence of supersaturation, which
is the chemical driving force for precipitation, on the quality of these precipitates. In
the next two chapters attention is given to factors that influence the nucleation and
growth processes with the emphasis on controlling the local supersaturation levels.
This was done by studying, firstly, the impact of changes in the mixing environment
oﬁ the quality of schwertmannite and ferrihydrite precipitates and secondly, the

influence of operating parameters on agglomeration growth.
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3. IRON PHASE (META)STABILITY
3.1 Introduction

Bulk crystallization processes are widely used in the chemical industry to remove
wanted and unwanted elements from leach solutions. In hydrometallurgical zinc
circuits for example, elements such as tron, cobalt, cadmium, nickel, calcium, copper
and lead are all removed in a series of complex precipitation (reaction crystallization),
cementation (reduction crystallization) and crystallization processes (cooling
crystallization). Even the electroplating process in these zinc-refining circuits can be
regarded as a crystallization process, since it requires the same primary and secondary

crystallization steps than those encountered in other crystallization processes.

The precipitate quality, expressed in terms of particle size and size distribution,
impurity content and solids density, generally influences the economics of an
operation as it directly impacts on the cost of down stream processing, loss of pay
metals in residue streams and the production of a final product that meets client
expectations. Gdsele ef al. [1990] indicated that if crystallization processes are not
well controlled, gelatinous and voluminous products are formed which typically have
a detrimental effect on down stream processes, such as liquid-solid separation

ﬁrocesses, as illustrated in Figure 4.
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Figure 4. Simplified diagram of precipitation characteristics of various inorganic salts
[After Gosele e al. 1990]. O = crystalline product, A = temporary gelatinous , ® =

permanent gelatinous.

It follows from Figure 4 that control over the supersaturation and solute concentration
is required to ensure the production of a product with adequate down stream
processing potential. This is not a straightforward task, especially when poorly
soluble phases, such as ferric iron hydroxides, are produced. Changes in the operating
variables, which include temperature, pH and reduction-oxidation potential, supply
the driving force, in the form of supersaturation, to crystallization processes and
control the solute concentration. These changes not only influence the rate of the
primary crystallization steps, i.e. nucleation and growth, but iﬁ some instances, such
as for example reaction crystallization processes, it also influences the type of
mineralogical phase that is produced and its stability. This is specifically the case
‘when iron is precipitated from hot, dilute solutions where dilution is required to lower
the solute iron concentration to improve cristallinity of the final product. By varying
the pH and temperature, a series of products in the form of different mineralogical

phases with different morphologies, particle sizes, size distributions and densities are
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produced. The different iron phases that could be produced in a sulphate-containing
environment as a function of pH and temperature, as suggested by Babcan [1971], are

shown in Figure 5.
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Figure 5. Stability diagram showing the conditions for the precipitation of different
iron phases from 0.5 M ferric sulphate solutions [Babcan, 1971]. Hydroxy salts =

basic iron sulphates.

The iron phases shown in Figure 5 are all equilibrium phases and therefore do not
iﬁclude metastable or intermediate phases. The equilibrium phases, however, are not
always present in industrial iron residues or residues thé.t contain significant amounts
of iron. In some environments, it was shown that phases such as ferrihydrite [Jambor
aﬁd Dutrizac, 1998; Loan et al., 2001] and schwertmahnite [Claassen et al., 2002],

which are metastable towards goethite, are produced, as discussed earlier.

As was mentioned earlier, temperature and pH not only define the stability of iron
phases, as illustrated in Figure 5, but also impact on the kinetics of the precipitation

process, due to their influence on supersaturation. The level of supersaturation, and
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specifically the critical supersaturation, is described by the so-called metastability
curve or metastability limit. The metastable zone, which is the region between the
solubility curve and the metastability limit, exists due to the activation energy
required to form new particles and defines the supersaturation that might be present
when no new nuclei are formed. Within this zone, particle growth in the form of
molecular growth is favoured. This results in fewer, bigger and denser particles of a
ﬁniform size, whereas above the metastability limit, nucleation and agglomeration
growth are the dominant processes [Dirksen and Ring, 1991; Kind, 2002]. This also
influences the final product quality since agglomerated particles tend to have much

larger surface areas.

Therefore, in order to optimize product quality, specifically in reaction crystallization
processes, not only the type of species formed and its stability need to be considered,
but also the role that supersaturation plays due to its effect on the primary
crystallization processes. In the case of iron precipitates, variables such as pH and
temperature determine both the supersaturation and the stability of the species

precipitated.

Experimental work was done to establish the influence of temperature and pH on the
stability of ferrihydrite and schwertmannite, the range of the metastable zone in a

seeded environment, product quality parameters and the relative supersaturation.

3.2 Experimental

The experimental work performed comprised three parts. The first part of the study
fiocused on the determination of the metastable zone and the relative supersaturation
levels, followed by an investigation into the benefits of stagewise precipitation.
Lastly, information was gathered on the influence of specifically temperature and pH

on some product quality parameters.
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3.2.1 Determination of the metastable zone and supersaturation levels

The experimental arrangement consisted of a sealed, flat-bottomed stirred tank reactor
with a diameter (D) of 120mm and working volume of 2L, equipped with four outer
baffles. It was stirred with a three-blade marine-type impeller with diameter d ~ D/2
rotating at 1000 rpm. The temperature was controlled within 1°C of the setpoint using

a heating mantle and controller.

Experiments were conducted at temperatures of 50, 70 and 90°C and at pH values
ranging from 1.5 to 3.5. For each experiment, a solution containing 5 g/L sulphuric
acid and about 11.5 g/I. Fe as Fex(SO4); was prepared. The pH was raised manually at
a rate of approximately 0.5 units every 20 minutes on the forward cycle using
Ca(OH), powder (pH range 1.5 to 2.5) and ZnO powder (pH range 2.5 to 3.5). On the
reverse cycle (pH 3.5 to pH 1.5), 98% sulphuric acid was added drop wise to lower
the pH at the same rate mentioned above. Each experiment was repeated at least three
times. Samples were taken at regular pH intervals, except over the critical pH range,
where the critical supersaturation level was exceeded, where samples were taken more
frequently. Approximately 10 mL solution was extracted during the sampling process.
Each sample was immediately filtered and the extracted solution was analysed for
férric iron concentration and pH. Distilled water and chemicals of CP grade were used

in all experiments.

3.2.2 Stagewise precipitation

The experimental setup used comprised three crystallizers in series, each with an
active volume of 3.96L and an inside diameter of 16¢cm. Each reactor was equipped
with four outer baffles fixed to the wall of the vessel, a riser box and overflow

‘ launder, as shown in Figure 6.
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Figure 6. Dimensions of the crystallizer used to determine the influence of stagewise

precipitation on product quality.

Three-blade marine type impellers, with diameters d ~ D/2.5, were used at a stirring
rate of 600 rpm to keep the solids in suspension. Table 3 gives a summary of the
experimental conditions used to determine the influence of stagewise precipitation on

product quality parameters.
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Table 3. Experimental conditions used to determine the influence of

stagewise precipitation on product quality.

Parameter Flow
Experiment Temperature pH Iron solution Calcine slurry
(°C) profile (mL/min) (mL/min)
Base case 65 3.20 26.9 41.1
3‘39 L 2 ok
1 65 3.20 26.9 41.1
2.80 1.33 ok
2 65 2.50 29.0 36.1
3.00 *Aok 2.5
3 65 2.50 26.9 45.0
3.01 *A* 0.8

The hot iron solution contained 5 g/L free acid and 15 g/L iron, added as Fex(SOy).
Roasted zinc caicine, in the form of a 7.5% calcine slurry prepared with distilled
water, was used as neutralising agent. The calcine used had a dsy value of about 38um
and ZnO content of approximately 70%. In all experiments the calcine slurry and hot
iron solution were pumped continuously to the first of three reactors in series to
control the pH at the predetermined sefpoints. The two streams were placed on
()_:pposite sides of the reactor with the outlet points positioned just below the agitator

blades. Hot iron solution and ZnO slurry were also pumped on separate lines to
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reactors 2 (Experiments 1 and 2} and 3 (Experiment 3), respectively, to adjust the pH

values as indicated in Table 3.

Samples of 250 mL each were taken from reactor 3 at the end of each experiment,
which lasted for about three hours, and immediately filtered. The solution samples
were analysed for pH and ferric iron concentration. The filter cakes were weighed and
dried to determine the moisture content and analysed for zinc and iron. The dry solids
density of each sample was also determined. Wet filter cake samples were taken and
mixed with distilled water to determine particle size and size distribution using a

Malvern particle size analyser.
3.2.3 Determination of the influence of temperature and pH on product quality

In order to determine the influence of pH and temperature on product quality
parameters such as cake moisture content, particle solids density, particle impurity
content (zinc and sulphate} and particle size, the sealed glass precipitator with an
active volume of 2L, mentioned earlier, was used in a continuous mode. Hot iron
solution containing 5 g/L free acid and 10 g/L iron, added as Fex(SQy)s, as well as a
2.5% ZnO slurry were continuously pumped to the reactor using peristaltic pumps.

All the reagents used were of CP grade.

The outlet points of the reactant streams were placed just below the agitator blades on

opposite sides of the vessel. The level in the reactor was controlled with another
peristaltic pump. The flow rate of ZnO slurry varied with a change in the pH setpoint

as summarised in Table 4.
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Table 4. Average hot iron solution (HIS) and ZnO slurry flow rates used fto

precipitate iron at different pH setpoints.

pH HIS flow rate (ml/min) ZnQ slurry flow rate (mL/min)
1.8 21.1 ' <1
2.2 21.1 10
2.6 21.1 14
3.0 21.1 16
3.4 21.1 17

Experiments were performed at temperatures of 50, 60, 70 and 80°C. Each experiment
ran for three hours and was repeated at least three times. At the end of each experiment,
two 250 mL samples were taken. The first sample was filtered and dried at 120°C for
one hour to determine the cake moisture content. The other sample was filtered and the
cake washed with 1 L of hot water. The filtrate extracted prior to the hot water wagh,
Was analysed for ferric iron and pH. The washed filter cake was again dried at 120°C

for one hou, analysed for zinc and sulphate and the dry solids density determined.
Wet filter cake samples of about 5 mL each were also taken and mixed with distilled
water at ambient temperature to determine the product mean particle size and size

distribution using a Malvern particle size analyser.

XRD analyses were also performed on the dried, washed filter cake. Cu-Kot radiation at

dwavelength of approximately 0.154 nm was used.
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3.3 Results and discussion

3.3.1 Iron phase (meta)stability and the role of the supersaturation level in iron

precipitate product quality
3.3.1.1 Determination of the metastable zone

In order to develop a (meta)stability diagram for iron precipitated from a ferric iron
solution under industrial conditions and to calculate typical supersaturation levels
present during this process, the metastability zone for iron precipitation had to be
determined first. This was done using a method of cycling the pH between a lower
and higher limit at different temperatures. The ferric iron concentration as a function
of pH at a specific temperature was then plotted, as shown in Figures 7 to 9 (also see
Appendix 1). The critical pH values for nucleation (A) and solubilisation (B) were
then determined by extrapolation of the slope of the ferric concentration versus pH

line to the initial ferric concentration.
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Figure 7. Average ferric iron concentration as a functibn of pH determined at 50°C.
The pH was changed stepwise in increments of 0.5 pH units every 20 minutes. The
pH was increased by adding Ca(OH), and ZnO powder and decreased by adding 98%
H>S804. The total sulphate concentration varied between 0.2 and 0.25 moles/L.
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Figure 8. Average ferric iron concentration as a function of pH determined at 70°C.
The pH was changed stepwise in increments of 0.5 pH units every 20 minutes. The
pH was increased by adding Ca(OH), and ZnO powder and decreased by adding 98%
H,S04.
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Figure 9. Average ferric iron concentration as a function of pH determined at 90°C.
The pH was changed stepwise in increments of 0.5 pH units every 20 minutes. The
pH was increased by adding Ca(OH), and ZnO powder and decreased by adding 98%
H,S04. :
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From the data presented in Figures 7 to 9, the critical pH values of nucleation (e.g.
point A, pH ~ 1.97, Fig. 7) and solubilisation (point B, pH ~ 1.76, Fig. 7) were
determined. The critical pH values for nucleation and solubilisation, defining the
boundaries of the metastable zone as a function of temperature, are shown in Figure

10.
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Figure 10. Illustration of the metastable zone determined for the precipitation of iron
from a ferric iron solution containing approximately 11.5 g/L Fe as Fex(SO04); and 5
g/L Hy804. The pH was varied using Ca(OH), and ZnO powder, and 98% H,SO; .

According to the definition of the metastable zone, the equilibrium solubility limit
forms the lower boundary of the metastable region. However, the width of the
nﬁetastable region may be reduced by an increase in temperature, the presence of
iéomorphic and anisomorphic material |[Garside ef al., 1972 and Mullin and Ang,
1976] and a mixing intensity such as the 1000 rpm used. When the solubility Hmit
detennined in this study (Figure 10) is compared with the equilibrium solubility limit,
ﬂfne reduction in the width of the metastable zone is evident, as shown in Figure 11.
STABCAL™ software with the available NBS-database was used to calculate the
e@uilibrium [Fe*"] solubility line X (refer to Appendix 2) and the data for line Y was
taken from the literature [Cornell and Schwertmann, 1996]. Lines X and Y show the

equilibrium solubility of goethite, which is the equilibrium phase for ferrihydrite and
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schwertmannite, as a function of pH. It is clear from Figure 11 that there is reasonable
agreement between the two lines for pH values smaller than about 3.0. In this study
iron concentrations reflected by line X was used for the calculation of the relative

supersaturation, as will be shown later.

0.0
A Te. Actual metastable
20 "'"'"--._f:é':"---__p_. / zone
A KIS I T
Y ...... }- .. -; "H .......
40 - . Sk
Theoretical @ 0 Tt =sao.

metastable zone

log [Fe®*] (moliL}

5.0 -
80 Tl
_1 0-0 T T T T T T T T 1
1.70 1.80 2.10 230 2.50 2.70 2.90 3.10 3.30 3.50
pH
+ Equilibrium data & Experimental data - forward cycle 4 Experimental - reverse cycle

Figure 11. Ferric concentration as a function of pH for the precipitation of iron at
50°C from a ferric iron solution containing approximately 11.5 g/L. Fe as Fe; (SO4)3
and 5 g/ H,80,4. The pH was varied using Ca(OH); and ZnO powders, and 98%

H»S04. The experimental reverse cycle line forms the new solubility Hmit.

