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Abstract

Acid mine drainage (AMD) waters are low in pH, very high in dissolved iron, high in
non-ferrous (mainly heavy) metals and very high in sulphate salinity. As such, AMD
waters present a serious environmental problem in the mining regions of South Africa
and elsewhere in the world. Treatment of AMD therefore requires pH neutralisation,
removal of ferrous and non-ferrous metals and sulphate removal. This thesis addresses
the problem of metals removal from AMD. The approach involves pH elevation and
partial oxidation of ferrous iron present in AMD so as to precipitate the ferrite
magnetite (Fe;04). Magnetite in turn has the property of incorporating non-ferrous
metals into its crystal lattice by cation substitution. Magnetite has several other
properties which make its formation an ideal means of metals removal from AMD.
Magnetite settles and dewaters extremely well and it is also stable at low pH, making

remobilisation of metals into the environment unlikely.

Ferrite formation at elevated temperatures (>65°C) is well established and has been
successfully used in Japan to remove dissolved metals from laboratory wastes. The
challenge insofar as massive volumes of AMD are concerned is to form ferrites at

ambient temperatures. A second challenge is to form ferrites at ambient temperature

~ in the presence of calcium, as lime (Ca(OH),) is the most economical agent available

for raising pH, but calcium is known to interfere with magnetite formation. To this
end a series of batch and steady-state experiments have been performed in order to
establish ambient temperature conditions for ferrite formation from AMD-like waters
in both the presence and absence of calcium; as well as in the presence of both
calcium and some non-ferrous metals commonly found in AMD (Co, Ni, Zn, Mn).
The results represent the first well-described proven demonstration of a continuous
flow, steady-state ambient temperature ferrite process which works successfully in the

presence of calcium.

The process relies upon (1) the property of magnetite/ferrite seed to channel the end-
products of oxidation of ferrous solutions in the presence of calcium towards
magnetite/ferrite formation; and (2) upon a contact stabilisation reactor — settler

sequence which serves to enhance the ferrous intermediate : dissolved calcium ratio in

il



the oxidation reactor so as to overcome the problem of calcium interference in ferrite
formation. The feasibility of the process for metals removal from AMD is borne out

by a number of robust results pertaining to the quality of the effluent and the density

and stability of the resulting sludge.

There are several features of the process described here which render it economically
attractive in comparison with existing technologies. Salient among these is the role of
the contact stabilisation reactor — settler sequence in separating all the metals in the
AMD from ~70% of the bulk AMD volume during the first stage of the process. Thus
only ~30% of the bulk AMD volume requires further processing resulting in
significantly reduced energy, infrastructure and chemical costs. Another feature of

economic significance is the production of a commercially valuable end-product.

iii



For my parents

iv



Acknowledgements

I wish to thank Professor Dick Loewenthal for his expert supervision and unfailing
support throughout the duration of this thesis. Ori Lahav is warmly thanked for his
guidance in the laboratory during the first two years of this project and for his
assistance and support thereafter. Giovanni Hearne performed and interpreted all of
the Mossbauer measurements without which this work would not have been possible.
The Water Research Commission is thanked for their generous financial support and
Greg Steenveld and the other Steering Committee members are thanked for their
guidance. Professor George Ekama, Professor Mark Wentzel and Taliep Lakay from
the Water Research Laboratory were always available and generous when help was
required. Eike von Gerard, Charles Nicholas and Theo Moyana in the workshop are
thanked for their technical contribution. Hector Maphungwa and Charles May are
thanked for always being available for transporting gas cylinders up to the lab.
Stephney Payne and Helen Divey are thanked for performing the atomic absorption
measurements and Terry Davies is thanked for help with using the XRD apparatus.
The Inter-Library Loans staff are thanked for their efficient service. Special thanks are
due to Professor Jenny Day for introducing me to aquatic chemistry and Prof
Loewenthal in the first place. Finally I thank Jos Thorne for much too many things to

mention.



Contents

Chapter 1  Introduction 1

Chapter 2  The theoretical chemistry of metal ions in AMD waters 16

Chapter 3  The kinetics of oxidation of ferrous iron in aqueous solution 34

Chapter 4  Pathways and mechanisms of ferrite formation 43

Chapter 5  Ambient temperature ferrite formation under batch

conditions 83

Chapter 6  Ambient temperature ferrite formation under continuous flow,

steady-state conditions 110

Chapter 7  Ambient temperature ferrite formation in the presence of calcium

and non-ferrous metals 136

Chapter 8  Conclusion 173

References 184

vi



Chapter 1 Introduction

Acid mine drainage (AMD) impacts negatively on freshwater resources in the mining
areas of South Africa and many other parts of the world. AMD waters are
characterised by low pH, very high iron concentrations, significantly high
concentrations of non-ferrous (mainly heavy) metals, and very high salinity,
principally in the form of sulphate. The chemical makeup of AMD is directly
explicable in terms of the biogeochemical process whereby AMD arises: mining
activities allow atmospheric oxygen and water to come into contact with rock and,
together with the action of aerobic bacteria, cause the oxidation of iron pyrite (FeS;)

present in the rock. This oxidation of pyrite is given by Equation 1.

O, Bacteria

FeS; + 14Fe’ + 8H,0 = 15F™ + 2504 + 16H" 6))

This reaction releases sulphate, protons and iron into underground water making it
strongly acidic, causing leaching of non-ferrous metals from the rock (Kleinmann et

al. 1981). The type and concentration of these other metals varies with the local

geology.

A comprehensive solution to AMD pollution requires pH neutralisation and both
metal and sulphate removal. The latter can be effected by either biological or
membrane-based methods. The common approach to the removal of dissolved metals
from AMD is to oxidise the ferrous iron to ferric oxide/oxo-hydroxide end-products,
which then precipitate and settle. The products of iron oxidation may vary from
amorphous non-crystalline ferrihydrite (Fe(OH);) to crystalline ferric oxides/oxo-
hydroxides such as goethite (a-FeOOH), lepidocrocite (y-FeOOH), hematite (o~
Fe,03), or the partially oxidised ferrous-ferric crystalline compound magnetite
(Fes304). In general, the precise end-products of oxidation of ferrous solutions depends
upon environmental conditions such as pH, redox potential, temperature,
concentration of reagents, presence of seed, etc. (Blesa and Matijevic 1989, Comell
and Schwertmann 1996). Characterisation and quantification of individual end-

product components is complex and often impossible.



There arc three criteria which the sludge of an AMD mietals removal treattent

process should meet:

» ElNclenl seltling.

- Rapid and extensive dewatening propertics in order (0 achicve a high
density at the time of disposal.

. Stability of the sludge al low pH. o avoid possible remaobilisation of

dissolved tetals in the cnvironment at the disposal site.

Crystallised end-products settle and dewater more elliciently than does poorly-
crystalline/amorphous lerrihydrile, In the event of a full m pH, ferrous and non-
ferrous metal release from crystallised end-products is less than for amorphous
products of oxidation, Achievement of crystallised end-preducts is. however, nol
straightforward. In the currently deployed high-densily sludge (HDS) process, a
relatively high invesmment is required in order to attain crystalbised cnd-products

(Figure 1.1},
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Figure 1.1 Schematic diagram of an example of the High Density Sludge (HDS)
process for the treatment of AMD. Notable disadvantages of the HDS process are (1)
that the entire AMD wolume must pass through the entire reactor system, (2} the
need for a flosculation tank and {3} the need fur extensive recycling of a relatively
lw-clensity sludge. {from Aube and Zinck 19997,
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In its various manifestations, the HDS process employs a sludge recycle system
during the oxidation of ferrous iron present in AMD (Aube and Zinck 1999, Zinck
and Griffith 2000). The end-products of oxidation are a diverse and ofien poorly
defined mixture of iron and non-ferrous compounds. The iron component varies from
non-crystalline amorphous ferrihydrite (Fe(OH);) to crystallised ferric oxides such as
lepidocrocite (y-FeOOH). The crystallinity and density of the end-products are in
direct proportion to the investment in reactors (multistage neutralisation), energy
(extensive recycling of low-density sludge), chemicals (flocculating polymer and in
some instances, insertion of oxygen) and control technology. Non-ferrous metal ions
dissolved in the AMD either precipitate as their own hydroxides, are adsorbed by
amorphous iron oxy-hydroxides, or become incorporated into crystallised end-
products (Aube and Zinck 1999, Zinck and Griffith 2000). A noteworthy disadvantage
of the HDS process is that the entire AMD volume must pass through the entire
reactor system prior to sludge - effluent separation (Figure 1.1), necessitating
extremely large reactors. Despite all these efforts to attain efficient liquid-solid
separation, in its most efficient instances, the HDS process is only able to deliver
sludges of relatively low density. For example, the Geco HDS process described by
Aube and Zinck (1999) produces fresh sludge of only 27.8% solids. After aging for
one year on a dry tailings beach, the density reached 60%. These last two limitations
of the HDS process, ie. that the entire AMD volume must pass through reactor and the
low sludge densities obtained, coupled with the magnitude of the AMD problem
(some mining basins pump up to 60 megalitres of water per day (Scott 1995)),

underscore the need for improved cost-effective methods of AMD treatment.

In recent years, an ambient temperature ferrite process has been developed for the
treatment of AMD (Mckinnon et al. 2000, Morgan et al. 2001, Lahav et al. 2003). The
ambient temperature ferrite process approach to metals removal from AMD is centred
on the iron oxide magnetite which can be formed by the partial oxidation of ferrous
solutions. Magnetite has several key properties which make it an ideal end-product of
oxidation for metals removal from AMD or from industrial wastes: it has excellent
settling properties, forms a high-density, rapidly dewatering sludge which is very
stable at low pH values, and moreover, it has the capacity, shared with several other

iron oxides, to effect non-ferrous metal removal and stabilisation via cation



substitution, It can thus be used to remove both dissolved ferrous and non-ferrous
metals friom an AMID stream, Indeed, 11 nadure 1ron oxides act as sinks for otherwise
toxic heavy melals (Comell and Schwertmunn 1996). Moreover, there are markets for
magnetite (Radovenchik et al. 1996} and particularly good markets for high quality
magnehite (ie. magnatile with an iron conlent ol grealer than 68%) (Guilinger -

personal communication, Lines - personal communrcahion),

Magnetite is a partially oxidised iron oxide with the formula Fe;O4 (e, Fe''JFe™'Oy),
It thus conforms to the general formula FG:E_EM:_D_; for forrites. Fartiles are iron
oxides conformng Lo the structure of an inverse spinel [Mgz*gﬂl?’_{h), where M
stunds Jor any of a oumber of possible metal or non-metal 1ons with an unhvdrated

e radiuy of between (060 and 1,00 angstrom (Smut and Wijm 19399,

T'he ferrite structure is built of oxygen atoms in cubic close packing giving rise to
octahedral and mixed teirshedral/octabedral lavers (Cornell and Schwertmann 1996).
Figures |.2a. |.2b and 1. 2¢ Mustrate how letrahedral and octahedral holes lie between
the oxyveen atoms which make up the erystal laltice framework, Fell wns occupy only
octahedral sites while Felll ions are cqually distributed botween aclabedral and
letrahedral sites. Magmetile 15 an inverse spinel because i a spinel MU jons occupy

Lthe tetrahedral siles and MIT fons oceupy the octahedral sites.

Octahedral sites

Tetrahedral sites

Figure 1.2a Spinel crystal structure showing cubic close packing with octahedral and
tetrahedral interstitial sites between layers of oxygen atoms. (from Sauls and Sauls

1898,



Figure 1.2b lllustration showing how four oxygen atoms make up a tetrahedral site.
(from Sauls and Sauls 1998)

Figure 1.2¢ lllustration showing how six oxygen atoms make up an octahedral site.
{from Sauls and Sauls 1998)

Carign substitution with non-ferrous 1ony is made possible by the flexibility of the
oxygen framework which accommodates cations which differ in size from Fell or
Felll, Substitute ions do not necessarily occupy the same position as the displaced ion

but will find the ectahedral or tetrahedral sile which provides the greatest stability for



its particular nature. Magnetite often exists in the non-stoichiometric state:
stoichiometric magnetite has a Fell : Felll ratio of 0.5 whereas in non-stoichiometric
magnetite the ratio is < 0.5. Non-stoichiometric magnetite can arise through oxidation
of Fell cations which would result in a net positive charge. This positive charge is
compensated for by cation vacancies. Maghemite (magnetite — hematite) represents
the extreme case where all the Fell has oxidised to Felll and the formula is now y-
Fe,0; where y distinguishes it from o-Fe;O; (hematite). The difference is that
maghemite retains the cubic close packing (ccp) crystal structure of magnetite
whereas hematite has hexagonal close packing (hcp). Like magnetite, maghemite is

also strongly magnetic.

Magnetite is therefore a ferrite in which the metal component is made up purely of
iron. If a solution dominated by iron but containing smaller concentrations of other
metal ions (such as are found in AMD) is transformed into ferrite, then the resulting
precipitant will be dominated by magnetite but some of the iron atoms will be
replaced by non-ferrous cations, making for ‘substituted” magnetite or ‘mixed-
species’ ferrites. These properties account for the metal-removing capabilities of
magnetite which have been successfully deployed in a high temperature ferrite
process for the treatment of laboratory wastes (Katsura et al. 1977, Tamaura et al.
1991a, 1991b).

The first step in the oxidation of dissolved ferrous iron present in AMD (Equation 1)
is to elevate the pH in order to precipitate the iron. Using NaOH to raise pH, this
hydrolysis reaction is described by Equation 2a:

3Fe®* + 350, + 6NaOH = 3Fe(OH); + 6Na* + 350/ (2a)

Barrado et al. (1998) proposed the following stoichiometric reactions for ferrite

formation from ferrous at pH > 10.5.

In the absence of heavy metals and with a slow oxidation rate:

3Fe(OH); + 3804 + 6Na* + 0.50; — Fe304 + 3NaSO4 + 3H,0
(2b)



Equation 2b shows that alkalinity is neither produced nor consumed during the
formation of magnetite from ferrous hydroxide', and that 10.47 mg/L of magnetite (as

Fe) are formed for every 1 mg/L of oxygen consumed.
In the presence of heavy metals (Me) and with a slow oxidation rate:

xMe™ + 3Fe(OH); + 3804 + 6Na® + 0.50; —»
Me,Fe; 04 + 3NaSO4 + 3H,0 + xFe™" 3)

In Equation 3 Fe™ represents the total concentration of iron replaced by metal cations

in the ferrite structure.

However it is to be noted that with excess oxidising agent goethite is formed instead

of magnetite:

2Fe" +0.50; + 4OH — 2a-FeOOH + H,0 )

The formation of relatively pure precipitates of magnetite from ferrous solutions was
until recently only thought to be possible at temperatures greater than 90 °C (Kiyama
1974, Cornell and Schwertinann 1996). Nevertheless, the capacity of magnetite to
absorb non-ferrous metals by cation substitution, plus the advantageous settling
properties of magnetite, have resulted in the exploitation of magnetite formation as a
means to remove metal ions from waste streams. The ‘Ferrite Process’ refers to a high
temperature process (65 °C) developed in Japan for the treatment of laboratory wastes
containing heavy metals (Katsura et al. 1977, Tamaura et al. 1991a, 1991b). However

during the last two decades, developments in the field of ambient temperature ferrite

" In the course of this thesis, the terms ‘ferrous hydroxide’ and ‘ferrous solution’ are frequently used in
the following way °...magnetite formation from ferrous hydroxide’ or ‘magnetite formation from
ferrous solution, ..”. These statements are inaccurate for two reasons. Firstly, as will be discussed in
detail in Chapter 4, Fe** does not precipitate solely as Fe(OH), but forms other solid ferrous
compounds which contain SO, as well. Secondly, once precipitation has occurred the ferrous exists in
suspension and not in solution. The above two terms should therefore be regarded as shorthand
denoting a suspension of solid Fe*" species. The term ‘ferrous intermediate’ is therefore introduced
below to denote all ferrous precipitates at this stage. The term ‘intermediate’ is used because these
precipitates are unstable and will ultimately tum into end-products.



chemistry have occurred which appear to be opening the way to treating large

volumes of water such as AMD.

Topkin et al. (1990) formed ferrites at ambient temperature in a 1-step reaction where
Cr(VI) was the oxidising agent for Fe(Il) in the redox couple: Fe(Il) — Fe(IIl)/Cr(VI) —
Cr(IIT). In this reaction, ferric ions precipitate together (coprecipitation) with ferrous

ions as magnetite.

This can be distinguished from a 2-step reaction where separate ferric and ferrous
solutions are combined and ferric and ferrous ions then coprecipitate as magnetite.
This is called a 2-step reaction because if one begins with only a ferrous solution, as
may commonly occur with AMD, part of it would first need to be separately oxidised
to create a ferric solution (step 1). The two solutions are then recombined whereupon
ferric and ferrous ions can coprecipitate as magnetite (step 2). As may be expected,
the optimum ferric : ferrous ratio for 2-step ambient temperature magnetite formation
was found to resemble the stoichiometric ratio (ie. 2 : 1) of these ions in magnetite

(Wang et al. 1996).

Navratil (1986) described the removal, via 2-step ambient temperature ferrite
formation, of americium and plutonium present in nuclear reactor radioactive
wastewater. The following ions were also removed: AI(III), Ba(H); Cd(n), Ca(ll),
Cs(L), Cr(ITD), Co(Il), Cu(Il), Ex(IIl), Ga(III), Pb(1l), Mg(II), Mn(IT), Hg(II), Ni(1l),
Rb(D), Ag(D), Sr(ID), Sn(IV), Ti(IIl), UO,**, VO,", Zn(Il), ZrO**. Tamaura et al.
(1991b) appear to be the first to have applied a 2-step ferrite process at ambient
temperature to a real AMD stream.

Only a limited number of further studies reporting the incorporation of metal or non-
metal ions into ferrites at ambient temperature have been published. The following

have been identified:

e Schwertmann and Murad (1990): Al incorporation by 1-step slow passive aerial

oxidation.



e Yang et al. (1994): Zn, Mn, Al, Cd, Pb, Mg and Cu removal by 1-step active
aeration.
e Topkin et al. (1990): Cx(III) via Cr(VI), Zn(II) and Cd(II) incorporation. Both by:
(@ Coprecipitation of ferric and ferrous ions (ie. simulating 2-steps).
(b) By a l-step reaction where Cr(VI) acts as the oxidising agent for Fe(Il)
as described above.
o Kampeis et al. (1996): Zn(II) incorporation by 1-step active aeration.
e Mandaokar et al. (1994): Cu(Il), Cr(III), Pb(Il) incorporation by 1-step slow
aerial oxidation.
o Wang et al. (1996): Zn, Al, Pb by coprecipitation simulating 2-steps.
e Perales Perez et al. (1999): Zn by 1-step aerial oxidation.
o Radovenchik et al. (1995) reviews the Russian literature on the ferrite method. Of
the four studies mentioned only one by Topkin et al. (1990), already mentioned

above, has been confirmed as being at ambient temperature.

Navratil (1986) comments on ions which are notable for their inability to be
incorporated into ferrites. Examples are the alkali metals sodium and potassium, and
other species such as TI" and Th*", all of which, he observes, remain soluble in
aqueous solution, even at high pH. Navratil suggests that ions may need to be in the

solid phase in order to be included into the crystal lattice.

Several investigations describe an interference effect of certain ions on ambient
temperature ferrite formation (Kampeis et al. 1996, Wang et al. 1996, McKinnon et al.
2000). These ions, when present in sufficient concentration, steer the end-products of
oxidation towards the formation of non-ferrite iron oxides, presumably by interfering
with ferrite formation in some way. A similar interference effect occurs at higher
temperatures (eg. Mandaokar et al. 1994). As lime (Ca(OH),) is the cheapest chemical
pH elevating agent available, the question of calcium interference is of particular
relevance to AMD. Calcium has been reported to become incorporated into the crystal
lattice of magnetite in at least two cases (Desillier et al. 1977, Cornell and
Schwertmann 1996). Other authors have reported the exclusion of calcium ions from
the lattice during magnetite formation (Yang et al. 1994, Radovenchik 1995). Still
others, (Wang et al. 1996, Perales Perez et al. 1998, McKinnon et al. 2000), describe



a pronounced inhibitory effect of calcium on ambient temperature ferrite formation.
From these studies it can be concluded that in the presence of significant
concentrations of calcium, the end-products of ambient temperature ferrite formation
comprise large amounts of non-ferrite iron compounds. One reason cited for the
inhibitory effect is that calcium ions, being of larger diameter (1.14 angstrom,
Shannon 1976) as compared with ferrous (0.75 angstrom) and ferric (0.69 angstrom),
do not easily fit into the ferrite crystal lattice, and so disrupt ferrite formation (Wang
et al. 1996, Perales Perez et al. 1998). Navratil (1986) on the other hand, arguing in
the same vein as above regarding ions which are not incorporated into ferrites,
suggests that dissolved ions are unable to interfere in ferrite formation. He interprets
his data for both the alkali and alkali earth metals as supporting this interpretation: eg.
successively lower molar concentrations of beryllium, magnesium and calcium ions
interfere. Still others (Choung et al. 1999) suggest that calcium forms a hydrated
calcium-ferric complex which resists dehydration during crytallisation. Since the
mechanism of ferrite formation itself is not well understood (Radovenchik 1995,
Cornell and Schwertmann 1996), it is difficult to comment on the mechanism of

calcium interference.

Whatever the reason for the interference effect, in an effort to overcome the calcium
problem, both Perales Perez et al. (1998) and McKinnon et al. (2000) investigated the
effects of magnetite seed on ambient temperature ferrite formation. Perales Perez et
al. (1998) found that recycling of magnetic precipitates formed during (ie. a 1-step
process) the oxidation of ferrous sulphate solutions in the presence of calcium had a
positive effect on ferrite formation at ambient temperature. McKinnon et al. (2000),
using a batch test procedure in which ferric and ferrous ions were simultaneously
combined simulating a 2-step process, reported that magnetite seed restored the

capacity for ferrite formation at ambient temperature in the presence of calcium.

It thus appears from these two studies that in the presence of calcium, through the use
of magnetite seed, ambient temperature ferrite formation is indeed possible. This
appears feasible as either a 1-step, in-line oxidation procedure or as a 2-step,
stoichiometric combination procedure. At the start of the research reported in this
thesis there was no indication that either of these two methods is superior. Indeed, the

above two studies included, the sparse literature on ambient temperature ferrite
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formation reflects the infancy of this field and in particular there is little published
information, of a fundamental or systematic nature, with respect to key process
parameters such as kinetics, heavy metal substitution, effect of calcium, settling
behaviour, and sludge stability. The sole exception to this state of affairs is the review

by Perales Perez et al. (2001a) which will be discussed in Chapter 4.

In the light of the great potential for metals removal, and of the studies reporting the
use of seed to facilitate ferrite formation in the presence of calcium, it seemed
worthwhile to pursue a better understanding, from an engineering perspective, of this
reaction. Consequently, on the basis of a hint favouring a 1-step approach
(Radovenchik et al. 1995), a preliminary study quickly confirmed the feasibility of the
1-step approach to ambient temperature ferrite formation in the absence of calcium
(Morgan et al. 2001). On the strength of this, plus the cost advantages of a 1-step
process, a systematic investigation into the fundamentals of 1-step ambient

temperature ferrite formation for treatment of AMD was initiated.

Initial investigations conducted under batch conditions are described in Chapter 5
below. These begin with a ‘proof of concept’ study establishing the viability of
1-step ambient temperature ferrite formation using magnetite seed. Under identical

conditions but in the absence of magnetite seed, ferrite formation is negligible.

It became evident at this early stage that the ferrite sludge formed in the presence of
seed possessed extremely favourable settling properties and that the total iron
concentration in the raw effluent was less than 1 mg/L. The latter represents an iron
removal efficiency of greater than 99.9%. Furthermore, in initial stability tests
performed at pH 2, the precipitant showed only gradual dissolution amounting to 10%

(w/w as Fe) over a period of 53 days.

Given these encouraging results a further set of batch experiments was performed in
order to systematically investigate the effects of four fundamental parameters on
ambient temperature ferrite formation. These four parameters are seed concentration,
rate of oxidation, pH and temperature. The results, based on sludge characterisation
studies involving Méssbauer spectroscopy (MS), X-ray diffraction (XRD), and

scanning electron microscopy (SEM), show that controlled oxidation of ferrous

11



solutions under controlled pH conditions at ambient temperature, in the presence of

magnetite seed, yields almost pure structural magnetite.

These investigations yielded valuable information with respect to the optimum
conditions for ferrite formation. Mgssbauer spectroscopy (MS) proved to be an
essential tool in the analysis of these results because it enabled, not only identification
of the end-products as magnetite, but also precise measurement of the degree of
oxidation of the magnetite end-products from these batch experiments. Partially
oxidised magnetite has a lower molar percentage ferrous component than
stoichiometric magnetite in which the molar percentage ferrous is 33.33%. Within a
certain domain, varying combinations of the above four parameters all resulted in
solely magnetite end-products. However, Mdssbauer spectrocopy revealed subtle, yet
systematic, differences in the degree of oxidation of the magnetite produced within a

general domain of magnetite formation.

It was found that airflow rate but not seed concentration had an effect on the rate of
oxidation, airflow rate being the rate-limiting parameter at all times. From a process
perspective, the kinetics of magnetite formation under the above conditions are very
favourable. The hydraulic retention time (RT) required for the complete removal of a

typical AMD iron concentration (1200 mg/L) varied between 0.3—1.6 hours.

On the basis of these studies it was apparent that many parameters relevant to
processing AMD on a large scale were favourable: low oxygen requirement, low
retention time, excellent settling properties, excellent iron removal efficiency and
substantial sludge stability. However these batch experiments also demonstrated, as
previously described by others (Wang et al. 1996, Perales Perez et al. 1998,
McKinnon et al. 2000), the profound inhibitory effect of calcium on ferrite formation
(Lahav et al. 2003). This is problematic as not only is calcium often present in
considerable concentrations in AMD, but lime is the most economical agent for

elevating pH.

Chapter 6 below describes investigations aimed at overcoming the negative effect of
calcium. These investigations were conducted under conditions of continuous flow (of

simulated AMD influent) and constant magnetite seed and ferrous concentrations
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(dynamic steady-state conditions). Whereas under batch conditions the ferrous
concentration began at an initial value of 1200 mg/L and proceeded linearly to zero,
under steady-state conditions the ferrous concentration could be kept constant at any
desired value. The effect of the ferrous concentration on ferrite formation could
therefore be investigated, leading to the discovery of a threshold effect below which

minimal or no ferrite formation occurs, and above which solely ferrites are produced.

This proved to be a key finding as it stimulated the development of a sequence
designed to increase the ferrous concentration (see Figure 8.1). This functions by
initially combining the raw AMD with magnetite seed at pH 10.5 in a ‘contact
stabilisation’ reactor without any active aeration. In this reactor, Fe** present in the
AMD precipitates at pH 10.5 to form a metastable “ferrous intermediate’ (as distinct
from a stable ‘ferrous-ferric end-product). Upon precipitation, the ferrous
intermediate (FI) instantly and completely adsorbs to the magnetite seed. The mix
consisting of seed and adsorbed ferrous intermediate (plus any other precipitated non-
ferrous metal intermediates) then flows into a gravitational settler where the magnetite
seed and all precipitated components adsorbed to it are concentrated prior to
oxidation, The bulk AMD water volume (~70% of the total), now devoid of all
metals, is drawn off and the concentrated seed and precipitated components are
pumped to an oxidation reactor. Here the precipitated components are transformed
into ferrites (ie. more seed) which flows into a second settling chamber where the
bulk (~90%) of the water is drawn off. The remaining solids comprising original
ferrite seed, fresh ferrite seed and ferrous intermediate (the latter at a given supra-
threshold concentration) is then allowed to age for a given amount of time. After the
aging period, a fraction of the solids is recycled to the contact stabilisation reactor and
the remainder is transferred to a second oxidation reactor in which all remaining
ferrous/metal intermediates are transformed into stable ferrite prior to final disposal.
Through this configuration, it can be seen that the hydraulic retention time of the bulk
AMD flow is independent of the rate-limiting step in the ferrite process, ie. the aging
step. It is limited only by the very much faster settling step occurring in the first
settler. Similarly, the fraction of AMD water reaching the first oxidation reactor is
drawn off prior to the next two steps in the sequence, viz. aging and either recycling
or exhaustive oxidation. As a consequence of these two separations, the volume of

AMD being treated is rapidly diminished to a fraction of the original volume. That is,
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contact stabilisation reactor — settler sequence separates all the incoming dissolved
metals, as precipitated solids, from the bulk AMD flow prior to oxidation, as does the
second settling step separate the solid contents of the first oxidation reactor from the
water phase. This allows for much smaller oxidation reactors than would otherwise be

necessary.

By virtue of the contact stabilisation reactor — settler sequence, the ferrous
intermediate concentration could be rapidly, and indefinitely, increased to any desired
value prior to the commencement of oxidation. Thereafter, by matching the incoming
ferrous load in the AMD to the rate of ferrite formation (ie. ferrous removal), the

ferrous intermediate concentration could be easily maintained at steady-state.

A second effect of the contact stabilisation reactor — settler sequence is to increase the
concentration of the solid components relative to the dissolved components. When
dissolved calcium is present in the mixture, the settling of all solid components, ie.
seed and ferrous intermediate adsorbed to it, via the contact stabilisation reactor —
settler sequence, serves to increase the ferrous intermediate (as Fe) : dissolved
calcium (as Ca) ratio. This is due to the fact that during settling, the concentration of
the solids is increased whereas that of the dissolved substances, ie. calcium, is not. By
manipulating this ratio, it was found that a ferrous intermediate (as Fe) : calcium (as
Ca) ratio of ~ 3 : 1 serves to overcome the inhibitory effect of calcium on ferrite

formation.

Manganese is present in high concentrations in many South African AMD waters (for
example up to 438 mg/L, Wittman and Forster 1977). Manganese presents a different
problem to calcium in that manganese has a much higher solubility in water than does
iron and most other metals’. This is problematic because manganese must be
precipitated in order to settle during the contact stabilisation — settler sequence. Any
manganese in solution will pass out with the effluent from the settler. During the

course of this research, it was indeed found that at pH 10.5, ~40% of the manganese

*The Ksp of manganese is three orders of magnitude higher than that of iron (see Table 2.2 in Chapter
2).
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did not precipitate. However, raising the pH to 12 caused total manganese

precipitation.

In conclusion, the key challenges in developing an ambient temperature ferrite

process for the removal of metals from AMD are fourfold:

® To achieve ferrite formation at ambient temperature,
® to do so at adequate reaction and settling rates, and
e to do so in the presence of calcium which is known to inhibit ferrite formation

(Lahav et al. 2003, Wang et al. 1996).
° To remove non-ferrous metals, including manganese, by cation substitution in

the presence of calcium.

