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Abstract

Jarosite [KFe;(SO4)2(OH)g] is a mineral commonly found in acidic, sulphate rich
environments that forms by the oxidation of sulphides such as pyrite. Jarosite has
considerable environmental importance because of its ability to scavenge toxic
elements (e.g. Pb(Il), As(V)), and is thus of great interest to geochemists, geologists
and metallurgists. This project aims to determine the mechanisms and products of
jarosite breakdown and the related magnitude of potentially hazardous toxic element
release. Until now, these have not been known, but they are critical in understanding

and modelling such systems.

Potassium jarosite, plumbojarosite, and beudantite were dissolved in pH free-drift
dissolution batch experiments in both acidic (pH 2) and alkaline (pH 8) solutions.
The acidic and alkali dissolution of potassium jarosite, plumbojarosite, and beudantite
can all be described by incongruent dissolution kinetics, due to non-ideal dissolution
of the parent solids and in some cases, the precipitation of a secondary phase(s). o-
FeOOH and Fe(OH); are secondary precipitates in the alkali dissolutions, and PbSO4
forms in both acidic and alkali dissolutions. Pb(II) and As(V) remain in solution in
the acidic dissolutions, and, in the alkali dissolutions, Pb(II) is incorporated into the

precipitate PbSO4 whilst As(V) is partially absorbed to Fe(OH)s.

Classical atomistic simulations were also made of the jarosite structure. The (012)
surface, which has been identified experimentally as the most stable, was found to
have two zero net dipole shifts. In contrast to what is found in natural jarosites,
structural modelling showed that it is more energetically favourable for Cd(II), Zn(Il),
and Cu(Il) to occupy the A-site rather than the B-site. Due to the degree of iron
vacancies present in natural samples, these divalent cations will occupy a distorted B-
site to reduce the overall lattice energy. The resulting site distortion, however, may

lead to points of weakness during any subsequent breakdown.
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1 Introduction

Jarosite [KFe3(SO4)2(OH)s] originates and takes its name from a mine in Barranco
Jarosa, Sierra Almagrera, Almeira Province, Andalusia, Spain, and was first described
by Breithaupt (1852). It is a common mineral in acidic, sulphate-rich environments
formed by the oxidation of sulphides such as pyrite (Baron and Palmer 1996b). Such
environments include weathered sulphide ore deposits (Bladh 1982), acid soils
formed from sulphide bearing sediments (Van Breeman 1973), acid-hypersaline lake
deposits (Alpers et al. 1992, Long et al. 1992), as well as acid mine and rock drainage
(Chapman et al. 1983, Alpers et al. 1989). Jarosite-type minerals have also been
reported to occur in hydrothermal environments (Keith et al. 1979, Stoffregen and
Rye 1992). Precipitation of jarosite is of extreme importance to metallurgists because
of its ability to scavenge unwanted elements (e.g. Fe, Pb, Cu, Zn, As) from

hydrometallurgical ore processing solutions (Dutrizac 1984).

Jarosite, sensu stricto, is a mineral with the general formula KFe;(SO4)2(OH)g, but it
is also associated with an isostructrual mineral subgroup that has a general formula of
ABj3(TO4)2(OH)s.  Throughout this thesis the term ‘jarosite’, will refer to this
isostructural mineral subgroup, and the term ‘potassium jarosite’ will represent the

mineral form of KFe3(SO4)2(OH)g.

1.1 Importance and stability of the jarosite subgroup of
minerals

The jarosite subgroup contains nine minerals with the general formula
AB3(TO4)2(OH)s. Of these minerals, the majority are extremely rich in toxic elements
such as Pb(Il) (plumbojarosite PbysFes(SO4),(OH)s) or TI' (dorallcharite
T1Fe3(S04)2(OH)s), and are commonly found as secondary phases produced by the
oxidation of mining residues (Dutrizac and Jambor 2000). Mining activities usually
involve ore or coal deposits that have accumulations of such elements as Ag, As, Au,
Cd, Co, Cu, Hg, Mo, Ni, Pb, Se, Sb, Tl, and Zn in either economic or sub-economic
quantities. These elements occur as mineral sulphides or in gangue minerals (Bigham
and Nordstrom 2000). When acid drainage waters are produced by oxidation of
mining residues, these elements may be mobilised and transported offsite at

concentrations that are sufficiently elevated to be of environmental concern. In such
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cases, the precipitation of Fe-rich hydroxylsulphates (jarosites) and oxyhydroxides
(goethite, ferrihydrite, and schwertmannite) may attenuate the problem by scavenging
associated toxic elements through processes of coprecipiatation (jarosites) and
adsorption (oxyhydroxides). The ability of jarosites to coprecipitate wt. %
concentrations of toxic elements from solution should not be underestimated,
considering most adsorption mechanisms involving oxyhydroxide substrates remove
concentrations of these elements only in the realms of 10s to 1000s ppm (Bigham and
Nordstrom 2000). Although cleansing of mine drainage waters can be achieved by
the precipitation of jarosites, mine drainage sediments (Figure 1.1) have a potential to
cause contamination through changing pH, temperature and redox conditions. Their

long-term stability in downstream environments is therefore of concern.

Figure 1.1. Photographs of iron ochre on riverbanks of the River Almond, West Lothian,
formed through the impact of acid rock/mine drainage (ARD/AMD). Jarosite-type minerals are
a major constituent of iron ochre.

The essential requirements for the formation and stability of jarosites are a ferric rich,
acidic (pH < 3), oxic environment. These minerals, however, will readily decompose
upon removal from their stability region, through subtle changes in pH and/or
temperature (Stoffregen and Rye 1992). Potassium jarosite does not display classical
equilibrium relationships with aluminosilicates. Instead, the principle reaction that
limits the stability of potassium jarosite in nature is simply its conversion to iron

oxide or oxyhydroxide minerals (Stoffregen et al. 2000). In ambient conditions, the
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conversion of potassium jarosite to goethite is thought to occur through the following
reaction:

KFe3 (SO4 )2 (OH)G(Y) <« 3FeO(0H)(Goethite) + KJr + 2S027

(aq) 4(aq)

+3H ., (1.1

although this reaction may be complicated by the formation of metastable phases such
as schwertmannite [FegOg(OH)s(SO4)x] and ferrihydrite [~FesHOg4H,O]
(Nordstrom and Alpers 1999). It should be noted that no proof has yet been found

that this(ese) reaction(s) actually occurs.

Considering the narrow range of conditions within which jarosites are stable and with
the concentrations of toxic elements (e.g. Pb(Il), As(V), Cu(Il), Zn(II)) potentially
present within them, their breakdown and the subsequent element release maybe very
detrimental to the natural environment. Cu, Zn, and both Pb and As have WHO
drinking water limits set at 2000, 3000, and 10 pg/L, respectively (WHO). Pb and As
are considered to be highly toxic elements and primarily affect the central nervous
system. In particular, Pb attacks neuromuscular connections and As induces chronic
integument (skin) effects along with destroying bone marrow (ILO 1983). Cu and Zn
are less toxic than Pb and As, seen by the higher concentration thresholds for drinking
water, but in excess quantities, both of these elements can attack the central nervous
system (ILO 1983). Concentrations of these elements in benthic algae and
invertebrates living in acid mine drainage-contaminated sites are usually highly
elevated. Accumulation of these toxic elements in aquatic organisms is ultimately

fatal (DeNicola and Stapleton 2001, Gerhardt et al. 2003).

The instability of jarosites could be assessed in the laboratory through series of
dissolution experiments, which could gauge the breakdown mechanisms of the
jarosite structure and, more importantly, assess the potential release of toxic elements.
As natural jarosites contain various mixed quantities of toxic elements, synthetic
analogues are typically used in dissolution studies, as it is crucial to establish the

exact composition of the starting materials before any interpretations can be made.
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1.2 Objectives

The mechanisms and products of jarosite breakdown, and the amount of potentially
hazardous toxic elements released as a result of this breakdown, are still relatively
unknown, but are critical in understanding and modelling geo-chemical reactions in

natural environments.