It follows from Figure 11 that a high degree of supersaturation is required to initiate
precipitation and that the relatively small metastable zone of between 0.2 and 0.3 pH
units (from Figure 10), would require precise control to achieve good precipitate
properties. Claassen et al. [2003(b)] have shown that iron removal processes are
frequently operated at pH values above the metastability limit. Th,is. results in an
increase in the supersaturation levels, which in turn leads to an increase in the
nucleation rates with resultant finely divided, poorly crystalline particles, which tend
| t@ agglomerate [Dirksen and Ring, 1991] to give a final product with relatively high
impurity levels. Furthermore, the choice to utilise the metastability limit to improve
ﬁroduct quality is influenced by factors such as the co-precipitation of other phases,

i.e. phases resulting from the presence of silica in some industrial hot iron solutions,
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the value of the product being removed, as recycling has a cost implication, the
reduction in the concentration of oxygen or gaseous reagents at low pH values
(goethite iron removal process) and the need to precipitate a specific iron phase, such

as ferrihydrite, that is stable only at higher pH values.

Therefore, although the metastable zone might be useful in the chemical industry, i.e.
in the production of pigments, the factors mentioned above need to be considered in
metallurgical processes. It nonetheless, provides useful information that could be
used to improve product quality in some iron removal processes. Firstly, it could act
as a control reference point to lower supersaturation in an iron precipitation process,
and/or it could be used to calculate typical supersaturation levels in a specific
application, as illustrated in the following paragraphs. Secondly, it could be used to
illustrate why stagewise precipitation [Demopoulos, 2003] could improve irom
precipitate product quality. Generally, the solute concentration changes stepwise with
a step change in temperature (cooling crystallization) or pH (reaction crystallization)
within the metastable region. By using the same principle, even at conditions outside
the metastable zone, it was shown that product quality could be improved as discussed

later.

3.3.1.2 Determination of supersaturation and the (meta)stability diagram

The relative supersaturation present during a precipitation process typically
determines the quality of the precipitate, with poorer quality precipitates being formed
at high levels of supersaturation. The relative supersaturation (o) present during the
precipitation experiments were calculated using the minimum concentration required

to initiate precipitation substituted in equation 4, and shown in Figure 12 as a function

of pH and temperature.

o~ (C - Ceq)/Ceq = AC/Ceq ..... 4
Where: c = actual solute concentration (mol/L)

Cegq = equilibrium solute concentration (mol/L)
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Figure 12. Relative supersaturation required as a function of pH at different
temperatures for the hydrolysis of ferric iron from iron solutions containing
approximately 11.5 g/L. Fe added as Fe,(80,); using Ca(OH),- and ZnO powder to
control the pH.

From Figure 12 it is clear that lower degrees of supersaturation are required for
precipitation of iron at higher temperatures and lower pH values. Better quality
precipitates could thus be expected for such conditions. This was indeed found to be
the case in previous work [Claassen et al., 2002] where open structured ferrihydrite
was produced at a temperature of 65°C and a pH of 3.2, compared to more dense

schwertmannite, obtained at 65°C and a pH of 2.7, as shown in Figure 13.
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= /0 um

Figure 13. SEM backscattered image of an iron bearing particle, showing open
structured ferrihydrite particles (Particles A) covered with a more dense structured
schwertmannite layer (Portion B) [Claassen et al., 2002].

The zones for metastable iron precipitates may be defined in terms of temperature and

pH by considering the chemical analyses, in the case of the hydroxy salts, and XRD
ahalyses, in the case of ferrihydrites, and are shown as Figure 14.
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Figure 14. Metastability diagram for ferric iron hydrolysis from a 10 g/I. Fe (added as
Fex(S04)3 solution) using ZnO powder to control the pH. ®= 6-line ferrihydrite and
schwertmannite and & = 2-line ferrihydrite obtained from XRD analyses. The total

sulphate concentration varied between (0.2 and 0.25 moles/L during all experiments.

In Figure 14, the boundary between the hydroxy salts (schwertmannite) and
ferrihydrite was obtained by washing the precipitates produced in the continuous
reactor with hot water, and noting the conditions where the sulphate content started to

rise, as indicated in Figure 15.

Schwertmannite Ferrihydrite

© 185 2.05 215 225 2.35 2.45 2556 265 275 285 2.95 3.05 315 3.25
pPH

[ ——50C i 60 G ——70C ——80C |

Figure 15. Influence of pH and temperature on the sulphate content of iron
precipitated from a hot iron solution containing 10 g/I. Fe (as Fey(SO4);) using ZnO

Iﬁowder to control the pH in a continouos reactor.
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The different iron phases and their crystallinity were identified using XRD analyses.

The data obtained for the 60°C isoterm are summatrized in Table 5.

Table 5. X-ray diffraction results obtained from synthetic iron

precipitate samples produced in a continuous reactor at 60°C.

pH d-values (nm)
Schwertmannite 2-line 6-line
ferrihydrite ferrihydrite
3.06 Uncertain
Uncertain
0.2561
Very weak
Very weak
0.1506
Very weak
2.75 0.5033*
0.3323%
0.2554
0.2219
0.1927
0.1702
0.1510
Very weak
2.16 0.4895
0.3423
(.2526
0.2214
0.1940
0.1648
0.1517
Very weak

* Indicate presence of schwertmannite
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The data obtained in Table 5 is in good agreement with work done by Bigham et al.
[1990], Jambor and Dutrizac [1998] and Claassen ef al. [2002].

The determination of the schwertmannite (meta)stability region at elevated
temperatures is unique as it has previously only been identified in natural
ehvironments [Bigham ef al., 1990, 1994, 1996]. It also appears from Figure 15, as if
there is a definite hydroxy salt/schwertmannite phase transition line, as indicated in
Figure 14, which supports the notion of schwertmannite as a separate phase, rather
than being ferrihydrite with adsorbed sulphate. In the temperature range 50°C to 90°C,
this transition line is between 0.1 and 0.2 pI units above the line reported by Babcan
[1971] who worked at 0.5 M Fe;(SO4)3 (refer to Figure 5). It is known that the
stability regions for iron oxide and oxy-hydroxide phases are extended to lower pH
values due to the presence of high sulphate levels. This is a result of fhe formation of
iron sulphate complexes and buffering of the pH. The latter is caused by the
combination of free H' ions with bisulphate ions. The net effect is that oxide and oxy-

hydroxide iron phases are stable at higher free acid concentrations.

It appears from Figure 15 rather as if both ferrihydrite and schwertmannite contain
variable amounts of sulphate, which probably result from a change in morphology,
with a change in pH and temperature, and the increased stability of ferrihydrite with
an increase in pH and temperature, above the hydroxy salt stability line. If the data in
Table 5 is considered, it appears as though schwertmannite is also present at pH
values above the hydroxy salt stability line (6-line ferrihydrite region), as indicated by
the presence of peaks at approximately 17 and 27 26, which are not well defined in
the case of ferrihydrite, as shown in Figure 16. |
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Figure 16. X-ray diffractogram of a poorly crystalline synthetic iron precipitate

produce at 60°C and a pH of 2.75 in a continuous crystallizer.

The stability of iron hydroxy sulphates in the acidic pH region stems from the
presence of species such as FeSOy4" in iron sulphate media, that is believed to play an
important role in the formation of these phases [Ashurst and Hancock, 1977]. Species
such as Fe;(OH)»(SO4); were also found in sulphate solutions, which is believed to be

the precurcers of iron hydroxysulphate precipitates [ Yakovlev ef al., 1977].

Finally, the influence of supersaturation on the cristallinity and product quality of iron
phases produced at temperatures between 50 and 90°C and pH values between about
1.5 and 3.5, can be summarized by combining the data presented in Figures 12 and
154, as shown in Figure 17. Although the different precipitates may be formed over a
range of supersaturations, it can be expected that the best quality precipitates would

be formed at lower degrees of supersaturation.
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Figure 17. Phase stability of iron precipitates in terms of relative supersaturation and

pH .

3.3.1.3 Stagewise precipitation

Stagewise precipitation is done by operating within the metastable zone to improve
product quality. The applicability of this approach to a process operated above the
metastable region was evaluated. Table 6 summarises the results obtained when iron

was removed stagewise using three continuous crystallizers in series.
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Table 6. Results obtained from stagewise iron removal experiments performed at

65°C.

Experiment pH Moisture ~ Water soluble Weak acid
profile (%) Zn* soluble Zn**

(%) (Yo)

Base case 3.20 57 2.86 5.41
3.31
3.39

1 3.20 54 1.57 3.83
2.80
2.94

% Improvement 53 45.1 29.2

2 2.50 43 1.18 3.65
3.00
3.09

% Improvement 246 58.7 32.5

3 2.50 46 1.22 4.02
2.74
3.01

- % Improvement 19.3 57.3 25.7

* Filter cake washed with hot water only to remove water soluble zinc
ok Filter cake washed with a pH = 1.5 solution to remove entrapped zinc

In the base case experiments, hot iron solution was contacted with calcine slurry at a
pH of 3.2 in the first of three reactors in series, where after the pH increased without
further additions to about 3.4 in the last reactor. According to Figures 14 and 17, 2-
line ferrihydrite was probably produced at a relatively high relative supersaturation
level of about 17000 in this process. Particles with a high surface area were probably

formed, which would explain the relatively high moisture and impurity content in
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terms of water soluble and weak acid soluble zinc values of the precipitate

summarized in Table 6.

In Experiment 1, a leach/acidification step was performed at pH 2.80 in the second
reactor. This mode of operation is utilised in the Zincor roast-leach-electrowinning
zinc refinery [Claassen et al., 2003(b)] to remove iron from zinc-rich process
solutions. During the acid wash step, some 2-line ferrihydrite particles were probably
dissolved and reprecipitated as 6-line ferrihydrite and schwertmannite (refer to Figure
14 and Table 5) at relative supersaturation levels around 15000. This leaching step
resulted in a reduction in the relative particle surface area as well as the zinc content

of the solids formed, as shown in Table 6.

Experiments 2 and 3 were used to investigate the influence of stagewise precipitation
dn some product quality parameters, i.e. the pH was incrementally increased to
remove iron to the desired levels. In Experiment 2, the pH in the first reactor was
controlled at 2.5, followed by an increase in pH, through the addition of calcine slurry
into the second reactor to raise the pI to 3.0, where after it increased to about 3.1 in
tﬁe last vessel. In the first reactor schwertmannite, which has a more dense structure
than ferrihydrite, was probably produced at relative supersaturation of about 12000.
The lower nucleation rates, at lower supersaturation, and improved leaching of the
Zn0 neutralising agent probably resulted in a significant reduction in the impurity
levels of the final product, as is evident from the data presented in Table 6. The
rémaining supersaturation was then used in the second reactor to probably
agglomerate the particles. In Experiment 3, the pH in the first reactor was again
controlled at 2.5, and then left to increase to about 2.75 in the second reactor. Calcine
was added to the third reactor to increase the pH to 3.00 to ensure adequate iron
removal, which could explain the slight increase in the zinc values of the final
product. These results indicate that the stagewise precipitation of iron, even above the

. metastability limit, could significantly improve product quality.
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3.3.2  Influence of temperature and pH on final product quality

3.3.2.1 Solids moisture content

] The moisture content of a precipitated product can be used to indicate its downstream
processing potential in terms of its drying requirements and ease of handling, as it
gives an indication of the relative surface area of the precipitates. Figure 18 shows

how the iron precipitate moisture content is influenced by pH and temperature.
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Figure 18. Filter cake moisture content for iron precipitates produced in a continous
crystallizer from a hot iron solution containing 5 g/L H;SO4 and 10 g/L Fe (as
Fey(804)3) using ZnO powder as neutralising agent as a function of pH and

temperature.

Tfhe precipitate moisture content is significantly influenced by pH and temperature as
indicated in Figure 18. Cake moisture decreases with an increase in temperature and
réaches a minimum at pH values between 2.45 (80°C) and about 2.68 (50°C). The
effect of temperature on precipitate moisture content is probably the result of the
formation of more dense particles at higher tempera_tlﬁés as indicated by the results

shown in Figure 19.
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Figure 19. Influence of pH and temperature on precipitate solids density for iron
precipitates produced in a continous crystallizer from a hot iron solution containing 5

g/L HyS04 and 10 g/L. Fe (as Fex(8O4);) using ZnO powder as neutralising agent.

It is known that better quality precipitates are formed at higher iemperatures as a
résult of the lower supersaturation levels required, as indicated in Figure 17. The
increase in moisture content at lower and higher pH values is probably a result of a
reduction in the mean particle size (increase in relative surface area) at lower pH and
the formation of more voluminous particles at higher pH values. The high
supersaturation levels generated at high pH values also supports fast nucleation rates
ahd an increase in population density and surface area. Both the mean precipitate
particle size and population density increase with increasing plH, as shown in Figures
20 and 21. The increase in size of the particles is most probably caused by

aﬂgglomeration‘
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Figure 20. Influence of pH and temperature on precipitate mean particle size for iron
precipitates produced in a continous crystallizer from a hot iron solution containing 5

g/L 1,804 and 10 g/L Fe (as Fea(SO4)3) using ZnO powder as neutralising agent.
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F igure 21. Influence of pH and temperature on precipitate population density obtained
from Malvern particle anlyses for iron precipitates produced in a continous
crystallizer from a hot iron solution containing 5 g/l H,SO,4 and 10 g/L Fe (as
Fex(804)3) using ZnO powder as neutralising agent.
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3.3.2.2 Solids zinc content

Reaction crystallization requires a reagent to generate the necessary chemical driving
force for solids formation from leach solutions. In the zinc industry, ferric iron is
often removed through hydrolysis by contacting hot iron solution with zinc calcine
containing approximately 70% ZnO, as summarized by Claassen ef al. [2003(b)]. The
use of a zinc containing neutralizing agent typically results in high zinc losses and
often the production of iron residues with high sulphate loadings. Figure 20 shows the
influence of pH and temperature on the zinc content of ferric iron precipitated through
hydrolysis using ZnO as the neutralizing agent. The zinc content of iron precipitates
increased significantly with an increase in pH and temperature as shown in Figure 22.
This is probably a result of a combination of high supersaturation (at higher pH
values) and faster diffusion of iron species to the growth points [Sakamoto, et al.,
1976 and Yamada, 1980], which could entrain unleached ZnQO or zinc sulphate
solution. The reduction in the reactivity of ZnO with an increase in pH, probably

exacerbated the problem.