The results of the investigations described in Chapters 5, 6 and 7 demonstrate that
these four criteria have been met. On the basis of these findings, a detailed semi-
quantitative description of an ambient temperature ferrite process is derived. It must
be emphasised that the focus of this research has been to explore the feasibility of 1-
step ambient temperature ferrite formation in the presence of calcium for the removal
of iron and non-ferrous metals from AMD. In so doing, all of the pertinent major
factors have been examined and at least semi-quantified. In the light of the many
parameters involved it has not been possible in the time available to address or
optimise every aspect of the process. Nonetheless, the investigations reported here
constitute the first comprehensive proof that a 1-step ambient temperature ferrite
process for removal of metals from AMD in the presence of calcium is feasible and
moreover that it has significant advantages over the HDS process. On the basis of this

demonstration, further studies aimed at optimising the process appear to be warranted.

Chapters 5, 6 and 7 are preceded by three preliminary chapters covering theoretical
topics of direct relevance to ambient temperature ferrite formation. Chapter 2
discusses the equilibrium chemistry of metal ions in aqueous solution and Chapter 3
discusses the kinetics of ferrous iron oxidation. In Chapter 4 pathways and

mechanisms of ferrite formation are examined.
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Chapter 2 The theoretical chemistry of metal ions in AMD waters

Introduction

In the treatment of AMD, iron and heavy metals may be precipitated as hydroxides,
oxo-hydroxides, oxides, carbonates (rarely), sulphides and sometimes sulphates. The
species that precipitate in any scenario will depend on the nature and concentrations
of precipitation ions and inter alia on pH, pe (pe = negative log of electron
concentration, ie. an index of redox potential) and rates of chemical addition (ie.
mixing configuration). In this chapter pH-dependant and pe-dependent equilibrium
chemistry is used to examine some aspects of metal hydroxide and metal sulphide
mineral precipitation in the context of metals removal from AMD waters. In this
respect equilibrium chemistry forms the ideal framework for enquiry — in particular,
utilisation of graphical description forms an extremely useful didactic mechanism.
Once completed, the more general engineering implications are addressed in later

chapters.

2.1 pH-dependant equilibria

In this section pH versus log (of the) species concentration equilibria of metal
hydroxides and metal sulphides are considered. In each case aqueous phase and

aqueous — solid phase equilibria are dealt with.

Metal hydroxides: aqueous phase equilibrium

All the metals encountered in AMD waters form complexes (and/or ion pairs) with
hydroxide species. Such complexing affects the solubility of the mineral as will be
shown later. Considering the generic divalent metal ion M**, up to three hydroxide
complexes have been noted ie. MOH, M(OH),’, and M(OH)5". Though the first

(MOH) has meaning considering the aqueous phase alone, the remaining two usually
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two-phase equilibrium considerations. In Table 2.1 below are listed data reported for

various M**-hydroxide complexes.

Divalent log
Metal ion Complex dissociation
Fe(OH)" co?:? =
Fe®* Fe(OH),’ 74
Fe(OH)s -11,0
Mn(OH)" -3,4
Mn?* Mn(OH),’ 5,8
Mn(OH); -7,2
Zn(OH)" -5,0
Zn** Zn(OH),° -11,1
Zn(OH)s" -13,6
Ni(OH)" -4,1
NiZ* Ni(OH),’ 9,0
Ni(OH)s" -12,0
Pb(OH)" -6,3
Pb** Pb(OH),’ -10,9
Pb(OH);" -12,0

Table 2.1 Log of dissociation constants for various divalent metal hydroxide
complexes (Stumm and Morgan 1996).

The relevant generic reactions and equations for aqueous phase equilibrium are thus:

MOH" & M™ + OH )]
M(OH);? < M + 20H ()
M(OH)5 <> M" + 30H (3)

17



For each of these reactions there is a corresponding equilibrium equation:

[M*] [OH ]/ [MOH'] = Ky’ C)
[M] [OH]? / [M(OH)")] = Ks’ (5)
[M'] [OH T / [M{OH)5] = Ks5’ (6)

Where K’= apparent equilibrium constant including Debye-Hiikel effects.

In the practical scenario, the dependant variable of interest is pH and the equilibrium
equations should be transformed into this form. Recognising that water is the solvent,
Equation 4 becomes:

{[M7] K}/ {(MOH"] [H']} = Ky’ (7

and

[MOH'] [H']/ [M*'] = K\/Kb1® = Kat’ ®)

Such transformation allows presentation of aqueous phase equilibrium as shown, for
example, in Figure 2.1 for the divalent iron hydroxide system with Fer (total
dissolved ferrous) of 2 10 2 M.
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Figure 2.1 Aqueous phase pH versus log species concentration (mol/L) equilibrium

diagram for ferrous iron at infinite dilution.

In practice, the diagram has little meaning in the higher pH values (above ~ 8.5) as
Fe(OH)ys) will precipitate and thus it is never possible to have dissolved Fe®* species
ions at the level shown. A more realistic approach is to visualise the system from an

aqueous — solid phase equilibrium standpoint.

Metal hydroxides: agueous — solid phase equilibrium

The maximum concentration of free metal ions is established via the metal’s solubility

product equation, ie. in the case of metal hydroxides:
[M"] [OH]*=Ksp’ ©

Where Ksp’ = apparent solubility product including Debye-Hiikel effects.

However, the concentration M #*Jin the above equation does not give the total
dissolved metal ion species concentration in solution. This arises because M** forms
complexes (dissolved species) as shown in the previous section and the relative

concentration of these depends on pH. The total dissolved metal species in solution
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will be given by the sum of the free and metal hydroxide complex species

concentrations.
The concentration of each of the metal hydroxide complexes at aqueous — solid phase
equilibrium (Equations 4 to 6) are determined by linking each of the complex
formation equations to the solubility product equation (Equation 9). For example, for
the concentration of the complex MOH, at saturation, solving for M **}from
Equation 4 and substituting into Equation 9 gives:

[MOH'] [OH] Ky =K, (10)

ie. [MOH'] = K.,/ (JOH] Ky;) (1)
and similarly for the other complexes:

[M(OH);"] = K,y / Kbz (12)

[M(OH)5] =Ky, [OH] /Ky (13)

and so on for higher order hydroxy complexes. The total dissolved metal species in

solution at saturation is thus:
My = [M**] + [MOH'] + [M(OH),"] + [M(OH)5] (14)
Such total concentrations of dissolved metal are represented most clearly by taking
the logarithms of Equations 9, 11, 12 and 13, transforming log DH T}to pH and
plotting a log species versus pH diagram ie.:
log [M"*] = log (Ky) — 2log(K.,) - 2pH (15)
log [M(OH) ] = log (K,) — log(Ky1 ) — log(K) —pH ~ (16)
log [M(OH),’] = log (K, ) — l0g(Ky:) (17
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log [M(OH);] = log (Ky) — log(Kss) + log(K,,) +pH ~ (18)

In Figures 2.2 to 2.4 are shown plots of log metal species solubility versus pH for the
ferrous, nickel and manganese species in water. The various log K, values are those

listed in Table 2.1 and solubility product values are listed below in Table 2.2.

Referring to Figures 2.2 to 2.4, the total dissolved species concentration at any pH is
closely equal to the principal species and 0.301 log units above an intercept point.
Furthermore, for ferrous, nickel and manganese hydroxide species, the minimum
dissolved total metal species concentrations are approximately 10”7 M at pH 11 for

ferrous, 10 M at pH 10.5 for nickel and 107 M at pH 12 for the manganese system.

Precipitant Log Ksp Reference
Fe(OH) -15,1
Mn(OH), 128 Stumm and Morgan
Zn(OH), -16,0 (1996)
Ni(OH); -14,7

Table 2.2 Solubility product constants for various metal hydroxides.
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Figure 2.2 Aqueous — solid phase pH versus log species concentration (mol/L)
equilibrium diagram for ferrous hydroxide at infinite dilution.
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Figure 2.3 Aqueous — solid phase pH versus log species concentration (mol/L.)
equilibrium diagram for nickel hydroxide at infinite dilution.
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Figure 2.4 Aqueous - solid phase pH versus log species concentration (mol/L)
equilibrium diagram for manganese hydroxide at infinite dilution.

Metal sulphides: aqueous phase

The sulphide system comprises a diprotic weak acid system in aqueous solution, H,S,

HS" and S* (Figure 2.5).

5 / s
|
«10 4 p—"

/ s & o
-15

Log Specles

Figure 2.5 Aqueous phase pH versus log species concentration (mol/L) equilibrium
diagram of sulphide species.
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However, reported data on the dissociation between HS™ and S is so variable (12 <
pK, < 19) that direct use of the species S* is not feasible. Consequently, only weak
acid equilibrium between HS™ and H,S species are normally considered, and solubility
products are measured and reported relative to the HS™ species. Considering

equilibrium in the aqueous phase H,S <> H" + HS" giving:

[H'] [HS] / [H,S] = K, (19)
where pKa ~ 7.1 at 20 °C.
The mass balance equation for the sulphide species neglecting S is

Sr = [H:S] + [HS]r (20)

where St = total dissolved sulphide species concentration and HS "}y = free and metal

complexed HS species.

Examining the above two equations shows that the species of interest HS and H,S
vary with both pH and St. This makes solubility computation more difficult than for
the hydroxide species discussed previously where the precipitating ligand OH" varies

directly with pH.

For most of the metal species of significant concentration in AMD waters, metal
sulphide complexing is not reported, an exception being cadmium. These two
scenarios (with and without complexing) require different treatment in determining
expected dissolved metal ion concentration and are consequently dealt with

separately.
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Metal sulphides: aqueous — solid phase equilibrium (no metal sulphide

complexing)
Current convention is to report metal sulphide solubility products in terms of HS"

because of the uncertainty associated with the HS/S” dissociation constant, ie. in

terms of the reaction MS + H" <> M?" + HS™ with the corresponding solubility

product equation:

[M"][HS]/[H'] =Ks’ 1)
Note that when solubility product data are to be used relative to S*, the user should
always ensure that the HS/S” dissociation constant used comes from the same source

as the corresponding K, value.

The precipitating ligand, HS", depends on St and pH as follows (derived from
Equations 20 and 21):

[HS ] = StK, K{Ks + [H']} (22)

Substituting this equation into the solubility product expression and simplifying gives

the dependence of M*" on pH and St at two-phase equilibrium:
[M] =Ky, [H'] {K,+ [H']}/ (SrKa) (23)
Taking logarithms yields:

log [M’"] = pK, — log St~ pKs, ~pH + log { K" + [H']}
(24)

Graphical presentation is now easily effected as follows:

g



In the region pH < pK, (ie. H "P>K ,):

log [M"] = pK, — log Sr—pK,, — 2 pH
In the region where pH = pKa (fe. H'EK,):

log [M**] = -log Sr— pK., — pH + log 2
And where pH > pK, (ie. H "k<K ,):

log [M*] = -log Sr—pKy, — pH

(25)

(26)

@7

In Figure 2.6 is shown plotted log Fe *solubility with pH for FeS precipitation and
values of St of 10, 10 and 10 M. Using pK values listed in Table 2.3.
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§ total = 10A5 M
w3 total = 104-6 M

Figure 2.6 Plots of residual Fe®* concentration (mol/L) in solution versus pH for

various Sy values
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A comparison of various metal ion solubilities can be effected using the above
approach. From Figure 2.6 it is apparent that at relatively low pH values, for example
pH 6 and Sy of 10 M, the total dissolved F e** concentration is as low as 10° M. In
comparison, for Fe(OH)y) governing solubility, at pH 6 the solution would have an

extraordinarily high Fer value (see Figure 2.2).

Precipitant log K; (source: Dryssen and Kremling 1990)
FeS (amorphous) -2.95

NiS -5.6

MnS -3.34

Table 2.3 Metal sulphide solubility products for iron, nickel and manganese.

In Figure 2.7 is shown metal ion in solution with pH for the metal species Fe?*, Ni**

and Mn®" and a total sulphide in solution of 10° M.

AN e
\\ — Ni2+

log species
]
[e+]

Figure 2.7 Solubility in mol/L of various metal ion species with pH for St = 10° M.



Equations 25 to 27 can easily be used to obtain further insight into the metal sulphide
solubilities, for example keeping pH constant and plotting log M *'Jversus S T as
shown in Figure 2.8.

10 K -6 -4 -2 0
N 5
4
41 —Fe2+
\ —Mn2+
\ o]  =——Ni2+

/
//

log S total

Figure 2.8 Solubility of various metal ion species at pH 6 for various total sulphide
concentrations.

Metal sulphides: aqueous — solid equilibrium with metal ion complexing

For aqueous — solid phase equilibrium of metal sulphides where sulphide complexing
is reported (together with the solubility product) the approach is to formulate
equations for the solid mineral in terms of each of the metal sulphide complexes, H ]
and St. This is achieved by combining the solubility product and complex formation
equations. For example, if a metal sulphide complex MHS" is reported, the

equilibrium dissociation equation is:

[M'] [HS]/[MHS'] =K./ (28)
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and the solubility product equation is
[M][HS]/[H'] =K, (29)

The equation and equilibrium constant for the complex in the cadmium form is MSg,
+H" ¢« CdHS" with some K, value. Rearranging (28) and (29) above gives the

appropriate equilibrium equation:
[MHS"]/[H'] =K, /Ke) =K (30)

As an example, consider the metal Cd**, for which the sulphide complexes Cd(HS)",
Cd(HS),’, and Cd(OH)S" are reported in conjunction with a solubility product for
CdSs) (Daskalakis and Heltz, 1992). The appropriate forms for depicting the system

(and the corresponding adjusted equilibrium constants) are:

CdS¢ + H' & Cd** + HS (PKsp = +14,35)
CdS) +H' < CdHS)" (K, =+6,7)
CdS() +H'+HS- < CA(HS),’ (pKz = +1,0)
CdS¢) +Hy0 < CAOH)S +H' (pK3 = +16,8)

Taking logarithms of the equilibrium equations for the above reactions and solving for
the logarithm of each of the complex species concentrations at aqueous phase

equilibrium gives:

log [CA(HS)"] = -pK, - pH (31)
log [Cd(HS),"] = -pK>— pH + log [HS] (32)
log [CA(OH)S ] = -pK;3 + pH (33)

Referring to Equation 32 above, the species concentration HS “Jvaries with pH and
St (as explained earlier) ie. HS S 1Ko’/ (Ko’ +H 1~S 1K, /H "t pH < pK .
Consequently, at pH < pKa , Equation 32 becomes: '
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log [Cd(HS),"] = -pK, + log St—pK., (34)
And similarly for log £d *"where pH < pK ,:

log [C&"] = -pK,— log St + pK. (35)
Equations 31, 33 and 35 allow a very simple graphical depiction of aqueous — solid

phase equilibrium at a particular pH as shown in Figure 2.9 for pH 4, or alternatively

at a total dissolved sulphide species concentration across the full pH range.

fog Cd species

log S total

Figure 2.9 Aqueous — solid phase equilibrium diagram for cadmium sulphide species
concentration (mol/L) at pH 4 and variable dissolved total sulphide concentrations
{mol/L).
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2.2 pe-dependant equilibria

The pH-dependant single and two-phase equilibria discussed above assume conditions
of fixed low pe (ie. reducing conditions) in order that the oxidation state of
participating species may be considered to be stable as pH varies. This however
ignores the diversity of metal oxide/hydroxide species which may form under wider
redox conditions. In this section therefore pe-dependant (redox) equilibrium dynamics

are combined with pH-dependant dynamics in the form of the Pourbaix diagram.

The equation for the half-reaction of the reduction of ferric iron is:

2+
k=—LFe ] (36)
[Fe™ J[e” ]
The equation for the half-reaction of the reduction of oxygen is:
. (37)

K=
pO,[H*]*[e]*

These relations can be depicted in a Pourbaix diagram where the master variables are
pH and pe as shown in Figure 2.10. Instead of having log species concentration on the
y-axis, the Pourbaix diagram shows domains of stability for each species as a function
of pH and pe. A line representing dissolved O, in equilibrium with the air (pO, =

0.21 atm.) is also shown in this plot.
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Figure 2.10 Pourbaix diagram showing dissolved Fe ions and solid iron hydroxide
species for a maximum dissolved Fe* species concentration of 10 M. A more
detailed Pourbaix diagram showing additional iron oxides and iron oxyhydroxides is
presented in the following chapler.

Consequences for iron and heavy metals removal from AMD waters

Most AMD waters, for example those in the Gauteng region of South Africa, contain
inter alia a Fe** concentration of above 1200 mg/L, Mn>">30 mg/L, Ni*">15 mg/L,
AP*>60 mg/L accompanied with high SO4* concentrations (> 4000 mg/L). For these
waters neither of the precipitants M(OH); nor MS are useful per se in a treatment
process. The metal hydroxides are too voluminous with poor liquid — solid separation
properties. Furthermore, the metals are easily leached from the solid phase at a
relatively high pH value creating problems of disposal. To effect permanent fixing of

the metals, further costly sludge treatment is required.

On the other hand, problems also arise with a metal sulphide removal process because
the principal metal sulphide species FeS forms a colloidal precipitant with poor
settling properties. In light of the above, oxidation of ferrous iron present in AMD to
precipitate ferrite end-products is here considered as a means of complete removal of

iron and heavy metals in a single process, without the necessity for further sludge

32



treatment. Prior to entering the sphere of ferrite formation however, in the next
chapter, the pH and pe equilibrium dynamics discussed above provide the basis for an

analysis of the kinetics of oxidation of ferrous iron.
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Chapter 3 The kinetics of oxidation of ferrous iron in aqueous

solution

Before considering ferrite formation from AMD-like waters it is necessary to consider
the oxidation of ferrous (Fe(II)) to ferric (Fe(IIl)) iron in general. The theory
underlying the kinetics of oxidation of Fe(Il) in aqueous solution begins with a
consideration of empirical observations of the rate in relation to pH. Stumm and

Morgan (1996) give the following kinetic equation for the oxidation of Fe** to Fe**

~d[Fe*]
dt

=k[Fe** ][OH 1’ PO, 6}

This equation was derived from the oxidation of ferrous solutions of no more than

0.5 mM/L (5 x 10 M) and at pH values between ~ 4 and 6. In Figure 3.1 it can be
seen that below pH ~ 4 the rate of oxidation is independent of pH. Millero (1985)
presents data for the rate of oxidation of Fe(II) in solution which includes
observations at higher pH values as well (Figure 3.2). This graph shows that at pH
values greater than ~8 the rate is independent of pH. At pH values less than ~8 Figure
3.2 is in agreement with Figure 3.1. Thus the overall Fe(II) oxidation rate versus pH
graph shows a central region where the rate is strongly pH dependent flanked by

regions on either side where the rate is not pH dependent.
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Figure 3.1 Oxidation rate of ferrous iron as a function of pH. At low pH the oxidation
rate is independent of pH, while at higher pH values (> 5) the second order
dependence on [OH] as required by Equation 1 is fulfilled. Insert: Data for oxidation
at pH 2.0 (from Stumm and Morgan 1970).

35



10r

0.

-1.0 ool
o ® Seawater (15°C)
o °© Water (25°C)
e .20

-30

4.0 N 5 wh s 4 4 - 8

60 65 70 75 80 85 90 95 10
pH

Figure 3.2 Rate constants for oxidation of Fe(ll) in water as a function of pH (from
Millero 1985).

All of these observations can be explained in terms of the equilibrium chemistry of
Fe(II) in aqueous solution. Figure 3.3 is a log species — pH diagram for Fe(Il) in
single phase liquid equilibrium and Figure 3.4 is a log species — pH diagram for Fe(II)
in two phase liquid — solid equilibrium. Inspection of Figure 3.4 shows that in order to
reach saturation at pH values below ~8, the total Fe(Il) concentration must be orders
of magnitude above that used to construct Figure 3.1. In other words, below pH ~8,
Fe(1l) is effectively infinitely soluble in water and all Fe(II) solutions below this pH
region will be non-saturated solutions. The equilibrium chemistry of Fe(Il) solutions
below ~pH 8 is therefore described by Figure 3.3, ie. single phase liquid equilibrium
while for solutions above ~pH 8 Figure 3.4 applies.
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log species

Figure 3.3 Aqueous phase equilibrium for ferrous hydroxide at infinite dilution
(Loewenthal et al. 2000).

log species

Figure 3.4 Aqueous - solid phase equilibrium for ferrous hydroxide at infinite dilution
{Loewenthal et al. 2000).
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Returning to Equation 1 the oxidation rate is thus first order with respect to PO, and
[Fe*'] and second order for [OH]. The following rate equation given by Millero
(1985) which separates the individual species found in aqueous Fe(II) solution is

useful for the purposes of understanding the oxidation rate in relation to pH'.

~d[Fe** ]

x (k,([Fe* ] +k,[Fe(OH )" ] +k,[ Fe(OH );(aq)])DO

@)

From Equation 2 it is clear that more than one oxidation reaction is involved (Stumm

and Morgan 1996), viz.

0 Fe* > Fe'' +¢

1 Fe(OH)" = Fe(OH)*" + ¢

2 Fe(OH),? - Fe(OH)," + ¢

Stumm and Morgan (1996) also provide one-electron steps for the reduction of Oxsg):
A Oaq) +€ = 02° g (° = radical)

B 02 g+ € + 2H  => HyOsq

C Hy02q + € + H > OHe() + H,O

D OHey +¢ +H - H,0

Combining sets of equations (0,1,2) with (A,B,C,D), Stumm and Morgan (1996) show

that the free energy changes which occur during the oxidation of Fe(II) by oxygen are

! In Equation 2 dissolved oxygen concentration (DO) is used instead of PO, since it is in fact
DO which participates in the oxidation reaction and the DO concentration will vary for a
given PQ, for a variety of reasons such as pH, temperature, ionic strength etc. (Millero 1987).
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more negative for the oxidation of Fe(OH),’q than for either Fe(OH)" and Fe*. In
all three reactions 0, 1, 2 step A is endergonic but is least endergonic for reaction 2;
and for all three reactions 0, 1, 2 steps B, C, D are all exergonic but in each case

reaction 2 is the most exergonic (Figure 3.5a).
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Figure 3.5 a Free energy of the redox reaction steps of the oxidation of Fe(ll) to Fe(lll)
coupled with the one-glectron reduction of (;z(aq), 02% (aq), HolO2(aq), and OHegg, respectively. At
pH 2 the oxidation is Fe?* > Fe™; at pH 5 FeOH" > Fe(OH)* and at pH 7 Fe(OH), g >
Fe(OH),". Reaction A, corresponding to equation A, is endergonic for all three species but
least endergonic for Fe(OH)2°(aq). Reactions B, C and D are all exergonic and again most
exergonic for the oxidation of Fe(OH)zaq . b Plot of reaction rates log & (from Figure 1) for the
oxidation of different Fe(ll) species with O, (from Stumm and Morgan 1996).
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endergonic for all three species but least endergonic for Fe(OH),’.q). Reactions B, C
and D are all exergonic and again most exergonic for the oxidation of Fe(OH)zaq - b
Plot of reaction rates log k (from Figure 1) for the oxidation of different Fe(ll) species
with O, (from Stumm and Morgan 1996).

Thus by explicitly making a kinetic argument from thermodynamic data, Stumm and
Morgan deduce that step A is the slowest step in each case (because it is most
endergonic) and is therefore rate-limiting; and that step A is fastest for reaction 2
(because, of the three, it is least endergonic). Similarly, they deduce that since
reaction 2 is most exergonic for steps B, C, D, all in all Fe(OH),’ g produces the
fastest oxidation sequence. This conclusion is backed up by two other sources. Firstly
‘hydrolysed’ ferrous species are more readily oxidised than non-hydrolysed ferrous

species:
Fe(OH),’(aq) >> Fe(OH)" > Fe’*

because OH ligands donate electron density through both the o and = systems to the
reduced metal ion which increases reducing power and stabilises the Fe’* formed on
oxidation (Stumm and Morgan 1996). Millero (1985) found experimental evidence in
support of this. Secondly, Wehrli (1990) has shown a linear free energy relationship
between the free energy of the reaction (log K) and the rate (log k) of the reaction for
the oxidation of Fe**, FeOH" and Fe(OH)," ) (Figure 3.5b).

Having established the relative rates of oxidation of Fe(Il) species one can now easily
explain the oxidation rate curve seen in Figures 3.1 and 3.2. It has already been
established that Figure 3.3 applies to Fe(II) solutions at pH < ~8. Examination of
Figure 3.3 shows that in this pH range the concentrations of FeOH" and Fe(OH),’ rise
steeply with pH. Since these species (especially Fe(OH),") are far more readily
oxidised than Fe?" is, this explains the pH-dependence of the oxidation rate between
pH ~4-8. Indeed, above pH ~5 both the first two terms on the right hand side of
Equation 2 fall away (Stumm and Morgan 1996), which accounts for the second order
dependence of the rate law shown in Equation 1 for this pH region. Below pH ~4 the

concentrations of FeOH" and Fe(OH),” are so low as to be negligible and Fe**
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dominates. Since the oxidation of Fe* is independent of hydroxyl groups, the

oxidation rate is no longer pH dependent.

As already established for all pH values above ~8, all Fe(II) solutions of the order of
at least 10 molar concentration will be saturated solutions. Figure 3.4 shows the
speciation of Fe(II) in two phase liquid — solid equilibrium. Here at pH ~8 although
Fe?" exceeds both FeOH" and FeOHz(’ in concentration, the latter two species are far
more easily oxidised due to the presence of hydroxyl groups (Figure 3.5b shows the
relative pH dependent rates because pH is built into the value of log K). As one moves
from pH ~8 to the right in Figure 3.4, both the Fe’* and FeOH" concentrations drop
steeply whilst the FeOH,° concentration is constant. As the pH increases above 8 the
oxidation rate (Equation 2) therefore becomes dominated by FeOH,". Since this
species is constant with respect to pH ‘throughout? the range, the rate above pH ~8

becomes independent of pH.

In conclusion, the arguments above summarise the explanations for the shape of the
rate of oxidation of Fe(Il) in solution versus pH plot. Taken together, this suggests a

sigmoid-shaped curve for the Fe(II) oxidation rate against pH. This is because:

At pH values below ~ 4, Fe** dominates in Equation 2 (Figure 3.2).

o At pH > ~ 5, Fe(OH)," dominates in Equation 2 because it is far more readily
oxidised than Fe** and FeOH".

o Between pH 5 and 8 the Fe(OH),° concentration rises strongly with pH
(Figure 3.3).

® At pH values > ~8 Fe(OH)," dominates in Equation 2 and its concentration

does not vary with pH.

2 Although Figure 3.4 shows the FeOH," concentration as constant below pH ~8, in practise this
never arises for the reasons stated above, ie. all Fe(Il) solutions of concentrations of the order of 10
M/L are unsaturated below pH ~ 8 and single phase liquid equilibrium (Figure 3.3) rather than two
phase liquid-solid equilibrium (Figure 3.4) applies. As the pH moves below ~8 the threshold for
saturation rises logarithmically so that in practise saturated Fe(Il) solutions never occur at pH < ~8.
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In saturated Fe(II) solutions Equation 2 reduces to:

—d[Fe™]
dt

= kDO 3)
because the [Fe(OH),"] is constant (or in Equation 1 the solubility product is a
constant). Thus at pH < ~7-8 the rate limiting factor governing the oxidation rate
appears to be pH whereas at high pH values, the DO concentration is the rate-limiting

factor.
Finally various other factors which influence the rate of oxidation are noted:
® The rate is both thermodynamically and kinetically enhanced by adsorption of

dissolved iron species to hydrous oxide surfaces. This is also because of the

association with OH™ (Stumm and Morgan 1970).

° Catalysts such as Co?" and Cu®* enhance the oxidation rate (Stumm and
Morgan 1970).
o Anions such as CI"and SO4* retard the oxidation rate (Millero 1985).

o High ionic strength retards the oxidation rate (Stumm and Morgan 1970,
Millero 1985). '

It will nevertheless become apparent below that the oxidation rate is not the rate-

limiting factor in magnetite formation.
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Chapter 4 Pathways and mechanisms of ambient temperature

ferrite formation

In recent years interest in ambient temperature magnetite formation has grown largely
because of the opportunities it affords for metals removal from large volumes of
AMD. However, as Perales Perez et al. (2001a) who provided the first review of the
subject observed, the literature regarding the pathways and mechanisms of ferrite
formation in aqueous solution at ambient temperature is poorly developed. Cornell
and Schwertmann (1996), in their authoritative book on the iron oxides, also note that
the precise mechanism of magnetite formation from ferrous hydroxide has not been
determined'. A major reason for this situation stems from the inherent complexity of
the processes which occur during magnetite formation. This complexity is
highlighted, for example, by the fact that in general under a single set of oxidising
conditions two different iron oxide end-products tend to be produced (Cornell and
Schwertmann 1996) and conditions must be precisely controlled if a predominance of
one end-product over the other is to be achieved. Nevertheless the following
discussion aims to integrate that information which is available into an overall picture
of ambient temperature ferrite formation in a manner useful to the purposes of this

research.

! Table 14.1 on page 350 in Cornell and Schwertmann (1996) lists all the interconversions among the
iron oxides. For each interconversion the type of transformation is given, eg. thermal dehydroxylation,
oxidation, reduction-dissolution etc. Out of all 27 transformations given, the transformation from

ferrous hydroxide to magnetite is the only transformation for which the type is “not determined”.
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It has long been well-established that magnetite can be precipitated by oxidising
aqueous ferrous solutions at temperatures > ~50 °C and as high as 100 °C (Sidhu et al.
1978, Regazzoni et al. 1981, Blesa and Matijevic1989, Tamaura et al. 1991a,
Mandaokar et al. 1994, Cornell and Schwertmann 1996). This fact is well-illustrated
in Figure 4.1 which indicates that magnetite will not ordinarily form at temperatures
below 40-50 °C. At temperatures above 40—-50 °C magnetite appears to form via a
dissolution re-precipitation pathway (Perales Perez et al. 2001a, Sagumoto and
Matijevic 1980, Kiyama 1974) but further details on the reaction mechanism are not
known. More recently it has been established that magnetite can be formed via the
oxidation of aqueous ferrous solutions at ambient temperatures (~ 25 °C) if oxidation
conditions are controlled (ie. oxidation rate not too high) (Misawa et al. 1974,
Tamaura et al. 1984, Cornell and Schwertmann 1996, Perales Peres et al. 1999,
Perales Perez and Umetsu 2000). As discussed below, magnetite formation from
ferrous solutions depends upon there being a correct balance between the rate of
oxidation of Fell and the rate of crystallisation of magnetite. If oxidation outstrips
crystallisation the rate of formation of ferric-only oxo-hydroxide (FeOOH) end-

products becomes significant.
Perales Perez and Umetsu (2000) provide the following steps and equations to
illustrate the mechanism of magnetite formation from the oxidation of aqueous ferrous
solutions at pH 11 at ambient temperature:
(a) Hydrolysis of ferrous ion:
Fe** + H)O ¢» FeOH" + H' (1)
(b)  Oxygen transfer:
Ox(g) <> Ox(aq) 2
() Oxidation of ferrous ion:

2FeOH" + 0.50(ag) + H,0 <> 2Fe(OH)," 3)
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(d)  Precipitation of a partially oxidised intermediate (green rust 2):

(2-x)Fe(OH)," + (1+x)Fe(OH)" + xSO + (3-2x)OH =
(Fe' )3(Fe’")1:x(SO4”)(OH )g.3x )

where x = the number of moles of Fe2+-which still need to be oxidised in order to

bring the Fe(1lI) : Fe(ll) ratio to 2 : 1 which is the ratio of these ions in magnetite.