Therefore, the objectives of this project are to:

(1) monitor the rate of release of toxic elements (Pb, As, Cu, Zn) from synthetic

jarosites using dissolution batch experiments;

(2) characterise the new phases formed as a result of these dissolution experiments

using a number of different surface- and whole-mineralogical techniques; and

(3) model how toxic elements maybe incorporated within and released from the

jarosite structure.

1.3 Outline of the thesis

The methods used to answer the questions above and the results produced are
presented and discussed in this thesis. The remainder of this introductory chapter
(Chapter 1) presents published literature regarding the structure, occurrences in
nature, synthesis of analogues and thermodynamic data on the jarosite subgroup of
minerals. A section also deals with the theory and practical applications of
dissolution studies. Chapter 2 presents the experimental methods and materials for
the synthesis and characterisation of the jarosite analogues’ including the initial
starting conditions and subsequent aqueous and remaining solid analysis of the acid
and alkali dissolution experiments. Chapter 3 covers the characterisation of the
synthetic jarosites. Chapters 4 and 5 focus on the acid and alkali dissolutions of the
synthetic jarosites, respectively. Chapter 6 is dedicated to computational modelling,
where the surface properties and intrinsic and extrinsic defects of the potassium
jarosite structure are investigated. A general discussion of all the results and
implications is given in Chapter 7. Finally, the conclusions of the study and
suggestions for future work are presented in Chapter 8. Appendix A describes the
theory of the physical and chemical analytical techniques used in this study.
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Appendix B contains additional X-ray diffraction data on the synthetic jarosites.
Appendix C contains all the raw aqueous data for both the acid and alkali

dissolutions.

1.4 Structure of the jarosite subgroup of minerals

Jarosites are members of the alunite supergroup, which consists of more than 40
minerals with the general formula AB3(TO4),(OH)s, wherein A represents cation sites
with a coordination number greater than or equal to 9, and B and T represent cation
sites with octahedral (O) and tetrahedral (T) coordination, respectively (Jambor 1999,
Hawthorne et al. 2000). The supergroup is commonly divided into various subgroups,
though the primary subdivision is based on the B site cations. In most of the minerals
in the supergroup, the B site is filled by Fe(IIl) or Al(III). The minerals are grouped
depending upon whether Fe(IIl) exceeds or is subordinate to Al(III). Minerals with
Fe(IIT) > AI(IIT) belong to the jarosite subgroup (termed ‘jarosite’ in this thesis), and
those with AI(IIT) > Fe(III) are allocated to the alunite subgroup (Table 1.1) (Dutrizac
and Jambor 2000).

Table 1.1. A selection of minerals from the alunite supergroup (Dutrizac and Jambor 2000).

Alunite subgroup (Al3+>Fe3+) Jarosite subgroup (Fe3+>Al3+)
alunite KAI(SO4),(OH)g jarosite KFe3(S04)2(0OH)g
natrojarosite NaAl;(SO4),(OH)e natrojarosite NaFe;(S04),(OH)g
ammonioalunite  (NH4)AI3(SO,),(OH)s ammoniojarosite (NH4)Fe3(SO4),(0OH)
schlossmacherite  (H30,Ca)Al3(SO4)(OH)s  hydronium jarosite  (H30)Fe;(SO4)2(OH)g

- argentojarosite AgFe;(SO,4),(OH)g

- dorallcharite T1Fe;(SO4)2(OH)e
osarizawite Pb(A1,Cu);(S0O4)(OH) beaverite Pb(Fe,Cu);(S04),(OH)g

- plumbojarosite Pbg sFe3(SO,)2(OH)s
hidalogite PbAI;(SO4)(AsO4)(OH)s  beudantite PbFe;(SO4)(AsO4)(OH)g

In jarosites, the B site cation is Fe(IlI). The A site is occupied by a cation in 12-fold
coordination, most commonly K*, Na" or H;0" (hydronium), and the T site usually
contains a sulphate unit (SO4%), though in some cases AsO4> can partially occupy this

site (e.g. beudantite) (Kubisz 1964, Brophy and Sheridan 1965).

The mineral structures of jarosite subgroup are based on tetrahedral-octahedral-
tetrahedral (T-O-T) sheets. Octahedra occur at the vertices of a 6° plane net, which

form six-membered rings with the octahedra linked by sharing corners.
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Figure 1.2. (a) c-axis projection illustrating the articulation of the co-ordination polyhedra in the
jarosite structure. (b) A K(O,0OH);, polyhedron with four surrounding octahedra. (c¢) and (d) Structure
of potassium jarosite, showing the T-O-T layers.
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At the junction of the three six-membered rings is a three-membered ring, and one set
of apical vertices of those three octahedra linked to a tetrahedron (Figure 1.1). The
resultant sheets are held together by interstitial cations and hydrogen bonds (Jambor
1999). Hendricks (1937) first described the crystal structure of potassium jarosite and
Wang et al. (1965) confirmed his structural model. The jarosite subgroup belong to

the trigonal crystal system in the rhombohedral class with hexagonal axes (a=Db # ¢

and o = B = 90° y = 120°), and have a space group of R3m (No. 166). Extensive
substitution by other ions within the jarosite crystal structure has been reported

(Dutrizac and Kaiman 1976).

1.4.1 Structural defects within both natural and synthetic jarosites

A common substitution that is often seen, significantly in some cases, in both natural
and synthetic jarosites, is that of hydronium (H;O") partially replacing the A-site
cation. Brophy and Sheridan (1965), Kubisz (1970), and Dutrizac and Kaiman (1976)
proposed hydronium substitution as an explanation for the presence of excessive
amounts of structural water. Ripmeester et al. (1986) demonstrated, with the use of
NMR techniques on deuterated samples, that hydronium could be present within the
jarosite structure. The degree of hydronium present within any jarosite is calculated
indirectly. For synthetic potassium jarosite, the process is relatively straightforward:
the potassium concentration is determined and the molar abundance of hydronium is
subsequently calculated for the A-site. This is typically expressed as [H3O 1« Ky].
For natural jarosites, the procedure for calculating the hydronium concentration is
similar, although there are more species parameters that must be considered. In this
case, K, Na and hydronium all occupy A-sites up to the molar unit of one,

i.e. [H30" 1« A, where A =Na, K].

Another well-documented structural anomaly present within both synthetic and
natural jarosites is Fe(IIl) vacancies. The degree of Fe deficiency within the structure
is typically represented through the Fe:SO4 molar ratio, where the ideal stoichiometry
is 3:2 (Kubisz 1970, Alpers et al. 1989). Typically, the Fe:SO; molar ratio is
significantly lower than the ideal, with values as low as 2.33:2 (Ripmeester et al.
1986) and 2.20:2 to 2.57:2 (Hartig et al. 1984) reported. Kubisz (1970) was the first
to observe that increasing Fe(Ill) vacancies were accompanied by increased

incorporation of water into the jarosite structure, which he termed ‘additional water’.
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Other authors (Hértig et al. 1984, Ripmeester et al. 1986, Alpers et al. 1989) called
this water incorporation ‘excess water’. The purpose of this ‘additional water’ is to
charge balance the structure by incorporating additional protons, leading to partial
conversion of (OH) to H,O. It was not until the NMR work of Ripmeester et al.
(1986) on deuterated jarosites, that the hypothesis of Kubisz (1970) on ‘additional

water’ and its role in the structure could be verified.

Considering that both natural and synthetic jarosites have hydronium substitutions and
Fe deficiencies, the general formula of AB3(TO4),(OH)s is not strictly representative.
To appreciate the structural implications of these defects, Kubisz (1970) wisely
modified the ‘classic’ general formula to H3O1.x Ax B3y [(OH)s3y (H20)3y (TO4)2],

where A can either be K or Na.