—
(=]
s

=
=
L

% Zine (acid soluble)
o e @ o o=
- [=>) o0 (-] 3%}

=
[

0.0 T T T T T T T T T T 3 T 1
195 205 215 225 235 245 255 285 275 285 288 306 345 3B

pH

| +5%C  -860C -a70C  -e-80C |

Figure 22. Influence of pH and temperature on the zinc content of iron precipitates
produced in a continous crystallizer from a hot iron solution containing 5 g/L. H,SO4

and 10 g/L Fe (as Fex(S504);) using ZnO powder as neutfalising agent.
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3.4 = Conclusions

Control over the factors that influence product quality in crystallization processes is of
utmost importance as it affects the economics and ease of handling in down stream
processes. It was shown that the type of phase produced and the supersaturation
influenced final product quality. Hydrolysis of ferric iron in the temperature range
50°C to 90°C and at pH values between about 1.5 and 3.5, as typically used in many
industrial processes, result in the formation of poorly crystalline, metastable iron
phases such as ferrihydrite (2-line and 6-line) and schwertmannite. In this study, the
stability regions of these phases were determined as a function of easily controllable
parameters such as pH and temperature. Typical relative supersaturation levels
required for the precipitation of ferrihydrite and schwertmannite were also calculated
from data defining the metastable zone for ferric iron hydrolysis. It was shown that
ferrihydrite and schwertmannite are formed over a range of supersaturation levels.
Since supersaturation determines the rate of the primary crystallization processes, i.€.
nucleation and growth, the morphology and product quality of these phases varied
with changes in the parameters that influence supersaturation. It also appears as
though hydroxy salts, which include schwertmannite, are generally of a better quality
as indicated by a higher solids density and lower zinc content than oxy hydroxides,

which include ferrihydrite, that were formed at higher relative supersaturation.

The study showed that even though poorly crystalline iron phases, such as
schwertmannite and ferrihydrite, were produced, the quality of these phases could be
iinproved by controlling the supersaturation. This could be done through careful
selection of control parameters such as pH and temperature and using a stagewise

precipitation process.

In addition to the role that pH and temperature play in determining supersaturation,
the influence of changes to the mixing environment on supersaturation was studied. In
ﬂ_ie next chapter, special attention is given to the influence of changes in the macro
and micromixing environments, reactor design and feed point location on precipitate

product quality.
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4. MIXING AND PRECIPITATION
4.1 Introduction

Precipitation of poorly soluble phases such as iron hydroxides is generally associated
with fast reaction kinetics resulting in rapid nucleation. High nucleation rates in turn
are known to have a detrimental effect on product quality. The product quality can
therefore be greatly influenced by mixing efficiency if the process is mixing
controlled. The importance of controliing the mixing environment during precipitation
processes stems from a difference in the timescales of the various mixing
environments (macro-, meso- and micro mixing environments) compared to the
timescales of the precipitation processes present in a typical precipitator as

summarised in Figure 23.

Figure 23. Tllustration of the difference between mixing and precipitation (nucleation

and growth) time scales [Adapted from Vicum et al., 2004].
In Figure 23 macromixing refers to fluctuations in concentration on the scale of the

reactor diameter and the characteristic time for this level of mixing is the reactor

c:irculation time. Mesomixing refers to mixing at the scale of the reactant inlet tubes,
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with the tube diameter and the inlet flow rate that influence the mixing time. On the
micro scale (vortex scale), micromixing describes the segregation state of a fluid
element in terms of its volume and homogeneity. The timescale of micromixing is
influenced by the amount of energy dissipated in a system and the properties of the
fluid. Since the reaction and nucleation rates in precipitation processes could be
orders of magnitude faster than the mixing times, as illustrated in Figure 23,
ihhomogeneities in species concentration throughout the reactor are expected to
occur. This in turn influences the supérsaturation, which determines the rates of
nucleation and growth. The fact that all the processes shown in Figure 23 occur
simultaneously in a precipitator, as well as the difficulties associated with scaling up
laboratory scale experiments to plant scale processes, make the study of the mixing
environment in precipitation processes and the prediction of the range and distribution

of supersaturation relatively difficult.

Different mixing strategies have therefore been investigated in an effort to improve
product quality in precipitation processes [Gosele and Kind, 1991; Franke and
Mersmann, 1995; Van Leeuwen et al., 1996 (a); Van Leeuwen ef al., 1996 (b);
Baldyga and Orciuch, 2001]. These and other studies focussed on the influence of the
type of process (batch, semi-batch or continuous), location of the feed points, type of
n_ﬁxing (mechanical, jet, etc.), micromixing effects (energy input), mesomixing effects
(nozzle design} and macromixing effects (reactor design and type of impeller) on
product quality in precipitation processes. Of particular interest is the work done by
Gﬁsele and Kind [1991] and later Van Leeuwen et al. [1996 (b)] on the so-called
three—zone approach for precipitation processes. The three-zone model, illustrated in
Figure 24, represents the three main mixing environments found in a mixed reactor,
ﬁamely the macromixing (pumping action of the impeller/ recirculation time),
mesomixing (mixing intensity at the reactant inlets) and micromixing (mixing

intensity at the impeller tip/stirring rate) regions.
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Figure 24. Three-zone model used to study the influence of mixing on iron precipitate
product quality [Adapted from Gosele and Kind, 1991].

From Figure 24 it is clear that the influence of the three mixing regimes on product
quality can be studied in isolation by varying the recirculation flow rates (F31 and Fy),
tﬁe total residence time (mixing time) and the mixing rates in R1, R2 and R3. The
three-zone model, as well as different reactor designs and variations in the feed point
locations, were used in this study to determine whether the quality of iron precipitates
can be improved when the mixing regime is changed. The need to investigate the
influence of changes in the mixing environment on iron precipitate quality arise from
the fact that it has received relatively little attention compared to the other factors
used to control supersaturation during iron precipitation. In the zinc industry, for
example, the jarosite process was developed [Patents, 1964; 1965(a); 1965(b)] to
produce a crystalline product with the addition of an alkali element at high
temperatures and pH values below 2 (refer to Figure 3). These conditions force the
sﬁpersaturation down as it increases ferric iron solubility. Furthermore, in the goethite
iron removal process developed later [Patents, 1966; 1972], supersaturation is
—effectively conirolled by the rate of ferrous iron okidation using air, which is

relatively slow at high temperatures and pH values of around 2.5. But, it is when
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ferric iron solution is neutralized at pH values greater than about 3.0, as is the case in
the so-called para-goethite process [Loan ef al., 2002] and similar Zincor process
[Claassen er al., 2002] as well as many other industrial processes, that a more
voluminous product containing higher impurity values is produced. If conditions are
not well controlled in these processes, a product that is difficult to treat in down
stream processes, such as gelatinous precipitates, can be produced, as illustrated
earlier in Figure 4. Figure 4 also indicates that crystalline products can be produced
from dilute solutions at low relative supersaturation levels. Improved control over the
range and distribution of supersaturation during ferric iron precipitation is required in
many industrial processes, as the morphology and high impurity content of the
products typically produced in this manner, have a detrimental effect on the
economics of the operations, as it increases the cost of down stream processes (solid-
liquid separation processes and residue storage), and in some cases contributes to the

loss of valuable metals [Claassen, 2002].

In this section the influence of changes in the macro, meso and miéromixing

environments on iron precipitate quality was studied by giving attention to mainly the

following areas:

. The mean residence times were calculated from residence time distribution
(RTD) data obtained for a CSTR and a draft tube baffled reactor [Fogler,
1999]. This was done to evaluate the impact of changes in the type of impeller,
mixing rate, reactor design, feed point location and type of pre-mixer on the
mixing efficiency, i.e. to evaluate the influence of changes in the macro and
micromixing environments on the residence time of a species. Furthermore,
since efficient mixing is required in precipitation systems, as alluded to in
previous paragraphs, the use of the mean residence time to indicate optimal
mixing conditions were evaluated. _

. The three-zone model approach was used to isolate the effect of macro, meso
and micromixing on iron precipitate quality.

. The influence of changes in the reactor geometry and feed point location on

product quality was studied.
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4.2  Experimental
4.2.1 Residence time distribution and the mean residence time

The mean residence times were calculated from the distribution of residence times for
a CSTR and a draft tube baffled (DTB) reactor. The dimensions of these reactors are
shown in Figures 6 and 25, respectively. 10 mL of a 20% NaCl solution was pulse
injected into the inlet to the reactor at the start of each experiment. The change in the
NaCl concentration in the outlet of the different reactors evaluated was then measured
with a conductivity meter. Each experiment was terminated after 35 minutes.
Experiments were conducted in triplicate. The variables and their ranges used to
determine the RTD and mean residence times in a CSTR and DTB reactor are

summarized in Table 7.

Table 7. Variables and their ranges used to determine the RTD and mean residence

times in a CSTR and DTB reactor.

Experiment Variable Range
1 Reactor type CSTR DTB reactor
2 Stirrer speed 200 400 600
(rpm)

3 Type of agitator ~ Flat, 2-blade Pitched, 3-blade Pitched, 4-blade

4 Feed point position ~ Near the B At the solution
agitator interface

5 Type of pre-mixer Y-mixer - T-mixer

The pre-mixers used were pipe mixers with an inside diameter of 3mm. The outlets of

these mixers were placed near the agitator blades in each experiment.
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In all experiments, distilled water was fed at a constant rate of 440mlL/min to the
CSTR and 435mL/min to the DTB reactor. The water inlet point was placed near the
agitator blades. The NaCl used was of CP grade.

For the calculation of the mean residence times, the concentration curve (C(t)) was
first constructed from the conductivity measurement data. The accuracy of the data
captured was checked by performing a mass balance at the end of each experiment.
The residence time distribution function was then calculated using equation 35,

followed by equation 6 for the calculation of the mean residence time ty,.
E(t) = C(tYol* C(t)dt 3
tm = of® txE(t)dt .6

The so-called five-point quadrature formula [Fogler, 1999] was used to calculate the

areas underneath the concentration and distribution function curves.
4.2.2 Three-zone model approach to improve iron precipitate product quality

The experimental arrangement used in this part of the study is shown in Figure 22. All
the reactors (R1-R3) were sealed and baffled vessels. The dimensions of reactor 3
(R3) were shown in Figure 6. In the case of R1 and R2, four 5mm wide baffles were
lised in each vessel to assist mixing. Reactors with volumes of 600mL, 1000mL,
1500mL and 2500mL were fabricated and used in positions R1 and R2 (refer to Table
8). To determine the influence of the macromixing environment on product guality, a
parameter called the Exchange Rate Ratio (Er) was deﬁﬁed as follows (refer to Figure
22):

' Fr=Fsy/[Fs1 + Fa] T

In order to eliminate the effects of a change in the total residence time (total mixing
time remained constant at about 1 hour) with changes in Er, the volumes of R1 and
R2 were changed by means of using different reactor sizes. The levels in R1 and R2

were controlled at preset values with peristaltic pumps. Changes made to the volumes
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of these vessels also necessitated adjustments to the energy input (stirring rate) to

these reactors to eliminate the effect of changes in the mesomixing environment. The

Er was calculated with respect to low and high values of Fs;». The experimental

parameters used to determine the influence of changes in the Exchange Rate Ratio on

iron precipitate product quality are summarised in Table 8.

Table 8. Experimental parameters used to determine the influence of solution
exchange rates on iron precipitate product quality using the three-zone model

approach.
Er Reactor volume Flow Stirring rate
(mL) (mL/min) (rpm)
R1 R2 R3 Fy Fa Fs; Fa, Rl R2 R3
-0 0 0 4010 387 282 0.0 0.0 0 0 600
0 0 430 4010 38.7 282 0.0 7.1 0 210 600
0 0 820 4010 38.7 282 0.0 127 0 270 600
0 0 1150 4010 38.7 282 0.0 183 0 310 600
0.15 589 3335 4010 387 282 97 548 230 530 600
015 202 1140 4010 387 282 32 183 180 300 600
035 1070 1980 4010 38.7 282 174 323 310 410 600
035 610 1140 4010 387 282 99 183 240 320 600
045 1070 1310 4010 387 282 174 213 310 330 600
045 920 1140 4010 387 282 150 183 280 320 600
055 1076 880 4010 38.7 282 174 142 310 280 600
0.55 1370 1140 4010 38.7 282 224 183 330 320 600
1.00 640 0 4010 38.7 282 9.7 0.0 240 0 600
1.00 1100 0 4010 38.7. 282 174 0.0 310 0 600
1.00 1450 0 4010 38.7 282 232 0.0 350 0 600
1.00 2380 0 4010 387 282 387 0.0 440 0 600
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In these experiments CP grade ZnO powder was used as neutralising agent.
Experiments were also conducted using roasted zinc calcine instead of the CP grade
Zn0O powder. The zinc content and some of the main impurity values of the calcine

used, are shown in Table 9.

‘Table 9. Chemical composition of the calcine used to precipitate iron using the

three-zone model approach.

7n Fe Pb S10; Cu Mn
(%) (%) (%) (%) (%) (%)
55.70 5.18 3.00 2.86 1.00 0.92

The calcine used had a dso of about 18pum. It was added as a 15% (mass/mass) siurry
prepared with distilled water. 10 g/L initial seed with a dso of about 6um was also
used. The experimental parameters used to determine the influence of changes in the
rhacromixing environment on iron precipitate quality for the case where industrial

zine calcine is used as neutralising agent, is summarized in Table 10.

Table 10. Experimental parameters used to determine the influence of solution
exchange rates on iron precipitate product quality using the three-zone model
approach and industrial zinc calcine as neutralising agent.

Experiment Reactor volume Flow Stirring rate
(mL) (mL/min) (rpm}

R1 R2 R3 F, F, Fyy Fas R1 R2 R3
Base case 4010 30.1 389 600
HIS 600 4010 30.1 389 136 240 600
recirculation
Calcine sharry 1150 4010 30.1 389 389 320 600
recirculation
HIS and 600 1150 4010 30.1 389 136 389 240 320 600
calcine slurry
recirculation
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The effect of mixing time on iron precipitate product quality was investigated by
changing the recirculation flow rates at an Er of 0.5. The mixing time was defined as

follows:

‘M, = Volumerorar / [Fa1 + F32] ....8
Where: Volume torar, = Vol g1 + Volga + Volga
The experimental parameters used to determine the influence of changes in the

mixing time {macromixing) on iron precipitate product quality are summarised in

Table 11.