(e) Further oxidation of ferrous iron in the green rust 2 intermediate and subsequent

hydrolysis of the produced ferric species:

2[(Fe’ )sx(Fe’ ) 142(SO47 )(OH )s.3] + 0.5x0s(ag) + SxH,0 =
2[(Fe**)y(Fe’"),0H )s] + 2xH»804 (5)

® Dehydroxylation/dehydration” and magnetite formation:
[(Fe**),(Fe’) ,0H )s] = Fes0, + 4H,0 (6)

Dehydroxylation results in the replacement of hydroxy-bonds with oxo-bonds which
enables face-sharing between octahedra and a subsequent increase in crystal density
(Comell and Schwertmann 1996, p. 351).

Green rust

Green rusts (GR), first described by Keller in 1948 (Cuttler et al. 1990), are double-
layer hydroxide salts in which positively charged octahedral Fe** — Fe** hydroxy
layers are linked by interlayer CI', SO4> or CO;> anions (Hansen et al. 1994, Cornell

and Schwertmann 1996). If chloride anions form the interlayer the solid compound is

2 The terms dehydration and dehydroxylation are both frequently and interchangeably used to refer to
the transformations which occur in Equation 6 because in this instance as OH groups disappear from
the lefi-hand side of the equation, H,O groups appear on the right-hand side. Cornell and Schwertmann
{1996, p. 351) for example refer to the following reaction as a dehydration transformation: 2FeQOOH -
Fe, 0, + 2H,0.
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designated Green Rust 1 and if sulphate anions form the interlayer it is designated
Green Rust 2. Where carbonate anions form the interlayer, some authors (eg. Drissi et
al. 1995) use the designation Green Rust 1 but in order to distinguish it from chloride
GRI it is usually referred to as carbonate GR. Green rusts are only stable at low redox
potential, ie. in a reducing environment and appear green in solution. Structurally
green rusts have a cubic closed pack crystal structure and belong to the sjogrenite-
pyroaurite class of hydroxides (Perales Perez et al. 2001a, Schwertmann and Fechter
1994). The chemical formula for GR2 is [Fe** Fe**5(OH)12)* [SO4> . 3H,01"
(Hansen et al. 1994, Genin et al. 1996).

Green Rust 2 has been reported to form in at least two different pathways:

1. Aerial oxidation of Fe** ions, Fe(OH)" or Fe(OH), to a hydrous, poorly
ordered ferrihydrite (‘ferric hydroxide’) at ~pH 7. Ferrihydrite in turn reacts with
dissolved Fe®* ions at neutral pH values to form GR through the following reaction

(Fox 1988, Hansen et al. 1994):

2Fe(OH);35(S04)0.3256) + 4Fe™* (a) + 0.67580 (ag) + 3H,0¢) >
[Fe** e’ )] [SO.3H,0] (7

2. Direct precipitation of GR from an initial mixture of ferric and ferrous ions at

neutral/slightly basic pH values through the same reaction (Hansen, 1994).

It is noted that an aqueous solution of ferrous iron, from which all oxygen is excluded,
when raised to above pH ~7-8, appears whitish in colour. That is, aqueous ferrous
hydroxide in aqueous suspension is white. Invariably when a ferrous solution is made
using a ferrous salt such as ferrous sulphate or ferrous chloride and distilled water,
and the pH is raised above pH ~7-8, the resulting suspension is green in appearance.
The reason for this is that oxygen already dissolved in the water rapidly oxidises some
ferrous iron to ferric iron and some of the solid which forms as the iron precipitates
out of solution is not ferrous hydroxide but green rust, the green colour of which

dominates over the milky-white ferrous hydroxide.
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Green rusts containing cations other than iron are also well-known. For example
Tamaura (1985, 1986) produced Ni-bearing and Zn-bearing green rusts where
divalent ferrous ions are partially replaced by divalent Ni or Zn ions. These non-
ferrous metal-bearing GRs can spontaneously transform into ferrites, albeit slowly, at
near-ambient temperature (30-70°C) in the pH range 7.6 to 10.6. This transformation
reaction occurs via a dissolution (of GR) — precipitation (of ferrite) process, as
evidenced for example by the fact that it does not occur if the GR is first dehydrated
(Cornell and Schwertmann 1996).

Because of the preference for divalent over monovalent anions in the interlayer
(Miyata, 1983), GR2 and carbonated GR will prevail over GR1 in acid mine drainage.
Moreover, because the SO, concentration is much higher than the carbonate system

concentration in such waters, GR2 will be the dominant species.

Alkalinity changes during oxidation of ferrous solutions

The following equation shows that two moles of alkalinity are required for every

mole of Fe** oxidised by oxygen to magnetite (Lahav et al. 2003):
3Fe’ +0.50; + 3H,0 - Fe;04 + 6H" (8)

This OH" demand can be thought of as the Fe** : OH™ =1 : 2 ratio required to form
Fe(OH)y from Fe** (hydrolysis).

The following half-reactions of the redox exchanges between oxygen and Fe(OH),
illustrate that once Fe(OH), is formed no further net OH' is required during the
Fell(OH); -» Felll(OH); oxidation-hydrolysis reaction which occurs during the
formation of magnetite from Fe(OH),:

Fe(OH), + OH 2 Fe(OH); + € ®
(oxidation-hydrolysis consumes OH : Fe** = 1:1)
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0250, +e + H = 0.5H,0 (10)

(reduction of O, generates OH : Fe** =1:1)

Summing the half-reactions:

Fe(OH), + 0.250; + 0.5H,0 = Fe(OH); (11)

(overall no net OH- alkalinity change)

Indeed in general, from a stoichiometric perspective the Fell(OH), - Felll(OH);
oxidation-hydrolysis reaction involves no net alkalinity change irrespective of
whether the end-product of oxidation is magnetite or any other iron oxide or
oxyhydroxide such as Fe,O; or FeOOH.

However what does differ among the various possible end-products of oxidation-
hydrolysis of aqueous Fe(OH), solutions is the rate at which oxidation-hydrolysis
occurs. Perales Perez and Umetsu (2000) studied the rate patterns of oxidation-
hydrolysis of Fe(OH); solutions at ambient temperature by recording the volume of
KOH solution needed to maintain a constant pH (pH 11) during the reaction (Figure
4.2b below).

Given that the overall OH  requirement is the stoichiometric Fe : OH =1 : 2 required
to hydrolyse Fe**, and that as explained above no further net OH addition is needed,
the need to add KOH during the reaction reflects the fact that not all the Fe’* is
immediately hydrolysed at the beginning of the reaction when the bulk of the total
OH demand is added so as to bring the solution to pH 11. Equations 1-6 in this

chapter together with steps (a) to (f) are useful in explaining this observation.

In step (a) Fe?* is only partially hydrolysed to Fe(OH,), the rest being FeOH". This
means that the OH™ demand is initially less than the stoichiometric Fe”" : OH =1 :2
ratio found in Fe(OH),. During the initial oxidation of ferrous iron in step (c),
Fe(I)OH" undergoes oxidation and only partial hydrolysis to Fe(IIOH?* which
accounts for continued sub-stoichiometric OH" demand. The rate at which OH' is
consumed in this step depends on the rate of oxidation of ferrous iron. In step (d) the

formation of the sulphated ferrous-ferric intermediate green rust 2 (GR2) compound
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occurs, only to the extent that ferric ions created in step (c) are present . As step (c) is
continually generating ferric ions, a continual alkalinity demand is exerted during step
(d). This demand which contributes to the total negative charge which balances the
total positive charge made up by Fe** and Fe** in GR2 is met not only by OH ions but
also by SO ions present in the medium (step ¢). During the formation of GR2, the
Fe ‘acidity’ is thus neutralised by both OH and SO4* ‘alkalinity’ which further
advances the sub-stoichiometric phase. When the oxidation of ferrous ions has
proceeded to the point where the Fell : Felll ratio =1 : 2 (ie. the ratio of these ions in
magnetite), SO4” ions in GR2 are replaced by OH’ ions thereby transforming the GR-
like intermediate into hydrated magnetite (step f). This replacement of sulphate ions
in the ferrous-ferric intermediate compound with OH’ finally brings the OH demand
to its stoichiometric Fe : OH = 1 : 2 value. In the final step depicted by the following

stepwise dehydration process:

(Fe'*)(Fe'*) ,0H )s = (Fe’™)(Fe’*) (OH ) y(OH )4 =
(F&)(F&) 1(0%) (H ) o(OH )4 > Fes04 + 4H,0 (12)

no additional OH demand is exerted. Thus in the transformation of Fe(OH); into

magnetite Fe;O4, no net alkalinity/acidity is created or destroyed.

Aging

This final step of dehydration-crystallisation may be the rate-limiting step in
magnetite formation (Comell and Schwertmann 1996), although it is also thought that
the transformation from GR to magnetite proceeds via a dissolution-precipitation
route where dissolution is considered the rate-limiting step (Perales Perez et al.
2001a). A distinction should thus be made between the rate-limiting step in the
transformation of Fe(OH); into fresh hydrated magnetite (Equations 1-5) and the rate-
limiting step in the transformation of fresh hydrated magnetite into mature well-

crystallised magnetite. ‘Aging’ describes the time taken for freshly formed hydrated
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magnetite to mature into dehydrated® well-crystallised magnetite. Two distinct
simultaneously-occurring processes can nonetheless be identified during aging:
sulphate expulsion and replacement with OH" (proton release) and dehydration-

crystallisation (no proton release) (Perales Perez et al. 1999).

In conclusion the overall pattern of KOH consumption during ambient temperature
ferrite formation depends upon the rates of oxidation of ferrous ions, the rates of
formation of sulphated intermediates and the rates of subsequent substitution of OH

for SO4* in the ferrous-ferric compound during the reaction.

Figure 4.2 shows (a) changes in oxidation—reduction potential (ORP) and (b) rate of
proton release with duration of oxidation of ferrous sulphate solutions at ambient
temperature with the aim of producing magnetite as end-product (Perales Perez and
Umetsu 2000). The ‘conditioning stage’ refers to the period during which the pH is
raised from ~ pH 4 to pH 11. Thereafter the ‘contact stage’ refers to aerial oxidation
of the solution, the pH of which is maintained at 11 by the addition of known amounts
of a KOH solution. The pattern of KOH consumption was found to differ during

different ‘zones’ during the contact stage as follows:

3 ie. as mentioned above dehydration/dehydroxylation = replacement of hydroxy-bonds with oxo-
bonds - face-sharing between octahedral <» increased crystal density.
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Contact stage zones:

® < 10 mins contact: Voluminous weakly magnetic green (GR2) precipitate.
Mechanism: Minimal proton release, insufficient oxidation, Fe** : Fe** ratio

too low for magnetite formation to occur.

® Zone 1: ~ 10 minutes oxidation time, initially no change then rapid oxidation-
hydrolysis. The rate of proton release = 1.6 x 10™* mol H'/Lmin (the range of
proton release in which magnetite is produced = 0.4-1.6 x 10™ mol/Lmin).
Oxidation-hydrolysis - initial green precipitate =» black after ~ 10 minutes
of contact stage (hydrated magnetite). Mechanism: sufficient oxidation, Fe’*:
Fe®* ratio ~ 2 : 1 which is the correct stoichiometry for magnetite formation to
occur. (ORP = -120mV).

® Zone 2: Less rapid oxidation-hydrolysis. Proton release rate is less than 0.4 x
10 mol H'/Lmin, ie. outside of magnetite producing range, and black mixture
turns brown. Mechanism: Overoxidised, Fe** : Fe* ratio >> 2 : 1, too much

ferric =» ferric-only end-products. (ORP close to zero).

® Zone 3: Negligible H' release. Mechanism: In addition to primary ferric-only
end-products, secondary oxidation of formerly produced magnetite occurs
(ORP = 0).

After Zone 1 further oxidation produces an excess of ferric iron and significant
amounts of purely ferric end-products result. As to be expected, the creation of more
ferric will result in more hydrolysis and more OH demand/H" release, albeit at a
lower rate (see Zones 2 and 3 in Figure 4.2b). However this ‘extra’ proton release
does not however represent a different stoichiometry from the case where the reaction
stops when magnetite is predominantly produced. This is because for every H'

released during hydrolysis, during oxidation another H' is consumed (Equation 10).

52



[ o)
=
jw—y
jw—y

it
o
o
=

ORP

ORP, Ag/AgCl, mV
Observed pH

“’§§§§8o

|l i |B = Contact stage -

9

8

. ; 7

éf A = Conditioning stage . ] 6
5

4

3

Y

]

N
th

b

bt
ta
N

[y

0.4 M KOH Consumption, ml
&
B

H H i H
(I H i i

10 15 20 25 30 35
Time, min '

o
L s o
A
L

Figure 4.2 {(a) Changes in redox potential (ORP) and (b) rate of proton release with
duration of oxidation at ambient temperature (from Perales Perez and Umetsu 2000).

Thus according to the scheme of Perales Perez and Umetsu (2000) given above
(Equations 1-6, steps a—f), proton release comes from two sources in the magnetite

formation reaction:
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a) Fe?* © Fe(OH), hydrolysis reaction (OH™ consumption)
b) SO4* expulsion during aging (Cornell and Schwertmann 1996, p. 342, Perales
Perez et al. 1999, p. 133, Figure 5)

Perales Perez et al. (2001a) show that at 55 °C proton release is non-linear suggesting
that the mechanism of ferrite formation may be different from that at ambient

temperatures where proton release follows a linear pattern.

Oxidation versus dehydration-crystallisation

Ambient temperature magnetite formation requires that the rate of oxidation of ferrous
species is not too high so that a right balance between the rate of oxidation of Fell and
the rate of dehydration-crystallisation occurs. If oxidation outstrips dehydration-
crystallisation the rate of formation of ferric-only oxo-hydroxides (FeOOH) becomes
significant. Cornell and Schwertmann (1996, p. 343) attribute this to ‘competition’
between the oxidation and dehydroxylation reaction steps. This refers to the fact that

dehydroxylation is the rate-limiting step in magnetite formation. They state:

“Magnetite formation probably requires slow oxidation because complete
dehydroxylation of the precursor (green rust) prior to complete oxidation is only

possible if sufficient time is available...”.
Blesa and Matijevic (1989, p. 214, 216) similarly state that:

“formation of magnetite requires that available Fe(Il) behaves as an effective
scavenger for Fe(Ill) ions preventing the formation of solids containing ferric
ions only.... The formation of magnetite depends crucially on the fate of Fe(Ill)
ions generated by oxidation; if the rate of oxidation is enhanced by adding
oxygen, the rate of nucleation of magnetite around a given Fe(Ill) center
becomes comparable to the rate of oxidation of neighbouring Fe(Il) ions;

eventually, only ferric (hydrous) oxides [FeOOH] may nucleate”.
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In contrast Misawa et al. (1974), noting that magnetite formation requires the removal
of two oxygen ions per three molecules of Fe(OH),, attribute the need for controlled
oxidation to the time needed for the removal of oxygen and rearrangement of oxygen
and iron in the crystal lattice. The formation of FeOOH on the other hand, they say,

requires only the removal of a proton from Fe(OH),.

Liquid or solid phase transformation

There is a similar lack of consensus as to whether the oxidation of Fe(OH), via an
intermediate into magnetite occurs as a liquid or solid phase transformation. On the
basis of thermodynamic and structural considerations Misawa et al. (1974) describe a
topotactic phase® transformation (a solid state rearrangement of atoms in a single
crystal) from Fe(OH), via GR to magnetite. The essence of their analysis pertains to
the differences in close-packing of oxygen between Fe(OH), which has hexagonal
close-packing and magnetite which has cubic close-packing. They suggest that GR
which they say has both hexagonal and cubic close-packing of oxygen provides a
structural pathway from Fe(OH); to magnetite. Feitknecht (1959) used TEM to track
magnetite formation via GR from Fe(OH), in strongly alkaline media and also
concluded a topotactic transformation was involved. However under strongly alkaline
conditions Sugimoto and Matijevic (1980) using a variety of investigative techniques
including radioactive *’Fe isotope tracing and transmission electron microscopy
(TEM), deduced a dissolution re-crystallisation pathway. These authors showed the
growth of small primary nuclei near the surface of platy Fe(OH);, crystals. This
growth involved soluble species and the small primary magnetite particles then
aggregated and underwent contact recrystallisation to form single crystals. On the
basis of electron microscopy and oxidation kinetics, Kiyama (1974) also concluded
that a reconstructive liquid state transformation involving Fe(OH), or green rust 2
dissolution = ferrous oxidation -» magnetite I;recipitation occurs. To put the question
into perspective, in their review Perales Perez et al. (2001a) note both the structural
arguments of Misawa (1974) for the solid state phase transformation via GR and SEM

evidence for the dissolution — precipitation mechanism.

4 In this context the term ‘phase’ refers not to gas/liquid/solid phases but to a species of iron oxide.
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Intermediate and end-products of oxidation of ferrous sulphate solutions: effect
of pH

Comell and Schwertmann (1996) review the effect of pH on the oxidation of ferrous

solutions. They divide their discussion as follows:

Acid media: Intermediate GR phases do not form and ferric oxide/hydroxide end-
products precipitate directly from soluble Felll. At pH < 5 and at ambient temperature
ferrihydrite forms and at pH 2.74 goethite (a FeOOH) forms.

Slightly acid te slightly alkaline media: At pH 6-7 GR precipitates and at slightly
lower pH soluble GR complexes form. Further oxidation at ambient temperature =
goethite (. FeOOH) and/or lepidocrocite (y FeOOH).

Moderately alkaline media: At pH > 8 Fe(OH), - magnetite.

Strongly alkaline: Fe(OH); - GR -» magnetite.

The number of studies on oxidation of ferrous solutions at ambient temperature are
few and the results are not always in agreement. Moreover, comparison is difficult
because conditions differ in such ways as pH, concentration of Fe solution, oxidising
agent, presence of seed and so on. For example, the following results of Kiyama
(1974) contrast with those reported by Cornell and Schwertmann (1996) given above
in that GR was not found to be present at high pH (Table 4.1):
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(2Na ()HR: FeSOy) In;;ilal Fli:;;l Intermediate End-product*
0.5 7.2 6.5-3.7 GR2 Fe;04 >> a FeOOH
0.6 6 GR2 Fe;04 /vy FEOOH
0.6-1.0 7-9 4.5 GR2, Fe(OH), Fe;04 /y FeOOH
1.0 9-10 Fe(OH), Fe;04
> 1.0 >10 Fe(OH), Fe;04

Table 4.1 Intermediate and end-products of oxidation of ferrous sulphate solutions

{Kivama 1974). *See Figure 4.1: Fe;0, formed at higher temperatures, FeQOH at
lower temperatures.

Perales Perez et al. (1998) present data which is very similar to that of Kiyama’s

shown above (Table 4.2).
pH 7 8 10 12
Fe phase(s) GR GR M M
L L

Table 4.2 Intermediate and final Fe phases present during ambient temperature

magnetite formation from ferrous solutions at various pH values. GR = green rust, L =
lepidocrocite (y FeOOH), M = magnetite. XRD was used to determine Fe phases.
Data from Perales Perez et al. (1998).

57




From the data of Kiyama (1974) and Perales Perez et al. (1998) there appears to be a
transition point in the region of pH ~8 where Fe(OH), replaces GR as the intermediate
species during magnetite formation from ferrous solutions. It is nonetheless often
reported that GR’ is the intermediate during ambient temperature ferrite formation
from ferrous solutions at high pH (Kiyama 1974, Tamaura et al. 1991, Perales Perez
et al. 1998, 200la); and as seen in Equations 1-6 of Perales Perez and Umetsu (2000)
given above, these authors include GR2 as the intermediate ferrous-ferric state of iron
during ambient temperature ferrite formation at pH 11, despite their own data shown
in Table 4.2. To confuse matters further Tamaura et al. (1991) state that ferrite
formation can follow two pathways depending on pH. At pH values ranging from 7 to
10 ferrites form through the GR path whilst at a pH of 10.5 to 11 ferrites form from
lepidocrocite (y- FeOOH)®. There are thus inconsistencies in the literature on the exact

role of GR and other intermediates during ferrite formation.

Olowe and Genin (1991) studied the mechanisms of oxidation of ferrous hydroxide in
the presence of sulphate ions at ambient temperature. Their results are in conflict with
those of Comnell and Schwertmann (1996) and the scheme given by Perales Perez et
al. (2001a) given above, and resemble the results reported by Kiyama (1974) shown in
Table 4.1 insofar that above ~ pH 8, GR does not play an intermediate role. These
investigators studied the initial, intermediate and end-products of oxidation of ferrous
hydroxide in the presence of sulphate ions according to varying ratios of Fe : OH at
ambient temperature. This latter ratio which they called R has a determining effect on
the reaction (Table 4.3). From this table it can be seen that sulphated intermediates
only occur at values of R greater than 0.5 (so-called ‘acidic’ values). AtR = 0.5 the
intermediate is hydrated magnetite which contains no sulphate but also being green in

appearance may be superficially confused with green rust.

Based on their earlier work, Olowe et al. (1991) conclude that the pathway of

oxidation of ferrous hydroxide at 9 < pH < 11 is as follows:

% GR2 in the case of ferrous sulphate solutions and GR1 in the case of ferrous chloride solutions.

¢ In the latter case they state that oxidation of the Fe(II) ions takes place on the surface of ferrite
particles onto which the Fe(Il) ions have been adsorbed. The initial source of these ferrite particles is
not made clear.

"R in Figure 4.3 is defined differently to R in Table 4.1.
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Table 4.3 The initial. intermediate and end-products of oxidation of ferrous hydroxide

Basic compound
(3Fe((0H), 2Fe(OH):)

and &-FeDOH?

in the presence of sulphate ions according to varying ratios of Fe , OH. Sulphated

intermediates (ie. GR2) were only found at Fe : OH ratios of greater than 0.5

*Sulphated ferrous hydroxide is an iriffal (non-oxidised) product; the true

intermediate {(ie. partially oxidised) product at this value of R is still GR2. Compiled

using data from Olowe and Genin (1981},
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The work of Olowe and Genin (1991) and of Olowe et al. (1988) on the oxidation of
ferrous solutions is noteworthy for its conceptual and experimental simplicity. It has
therefore been decided here to concentrate on these investigations rather than attempt
to unravel the apparent inconsistencies reported from other studies where conditions

are difficult to compare.

Olowe and colleagues investigated the effect of varying the Fe : OH ratio during
oxidation. All experiments were carried out at 25°C making these studies directly
relevant to ambient temperature ferrite formation. Mdssbauer spectroscopy was
utilised to identify the intermediate and end-products of oxidation produced for
different Fe : OH ratios. The notable finding, echoing the results of Kiyama and
others above, is that at pH values above pH 9 no intermediate products of oxidation
containing sulphate were formed. In other words in this pH range, GR was not

formed.

In Figure 4.3 from Olowe and Genin (1991) the near-vertical region of the pH curve
corresponds to an R value of 0.5 (R = Fe : OH) and spans the pH range of 9—-11. As
these authors point out this is precisely the pH range commonly reported to favour
magnetite formation (eg. Kiyama 1974, Tamaura et al. 1991a, Yang et al. 1994).
Noting that there is no consensus on the mechanism of magnetite formation Olowe
and Genin (1991) venture their conclusion that the intermediate species at point B is
the compound Fe(OH),,2FeOOH, also green in colour but devoid of sulphate ions
and designated ‘hydrated magnetite’. They provide the following mechanism of
oxidation of ferrous hydroxide in the pH region 9-11:

3Fe(OH); + 0.50, 2 Fe(OH);2FeOOH + H,0 (15)

Fe(OH);, 2FeOOH = Fe;04 + 2H;0 (16)

Indeed from their data Olowe and Genin (1991) conclude that no end-product can be

formed simultaneously with GR2 in the region of its existence! Since the region of
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Figure 4.3 pH and E, (redox potential) plots against R where R = Fe : OH ratio. Solid
squares and solid circles refer, respectively, to E, and pH at the start of the reaction.
Each point refers to a separate experiment in which a ferrous solution is neutralised
with the correct amount of NaOH for a given value of R. The solution is then stirred in
the presence of air. Initial, intermediate and end-products were analysed using X-Ray
diffraction (XRD), M&ssbauer Spectroscopy (MS) and TEM - see Table 4.3. (from
Olowe and Genin 1991).
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stability of GR2 is generally agreed to be in the pH range between 7 and 10 (Figure
4.4, Genin et al. 1996), this implies that no end-product formation, including ferrite
formation, can occur in this pH range. At first glance this is paradoxical since ferrite
formation is well known to occur between pH 9 and 11. This apparent contradiction is
however resolvable because the ORP of point B (pH 9-11) is between -0.5 and -0.7 V
(Figure 4.3, top) which falls outside of the region of GR2 stability as shown in Figure
4.4 (Olowe and Genin 1991, Genin et al. 1996). It should however be borne in mind
that at high pH (pH 12.6) SEM and XRD observations show GR adsorbed to
magnetite particles (Perales Perez et al. 1998).
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56 7 8 910111213 pH

Figure 4.4 Pourbaix diagram showing the region of stability of GR2 (from Genin et al.
1996).
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In conclusion the reasons for the discrepancy in the results between Olowe and Genin
(1991) and Pereles Perez et al. (2001a) are not apparent, and the nature of the

intermediate products of oxidation of ferrous sulphate solutions remains confused.

Effect of pH: water treatment process considerations

Several authors, including the writer have observed that ferrite formation through the
GR2 pathway (pH<10) results in relatively high residual iron and heavy metals
concentrations, and inferior sludge settling properties (Kiyama, 1974, Perales Perez et
al. 1998). Conversely, ferrite formation at pH>10 results in excellent Fe removal (>

99.9%) and improved sludge settling properties (Lahav et al. 2003).

Effect of cations and anions

The presence of certain non-ferrous cations and anions can decisively influence the
end-products of oxidation of ferrous solutions. Cornell and Schwertmann (1996)
emphasise the fact that the stability of the green rust precursor depends upon the
interlayer cation and increases in the order Cl" < SO < CO32'. That is GR1 is less

stable than GR2 which is less stable than carbonate GR.

Chlorides and other halogenides exert a particularly strong retarding effect on
magnetite formation in favour of lepidocrocite formation, possibly by inhibiting the
condensation of neighbouring OH" groups (dehydroxylation) to form Fe-O-Fe bonds.
Sulphate on the other hand at concentrations in the order of 0.1M has a goethite
promoting effect (Cornell and Schwertmann 1996). Xu and colleagues (Choung et al.
1999, McKinnon et al. 2000) found that the presence of carbonates does not interfere

with magnetite formation.

63



Effect of magnetite seed

As previously discussed, calcium poses a particular challenge to the development of
an ambient temperature ferrite process which uses lime for treating AMD. However
Perales Perez et al. (1998) were the first to show that magnetite can be formed in the
presence of calcium if magnetite seed also is present. In these investigations done at
pH 12.6, scanning electron microscopy (SEM) and XRD analyses showed magnetite
seed particles partially covered by GR2. Magnetite formation in the presence of
calcium and seed has subsequently been confirmed by others (McKinnon et al. 2000,
Morgan et al. 2001).

It is therefore of interest to enquire into the role of magnetite seed in ferrite formation
from a mechanistic point of view. The mechanism whereby magnetite seed steers the
reaction in the presence of calcium towards ferrite formation has not however been
elucidated. The closest relevant information is given by Tronc et al. (1984) who
provide evidence for the mechanism whereby magnetite seed might steer the reaction
which would otherwise, even with no calcium present, produce FeOOH species,
towards magnetite, at ambient temperature and high pH. A solution of ferrous iron
alone and a solution of ferrous iron in a cationic colloidal suspension of spherical
magnetite particles approximately 90nm in diameter were brought to a pH value of
about 2.5 (making a protonated cationic colloid) whereafter the pH was raised by the
addition of base. The titration plot for the non-colloid solution is shown in curve ¢ in
Figure 4.5. A region of buffering occurs at about pH 8 and corresponds to the
precipitation of Fe(OH), (curve c¢ in Figure. 4.5). In contrast the region of buffering
seen in the titration curve for ferrous iron in the presence of colloidal magnetite

occurs at about pH 6 (curve a in Figure 4.5). The explanation given for this
asymmetry is that as the pH rises, the free Fe?* ions instead of precipitating as ferrous
hydroxide, are adsorbed onto the surface of the colloid particles. When this occurs, for
every Fe** adsorbed two H' ions are released by the colloid particles into solution,
thereby preventing the pH from increasing (buffering effect). During the back-titration
the process reverses but as a result of differences in the kinetics of adsorption and

desorption, the forward and backward titrations differ (Figure 4.6).
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Jolivet and Tronc (1988, p. 699) comment that this

“peculiar behaviour results from easy electron delocalization, from few
structural changes between reduced (Fe;0,) and oxidized (YFe,03)° forms, and
from adequate particle size which allows the electron reservoir, which the

colloid is, to empty and refill in a reasonable time”.

For sake of simplicity Tronc et al. (1984) refer to the colloid in its initial cationic form

at pH 2.5 as ‘protonated’ and in its form in alkaline medium as ‘exchanged’.

These authors (Tronc et al. 1984) also investigated the titration curves for different
colloidal-Fe?* sols made up by adding various concentration of Fe(Cl); to a magnetite

sol otherwise devoid of free, adsorbed or precipitated Fe (Figure 4.7).

¥ Maghemite.
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Figure 4.5 Titration plots for a solution of ferrous iron alone (curve ¢) and a solution
of ferrous iron in a cationic colloidal suspension of spherical magnetite particles
approximately 90nm in diameter (curve a). Both solutions were brought to a pH of
about 2.5 whereafter the pH was raised by the addition of base. For the ferrous
solution alone a region of buffering occurs at about pH 8 and corresponds to the
precipitation of Fe(OH), (curve ¢). In contrast the region of buffering seen in the
titration curve for ferrous iron in the presence of colloidal magnetite occurs at about
pH 6 (curve a) as a result of adsorption onto the colloidal magnetite particles in
exchange for H'. Curve b plots the titration of the suspension in curve a after
ultrafiltration. (from Tronc et al. 1984).
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Figure 4.6 Forwards and backwards titrations of magnetite colloid follow different
paths (from Tronc et al. 1984)
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Figure 4.7 Base titrations of magnetite colloid suspensions in the presence of
different concentrations of dissolved ferrous iron. Dotted line = Fe?* without colloid;
Type a = Fe?* concentration not exceeding the Fe?* adsorbing capacity of the colloid;
Type b = Fe?" concentration exceeding the Fe?* adsorbing capacity of the colloid
(from Tronc et al. 1984).