1.5 Occurrences of jarosites in the natural environment

Jarosites are common in nature, and they occur in diverse environments, primarily
including: (1) the oxidised parts of sulphide ore deposits or barren pyritiferous rocks;
(2) areas of acid sulphate soils; and (3) in clays. Jarosites are also extremely common
in wastes produced from the metallurgical extractive industry (Dutrizac and Jambor

2000).

1.5.1 Oxidised sulphide deposits and pyritiferous rocks

Potassium jarosite is formed indirectly from the initial oxidation of a sulphide
mineral. In an acid mine/rock drainage environment (AMD/ARD) (Figure 1.1), for

example, the sulphide is frequently pyrite (Hudson-Edwards et al. 1999).

FeS,, +8H,0 <> Fel, +250;, +16H_  +14e” (1.2)

4FeS,,, +140,+4H,0 <> 4Fe(, +8H +850;.., (1.3)

FeS,,, +14Fe; +8H,0 <>15Fe;, +2S0;, +16H| ~  (14)
Followed by

3Fe,, + K, +280;,., +6H,0 — KFe,(SO,),0H, +6H (1.5)

The sulphide undergoes a series of oxidation reactions (Eqgs. 1.2-1.4) to yield Fe(II).

In the natural environment, however, the Fe(Il) rapidly oxidises to Fe(Ill). The
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presence of Fe(Ill) and pyrite initiates a chain reaction, forming further Fe(II), which
in turn oxidises to Fe(Ill). These reactions catalyse the breakdown of pyrite.
Potassium jarosite is eventually formed when Fe(IIl) and free K in solution rapidly

coprecipitate (Eq. 1.5) (Bigham et al. 1996).

Argentojarosite [AgFes;(SO4)2(OH)s] was first observed (Schempp 1925) as a
secondary product from the weathering of sulphide-rich ore veins at the Tintic
Standard mine, Dividend, Utah. Endmember argentojarosite is rare, likely because of
the scarcity of Ag-rich pyritiferous ores, and because Ag commonly precipitates as
metallic silver or as a halide mineral (Dutrizac and Jambor 2000). The most extensive
mining of silver-bearing jarosite, and certainly the oldest documented instance of such
jarosite exploitation, was in the vast pre-Roman workings at Rio Tinto, Spain

(Dutrizac and Jambor 1987).

Plumbojarosite [Pbg sFes(SO4)2(OH)s] was first described in 1902 from the occurrence
at Cook’s Peak, New Mexico (Dutrizac and Jambor 2000). Extensive substitution of
alkali ions by lead has been reported for the jarosite subgroup of minerals from
several localities (Roca et al. 1999). The iron, lead, and sulphate of the jarosite
minerals are probably derived from the oxidation of sulphide minerals, whereas the
alkali cations likely come from the acidic dissolution of gangue minerals (Roca et al.
1999). The low mobility of lead in sulphate media is due to the low solubility of lead
sulphate; consequently, there is a tendency for plumbojarosite to form in areas rich in
lead minerals like galena that have undergone a degree of acidic weathering
(Vasilevskaya 1970). Simons and Mapes (1956) stated that plumbojarosite is

commonly the last mineral to form during the oxidation of galena.

Beaverite [Pb(Fe,Cu)s;(SO4)2(OH)s] is similar to plumbojarosite in that it forms in
close proximity to Fe-Pb-Cu sulphide ore bodies. Beaverite was first discovered at
the Horn Silver mine, Utah, coexisting with plumbojarosite (Butler 1913). In some of
the copper mines in Cornwall, UK, Kingsbury (1952) reported that beaverite occurred
as partial pseudomorphs of galena. Kingsbury and Hartley (1957) observed that
beaverite from the Lake District, Cumbria, UK, was an alteration product of
beudantite [PbFe;(SO4)(AsO4)(OH)g]; eventually beaverite broke down to

plumbojarosite.
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Alkali-jarosites, like potassium jarosite or natrojarosite [NaFes;(SO4)2(OH)s]
commonly occur in oxidised sections of sulphide ore deposits as coatings on, or
pseudomorphs of, iron sulphide minerals (Dutrizac and Jambor 2000). Alkali
sulphate salts (e.g. K»SO4, Na,SO4) are extremely mobile in aqueous environments so
it is unsurprising that alkali jarosites can be found considerable distances from the
original oxidising ore body. The alkali ions may originate from distally sourced
ground water, or from local aluminosilicates that are susceptible to partial dissolution
by low pH solutions developed from the original oxidising sulphide body (Jambor et
al. 2000).

1.5.2 Acid sulphate soils

Probably the most widespread occurrence of jarosites is in acid soils. Throughout the
world, there are extensive regions of acid (pH 3-4) soils that have developed from
marine bedrock sediments containing pyrite (Banfield and Nealson 1997). These
acidic soils present serious problems for agriculture. Iron oxidising bacteria (mainly
Thiobacillus ferroxidans) in soils have been shown to play an important role in
mineral weathering, and to produce some of the precursor reactants for jarosite
formation (Ivarson 1973, Ivarson 1976, Banfield and Welch 2000). The sources of
the alkali ions required for jarosite precipitation probably come from local silicate

sources, such as potassium- or sodium-rich micas (Jambor 1998).

Potassium jarosite and natrojarosite-bearing soils are extremely widespread and
occurrences have been described in Canada (Dudas 1984, 1987, Mermut and Arshad
1987), Germany (Schwertmann 1961), Japan (Hyashi 1994), and Scandinavia
(Oeborn and Berggren 1995). Potassium jarosite is probably a constituent of many
ochre rich soils, especially those formed from marine sediments containing small

amounts of pyrite (Dutrizac and Jambor 2000).

1.5.3 Clays

Jarosites are regularly in clay seams and thick clay beds (Dutrizac and Jambor 2000).
It is generally assumed that the iron and sulphate in jarosite originate from the
oxidation of pyrite, during which acid leaching of the clay minerals occurs, providing
the alkali metals (Warshaw 1956). Alternatively, jarosites can precipitate directly

from small isolated ‘ponded’ solutions during layer silicate formation (Alpers et al.
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1992, Long et al. 1992), or from solutions transported into the clay unit from distal
sources (Khlybov 1976).

1.5.4 Jarosite and the metallurgical industry

A jarosite precipitation process was developed for the zinc industry to meet the need
for an economical means of removing high concentrations of iron, commonly between
5 to 12 wt. % present in Zn-sulphide (sphalerite) ore bodies (Dutrizac 1982). Despite
its widespread application in the zinc industry, the jarosite process is not without its
problems. Chief among these is the disposal of the jarosite residues, which have little
potential use. A zinc refining plant producing 150,000 tonnes of metallic zinc from a
concentrate containing 50 wt. % Zn and 12 wt. % Fe will generate about 125,000
tonnes of jarosite containing only 25-36 wt.% Fe (Dutrizac 1982). These wastes are
commonly stored in dedicated containment facilities, such as ponds lined with
impermeable clay membranes (Dutrizac and Jambor 2000). Other disposal methods
have ranged from storage in sole-purpose caverns excavated in mountains to deep-

water, oceanic discharge (Berg and Borve 1996).