Table 11. Experimental parameters used to determine the influence of mixing time on

iron precipitate product quality using the three-zone model approach.

Mt Reactor volume Flow Stirring rate
(min) (mlL) (mL/min) (rpm)

R1 R2 R3 Iy F> Fsi Fz; Rl R2 R3

0 356 350 750 7.3 53 0 0 200 200 260
3 350 350 750 7.3 5.3 242 242 200 200 260
6 350 350 750 7.3 53 121 121 200 200 260
i15 350 350 750 7.3 53 48 48 200 200 260
30 350 350 750 7.3 53 24 24 200 200 260

60 350 350 750 73 53 12 12 200 200 260
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To determine the influence of micromixing on iron precipitate product quality, the
agitator speed in reactor 3 (R3) was varied at a fixed Er and Mt. The experimental
parameters used to determine the influence of changes in the energy dissipation in R3

on iron precipitate product quality are summarised in Table 12.

Table 12. Experimental parameters used to determine the influence of micromixing on

iron precipitate product quality using the three-zone model approach.

Er Mt Reactor volume Flow Stirring rate
(min) (mL) (ml/min} (rpm)

Rl R R § f F, F, K R R3

0.35 6 600 1100 4010 387 282 5.9 183 240 310 200
0.35 6 600 1100 4010 387 282 99 183 240 310 400
0.35 6 600 1100 4010 387 282 9.9 183 240 310 600
0.35 6 600 1100 4010 387 282 99 18.3 240 310 800

4.2.3  Influence of reactor design and feed point location on iron precipitate quality

4.2.3.1 Reactor design

The crystallizers used to precipitate iron included an open baffled reactor, shown in
Figure 6, a draft tube reactor with dimensions shown in Figure 25, a fluidised bed
reactor shown in Figure 26 and a pipe mixer with inside diameter of Smm in the form

of a Y-piece combined (upstream of) with the baffled reactor, shown in Figure 6.
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Figure 25. Dimensions of the draft tube reactor used to precipitate iron from a hot iron

solution.
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Figure 26. Dimensions of the fluidised bed reactor used to precipitate iron from a hot

iron solution.

65



University of Pretoria etd — Claassen, J O (2006)

The experimental parameters used to investigate the influence of reactor design on

iron precipitate product quality are summarised in Table 13.

Table 13. Experimental parameters used to determine the influence of reactor design

on iron precipitate quality.

Reactor Active reactor Flow Stirring rate
volume (mL/min) {rpm)
(mL)
Iron

solution Oxide slurry

Open baffled 4010 38.2 27.8 400
Draft tube 3970 382 27.8 390
Fluidised bed 1300 9.6 7.0 ~3500 mL/min
(air agitation)

Pipe - open 4020 38.2 27.8 400
baffled reactor

combination

In these experiments, the hot iron solution and ZnO slurry feed points were placed on

opposite sides of the reactors with the outlets positioned beneath the agitator blades.
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4.2.3.2 Role of feed point location

In this part of the study the open baffled (see Figure 6) and draft tube (see Figure 25)

reactors were used. The details of the experiments conducted are summarised in

Table 14.

Table 14. Experimental parameters used to determine the influence of feed point

location on iron precipitate quality.

Reactor Feed point Total Flows Stirring rate
location reactor (mL/min) (rpm)
volume
(mL)
Iron Oxide

solution  slurry

Open baffled Distant, at 4010 38.2 27.8 400
reactor surface

Open baffled  Distant, beneath 4010 38.2 27.8 400
reactor stirrer

Open baffled  Side by side, at 4010 38.2 27.8 400
reactor surface

Open baffled  Side by side, 4010 38.2 27.8 400
reactor beneath stirrer

Draft tube Distant, at 3970 38.2 27.8 390
reactor surface

Draft tube Distant, beneath 3970 38.2 27.8 390
reactor stirrer

Note: ‘Distant® means diametrically opposed

In all the experiments three-blade marine type impellers were used as mixers. The pH
and temperature in reactor 3 (R3) were controlled at 3.2 + 0.1 and 60°C + 1°C,
—respectively. Each of the experiments referred to in Tables 8, 11 and 12 was

términated after two hours whereas the rest of the experiments were stopped afier one
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hour. At the end of each experiment, 250 mL shutry was extracted from reactor 3
(R3). The shurry was filtered in a Buchner funnel with a surface area of 50 cm?.
10 ml. of a 0.1% non-ionic flocculant was added to aid filtration. The filterability of

the precipitates was then determined using equation 9.

on=(2tAp AYVH .9

Where: an = specific filter resistance of the filter cake [Pa. s.m™]
t = filtration time [s]
Ap = differential pressure [Pa]
A =filtration area [m?]
\Y% = filtrate volume [m’]
H = filter cake thickness [m]

The filtered solids were dried to determine the moisture content and analysed to
obtain the dry solids density, zinc content (water soluble and acid soluble zinc), iron

content and the total sulphates present.

The hot iron solutions used were made up with distilled water and contained 5 g/L
H,50, and 10 g/L Fe added as Fe(S04);. ZnO powder slurried to a concentration of
5% (mass/mass) with distilled water was used as neutralising agent. Chemicals used

were of CP grade.
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43 Results and discussion

The performance of crystallization processes is dependent on the ability to predict and
control the range and distribution of supersaturation. Whereas this is relatively easy to
do, for example, in cooling and evaporative crystallisation processes, the same cannot
be said for precipitation processes (e.g. for reaction and reductive crystallization). The
introduction of reagents with their own chemical and physical properties, especially if
solid phase reagent(s) are used, the formation of another poorly soluble solid phase
with its own characteristics and the interaction between these phases and thetr
environments contribute, amongst other things, towards the difficulties typically

experienced to control and model supersaturation.

In order to improve control over supersaturation in iron precipitation processes, an
attempt was made in this study to first of all determine how sensitive iron precipitate
product quality is to changes in the mixing environment, and secondly to determine
means of improving product quality through focusing on the macro-, meso- and
micromixing regimes. Lastly, the influence of changes in the macro and micromixing
environments on the mean residence time for two reactor types was also determined,

since mixing efficiency is often expressed in terms of the mean residence time.

4.3.1 Three-zone model approach to improve iron precipitate product quality

4.3.1.1 Role of macromixing

As far as the influence of the Exchange Rate Ratio (Er) on precipitate quality is
cbncerned, the influence of ferric iron solution recirculation (Er = 1), oxide
recirculation (Er = 0) and a combination of the two (0 > Er < 1) on the specific filter
resistance and purity of the precipitate were specifically studied at a fixed mixing time
(Mt). Figure 27 shows the effect of neutralizing agent and iron solution recirculation
on specific filter resistance. The flow ratios used in these experiments were calculated

as follows:
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Iron solution recirculation flow ratio = F5; / Fy ....10

Oxide recirculation flow ratio = F3 / F» vell
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Figure 27. Effect of iron solution and oxide slurry recirculation on specific filter
r(ésistance for iron precipitated from an iron solution containing 5 g/L. H,SO4 and 10
g/L Fe, added as Fey(SO4)3, using a 5% ZnO slurry as neutralising agent.

When the two recirculation flows were combined to give Er values between zero and

one, a similar graph than for iron solution recirculation was obtained as illustrated in

Figure 28.
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Figure 28. Effect of iron solution and oxide slurry recirculation on specific filter

resistance for iron precipitated from an iron solution containing 5 g/L H,SO4 and 10

g/L Fe, added as Fex(SO4)3, using a 5% ZnO slurry as neutralising agent.

Figures 27 and 28 indicate that iron precipitate product quality is relatively sensitive

towards mass transfer in the inlet regions (inlet regions represented by reactors R1

and R2) as precipitate filterability improved by about 50%. An optimum was achieved
at Er values around 0.35. The graphs also indicate that the filterability of the
precipitate is more sensitive towards changes in the iron solution recirculation flow
rétes (cation mass transfer). The reduction in the filter resistance of the material
obtained through these experiments was also accompanied by improvements in the

purlty of the precipitate as shown in Fxgures 29 and 30.
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Figure 29. Effect of solution recirculation on the zinc content of iron precipitated from

an iron solution containing 5 g/IL H,SO4 and 10 g/L Fe, added as Fey(SO4)s, using a

5% ZnO slurry as neutralising agent.
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Figure 30. Effect of solution recirculation on the iron content of iron precipitated from

an iron solution containing 5 g/L. H,SO4 and 10 g/L Fe, added as Fey(SOy)s, using a

3% ZnO slurry as neutralising agent.
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Figure 29 shows an almost 75% average reduction in the acid soluble zinc
concentration (represents entrained ZnSQ, solution and unleached ZnQ) and a 14%
average reduction in the water soluble zinc content (represents relative surface area of
the particulates formed) of the iron precipitated at an Er of about 0.35. The iron

content of the precipitate was also raised by almost 9%, as illustrated in Figure 30.

Although the data obtained clearly reflects the importance of effective mixing of the
reagent streams with the bulk of the solution in reactor 3, the exact mechanisms
involved are not fully understood. From Figure 27 it appears as though recirculation
of bulk solution through reactor 2 (R2) resulted in a more dilute environment, which
probably led to a reduction in supersaturation in the area around the oxide inlet point
in R3. In the case of iron solution recirculation, it is proposed that the positive effect
of initial dilution, up to Er values around 0.35, was probably overshadowed by an
increase in supersaturation at higher Er levels, due to an increase in the iron
concentration in reactor 1, caused by the redissolution of recycled solids in this vessel,

which operated at pH values between about 1.45 and 1.80.
For the case where industrial zinc calcine was used as neutralising agent, the

reduction in the insoluble zinc loss values was less than indicated in previous

paragraphs for CP grade ZnO powder, as shown in Table 15.
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Table 15. The effect of applying the three-zone model approach on
iron precipitate quality when industrial zinc calcine was used as

neutralising agent.

Experiment Weak acid Average spectfic
soluble Zn filter resistance
(%) (Pa s/m?)
Base case 6.85 4.55 x 10%°

(no recirculation)

HIS recirculation 5.92 3.91 x 10"°
% Improvement 13.6 14.1
Calcine recirculation 5.08 3.24 x 10"
% Improvement 25.8 28.8
HIS and calcine 5.39 3.54 x 10"
recirculation

% Improvement 21.3 22,2

The lower than expected improvements in the zinc content of the iron precipitates
produced using calcine with a dse-value of 18um, as neutralising agent, could
probably be attributed to its lower reactivity, as defined by its mean particle size,
compared to the ZnO powder, which had a ds¢-value of 2um. A reduction in the mean
particle size of the calcine is expected to yield better results. The introduction of more
fines, in the form of refractory materials, when calcine is used, could also have
contributed to slightly lower filtration rates shown in Table 15 compared to the results
shown in Figure 27. Furthermore, the rcasons for the lower than expected
improvement in the zinc content and filterability of the iron precipitate, in the case
vahere only HIS was circulated (F3;/F; ~ 0.45), is not clear. It is possible that silica gel
fbrmation in R1 might have contributed to the slightly lower filterability of the
precipitate [Claassen, 2002]. Calcine also contains refractory zinc, in the form of zinc
~ ferrite and zinc silicates (excluding willemite) that cannot be leached at the conditions

prevailing in R1. Nonetheless, the improvements of nearly 26% and 29% in the weak
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acid soluble zinc value and filterability of the precipitate, respectively, when only the
neutralising agent is circulated, is noteworthy as it would significantly reduce water

and weak acid soluble zinc losses associated with iron precipitates.

Regarding the influence of the mixing time on precipitate quality, it was found that an
increase in mixing time resulted in an improvement in the filterability of the solids
formed as shown in Figure 31. The high filter resistance at short mixing times
probably resulted from increased nucleation rates that promoted colloid formation, as

suggested by Nielsen [1964].
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Eigure 31. Effect of mixing time on the specific filter resistance of iron precipitated
ffom an iron solution containing 5 g/L LSO, and 10 g/L. Fe, added as Fex(SOj)s,
using a 5% ZnO slurry as neutralising agent.

4.3.1.2 Role of mesomixing

Changes in the mesomixing environment (stirring rates in reactors 1 and 2) had very
little effect on the final iron precipitate product quality, as supersaturation in R1 and
R2 was not altered during the process. The specific filter resistance of solids produced
when the mixing rates in R1 and R2 was Lhd.ﬂ;,bd independently (rom 200rpm (o

_600rpm changed by less than 10%.
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4.3.1.3 Role of micromixing

Increased micromixing, as indicated by increased stirring in reactor R3, increased the
specific filter resistance, as shown in Figure 32. This is probably due to the short
nﬁicromixing times at the stirrer outlet giving rise to supersaturation peaks causing
increased nucleation rates [Franke and Mersmann, 1995]. Higher energy inputs in

precipitation systems are also known to break up precipitates due to their relatively

low strength.
6.5E+10 - A
6.0E+10 %
//
Y.
5.5E+10 - Y

5.0E+10 | /

4.5E+10 - /

4.0E+10 4 a

3.5E+10 A o

Specific filter resistance (Pa sim %)

3.0E+10 o =

2.5E+10

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850
Stirring rate {rpm)

Figure 32. Effect of stirring rate, i.e. micromixing, on specific filter resistance of iron
precipitated from an iron solution containing 5 g/I. H>SO4 and 10 g/L Fe, added as
Fex(S04)3, using a 5% ZnO slurry as neutralising agent.
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4.3.2 Influence of reactor design and feed point location on iron precipitate quality

In the case of precipitation processes, the chemical reaction and nucleation take place
mainly in the contact zones around the reactant inlet points leading to high local
supersaturation. The extent and distribution of supersaturation is influenced by the
time it takes to disperse the reactants and blend it over the entire volume of the
reactor. This in turn is influenced by, amongst other things, the design of the

precipitator and the position of the feed points.

Furthermore, from the above paragraphs it appears as though product quality (specific
filter resistance in this case) is more sensitive towards changes in the macro- than the
micromixing environment, in the range between 200 and 600rpm, where the influence
if macromixing was studied. If this is the case, the influence of reactor type and feed

point position on product quality should be considered [Franke and Mersmann, 1995].

4.3.2.1 Role of reactor design

The reactors evaluated included a CSTR, a DTB reactor, a fluidised bed reactor and a
pipe reactor. The stirring rate (refer to Table 13) for the mechanically stirred vessels
was the same and selected to keep precipitated solids in suspension throughout each
experiment. The average specific filter resistance of the solids produced in each of

these reactors is summarised in Table 16.
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Table 16. Average specific filter resistance of iron precipitates produced in

different continuous reactors.