From these investigations Tronc and colleagues found evidence of possible pertinence
to the magnetite promoting effect of magnetite seed. Curve type (a) in Figure 4.7
resembles curve a in Figure 4.5, ie. region of buffering at a pH well below that for a
pure ferrous solution without magnetite colloid (dotted line in Figure 4.7). Curve type
(b) shows the same region of buffering as curve type (a) but in addition shows a
second region of buffering in the same pH range as the dotted line where colloidal

magnetite was not present. In Figure 4.7 the difference between type (a) and type (b)

68



titration curves was found to depend upon the dissolved/adsorbed’ Fe?" : total Fe
(colloidal and dissolved/adsorbed) concentration ratio. When this ratio exceeded
~0.33 type (b) curves occurred and when the ratio was less than 0.33 type (a) curves
occurred. Significantly, a concentration ratio of 0.33 is equivalent to an overall Fe** :
Fe®" concentration ratio of 1 : 2 which happens to be the ratio of these ions in
stoichiometric magnetite. In other words as base is added, the colloidal magnetite seed
is able to adsorb Fe’" ions (in exchange for H") up to the point where the overall Fe*" :
Fe’* concentration ratio equals the 1 : 2 stoichiometry of magnetite. This adsorption
accounts for the region of buffering shown in curve type (a) in Figure 4.7. As further
base is added, ferrous ions in excess of the stoichiometric amount of 1 : 2 cannot be
adsorbed and therefore precipitate as ferrous hydroxide, accounting for the second

region of buffering as seen in curve type () in Figure 4.7.

From these and other structural investigations Tronc et al. (1984) propose that the
colloid particles grow by the formation of an outer magnetite shell derived from
adsorbed hydrolysed Fe*" species'’. Electrons from the partial oxidation of adsorbed
ferrous ions are pumped into the colloid core causing the reduction of Fe** in
octahedral sites, up to the final Fe** : Fe** equipopulation of these sites. This
equilibrium, given the initial amount of Fe?" in these sites, determines the degree of
electron transfer and therefore the Fe?* uptake capacity. These authors also
investigated the capacity of colloidal magnetite to adsorb other metal ions. Co" but
not Ni**, Fe®* or AI’* was found to readily exchange (adsorb-desorb). However Co*"
uptake was three times less than Fe*" uptake and Ni**, Fe** and AI** all precipitated as

hydroxides with little or no adsorption occurring.

Noting the strong tendency of both Co®* and Ni** to occupy octahedral sites to form
inverse-spinel ferrites, Tronc et al. (1984) observe that the slight differences in ionic
radius between these ions and Fe®* are unlikely to account for the vast differences in
uptake observed. On the other hand the oxidisability of these ions does parallel their
diminishing uptake behaviour and these authors suggest that the observed uptake of

Co® is governed by a Co®" : Fe* redox couple. They further suggest two reasons for

® Dissolved at low pH, adsorbed at high pH.
"That is, over and above adsorbing free Fe*" ions, colloidal magnetite adsorbs Fe(OH)y, (see chapters
5-N.
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the one-third capacity of Co®" relative to Fe** uptake: (1) Co®" only occupies
octahedral sites and (2) Co®" is a less powerful reducing agent compared to Fe?*. This
in conjunction with Ni**, Fe** and A" all being even weaker reducing agents and all
being very weakly adsorbed, leads Tronc et al. (1984) to conclude that Fe*" — Fe**
electron transfer is indeed the driving force behind magnetite outer shell growth under
these conditions. Since the magnetite particles produced at ambient temperature (as
described in Chapters 57 below) are in a size range for which the above behaviour is
described (Figure 5.2b, Chapter 5), and all other conditions are broadly similar, it is
possible that these mechanisms play a role in magnetite formation in this context as

well.

Beyond these reports the mechanism of ferrite formation in the presence of magnetite
seed has not been characterised. Furthermore ambient temperature ferrite formation in
the presence of seed involves two major transformations, viz. oxidation and aging
(dehydration-crystallisation). If the scheme of Tronc et al. (1984) is relevant it
remains to explained exactly how oxidation and dehydration-crystallisation fit into it.
Nevertheless from a practical perspective, magnetite seed provides both a way of
stabilising magnetite formation when calcium is not present and a way of

circumventing the negative effect which calcium exerts on ferrite formation.

Non-ferrous metals removal

In both the high and ambient temperature ferrite processes, cation substitution is the
basis of non-ferrous metals removal. Goethite (a-FeOOH), lepidocrocite (y-AIOOH),
hematite and magnetite are all known to have isostructural natural mineral equivalents
in which cations other than Fe occupy the interstices of the oxygen framework

(Cornell and Schwertmann 1996). For example:

Goethite: a-AlOOH, a-MnOOH, o-CrOOH, VOOH
Lepidocrocite: y~-AlOOH

Hematite: a-AbOs, 0-Cr0s and a-V0;

Magnetite: Pb304, Co304 and Mn304
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M?2* and M*" cations are also known to enter Fe*" oxides but the uptake is usually less
than 0.1mol/mol. Substitution depends mainly upon similarity of ionic radius of the
cations and a linear relationship exists between unit cell volume and ionic radius for
several substituted Fe*” oxides. Charge valency is the next important factor but crystal
field stabilisation energy (CFSE) and lattice energy also exert an influence. Where the
valency of the substituting cation does not match that of the substituted cation, a
proportional uptake or release of protons is assumed to restore charge balance. In
some cases adsorption of anions may balance the excessive positive charge of

substituting M*" cations (Cornell and Schwertmann 1996).

Substitution is not always isomorphous as evidenced by changes in unit cell
dimension and various other parameters as measured by Mossbauer spectroscopy,
chemical analysis, infrared spectroscopy and so on. Congruent dissolution, meaning
equal rate of release of host and guest cations, indicates isomorphic substitution.
Incongruent dissolution is an indication of either a separate phase (with a different
dissolution rate) or that the substituting ions are concentrated in either the core or
periphery of the crystals (Cornell and Schwertmann 1996). Figure 4.8 shows

dissolution plots for six different substituted magnetites.

Magnetite and maghemite can both be induced to accept a large variety of cations.
Sidhu et al. (1978) synthesised magnetites at 90 °C which contained as much as
0.1mol/mol of substituted cations. Co, Ni and Zn substituted for octahedral Fe** and
were randomly distributed (congruent dissolution, Figure 4.8) while Cu, Mn and Cd
were distributed near the surface (incongruent dissolution, Figure 4.8). Conversion of
these magnetites to maghemite caused an outer ferric zone which was devoid of non-
ferrous metals, the latter becoming concentrated in the core. When substituted
magnetite was converted to hematite, divalent non-ferrous metals were expelled due
to charge and size incompatibility and became concentrated near the oxide surface. Cr
and Mn however, being compatable with the corundum (a-ALO;3) structure, remained
within the hematite (Sidhu et al. 1980). Al-substituted magnetites in which Al
replaces tetrahedral Fe** have been prepared (Schwertmann and Murad 1990) and
magnetite synthesised by Ardizzone et al. (1983) in solution containing sodium

acetate buffer contained 2.3 mg/g Na. Similarly and significantly, De Sillier et al.
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(1977) produced magnetite containing 0.19mol/mol calcium. Tamaura et al. (1991)
quoting Gorter (1954) state that metal ions with charge valencies from I to V can
substitute for Fe in the spinel structure of ferrites.
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Figure 4.8 Dissolution plots for six different substituted magnetites (from Cornell and
Schwertmann 1996, originally described by Sidhu et al. 1978). A cobalt, B nickel, C
zinc, D copper, E manganese, F cadmium.

Cation substitution during magnetite formation can be expressed by the following
equations (18-23) of Perales Perez et al. (2001a), which closely resemble equations
1-6 above, where M>* represents one or more species of non-ferrous divalent cation:
(a) Hydrolysis of ferrous ion:

Fé" + H)O = FeOH" + H' (18)
(b) Oxygen transfer:

O:(g) = Oz(aq) (19)
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(©) Oxidation of ferrous ion:
2FeOH" + 0.50(aq) + H,O = 2Fe(OH)," (20)
(d)  Precipitation of partially oxidised M>" - bearing intermediate (green rust 2):

(2-y)Fe(OH)," + (1+y-x)Fe(OH)* + xM** + (y+x)SO* + (3-2y-x)OH
D (F&'")2(F&™*) 11ye M )x(SO4" )y1x(OH Jgpre  (21)

where x = the molar amount of M ions which replace Fe** in the product and y = the
number of moles of Fe** which still need to be oxidised in order to bring the Fe*" :

Fe* ratioto 2 : 1.

(e) Further oxidation of ferrous iron in the M*" — bearing intermediate and

subsequent hydrolysis of the produced ferric species:
2[(Fe")25(Fe"") 14yx(M)o(SOS)yx(OH Ja-3-2] + y[Oxfaq)] +
(Sy+4x)H,0 = 2[(Fe’) o(Fe*) 1.(M)(OH )g] + 2(y+x)H,S0,
(22)
)] Dehydroxylation/dehydration and partially substituted magnetite formation:

[(FE*)oAFe’") 1 (M*)o(OH )s] D M Fes04 + 4H:0  (23)

Barrado et al. (1998) proposed the following non-mechanistic reactions for ferrite

formation from a ferrous solution raised to pH 10.5:

In the absence of non-ferrous metals (Me):

3FeSO4+ 6NaOH + 0.50, —» Fe304 + 3NaySO4 + 3H;O  (24)
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In the presence of non-ferrous metals:

xMe™ + 3FeSO4 + 6NaOH + 0.50, —» Me.Fe;,04 + 3NaSO, +
3H,0 + xFe™ (25)

The term Fe™ in Equation 25 represents the total concentration of iron whose
precipitation as ferrite is impeded by the other metal cations present in the water. The
displaced iron can appear as ferrous or ferric depending on the valency of the

displacing cation. These ferrous and ferric ions will react again to form further ferrite.

Cation substitution during ambient temperature magnetite formation in the context of
removing non-ferrous metals from AMD has not been well studied (Perales Perez et
al. 2001a) and the ignorance is even greater for the case where calcium is present.
Since for AMD treatment we are concerned with calcium derived from the use of lime
as a pH elevating agent, the following discussion limits itself to the little that is known

in this area.

McKinnon et al. (2000) investigated the removal of non-ferrous metals from AMD at
ambient temperature. In these experiments ferrite was formed by adding ferric and
ferrous salts together in the ratio of 2 : 1 respectively in the same solution (ie. no
oxidation was required). Whilst the mixture was stirred NaOH or lime was used to
raise the pH to 7.8. After 17 minutes of agitation the solids were left to age for 2 hours
without being agitated. In order to investigate cation substitution, certain divalent or
trivalent non-ferrous metals were added to the solutions as well. In these cases the
overall trivalent : divalent molar ratio was maintained at 2 : 1. The concentration of
the non-ferrous metal was either X for divalent or Y for trivalent where X is defined
according to the molar ratio of Fe*"/Fe?/M*" = 2/1-X/X and Y is defined according to
the molar ratio Fe**/M>*/Fe** = 2-Y/Y/1. In these experiments no magnetite seed was
present. The results are shown in Figure 4.9a and 4.9b for divalent and trivalent ions

respectively.
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Figure 4.9a Plots showing the percentage yield of magnetic precipitates from various
Fe® | Fe* solution mixtures containing divalent non-ferrous metals and no magnetite
seed. X equals the concentration of the divalent non-ferrous metal. The total ratio of
trivalent : divalent metal ions was always 2 : 1 and lime was used to increase the pH.
In each case as X increases the magnetic yield is markedly diminished. (from
McKinnon et al. 2000.)
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TABLE 2. Minium Levels of Interference of Femite Formation
H Nonferrous Metal lons (X or Y), at Whick Precipitates Are
agnetically Unrecovable

interference species Cu Ni Zn Mn Al

neutralizer
NaOH 0.32 0.34 0.b2 0.52 0.20
Ca0 0.24 011 0.11 0.06 0.06
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Figure 4.9b Plots showing the percentage yield of magnetic precipitates from Fe* /
Fe?" solution mixtures containing aluminium and no magnetite seed. Y equals the
concentration of aluminium. The total ratio of trivalent : divalent metal ions was
always 2 : 1 Both lime (CaO) and NaOH were used as pH neutralising agents. In
each case as Y increases the magnetic yield is markedly diminished but it is
diminished much more for lime than for NaOH. (from McKinnon et al. 2000).
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These results reveal two main behaviours when non-ferrous ions are present. Firstly in
both cases the percentage yield of magnetic ferrite end-products decreases as X or Y
increase and this decrease varies for each non-ferrous metal. Secondly, for both X and
Y the percentage yield of magnetic ferrite end-products decreases substantially when
lime as opposed to NaOH'' is used. Table 2 in Figure 4.9b shows, for both lime and
NaOH, the minimum concentrations at which some non-ferrous metals completely
inhibit ferrite formation. From Table 2 in Figure 4.9b it can be seen that when lime
was used the order of interfering concentrations was Cu > Ni = Zn > Mn whereas with
NaOH the order is reversed. Furthermore, noting that the concentration producing
interference for Al is much less than that of the divalent metals, (ie. X >>Y),
McKinnon et al. (2000) conclude that in general the interference by trivalent metals is
greater than that of divalent metals. They do not however provide evidence to

substantiate that this is true for all/other trivalent metals.

McKinnon et al. (2000) then repeated the above experiments with magnetite seed
present and using lime to elevate pH. The values of X and Y were increased to 0.4 <
X <0.6 and Y = 0.2 which are higher than the minimum concentrations causing total
interference when seed was not present. Figure 4.10 illustrates a yield of up to 100%
magnetic precipitates depending upon the seed : precipitate weight ratio. As all the
data points in Figure 4.10 follow the same trendline the type and concentration of
non-ferrous metal did not seem to make a difference, indicating that the seed effect is
generic. The authors note that the surface area of seed available seems to be the
liﬁliting parameter. It was also found that increasing the aging time, significantly

increased the percentage yield.

" In this respect data for X is not shown in Figure 4.9b but this point is corroborated in the text of the
article.
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Figure 4.10 Effect of the magnetite seed : precipitate ratio (w/w) on ferrite recovery
for different non-ferrous metals using lime to elevate pH (from McKinnon et al. 2000).

Choung et al. (1999) utilised ambient temperature ferrite formation at pH 10.5 to treat
simulated AMD using lime without using seed. The rationale in their study was to use
CO, gas, at low pH (below the pH at which ferrihydrite precipitates) to precipitate
calcium as calcium carbonate (CaCO;) and in this way circumvent the calcium
interference problem. Choung et al. (2000) claimed to overcome the inhibitory effect
of calcium on ferrite formation by bubbling CO, gas through separate calcium-
containing ferric and ferrous solutions in order to precipitate CaCOj3. The difficulty
with this study is that at the pH values at which the CO, was introduced

(2.5 < pH < 5) CO;* concentrations are several orders of magnitude lower than the
calcium concentrations in question and precipitation of calcium carbonate does not

occur (Figure 4.11).
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Figure 4.11 A log species concentration versus pH equilibrium diagram for the
carbonate system in aqueous solution showing negligible concentrations of CO,* at
pH values below ~pH 5, thus precluding the formation of calcium carbonate in this

region.

Nonetheless Choung et al. (1999) do report an interesting finding which is
independent of calcium carbonate formation. It was found that when the pH of
separate ferric and ferrous solutions was raised with NaOH and lime respectively, and
the solutions subsequently combined, the percentage yield of magnetic ferrite was
100%. The inverse scenario however, where the ferric solution was treated with lime
and the ferrous with NaOH (or lime), only resulted in a magnetic ferrite yield of 60%
(or 39% when lime was used). The authors conclude that the component interfering
with ferrite formation is a CaFes(OH)7(SOs), type complex. They go on to suggest
that the strongly hydrated nature of this complex hinders the dehydration between
ferric and ferrous hydroxides during crystallisation. The results of Choung et al.

(1999), in respect of non-ferrous metal removal are nonetheless shown in Table 4.4.
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Element Fe Zn Mn Al Mg Ca
mg/L

Original AMD | 286.2 | 125.5 79.9 13.2 226.7 354.9
Treated <{.1 <0.1 <(.2 <2 15 15
Effluent

Table 4.4 Results of treatment of a simulated AMD by ambient temperature ferrite
formation in the absence of seed using lime to elevate the pH to 10.5. (from Choung
et al. 1999).

Several other suggestions of the mechanism of calcium interference have been
proposed, the most common being that the unhydrated ionic radius of calcium is
slightly too large to stably fit into the ferrite lattice and so disrupts crystal growth
(Comnell and Schwertman 1996, Wang et al. 1996). The ionic radius of 6-coordinate
Ca® = 114 pm which exceeds the stated upper limit of ~ 100 pm for fitting into the
lattice (60 < ~ range < 100 pm) (Smit and Wijm 1959). The ionic radius of 6-
coordinate Fe** = 75 pm (low spin) / 92 pm (high spin) and Fe** = 69 pm (low spin) /
78.5 pm (high spin) (Shannon 1976). However it has already been mentioned in this
chapter that magnetite containing 19% calcium has been produced (De Sillier et al.
1977). Thus the fact remains that the inhibitory effect of calcium on ambient

temperature magnetite formation is not understood.

Manganese

Manganese warrants some attention because it is far more soluble in aqueous solution
than other transition metals. The solubility product for Mn(OH); is for example, 2-3
orders of magnitude higher than that of iron, nickel and zinc (Table 2.2, Chapter 2). It
has been shown that ferrites in which iron is substituted by manganese can be
prepared at both ambient (Choung et al. 1999, McKinnon et al. 2000) and supra-
ambient temperature (eg. 65°C, Kanzaki et al. 1996). McKinnon et al. (2000) and
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Choung et al. (1999) found however, that the pH of the precipitation reaction needed
to be at least 10.5 in order for the effluent to be free of manganese. Below pH 10.0
more than 40% of manganese ions remained in solution and thus were present in the
effluent. Solution conditions therefore need to be taken into consideration to ensure

that total or near total precipitation of manganese occurs prior to ferrite formation.

Conclusion

In this section various factors such as temperature, oxidation rate, pH, aging, the
presence or absence of seed, anions and cations including calcium and non-ferrous
metals, all of which impact upon the pathways and mechanisms of ambient
temperature ferrite formation, have been reviewed. From this review numerous
insights are gained, not least of which is the role of magnetite seed in circumventing
calcium inhibition. At the same time it has become apparent that no adequate
theoretical description of the mechanisms whereby ambient temperature ferrite
formation occurs which makes it impossible to move forward in any way other than
an empirical one. Furthermore with one exception, Perales Perez et al. (1998), all of
the results discussed above involved ferrite formation by combining separate ferric
and ferrous solutions. AMD on the other hand generally contains ferrous and no ferric
iron (Equation 1 in Chapter 1) and an oxidation step is required for ferrite formation
to occur. In the light of these facts, it was decided to initiate a systematic experimental
study of ambient temperature ferrite formation from purely ferrous-containing
solutions, with an oxidising step included. The remainder of this thesis therefore
reports on laboratory investigations aimed at the development and application of an
ambient temperature ferrite process to AMD waters such as those found in South
Africa (Table 4.5).
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Parameter

Aluminium
Ammonia
Barium
Boron
Bromide

units

mg/L

Calcium (as Calcium)

Chloride
Copper
Fluoride
Iodide

Iron
Lithium
Magnesium
Manganese
Nitrate
Potassium
Sodium
Sulfate

Hydrogen sulfide

Zinc
Silicon
Silica

Radium?226
Uranium
Tritium

Alkalinity
EC
Dissolved

- organic C

pH
Turbidity

Cobalt
Nickel
Mercury
Vanadium

Table 4.5 Example of AMD from a West Rand gold mine in Gauteng Province, South

mBg/L
ug/L
Bg/L

mg/L CaCO,
mS/m

mg/L

NTU
mg/L

ug/L
ug/L

297-500

1-7

Africa (data supplied by mine).

*

value/range ‘average
48-90 60-70
0.3 low

<0.1
0.4
0.9
439
56
<0.1
0.5

450

very low

680-1760
<0.1

203 230
18-43 35
3-48

3.5

56-150
3391-5330

1200

5000

1.4-3.2

300

527

32

3.5-4.

22 (raw water is clear but ferrous oxidises—>

turbidity)
2-5
5.8

400-1500
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Addendum to Chapter 4

Precipitation, nucleation and crystallisation theory

The factors governing the precipitation, nucleation and crystallisation of particles
from supersaturated solutions are multiple and vary from one case to another (Mullin
2001, Sohnel and Garside 1992). Both endogenous factors specific to the solute and
resulting crystalline solids, and exogenous factors such as solvent(s), temperature,
seed, pH, mixing conditions, redox potential etc. bear upon the outcome. Despite this

enormous complexity, some general principles do apply (Sohnel and Garside 1992).

In the context of ambient temperature ferrite formation, the main factors influencing
particle size are pH, seed size and concentration and degree of supersaturation. pH
effects particle charge which in turn effects electrostatic inter-particle forces. The zero
point charge of magnetite is around pH 5 (Cornell and Schwertmann 1996). Strongly
charged particles repel one another more intensely which inhibits coagulation into
bigger aggregates and so inhibits particle size. Seed size, geometry and concentration
together determine seed surface area. Where particle growth is divided between
nucleation (resulting in smaller particles) and secondary growth on seed crystals
(making bigger particles), seed surface area will strongly influence particle size
distribution. Lastly, the degree of supersaturation effects particle size by influencing

the rate of nucleation: the higher the supersaturation, the higher the rate of nucleation.

Nevertheless, the application of precipitation/crystallisation theory to the current
research turns out to be less important than might be anticipated. This is because, as
will become apparent in chapters five and six, all of the main factors which influence
particle size viz. pH, seed concentration and degree of supersaturation, are all already
constrained to within narrow ranges by the conditions necessary for the formation of
magnetite at ambient temperature in the first place. pH is limited to values of no less
than ~ pH 9 below which one-step ambient temperature magnetite formation is
seriously compromised. Seed concentration is primarily determined by its relationship
with the maximal oxidation rate compatible with ambient temperature ferrite
formation. Thirdly, the minimum level of ferrous supersaturation is a function of the

level needed to suppress calcium interference. Finally, the optimisation of these



factors according to the criteria of magnetite formation results in a particle size with
excellent settling properties. Thus while there is no doubt some room for fine-tuning,
the need for an in-depth consideration of precipitation, nucleation and crystallisation

theory is beyond the scope of this thesis.
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Chapter 5 Ambient temperature ferrite formation under batch

conditions

Introduction

The initial aim of these investigations into ambient temperature ferrite formation was
to test, under clearly defined conditions, the feasibility of using seed to facilitate the
formation of magnetite by the aerial oxidation of AMD waters (Morgan et al. 2001).
This ‘proof of concept’ stage was therefore confined to the investigation of magnetite
formation using seed at ambient temperature via the oxidation of pure ferrous sulphate
solutions under batch conditions; and did not address the issues of calcium or non-
ferrous metals. Once the concept of ambient temperature magnetite formation using
seed was successfully proven, systematic investigations under batch conditions into
the effects of four major operational parameters were effected. These parameters were
airflow rate, seed concentration, pH and temperature. The emphasis was to properly
understand, quantify and optimise the chemistry underlying ferrite formation as
applied to AMD in order to design and implement a treatment process. Other aspects
relevant to a magnetite seed-based process, such as kinetics of oxidation, presence of
calcium, sludge settlement, sludge impurities and sludge stability were also
considered. The experimental studies performed for each of these two batch stage

investigations are now separately described below.

5.1 Proof of concept

Materials and methods

Reagents

The following analytical grade reagents (Sigma-Aldrich, Kimix) were used as
received: FeS0,.7H,0, Na,SO4, NaOH, KOH, CaCl,.2H,0, hydrazine sulphate,
KNO;, NaHCOs3, 32% HCI, 1,10-phenanthroline monohydrate, glacial acetic acid
NH,C,H;30,.

£
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Instrumentation and methods of measurement

pH was measured with a Metrohm pH probe-temperature transducer coupled to a
Metrohm 744 meter. Dissolved oxygen was measured with a YSI 5739 DO probe
coupled to a Hitec Micro Systems (Cape Town, SA) meter. Bottled air and nitrogen,
fed through rigid gas tubing, were passed sequentially via an adjustable pressure
regulator and a rotameter flowmeter to the reactor. At the reactor soft flexible tubing
conveyed the gases to a stone diffuser fixed to the middle of the reactor floor. Ferrous
iron was measured by the phenanthroline method (APHA, 1998). Total iron was
determined by atomic absorption using a Varian SpectrAA 30 spectrometer. During a
cycle, total iron was measured using a bench-top Spectroquant (Merck) system.
Magnetite which served as the initial seed to start up each experiment was made

according to the method suggested by Regazzoni et al. (1981).

All experiments were performed in a clear perspex reactor with internal dimensions of
18.75 x 11.5 x 11.5 cm’ (height x width x width) capable of holding 2.62 litres. The
reactor lid was fitted with a large centrally positioned circular port and four smaller
ports positioned in each corner. The central port accommodated the shaft of the
mixing paddle (7.5 x 2.5 cm %, width x height) which rotated through a bearing fixed
above the reactor. The top of the paddle was located 7cm above the reactor floor and
was centrally positioned directly above the diffuser through which air/N; were
released. The large central port was also used to add reagents to and take samples

from the reactor and also accommodated the DO probe.

Experimental procedure

Each experiment consisted of a sequence of repeated batch cycles. The procedure for
each cycle was identical: the premix consisted of distilled water containing
approximately 8.4 g/L of seed which was stirred continuously at 187 rpm. Prior to the
addition of ferrous sulphate, N, gas was bubbled liberally for 10 minutes from the
bottom of the reactor in order to deoxygenate the premix which was maintained at a
pH below 4 at this stage. 0.0215 M/L of FeSO4.7H,0 (giving an initial ferrous
concentration of 1200 mg/L) was then added to the reactor. This established a seed:
ferrous (Fe:Fe) starting ratio of 7:1. NaSO4 was then added to establish a SO, :
dissolved Fe ratio of 2 : 1 characteristic of AMD. The pH was then raised to 10.5 by
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the addition of 5 M NaOH and aeration commenced at 0.05 L/min (air pressure
upstream of the flowmeter = 100kPa). 1 ml samples were taken at regular intervals
until the end of the cycle. During the course of the cycle the pH was maintained at
10.5 by the addition of small volumes of 1M NaOH . The amount and time of addition
of each dose of NaOH was recorded. Changes in the DO value were also recorded. A
cycle ended when the DO had risen to and remained stable at ~8 mg/L. Prior to the
commencement of the next cycle a calculated amount of seed was removed from the
reactor in order to restore the seed concentration to 8.4 g/L. The supernatant was also
removed and replaced twice with distilled water between cycles in order to prevent
salinity accumulating in the reactor. A minimum period of two hours was maintained
between successive cycles. Two or three cycles were performed during the daytime in

every 24 hour period.

Experiments without seed: Experiments were conducted in an identical fashion to
that described above, the only differences being that no seed was present in the

premix and no recycling was performed.

Experiments with calcium: Experiments were conducted in an identical fashion to
that described above, the only difference being that Ca®" was present in the premix in

the molar ratio Ca®" : Fe*" = 1: 1.

Sludge settling tests: At the end of the cycle mixing was stopped and the suspended
solids were allowed to settle. After 30 minutes of settling time the volume of the
settled solids was measured. Settlement results are depicted as Sludge Volume Index
(SVI) (APHA, 1998), expressed as ml/g-Fe.

Supernatant measurements: 2 hours after the end of a cycle a 5 ml sample of raw
supernatant was taken, and without further processing, assayed for total iron

concentration.

Sampling procedure during cycle: 1ml samples were taken during each cycle from
approximately halfway down the depth of the reactor. Each 1 ml sample of reactor
contents was diluted immediately to 100 ml in a volumetric flask with 0.01M HCl pH
2). The sample was briefly mixed by shaking and allowed to stand for 5 minutes. The
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sample was then vacuum filtered through a 0.45 um membrane filter and 50 ml of the
filtrate were set aside for later analyses of total iron and ferrous iron concentrations.
The remaining filtrate was used to monitor total iron concentration during the course
of a cycle. The membrane filter used to process the final sample of any cycle was
retained and allowed to dry at room temperature overnight. The residue of seed and

precipitated solids on the filter was then subjected to XRD and SEM analysis.

Characterisation of precipitant: The precipitant was characterised using X-ray
diffraction (XRD), scanning electron microscopy (SEM) and by measuring the ferrous

: total iron ratio (Fe*': Fey).

Scanning electron microscopy (SEM): The precipitated material deposited on the

membrane filter of the final sample of each cycle was examined by SEM.

X-Ray Diffraction: A section of the same filter from each cycle used for SEM was
subjected to XRD analysis using a Phillips PW3710 XR diffractometer with a copper
tube.

Fe?*: Fey ratio in sludge: Two 20 ml samples taken from high and middle zones of
the mixed reactor were dissolved in 30 ml of 32% HCl. Complete dissolution takes
about 15 minutes whereafter the pH of the solutions was raised immediately to 1.3 by
addition of a well deoxygenated SM NaHCOj; solution. The sample was then diluted
further with distilled water to a concentration suitable for total iron and ferrous

measurements.

Results and discussion

Reaction pathways followed and intermediate and end-products generated during the
oxidation of ferrous solutions vary according to conditions of pH, temperature,
concentration of reactants, presence and type of anions, mixing conditions, etc. in
ways which are complex and poorly understood (Sugimoto and Matijevic 1980, Blesa

and Matijevic 1989, Cornell and Schwertmann 1996). By and large, conditions
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conducive to magnetite formation from ferrous solutions are slow oxidation, strongly
alkaline pH, high ferrous concentrations and high temperature (Comell and

Schwertmann 1996).

In this work, pure ferrous solutions (1200 mg/L as Fe) were oxidised at low airflow
rate (0.05 L air/ min), pH 10.5, high sulphate concentration, rapid mixing conditions
and ambient temperature. The experiments were carried out in batch fashion in the
presence and absence of magnetite seed. Experiments without seed comprised a single
batch test whereas those with seed consisted of a sequence of repeated identical batch
tests with recycling of the seed from one cycle to the next. With respect to the latter,
the results presented below were taken from the eighth cycle of such an experiment by

which time the chemical composition of the seed had reached steady state.

Formation of magnetite at ambient temperature with in-line aerial oxidation
Experiments conducted with and without magnetite seed showed clearly that seed
strongly channels the reaction towards magnetite formation. Experiments without
seed produced a yellow-orange precipitant consisting of a mixture of iron oxide
species. This precipitant displayed poor settling characteristics and a relatively weak
response to a hand magnet. SEM examination revealed a partially crystallised,
partially amorphous structure with no apparent magnetite particles (Figure 5.2a). The
XRD pattern consisted of a few clear peaks (which did not match magnetite) and high
background noise. A search-match analysis suggested that gypsum and Feq(OH)12COs
were present (data not shown). Ferrous : total iron ratio in this precipitant was 5.7%
indicative of a maximum presence of magnetite of around 17% of the total iron.

Further characterisation of the species present in this precipitant was not pursued.

Experiments with seed produced a precipitant that was charcoal-black in colour,
settled very well (SVI = 8 ml/g-Fe), and reacted strongly to a hand magnet. XRD
analysis indicated the presence of magnetite with no other peaks occurring (Figure
5.1). SEM shows small cuboid particles consistent with the appearance and size (~0.1
micron) of magnetite (Figure 5.2b). Ferrous : total iron ratio in this precipitant was

~30%. The stoichiometric ratio being 33.3%, this value is well within the range
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reported for magnetite in the literature (Kiyama 1974, Comell and Schwertmann
1996).