1.6 Dissolution studies

One method of assessing whether a crystalline phase will tend to dissolve or
precipitate is by determining its solubility. To evaluate the solubility of toxic-element
bearing jarosites it is first important to define some parameters, equations and
relationships. In order to correctly describe equilibrium compositions of natural and
experimental water systems (aqueous, gaseous, solid phases) it is initially important
that we utilise ion activities rather than concentrations. The advantage of activities is
that they take into account the effects of interactions between species (such as
intermolecular interactions in reactions of real gases and interatomic forces in
electrolyte solutions) (Atkins 1992). The activity of a species i is defined as (Stumm

and Morgan 1996):

m ' (1.6)
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where m;, is the molal concentration; m’ is the standard concentration of scale (m’ =
1) and y, is the molal scale activity coefficient. The activity coefficient specifically

contains the additional information on the effects of interactions between species. In
dilute solutions, individual ion activity coefficients are commonly expressed through

the Extended Debye-Hiickel approximation, defined as (Stumm and Morgan 1996):

JI

1+ Bax/? (1.7)

where I is the ionic strength; 4 = 1.82 x 10°(&T )'3/2 (where ¢ = dielectric constant;

log f =—Az"

A = 0.5 for water at 25°C); z = charge of ion; B = 50.3(&T Y2 (B = 0.33 in water at

25°C); a = adjustable parameter (angstroms) corresponding to the size of the ion.

The expression for the equilibrium constant for a particular reaction can be written
down by inspection of the balanced equation. First, the reaction quotient, Q, is
written with the partial pressures or molar concentrations of the products in the
numerator and those of the reactants in the denominator, with each one raised to a
power equal to the corresponding stoichiometric coefficient. A general example
would be:
¢ d
aA+bB — cC+dD :%
a,dg
(1.8)
ad+bB <> cC+dD  Q, =K

where, at equilibrium, the reaction quotient, O, equals the equilibrium constant, K.

Both are expressed fundamentally in the terms of activities, a (Atkins 1992).

The central relationship in calculating the chemical thermodynamics of mixtures

under any conditions is:

Q
AG=RTIn=
K (1.9)

where AG is the free energy of the reaction (kJ mol™), R is the gas constant (8.3145 J

mol™ K™), T is temperature (K), K is the equilibrium constant and Q is the reaction
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quotient. Comparison of Q (actual concentration) with the value of K (equilibrium

composition) provides a test for equilibrium (Stumm and Morgan 1996).

The equilibrium between a solid ionic compound, such as calcium carbonate, CaCOs,

and its ions in aqueous solution is:

CaCOy,, <> Cag,, +CO;.,, (1.10)

The equilibrium constant for an ionic equilibrium such as this, bearing in mind that
the solid does not appear in the equilibrium expression, is called the solubility

product, and is denoted K, :

K, = a(Ca® Jalcor) (1.11)

P

In a system where a solid and solution are in contact, the solubility product (K, )

determines the equilibrium concentrations of the elemental components of the solid
phase in solution. At equilibrium, the net release of components from the solid phase
equals the net precipitation and therefore, the solution is saturated. Solutions that are
either super- or undersaturated result in a precipitation or dissolution reaction. In
order to test the saturation state of a solution it is necessary to calculate the free

energy of dissolution of the solid, (Stumm and Morgan 1996):

AG = RTlng

sp
1 1Ca™}, (COY )

71 IAP (1.12)
2+ 2- n——
{Ca }eq {CO:’) }

act __

=RT

eq Sp

where AG is the free energy of dissolution (kJ mol™), R is the gas constant (8.3145 J
mol! K), T is temperature (K), I4P is ion activity product (mol" "), K sp1s the

solubility product (mol™ I''™"

), and n is the number of lattice components of the solid.
The IAP and the K, may be compared to determine the state of saturation of a

solution with respect to a solid as follows (Stumm and Morgan 1996):
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IAP > K, (oversaturated);
IAP = K, (equilibrium, saturated); and

IAP < K, (undersaturated).

If in Eq. 1.12 Q/K, <1 (AG is negative), CaCOs() will dissolve; if O/K, > 1,

CaCOs; will precipitate. The saturation test may often be made by simply comparing
the activity (or concentration) of an individual reaction component with the activity
(or concentration) the component would have if it were in hypothetical solubility
equilibrium. This test is commonly called the saturation index (SI) (Stumm and

Morgan 1996).

1.6.1 Dissolution mechanisms

Mineral dissolution takes place through two discrete steps: a reaction at the mineral
surface followed by diffusion of ions from the mineral surface to the bulk solution.
The slower of these two mechanisms is the dissolution rate-determining step (Stumm

and Morgan 1996).

Transport-controlled dissolution is governed by the rate at which dissolution products
can be transported, through processes such as diffusion or advection, from the mineral
surface to the bulk solution. For a transport-controlled dissolution process, the

dissolution rate is described by Eq. 1.13 (Stumm and Morgan 1996):
dC -1
r=—n=kt )

Jf (1.13)

where r is the dissolution rate (mol s™), k ,is the reaction rate constant (mol s, Cis

ion concentration in solution (mol) and t is time (s). By integrating the concentration
in solution, C (mol) increases with the square root of time, where Cgp is the initial

concentration (mol):

C = CO + 2kpl‘_% (1.14)
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Alternatively, when dissolution products detach from the mineral surface via reactions
that are so slow that concentrations adjacent to the surface build up to values

essentially the same as in the surrounding solution, the mechanism is described as

C A C y
Rate
1
Time Time
Rate = kpt‘” ? Rate = klsurface areal
C=CO+2kpt”2 C=C,+kt
A B

Figure 1.3. (a) Transport vs (b) surface controlled dissolution. Schematic representation of
concentration in solution, C, as a function of change in concentration (e.g., in a batch dissolution
experiment) is given as a function of time (from Stumm and Morgan 1996).

‘surface-controlled’. Under these conditions, the dissolution kinetics follow a zero-
order rate law if steady state conditions at the surface prevail. Eq. 1.15 (Stumm and

Morgan 1996) describes this relationship:

r :Z:kA (1.15)

where r, the dissolution rate (mol s™), is proportional to the surface area of the
mineral, A (m?), k is the reaction rate constant (mol m? s™), C is ion concentration in
solution (mol 1) and t is time (s). According to Stumm and Morgan (1996), the most
important dissolution reactions are surface-controlled and most minerals dissolve via

this process. Figure 1.3 compares the two control mechanisms.

In certain circumstances, a situation intermediate between transport- and surface-
controlled mechanisms, known as a mixed transport-surface kinetic reaction, may

develop (Stumm and Morgan 1996).
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1.6.2 Experimental methods for studying dissolution process

Various experimental set-ups have been used to determine the kinetics of mineral

dissolution (Schnoor 1990):

1. batch reactor method, where the mineral and solution are constantly stirred in
a container either open or closed to the atmosphere;

2. flow-through method, where fresh solution is constantly supplied to a reaction
chamber containing the mineral, from which the old solution is removed at the
same rate; and

3. pH-stat method, an adaptation of the batch reactor method, where the pH of

the reaction is kept constant.

Each method has advantages and disadvantages. The batch reactor method is the
simplest of the three. It entails the mineral being allowed to dissolve in contact with
the same fluid until equilibrium is attained; this method is often used to determine
solubility constants (Stumm and Morgan 1996). The two main problems with this
method are, first, that as the mineral dissolves, and the solution composition changes,
the dissolution rate may change in response to a changing solution. Secondly, as
concentrations of ions in solution increase, saturation with respect to any secondary
phases may be reached. Once these secondary phases start to precipitate, solution
composition reflects both the rate of the primary dissolution and the rate of the
secondary phase precipitation. Under certain circumstances, the data could become

difficult to interpret in an unambiguous manner (Amacher 1991).

The pH-stat method has similar advantages and disadvantages to those of the batch
reactor method, though it has the added benefit that it is possible to study dissolution
to equilibrium at a specific pH value. Therefore, it is readily amenable to the
determination of the H' ion concentration dependence on dissolution rates (Amacher

1991).