No. Reactor type Average specific
filter resistance
(Pa s/m?)
1 Baffled reactor (CSTR) 3.66 x 10'°
2 Draft tube baffled reactor (DTB reactor) 6.34 x 10'°
3 Fluidised bed reactor 8.99 x 10"
4 Pipe reactor — baffled reactor combination 1.01 x 10"

Note: For 1, 2 and 4, reactant inlets beneath impeller. For reactor 3, inlets placed at

opposite sides of the reactor at the bottom of the cylindrical section.

From Table 16 it appears as though improved mixing (macromixing) obtained with
the DTB reactor (improved circulation flow around the draft tube) and the pipe
reactor resulted in higher specific filter resistance values. This was probably due to
shorter micromixing times achieved (faster macromixing rates give shorter
micromixing times). The compartmentalisation (reduced mixing volumes) of the draft
tube reactor and the small mixing volume (less dilution) of the pipe reactor,
c_ontributed towards higher nucleation rates and poor filterability, Tn both these
reactors a well-mixed macrofluid was observed. This implies that the reactors were
operated in the region of micromixing control. Franke and Mersmann [1995] showed
that a macromixing-controlled environment is entered at lower mean specific power
ﬁlput values (lower stirring rates) for a DTB reactor, giving improved product quality
(increased particle size). However, the product quality was shown to be sensitive
towards feed point location when the mixing environment is macromixing controlled
(lower stirring rates). At lower stirring rates solids might start building up in the
reactor. If solids build up in a DTB reactor could bé controlled and the optimum feed

point location is found, a precipitate with superior qualities could probably be
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produced. On the other hand, a pipe reactor (T-piece or Y-piece) or specially designed
mixing nozzles, should probably only be used in cases where solids are precipitated
from very dilute sotutions or where the solubility of the solid phase formed is in the

g/L range.

The air mixed fluidised bed reactor also gave high ﬁltér resistance values, probably
due to the presence of a poorly mixed macrofluid, resulting in an inhomogeneous
mixing environment with high supersaturation levels and nucleation rates. Adequate
dispersal of air in the fluidised bed proved to be essential to improve the filterability
of the precipitate produced in this type of reactor. The main benefit of air mixing or
jet mixing is that it eliminates the contact between particles and the blades to
minimise particle breakage. This type of reactor should therefore be useful when the

shear strength of precipitates is lower.

As far as the CSTR (open baffled reactor) is concerned, it appears as though adequate
micro- and macromixing times were achieved. This allowed fairly good dilution of
the reagents in the bulk, which lowered the supersaturation and nucleation rates. The
reactor was therefore probably operated within the transition zone between the macro-
and micromixing controlled environments. This type of reactor is the most commonly
used reactor in the chemicals and metallurgical industries. It, however, leaves little
scope to improve precipitate product quality compared to the DTB and fluidised bed
réactors, i.e. limited particle breakage and well-mixed macrofluid conditions could be

obtained simultaneously in these reactors, when optimized.

The influence of reactor type on other product quality parameters studied followed the
same trend as the specific filter resistance data shown in Table 16. Table 17 indicates
the impact that the type of reactor had on iron precipitate purity, mean particle size

and dry solids density.
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Table 17. Influence of the type of reactor used for iron precipitation on the

quality of the final product.

Reactor type Average sulphate ~ Average dry Average mean
content solids density particle size
(%) (g/en’) (um)
Baffled reacior 9.13 2.91 14.10
(CSTR)
Draft tube baffled 9.64 2.55 13.58

reactor (DTB reactor)

Fluidised bed reactor 10.04 2.21 9.63
Pipe reactor — baffled 14.01 2.03 6.09
reactor combination

From the data presented in Tables 16 and 17, it is clear that the type of reactor used to
precipitate iron needs to be considered when the final product quality is of
importance. It could also be argued that any change to the mixing environment
(impeller dimensions and shape, geometry of the reactor and reactor type) needs to be

carefully studied to ensure that it doesn’t have a detrimental effect on product quality.

Other factors to consider include the concentration of the element to be removed, the
specific energy input (influenced by the shape and size of the mixer), the properties of
the precipitate (size and shear strength) and the feed point location. The latter is

discussed in more detail in the following paragraphs.
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4.3.2.2 Role of feed point location

The influence of feed point location on product quality in CSTR and DTB reactors are

summarized in Table 18.

Table 18. Influence of feed point location on iron precipitate quality.

Reactor Feed point Specific Sulphate  Dry solids Mean

location filter content density  particle size
resistance (%) (g/em®) (um)
(Pa s/m®)
Open Distant, at 472x10"° 981 2.89 13.46
baffled surface
reactor
Open Distant, 3.66 x 10" 9.13 291 14.10
baffled beneath stirrer
reactor
Open Side by side, at  6.20 x 10%° 10.54 2.22 12.15
baffled surface
reactor
Open Side by side,  525x10'°  10.04 2.35 12.79
baffled beneath stirrer
reactor
Draft tube  Distant, at 6.84x 10" 9.70 2.51 13.16
reactor surface
Draft tube  Distant, 634x 101  9.64 2.55 13.58
reactor beneath stirrer

Note: ‘At surface’ means just above the solution interface; ‘distant’ means on the

opposite side of the reactor

The data in Table 18 indicates that improved product quality is achieved when the
feed points are placed on opposite sides of the reactor and near the agitator blades.
Product quality in the DTB reactor is less sensitive towards feed point location

because the micromixing process controls the precipitation process with a bigger
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difference expected at lower energy inputs. The CSTR is more sensitive towards feed
point location indicating that the process is macromixing controlled as discussed
carlier. More dilution is achieved when the inlet points are placed far away from each
other and near the impeller. Mixing would probably have been better with the inlets
placed below the solution surface compared to just above the solution interface, where

dilution takes longer to occur.
4.3.3 Residence time distribution and mean residence time

In paragraphs 4.3.1 and 4.3.2 it was shown that iron precipitate quality is sensitive
towards changes mainly in the macro and micromixing environments, as the
precipitation process is mixing controlled. Optimal mixing conditions for every
application therefore needs to be found, i.e. for new and existing equipment where
precipitation is mixing controlled. One way of doing this is through the determination
of the distribution of residence times for different reactdrs, mixing rates, impeller
types and feed point location. The mean residence times obtained for these scenarios

are summarized in Table 19,

Table 19. Average mean residence times calculated for different mixing regimes using

residence time distribution data.

Experiment Variable Mean residence time
(seconds)
CSTR DTB reactor
1 Reactot type 471 463
2 Stirrer speed (rpm)
200 458 453
400 465 459
600 471 463
3 Type of agitator
Flat 2-blade 453 449
Pitched 3-blade 456 450
Pitched 4-blade 461 452
4 Feed point position
At the solution interface 465 459
At the agitator blades 461 452
5 Type of pre-mixer :
Y-mixer 458 445
‘T-mixer 456 444
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difference expected at lower energy inputs. The CSTR is more sensitive towards feed
point location indicating that the process is macromixing controlled as discussed
earlier. More dilution is achieved when the inlet points are placed far away from each
other and near the impeller. Mixing would probably have been better with the inlets
placed below the solution surface compared to just above the solution interface, where

dilution takes longer to occur.
4.3.3 Residence time distribution and mean residence fime

In paragraphs 4.3.1 and 4.3.2 it was shown that iron precipitate quality is sensitive
towards changes mainly in the macro and micromixing cnvironments, as the
precipitation process is mixing controlled. Optimal mixing conditions for every
application therefore needs to be found, i.e. for new and existing equipment where
precipitation is mixing controlled. One way of doing this is through the determination
of the distribution of residence times for different reactors, mixing rates, impeller
types and feed point location. The mean residence times obtained for these scenarios

are summarized in Table 19.

Table 19. Average mean residence times calculated for different mixing regimes using

residence time distribution data.

Experiment Variable Mean residence time
: (seconds)
CSTR DTB reactor

1 Reactor type 471 463

2 Stirrer speed (rpm)
200 458 453
400 465 459
600 471 463

3 Type of agitator

Flat 2-blade 453 449
Pitched 3-blade 456 450
Pitched 4-blade - 461 452

4 Feed point position
At the solution interface 465 459
At the agitator blades 461 452

-5 Type of pre-mixer - : ‘ : :

Y-mixer 458 445

T-mixer 456 444
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From Table 19 it is evident that, for the range of the different variables chosen, the
changes in the macro and micromixing environments had little effect on the mean

residence times. This confirms that:

. Mixing efficiency expressed in terms of the mean residence time cannot be
used as an indicator of the influence of changes in the macro and micromixing
environments on product quality.

. The use of the mean residence time is probably limited to specifying total
residence time/reactor volume required to allow particle growth in a
precipitation system, since the chemical reaction and nucleation requires very
little time to take place.

. The localized supersaturation, as determined by chemical and physical
variables, has the biggest impact on product quality.

o It is better to use parameters, such as the filterability and purity of the
precipitate, to evaluate the influence of changes in the mixing environment on

product quality, as illustrated in previous paragraphs.
44  Conclusions

The study showed that iron precipitate product quality is sensitive to changes in the
mixing environment. Of specific importance are changes in the micro- and
macromixing environments. The three-zone model approach was used to separate the
effects of macro- and micromixing on precipitate quality. It was shown that product
quality was more sensitive to changes in the macromixing regime. Data obtained
suggested that optimum product quality, expressed in terms of the specific filter
resistance and solids purity, could be achieved at Er values around 0.35. The specific
filter resistance of the solids was improved by about 50%, and the zinc content of the
iron precipitates was reduced by about 75% and 14% for acid- and water soluble zinc,
respectively. The results also showed that product quality is more sensitive to cation
(iron in solution) mass transfer than to the mass trénsfer of the neutralizing agent in
the region of the inlet points. In the case where zinc calcine was used as a neutralising
agent, improvements of about 26% and 29% for weak acid soluble zinc losses and the

ﬁlterability, respectively, were achieved. The smaller improvements were probably a
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result of the presence of refractory zinc in the calcine, silica gel formation and the

introduction of more fines into the system.

As far as the influence of mixing time was concerned, it appears as though mixing
times smaller than about 5 minutes should be avoided as it induced high

supersaturation levels and fast nucleation rates.

Furthermore, when product quality is more sensitive to changes in the macro- than the
micromixing environment, the influence of reactor type and feed point position on
product quality should also be considered. It was shown that the best results were
achieved using a CSTR. The DTB reactor, however, is expected to produce
precipitates with superior quality when optimised. The study also indicated that feed
points should be placed as far as possible from each other and in a position that gives
adequate micro- and macro mixed fluids. The controlling mixing environment (micro-
or macromixing controlled) generally indicates where feed points should be located.
In a well-mixed macrofluid (DTB reactor), feed points could be placed far away from
the impeller. When the macromixing environment is, however, less homogeneous
(CSTR), better results were obtained with the feed points placed closer to the

impeller.

The changes in the micro and macromixing environments, as discussed in this section,
had little impact on the mean residence times calculated from residence time
distribution data, obtained for the CSTR and DTB reactor. It is therefore
recommended that parameters such as the filterability and purity of precipitates are
rather used to indicate the influence of changes in the mixing environment on
precipitate product quality. Due to the sensitivity of product quality towards the
mixing environment, a proper understanding of the precipitation system is required
before changes are made to the mixing system, reactor geometry and feed point

locations.

Whereas the aim of this chapter was to ensure the production of good quality nuclei
by controlling supersaturation through changes in the mixing environment, the
following section focuses on growing these nuclei into particles with a relatively low

smface arca and good liquid-solid separation properties.
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5. AGGLOMERATION
5.1 Introduction

Precipitation processes are characterized by high supersaturation levels and fast
nucleation rates. If it is assumed that the range and distribution of supersaturation in a
crystallizer is controlled reasonably well, dense nuclei with a relatively low surface
area can be formed. However, even good quality nuclei formed in a well-controlled
environment are usually less than one micron in diameter. Unless these nuclei are
éllowed to grow, downstream processing of precipitates, such as liquid-solid
separation and storage, could be difficult and costly, Low solute concentrations
typically required for the formation of relatively insoluble phases during precipitation
processes, however, do not support the desired molecular growth rates required to
make these processes viable. Particle growth in precipitation systems rather takes

place through agglomeration, as indicated in Table 20.

Table 20. Different nucleation and growth mechanisms encountered in crystallization

- and precipitation processes [After Dirksen and Ring, 1991].

Initial Colloid Nucleation Atomistic Morphology
‘Supersaturation ~ stability growth
1-2 High None None _
Low  Heterogeneous Slow, Discrete well-formed
predominantly crystals, no
screw agglomeration
dislocation
2-5 High  Heterogeneous Slow, Discrete well-formed
predominantly crystals, no
surface agglomeration
nucleation
Low  Heterogeneous Dendritic Poorly formed or
dendritic crystals, no
agglomeration
10-50 High  Heterogeneous Dendritic Poorly formed or
dendritic crystals, no
agglomeration
Low  Homogeneous Diffusion- Colloid stability
limited dependent,
agglomerated
>1000 High  Homogeneous Diffusion- Colloid stability
limited dependent,
agglomerated
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In precipitation processes, agglomeration growth (the process where stable nuclei and
clusters are cemented together by isomorphic material) occurs at a much faster rate
than molecular growth. Nuclei could grow to particulates as big as 100pm in diameter
within a reasonable time period (< 5 hours). Even though agglomeration growth
makes down stream processing in most precipitation processes possible, it generally
results in the formation of particles with a high relative surface area and high impurity
values. Optimisation in terms of product quality improvement of the agglomeration
growth process is therefore required. In order to improve precipitate product quality, a
good understanding of the impact of the different parameters on agglomeration is
required. When agglomeration growth is broken down in stages, the various factors

that influence the process become clearer. The three main steps include the following:

. Particles collide as a result of their properties and the hydrodynamic
environment. This step is governed by the probability of collisions and/or the
collision frequency.

. Next, the particles need to stay together for a period of time to allow
interparticle bridges to be formed; this is influenced by interparticle
forces/interactions.

. A step of consolidation where nuclei, clusters and particulates are cemented

together through molecular growth.