Magnetite formation occurred at a rate of 12.8 mg-Fe/L/min during the linear phase of
the reaction (Figure 5.3). During this phase the measured dissolved oxygen
concentration was zero and the oxygen utilisation efficiency was around 22%. After
settling of the precipitant, the concentration of dissolved iron in the supernatant was
always below 1 mg/L.

Tests of precipitant stability at pH 3 (0.001 M HCI solution) revealed that only 1.1%
(mass/mass) of the precipitant dissolved after 120 hours. These leaching results are in
keeping with those reported by Wang et al. (1996).
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Figure 5.1 XRD pattern of the precipitant from the experiment with seed (8" cycle).
See Figure 7.3b in Chapter 7 for a standard XRD pattern of magnetite.
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Figure 5.2 Scanning electron micrographs of precipitants. a. (top) expenment without
seed. b. (bottom) expeimant with seed. Each cubeoidal magnetite crystal is about

100nm in dimensicn, Magnification x30 000,

Kinetics

Figure 5.3 shows results from a typical baich test with sced {ollowing the sampling
procedure deseribed in matznals and methods. Results were taken from the eighth
cycle to ensure that the solids in the reactor were predominantly endogenous. Results
of the (wo previous cycles were identical to the results shown and discussed here,
ndicating that the system bad reached sieady slate with respect to the precipitated

solids. 1n this section the term “ferrous {or ferne) intermediate’ {FT) represents the
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fraction of the mixed sludge that is soluble as ferrous (or ferric) after 5 minutes at

pH 2. Ferrous intermediate, ferric mtermediate, and oxygen concentrations shown in
Figure 5.3 are measured values while magnetite values are calculated on the basis that
magnetite is the sole end-product stable at pH 2 as supported by the XRD, SEM and

dissolution results given above,
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Figure 5.3 Changes in concentration of iron species and oxygen with time during a

typical batch cycle with seed.

Figure 5.3 illustrates that the ferric mtermediate concentration remains at zero
throughout the cyele. Since ferrthydnie is rapidly soluble at pH 2 and would
contribute to a ferric measurement, and noting that ferrous won s being oxidised, one
concludes that ferric iron is being incorporated into magnetite, This situation contrasts
with that observed at higher air low rates where significant concentrations of ferric

1rom were measured {(see Figure 3.3).
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Figure 5.3 reveals that the pattern of disappearance of forrous intermediate {oxidation
to fernc plus incorporation of ferrons into magnetite) appears to oceur in two distinet
phases. For the first 75 minuates oxidation is essentially linear at a rate of ~12.8 mg-
Fe*/L/min. Throughout this initial phase the DO concentration was zero, imdicating
that the oxygen transfer was the rate limiting step with respect to ferrous
disappearance. Alter 75 miutes an abrupt steep increase m the DO concentration
occurred at which time the rate of ferrous intermediate oxidation declined rapidly (DO
concentration inercased to 4 mg/L at 90 minntes) and the ferrous intermediate curve
followed an asymptotic shape at a value ol ~73 mg-Fe2+fL_ Taken together these
resulls allow caleulation of the magnetite concentration at timey; [magnetite;] = [inital
ferrous] — ([ferrous intermediate,] + [ferric intermediate;]); which is, in this casc, an

almost murrer image of the ferrous curve,

Referring to Figure 5.3, at the end of the linear phase, the lerrous intermediate curve
assumes an asymptotic shape. This observation 15 explained. as discussed in Chapter
4, by the property of magnetite to sefectively release ferrous iron at fow pH values
such as that at which the samples were processed, 1e. pH 2 (Tronc et al. 1984} At low
pH this fraction of the ferrouns iron it magnctite is replaced by hydrogen ions. This
substitution is reversible (Jolivet and Tronc 1988}, The asymptotic portion of the
curve 18 therefore an artefact of measurcment, and the reaction should be considered
to be complete at the time of the increase in the dissolved oxygen concentration.
Indeed, the increase in the DO concentration correlates with the exhaustion of ferrous
mterrmediate at pH 10,5, In this respect it must also be emphasised that from g total
iron concentration of 1200 mg/L at the beginning of a eycle, the supernatant at the end

of a cycle contained less than | mg/L ol iron {(removal elficiency of 99.9%).

Sunimary and conclusions of proot of concept’ investigations

Sludge characterisation studics (XRD, SEM and dissclution tests) show that oxidation
of lerrous solutions under controlled pH and oxidation conditions {pH 10.5, ar flow
rate = 0,05 I/min) in the presence of magnetite seed (imtial seed : ferrous matio = 7:1)
yiclds almost pure magnetite at ambient temperature. Under identical conditions, but

in the absence of magnctite secd, a poorly characterised mixture of largely amorphous
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iron oxides are formed with magnetite comprising not more than 17% of the total tron.
From a process perspective, the kinetics of magnetite formation under ihe above

conditions {(rate = 12.8 mg as Fe/L/min) are very favourable,

Under the batch test conditions reporled here, the kinetics of ferrous inlermediate
removal appear to change from approximately zero order kinetics to markedly slower
rates. This s an appatent rather than a real change and is attributable to an artefact of
measurcment, ie. the selective release of ferrous tron from magnetite at the low pH

values required for sample processing.

The total iron concentration in the effluent was always less than 1 mg/L in all the
experiments with secd, representing an iron removal efficiency of 99.9%,, The
precipitant seitled well (SVI = 8 ml/g-Fe) and showed substantial stability at pH 3
{dissolution of 1.1% afiter 120 hours).
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5.2  Systematic investigations under batch conditions

Materials and methods

Reagents

The following analytical grade reagents (Sigma-Aldrich, Kimix) were used as
recelved: FeS0,.7H,0, Na,S04, NaOH, KOH, CaCl, 2H;0, hydrazine sulphate,
KNGO, NaHC0;, 32% HCL, 1,10-phenanthroline monchydrate, glacial acetic acid,
NH4C:H:0,.

Instrumentation and meihods of measurements

pH was measured with a Metrohm pH probe-temperature transdueer coupled to a
Metrohm 744 meter. Dissolved oxygen was measured with a YS1 D55 DO meter.
Boitled air and nitrogen, fed through rigid gas tubing, were passed sequentially via an
adjustable pressure regulator and a rotameter flow meter to the reactor. At the reactor
soft flexible tubing conveyed the gases Lo a stone bubbler fixed to the middle of the
reactor floor. Ferrous iron was measured by the phenanthroline method (APHA,
1998). Total tron was determined by atomic absorption using a Varian SpectrAA 30
spectrometer. Duning a cycle tolal iron was measured using a bench-1op Spectrogquani
{Merck) system. Magnetite which served as the mnitial seed to start up the first
cxperiment was made according to the method suggested by Regazzoni ct al. {1981).
Intrinsic magnetite, formed by the cnsuing ambient temperature method was used in

all experimenis thereafier.

All experiments were performed in a elcar perspex reactor with internal dimensions of
18.75 x 11.5 x 11.5 em’” (height x width x width) capable of holding 2.62 litres. The
reactor was titted with a lid which has a large centrally positioned circular port and
four smaller ports positioned in each corner. The central port accommodated the shatt
of the mixing paddie (7.5 x 2.5 em *, width x height) which rotated through a bearing
fixed ubove the reactor. The lop of the paddle was located Tem ubove the reactor Nooer
and was centrally positioned directly above the bubbler through wiich air/N- were

released.
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Experimental procedure

Fach experiment consisted of a sequence of repeated batch cycles. The procedure for
each cyele was identical: a premix of distilled water containing a given concentration
of seed which was stirred continuously at 187 rpm. Prior to addition of ferrous
sulphate, N; gas was liberally bubbled for 10 minutes from the bottom of the rcactor
in order to deoxygenate the premix that was maintained at a pll below 4 art this stage.
(.0215 M/L of FeS04.711:0 (giving an initial ferrous concentration of 1200 mg/L) was
then added to the reactor. To establish a SO4” : Fe ratio of 2:1 characteristic of AMD,
NaS0,; was added. The pl1 was then raised to 1(:.5 {or 9.0} by the addition of 5 M
NaOl1 and aeration commenced (air pressure upstream of the flowmeter = 100K Pa). 1
ml samples were then taken at regular intervais unril the end of the eycie: During the
course of the cycle the pl1 was maintained at 10.5 (or 9.0) by the addition of small
volumes of 1M NaOOH. The amount and time of addition of each dose of NaOH was
recorded. Changes in the DO vatuc were also recorded. Prior to the commencement of
the next cycle a calculated amount of seed was removed from the reactor in order to
restore the seed concentration to the desired initial concentration. The supemnatant was
also removed and replaced twice with distilled water between cycles in order to
prevent salimity accumulating in the reactor. A minimum period of two hours was
maintained between successive cycles. Two or three cycles were performed during the

daytime in every 24 hour period.

[n each experiment reeycling continued until the chemical composition of the freshly
made seed had reached steady state, here defined asx no change in the ferrous : total
iron ratio of the precipitated mineral for a minomum of three cyecles. Unless otherwise
stated the experiments were effected under the following conditions: initial Fe*
concentration = 1200 mg/L as Fe, mixing velocity = 187 RPM, pll = 10.5 and
temperature =23 = 1°C,

Sludge settling tests: At the end of the cyele mixing was stopped and the suspended
solids were allowed to settle. After 30 minutes of settling time the volume of the
settled solids is measured. Settlement results are depicted as Sludge Volume Index

{(SVI) (APHA, 1998), expressed as ml/g-Fe.
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Supernatant measurements: 2 hours after the end of a cycle, 200 ml of supernarant
was taken from 3 cm below the top and filtered. The filter was then immersed in 32%

HC1 and the disselved iron was then measured for residual ron oxide fines.

Sampling procedure during cyele: The I ml samples taken during each cyele were
taken from approximately halfway down the depth of the reactor. Each 1 ml sample of
reactor contents was immediately diluted to 100 ml in a volumetnc Nask with 0.01M
HCI {pH 2). The sample was mixed briefly by shaking and allowed to stand for 5
munutes. The sample was then vacuum filtered through a 0.45 micron membrane filter
and 50 ml of the filtrate were set aside for later analysis of total iron and ferrous iron
concentrations. The remaining filtratc was used to monitoer total iron cencentration
during the course of a cycle. At the end of each experiment, a membrane filter was
used to process a sample diluted in distilled water rather than 0.01M HCI and dried at
room temperature overnight. The residue of sced and precipitated selids on the filter
was then subjected to XRD analysis. Finally, an undiluted sample of setiled sludge

was taken for Mossbauer spectroscopy.

Characterisation of precipitant: Characterisation of the precipitant was performed
by Misshauer and XRD analysis as well as by complete dissolution in 32% HCl to

obtain the ferrous ; total iron ratio,

Fe Miisshauer spectroscopy (MS): Samples were sent to Dr Giovanni Heamne at
the School of Physics, University of the Witwatcrsrand. for Méssbauer spectroscopy.
All Turther discussion, figures and tables in this chapter pertaining to Mosshancr
analysis are drawn from his report. MS in conventional transmission geometry was
used to detect Fe-bearing phases within the sample. As an atomic-scale local probe it
15 equally elfective in the analysis of poorly crystallised or amorphous materials

where conventional macroscopic-type probes like XRD have considerable limitations.

X-Ray Diffraction: A filtered sample from each cycle was subjected to XRD analysis
using a Phillips PW3710 XR diffractometer with a copper tube.

Fe*'/Fey ratio in sludge: Two | ml samples taken from the middle zone of the mixed

reactor were dissolved in 4 ml of 32% HCI (~pH -1). Complete dissolution takes up to
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5 minmes. Thereafter the sample was diluted with distilled water to attain a
concentration suitable for total iron and ferrous measurements which were performed

without delay in order to avoid any possible oxidation of ferrous iron.

Experiments with calcium: These experiments were conducted in the same way as
described above but with the addition of 21.5 mmol/L of CaCl; to the reactor premix
prior to the commencement of each cycle. Such addition simulates the use of lime to
obtain an operational pH of ~ 0.5 in practice for AMD water with a Fe™

conceniration of 1200 mg/L.

Results and discussion

Effect of seed concentration

To asscss the seed concentration affect, experiments were eonducted at a fixed air
Mow rate of 0.05 L/min and at varving concentrations of magnetite seed, Results are
given in Column 1 of Table 5.1 and are presented as the ferrous © fotal iron ratio
expressed in percent. Table 5.1 shows clearly that the presence of seed even at
relatively low concentrations of 1.2 g/L as Fe strongly channels the reaction towards a
final product with the stoichiometry of magnetite, ie. ferrous : total iron ratio close to
33%. These experiments all produced a precipitant that was charcoal-black in colour,
settled very well, and reacted strongly (o 4 hand magnet. XRD analysis indicated the

presence of magnetite with no other peaks occurring.
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Initial seed concentration

Airflow rate
kel Limin
(initial seed : Fe™* ratio)
.05 (085 fi.12 0.6
0 5.7 - - -
{11:11:: 32052042 2886+024 2742170 17362 0.7
48 o A )
(4:1) 203072 086001 29610753 2149+ 159
I
8 4
7: 1) 30.52 -0.51 ) - 27.60+ 1.54

Table 5.1 Effact of initial seed concentration and airflow rate on the ferrous to total
iron ratio (shown in percent) in the sludge. Results are given as average + one

standard deviation,

Effect of airflow rate on magnetite formation

In the abscnee of seed, higher oxidation rates tend to inhibit magnetite formation
{Cornell and Schwertmann 1996), To assess the effect of airllow rate, experiments
were conducted at seed concentrations of 1.2 ¢/l and 4.8 g/l and varying airflow
rates, Ferrous : total iron ratio results for these experiments are shown in rows 2 and 3
of Table 5.1, The resulis show a clear trend: the higher the airfllow rate (increased
oxidation rate), the lower the ferrous content of the final precipitate. These results are
mast clear when eomparing an airflow rate of .05 Li/min to one of 0.6 L/min at initial
seed concentrations of both 1.2 and 4.8 g/L {(a decrease [fom 32.15% 10 17.36% and

32.03% to 2149 respectively) However, an ingrease from 0,05 L/min to 0,12 Limin
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caused only a small decrease in the ferrous content of the sludge, especially at the
higher seed ratio of 4.8 g/L.

Masshauer, XRD and SEM analyses showed that all of the precipitants from rows 2—
4 in Table 5.1 had the structural characteristics of magnetite, with no evidence of any
other crystalline or amerphous phases. For example, Figure 5.4 shows the Mésshauer
spectra of steady-state precipitants made ut 0.12 L/min (Figure 5.4, top) and 0.6
L/min {Figure 5.4, bottom). Both spectra show the two parhially overlapping sextets
{representing the tetrahedral and octahedeal sites) typical of magnetite (Vandenherghe

et al. 1990). The heavy sohd line represents the overull theoretical fit.

Mdssbauver analysis of the sample made at (.12 L/min (Figure 5.4, toep) found the
ferrous : total iren ratio to be 28 + 1.0 % (as calculated lrom the integrated area under
the sub-spectrum) which accords well with the dissolution value of 29.61 %. For this
same sample an additional 6 £ 1.0 % ferric was found in the octahedral B-site over
and above the 33 £ 1.0 % expected and indeed found in this same site. These 6 % are
interpreted as lerrous which hus oxidised to ferric in the octahedral B-site. The
measured value of oniy 28 £ 1.0 % octahedral B-site ferrous accords with this
mterpretation. Therefore despite this partial exidation (also detected as a decrease in
the ferrous : total iron ratio), Méssbauer analysis in conjunction with the XRD and
SEM findings, indicates that the typical magnetite crystal structure is maintained. In
this sample however, the Mossbauer results indicate that the downward deviations
from stoichiometry are nevertheless accompanied by some disruption of the crystal
order in the form of cation vacancies, as evidenced by line-width broademing of the

octahedral sextet.

At the relatively high airflow rate of (1.6 L/min and in the presence of a low
concentration of initial seed (1.2 g/L as Fe) the sludge formed contained on average
only 17.36% of ferrous. Again the struciural data (MS, XRD, SEM) indicaie that even
such a large deviation from steichiometry appears to be ordered within the crystalline
structure of magnetite, albeit Fe in magnetite with a distribution of local atomic
environments and severely disrupted neighbourhoeds from charge compensating

vacancies as a result of the oxidation. The evidence lor such a distribution of Fe local
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environments is deduced from both the spectral line-broadening and collapsed
magnetic fields evident as a distortion in the centre of the Massbhauer spectrum

(Figure 5.4, bottom}.
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Figure 5.4 Mossbauer spectra for two samples at varying airflow rates and seed
concentrations. pH = 10.5. Top Airflow rate = 0.12 L/min, seed concentration = 4.8
g/L. Bottom Airflow rate = 0.6 L/min {bottom), seed concentration = 1.2 g/L. In each
case the heavy solid line reprasents the theorstical fit of the two sub-spectra
indicated by lighter lines. (from reports compiled by Or G Hearne).
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Notably however, as shown in Table 5.1, increasing the sced concentration to 8.4 gL
as Fe resulted in a shitt back towards stoichiometne magnetite (ferrous | total iron
ratio of 27.6 = 1.54%). This again highlights the role of seed in channeling the

reaction towards magnetite despite the high airflow rate.

L ffect of airflow rate and seed concentration on ferrous removal kinetics
Figure 3,5 shows results from a typical barch test with seed concentration = 4.8 gL,
pH = 1L5. air Now rate = (.12 Limin. Results of the two previous cycles were
identical to the resulis shown and discussed here, indicating that the system had

reached steady state with respect to the precipitated solids.

Ferrous intermediate, ferric intermediate, and oxygen concentralions shown in Figure
5.5 are measured values while the *stoichiometric magnetite” values arc calculated as
the concentration of stoichiometric magnetite ( given in mg-Fe/L) which could form

according to the ameount of ferrous intermediate which disappears.
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Figure 5.5 Changes in concentration of iron species and oxygen with time during a
typical cycle with seed, Results are those for pH = 10.5, seed concentration = 4.8

g/L, airflow rate = 0.12 Limin.
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Figure 5.5 illustrates that after an initial transient rise the ferric intermediate
conceniralion remains ¢lose to zero throughout the cycle. As in Figure 5.3 and for the
same reasons mentioned there (1c. measurcment artefact} the paitem of disappearance
of ferrous intermediate (oxidation to fermc plus incorporation of ferrous into
magnetite) appears to occur in two distinet temporal phases. For the first 30 minutes
the rate of ferrous inlermediate removal is lincar (in this case at a rate of ~2(.4 mg-
Fe’"/L/min}. Throughout this initial phase the DO conceniration was zero, indicating
that oxyeen transfer was the ratc limiting step in the transformation of ferrous iron
into fresh precipitale. Aller 50 minutes an abrupt steep increase in the DO
concentration occurred at which time the rale of ferrous inlermediate removal appears
o decline rapidly to an asyimptotic conceniration of ~80 mg/L Fe™ As already
explained the residnal concentration of soluble ferrous forming the asymptotic portion
of the plot does not constitute ferrous intermediate which has not been converted to
magnetite. Rather, 1t1s a measurement artefact stemming from the selective partial
release of ferrous iron from magnetite (now presetl as onginal plus newly formed
seed) at the low pH values at which samples were processed (Johvel and Tronc 1988}
This interpretation is supported by the observation thai the residual ferrous
concentration increases with seed mass {eg. at .05 L/nun airflow rale: no seed = 18
mg/L residual ferrous, 1.2 g/l seed = 28 mg/L residual ferrous, 4.8 g/L seed = 88
mg/L residual ferrous). This artefactual residual FI concentration is therefore a sced as
opposed to 4 substrate effect. The shape of the ferrous intermediate curve is therefore
misleading and under reacior conditions of high pH. linear kinetics would continue to

lower solid ferrous intermediale concentrations,

The effect of airflow rate on the ferrous removal rate is given in Figure 5.6 for a seed
ratio of 4.8 g/L. The results are calculated for the part of the reaction required to
reduce the solid ferrous iniermediate concentration from 1200 to 100 mg/L (below
10t mg/L the calculation is hindered by the measurement arefact discussed above).
As shown, the rate of ferrous removal was linear with airflow rate. This result concurs
wilh the observation that in all experiments the dissolved oxygen concentration was
zero until all ferrous had been oxidised or incorporated into magnetite as Fe™. Taken
iogeiher these facts confirm that oxygen supply {mass transfer) was rate-limiting,.

Under these conditions, the relention times {RT) needed to remove 1200 mg/L of
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ferrous to a [inal product predominantly composed of magnetite varied between
(1.3-1.6 hours. It should be noted that the seed concentration did not affect the rate of
ferrous removal. Under otherwise uniform conditions the latter depends exclusively
on the arrflow mate. This was imdicated by the closely similar ferrous removal rates
obtamed at particular airflow rates at widely differing seed concentrations {data not

shown).

From Figure 5.6 it is evident that the retention time does not, as it may be expected to,
vary in a linear fashion with the ferrous removal rate. The main reason for this can be
found in Table 5.1 which shows that the percentage ferrous in the end-product
decreases as the airflow rate increases. This means that more ferrous is oxidised as the
airflow rate increases and this requires a longer retention time, This interpretation is
supported by data, presented in Figure 6,12 in the next chapter, which shows a linear

relationship between retention time and percentage ferrous,
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Figure 5.6 Ferrous remova rate (diamonds} and reaction reteqtion time (circles; as a

furction of aif ow rate {ivtial seed canceatration 4.8 ¢iL as Fe).
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Effect of pH

Experiments were conducted at pH 9 for airflow rates of 0.05, 0.085 and 0.12 L/min
at an initial seed concentration of 4.8 g/L as Fe. Resuits are shown in comparison with
those at pH 10.5 (Table 5.2). The same trend of decreasing percentage ferrous with

increasing airflow rate is apparent.

Airflow
(L/min) % ferrous
pH 9 pH 10.5
0.05 27.7 32.03
0.085 25.77 30.86
0.12 21.34 29.61

Table 5.2 Percentage ferrous resuits for pH 9 compared to those for pH 10.5 at a
seed concentration of 4.8g/L.

Effect of temperature

All experiments reported thus far were conducted at 23 = 1 °C. The resuits of
experiments investigating the effects of lower temperatures on kinetics and end-
products are shown in Table 5.3. As temperature decreases, a clear decrease in the

percentage ferrous : total iron in the final product is seen.

Temperature (°C) 23+ 1 13x1 Tx2

% ferrous : total iron 30.86 = 0.01 2424 +1.77 19.04 = 0.01

Table 5.3 Affect of temperature on percentage ferrous in the end-product (airflow
rate = 0.085 L/min, seed concentration = 4.8 g/L ).
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Sludge stability: leaching experiments

Dissolution of iron oxides is thought to occur largely through weakening of the Fe-O
bond (Comell and Schwertmann 1996). In addition ferrous ions, by virtue of their
larger diameter, are more easily dislodged than ferric ions. Protonation of surface
hydroxide groups is the mechanism whereby the Fe-O bond is weakened. Since
adsorption is a function of concentration in the aqueous phase, solution pH is a prime
factor in determining the rate of dissolution. However complexing ligands and
reducing agents interact with pH to influence the dissolution rate, as do structural
features of the solid. Dissolution rates therefore vary with multiple parameters of both

solid and solution.

Sludge dissolution was tested for 53 days at pH 2 and pH 5 without the addition of
complexing or reducing agents. The sludge tested consisted initially of 28% ferrous.
Results shown in Figure 5.7 reveal complete sludge stability at pH 5 over time,
whereas at pH 2 slow but steady dissolution occurred (~10% after 53 days). Since pH
values lower than 5 are unlikely to occur at the site of sludge disposal, these results
are promising. Nevertheless, the stability of ferrites made at ambient temperature

containing non-ferrous cations remains to be determined.

12

% weight loss

days

—.—Iéaching atpH 2 m leaching at pH 5]

Figure 5.7 Sludge stability at pH 2 and pH 5.
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Alkalinity demand
The alkalinity requirement for the formation of magnetite from ferrous is given by

Equation 1 and indicates an OH" : ferrous molar ratio of 2:1
3Fe’" + 0.50; + 3H,0 = Fe;04 + 6H" 1)

In all experiments, around 95% of the alkalinity was added (as NaOH) to precipitate
the ferrous intermediate and reach the target pH. The remaining 5% was required
during the reaction in order to maintain the pH at the desired value. The final molar
ratio of OH added : ferrous was approximately 2 to 1 in all experiments (experimental
values ranged between 1.98 to 2.1), which conforms to the expected stoichiometric
value for Fe(OH),. The reasons for the observation that only 95% hydroxide was
consumed at the beginning of the reaction have been discussed in detail in Chapter 4.
Finally, it is worth noting, as discussed in Chapter 3, that all likely final products of
the oxidation of ferrous (ie. a-FeOOH, y-FeOOH, Fe,03, Fe(OH); and Fe;04) will
exert the same net OH : ferrous molar ratio demand, ie. 2:1. The proposed process,

operated at pH 10.5, therefore entails no unusually high alkalinity demands.

Sludge settiement and effluent quality

Sludge settlement was quantified using the Sludge Volume Index (SVI) method, SVI
being the volume occupied by 1 g-Fe sludge after a settling period of 30 minutes.
Results for all experiments are given in Table 5.4. By and large, the settlement was
better at the lower airflow rates, but even at 0.6 L/min, the SVI was low (67 ml/g-Fe)
and settlement was excellent. Magnetic filtration would enhance these already highly
advantageous settling values. Effluent quality was measured by quantifying residual
iron fines in the effluent after a settlement period of two hours as described in
Material and Methods. Fines concentration in all the experiments was always below 1

mg/L as Fe representing an iron removal efficiency of greater than 99.9%.
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Seed concentration Airiow rate (Limin)
0.05 0.085 0.12 0.6
1.2 11.39 32.56 32.19 67.61
4.8 7.38 14.41 22.02 28.47
8.4 8.00 16.04

Table 5.4 Sludge density after 30 minutes of settling in ml/g-Fe according to seed

concentration and airflow rate.

Ferric intermediate

During a particular cycle, a soluble (at pH 2) ferric intermediate fraction was
measured by subtracting the ferrous concentration from the total iron intermediate
concentration. In all experiments, the ferric intermediate concentration was very low
at the end of the batch cycle. By and large, it was also low throughout the cycle
although at higher airflow rates, concentrations of up to ~200 mg/L as Fe formed. As
can be seen in Figure 5.5 ferric intermediate accumulated towards the beginning of
the cycle only to be largely incorporated into magnetite or other end-products by the
end of the cycle.

Aging

No explicit attempt to investigate aging was included in these experiments and indeed
the aging period between cycles varied from 2 to ~18 hours. In subsequent
experiments described in the next chapter, it became evident that under very similar
conditions, no aging period is required. This finding justifies ignoring aging in the

batch experiments described above.
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Effect of calcium

Calcium (but not magnesium) has been reported to interfere with ambient temperature
magnetite formation (Perales Perez et al. 1998, McKinnon et al. 2000). Perales Perez
et al. (1998) proved that recycling of seed enhanced magnetite formation in a 1-step
process. Seed has also been reported to restore the formation of pure magnetite in the
presence of calcium in the context of a two-step process (McKinnon et al. 2000).
However no systematic information on the effect of calcium in a one-step (in-line
oxidation) process is available. The effect of calcium is of paramount importance
since not only do many AMD waters contain high concentrations of calcium, but lime
is the most cost-effective source of alkalinity. Experiments were therefore performed
in which calcium was added in equimolar amounts with respect to ferrous iron in
order to simulate the use of lime. Preliminary results clearly show the inhibitory effect
of calcium: at 0.12 L/min airflow rate and a seed concentration of 4.8 g/L, percentage
ferrous in the sludge was only ~13%. The corresponding value in the absence of
calcium was 29.61%. Furthermore, the macroscopic appearance (colour brown as
opposed to charcoal) of the sludge together with XRD and Mdssbauer analyses
indicated the presence of non-magnetite phases in significant amounts. Increasing the
seed concentration to 8.4 g/L in the presence of calcium had the effect of increasing

the percentage ferrous to 18.8%.

Summary and conclusions of systematic investigations under batch conditions

A novel approach towards the removal of iron and non-ferrous metals from typical
South African AMD waters is presented. This approach is premised on the knowledge
that high temperature ferrite formation acts as a medium for both iron and non-ferrous
metal removal from waste-streams. The object of the research is to test the
applicability of this approach to the ambient temperature conditions appropriate for
the treatment of large AMD volumes. The approach involves the controlled oxidation
of ferrous-containing AMD water at ambient temperatures in the presence of
magnetite seed. The resulting oxidation product is the ferrite (M1°>*,M2*°0,)
magnetite (Fe;O4) which has the capacity for non-ferrous metal removal by cation

substitution. This results in a single, stable and easy to remove ferrite sludge.
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Sludge characterisation studies (Mossbauer spectrosopy, XRD, and SEM) show that
oxidation of ferrous solutions under controlled pH and oxidation conditions (pH 9 and
10.5, airflow rate = 0.05 to 0.6 L/min) in the presence of magnetite seed (initial seed
concentration 0 to 8.4 g/L) yields almost pure structural magnetite at ambient
temperature. Dissolution tests however reveal that the ferrous : total iron ratio of this
magnetite varied between ~30% and ~17% according to conditions of pH,
temperature, airflow rate and seed concentration. Taken together the structural and
chemical analyses indicate that magnetite of varying degrees of oxidation is being
formed. Under identical conditions, but in the absence of magnetite seed, a poorly
characterised mixture of largely amorphous iron oxides are formed with a ferrous :

total iron ratio of 5.7%.

Airflow rate and seed concentration independently affected the percentage ferrous in
the final precipitant (Table 5.1). A clear trend between airflow rate and percentage
ferrous was found with lower airflow rates resulting in higher percentage ferrous.
Airflow rates below 0.12 L/min produced percentage ferrous ratios closely
approaching that of stoichiometric magnetite (27-32.5 %). Seed concentration also
had a marked effect on the percentage ferrous. This is most apparent at high airflow
rates. For example, at 0.6 L/min as the seed concentration increased from 1.2 g/L to

8.4 g/L the percentage ferrous increased from 17.36 % to 27.6 %.

Airflow rate but not seed concentration had an effect on the rate of oxidation, airflow
rate being the rate-limiting parameter at all times. From a process perspective, the
kinetics of magnetite formation under the above conditions are very favourable. The
hydraulic retention time required for the complete removal of a typical AMD iron

concentration (1200 mg/L) was from 0.3 to 1.6 hours.
The total iron concentration in the raw effluent was always less than 1 mg/L in all the

experiments with seed. This represents an iron removal efficiency of greater than
99.9%.
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The precipitant settied well (Table 5.4) and showed complete stability at pH 5 (Figure
5.7). At pH 2 gradual dissolution amounting to 10% (w/w as Fe) was observed over a
period of 53 days.

Results of experiments conducted at pH 9 parallel those at pH 10.5 but reveal lower
percentage ferrous in the final precipitant (Table 5.2). Temperature was found to

affect the percentage ferrous in the end-product (Table 5.3).

All of the parameters relevant to processing AMD on a large scale were found to be
favourable: low oxygen requirement, low retention time, excellent settling properties,
excellent removal efficiency and good sludge stability at pH 5.