Flow-through reactors have an advantage over batch reactors in that the solution
composition remains constant and that it is possible to control the saturation state of
the solution by changing the flow rate. It is for this reason that this technique is the
one commonly used to study the kinetics of mineral dissolution. Flow-through

reactors typically come in two configurations: (i) a fluidised bed or (ii) a column
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reactor. In fluidised bed reactors, the mineral grains are kept in suspension by a rapid
recirculation pump and the dissolution products are rapidly stirred into solution. A
problem with this technique is that physical abrasion of mineral grains may occur
during stirring, which may affect the dissolution rate. For a column and plug-flow
reactor the minerals grains are packed into a tube or column and water is forced
through. The contact time with each aliquot of solution with the mineral grains is
longer with the column reactor than with the fluidised bed reactors. The reaction
products are also stirred into solution less rapidly compared to the fluidised bed,
although solution composition near the mineral grains may differ from that of the bulk

solution due to reduced flow rates (Amacher 1991).

Solubility products and free energies for dissolution of potassium jarosite (Brown
1970, Allison et al. 1990, Stoffregen 1993, Baron and Palmer 1996b), natrojarosite
(Kashkay et al. 1975, Stoffregen 1993) and the chromate analogue of jarosite (Baron
and Palmer 1996a, 2002) have been obtained using the batch reactor method (see
Section 1.9).

1.6.3 Products of dissolution

When a mineral dissolves, several successive elementary steps may be involved

(Stumm and Moran 1996):

1. mass transport of dissolved reactants from bulk solution to the mineral
surface;

adsorption of solutes;

interlattice transfer of reacting species;

chemical reactions;

detachment of reactants from the surface; and

AR

mass transport into the bulk of the solution.

In all solution environments the bare metal ion is in continuous search of a partner.
All metal cations in water are hydrated; that is, they form aqua complexes (hydration
shell). It is frequently difficult to determine the number of H,O molecules in the
hydration shell, but many metal ions coordinate four or six H,O molecules per ion.

The coordination reactions in which metal cations participate in aqueous solutions are
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exchange reactions with the coordinated water molecules exchanged for some

preferred ligands (Stumm and Moran 1996).

During mineral dissolution there may come a time when the bulk solution becomes
oversaturated; under these conditions a solid phase may be formed from the
supersaturated solution. Usually three steps can be distinguished in the nucleation

and crystal growth of a solid phase (Stumm and Morgan 1996):

1. The interaction between ions or molecules leads to the formation of a critical

cluster or nucleus:

X+XeX,

X, + X & X,

X, +X o X, (critical cluster)

X, +X > X, (nucleation) (1.16)

Nucleation corresponds to the formation of the new centres from which
spontaneous growth can occur. The nucleation process determines the size
and distribution of crystals produced.

2. Subsequently, material is deposited on these nuclei,

X .., + X — crystal growth (1.17)

j+l
and crystallites are formed (crystal growth).
3. Large crystals may eventually be formed from fine crystallites by a process

called ripening.

Adsorption of metal cations in solution on mineral and particle surfaces is extremely
important in the attenuation of ARD pollution. The inherent scavenging properties of
these compounds are related to their high surface areas, and to their surface charge
that is pH dependent (Bigham and Nordstrom 2000). The exchange of H" and OH
ions at the mineral-water interface is responsible for establishing the overall net
surface charge for a mineral or particle (Stumm and Morgan 1996). Each surface also
has a characteristic point of zero charge (pzc), the pH value at which the net surface
charge is zero. The net surface charge is positive at pH values below the pzc but
becomes negative at pH values higher than the pzc (Stumm and Morgan 1996,
Bigham and Nordstrom 2000).
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Foreign toxic metal cations (i.e. Pb(Il)) are adsorbed to the surfaces of hydrous Fe
oxides by the development of surface complexes that involve the coordination of the
foreign ion with oxygen donor atoms to form either monodentate or bidentate

complexes, with the release of protons (Bigham and Nordstrom 2000):

—Fe—OH + Pb* «— —Fe—OPb" + H' Monodentate
—Fe—0OH —Fe—0O_

+ Pp* s . __Pb+2H Bidentate
— Fe—OH —Fe—0O (1.18)

The complexes are considered to be inner-sphere if a mostly covalent bond is formed
between the metal and the electron-donating oxygen ions. Otherwise, the complex is
outer-sphere, with solute molecules providing the separation between the metal and
oxide surface (Stumm and Morgan 1996). As might be expected, the attraction and
binding of a foreign metal ion to an oxide surface is strongly pH dependent and is
favoured by pH values that produce a net negative surface charge (above the pzc)

(Bigham and Nordstrom 2000).

The process of oxyanion (AsO,’") accumulation at oxide surfaces is similar to that of
metal cations. Unlike metal cations, however, the absorption of oxyanions decreases
with increasing pH because of competition with OH™ and electrostatic repulsion by
negatively charged oxide surface at pH values above the pzc (Stumm and Morgan
1996). As with metal cations, the surface complexes formed by oxyanion absorption
may be inner-sphere or outer-sphere in character. Inner-sphere sorption may result in
both monodentate and bidentate surface complexes, and the latter may be bidentate

mononuclear or bidentate binuclear (Bigham and Nordstrom 2000):

O OH
—FeOH" + HAsSO, ~— —Fe/ \As/ + H,0 Bidentate
N A N Mononuclear
O O
—FeOH —Fe—0 O
+ HASO, «~—— \AS/ + 2HO B!denTOTe
N\ ? Binuclear
—FeOH —Fe—0O O (1.19)
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Trivalent oxyanions, such as AsO,> and PO,>, are much more aggressive in forming
inner-sphere complexes as compared to their divalent counterparts (e.g. SO4>). As a
result, the trivalent species yield absorption edges that are non-reversible (Bigham and

Nordstrom 2000).

To understand the process and dynamics of mineral dissolution it is ultimately
important to understand the factors that retard dissolution. Obviously, substances that
“block” surface functional groups or prevent the approach of dissolution-promoting
H', OH, ligands and reductants to the functional groups inhibit dissolution (Stumm
and Morgan 1996). The adsorption of a charged species at a constant pH may change
the surface protonation. The formation of a negatively charged surface complex (e.g.,
by absorption of a multivalent ligand) is accompanied by an increase in surface
protonation; the formation of a positively charged surface complex (e.g., due to the
adsorption of a cation) is accompanied by a decrease in surface protonation (Sigg and
Stumm 1981, Blesa et al. 1994). In doing so, it may cause synergistic or antagonistic
effects with respect to the relative acceleration or inhibition of dissolution (Stumm
and Morgan 1996). Binuclear or multinuclear surface complexes tend to block
surface sites. A much higher activation energy is involved in detaching
simultaneously two metal centres from the surface; hence, dissolution is retarded by

binuclear species (Bigham and Nordstrom 2000).

It is now worth mentioning some of the possible breakdown phases that might be seen

in this study and briefly introduce their mineralogy and adsorption properties.

1.6.3.1 Goethite

Goethite (a-FeOOH) is usually considered to be the most stable form of Fe(III) oxide,
and it occurs in almost every type of surface environment (Schwertmann and Taylor
1989, Schwertmann and Fitzpatrick 1992). In mine-drainage precipitates, goethite is
commonly observed as a trace or minor constituent, but is rarely the dominant phase
(Bigham 1994). Well-crystallised specimens of goethite have needle-like (short rods)
crystal habits. Infrared spectra of mine-drainage goethite show diagnostic bands due

to OH bending at 890 and 797 cm™ (Brady et al. 1986).

Pb(Il) was found to form a monodentate (=FeOPb") complex when absorbed to

goethite in an XPS study by Abdel-Samad and Watson (1998). Sherman and Randal
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(2003) found, though EXAFS spectroscopy, that AsO, adsorbed to goethite by
inner-sphere bidentate binuclear corner and edge-sharing complexes. Also using
EXAFS, Peacock and Sherman (2004) found that Cu(II) sorbs to goethite by bidentate
[(EFeOH),Cu(OH),"] and tridentate [(ZFe;0(OH),)Cuy(OH);"] surface complexes.