Considering these steps, it follows that the properties of the particles, interparticle
fbrces, fluid dynamics and properties of the solution might influence the
agglomeration process and therefore the quality of the final product. It was found
[Dirksen and Ring, 19917 that interparticle forces were affected by the addition of
adsorptives, with agglomeration favoured by the addition of hydrophobic adsorptives.
In terms of the effect of solution variables, it was also shown that agglomeration was
generally supported by high temperature, high diffusivity, small particles, high
particle number density, low viscosity, high supersaturation and strong bonding
fbrces. The impact of changes in the hydrodynamic environment proved to be more
cbmplex, as the above-mentioned factors could promote agglomeration up to a point,

after which disruption prevents agglomeration.
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In industrial environments, however, not all these parameters are easily controllable.
Furthermore, the quality of the solution to be treated is influenced by concentrate
composition and the efficiency of upstream processes, which typically could vary
considerably with time. A better understanding of the effect of easily controllable
dperating parameters such as pH, temperature, solute concentration, recycling of seed
material and stirring rate on agglomeration would be useful. In addition, since it is not
expected that all these parameters have an equally important role to play in the
agglomeration process, their relative importance also need to be determined. This
would enable the engineer and operator to focus on the specific variables that have the

biggest influence on growth and final product quality.

In this study, the effect of the above-mentioned easily controllable operating
parameters and their relative importance on the agglomeration of metastable iron
phases such as ferrihydrite and schwertmannite were investigated. Since, most iron
phases are relatively stable (poorly soluble), high relative supersaturation levels are
encountered in iron precipitation processes, as indicated earlier. The high
supersaturation levels in turn support agglomeration growth in these processes as
indicated in Table 20. In a study of the Zincor iron removal process, Claassen [2002]

identified the presence of agglomerates in the final precipitate as shown in Figure 33.
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25

Figure 33. SEM image of agglomerated iron particles A (ferrihydrite) and B
(schwertmannite) found in an industrial iron residue produced in the Zincor iron
removal process. It also appears as though particle B consists of agglomerated

primary particles and clusters of primary particles [Claassen, 2002].

The agglomerated particles, shown in Figure 33, also supports the point previously
raised, that even though agglomeration growth gives precipitates that could be
effectively handled in down stream processes, an increase in the relative surface area
of the particles usually result in increased losses of valuable metals, such as zinc. An
attempt was therefore made in this study to find means to reduce the zinc losses
associated with metastable iron phases present in many iron residues in the zinc

industry.
5 .2 Materials and methods

In an earlier investigation into the factors that influence the filterability of metastable
iron phases, Claassen et al. [2003(a)] showed that PH, temperature and seed addition
had a positive impact on the growth rate as well as the final particle size. For reasons
highlighted in previous paragraphs, it was decided to also determine the relative

importance of these and other operating parameters on agglomeration. The relative
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importance of the variables was studied using an algorithm, the so-called Hadamard
matrix [Seyssiecq et al, 1998], combined with product quality parameters, such as the
specific filter resistance and the degree of agglomeration, as characterized by the
change in particle population density. Lastly, the specific influence of seed material
on product quality parameters, such as the filterability, final particle size and
precipitate purity, was studied in more detail.

3.2.1 Experimental setup and procedures

A continuous reactor with four baffles and a riser box was used in all experiments.

The dimensions of the reactor are shown in Figure 6.

A hot iron solution made up with distilled water, Fep(SOy4)3 and 5 g/L HaSO4 was
continuously fed to the reactor in order to maintain a constant supersaturation level at
a given set of conditions, details of which are shown in Table 21. The iron was
precipitated with ZnO powder slurried to a consistency of 2.5% (mass/mass) using
distilled water. The chemicals used were of CP grade. Both the reactant streams were
fed at a rate of approximately 33 + 4mL/min to the reactor. The outlet points of both
streams were positioned just underneath the agitator blades on opposite sides of the
reactor. Fach experiment was terminated after one hour. At the end of each
experiment, 250 mL shurry was extracted from the reactor. The slurry was filtered in a
Buchner funnel with a surface area of 50 cm”. 5 mL of a 0.1% non-ionic flocculant
Was added to aid filtration, The filtered solids were dried at 120°C for one hour to
determine the moisture content and analysed to obtain the zinc content, as water

soluble and acid soluble zinc, and the total sulphates present.

Sarnples of 10 mL each were also taken from the reactor at the beginning and end of
each experiment to determine particle size and size distribution using the Malvern

Mastersizer particle analyzer.
The experimental setup and procedures followed to determine the influence of pH and

temperature on the degree of agglomeration were discussed elsewhere [Claassen et

al., 2003(a)].
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5.2.2  Relative importance of the operating variables

A Hadamard matrix was used to determine the relative importance of each operating
parameter on the agglomération process. A Hadamard matrix is a n x n matrix with all
the elements presented as +1 or —1. The first row and column can be arranged in such
a manner that their elements are all +1. The matrix only exists if n =2 or if n is
divisible by 4. Furthermore, all parameters used in the matrix need to be independent
from each other. The properties and uses of a Hadamard matrix are discussed in detail

by Raghavarao [1971].

For the purpose of this study, the use and benefits of using a Hadamard matrix could

be explained as follows. If the regression model is expressed as:
E(y) =Xb .12

where the elements of y are values determined in the experiments, such as specific
filter resistance, iron removal efficiency and the degree of agglomeration in this case,

and the columns of X are the values of the chosen operating parameters, then:
b=XX)y' X’y .13

The number of experiments could now be limited if only two points, 2 minimum and
maximum value for example, for each parameter (covariate) is used; covariates are
referred to as parameters and b is called the vector of parameters. These covariates are
then included in the regression model as +1 and —1, the maximum and minimum
values respectively. This causes the size of the regressién coefficient to be half of the
tbtal possible influence of a covariate on y. Therefore, the +1 and —1 choice of
¢ovaxiates give a 2" - factorial model, with observations only made at specific points,
e.g. for 6 parameters, 8 observations or experiments are required instead of 2° = 64
§bservations or experiments. Therefore, the number of experiments could be limited
to a minimum without much influence on the statistical accuracy of the data, if a
Hadamard matrix is used to determine the relative influence of parameters. In this

study the relative influence of six parameters on agglomeration was determined. The
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parameters and their values are summarised in Table 21. Most of the boundaries

chosen for the different parameters are typical of the Zincor iron removal process and

other industrial environments where iron is precipitated in the form of ferrihydrite and

schwertmannite.

Table 21. Parameters and their values used to determine their

relative influence on the agglomeration of metastable iron phases.

Parameter Minimum value = Maximum value
pH 2.6 3.2
Temperature 45°C 65°C
Stirring rate 400 rpm 600 rpm
Hot iron solution iron 5g/L 15 g/L
concentration, Cg,
Mass of seed 10 g/l 100 g/L
Hot iron solution Zn 0 g/l 80 ¢/I.

concentration, Cz,

For six parameters/covariates, the Hadamard matrix in the +1, —1 notation is

presented in Table 22.

Table 22. Hadamard matrix of the parameters evaluated.

Experiment pH Temperature  Stirring Cre Seed mass Czn
rate
1 - - - + + +
2 + - - - - +
3 - + - + -
4 + + - -
5 - - - + - -
6 + - - - + -
7 - + - - +
8 + + + +
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In Table 22 the (+) symbol corresponded to maximum values listed for each
parameter in Table 21 and the (-) symbol was associated with the lower limit as
mentioned earlier. The results, e.g. the specific filter resistance values K to R,
obtained from the eight experiments were then used to solve equation 14 for each

parameter as follows:
byp=(-K+L-M+N-O+P-Q+R)/8 .14

The values obtained for the different parameters were then compared with each other
and ranked, i.e. the parameters are viewed as objects that are weighted. The value
with the highest weight then indicated which parameter had the biggest influence on
the agglomeration process for the specific product quality parameter, such as the filter

resistance, iron removal efficiency or degree of agglomeration, evaluated.

In terms of the filterability of the precipitates, the specific filter resistance of the

solids produced was again calculated using equation 9.

The degree of agglomeration for each experiment, as indicated by the relative
reduction in the number of particles present, was calculated from the particle number
density data obtained from the Malvern particle analyses (refer to Appendix 3). The
liumber density was calculated at ty (Ng) and tjp (N1p). The degree of agglomeration

was then calculated as follows:

Degree of agglomeration = [1 — (N11/Ng)] x 100 . 15

5.2.3 Influence of seed mass and seed size

The influence of changes in the initial seed mass and mean seed size on
agglomeration was investigated with all the other parameters fixed at pre-determined
values. The experimental conditions used to study the influence of seed mass and size
| on the agglomeration degree, final particle size, specific filter resistance and solid

purity are summarised in Tables 23 and 24, respectively. Enough seed material was
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prepared to perform the experiments in triplicate. The seed material was produced
ﬁsing the experimental setup shown in Figure 6 and the procedure described in section
3.2.3. The pH and temperature during the experiment were maintained at 3.0 and
60°C, respectively (refer to section 3 for chemical composition of the seed).The seed
material was dried, milled and properly mixed. The mean particle size of the seed was
5.04 pum, as determined using the Malvern Mastersizer. The full particle size

distribution of the seed is shown in Appendix 1.

Table 23. Experimental conditions used to evaluate changes in the initial seed mass on

precipitate product quality.

No. pH Temperature Stirringrate  Cpe  Seedmass Cgz
) (rpm) (g/L) (g/L) (g/L)
1 3.2 65 600 10 10 0
2 3.2 65 600 10 25 0
3 3.2 65 600 10 50 0
4 32 65 600 10 100 0
5 32 65 600 10 150 0

Table 24. Experimental conditions used to evaluate changes in the initial seed size on

precipitate product quality.

No. pH Temperature  Stirring rate Cre Seed size Con
9 (rpm) (/) (pm) (g/L)
I 3.2 65 600 10 22 80
2 32 65 600 10 53 80
3 3.2 65 600 10 6.8 80
4 32 65 600 10 124 80

The seed particles used to evaluate the effect of the seed size were prepared by
milling four parts of a batch of sced, separately for different times, to give the mean
seed sizes indicated in Table 24. An initial seed concentration of 50g/L was used in

each experiment.
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5.3 Results and discussion

The results obtained from the experimental trials using the conditions listed in Table

21 together with their Hadamard arrangement are summarised in Table 25.

Table 25. Precipitate characteristics obtained for the operating variables indicated.

No. pH Temp. Stimring Cre Seed n - Filter Fe removal Degree of
rate mass conc. Tesistance efficiency  agglomeration

(Y] (rpm) L)  (@m (L) (Pa.s.m’>) (%) _ (o)

1 26 45 400 15 100 80  4.80 x 10" 92.81 60.9

2 32 45 400 5 10 80  4.09 x 10" 99.77 -69.9

3 2.6 65 400 5 100 0 5.04 x 10"° 98.71 62.1

4 32 65 400 15 10 0 5.34 % 10¥ 99.98 -40.9

5 26 45 600 15 10 0 2.47 x 101 95.82 -137.4

6 32 45 600 5 100 0 6.46 x 10" 99.87 376

7 26 65 600 5 10 80  120x10% 93.32 -6.7

8§ 32 65 600 15 100 80  5.67x 10" 99.98 67.5

The vector (b) of each variable was calculated from the results shown in Table 25

according to equation 11 and ranked. The outcome of this exercise is presented in

Table 26.

Table 26. Relative importance of the different operating parameters evaluated.

Parameter Specific filter resistance Fe removal efficiency  Degree of agglomeration
b-value Order of b-value Order of b-value Order of
importance importance importance

pH -1.74x10" 1 1.34 1 1.92 4
Temperature 1.97 x 10"° 4 -0.30 3 23.85 2
Stirring rate 7.16 x 10'° 5 -48.62 6 -6.41 5

Hot iron -1.11 x 10" 3 0.33 2 9.13 6
solution iron

concentration

Mass of seed -1.57 x 10" 2 -1.34 4 60.38 1
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Precipitation processes are generally only used in industrial processes if the liquid-
solid separation step(s) can be performed economically. Furthermore, precipitation is
utilised as a purification or concentration step and the efficiency of such an operation
is of utmost importance. Specific attention is therefore given to the specific filter
resistance and iron removal efficiency in the discussions that follows. Since the
degree of agglomeration strongly influences the filterability of iron residues, the
factors that impact on this process are also discussed. Emphasis is put on the relative

influence of the operating parameters on the precipitation of metastable iron phases.

From Table 26 it is evident that pH, seed concentration, iron solution iron
concentration and temperature have the biggest effect on filterability and iron removal
eﬁiciency. In terms of the degree of agglomeration the seed concentration,
temperature and pH together with a significant change in solution viscosity (change in
solution zinc concentration) need to be considered to optimise the agglomeration step.
Overall, pH is the most important parameter, followed by the seed concentration,

temperature and iron solution iron concentration. This outcome implies that:

. Every effort needs to be made to improve pH control in iron precipitation
processes. The impact of pH on iron precipitate quality should also be seen in
light of the relative small pH window of 2.6 to 3.2 that was evaluated, i.e. a
small change in pH in this range could have a significant effect on
agglomeration, iron removal efficiency, the filterability and purity of the
precipitate.

. Seed addition is essential to ensure good quality iron precipitates. However, it
is often mot considered or neglected in industrial processes. In this study,

special attention is given to the utilisation of seed to improve iron precipitate

quality.

. Adequate dilution is required in iron precipitation processes to improve the
efficiency of the step.