In the following chapter, investigations into ambient temperature ferrite formation

under continuous flow, steady-state conditions, in the absence and presence of

calcium are described.
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Chapter 6 Ambient temperature ferrite formation under continuous
flow,steady-state conditions, in the absence and presence

of calcium

Introduction

The results discussed in Chapter 5 demonstrate the feasibility of ambient temperature
magnetite formation from ferrous solutions in the presence of magnetite seed (Morgan
et al. 2001, Lahav et al. 2003). The presence of a threshold concentration of magnetite
seed was found to channel the end-products exclusively towards magnetite formation.
Under the same conditions, in the absence of seed, the end-products consisted of a
mixture of iron oxides containing a maximum of ~17 % magnetite. These
investigations delineated the effects of airflow rate, seed concentration, pH and
temperature on magnetite formation under batch conditions. Significant findings were
that oxidation is the rate-limiting step in the domain where pure magnetite is formed,
and that magnetite seed concentration does not affect the rate of ferrite formation. The
favourable settling properties (SVI = 8 ml/g-Fe) and pH stability of the magnetite
sludge were also documented (Lahav et al. 2003). Furthermore, in line with the results
of others (Wang et al. 1996, Perales Perez et al. 1998), calcium was shown to
markedly inhibit magnetite formation under batch conditions (Lahav et al. 2003). The

question of aging was not addressed in these experiments.

Chapter 6 reports results for seeded ferrite formation from ferrous solutions obtained
under steady-state conditions, both in the presence and absence of calcium. Under
batch conditions, the ferrous intermediate (FI) concentration diminishes steadily from
the initial value to zero, as magnetite is formed. It is therefore clear that the previously
investigated batch conditions are heterogeneous over time with respect to ferrous
intermediate concentration and ferrous intermediate : seed ratio. Since a high
background ferrous intermediate concentration is known to favour magnetite
formation, it is desirable to control this parameter. Thus, a reactor system was
designed which enabled the ferrous intermediate concentration to be maintained at a
constant value (dynamic steady-state conditions). This facilitated easy investigation

into the effect of ferrous intermediate concentration on magnetite formation which in
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turn lead to the discernment of a threshold effect with respect to the ferrous
intermediate concentration during ferrite formation. That is, whereas it was previously
well-recognised (Comell and Schwertmann 1996) that, in the absence of seed, a high
ferrous concentration favoured ferrite formation, nowhere has it been suggested or
shown that a clear threshold effect exists. The steady-state reactor system reported
here, not only elucidated this threshold effect, but also enables it to be easily

quantified.

As will be described below, the steady-state reactor system also allowed the
incorporation of a ‘contact stabilisation’ (precipitation) reactor used to increase the
ferrous intermediate (as Fe) : dissolved Ca** (as Ca) ratio prior to oxidation. The
ability to amplify this ratio has proven to be the key to overcoming the calcium
inhibition effect. Another favourable aspect emanating from the introduction of the
contact stabilisation reactor is a significant reduction in the size of the oxidation
reactor necessary, because only the settled sludge is subjected to oxidation rather than
the entire bulk AMD flow. This feature, together with insight into the ferrous
intermediate concentration threshold effect and the ability to amplify the ferrous
intermediate : dissolved Ca®" ratio, appears to have paved a clear way to a well-
understood, reliable, robust and easily implemented ambient temperature ferrite

process.

Steady-state continuous flow conditions

N
Materials and methods
Experimental set-up: Figures 6.1 and 6.2 show the two reactor configurations
investigated. Figure 6.1 shows the configuration used for ferrite formation in the
absence of calcium. Magnetite seed is recycled from the settling tank to the main
oxidising reactor (5.2L) so as to maintain the total iron concentration in the latter at
approximately 20.0 g-Fe/L. A ferrous solution representing the AMD is introduced
into the main oxidising reactor which is maintained at pH 10.5, and the ferrous ions
precipitate to form solid ferrous intermediate species. Introduction of air causes
oxidation of ferrous to ferric in the main reactor allowing for magnetite formation.

The fraction of ferrous intermediate in the main oxidising reactor which is not
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transformed into magnetite was maintained at a constant concentration (50100, 150
250 and ~500 mg-Fe/L in the three experiments). Air was introduced into the main
oxidising reactor at a controlled flow rate so as to maintain the ferrous intermediate at
the three selected concentrations. The effluent of the main oxidising reactor flowed
into a settler where solid-liquid separation occurred. The clarified effluent from which
all iron has been removed flowed out of the system. The sludge, which is a mixture of
crystallised magnetite, freshly precipitated hydrated magnetite and ferrous
intermediate species was then returned to the main reactor via a second oxidising
reactor (2.5L) designed to complete the oxidation process. The pH of this reactor was
also maintained at 10.5. Both oxidation reactors (5.2 and 2.5 L) were constantly

mixed from above by a rotating paddle. No aging stage was included.

AMD influent
" o
__jiﬁﬁ Effluent
o o) Oxidation
reactor Settler
(5.2L)
N Recycled
o seed
. pH stat
Alr @105
Res(;ye%ed P OGO | Oxidation
N reactor (2.5L)
Alr
Waste seed

Figure 6.1 Reactor configuration for experiments without calcium.
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Figure 6.2a Schematic representation of the continuous flow, steady-state reactor
system used in the presence of calcium.
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Figure 6.2b FPhotograph of the apparatus depicted in Figure 6.2a which was used for

experiments where caloium was present. a. Contact stabilisation reactor, b, Settler 1,
o Owdation reactor 1 d Settler 2 e Tank receiving effluent from Settler 1 f Source
of air g pH controllers h Rotameter airflow rate controllers i Sludge underflaw

from Settler 2 to Aging tank (Aging tank and Cxidation reactor 2 not shown)

Figure 6.2a shows the configuration used for magneute formation in the presence of
calcium. Figure 6 2b shows the actual apparatus depicted in Figure 6 2a. The seed
concentration in the oxidising reactor was again maintained at -20.0 g-Fe/L. In (his
case however separate equmolar ferrous and calcium solutions, representing the
AMD and added lime, were first introduced into a pH 105 contact stabilisaton
reactor. The effluent of this reactor flowed under gravily into the first settler, The
clanified effluent left the svstem while the settled sludge was cyeled ta the first
oxidising reactor. The fervous intermediate in the underflow was therefore
sigmficantly concentrated relative 1o the cancentvation in the source AMD whilst the
dissolved calcium concentration remained unchanged. In the oxidation reactar the

sludge is completely mixed, aerated and maintained at pH 1.5 by the addition ot a
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The pH., dissolved oxygen. ferrous intermediate and total iron were measured in each
compartment at various tirnes, The term ‘total iron” (Fey) represents the iron im a
sample which undergoes complete dissolution in 32% HCI within 15 minutes, This
inecludes magnetite seed and/or other end-products of oxidation but not ferrous
intermediates because the sample is diluted in 100 ml of 0.01M HCI (ie. pH 2) before
being filtered: end-products remain on the filter but intermediate phases dissolve and
leave with the filurate, End-products are then dissolved in 32% HCI before being

diluted to a concentration and pH suitable for total wron and ferrous measurements.

The system was run continuously for at least three sludge ages. Characterisation of the
sludge was performed by XRD and Massbauer modalities as well as by ferrous : (otal

iren ratio determination.

X-ray diffraction: XRD was performed using a Phallips PW3710 XR diffraciometer
with a copper tube.

5"Fe Mossbauer spectroscopy: Samples were sent for Massbauer spectroscopy to Dr
Giiovanm Hearne at the School of Physies, University of the Witwatersrand. All of the
discussion, [igures and tables in this chapter pertaining to Mossbauer analysis are
drawn from his report. Misshauer measurements were performed in conventional
transmission geomeiry. A linear motor driven by a triangular reference wave-form
was used to scan the resonance prolile. A Kr-CO:» proportional counter was used to
deteci the transmitted 14.4 keV resonance radiation from a 10 mCi ~'Co(Rh)
radigactive source. Each dried powdered sample was mounted in a specially designed
powder-clamp holder. Sample quantities were thoroughly mixed with an inorganic
buffer material and the mixture of sample and buffer distributed in the sample holder
to form a disk of uniform thickness of 20 1o 25 mg/em’” for transmission Méssbauer
measurements. Data acquisition of each spectrum and its mirror-image was for a
duration o ensure at least ~ 100 000 counts in each of 1 024 channels of a PCA-based
multi-channe] analyser. Prior 1o analysis each spectrum was folded with its mirror
image and adjacent channels subsequently added. This serves 1o temove geometrical
base-line distortions and reduces the (YN) statistical scatter in the final data set used

for analysis, The fitting program NORMOS (distributed by WISSEL-Germany) has
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been used for theoretical fits of the data with Lorentzian line-shapes to de-convolute
various sub-compeonents {phases) in the speetrum. A minimum number of subspectra
{doublets, sextets and/or distnbution of sextets) are used to abtain the best {it to the

total spectrum.

Determination of Fe*"/Fer ratio in sludze: Two 1 ml samples from high and middle
zones of the mixed reactor were taken for Fe™'/Fe; ratio determination as described
above. That is, a | ml sample of mixed liquor {rom the reactor was diluted in 100 ml
of .01M (pH 2) HCI in order to dissolve all ferrous intermediate species prior to
filtration (£.45 micron}. The solid material left on the filter is therefore the end-
products of the oxidation reaction which can then be dissolved in congentrated { 10M)

HCl to allow ferrous (Fe™) and Fe total (Fer) to be measured.

Ferrous iron: Fe’™ was measured by the phenanthroline method. Total iron was
measured using a bench-top Spectroquant (Merck) system. SV1 was determined

according to the method given in APHA (1998).

Leach tests; Leach tests involved mixing a sludge sample and then allowing it to
settle in 500 ml ef a 0.01 M aqueous HCI solution (ie. pH 2}, Thereafter, samples of
the supernatant were taken at intervals and measured for total iron. At the end of the
test, the entire mixture was {iltered and the solids were dissolved in 32% HCI in order
to determine the remaining sample mass (as Fe). The initial sample mass was
calculated by adding total dissolved mass to remaining mass and results were then

expressed as percentage mass loss,
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Resnlis and discnssion

Formation of magnetite at steadv-state in the absence of calcium: cffect of the
ferrous intermediate concentration

The reactor system used for these experiments s shown in Figure 6.1, Figurc 6.3
shows the ferrous intermediate (FI) concenttation mantained 1n the oxidising reactors
firr three different expenments (Exp 6.1, Exp 6.2, and Exp 6.3 corresponding ti 50—

130, 150 250 and ~500 mye ferrous intermediate per liter, respectively),

|
A
A
R A B
AA A 8 \g N
- &:h_ ﬁ_&..—
o 4a a

Ferrous Intermediate (mg Fe/l)

0 300 600 900 1200 1500 1800 2100
Time (min)

Figure 6.3 Ferrous intermediate concentrations maintained in the oxidation reactors
for the three experiments conducted in the absance of calcium.
,Exp 6.1 {F1 = 50—100 mg-Fa/L}), % Exp 6.2 [FI = 150—250 mg-Fe/l), A Exp 5.3 (FI = =500 mg-Fe/L)

End-product analysis: When the process was operated with a ferrous intermediate
comcentration of S0-100 mg-Fe/L the colour of the precipitate produccd was grecen-
brown. Since the colour of magnetite 1s charcoal it was apparent that under these

conditions pure magnetite was not being produced.
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Figure 6.4a shows the Mossbauer spectrum (MS) for the precipitate formed in Exp 6.1
al a ferrous intermediate concentration in the range 50-100 mg-Fe/L. The spectrum is
fitted with three components, two of which are ¢rysialline component sextets
representing the A-site and B-site in the magnetite fraction of the sample (compare
dashed hines in Figure 6.4a with Figure 6.4¢). The third component is modelled as an
additional distribution of magnetic fields with Mossbauer parameters typical of poorly
crystalline goethite (o-FeOOH) (thin solid line) (Pollard et al. 1992}. Therefore the
Mossbaver analysis suggests the presence of lwo Fe-bearmg phases, viz. magnetite
and goethite. The integrated area under each subspectrum in the Madssbaver analysis
malkes it possible to ascribe 44% of the iron in the sample Lo goethite and 56% to
magnetite. Chemical analysis of this sample gave a ferrous fraction of 13% + 1% (as
compared to ~33% in pure stoichiomelric magnetite). The relative areas of the A-site
and B-site sextets permit a quantification of the degree of oxidation of the magnetite
fraction Irom the Mdssbhauer spectrum (Vandenberghe et al, 1990). The Mossbauer

spectral analysis also indicates that 14% of the total iron in the sample was in the

ferrous form.
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Figure 6.4 a Mésshauer spectrum for the precipitate from Exp 6.1 (ferrous
intermediate concentration = 50-100 mg-Fe/l) b. Missbauer spectrum for the
precipitate from Exp 6.1 after treatment with 32% HCI. c. Mésshauer spectrum for a
sample of near-stoichlometric magnetite which serves as a standard of reference. In
all cases open circles represent the raw data, with overall theoretical fit as a solid line

through the data points (from reports compiled by Dr G Hearne).
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For further assessment, a sample of the same precipitate was dissolved in 32% HCI
which dissolves all the magnetite within 15 minutes, leaving a residual yellow-brown
suspended solid which was analysed by Méssbauer spectroscopy and XRD. Figure
6.4b shows the MS spectrum for this sample. The overall fit to the spectrum is the
solid line through the data potnts represented as open circles. A dashed line
representing a distribution of magnetic fields supposed to be indicative of poorly
crystalline bulk goethite phase is discerned, similar to that seen in Figure 6.4a. In
addition, a central doublet atinbuted to (superparamagnetic) nanocrystalline goethite
is also present. This component likely arises from the effects of the concentrated HC
on the goethite fraction. The XRD resulis for this sample are shown in Figure 6.5 and
have signatures of crystalline goethite, with no evidence of other iron oxides or oxy-

hydroxides.

Taken together. these results confirm that the precipitale was not purely magnente,

but that large amounts of another Fe-bearing phase, goethite, were present.
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Figure 6.5 XRO pattern for the precipitate from Exp 8.1 {ferrous intermediate

concentration = 50100 mg-Fa/l) alter treatment with 32% HCL



At g ferrous mtermediate concentration of 150—250 mg-Fe/L (Exp 6.2 in Figure 6.3)
the colour of the precipitate was grecn-brown as in the previous experiment, again
indicating the presence of products of oxidation other than magnetite, Detailed

characterisation of this precipitate was not pursued.

At a ferrous intermediate concentration of ~500 mg-Fe/L {(Exp 6.3 in Figurc 6.3) the
precipitate, attained after dynamic steady-state has been reached, was charcoal in
colour, Figure 6.6a shows the XRD pattern for this precipitate compared to the
retercnce pattern for stoichiometnic magnetite (Figure 6.6b). The pattern is
characteristic of magnetite and there is no evidence of non-magnetite phases. The

percentage ferrous content for this sample was 28% + 1% by chemical analysis.
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Figure 6.6 a. XRD pattern for the precipitate from Exp 6.3 where the ferrous
intermediate concentration was maintained at ~500 mg-Fe/L. b. XRD pattern for a
reference sample of magnetite {the same sampla used for the MS analysis shown in

Figure 4=, supplied by Dr G Hearne).

Bascd on the sludge analysis it was therefore apparent that there is a critical threshold
of the ferrous mtermediate concentration in order to form substantially pure
magnetite. Results of sludzge analysis indicated a steady-state ferrous intermediate

concentration of approximately 500 mg-I'e/L above which solely magnetite was
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produced. Below this threshold, goethite was found to be the main cnd-product of
oxidation. This result is in accord with the literature on magnetite formation in the
abscnee of seed where it is qualitatively stated that a high ferrous concentration

favours magnelle as the end-product of the oxidation of ferrous solutions (Comell

and Schwertmann 1996).

Formation of magnetite at steady-state in the presence of calcium: effect of the
ferrous intermediate concentration

Figure 6.2a shows the reactor system used for cxperiments in which caleium was
present. This system differs from that when calcium was absent for the following
reasons: The problem of caleium inhibition in ambient temperature ferrite formation
has already been discussed in Chapler 4. Although the mechamsm of inhibition 15
unknown it was postulated that increasing the ferrous intermediare ; dissolved
calcium ratio in the oxidation reactor would reduce the inhibitory effect of calcium. It
was also postulated that allowing the freshly precipitated sludge to age (ie. stand
without mixing or aeralion) would promole magnetile formation by allowing time for
dehydration-crystallisation in the absence of further oxidation fo occur (Perales Perez

et al. 1999, McKinnon ct al. 20007,

In the absence of calcium a concentralion of grealer than 500 mg-Fe/L was found
neccssary for magnetite formation. Exp 6.4, in which Ca™ was present in 1 : 1 molar
ratio 1o Fe*", was therefore performed just above this threshold concentration (ie. in
the range 500800 mg-Fe/L), without allowing any aging period. The percentage
ferrous in this experiment was however found to rapidly decline to a valuc of less than
15% and simultanecusly the sludge was cbserved to tum brown indicating a
prevalence of ferric oxide/exo-hydroxide end-products (data not shown). In an
atternpl lo improve Lhe outcome, in Exp 6.5 the reactor was turned off for 18 out of
every 24 hours allowing the freshly formed precipiate lo age. Aging improved the
ferrous fraction in the sludpe to 18% £ 1% by chemical analysis at steady-state. In
addifion no brown discelouration of the sludge occurred. Data for this experiment is
shown in Figure 6.7 (Exp 6.5} and Mossbauver and XRID} results for this experiment arc

shown in Figure 6.8. Although features indicative of magnetite are dormnani in both
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measurencnts. both modalities also show clear evidence ot an additional non-
magnetite component in the sample. Massbaver analysis reveals thal ths s an
additional ferric component {solid line sub-spectrum in Figure 6.8) accounting for

-~ 200 of the total iron in the sample. The derived Massbaner parameters for this
component arc not typical of goethite, and this component therelore represents one or
more unidentified ferrie species. Missbauer analysis indicates thai the percentage
terrons content of the magnetite phasc 15 25%, This amounts to a net ferrous fraction
of 20%; of the total iron in the sample. which aceords well wath the 8% + 1%

abtained by chemical analysis,

Farrous intermediate cONC.

0 - ; =7 -
4] 2000 4000 8000 8000 10000 12000
Time {min)

Figure 6.7 Ferrous interrmediate concentrations maintained in the oxidation reactors
for two experiments conducted in the presence of calcium. s Exp 6.5 (F = 500-800 mg-
Fall, 18 hours agingl. + Exp 6.7 (Fl = 12001 700 mg-Fal).
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Figure 6. 8 XRD (8a) and M3 (8b) for sludge from Exp 6.5 conducted in the

presence of calciurn [ferrous intermediate concentration of 500800 mg-Fe/L, 18

hours aging) (from repotts compilad by Or G Hearnel.

10

Raising the ferrous intermediate concentration o between 1 200 and 2000 mg-I'e/L

withoul aging agai resuited in a rapid decrease in the ferrous fraction of the sludge

{which again began to tum brown} (0 a value below 22% at which peoint the

experiment was terminated (Exp 6.0, data not shown). In contrast, the sludge of Exp

6.7 perlormed under the identical conditions to Exp 6.6 but with aging for ~18 out of

every 24 hours was found (o consist of predominantly (= 25%) magnetite with a

ferrous fraction of 30% £+ 1% by chermical analysis, and 27% + 1% by Missbauer
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analvsis (Figure 6.90). No brown diseolouration indicative of non-magnetite lerrice
phases was ohserved. This finding was further substantiated by XRD analysis (Figure

6.9a). Data [or this experiment 15 shown i Figure 6.7 (Exp 6.7).

Lxperiment Exp 6.7 was repeated at a shghtly higher ferrous intermediate

concenlmtion (~2000 mg/L). Data tor this experiment (Exp 6.8) 1s shown in Figure
.10 and includes measurements of the percentage ferrous in the precipitant which
remained at -30% throughout the course of the experiment, confirming the results

obtained in Exp 6.7.
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Figure 6.9 XRD (9a} and MS {90} for sludge from Exp 6.7 conducted in the presence
of calcium {ferrous intermadiate concentration of 1200-1700 mg-Fe/L} and inciuding

an aging pericd of 18 hours {from reports compiled by Dr G Hearne).
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Figure 6.10 Data for Exp 6.8 performed in the presence of calcium with a ferrous
intermediate (F) concentration of 2 2 0 48 gL and an aging perigd of 17.31 — 1.67
hours. Time along the x-axis represants the accumulated oxidation peried in minutes

with aging pericds cut out. Each aging periad is marked along the x-axis with a smail

triangle. The units for both y-axes are in gl

The results presented above appear to link the inhibitery eflect of caleium oo
magnetite formation Lo the ferrous iatermediate © dissolved Ca®' rario. Tt was
postulated before that an increase in this ratio in conjunciion with an aging period
ntight serve to gvercome this inhibiton. Exp 6.5 (FL = 500—800 mg-Fo'T. and 18
hours aging shows thal aging alone does not sutfice to overcome calcium inhibition

Cn the other hand, at higher I'] concentrations {accompanied by a constant dissolved




calcium concentration) and with an 18 hour period of aging, substantially pure
magnetite can be produced with less than 5% of other iron phases. Further
expertments were performed in which the aging period was successively diminished
and it was found that a minimum of 3—6 hours aging is required to produce magnetite
with a ferrous fraction of greater than 28-30 % (sce Tablc 6.1 below). McKinnon et
al. (1999} found a power law relationship between a threshold aging time and calciutn
concentration. The following relationship was denived under experimental conditions
wherc separate ferric and ferrous solutions were mixed and the pH raised with lime in

the absence of sced:

Threshold aging time = 1.17 x 107 fCaj™ (1

The role of the contact stabilisation reactor

As suggested above, enhancing the FI ; dissolved Ca** ratio appears to overcome the
mhibitory affeet of calcinm on magnetite formation. This was achieved by placing a
contact stabihisation (CS) reactor beforc the scttler (Figure 6.2a). The pH of the
contact stabilisation reactor was maintained at 10.5, as in the oxidation reactor. The
dissolved iron present in the raw AMD mirodueced into the contact stabilisation
reactor thus fully precipitates (as FIy and is subscquently adsorbed onto the magnetite
seed. The near-instantanceus time required for thesc steps allows for a relatively small
centact stabilisation reactor. The effluent from the contact stabilisation reactor
containing magnetite seed coated with ferrous intermediate then reaches the seitler.
The seed particles greatly enhance the seitling of the ferrous intermediaic phasc which
would otherwise, in the absence of seed. form a bulky voluminous floc with poor
seitling properties. This results in both a concentrated sludge and a short retention
time in the settler. The conceniration of the ferrous infermediate species in the
underflow sludge of the settler is enhanced ~3 times relative lo the concentration of
dissolved iron in the raw AMD (data not shown). Calcium in the main oxidising
reactor i5 largely in the liquid phasc as few or no gypsum crystals were observed in
the underflow from the scitler. Gypsum growth was however observed on the walls of
the settler. During the settling period the concentration of dissolved calcium does not
increase. Consequently. the ferrous intermediate : dissolved Ca™ ratio would be

clevated by at least the solid-liquid separation factor which was found to be close to
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solids ; total volume = 1 : 3 (see below). This factor was also reflecled in the ratio of
seed concentration in the contact stabilisation reactor : oxidising reactor which was
consistently found to be | : 2,5-3 (data not shown). Since Fe** and Ca® in the influent
were introduced at equimolar concentrations, it would appear that increasing the ratio
between the FI and the caleium to —3 has the effect of largely overcoming the calcium

inhibition effects.

Another notable effect of the contact stabilisation reactor  settler sequence {see
Figure 6.2) 15 the separation of the metals from the bulk AMD volume prior to
oxidation. This means that the bulk AMD volume does not enter the oxidation reactor,
allowing for much lower infrasiructure costs. The SV of the contents of the contact
stabilisation reactor was found to be 30 ml/g and the separation ratic after 30 minutes
of settling time was 35 : 100 (solids : total volume}, Extending the settling time
beyond 30 minutes does not have a marked effect on the sludge : water ratio, Thus a
settling chamber with a retention time (RT) of 30 minutes appears optimal. Since the
retention in the contact stabilisation reactor need only be a few minutes, the comhbined
contact stabilisation reactor - settler sequence does not require a large-scale

infrastructure,

Efflucnt and sludge characteristics

Under the experimental conditions shown in Figure 6,7 (Exp 6.7; ferrous intermediate
12001700 mg-Fe/L), the total iron concentraiion m the effluent leaving the settiing
tank was always less than 1.0 mg/L and the hinal sludge, composed of essentially pure
magnetite, settled exceptionally well (SVI = 3.2 ml/g-Fe}. Afler standing for 14 days,
the wasted sludge attained a paste-like consistency with a concentration of

257 g-Fe/L. An indication of the stability of the sludge at pH 2 1s demonstrated by the
data shown in Figure 6.11. After an initially rapid increase the mass loss began to
plateau ai 15.6 % after 77 days. Such a limited release of ferrous iron s a documented

property of magnente i acidic aquecns solution (Jolivel and Tronc 1988).
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Figure .11 Results of a pH 2 leach test conducted with sludge denved from the
experiment with calciurn (ferrous intermediate concentration = 1200-17040 mg-FeilL).

Units along the y-axis = % dissolved Fe™*  Total Fe,

Influence of retention time and aging on the percentage ferrous of the end-
produci

As discussed in Chapter 4, Perales Perez and Umetsu (2000) found a marked etfect of
the duration of oxidation on the nature of the end-product under balch conditions in
the absence of seed and calcium. In thewr experiments duration of oxidation was an
independent variable. In Chapter 5, the cffect of duration of oxidation on the end-
product under batch conditions in the presence of seed was reported (Table 5.1). In
this case changes in duration of oxidation were a direct effect of changes in airflow

rate.

In Exp 6.9. the duration of oxidation under continuous flow steady-state conditions
was investigated. Tn this case. duration of oxidation, expressed as hydraulic retention
time (RT) in the oxidising reactor, was a function of reactor volume because the AMD
flow rate was kept constant while the reactor volume was varied' (Table 6.1). Varying
reactor volume did not however only influence retention time but also effected airflow

rate and henee the rate of oxidation. This was because in order to maintain a constant

' Hydraulic retention time = reactor volume/ AMD How rate.
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supra-threshold ferrous intermediate concentration m the oxidation reactor as
retention time was varicd, the oxidation rate had to be increased or decreased by

adjusting the airflow rate,

Yolume oxidation RT Aging Fe load % Forrous
reactor {I.) (Hours) {Hours} | {mg'min}
083 01.94 { a0 early failure
12 1.33 i a0 19.7
= 2.2 O 30 225
5.2 0.1 O 30 28.0
| 5.2 6.1 3 50 3.1
: 5.0 6.1 <3 50 £ 25%
P =

Table 6.1 Data showing the effects of duration of oxidation {expressed as retention
time, RT). The effect of duration of aging on the percentage ferrous in the final

precipitate is also shown. Ferrous intermediate = 2-2.5 g/L.
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{ % Ferrous vs Retention Time
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Figure 612 Relationship between the duration of oxidation (RT) and the percentage

ferrous in the final precipitate for the data in rows 2-5 in Table 6.1,

The results for Exp 6.9 presented in Table 6.1 and Figure 6.12 show that the
percentage ferrous in the end-product varies m a hnear fashion with retention hime,
But retention time directly aftects oxidation rate and so the percentage terrous in the
end-product 1s sensitive to the rate of oxidation in a linear fashion. [t is also evident
from Table 6.1 that decreasing the aging time from 6 hours to 3 hours did not affect

the percentage fervous but an aging time of less than three hours did.

A retention time of 6.1 hours was required to produce magnetite with a percentage
ferrous of 28%. This 1s significantly longer than the retention limes reported by Zinck
and Griffiths (2000) for the HDS process (Jable 6.2). This 1s not surprising since
magnelite formation requires relatively low oxidation rates whereas the HDS process
docs not. However, as described in Chapter 5, low percentage ferrous values do not
niean that the magnetite structure has been [ost. Low percentage lerrous end-products
produced at shorter retention times (cg. rows 2 and 3 in Table 6.1) arc therefore
compatible with conmplete ferrous removal from AMD (Table 5.1, Chapter 5). It has

not vet been delermined how low percentape ferrous end-products may cffect the
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removal of non-ferrous metals, but it is possible that retention times of the order of

those seen in the HDS process may be achieved for the ambienl temperature ferrite

process (ATFP) as well.
ATFP HDS HDS HDS HD%
6.1 2.7 A1 37 4.1

Table 6,2 Comparison of relention times in hours belween the ambient temperature
ferrite process { ATFP) and four instances of the HDS process (HD5 data from Zinck
and Griffith 2000).

Oxidalion rale

From the data in Table 6.1 the oxidation rale can be caleulated: the simulaied AMD 15
introduced into the system at arate of 11.5 mg—FezJ'r’Lx’min (see Experimental
procedure at the start of Chapter 6). At steady-state the ferrous disappearance rate in
the oxidation reactor is therefore also 11.5 mg-Fe*"/L/min. Taking the data in row 5 of
Table 6.1 as an example, the percentage ferrous in the end-product was 28, 1%.
Because ferrous disappeatance occurs as a result of both oxidation to Fe'™ (71.9% in
row 5) and by incorporation of Fe** into magnetite (28.1%) the actual oxidation rale,
in this case, is 0,72 of the ferrous disappeamnce rate, e, 8.3 mg-Fe/L/min. This value
is less than the values obtamed in the batch tesis 1o the absence of calcium (12.5-20
mg-Fe/L/min, Chapter 5). Alithough, under the sieady-state conditions described here,
the effect of oxidation rate was not sysiematically mvestigated, attempts 1o increase
the oxidation rate under steady-state conditions when caleium was absent presented
no problem up to fertous feed rates of 15-20 mg-Fe/L/mun (dala nol shown). However
if calcium was present any increase in the oxidation rate above B.5—10 mg-Fe/L/min
resulted in a decrease in the percentage ferrous in the end-preducts and in the
appcarance of brown ferric end-products visible to the eye {data not shown). The
presence of caleium therefore seems to limit the maximum ferrous oxidation rate al
which magnelite 15 formed, relative (o the casc where caleium is absent by a factor

of ~0.5.
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sSummary and conclusions

The conditions under which magnetite can be produced from simulated AMD in a
continuously operated ambicnt temperature ferrite process, bath in the absence and
presence of caleium, have been deseribed. The presence of caleium simulates the use
of lime as a pH elevating agent. The dynamic sieady-siate conditions required can be
easily attained using refatively unsophisticated eguipment and methods. Experiments
without calcinm reveal a threshold ferrous intermediate concentration of
approximately 500 mg-Fe/L above which solely magnetite is formed, without any
nced for aging. Below this concentration. goethite {(o-FeOOH) was formed in
significant amounts. Expeniments in the presence of caliium revealed the formation of
substantially pure near-stoichiometnic magnetite requires both an aging period of at
least 3—6 hours as well as relatively higher (1 200 to 2000 mg-Fe/L) ferrous
intermediate concentrations, Such concentrations can be attained and maintained by
the introduction of a contact stabilisation reactor - seitler sequence upstream of the
main oxidising rcactor. The elevation of the ferrous intermediate concentration in the
oxidising rcactor together with the incorporation of a contact stabilisation reactor -
setiler sequence increasces the ferrous intermediate : dissolved calcium ratio in the
oxidation reactor by ~3 times. It is proposed that the increased ferrous intermediate
dissobved calcium ratio, in conjunction with a suitable aging period, is the mechanism
whereby the inhibitory effect ol calcium on magnctite formation is avoided. In all
experiments, the jron congentration in the elfluent leaving the first settling tank was
lower than 1 mg-Fe/L and the (inal sludge, when composed of essentially purce
magnetite, settted extremely well (SVI = 3.2 ml/g-Fe). The proposed reactor design
shown in Figure 6.2a resulis in early separation of a metals-containing AMD stream
from the butk AMD volume, resulting in signiticanily smaller reactor infrastructure
needs. The maximum oxidation rate compatible with magnetite formation under
steady-state condition mn the presence of calgium 15 8.5 mg-Fe/L/min as compared
with 12.5-20 mg-Fe/L/min when calcium is absent. Results reflecting the high
stability of siudge made in the presence of calcium have also been presented. The
congept has potentizl to be flexibly applied to non-AMI) waste-streams containing

dissolved metals.
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Chapter 7 Ferrite formation at steady-state in the presence of

calcium and non-ferrous metals

The previous chapter described conditions under which magnetite is formed at
ambient temperature in the presence of caleium. This chapler describes fernte
formation experiments donc in the presence of calcium and non-ferrous metals. Three

expeniments with the following combinations of Fe and non-ferrous metals were

performed:

Exp 7.1 Ca:Fe=1.18

Exp 7.2 Lo i Pe i 2 8 B 5 0

Exp 7.3 Co: N Zn: Mn:Fe=25:10125:25¢ 100

The experimental sctup was identical to that shown in Figure 6.2 and an influent
molar ratio of Ca : Fe of 1:1 was used in all three experiments. Apart from changes in
the makeup of the simulated AMD and in the duration of the aging period, the
cxperiments were conducted exactly as for the steady-siate expeniment presented in

Chapter 6 and shown in Figure 6.10. Methods of analysis were also the same.
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Results and discussion

Exp 7.1 Ferrite formation in the presence of cobalt and calcium

Exp 7.1: % ferrous vs. sludge age showing

aging time
. 72 40
= a &« B * 3. s = * ¢ g
g 48 — 30 §
= 20 &
724 |(mmnm = " [ [ 10
0 . 0
| 0 2 4 6 &) 10
| sludge age

B rminimurn aging time =« % ferrous

Figure 7.1 Results for Exp 7.1 where calcium and cobalt were present {Co:Fe =1
10, Ca ; Fe = 1:1), See text for details.