1.6.3.2 Ferrihydrite

Ferrihydrite (= FesOHsg.4H,0) has become a popular but often misused synonym for
“amorphous” ferric hydroxide (Bigham 1994). Ferrihydrite is always poorly
crystallised, but can display a range of structural order that gives rise to XRD patterns
consisting of anywhere from two (worst crystallised) to six (best-crystallised) broad
bands (Carlson and Schwertmann 1981). Natural and synthetic samples both usually
consist of highly aggregate, spherical particles with diameters in the order of 2 to 6
nm (Bigham 1994).

In sulphate rich ARD environments, Pb(Il), Cu(Il), and Zn(II) will all sorb to
ferrihydrite to form ternary surface complexes (EFeOHMeSO,, where Me is Pb(Il),
Cu(II), and Zn(II); Webster et al. 1998, Swedlund and Webster 2001, Swedlund et al.
2003). Sherman and Randal (2003) found that AsO,>" sorbs to ferrihydrite by forming

inner-sphere bidentate binuclear corner and edge-sharing complexes.

1.6.3.3 Schwertmannite

Schwertmannite (FegOg(OH)SO,) is a relatively new mineral and its chemical and
physical characteristics were originally described by Bigham et al. (1990). Like
ferrihydrite, schwertmannite is a very poorly crystallised mineral characterised by
high surface area (100 to 200 m?/g) and a “pin-cushion” morphology (Bigham 1994).
Schwertmannite is also easily distinguished from ferrihydrite and other associated
minerals by its XRD profile, which consists of eight broad bands for d > 1.4 A
(Bigham et al. 1990).

In sulphate-rich environments Webster et al. (1998) and Swedlund and Webster
(2001) found that Pb(II), Cu(Il) and Zn(II) formed ternary surface complexes on the
surfaces of schwertmannite. AsO4> is thought to sorb to schwertmannite by creating
bidentate surface complexes, similar to those seen for goethite and ferrihydrite,
though no firm structural (EXAFS) evidence is available at present (Webster et al.
1998). Although schwertmannite is a metastable phase of goethite, Fukushi et al.
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(2003) found that the transformation was significantly inhibited by the absorption of
ASO43_.

1.6.4 Characterisation of dissolution products

There are a large number of techniques available to characterise the products of
dissolution. In this short section, the merits of some of the more important techniques
will be discussed. Probably the most important and significant is X-ray diffraction.
By acquiring a diffraction profile of the residual solid after the completion of a
dissolution experiment, it is possible to see if the original mineral structure has
changed over the course of being dissolved, and, more importantly, identify any
secondary phase(s) that may have formed from the ions in the bulk solution. Another
technique that can give significant insight into the structure of the dissolved solid is
vibrational spectroscopy, commonly infrared (FTIR) or Raman. By comparing the
vibrational assignments of the original solid and the residual recovered after
dissolution it is possible to gauge if there are any major structural differences in the
dissolved solid and identify any additional modes that could be attributed to a
secondary phase(s). Through scanning electron microscopy (SEM), it is possible to
compare the morphology of the pre- and post-dissolution solids. This is an important
technique as it can help gauge if there is any selective dissolution of the minerals’
surface, and to see if a secondary phase(s) has precipitated and, identify its specific
crystal habit. The methods used to characterise the dissolution products in this study
are discussed in Chapter 2 and Appendix A.

1.7 Synthesis of jarosites

It is possible to determine the amount of toxic element release from the jarosites by
conducting dissolution studies on their synthetic analogues. Various members of the
alunite supergroup have been synthesised. The jarosite subgroup consists of only nine
minerals (Table 1.1). These and their synthetic counterparts are listed in Table 1.2 to
illustrate the nomenclature used to distinguish their origins and composition. All the
compounds correspond to the general formula of AB3(TO4)2(OH)s. The synthetic
analogues can be viewed as a series of elemental substitutions within the general
AB3(TO4)2(OH)g structure and broadly classed together depending upon their valance

state (e.g. Pb(Il) in plumbojarosite, a divalent substitution).
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Table 1.2. Minerals of the jarosite subgroup, and synthetic analogues (from Dutrizac and Kaiman
1976).

Idealised Formula Mineral name Synthetic equivalent
KFe3(SO4)2(OH)g jarosite potassium jarosite
NaFe3(S04)2(OH)s natrojarosite sodium jarosite
RbFes(S0O4)2(OH)g no mineral equivalent  rubidium jarosite
AgFes(S04)2(OH)s argentojarosite silver jarosite
(NH4)Fe3(SO4)2(0OH)e ammoniojarosite ammonium jarosite
T1Fe;(SO4)2(OH)e dorallcharite thallium jarosite
Pbo sFe3(SO4)2(OH)e plumbojarosite lead jarosite
HgosFe3(SO4)2(OH)e no mineral equivalent  mercury jarosite
Pb(Fe,Cu);3(SO4)2(OH,H,0O)¢  beaverite lead-copper jarosite
(H30)Fe3(S0O4)2(OH)e hydronium jarosite hydronium jarosite

1.7.1 Monovalent cation substitutions

All the monovalent A-site cations stated below can form near perfect solid solutions
with each other, and commonly with additional minor hydronium substitution. The
most extensive solid solution made and researched is the Na-K series (Dutrizac and

Jambor 2000).

Potassium and sodium. Of the entire jarosite subgroup, potassium and sodium
jarosite are the easiest endmembers to synthesise, and consequently the most studied.
The reactants commonly used in the synthesis of these two jarosites are ferric sulphate
and the corresponding alkali sulphate (Brophy and Sheridan 1965, Brown 1970,
Dutrizac and Kaiman 1976, Dutrizac 1983). Baron and Palmer (1996b) synthesised
potassium jarosite using an excess of KOH because this produced a purer synthetic
analogue than when using potassium sulphate. Generally, it has been observed that
potassium is easier to incorporate into the jarosite structure at the A-site than sodium.
Potassium jarosite has also been synthesised by Sasaki and Konno (2000) using a
novel technique. Fe(IIl) was provided through the biological oxidation of Fe(Il) by
Thiobacillus ferrooxidans and by the chemical oxidation of Fe(II) by slow and rapid

addition of H,O,. Potassium was introduced as K,SOj.

Ammonium. In hydrometallurgy, ammoniojarosite [(NH4)Fes(SO4)2(OH)g] is formed
as a by-product when ammonia is added as a neutralising agent to an iron-rich, hot
acid leach solution. Dutrizac (1996) has extensively investigated ammonium

incorporation into the jarosite structure. Synthetic ammonium jarosite forms from an
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ammonium sulphate salt in similar conditions to that of potassium jarosite and sodium

jarosite above (Dutrizac and Kaiman 1976).

Hydronium. Hydronium (H;O") occurs in all natural and synthetic jarosites to charge
balance deficiencies of A-site cations (see Section 1.4.1). Under certain conditions, a
synthetic hydronium jarosite [(H3O)Fes;(SO4)2(OH)s] in which no suitable A-site
cation is available can be made (Dutrizac and Kaiman 1976). The crystal structure of
the isostructural Ga analogue of jarosite ((H3;0)Ga3(SO4)2(OH)s) was determined by
Johansson (1963), who showed that the alkali cation position was occupied by an O-
bearing species which he concluded was most likely H;O" (Dutrizac and Jambor
2000). Many other isostructural analogues of hydronium jarosite have been
synthesised (V(III), Wills 2001; AI(IIT), Wills et al. 2000; Cr(III), Morimoto et al.
2003).

Solution pH is probably the most important parameter controlling the synthesis of
pure hydronium jarosite (Dutrizac and Jambor 2000). At 140°C, endmember
hydronium jarosite was observed to form over the pH range 0.4-1.4. At lower pH
values, no product was produced, and at higher pH, discoloration of the solution
suggested partial FeO(OH) precipitation. Seeding with hydronium and constant
stirring were essential to suppress the co-precipitation of FeO(OH). Temperature is
also a major influence on yield. At 100°C, only traces of hydronium jarosite were
precipitated from 1.0 M Fe(Ill) solution of pH = 0.8 after 24 h, which was seeded
with hydronium and well agitated. The yield rose steadily with increasing
temperature to approximately 140°C, and then reached a plateau. Above 160°C,

hydronium jarosite no longer formed (Dutrizac and Jambor 2000).