. Changes in the physico-chemical parameters were of greater importance than

changes in the hydrodynamic environment for the range of each operating

parameter explored.
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The fundamental reasons why these variables influence agglomeration, filterability of
the precipitate and the iron removal efficiency are discussed in the following

paragraphs.
5.3.1 Influence of the operating pH, temperature and solution iron concentration

The influence of pIl and temperature on the degree of agglomeration is shown in
Figures 34 and 35, respectively, indicating that agglomeration is optimum at a pH
around 3.0 and increases significantly up to temperatures around 60°C. These results
are in good agreement with earlier work [Claassen ef al., 2003(a)], which showed the

same trends for the filterability of iron precipitates.
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Figure 34, Influence of pH on the degree of agglomeration for the precipitation of

metastable iron phases at 60°C and stirring rate of 600 rpm from an iron solution
containing 10 g/L Fe, added as Fex(SO4);, and 5 g/L HyS804. A 2.5% ZnO slurry was

used as neutralizing agent.
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Figure 35. Influence of temperature on the degree of agglomeration for the

precipitation of metastable iron phases at a pH of 3.0 and stirring rate of 600 rpm
from an iron solution containing 10 g/L Fe, added as Fe;(S04)3, and 5 g/L. HySO4. A

2.5% ZnO slurry was used as neutralizing agent.
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pl, temperature and iron solution iron concentration influence agglomeration in several
ways. It is known that these variables influence the supersaturation level, which is the
driving force for precipitation. Supersaturation in turn influences the final particle size,
size distribution and morphology of the precipitates and therefore its filterability
amongst other things. It is well known that small, low-density particles are formed at
high supersaturation levels [Gosele ef al., 1990], which o.ccur at low temperatures, high
pH values and high initial solute concentrations. It was shown earlier that the relative
supersaturation present during iron precipitation varies between about 1,000 and 30,000
at pH values between 1.85 and 3.5 and temperatures ranging from 50°C to 90°C, i.e. ata
pH of about 1.85 and a temperature of 90°C, the relative supersaturation was estimated
at 1,000, but at a pH of 3.5 and a temperature of 50°C, it increased to about 30,000.
Therefore, an increase in pH causes supersaturation to increase as the solubility of iron
decreases. The results summarised in Figure 4 indicate an increase in the degree of
agglomeration up to a pH of about 3.0, whereafter it decreases. It is proposed that the
solution iron concentration available only supports agglomeration up to a pH of about
3.0, whereafter the increase in the population density outweighs the agglomeration rate.
On the other hand, an increasc in temperature at a fixed pH results in a reduction in the
solute concentration (refer to Figures 7 to 9), which is required to produce better quality

iron precipitates as indicated in Figure 5.

Furthermore, it was proposed [Sakamoto et al., 1976; Yamada, 1980; Veesler et al.,
1994; Tlievski and White, 1994; Johnston and Cresswell, 1996] that diffusion of growth
species across a particle surface is faster at higher temperatures, providing a higher
probability of cementation of particles. If supersaturation is controlled below the point
Where 2-line ferrilydrite is formed (pH below about 2.95 and temperature greater than
about 75°C according to Figure 14), higher pH values and solute concentrations should
also promote agglomeratton as it supplies the material that cements particles together.
Since all tests were conducted at constant supersaturation, agglomeration took place for
the duration of each experiment. This is not the case for batch processes where a
depletion of the solute concentration with time has a detrimental effect on

agglomeration and the economics of downstream processes.
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In terms of iron precipitation, an increase in pH causes supersaturation to increase as
the solubility of iron decreases due to the formation of a variety of iron species.
However, it appears from Figure 34 as though the increase in supersaturation only
supports agglomeration up to a pH of about 3.0, where after the supersaturation is
consumed by an increase in the nucleation rate. On the other hand, the effect of
temperature on supersaturation is probably a result of the increased surface diffusion
rates of iron molecules at higher temperatures, which support the formation of particle

bridges required for agglomeration.

In terms of the three steps of the agglomeration process discussed earlier, it appeared
therefore as if pH, temperature and the initial iron concentration impacted on phase 3,

namely, the phase of consolidation.

53.2 Influence of mixing, seed addition and solution viscosity

Even though it was shown that, for the range of stirring rates evaluated, the mixing
intensity did not have a significant impact on the variables used, the role of mixing in
precipitation processes should not be underestimated, as it impacts on the range and
distribution of the supersaturation [Franke and Mersmann, 1995; Van Leecuwen et al.,
1996 (a); Van Leeuwen ef ai., 1996 (b); Baldyga and Orciuch, 2001]. It is known that
the supersaturation influences the rate of nucleation, which determines the final
particle size and size distribution as discussed in the previous paragraph. The
relationship between the quality of the precipitate and mixing is not simple, and
increased mixing may either increase or decrease the filterability of a precipitate as

shown earlier.

Furthermore, changes in the hydrodynamic environment could impact on
dgglomeraﬁon and the specific filter resistance if the probability of particle collisions
ahd the formation of interparticle bridges are influenced [Seyssiecq er al, 1998].
These steps are influenced by the amount of energy dissipated (stirring rate) in a
precipitation system, since a change in the stirring rate not only changes the collision
frequency of particulates, but could also result in particles either bouncing off each

other, or keeping out of range of inter-particle forces due to a change in its Kinetic
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energy. Increased collision rates generally cause disagglomeration. Low
agglomeration rates are therefore expected at both low and high stirring rates, and will
result in smaller particles and increased filter resistance. Other variables that influence
agglomeration include the particle population density, expressed in terms of the initial

seed mass, the initial seed size and the viscosity of the solution.

Figure 36 indicates that the degree of agglomeration is optimal at solids
concentrations between about 15 g/L and 35 g/L. (Zone B). Agglomeration is limited
by the probability of particle collisions at values below about 15 g/L. (Zone A) and
dissagglomeration starts to dominate at levels above of about 35 g/L (Zone C).
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Figure 36. Influence of the initial seed size and seed mass on the degree of
agglomeration for the precipitation of metastable iron phases at a pH of 3.2, 65°C and
sfsir'z'ing rate of 600 rpm from an iron solution containing 10 g/I. Fe, added as
Fex(S04)3, and 5 g/L HySO4. A 2.5% ZnO slurry was used as nentralizing agent.

The change in the final mean particle size of the precipitate produced as a function of
the initial seed mass followed the same trend than the degree of agglomeration, as

indicated in Figure 37.
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- Figure 37. Influence of the initial seed mass on the final mean particle size for the
precipitation of metastable iron phases at a pH of 3.2, 65°C and stirring rate of 600
rpm from an iron solution containing 5, 10 and 15 g/L. Fe, added as Fex(SO4)s, and 5
g/L HySO4. A 2.5% ZnO shurry was used as neutralizing agent.

Figure 37 shows that particle growth was stimulated by an increase in the initial seed
concentration up to levels of 10 - 30 g/L. seed, depending on the initial hot iron
solution iron concentration. It also shows that the initial iron concentration had a
significant impact on the final particle size of the precipitate as alluded to earlier. The
increase in the final particle size probably indicates that iron precipitated on the
surface of the seed material, and so reduces the particle number density by stimulating
growth through agglomeration. Therefore, an increase in the initial iron concentration
could result in the formation of bigger particles, as it supplies the cement that is
required to form the interparticle bridges, as was mentioned earlier. Higher initial iron
doncentrations also support the addition of more seed niaterial, which could improve
the purity of the iron precipitates formed, by reducing the zinc and sulphate contents,

as shown later.
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The influence of the initial seed size on the degree of agglomeration is also shown in
Figure 36. It is clear from the experimental data that agglomeration is optimal at initial
seed sizes around 6.0pm. This size more or less corresponds to the point where the
process changes from orthokinetic to perikinetic agglomeration under the conditions
used. Orthokinetic agglomeration takes place between particles at least an order of
magnitude smaller than the smallest eddies in a well-mixed environment [Saffman and
Turner, 1956]. At these eddy sizes, also called the Kolmogoroff or turbulence
microscale, the particles move within the eddies and the movement of the particles are
strongly influenced by the viscosity of the solution. No exchange of particles between
eddies take place, which inhibits agglomeration growth. On the other hand, when larger
particles contained in large eddies are mixed, the eddies exchange particles which then
agglomerate. Tor the experimental setup and conditions used in this study, the
Kolmogoroff microscale was calculated to give an eddy size of about 58um, which
indicates that particles between 5.5um and 6.0um are no longer contained in micro-
eddies as discussed earlier. The Kolmogoroff microscale (Ag) was determined with the

following equation [Seyssiecq ef al, 1998]:
A= Ve ....16

where the kinematic viscosity (v) of the fluid was calculated as 4.23 x 107 m%s
(from Psotution = 1.326 g/cm3 and viscosity = 5.512 %10 N.s/m> measured separately)
and the energy dissipation (¢) was calculated as 0.007 W/kg (energy dissipated =
0.038 kg.m?%/s and the shurry mass = 5.30 kg) with 80 g/L. Zn in solution. The data in
Figure 36 therefore indicates that agglomeration was influenced by viscosity effects
lip to a particle size of about 6um, after which it was limited by a reduction in the
ﬁmnber density of particulates as a result of agglomeration growth. For a solution
qontaining 0 ¢/IL Zn (used in the Hadamard matrix as minimum value), the value of Aq
cﬁlculated was about 40um (from psoiution = 1.042 g/cm3, viscosity = 3.800 x10™
N.S/mz, energy dissipated = 0.038 kg.m%/s and the slurry mass = 4.17kg measured
séparately). The critical particle size where agglomeration changes from an
drthokinetic to a perikinetic process is therefore estimated at 4um. Since the

experiments included in the Hadamard matrix were performed with seed with an
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initial mean size of about 5.0um, it probably initially followed an orthokinetic
mechanism when the solutions contained 80 g/L zinc and a perikinetic mechanism for
solutions with no zinc. This relative big change in zinc concentration is not expected
to occur in industrial processes, but it illustrates the important role that solution
viscosity could play in agglomeration processes. Furthermore, agglomeration in
precipitation processes should be controlled to ensure that a change from an

orthokinetic to a perikinetic dominated process takes place to support growth.

Seed addition was found not only to promote agglomeration, but it also improved the
precipitate purity. Figures 38 and 39 show how the zinc and sulphate content of the

iron precipitates changed with a change in the initial seed concentration.
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figme 38. Influence of the initial seed concentration on precipitate zinc content for
Iiletastable iron phases formed at a pH of 3.2, 65°C'and stirring rate of 600 rpm from
an iron solution containing 10 g/I. Fe, added as Fex(SO4)s, and 5 g/L HSO04. A 2.5%
ZnO slurry was used as neutralizing agent.
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Figure 39. Influence of the initial seed concentration on precipitate sulphate content

for metastable iron phases formed at a pH of 3.2, 65°C and stirring rate of 600 rpm

from an iron solution containing 10 g/L Fe, added as Fey(SO4)s, and 5 g/L H,SO04 A

2.5% ZnO slurry was used as neutralizing agent.

Iﬁ Figure 38, insoluble- and soluble zinc refer to acid- and water soluble zinc,
réspectively. The acid soluble zinc portion reflects the amount of unleached ZnO and
encapsulated ZnSOy solution present in the precipitate, whereas the water soluble zinc
present is an indication of the adsorbed solution and thus of the relative surface area
of the agglomerates. As expected, less iron was precipitated on the surface of ZnO
ﬁa.rticles and more on the surfaces of seed particles as the seed concentration
increased. In the presence of seed particles, the formation of new nuclei is expected to
Ee Hmited, and it can be expected that the relative surface area of the final product
will be lower with commensurate lower soluble zinc .losses. This reduction in the
relative surface area probably also contributed towards lowering the sulphate content,
m the form of adsorbed sulphate complexes, on the precipitates, as shown in Figure

39.
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In industrial zinc circuits, where an iron residue is often produced, the filterability
(washability) of the precipitate determines the loss of zinc as water-soluble zinc and is
of utmost importance. Figure 40 indicates how the addition of a relative small amount
of seed material (up to about 50 g/L) could improve the filterability of iron
precipitates by about 80%. The increased filterability is probably a result of a
reduction in the particle population density and the formation of bigger particles, as

indicated in Figure 37.
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Figure 40. Influence of the initial seed concentration on the specific filter resistance of
metastable iron phases formed at a pH of 3.2, 65°C and stirring rate of 600 rpm from
an iron solution containing 10 g/L Fe, added as Fex(SO4)3, and 5 g/l H,SO4. A 2.5%

Zn0 slurry was used as neutralizing agent.
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5.4 Conclusions

In crystallization processes, the nucleation- and growth steps determine the final
product quality, i.e. the final particle size, particle size distribution and purity. These
qualities in turn influence the down stream processing potential of the material. In
order to improve the quality of metastable iron phases, such as ferrihydrite and
séhwertmannite, very often encountered in industrial environments, the factors that
influence the growth process were considered. Since agglomeration is the dominant
growth process in iron precipifation, specific attention was given to the operating
parameters that influence the three stages of the agglomeration process. An algorithm,
the so-called Hadamard matrix, was used to indicate the relative importance of these
operating variables with respect to the degree of agglomeration, iron removal
efficiency and the filterability of the product. This could assist the process engineer to

focus on the more important parameters.

In terms of the relative importance of the operating variables, the study has shown
that sced addition, temperature, pH and solution zinc content, which effects viscosity,
had the biggest influence on the degree of agglomeration. It was shown that initial
seed concentrations between 15 g/L and 35 g/ gave the optimum degree of
agglomeration, probably due to the higher collision frequency achieved. The final
pioduct particle size was found to follow the same trend as the degree of
agglomeration when the initial seed concentration was changed. Initial seed
concentrations of up to 50 g/L were used to improve the specific filter resistance by
about 80%. Seed additions also resulted in an improvement in the precipitate purity by

reducing the zinc and sulphate contents of the final product.

Furthermore, temperature and pH influenced the consolidation of agglomerates
through its influence on the supersaturation. It was shown elsewhere [Claassen ef al.,
2003] that agglomeration growth is optimal at pIl values around 3 and temperatures
a_bove 60°C. The influence of the solution zinc content or solution viscosity on the
agglomeration process, stems from the effect that it has on the collision frequency of
particles an order of magnitude smaller than the Kolmogoroff microscale. Optimum

agglomeration was achieved with seed particles in the size range Sum to 6pum.
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The relative importance of operating variables with regards to the filterability of the
precipitate and the iron removal efficiency, as iron is mostly removed as an impurity
from hydrometallurgical circuits, was also determined. It was shown that pH,
temperature, the hot iron solution iron concentration and seed addition had the biggest
iinpact. The hot iron solution iron concentration influenced the final particle size as it
impacted on the consolidation stage of the agglomeration process. The results have
shown that higher hot iron solution iron concentrations supported agglomeration

growth at higher seed concentration to give a coarser final product.

The study also indicated that, according to the outcome of the Hadamard matrix for
the range of each operating parameter explored, the physico-chemical parameters
were of greater importance than changes in the hydrodynamic environment. However,
the mixing intensity could adversely affect the precipitation process through its
influence on the first two stages of the agglomeration process, namely the probability
of collisions and time allowed for particles to stay together, and the range and
distribution of supersaturation and should therefore always be considered when an

attempt is made to improve precipitate quality.
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6. SUMMARY

The quality of precipitated products produced in hydrometallurgical refining circuits, is
of utmost importance as it greatly influences plant efficiency and the cost of the
operation. However, product quality in precipitation systems hasn’t received the same
amount of attention as the quality of crystalline products. This probably stems from the
fact that precipitation processes and their products are more complex than
crystallization systems. This is specifically true for the precipitation of poorly
crystalline iron phases from hot ferric sulphate media in the pH range 1.5 to 3.5.