Results for Exp 7.1 in which both calcium and cobalt were present are shown in
Figure 7.1. The seed concentration was maintained at 17.4 =2.3 p/L. The pereentage
terrous remained stable at an average of 32,61 £1.2 5% over 8 sludge agcs'. For maost
of the experiment the aging period was 24 hours. In the period between 1.3 and 2.5
sludge ages the aging period was 48 hours. The increased aging period did not
inluence the percentage ferrous in the fresh end-product. The XRD pattern for the
final product afier an aging period of | month is shown in Figure 7.2a, This
precipitale was iddentifed as the fermite “cobalt iron oxide” (CoFex0)4) {Phillips Expert

Data Analvzer | 996-1999), Figure 7.2b shows the XRI? pattem for the same

' Sludge uge is defined as the Bme reyuired 1o produce so amount of new sludee squal 1o the ol
sludge mass (i g-Fe) which was presemt wall comparnments of the teacrar at the start of the
experiment. For these three experiments the starting seed mass was 160 g and one sludge age was 33,3
laruars.
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precipitate alter 3 months of aging. Although some minor changes 1n the XRD pattern
at 3 months aging versus 1 month of aging are apparent, the XRD identification
soltware still identified the sample as cobalt wron oxide, These results confirm the
conclusion made from macroscopic observations and chemical analysis that a (errite

with a high percentage terrous was tormed.

Fe:Co=10:1, Aged x 1 month
(Cobalt Iron Oxide)

1000
g00
600 f
400 1

Relative counts

i
200 | ol -

0 20 40 B0 80
degrees 2 Theta

Figure 7.2a XRD tracing for end-product of Exp 7.1 (Co: Fe=1:10 Ca: Fe= 11}
after 1 month of aging.



Co: Fe=1:10, Aged x 3 months
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Figure 7.2b XRD tracing for end-product of Exp 7.1 {Co . Fe=1:10, Ca : Fe = 1:1}

after 3 menths of aging.

Further data for Exp 7.1 is given in T'able 7.1, Although the effluent filtrate is
essentially free of iron and cabalt, the concentration of these elements present as
‘fines’ in the effluent is significant. The reason for the occurrence of tines is unclear
and requires further investigation. Notably however, the ratio of Co : Fein the fines
reflects the ratio of these elements in the simulated AMD as would be expected.
Similarly the molar ratio in the final precipitate closely reflects the imitial

concentrations,



Sample Concentration (mg/L} Molar %y
Fe 3909
Influent B0.6%
Co 411
Fe 622
Effluent: Dissolved fines 10,78%,
Co .64
Fe =), [+
Effluent: Filirate 9.7%
Co (oY
Final precipitare Fe 177.6
3 9. 7%
Feo' 2 Fer=32%, Co 17.23

Tahle 7.1 Data for the influent, effluent and final precipitate for Exp 7.1 in
which cabalt and calcium were present. The molar percentage values of the
effluent fines and final precipitate reflect the Co : Fe ratio in the influent. In
both cases the molar percentage closely approximates the ~1 10 value of

the influent.

Exp 7.1 is significant in that it unequivocally proves the formation of a mixed-specics
fernite by cation substitution for the case of cobalt under onc-step ambicent temperaturc
conditions in the presence of calcium (Ca : Fe=1: 1}, The non-ferrous metal { Co)
wis present at a significant molar concentration of 10 percent with respect to forrous
iron in the simulated AMD. The initial concept upon which this rescarch was [ounded

1% Lthus substaniated.
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Exp 7.2 Ferrite formation in the presence of Co, Ni, Zn and caleium

Figure 7.3a shows results for Exp 7.2 where Co, Ni and Zn were present in

concentrations as shown in Table 7.2, The Ca : Feratio was | : 1, aging period = 24

haours,
Exp £.20 Co, Ni.in, Bg, 01
30 7 40
&
L e s e T
: g o O W B 7 5
10 . L g =
D ngd M, L EaEEE L gaw g ..-"-I. -._. | U
0.0 0.5 1.0 13 2.0 2ih

Sludge ages

« Seed wFerrgus intermediate &% Ferrous

Figure 7.3a Data for Exp 7.2 inwhich Co, Mi, Zn, Fe and Ca (Ca . Fe =1 1) were

present. See text for details.

Simulated AMD Fe Co Ni n
Concentration mg/L 3976 113 104 G4
Coneentration Mal/L 35.60 (.96 0,80 Q.76
Molar "o of total iron 2.6Y 2.49 2.13

Table 7.2 Measured data for simulated AMD forExp 72 {pH =3 Fe: S80,=1:2)
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Characterisation of the end-product

Referring to Figure 7.3a it can be seen that for Exp 7.2 the percentage ferrous in the
fresh precipitate stays relatively constant (at 26.48 % £3.47). It should be borne in
mind that when divalent non-ferrous metals are present in the simulated AMD, a
decrease in the percentage ferrous of both the fresh precipitate and final end-product
15 to be expected as a consequence of cation substituticon. In these cases the total
percentage of non-ferrous melals in the end-produet should be borne in mind. Using
data from Table 7.5 below, total non-ferrous metals comprised 6.5 % {mol M** / mol
Fer) of the total Fe in the end-product. Thus, working from the percentage ferrous of
33.3 % in stoichiomeiric magnetite, a maximum of 26.8 % ferrous : total iron can be
expected to be found in the fresh precipitate of Exp 7.2, It is noteworthy that the result
abtained agrees well with this value. It is perhaps for this reason that, as can be seen
im Figure 7.3a, an increase in the seed concentration did not result in an increase in the
percentage ferrous of the fresh precipitate - it is already at its maximum, Alflier
exhaustive oxadation the percentage ferrous decreased to 22.9 % (average of two

values in Table 7.4 below) as a consequence of further oxidation,
Structural analysis
A sample of precipitant taken from Exp 7.2 at 2.4 sludge ages was aged for 48 hours

post-exhaustive oxidation and subjected to XRD and Mossbauer analysis.

X-ray diffraction: The XRD pattern (Figure 7.3b) illustrates that this precipitate has

structural features of fermite,
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Exp 7.2 exh ox seed aged 48h
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Magnetite: standard reference XRD
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Figure 7.3b Above: XRD tracing for 3 sample of seed from Exp 7.2 which contained
Co. Wi, Zn and calcium after exhaustive oxidation and aging for 48 houwrs. |n addition
to the magnetite peaks there are other significant peaks indicating either soms
devigtion from the pure ferrite structurz or the presence of other compounds. The
nature of these additional peaks was nat investigated further. Below: Standard

reference XRD pattern for magnetite (supplied by Dr G Heame).



Mébssbauer spectroscopy: Mossbauer spectroscopy was performed by Dr Giovanm
Heamne in the School of Physics. Universily of the Witwatersrand All of the
discussion, figures and tables in this chapler penaining to Massbauer analysis are
drawn frem his report. Consislent with the XRI? results, the Mossbauer spectrum of
the sample of end-product from Exp 7.2 has the characienistic signatures o magnetite
{Figure 7 4a), except for a marked difference in the relalive intensities of resonance
lincs close to -7.5 mmy/'s compared with stoichiometric magnetite. This is indicative of
some degree of oxidation, and the results of the spectral analyyis indicate the terrous

(Fe?’*} coptent to be 23 =1 %4, in comparison with 33% expected in a stoichiometric

compound

Ral Transmission

9824 Co, Ni, Zn @ 2.5% of Fe f

-10 ' -5 0 5 | 10
Velocity (mm/s)

Figure 7.4a Mésshauer spactrum of the same sample from Exp 7.2 used for XRD
analysis as shown in Figure 7 3a. The spectrumn is fitted with two sextets. The overall
theoretical fit is the solid line through the data points represented as open circles

{fram reports compiled by Or G Hearne).
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. 2 S B Abund
AMRLE Cspmgdlm Lustwndil {zﬁ?s) {m?‘n.-"s} ™ e
i {mm/'s)
Tet A-site 3
e 333F
Exp 7.2 | and oxidised 047 0,29 001|490 1 o Fi_j*.
Oct B-site :
* Octahedral 33.3(5) Fe™
-(kt3
S 0.94 0.63 001|453 | 53738 Fe

Table 7.3a Myperfine interaction parameters of the spectral companents in Figure

7.4a. Statistical errar incicates in parenthesis. ' Fon e nlegralse a-ea under lhe soo-

specirum. § Belatve | ne-intensitics of the gssxict tar e B-site parmittec o vary,

Excessive broadcning at the octahedral B-site is evident from the ratio of the
linewidihs of the B-site and A-site, T/ s = 2.0. This may be compared to the bwo
reference samples shown below: (1) The Missbauer spectrum for sample 81, which is
a reference for magnetite made in the presence of caleium with no non-ferrous metals
present, is shown in Figure 7.4b, The ratio of the linewadths of the B-site and A-site,
I'g/ Ty = 1.7 for this sampie (Table 7.3b). (2) The Mssbauer spectnun for a sample
of stonchiometric magnetite is shown in Figure 7.4c. The ratio of the linewidths of the

[3-site and A-site, Tg/ [s = 1.5 for this sample (Table 7.3¢).

When compared against stoichiomelric magnetite, any broadening in sample S1 is
atiributable to oxidation on the B-site and also perhaps from the influence of calcium
in the mixture. The further line-broadening effects in the sample of end-product from
Exp 7.2 which seems to occur mainly on the octahedral B-sites may be ascribed to
heavy-metal uptake into the magnetite lattice by substitution into the octahedral sites
of the spinel lattice. This substitution has the effect of modifying the iron atomic local
environment through the prescnce of near- and next-nearest neighbour “foreign™
cation species, These foreign species will slightly perturb the known hyperfine
interaction parameters (IS, 08 and By} expected for the B-site in magnetite, and as

such will be manifested as a line-broadening effect of the B-site spectral component
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(Vandenberghe et al. 1990, Schwertmann and Comnell 1991, Pollard et al 1992,
Stevens et al 1998)

o o
W ow
[=+] w
|

097

Rel. Transmission

o
8

R o

0.95

10 5

T

0 5

Velocity (mm/s)

10

Figure 7.4b Mossbauer spectrum of reference sample $1 (magnetite prepared in the
presence of calcium) fitted with two sextets. The overall thecretical fitis the solid line
through the data points represented as open circles (from reports compiled by Dr G

Heame).
) I = ; ¥
Spectral ¢ ol o/Fe Q% By | "Abundance
SAMPLE N Linewicth - ,
(omponent (ininife) {mm/s) | (mms) (T 0
Tel A-saite 3a
81 and oxidised 0.43 020 | -001 | 490 37";‘_,[|’ ’E e
Oct B-site ) ke
¥ Octahedral . 33(1) Fe™
Bedie 0.74 0.63 001 458 27(1) Fel”

Table 7.3b Hyperfine interaction parameters of the spectral components in Figure

7 4b. Statistical error indicated in parenthesis. * From the integrated arsa under the sub-
gspectrum. § Relative insantensities of the sextel for the B-site permitted to wary.
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Rel. Transmission

0.98

0.96

0.94 *

Magnetite REF
corrosion product

-5 0 5
Velocity {mm/s)

Figure 7.4¢ Mésshauer spectrum of a reference samgle of stoichiometric magnetite

(from reports campiled by Dr G Hearne),

Bt :
ompon Gils) {mm:'s) {5 A
Magnetite ref A 030 028 0 492 336
B 0.45 0.66 0 46 66.4

Table 7.3¢ Hyperfine interaction parameters of the speciral components of

stoichiometric magnatite,

In conclusion. the results of chemical analyses, X-ray diffraction and Mossbhauer

spectroscopy all confirm a substituted magnetite ferrite structure for the end-products

of Exp 7.2, Non-ferrous metal removal by cation substitution in Exp 7.2 is examined

in further detail in the following section.




Non-ferrous metals removal

Sample ferrous Co N Zn

‘ AMD 2.69 2,49 213

Bidgraductts | o500y 246 | 199 | 2.14
2.1 sludge ages
Endproduct 2| 0 4 246 | 195 | 202
2.2 sludge ages ,

91 79 98

uptake

‘ Average % ' |

Table 7.4 Chemical analysis of two samples of end-product taken from the
penultimate (sample 1} and final (sample 2} batches of exhaustive oxidation of Exp
7.2 (after 2.1 and 2.2 sludge ages respectively). The percentage of each metal
{percent mol M** / mol Fe;) present in each sample is shown, as is the percentage
concentration of each metal in the simulated AMD. The last row in Table 7.4 gives
the average percentage Uptake (removal) for each non-ferrous metal for the two
samples.

The data shown i Table 7.4 confimms a high percentage uplake of all three non-
ferous melals into the end-product of the process. For the two samples, the average
percentage uptake relalive 1o the molar ratio of each non-ferrous metal : ron in the
simulated AMI» is %1%, 79% and 98% for Co, Ni and Zn respectively, The values for
Ni and Zn are consistent with those reported by Kanzaki ¢t al. (1998) who found that
Zn {53%) was preferentially incorporated into lerrite over Ni{80%) even when the
concentration of Nim the starting sofution was greater than Lhe concentralion of Zn™

The data from Table 7.4 is presented in graphical form in Figure 7.3,

* Ferrite fmmation in Kameaki et al, {19987 was al 635 and consisted of u single batch Lest without sy
seod belng prezent,
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Exp7.2: % non-ferrous metalin AMD
and final seed

FeT

[ B

Figure 7.5 Graphical presentation of the data in Table 7.4 showing the average
percentage of each nen-ferrous metal © Fe (% molfmal) in the seed of Exp 7.2 after
exhaustive oxidation and aging. On the x-axis 1 = Go, 2 = Ni, 3 = Zn. The first serigs
shows the percentage of each of thase metals in the simulated AMD for Exp 7.2,

‘The results shown in Table 7.4 and Figure 7.5 indicale a high degree ol icorporation
of non-ferrous metals into the fimal precipitate, However a small discrepancy in the
mass balance for cach metal is reflected by the deficit between the molar ratio of
metal @ iron in the initial simulated AMD versus the ratio in the final precipitate.
Notwithstanding the congruence with the results of Kanzaki gt al. mentionad above,
the reasons for this deficit are not inmediately ¢lear. but with hindsight of
mlonmation gained [rom Exp 7.3 {scc below) it secmis that the most probable reason is
that the systom was not vet at steady-state with respeet to the complete replacement of

original sced.

Effluent

[Data for non-ferrous metals in the effluent 15 shown m Tables 7.5a and 7.3b. The data

in these tables was obtained by taking a 50 ml sample from near the top of the first
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settler and filtering it through a 0,434 filter which separated suspended solids from the
solute. The suspended solids (*tines™) were then completely dissolved in concentrated
HC| beiore being diluted to 54 ml again and assayed lor each metal. Table 7.5a shows
the results for the concentration of metals present as [ines in the eMuent. Tahle 7.5b
shows the concentrations of dissolved metals present as selute in the filtrate of the

50 ml samples discussed above.

S:::EL e Clo Ni Zn
17 23 | o1 | oss | ows |
19 | NA | 414 | 166 | 186
21 | ~a D oor | oos | 009

Table 7.5a Concentrations of metals in mg/L present as fines in the effluent for Exp
7.2. Data is for three consecutive samples taken after 1.7, 1.9 and 2.1 sludae ages
respactively. On one occasion (1.9 sludge ages) the levels of fines in the effluent
were significantly high but returned to acceptable limits by the following day. Such
elevations only occurred after a rare blockage or other malfunction of the equipment.
The Fe concentrations for the second and third sarmples are not available as the Fe

in these samples precipitated prior 1o measureament.

Sludge apes Fe Co 5 Ni i £n
t.o A 0.15 {309 =001
2.1 235 0.13 0055 | 003

Table 7.5b Concentrations of dissolved metals present in the effluent filtrate of Exp

7.2 after 1.9 and 2.1 sludge ages.
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Ferrows intermediate @ caleium ratio

The role of the contact stabitisation reactor — settler scquence in raising the ferrous
intermediate : dissolved calcium ralio has already been discussed in Chapter 6. The
calcium concentration in the first oxidation reactor was measured and the results are

shown in Table 7.6,

Sludge Ca
ages (mg/l.)
1.9 27
2.2 26
24 303

Table 7.6 Councenbration of dissalved calcium [mgil) in the erication reactor Toer Exp

7.2

The valucs shown in Table 7.6 accord extremely well with the expected theoretical
vatue of 287.5 mg/L bascd on the Ksp of CaS0, (gypsum), taking Debye-Hiickel
ctfects into account (calculations not shown). Since the dissolved caleium
concentration in the oxidation rcactor is less than or equal to the concentration in the
contact stabilisation reactor — scttler scqucn-::ca, these results confirm that the ferrous
intermediate : dissolved Ca ratio in the oxidation reactor is indeed greatly enhanecd
by the contacl slabilisation reactor - settler sequence as described above. It is
postulaled that i1l 15 this enhanced ratio which allows for ferrile formalion in the

presence of calcium which otherwise interferes.

* Gypsum precipitation in the contact stabilisation reactor reactor — settler sequence indicares that
calcium is at saturation or supersataration with respect to Ca80,. The latter therefore governs caleium
solybility. No gypsum precipitation is abserved in the first oxidation reackor indicating that caleium 1s
at or below saturation in this compartment. It therefore follows that the dissolved caleium concentration
in the first oxidation reacier is less than or equal o the concentration in the contact stabilisanion reactor
— geftler sequence.
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Redox potential in the oxidising reactor

Perales Perez et al, (1999, 2001 a) have shown a delinite relationship between the
oxidation reduction potential (ORP) and the course of the magnetite-forming reaction
under batch conditions in the absence ot sced as discussed in Chapter 4. To
investigate whether the ORP could serve as a useful control parameter during steady-
state ambient temperature territe formation as performed in Exp 7.2, the ORP was
measured during the course of the reaction. Figure 7.6 shows the relationship between
the lerrous intermediate conecentration (Pl and ORP over the period from 1.% to 2.1
sludge ages. Figure 7.0 shows that o algebraic relationship other than a close
clustering of points occurs, The reasons for the poor corelation between Fl and ORP
over ime under the conditions of Exp 7.2 arc twotold. Firstly the ORP is a tunction of
many parameters including DO, pH, seed concentration, temperature ete. and not
purely FL, Sccondly, the ORP is far more sensitive than the Fl to changes in these
parameters. Conseguently the ORP docs not serve as a reliable immediate indicator of
the Fl concentration which has been shown to be the most important pararmeter to

monitor during antbient temperature femte [onmation.

Ferrous intermediate vs. ORP

0
= =200
£ 400
& . "‘ ™
o -5600 e, . ®8
-500
0 2 4 G

Figure 7.6 Ferrous intermediate versus ORP in the cxidation reactor of Exp 7.2

during the period from 1.9t 2.1 sludge ages
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Stability of the final precipitate

Figure 7.7 shows the percentage loss of Fe from a 60 mg sample of final seed trom
Exp 7.2 which was submerged in 1L of a 1 : 1 molar mixture of sulphuric and nitnc
acids diluted with distilled water to pH 5 (Zinck and Gniffith 2000} Prior to
submersion, the sample had been exhaustively oxidised and left to age for 2 weeks.
These data show clearly that the precipitate 15 highily resistant to dissolution under
these condttions. The imtial decrease in the percentage mass lost inte sclution seen in
Figure 7.7 13 possibly attributable to oxidation followed by precipitation {(as Fe{OH))
and settling, of an initial release of ferrous iron sltemmnng from the proton-ferrous
exchange phenomenon discussed in Chapter 5. This would resell in a decrease in the
dissolved Fe conecentration sampled from near the surface. No visible precipitant was
however observed either in suspension or settled on the bottom of the jar but
considering the minute amounts involved this 1s not necessarily surprising Ii can
nevertheless be concluded that, 1n respect of iron, the precipitant is indeed very

resistant Lo dissolulion under these conditions,

Leach test: Fe, Co, Ni, Zn, Ca

005l — 55

|
Y

band T 45

0 50 100

days

g - iy
—% weightloss pH

Figure 7.7 Graph showing the percentage loss of iron {mg dissolved Fe / mg total
Fe) from a sample of final precipitate for Exp 7.2 subjected to a 1:1 mixture of
sulphuric and nitric acid at ~pH 5. After every measurement the contents of the jar



were vigorously swirled for 30 seconds to promote mixing of any leached metal ions
prior to the next measyrement. Swirling was not doneé soon before 2 measurement

was taken because of the likelihood of sampling suspended ferrite solids.

Results for iren and non-tetrous metal concentrations in the leachate after 12 weeks
[or Cxp 7.2 arc given in Table 7,7. Although very low, the non-ferrous metal
concentrations are disproportionately high relative to the Fe concentration which
stabilised at 0.018 mg/1., an order of magmtude lower. The reasons for this
paradoxical result are not knovwn but are unlikely to be due incongruent dissclution

{cf. Figure 4.8},

Exp 7.2 Fe Co i Ni o
Conccntlratmn 0.01% .21 0.20 0.13
mg/l. '

Table 7.7 Concentrations of iron and noen-ferrgus metals in the leachate after 12

weeks for the end-product of Exp 7.2,

Scttling hehaviour

Afier exhaustive oxidation (DO = 2 me/L) but ne interim aging, the SVI of the final

precipitant for Cxperiment 7.2 was 3.9 ml/g, indicative of extremely etficient liquid —

solid separation’.

" SV resulls in chaplers 3 and 6 were eapressed in ml‘g-Ie. In Chapter 7. g-Fe has been cunverted into
g by pultplying by a factor of 138 which is the matio of the molecular muss ol magnetite © molecular
meass OF Fe' x 3, In other words, by tegarding the ron end-products as 100% mapgnetite, the S can be
expressed as mass-magnetite mstead ol mass-Fo.
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Exp 7.3 Ferrite formation in the presence of Co, Ni, Zn, Mn and calciam.

Exp 7.3 was initiated nsing the seed formed in Exp 7.2 but the concentrations and
complement of non-ferrous metals in the influent was changed to these shown in
Figure 7.8. In particular Mn, a ubiquitous metal in South Afmcan AMD waters, was
added and the Ni concentration was increased to 10% of the ferrous concentration,
The total non-ferrous metal coneentration in this experiment was therefore -~ §.5%.
Exp 7.3 was otherwise performed i the identical manner 10 Exp 7.2 {aging — 24

hours ).

Influent: % M2+{Fel2+

15.00 1014
10.00
soo | 314 275 2.73
0.00 =
1 2

L 4
Co, Mi, £n, Mn

% of [ferrous]

Figura 7.8 Averages of two measurements of concentrationg of non-ferrous metals
presant in the influent for Exp 7.3 exprassed as a percent of the total measured
ferrous concentration (3933 ma/L) in the influent selution {(~pH 3, Fe ; 50,=1:21}
o Co=0.094, Ni=(.202, Zn= 0.068 and Mn=0.565.

Early measurcments of the cffluent of Exp 7.3 revealed dramatically ctevated
concentrations of irot (= 60 mefL) and non-ferrous metals (> 1--5 mg/L) in both sotid
and liquid phases (dala nol shown). Evidently, the precipitation reachion expected o
occur in the contact stabilisation reactor was not working property. Speciation
analysis (Gustafsson 2004) reveated that at pH [0,5 Mn®* was only ~60% hyvdrolysed.,
The reazon for the presence of iron, Co, Ni and Zn in the effluent coutd not be
explained but from a practical perspeetive it was clear that the pH needed to be raised
m order Lo ensure complete precipitation of Mo, [uspeetion of Figure 2.4 in Chapter 2

reveals that Mn solubility reaches a mimimum at ~pH 12, The pH of both the contact
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stabilisation and oxidation reactors was therefore maintaned al this value. Data for

Exp 7.3 pertormed at pH 12 15 shown in Figure 7 %a.

Exp 7.3:Co,Ni,Zn,Mn, Fe, Ca |

-
= 20 A LR NN, ‘ 5 z
= ' B 20
AV e __l.__._ am W ang ® i
{ A - {
0.0 1.0 2.0 3.0 4.0 5.0
Sludge ages

» Sead = Ferrous intermediate a % ferrous

Figure 7.9a Data for Exp 7.3 in which Co, Mi, Zn, Mn and calcium were present and
which was performed at pH 12. The graph shown is an extension of the graph shown
in Figure 7.3a which pertains to Exp 7.2 because Exp 7.3 was continued from the
point where Exp 7.2 was terminated. In Figure 7 3a the smal| arrow on the x-axis af
2 4 sludge ages marks the beginning of Exp 7.3, The data to the left of the arrow is
for Exp 7.2, The arrow an the x-axis also marks the point at which Mn was added to
the influgnt and the NI concentration was increased to 10% of the fermmous

concentration. It was also at this point that the pH was increased from 10.5 tg 12.0.

Metal intermediates

Tigure 7.90 shows the measured non-ferrous metal intermediate values in the
oadation reactor for Exp 7.3, For cach metal the corresponding percentage in the
AMD influent solution 1s given, As expected, the metal intermediate values closely
approximate the AMD values indicating that, 1n ihis respect. steady-state has been

reached, Figure 7.9 also shows that Mn precipitation appears to be coniplete,
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I Exp 7.3: % Metal intermediates

12.00
14.00 -
8.00
6.00
4.00
2.00
0.00

o4 of [ferrous]

1 i 3 4
Co, Ni, Zn, Mn

B % Metal intermediates [ % Metal in AMD |

Figure 7.9b Graph showing the average percentage metal intermediate

concentrations in the oxidation reactor for Exp 7.3 = 3. o Co=0.041, Ni=0.725,

Zn=0.84 and dn=0.56.

Characterisation of the end-product

In Figure 7.9a it can be seen that for Exp 7.3 the percentage ferrous in the fresh
precipitate stays relatively constant {average = 26,24 £2.99}. As discussed above in
relation to Exp 7.2, when chivalent non-ferrons metals are present in the simulated
AMD, a decrease in the percentage ferrous of both the fresh precipitate and final end-
product is to be expected as a consequence of cation substitution, In the case of Exp
7.3 the theoretical total percentage of non-fetrous metals in the end-product at steady-
state is 18.5%. The maximum expected percentage ferrous in the end-product is
therefore expected 10 be 33.3% - 18.5% = 14.8% which 15 clearly much lower than
the values seen in Figure 7.9a. One major reason for this discrcpancy is that both Ni
and Mn had not reached steady-state in the precipitate by the time the percentage
ferrous was measured (sce Table 7.8 below). Using the data from Table 7.8 the
maximyum percentage ferrons expected at the time of sampling is 33.5% — 8.8% =

24.5% which is in reasonable agreement with the value obtained. Afler exhaustive
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oxidation the percentlage ferrous decreased 10 22% by chermcal analysis (24% by

Massbauer spectroscopy} as a consequence of further oxidation

Structural analysis

A sample of precipitant taken from Exp 7.3 after 4.2 sludge ages was aged for 48

hours post-exhaustive exidation and subjected to XRD and Massbauer analysis.

X-ray diffraction: The XRD pattern (Figure 7.10a) illustrates that this precipitate has

structural features of ferrite.

Exp 7.3: Co, Ni, Zn, Mn
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Figure 7.10a XED result for the final precipitant for Exp 7 3 after exhaustive
oxidation and aging for 48 hours. As in the case of Exp 7 2, in addition to the
rmagnetite peaks there are other significant peaks indicating either some deviation

from the pure ferrite structure or the presence of other compounds. The nature of

these additional peaks was not investigated.

Mosshauer spectroscopy: Consistent with the XRD results. the Mdssbauer spectrum
of the sample of end-product from Exp 7.3 has the ¢charactenstic signatures of

magnetite (Figure 7. 10b), except for a marked difference in the relative intensities of
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resonance lines close to 7.3 mmds compared with storchiometric magnetite. This is
ingicative of some degree of axidalion, and the results of the spectral analysis indicate
Lhe ferrous (Fe™ ) content Lo be 24{ 1%, in companson with 33% cxpected in 4

sloichiometnc conmpound.
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Figure 7.10b Méssbauer spectrum of the same sampie of end-product from Exp 7 2
used for XRD analysis as shown in Figure 7 10a in which Co. Ni. Zn. Mn and Ca
were presen: The spectrum s ftted with two sextets The overall thearatical fit 1s the

solid line through the data points representad as open cireles {from reports compiled

by Dr 2 Heamne),
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SAMPLE Spectral T, Linewidth &'Fe Qs Bui *Abundance
Component {mm/s) {mm/s} | (mm's) | (T) Yo
Tet A-site I+
Exp7.3 | andoxidised 046 029 | 003 | 45.0 g?ﬁ £:3+
Oct B-site
] 1+
¥ Octahedral . 33.3 (5) Fe
00 5
Ao 0.94 0.63 003 | 481 | TR

Table 7.9 Hyporfine interaction parameters of the spectral companents in Figure

7.10b. Statistical crror incicated in parenthesis. * From the integ ated area under the sub-

speclrum. & Reiativa | ne-intensities of the sextet forthe B site permibod to wany

As was the case for Exp 7.2, excessive broadening at the octahedral B-site is evident
from the ratio of the linewidths of the B-site and A-site, ['n/ T'a = 2.0). This may be
compared to the same two reference sarmples shown above, 1e. (1) the Missbauer
spectrum of magnetite made in the presence of calcium with no non-ferrous metals
present (Figure 7.4b). The ratio of the linewidths of the B-site and A-site, I'y/ Iy =
1.7 for this sample {Table 7.3b). {2) The Massbauer spectrum for a sample of
stoichiometric imagnetite {Figure 7.4¢). The ratio of the Imewidths of the B-site and

A-site, Ty / 'y = 1.5 for this sample (Table 7.3c¢).