Silver. Silver jarosite [AgFes;(SO4)2(OH)s] has been successively synthesised by
Fairchild (1933), May et al. (1973) and Dutrizac and Kaiman (1976). Systematic
investigations on the formation of silver jarosite by Dutrizac (1983) and Dutrizac &
Jambor (1984, 1987a) showed that under certain conditions, silver jarosite was nearly
as stable as potassium jarosite. During the formation of potassium jarosite, Ag" will
be selectively incorporated in preference to Na', NH4", Pb(Il) or (Pb(II)+Cu(II))
(Dutrizac 1983).
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Thallium. Thallium exists in both the monovalent and trivalent states, with T1" by far
the more stable. It is theoretically possible to have two Tl-dominant jarosites:
TIFe3(SO4)2(0OH)s and K(TI*",Fe*")3(SO4)2(OH)s (Dutrizac and Jambor 2000).
Yaroslavtsev et al. (1975) reported the co-precipitation of both thallium valences,
although the nature of the precipitates was never clarified (Dutrizac and Jambor
2000). However, Dutrizac and Kaiman (1975, 1976) made T1" end-member jarosite

relatively successively.

Rubidium.  Fairchild (1933) was the first to synthesise rubidium jarosite
[RbFes;(SO4)2(OH)g], but the low purity of Rb,SO4 available at the time resulted in
precipitates containing substantial amounts of K,O or Na,O. Fairchild (1933) stated
the order of stability for the synthetic jarosites to be K > Rb > Na, which was
confirmed by Steintveit (1970). Dutrizac and Kaiman (1976) eventually synthesised
rubidium jarosite free of both K and Na, and subsequently characterised it as

Rby 32(H30)0.18F€2.7(SO4)2(OH,H>0)s.

Lithium and Cesium. Although Na, K and Rb substitute into the jarosite structure, it
has been demonstrated that neither Li nor Cs produce an endmember jarosite, even
though they are all members of Group 1 elements of the periodic table (Dutrizac and
Jambor 1987c). The inability to form these endmember species is attributed to the
small size of the Li" ion (r = 0.60 A) and the larger size of the Cs' ion (r = 1.69 A)
relative to the ions of the other members of the group Nar=0.95 A, Kr=1.33 A,
Rb r = 1.48 A) (Cotton and Wilkinson 1962). However, Dutrizac and Jambor (2000)
state that Cs-bearing potassium, sodium, and rubidium jarosites can be synthesised
with a Cs content of > 2 wt. %. The incorporation of Cs was greatest for potassium
jarosite and was least for rubidium jarosite. Lithium does not seem to be significantly
incorporated in any of the jarosites. The highest Li content detected was 0.1 wt. % Li

(Dutrizac and Jambor 2000).

1.7.2 Divalent cation substitutions

Lead. Pb(Il) in jarosite will typically occupy only half the available A-sites to
preserve charge neutrality [PbgsFe;(SO4)2(OH)g]. Fairchild (1933) was the first to
attempt to synthesize plumbojarosite by combining 0.3 g PbCl,, 1.5 M HCl and 1.6 g
Fe,(SO4);. The synthesis was especially interesting due to the fact that the jarosite
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was produced from an acidic chloride media. Mumme and Scott (1966) prepared
plumbojarosite in an autoclave by reacting excess lead sulphate with a 0.125 M
Fey(SOy), solution at temperatures ranging from 100 to 190°C. Unfortunately, the
lead jarosite was contaminated with PbSO4, which was subsequently dissolved and
leached from the jarosite by washing with ammonium acetate. Dutrizac and Kaiman
(1976) synthesised lead jarosite using a technique whereby the lead was slowly added
to a hot ferric nitrate solution. This technique had the advantage that the product was

not contaminated with PbSOj,.

Dutrizac and Jambor (1987a) observed an 11 A (003) diffraction line in their synthesis
of lead jarosite, thereby indicating that some ordering of the monovalent, alkali-site
cations had occurred. The consequence was that the c-axis parameter had doubled to

~ 34 A. This is discussed in more detail in section 3.1 of this thesis.

Copper and Zinc. Copper and zinc can be incorporated into lead jarosite to produce
beaverite [Pb(Fe,Cu,Zn);(SO4)(OH)g], where copper and zinc can partially substitute
for iron, to the extent that a solid solution series exists. Dutrizac and Dinardo (1983)
explored the synthesis of copper and zinc incorporation into lead jarosite
concentrating on an autoclave method and a slow-addition technique (see Section

1.8.1).

Dutrizac (1984) determined that potassium jarosite could incorporate about 2.1 wt. %
Zn(II), but only half that amount was successfully substituted into sodium jarosite,
and even less into ammonium jarosite. Scott (1987) reported a jarosite with 6.3 wt. %
Pb and 2.5 wt. % Zn(Il), which appears to be the maximum Zn(II) content that has
been described for the natural jarosite subgroup. Substitution of Cu(Il) in the alkali

jarosites is similarly low (Dutrizac and Jambor 2000).

Cadmium, Cobalt, Nickel and Manganese. Cadmium typically has been found in
jarosites about 0.05 wt. % or lower (Dutrizac et al. 1996). Substitutions of Co(II) and
Mn(Il) in sodium jarosite have been reported to be < 0.5 wt. % and about 2 wt. %,
respectively (Dutrizac and Jambor 1987a). Dutrizac and Jambor (2000) summarise

the order abundance of these metals in the jarosite structure:

+ + + 2+ + +
Cu*' > Zn*" > Co*" ~ Ni*" ~Mn*" > Cd?
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Mercury. Mercury in jarosite is divalent and the formula of the jarosite compound it
makes is HgpsFe3(SO4)2(OH)g, analogous to that of plumbojarosite. Mercurian
jarosite has not been reported to occur naturally (Dutrizac and Jambor 2000).
Dutrizac and Chen (1981) synthesised mercury jarosite by a slow-addition method
(see Section 1.8.1). Of all the synthetic jarosites, mercury jarosite is the most
sensitive to pH. No product was formed at pH < 1.4, and at pH > 1.8, the product was

contaminated with iron sulphates.

1.7.3 Trivalent substitutions

Gallium and Indium. Various elements can substitute for Fe(Ill) in the minerals of
the alunite supergroup. The most notable trivalent solid solution occurs between
Fe(Ill) (jarosites) and AI(III) (alunites). Another trivalent solid solution exists
between Ga(Ill) and Fe(IIl), which is complete for K, Na, Rb, NH, and H3O synthetic
jarosites (Johansson 1963 and Tananaev et al. 1967a,b, Dutrizac and Chen 2000).
Dutrizac (1984) synthesised the indium endmember of potassium jarosite. As for the
Na system, Dutrizac and Mingmin (1993) showed that In(IIl) formed a nearly ideal

solid solution series with Fe(III) in sodium jarosite.

Vanadium. Dutrizac and Chen (2003) synthesised a variety of V(III) analogues of
natrojarosite, potassium jarosite, rubidium-substituted jarosite, dorallcharite (TI"),
hydronium jarosite, ammonium jarosite and plumbojarosite. The majority of the
analogues were made at 100°C using a standard hydrolysis procedure, although a
temperature of 140°C was required to give a satisfactory yield of the V(III) end-
member of hydronium jarosite. The plumbojarosite analogue was synthesised by
reacting excessive amounts of lead sulphate at 150°C and subsequently dissolving un-
reacted PbSO,4 at room temperature with ammonium acetate. The synthesis of the
V(III) end-member of argentojarosite was unsuccessful as the trivalent vanadium
reduced the silver ion to metallic silver. Other substitutions, such as Sb(III) (Kolitsch
et al. 1999), Cr(Ill) (Walenta et al. 1982) and Nb(III) (Lottermoser 1990) have also
been reported.