In order to address the general lack of knowledge with regards to the production of
good quality iron precipitates under the conditions listed here, an industrial iron
removal process, the Zincor Process and its residues were studied. This was followed
by a more detailed study into the role that supersaturation, the driving force for
precipitation, plays during the formation of poorly crystalline phases as well as the
fé.ctors that influence the nucleation and growth processes. The aim of this detailed
study was, firstly, to determine typical supersaturation levels present during the
ﬁrecipitation of iron and its influence on the morphology of the final product, secondly,
to determine the impact of changes in the mixing environment on product quality as it
influences supersaturation and the rate of nucleation (precipitation systems are mostly
mixjng controlled) and, thirdly, to define the conditions required for optimal growth of
the precipitated nuclei and primary particles as growth through agglomeration is

required to improve the downstream handling properties of the iron precipitate,

The findings from the study of the Zincor iron removal process formed the basis of this
document and are therefore briefly discussed. Results obtained from the detailed study
into the factors that influence iron precipitate product quality, indicated that the type of
phase(s) produced and its stability, the supersaturation: present during its formation,
changes in the mixing environment and particle growth, specifically agglomeration
growﬂL had a significant impact on the quality of these precipitates. The results were
therefore summarized in three chapters, namely, metastability in iron precipitation,

mixing and precipitation and agglomeration.

108



University of Pretoria etd — Claassen, J O (2006)

The following paragraphs give a summary of the most important findings of the work
performed on means to improve the product quality of poorly crystalline iron phases.

6.1 Metastability in iron precipitation

The understanding and control of the hydrolysis of ferric iron at elevated temperatures
and a pH range between about 1.5 and 3.5 plays a critical role in the production of the
desired quality iron precipitate. Firstly, it is known that the critical nuclei of phases such
as ferrihydrite and schwertmannite are more stable than that of goethite. Ferrihydrite
and schwertmannite are therefore mostly formed under the above-mentioned conditions
and are metastable towards goethite, the most stable iron phase. The (meta)stability of
schwertmannite, however, is not well-defined in industrial environments. Furthermore,
the existence of schwertmannite as a mineral entity is questionable, i.e. it could be
argued that it is ferrihydrite with a higher sulphate content as the crystal structure of this
phase has not been determined yet. In this study the relative stability of schwertmannite
and ferrihydrite as well as the typical supersaturation levels prevailing during their

formation, was determined. It was shown that:

. A definite phase transition line was identified between the (meta)stability
regions of ferrihydrite and schwertmannite for a series of pH and temperature
values studied. It therefore appears as though schwertmannite does exist as a
phase in its own right and that it could play an important role in industrial iron
removal processes.

. Both schwertmannite and ferrihydrite contains variable amounts of sulphate. In
fact, schwertmannite produced at a relatively low supersaturation, contains
lower sulphate values than ferrihydrite produced at high relative supersaturation.
This is discussed in more detail in the following paragraphs.

. Ferrihydrite is the more stable phase at pH values above about 2.70 at 50°C and
its stability increases with an increase in temperature at a fixed pH. At pH
values above about 3.0 and temperatures below approximately 70°C, two-line
ferrihydrite was found to be the dominani phase. A small amount of

~ schwertmannite was found to be present in this region.
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Furthermore, it is also known that poor quality precipitates, i.e. fine, voluminous
precipitates with high relative surface area and impurity values, are formed when the
critical supersaturation is exceeded. The critical supersaturation level is indicated by the
so-called metastability limit. This is the point where a sudden decrease in the iron
concentration occurs. In this study, the metastability limit and mectastability region,
which is the region between the metastability limit and the solubility limit, were
determined for the case where metastable iron phases such as ferrihydrite and
schwertmannite are formed from hot dilute ferric iron solution. The relative
supersaturation present during the precipitation of these phases and its influence on the

quality of the final product was also studied. It was shown that:

. The metastability ranges between a pH of about 2.0 at 50°C and 1.6 at 90°C.

. Therefore, most industrial processes where iron is precipitated from ferric iron
solutions, operates well above the metastability limit in the region where rapid
nucleation occurs and poor quality precipitates are produced.

. The width of the metastable zone was reduced to between 0.2 and 0.3 pH units,
mainly by the presence of seed material and intensive mixing. In crystallization
processes operation within the metastable zone is encouraged as it promotes
growth rather than nucleation. Low molecular growth rates at low solute
concentration make this approach less attractive for iron precipitation.
Nonetheless, it was found that precipitating iron in a stagewise fashion even
above the metastability limit improved the quality of the final product
significantly.

. Ferrihydrite and schwertmannite precipitated over a range of relative
supersaturation levels between pH values of about 1.65 and 3.5 and
temperatures between 50°C and 90°C, but the quality of ferrihydrite and
schwertmannite produced were dependent on the supersaturation level.

. Two-line ferrihydrite was precipitated at relative supersaturation levels between
approximately 10,000 and 30,000.

. Six-line ferrihydrite was precipitated at relative supersaturation Ievels between

‘approximately 2,500 and 25,000.
. Schwertmannite was precipitated at relative supersaturation levels between

approximately 1,000 and 20,000.
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Relative supersaturation levels lower than about 1,000 are required for the
production of goethite. It is known that goethite precipitation is achieved when
the ferric iron concentration is controlled at very low levels by the slow rate of
ferrous iron oxidation at elevated temperatures and low pH values as a result of
the poor solubility of oxygen under these conditions.

Schwertmannite could be produced at lower supersaturation levels than
ferrihydrite and therefore is of a better quality. The sulphate content of
schwertmannite varied between about 14% at a pH of about 2.20 and a
temperature of 50°C to approximately 7% at a pH of about 2.45 and a
temperature of 90°C. For ferrihydrite, the sulphate content varied between about
10% and 6.5% at pH and temperatures values of 2.7 at 50°C and 3.05 at 90°C,
respectively.

Low supersaturation levels effective at higher temperatures and lower pH
values, generally support the production of precipitates with lower impurity
levels (moisture, sulphate and zinc content). Exceptions to this are the increase
in the zinc content of the precipitates, with an increase in temperature, and an
increase in moisture and sulphate values in precipitates formed at low pH
values. At low pH values fine precipitates were produced, with a higher relative
surface area, resulting in higher sulphate and moisture levels. It was proposed
that the increase in temperature results in increased surface diffusion rates and
rates of precipitation of iron species, which could entrain unleached ZnO or

ZnSQ, solution.
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Mixing and precipitation

It is known that high supersaturation levels are present during ferric iron precipitation

with the result that the timescales of the chemical reactions and nucleation are much

lower than the timescales of macro, meso and micromixing. Ferric iron precipitation

processes are therefore mixing controlled, and any change in the rate-limiting step is

therefore expected to influence the quality of the precipitates. The study into the

influence of changes to the mixing environment on the quality of iron precipitates,

indicated the following:

The three-zone model approach was used effectively to indicate that the quality
of iron precipitates, expressed in terms of its filterability and purity, is sensitive
to changes in the macro and micromixing environments.

The filterability of the precipitates is more sensitive to changes in cation/ferric
mass transfer, in the region of the inlet points, than mass transfer of the
neutralizing agent. An increase in dilution of the hot iron solution had a
significant impact on product quality.

The specific filter resistance of the solids was reduced by about 50% by using
the three-zone model approach to precipitate poorly crystalline iron phases.
Furthermore, the water and acid soluble zinc values in the precipitate were
reduced by 14% and 75%, respectively.

The reactivity, expressed in terms of particle size, of the neutralising agent had a
significant influence on the weak acid soluble zinc values associated with the
precipitate. The use of a coarser neutralising agent resulted in increased zinc
losses.

The pumping capacity of an impeller should be selected in such a manner that
mixing times below about 5 minutes are avoided.

In iron precipitation systems, agitaiors are generally running at lower speeds and
high mixing times, i.e. precipitation is macromixing controlled. In such systems
the macrofluid is poorly mixed whereas the microfluid is well mixed. When this
is the case, it is known that the reactor geometry and position of the feed points
could influence product quality.

The controlling mixing environment, i.e. macro or micromixing controlled,

generally indicates where feed points should be placed. In a well-mixed
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macrofluid, as in a DTB reactor, feed points should be placed far away from the
agitator, In a CSTR, where the macrofluid is less homogeneous, feed poinis
need to be placed close to the agitator.

Feed points, the hot iron solution and neutralising agent in this case, should be
placed on opposite sides of the reactor to increase mixing time.

An optimized DTB reactor should give precipitates with superior quality
compared to the traditional CSTR.

When precipitation is either micromixing or macromixing controlled, a
precipitate with poor filterability is produced. A balance between the agitator
speed and agitator pumping capacity for a specific type of reactor therefore
needs to be found.

Any change to the mixing environment in a precipitation system needs to be
carefully considered before implementation, as it could have a significant
influence on the final product quality, especially the filterability of the
precipitate. '
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6.3 Agglomeration

Supersaturation, the driving force for precipitation, not only influences the nucleation
process but also particle growth. It is known that particle growth in precipitation
systems typically takes place in the form of agglomeration. Particle growth is required
to ensure that down stream processes, such as thickening and filtration, are viable.
However, if the agglomeration process is not well controlled, it could lead to the
formation of particles with high relative surface areas and increased impurity levels. It
is therefore necessary to determine the influence as well as the relative importance of
typical operating variables on product quality parameters such as the filterability,
particle size and purity of the precipitates formed. In this part of the study it was
found that:

. A Hadamard matrix could be used to indicate that the degree of agglomeration
is influenced by, in order of importance, seed addition, temperature, solution
viscosity and pH. In the same way, it was shown that the filterability of iron
precipitates is sensitive to pH, seed addition, hot iron solution iron
concentration and temperature. When the impact of the variables on iron
removal efficiency was evaluated, it was found that pH, hot iron solution iron
concentration, temperature and seed addition were most important. Overall,
pH is the most important parameter, followed by seed addition, temperature
and iron solution iron concentration.

. Every effort needs to be made to optimize pH control in iron precipitation
processes. The impact of pH on iron precipitate quality should also be seen in
light of the relative small pH window of 2.6 to 3.2 that was evaluated, i.c. a
small change in pH in this range could have a significant effect on
agglomeration, iron removal efficiency, the filterability and purity of the
precipitate through its influence on supersaturation.

. Seed addition is essential to ensure good quality iron precipitates. However, it
is often not considered, or even neglected in industrial processes. It was found
that seed addition supported agglomeration, and that up to initial seed
concentrations of about 25g/L, it resulted in lower sulphate and zinc levels and

stabilized the process.
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Higher seed concentrations require higher solute concentrations to ensure that
growth takes place.

Agglomeration was found to be optimum for initial seed sizes between 5 and
6um.

Agglomeration should be controlled to ensure that the change from
orthokinetic to perikinetic agglomeration takes place.

Higher solute concentrations support growth at higher seed concentrations,
which gives a coarser final product.

Changes in the physico-chemical parameters were of greater importance than
changes in the hydrodynamic environment, for the range of each operati_ng

parameter explored.
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APPENDICES
Aggendix 1: Ferric iron nucleation and solubility curves
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Figure Al.1. Nucleation data for ferric iron determined at 50, 70 and 90°C. The pH
was changed stepwise in increments of 0.5 pH units every 20 minutes. The pH was

controlled by adding Ca(OH),, ZnO powder and 98% H;SO,.
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Figure Al.2. Solubilization data for ferric iron determined at 50, 70 and 90°C. The
pH was changed stepwise in increments of 0.5 pH units every 20 minutes. The pH

was controlled by adding Ca(OH),, ZnO powder and 98% H,S0..

116



University of Pretoria etd — Claassen, J O (2006)

50 g

£

. 40 &
9 L
E 3.0 - f
€ 20 | 2
e o
1.0 + g

.;.. e §

0.0 -ram=m | { | | o

020 091 419 19.31 88.91

Particle diameter {(micron)

Figure Al.3. Particle size distribution of the seed material used to determine the

influence of seed mass on agglomeration as determined by a Malvern Mastersizer.

Appendix 2: Ferric iron equilibrium solubility data as calculated by

STABCAL™

Ferric stability at 50C
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Figure A2.1. Ferric ion stability diagram determined with the STABCAL™ NBS-

database at 50°C.
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Ferric stability at 70C
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Figure A2.2. Ferric ion stability diagram determined with the STABCAL™ NBS-
database at 70°C.
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Figure A2.3. Ferric ion stability diagram determined with the STABCAL™ NBS-
database at 90°C.
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Appendix 3:

Table A3.1. Spreadsheet used to calculate particle population density from Malvern

particle analysis data.

_ total solid mass (g)
rho solid (kg/m3)
vol ppted (m3)

*SIZES*um

0.05
0.06
0.07
0.08
0.09
0.1t
0.13
0.15

41.43
48.27
56.23
65.51
76.32
88.91
103.58
12067
140.58
163.77
190.80
22228
258.95
301.68
35146
40945
477.01
555,71
647.41

5.085+01
3232
1.56E-05

Vol %

0.00
0.0004%
0.00126
0.00326
0.00836
0.02145
0.05364
0.12592

0.56631
0.33668
0.21086
0.05121
0.00937
0.00258
0.0005%
0.00007

s}
0.00764
0.50994
1.92305
3.96071
4.71965
3.57416
1.78791
046826

0

1}

measured from the total mass of sample or calcujated from a process mass balance

Delta L {m)

1.00E-08
1.00E-08
1.00E-08
1.00E-08
2.00E-08
1.50E-08
2.06E-08

5.87E-06
6.84E-06
7.96E-06
9.28E-06
1.08E-05
1.26E-05
1.47E-05
1.71E-05
1.99E-05
2.32E-05
2.70E-05
3.15E-05
3.67E-058
4.27E-05
4 98E-05
5.80E-05
6.76E-05
7.87E-65
9.17E-05

Lbar (m)

6.50E-08
7.50E-08
8.50E-08
9.50E-08
1.20E-07
1.33E-07
1.56E-07

4 44E-05
5.17E-05
6.02E-05
1.01E-05
8.17E-05
9.52E-05
1.11E-04
1.28E-04
1.51E-04
1.75E-04
2.04E-04
2.38E-04
2.77E-04
3.23E-04
3.76E-04
4.38E-04
S1E-D4
5.95E-04
6.93E-04
md
m1
m2
m3
m4
thart,0
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