When compared against stoichiometric magnetite, any broadening in sampfe 51 is
attributable to oxidation on the B-site and also perhaps from the influence of caleium
in the mixture. The further line-broadening effects n the sample of end-product from
Exp 7.3 which seems to occcur mainly on the octahedral B-sites may be ascribed to
heavy-metal uptake into the magnetite lattice by substitution into the octahedral sites
of the spinel lattice. This substitution has the effect of modifying the iron atomic local
environment through the presence of near- and next-nearest neighbour “foreign”
cation species. These foreign species will shghtly pertutb the known hyperfine
interaction parameters (15, OS and By expected for the B-site in magnetite, and as

such will be manifested as a line-broadening effect of the B-site spectral component.
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In conclusion, the results of chemical analyses, X-ray diffraction and Misshauer
spectrascopy all confinm a substituied magnetite fermite structure for the end-products
of Exp 7.3. Non-ferrous metal removal by cation substitution in Exp 7.3 15 examined

n further detail in the following section.

Non-ferrous metals removal

Exp 7.3 Co Ni Zn Mn
Average % M in s it
dissolved seed (n = 3) e s i 0.42
a (L0535 0090 0.102 {1363
% M in simulated i
AMD 314 10.14 2 2.73
%o uptake 15 25 100 13

Table 7.8 Data showing the percentage and percentage uptake of non-ferrous

metals in tha fresh precipitate of Exp 7.3

In Table 7.8 both Co and Zn show 100% uptake while N1 and Mn show only 25% and
15% respectively, These low values are attributable 1o the fact that the system was not
ver at steady-state with respect to these two metals which were only added 1.36 sludge
ages prior to first measurement (in the case of Ni the concentration was increased
from 2.5% w 140%) In the case of M the standard deviation is 83% of the average
percentage value so the latter should be treated with caution. Nevertheless, Figure

7.11 illustrates tncreasing trefds in percentage uptake with rime {sludge age) for these

iwo metals whereas the graphs for Co and Zn have levelled off.
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Exp7.3:% metals in precipitate
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Figure 7.11 Changes In the percentage uptake of non-ferrous metals in the frash
precipitate of Exp 7.3 over time (sludge age} showing increasing trends for both Mi
and Mn which arg not yet at steady-state in this respect. Numbers on the #-axis
rapresent each metal in the order shown. Pattems corresponding to columns indicate

time in sludge ages.

Efftuent

Data for metals congentrations in the fines and filtrate ol the elfluent for Exp 7.3 was
abtained in the same manner as [or Exp 7.2, Figure 7.12a shows the absolute
cancentrations found in 3 samples (taken at different times} of the solid fraction of the
cffluent for cach metal as well as for calcium. The concentrations of non-ferrous

metals arc all well below 0.5 mg/L.

162



Exp 7.3 Effluent: Dissclved fines
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Figure 7.12a Graph showing concentrations of metals and calcium in three separate
samples of the filtered fraction {fines) of the raw effluent of Exp 7.3. The

concentrations of non-ferrous metals are all well below ©.5 mg/fL.

The metal concentrations in the efluent filtrate for Exp 7.3 are shown in Figure 7.12b
and are an order of magnitude lower than those found in the solid fraction (fines) of
the effluent indicating efMectively lotal removal ol dissolved metals from the AMD.
But even these amounls can probably be significantly reduced through optimisation of

the setthing process.
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Exp 7.3 Effluent; Fines filtrate
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Figure 7.12k Graph showing the very low concentrations of metals in the filtrate

fraction of the raw effluent for the same three samples as in Figure 7.12a.

Calcium

A layer of calcite (CaC 1), identified by XRD (Figure 7.13) approximately bmm in
depth formed on the surface of the effluent waste tank. This was nod observed in Exp
7.2 and can be explained by the higher pH o1 12 in Exp 7.3 which allows lor a higher

digsolved CO-™ concentration {see Figure 4.1 | in Chapler 4).
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Exp 7.3: Calcite on effluent

surface
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Figure 7.13 XRD tracing of the crystalline material which formed on the surface of

the effluent waste tank for Exp 7.3. This was clearly identified as calcite {CalCO;).

Table 7.10 shows the concentration of caleium o the fAlbate fraction of the raw
gffluent for Lixp 7.3, These results exceed the solubility of calcium with respect to
CaSOy (cxpected value — 287.5 ma/L although at pll 12 CaCO; may also govern
calcium solubility™) indicating the probability that not all of the calcium passing
through the filter is dissolved calctum and that some may be nanocrystalline gypsum
or caleite, Table 7,10 shows that the calcium present in the filtrate represents a
sigmificant perecntage of the total caleium introduced inte the AMD influent in order
1o sitnulale the use of lime, The alkalinity demands of Exp 7.3 were ~23% higher than
those [or Exp 7.2 because in addition to the amount of alkalinity needed 10 precipilate
the ferrous and non-ferrous metals, a further ~25% of this amount was needed (o
reach pH 12. Calculations which take into account the inercasing butfering capacity of
water between pH {15 and pH 12 account [or this mercased alkalinity demand (data

not shownl,

*inee some caleite did precipitate, caleinm solubility is alse being governed by the carbenate systen,
Ar thus stage howevar, it 1s impossible 1o 2ay to what axtent calcium splubility is baing govemnad by the
sulphate svstem or by the carbonate system. Theoretical modelling ol his problem is complicated by
complex formation and shoukd be the subjoer of future rescarely ( Loewenthal, pers. conun.)
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Ca Ca Molar % Cain
my/L mol/L influent
553 13.80 i9

6RO - 16.97 48

325 18.09 52

486 k243 35

Table 7.10 Data for amounts of calcium measured in four samples of filtrate of the

raw efflugnt from Exp 7.3, See text for delails.

Stahility of the final precipitate

Figure 7.14 shows the percentage loss of Fe from a 62.5 mg sample of final sced
from Exp 7.3 which was tested for stabilily in exactly the same manner as descnbed
above for Exp 7.2 (ic. submerged in 1L of a 1 : 1 molar mixture of sulphunc and nitric
acids diluted with distilled water to pH 5). These data show clearly that the precipitate
is highly resistant to dissolution under these conditions. As seen in the leaching
behaviour of the end-product of Exp 7.2, an initial decrease in the percentage mass
lost inte solution is also seen for Exp 7.3 in Figure 7. 14, This decrease was atitibuled
to an oxidation-precipitation (Fe** = Fe{OH);) and seitling effect of an initial release
of ferrous iron stemming from the proton-ferrous exchange phenomenon discussed in
Chapter 5. Once again however, no visible precipitant was observed either in
suspension or settled on the bottom of the jar, but again considering the minute
amounts invelved this is not surpnising. It can nevertheless be concluded that with
respeet to iron, the precipitant from Exp 7.3 is also very resistant to dissolution under

these conditions.
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Table 711 shows the concentrations of iron and nen-ferrous metals in the leachate
aller 7 weeks fur the end-product of Exp 7.3 Once agaim, asin Exp 7.2, the
concentrations of the non-ferraus metals are approximately an order of magnitude

higher than that ol 1ron.

Leach test: Fe, Co, Ni, Zn, Mn, Ca

! 0.100 - 5
é 0.05) pH
aonn - o T — — Fe 45
0 25 40 5 ()
Days
|_——_°,ﬁ___£eight loss —pH ‘

Figure 7.14 Graph showing the percentage loss {mg dissolved Fe / mg total Fe) fram

2 sample of final precipitate for Exp 7.3 subjected to a2 1.1 mixture of sulghuric and

nitric acid.
Exp 7.3 ’7 Fe ! Co Ni i Zn Mn
I
Concentration g4 .00 (.25 0 Gt 0.05

Bl | - -

Table 7.11 Concentrations of iron and non-ferrous metals in the leachate after 7

waaks for the end-product of Exp 7.3



Setiling and dewatering

Alter exhaustive oxidation but no interim aging, the final precipitant of Exp 7.3
showed a SVI of 12.9 ml/g. The initial 1L sample used to determine the 5V1 had an
iron concentration of 42 g-Fe/L. On the strength of the structural studies discussed
above 1t can be assumed that ~100% of the iron in the sludge was in the fermite form.

Using the molecular weight of magnelte, this lerrite fraction would weigh 57. 9 g.

Eleven days after SVI measurement, the supernatant was drawn off and the remaining
now paste-like sludge which occupied ~200 ml (Figure 7.15) was lefl to dry in an
open one litre beaker at room temperature. This sludge dried into a hard cake wath a
total mass of 62.2 g afier ~20 days (Figure 7.16). The iron content of this dried sludge
was therefore 67.5% (42 g-Fe / 62.2 g total mass) which translates into a ferrite/total
dried sludge mass of 93.2%. This leaves 6.8% of the dried sludge mass unaccounted

for.

Dissolution of a small fragment of the dried sludge in concentrated HCI took less than
five minutes except [or a very few barely wisible lance-like particles which resisted
dissolution. Since the mass of these insoluble particles was negligible it can be
concluded that the 6.8% of the mass which is not attributable to ferrites is most likely
residual water. The volume of the dned sludge cake was determined to be 26.5ml (by
measuring the amount of water 1t displaced) providing a dry density of 1.58 g-Fe/ml
or 2.37 g dried sludge/ml.
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Exp 7.3: Settling behaviour of final seed
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Figure 7.15 Graph showing the seltling behaviour of 11. of the final precipitant of

Lxp 7.3 after exhaustve oxidation but no interim aging,

Figure 7.16 The sludge obtained from the SVI measurement for Exp 7 3 dried into a

hard cake after ~20 days Scale in cm

| iy



Summary and ¢onglusions

The results of the cxperiments described in this chapter represent the culmination of a
research project which started with a simple batch experiment designed to test the
feasibility of magnetite formation by oxidising an aqueous ferrous solution at ambient
lemperalure in the presence of magnetite seed. The rationalc was to sct the basis for a
process whereby dissolved ferrous and non-lerrous metals could be removed from
large volumes of AMD through cation substitution in the magnetite forrite lattice. This
initial ‘proof of concept’ expenment was followed by systematic investigations under
batch conditions into the effect of pH, temperature, airflow ratc and seed
concentration on magnelite formation. These studies established a robust optimal

pH —airflow rate —seed concentration zone where magnetite could be rcliably

produced at anibient temperature,

The next challenge was to find a way ol overcormng the inhibitory eflect of calcium
on magnetite formation, To this end a continuous flow, dynamic steady-state reactor
system was designed which facilitated the mainlenance of an elevated ferrous
intermediate congentration in the oxidation rcactor. With this tool, the cxistence of a
threshold ferrous intermediate concentration effect, above which solely magnetite was
produced despite the presence of high concentrations of calcium was established. Ln
the presence of calcium a minimum aging period was alse found to be required for
magnetite formation lo oceur. Tn order to complete the picture it only remamed for
non-ferrous metals such as are commonly lound in significant concentrations in AMD

to be introduced and tesied lor their removal.

Experiment 7.1 provided clear evidence lor the complete removal of Co ata Co ; Fe
ratio of 1 1 10 and a high quality ferrite end-product (CoFe;04) was produced. In
Experiment 7.2 Co, Mi and Zn were all present in the simulated AMD, each at similar
concentrations totalling ~7.5% of the Fe concentration. The percentage uptake of
these metals mto the end-product were 91%, 79% and 98% respectively. In the light
of subsequent results 1t would appear that these less-than 100% uptake rates are
attributable to the system not having reached steady-state. Nevertheless the pattern of
uptake is consistent with that in the literature where Ni has been shown to be less

efticiently incorporated into the ferrite crystal than is Zn (Kanzaki et al. 1998). Sludge
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stability at pH 5 for the end-product of experiment 7.2 proved to be excellent with an
Fe percentage mass loss of only ~0.02% detectable in the leachate solution at steady-
state over a period of more than 12 weeks. The final precipitate generated in

cxperiment 7.2 settled extremely efficiently with an SVI1 of only 3.9 mlig.

In experiment 7.3 the Ni concentration in the simulated AMD was increased from
2.5% to 10 % (Ni: Fe) and Mn was added as an additional non-ferrous metal. Co
and Zn concentrations remained unchanged. Mn was added both because it is a
ubiquitons metal in South African AMD waters as well as because of the potential
difficulties it raises due Lo its significantly greater solublity {log Ksp Mn{OH); =
—12.8 compared with log Ksp Fe{OH):) =—15.1, see Table 2.2 in Chapter 2 for log
Ksp values of Niand Zn hydroxide). Although other authors report the successtul
removal of Mn via ferrite formation at pH 10 (Kanzaki et al, 1996, at 65°C) and pH
10.5 {Choung et al. 1999, McKinnon et al. 2000) it was indeed found that at pH 10.5,
a high percentage of the Mn in the simulated AMD remained present in the effluent,
having failed to preciptate in the contact stabilisation reactor and therefore seftle in
the first settler. Speciation analysis predicted a maximum of 95% Mn hydrolysis was
possible and that this would happen at pH 12.2. Those studies mentioned in which Mn
was totally removed by being incorporated into ferrite were all batch experiments in
which no separation of effluent and precipitated solids oceurred prior to oxidation.
This issue cerlainly requires further empirical and theorelical mvestigation. In
particular, from a practical perspective the minimum pH at which the effluent can be

kept free from Mn needs to be theoretically modelled and empirically determined.

The qualily of the AMD effiuent from Exp 7.3, performed at pH 12, was determined
b filtering and analysing two fractions of an effluent sample: filtered solids and
filtrate solutes. At pH 12 no significant Mn or other metals were found in the effluent.
In fact the metals content of both effluent fractions was consistently very low {Tables
7.5a and 7.5b}, Tt 15 noted however that the release into the emvironment of minule
amounts of metals in the form of “fernite fines” is unlikely to cause any detrimental
ccological effects, Indeed as previously mentioned, iron oxides act as heavy metal

sinks in the natural environment.
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The final precipitant from experiment 7.3 reflected a 100% uptake of Co and Zn from
the simulated AMD as opposed to the 91% and 98% seen in experiment 7.2 which in
retrospect had probably not yet attained steady-state. The percentage MNi and Mn
uptake in experment 7.3 was 25% and 15% respectively but neither of these metals
had yet reached steady-state in terms of seed replacement at the time the experiment

was termminated.

As was the case for experiment 7.2, the final precipitate of experiment 7.3 was
extremely stable at pH < 5 (Figure 7.14), losing only ~0.025% ol its mass at steady-

state over a period of 7 weeks.

The settling behaviour of the final precipitant produced by experiment 7.3 was not as
good as that for experiment 7.2 where Mn was not present. The SVI for Exp 7.3 was
12.9 mlig compared to 3.9 ml/g for Exp 7.2. Nevertheless, the overall settling and
dewatering behaviour of the precipitant ol experiment 7.3 was lavoutable, with the
solids occupying 20% of the initial volume after 11 days. Thereafter further
desiccation of the sludge at room temperature took ~20 days and resulted in a hard
caked material with a percentage solids density of more than 93%. In contrast, as
mentioned in Chapter 1, the Geco HDS process, atter one year of drying, produced a
sludge with a density ol only 60% sohds. Simlarly the sludge produced by
experiment 7.3 had an wwon content of 67.5% whereas the iron content of the Geco
HDS sludge was only 45%. The absolute densities of the sludge from experiment 7.3
were 1.58 g-Fe/ml or 2.37 g dried sludge/mil.

The results of the experiments descnibed in this chapter indicate that the concept of
ferrous and non-ferrous metals removal from AMD by ong-step ambieni lemperature
ferrite formation 1o be both possible as well as techmically very leasible. For the
combination of the four non-ferrous metals tested (Co, Ni, Zn and Mn), the process
yields high quality results in all of the criteria relevant to the treatment of AMD.

These results are discussed in the following chapter.
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Chapter 8 Conclusion

This study set out o establish the feasibility ol ambient temperature [eerite formalion
using in-line oxidaticn as a means of metals removal from AMD. In order to cstablish

the feasibility five criteria needed (o be met:

1. Acceptable elfluent quality
Favourable sludge characieristics
Successiul operation in the presence of calcium

Successful non-ferrous metals removal

W o Tk

Operational and economie viability

T this end a serics of batch and continuous flow, stcady-state investigations into

ambient temperature fernite formation with m-line oxidation were performed.

Batch conditions

After proving {without calcium) that the concept of ambicnt temperature ferrite
formation using magnetite secd was feasible, a matrix of batch experiments werc
performed which quantified the effects of four parameters on magnetite formation,
viz. sced concentration, rate of oxidation, pH and temperature. Optimum conditions
for ferrite formation were found to be high seed concentration (8.4 g/L), slow
oxidation (12.5-20 me-Fe/L/min), pH = 10.5 and higher ambient temperatures (22 °C
versus 13 °C or 7 °Ch Under batch conditions, the presence of calcium at
concentrations equimolar to ferrous, was found to severely inhibit magnetite

formation.

Continuous flow, steady-state conditions

A reactor system was devised which allowed steady-state concentrations of seed and

ferrous intermediate to be maintained in the oxidation reactor. This is in contrast with
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batch conditions where the seed concentration increases as the ferrous mtermediate
concentration decreases 10 zeto. Under continuous flow conditions, in the absence of
calcium a steady-state ferrous intermediate concentration of greater than 500 mg-Fe/L
was found to be necessary for magnetite formation to oceur, without the necessity of
any aging period. In the presence of calcium a steady-state ferrous intermediate
concentration of greater than 1200 mg-Fe/L as well as an aging period of three to six

hours was found necessary for magnetite formation to oceur,

Contact stahilisation reactor — settler sequence

The reactor configuration uscd for the continuous flow, steady-state expeniments
included a contact stabilisation reaclor — settler sequence which had two significant

functions (Figure 8.1):

. Enhancement of the fermous intermediate : dissolved calcium rativ in the
uxidation reactor. This raised ferrous intermediate ; dissolved calcium ratio
is crucial in overcoming the inhibilory eftect of calcium on ferrite

formation.

. Early separation of 60-70% of the bulk AMD volume from the treatment
process, leaving only precipitated metals and 30-40% of the AMD volume
in nced of further processing. This reduction in volume at the start of the
process translates into reduced infrastructure costs at all points

downstream of the comact stabilisation reactor — settler sequence,
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Figure 8.1 Schematic representation of the continuous flow, steady-state

reactor system which successfully removed ferrous and non-ferrous metals

from simulated AMD in the presence of calcium, simulating the use of lime as

the pH elevating agent.
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An ambient temperature ferrite process for the removal of ferrous and

non-ferrous metals from AMD waters

The investigations described above formed the foundation for the development of the
process depicted in Figure 8.1.which meets all of the above five criteria These five

criteria are now used to summarise the details of this process:

Acceptable effluent quality

In all phases of investigation, from batch to continuous operation at steady-state, the
effluent (consisting of the clarified supernatant) contained very low concentrations of
iron and other metals. The effluent does contain high concentrations of calcium (~600
mg/L) and, as is the case for the influent, high sulphate concentrations. A separate unit
process for the removal of sulphate from the effluent has been developed (Ristow et
al. 2004). The pH of the effluent equals the operational pH of the contact stabilisation
reactor (pH 10.5-12). Since the effluent has no significant buffering capacity, the pH
can be easily reduced by carbonation with CO, gas prior to entering the next unit
process. Carbonation will result in CaCOjs precipitation, an effect beyond the scope of

this thesis.

Favourable sludge characteristics

It was stated in Chapter 1 that the sludge of an AMD treatment process needs to meet

three criteria:

° Efficient settling (and therefore low sludge volume).

® Rapid and extensive dewatering properties in order to achieve a high
density at the time of disposal.

® Stability of the sludge at low pH to avoid possible remobilisation of

dissolved metals in the environment at the site of disposal.

The final sludge resulting from the ambient temperature ferrite process here described

meets all these criteria to a very high degree. The SVI of the sludge comprising both
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ferrous and non-ferrous metal intermediates adsorbed onto magnetite seed in the first
settler varies from ~2.2 ml/g (no calcium present) to ~25 ml/g (calcium present) to
~60 ml/g (calcium and manganese present). In the latter case a retention time of 30
minutes in the first settler is adequate in order to attain complete liquid-solid

separation.

The SVI of the sludge (calcium and manganese present) following exhaustive
oxidation is 12.9 ml/g. After a few days the sludge reaches a thick paste-like
consistency making it possible to remove all of the clarified supernatant above the
compacted solids. Thereafter, at ambient temperature (~18-30 °C), the remaining
solids took ~20 days for ‘complete’ desiccation to occur, leaving a hard caked
material with a dry density of 1.58 g-Fe/ml or 2.37 g dried sludge/ml.

The final sludge proved to be very stable at low pH losing less than 0.025% mass
(mass dissolved Fe/mass total Fe). Non-ferrous metal concentrations in the leachate

were also very low (Figure 7.14 and Table 7.11).

Successful operation in the presence of calcium

The problem of calcium interference in ferrite formation has been solved through a
combination of a high precipitated ferrous intermediate : dissolved calcium ratio in
the oxidation reactor and an adequate aging time of greater than ~3 hours. The first of
these conditions is achieved through the incorporation of a contact stabilisation
reactor — settler sequence upstream of the oxidation reactor which serves to
concentrate the ferrous intermediate relative to dissolved calcium by an initial factor
of ~3 times. Thereafter the ferrous intermediate concentration in the oxidation reactor
can be raised to any desired value if oxidation is withheld. Once the desired
concentration is reached, it can be maintained at steady-state by matching the rate of
oxidation to the rate of ferrous intermediate entering the oxidation reactor. It has
proven easy to maintain a relatively constant ferrous intermediate concentration in this
way, which in turn ensures that ferrite formation is not impeded by the presence of
calcium. This solution to the calcium problem sheds little light on the mechanism of
calcium interference. The hypothesis that calcium, with an ionic radius of 114 pm,

disrupts crystal growth by not easily fitting into the lattice has no experimental
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support. Moreover, there are reasons to question this hypothesis. Firstly, Choung et al.
(1999) showed that interference only arises when calcium and ferric but not ferrous
iron are combined which suggests that the formation of calcium-ferric entity underlies
the mechanism of interference. Secondly ferrite containing up to 19 percent calcium
(moles calcium : moles magnetite) has been produced which proves that calcium has
little difficulty entering and remaining in the lattice without disrupting crystal growth
(see Chapter 4).

Following oxidation the freshly formed ferrite flows to the second settler where aging
begins. If the retention time in the second settler is adequate, aging can be completed
there. Alternately the sludge can be transferred to an aging tank from where a fraction
of the now well-crystallised ferrite sludge is recycled to the contact stabilisation

reactor.

Successful non-ferrous metals removal

The formation of the ferrite magnetite from AMD at ambient temperature was
motivated by the known property of magnetite to accept non-ferrous metal ions into
its crystal lattice and thereby remove both ferrous and non-ferrous metals from the
AMD. The process here described has been successfully tested in this regard, in the
presence of calcium, for Co, Ni, Zn and Mn with an aging period of 24 hours. One
hundred percent removal of Co and Zn was observed. Ni and Mn removal was seen to
steadily increase as the process moved towards steady-state with respect to these
metals. McKinnon et al. (2000) produced evidence indicating the generic nature of
seeded ambient temperature ferrite formation with respect to non-ferrous metals. In
Figure 4.10 in Chapter 4 the percentage yield of magnetic precipitates increase along
the same curve irrespective of the identity of the non-ferrous metal present (ie. Zn,
Cu, Ni, Mn or Al) (McKinnon et al. 2000).

Operational and economic viability
The ambient temperature ferrite process developed during the course of this research
should be relatively simple to put into practice for treatment of AMD streams. The

process has several advantages over the currently deployed HDS process. The chief
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factor making the ambient temperature ferrite process superior to the HDS process is
the ease whereby well-crystallised end-products of oxidation with good settling
properties are achieved. Some of the major advantages of the ambient temperature

ferrite process are given below:

® Incoming AMD first encounters the contact stabilisation reactor —
settler sequence which immediately reduces the volume of AMD
requiring treatment by 60—70%, which translates into significantly
reduced infrastructure and energy costs. In the HDS process, the entire
AMD volume must pass through the entire reactor sequence and
precipitated solids are recycled from 10 to 30 times (10 kg to 30 kg
solids recycled for every 1 kg newly precipitated solids). Since fresh
sludge density is generally less than 20%, this means that large
volumes of water must be recycled too (Zinck and Griffith 2000).

® Unlike the HDS process, no polymer flocculating agents are required.

® Unlike the HDS process, where pure oxygen is sometimes required to
ensure an adequate oxidation rate such as at Grootvlei Mine in
Gauteng, South Africa (own observation), in the ambient temperature

ferrite process only air is ever required.

® The final ferrite sludge consisting mainly of high quality magnetite is a
valuable product worth more than US$110/ton (Lines, pers. comm).
Coal preparation plants are a major user of magnetite for the washing
of coal and the largest and most modern coal preparation plants in the
world are in South Africa (Lines, pers. comm). Magnetite is also used

as a feed substance in the making of steels.

® The ambient temperature ferrite process described here can operate on
any scale and is as applicable to the treatment of a dissolved
metals-containing waste stream stemming from an industrial process as

it is to AMD.
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® If desired the process can be modified such that following the contact
stabilisation reactor — settler sequence, the now concentrated adsorbed
solid metal intermediates can be re-dissolved and the metals recovered

separately by other means.

o Operation of the ambient temperature ferrite process has simple
technological requirements. Apart from appropriately designed
reactors, settlers, pumps and conduits only a minimum of other process

control entities are needed, viz.:

1.  pH control.

2. Aeration control including dissolved oxygen metering.

3. On-site ferrous and total iron measuring capability. Apart from a
visible light spectrophotometer (costing ~R20 000) these
measurements require only very basic laboratory equipment and
can be very easily and rapidly performed.

4.  Off-site non-ferrous metals analysis (weekly or monthly or as
desired).

Gypsum precipitation (pH 10.5): Initially, the commonest cause of malfunction in
the laboratory were blockages caused by small amounts of gypsum (CaSOy) crystals
settling at the base of the first settler and clogging the entrance of the conduit carrying
the underflow to the oxidation reactor. This problem was solved by elevating the pick-
up pipe a small distance above the bottom of the settler so that the gypsum responsible
for the blockages bypassed it and settled below. Build-up of this residue was easily
avoided by draining a small amount of liquor from a port at the very bottom of the

settler every few days.

As a result of the rapid precipitation kinetics of gypsum, almost all gypsum formation
occurred on the walls of the contact-stabilisation reactor and to a lesser extent on the
walls of the first settler. No fouling of the main oxidation reactor, second settler, batch

(exhaustive oxidation) reactor or any other component occurred. The build-up of
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gypsum in the contact stabilisation reactor did not present any problems during the
course of these experiments but would have to be dealt with in an operational reactor
in the long term. Existing methods of prevention of gypsum build-up as used in the
HDS process for example should function equally well in the ambient temperature
ferrite process. Implementation of the ambient temperature ferrite process therefore
poses no technical difficulties. Furthermore, much of an existing HDS plant

infrastructure could be readily converted to ambient temperature ferrite formation.

Calcium carbonate precipitation (pH 12): At pH 10.5 no calcium carbonate
precipitation was observed whereas at pH 12 it was macroscopically observed on the
surface of the effluent waste tank. This can be ascribed to CO, absorption resulting in

high concentrations of COs”.

Future research needs

The aim of the investigations described in this report has been to pave the way
towards an ambient temperature ferrite process for removal of metals from AMD. As
such many details have been overlooked or passed by on the way. The emphasis of
this work has been practical rather than theoretical and engineering goals have taken
precedence over scientific ones. With this in mind the following factors are identified

as priority areas for further research.

Additional studies of non-ferrous metals removal: Al, Mg, Cr and Pb should be
prioritised and the question of removal of radioactive uranium found in some South
African AMDs should be investigated. Should the ambient temperature ferrite process
described here successfully remove uranium species from AMD, safe disposal of the

resulting radioactive ferrite sludge will need to be considered.

Optimisation studies: This applies to oxidation rates in both oxidation reactors; to
the operational pH in each compartment, especially when Mn is present; to the
presence of ‘fines’ in the effluent, to aging times and to ferrous intermediate and seed
concentrations in varying non-ferrous metal contexts. The effect of percentage ferrous

of the ferrite end-product on non-ferrous metals removal also requires optimisation.
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In addition, the concentrations of iron and non-ferrous metals in the effluents from
both settlers and in the supernatant of the second oxidation reactor following
exhaustive oxidation, need to be optimised in accordance with the Target Water
Quality Ranges (TWQR) set by the South African Department of Water Affairs and
Forestry (DWAF 1996). However if the effluents from these sources are all subjected
to a sulphate removal process (Ristow et al. 2004) the implications and fate of

residual metal concentrations must be considered in this context.

Calcium carbonate and calcium sulphate: Calcium solubility with respect to both
sulphate and carbonate should be theoretically modelled, taking complex formation
into account. Complete calcium, sulphate and carbonate mass balances should be
performed at steady-state at both pH 10.5 and pH 12 so that calcium solubility and
precipitation under steady-state conditions can be compared to theoretically derived

values.

Additional applications: Applications to specialised industrial waste-waters
containing dissolved metals should be investigated. The potential for using the
process for the production of specialised ferrites as required by the electronics or
nano-industries should be investigated (Chinnasamy et al. 2002, Perales Perez et al.
(2001b).

In final conclusion, conditions for ferrite formation from AMD-like waters have been
established in both the presence and absence of calcium, as well as in the presence of
calcium and significant concentrations of non-ferrous transition metals commonly
found in AMD (Co, Ni, Zn, Mn). This represents the first well-described proven
demonstration of a continuous flow, steady-state ambient temperature ferrite process

in which lime can be used as the pH-elevating agent. The process relies on:
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¢ The property of magnetite/ferrite seed to channel the end-products of
oxidation of ferrous solutions in the presence of calcium towards

magnetite/ferrite formation.

e A contact stabilisation reactor — settler sequence which enhances the ferrous
intermediate : dissolved calcium ratio in the oxidation reactor serving, together
with aging, to overcome the problem of calcium interference with ferrite

formation.

The feasibility of the process for metals removal from AMD is borne out by a number
of robust results pertaining to the quality of the effluent and the density and stability
of the resulting sludge. Furthermore there are several features of the process as here
described which render it economically attractive in comparison with existing
technologies. These include significantly reduced energy, infrastructure and chemical

costs as well as a commercially valuable end-product.
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