1.7.4 T-site substitutions

. . . . . . + +
Arsenic. Arsenic is found in the natural environment in two valence states, 3" and 5.

As(V) as arsenate, AsO,”", is the only arsenic species that has been observed in natural
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jarosites. Savage et al. (2000) demonstrated arsenate incorporation within jarosite at

the T-site using EXAFS analysis.

Dutrizac and Jambor (1987b) and Dutrizac et al. (1987) investigated the incorporation
of arsenate in sodium jarosite and potassium jarosite at 97°C and 150°C, respectively.
Although extensive precipitation of arsenic occurred in some experiments, the arsenic
commonly was present as a discrete arsenate-bearing phase, scorodite (FeAsO4). The
studies suggested that only ~ 2 % and ~ 4 % AsO4” could be structurally incorporated
in either sodium or potassium jarosite, respectively, at these temperatures. Roca et al.
(1999) reported specific compositions of jarosite from Rio Tinto gossans containing
significant structural concentrations of AsO4” and Pb(II)
[(Ko.58Pbo 39)Fe2.08(SO4)1.65(AsO4)035(OH,H20)6]. Alcobe et al. (2001) synthesised a

lead-arsenate bearing jarosite with a composition similar to beudantite.

Selenium. Selenium (SeO4>), like As (V), replaces SO4* in the jarosite structure.
The formation of selenate requires strong oxidising conditions, which can occur in
some mining areas (Dutrizac and Jambor 2000). Dutrizac et al. (1981) synthesised
selenate analogues of sodium and potassium jarosite and subsequently concluded that
it was possible to make selenate analogues for all other members of the jarosite

subgroup.

Other anions. Phosphate and sulphate show a partial solid solution with Pb(II),
Bi(V), and Sr(II) synthetic jarosites (Dutrizac and Jambor 2000). The synthetic
chromate analogue of jarosite is also known (Powers et al. 1975, Baron and Palmer
1996b). Substitution of silicate and molybdate at the T-site have been reported but

their abundance is rare (Ripp et al. 1998).

1.8 Conditions affecting the synthesis of jarosites

Many physical and chemical parameters (e.g. temperature, pH) commonly affect the
synthesis of jarosites. The remainder of this section will discuss the important

parameters separately.

1.8.1 Experimental technique

There are three principal ways of synthesising jarosites: (1) in a glass reaction vessel,

(2) by a slow addition technique and (3) in an autoclave. A glass reaction vessel can
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be easily described as a large (commonly 2 L) glass beaker that has a Quickfit lid with
a variety of neck adapters, one of which typically has a condenser attached to reduce
solution loss through evaporation. The slow addition technique is an adaptation of the
reaction vessel technique where a reactant, commonly the A-site cation, is slowly
added to the solution through one of the neck adapters connected from the Quickfit
lid. Finally, an autoclave allows the solution to react at a variety of temperatures and

pressures.

1.8.2 Temperature

Potassium, sodium, and ammonium jarosite can all form at 25°C although the rates of
formation are very slow (Babcan 1971). Synthetic potassium jarosite precipitates
extremely rapidly at about 80°C and is nearly complete in several hours at 100°C
(Brophy et al. 1962, Dutrizac and Kaiman 1979). The reaction rate increases rapidly
above 100°C, but there is an upper limit for jarosite formation that seems to be
between 180-200°C, depending upon the solution composition (Haigh 1967, Babcan
1971). Dutrizac (1983) investigated factors affecting alkali jarosite formation and
concluded that the majority of alkali jarosites, excluding hydronium jarosite, could be
made in a reaction vessel at an optimum temperature of 97°C. Synthetic hydronium

jarosite presently can only form in an autoclave at temperatures varying from 130-

160°C (Dutrizac et al. 1980).

All lead-bearing synthetic jarosites examined in the present study (e.g. beaverite,
beudantite, and plumbojarosite) can be made at varying temperatures either by an
autoclave or by a slow addition type technique. When made via slow addition the
optimum temperature is similar to that for alkali jarosite formation in a reaction vessel
(i.e. 97°C) (Dutrizac et al. 1980). For autoclave synthesis, Dutrizac et al. (1980)
found that the ideal temperature was 130°C; small quantities of Fe,O3; were detected at

170°C.

1.8.3 pH

The initial solution pH is extremely important because pH plays a major role in the
stability and precipitation of jarosite (Brown 1971, Bingham et al. 1996, Dutrizac and
Jambor 2000). A key stage in jarosite formation is the hydrolysis of the ferric iron

sulphate, which releases protons. Increasing acidity retards the formation of further
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jarosite product (Dutrizac 1983). For this reason, the initial starting pH of the solution
is critical to optimising jarosite formation and maximising yield. Jarosite
precipitation increases with increasing pH until other Fe compounds are precipitated,
which occurs at pH values greater than 2 at 100°C (Brown 1971). Park and Park
(1978) found the ideal starting pH to be between 1.5 and 1.6 for jarosite formation at
100°C. Dutrizac (1983) showed that a consistent amount of jarosite is precipitated at
pH values less than 1.5. The amount of precipitate, however, decreases sharply at
very low pH (< 1.5) values. At an initial pH of ~ 0.5, no precipitate forms because

formation of the solid is not thermodynamically favourable.

For the jarosites prepared in this study, all initial solution pHs except that for the
synthesis of beudantite, were adjusted to between 1.8 and 1.5, using 0.01-0.03 M
H,SO4. For the beudantite synthesis, H;AsO4 was used to adjust the pH into the

correct initial range.

1.8.4 Alkali metal concentration

Iron precipitation increases with increasing M'/Fe(I1l) ratio, to a point slightly above
the ideal stoichiometric ratio of 1:3; thereafter, the degree of jarosite precipitation is
independent of alkali metal concentration (Dutizac and Kaiman 1976, Park and Park
1978, Dutrizac 1983). Early work by Fairchild (1933) and Kubisz (1972) concluded
that the ideal stoichiometric ratio of M'/Fe(Ill), 1:3, gave a yield closest to the
endmember. However, Dutrizac (1983) discovered that higher than theoretical
concentrations of alkali ions in solution resulted in jarosites with slightly increased
final yields and higher alkali than hydronium contents in the precipitates. Very high
alkali metal sulphate concentrations (i.e. > 1.0 M) can result in the precipitation of

alkali iron sulphates instead of jarosites (Dutrizac and Jambor 2000).

The alkali metal in synthetic potassium jarosite can be introduced in one of two
forms: KOH (Baron and Palmer 1996b) or, more commonly, K,SO4 (Dutrizac and
Kaiman 1976, Dutrizac 1983). Baron and Palmer (1996b) introduced potassium as a
hydroxide rather than a sulphate because they believed the hydroxide would result in
higher potassium content in the jarosite-precipitate. The work done by Kubisz (1970)
supports the argument of Baron and Palmer (1996b). When preparing synthetic

potassium jarosite with K,SO, and ferric sulphate, the molar ratio of SO3:Fe,05 is 3:1
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as opposed to the stoichiometric ideal 4:3. Kubisz (1970) therefore recommended that
the A-site alkali cations should be introduced in the form of hydroxides to improve

the sulphate to iron ratio and thereby create purer alkali endmember jarosites.

The lead reactant in the lead-bearing jarosites can be either Pb(NO;3), for slow

addition synthesis or PbSOy for autoclave synthesis.

1.8.5 Iron concentration

Synthetic jarosites are readily precipitated from sulphate rich solutions containing
0.025 to 3.0 M Fe(Ill) (Brophy and Sheridan 1965, Brown 1970). The lower limit of
Fe(Ill) for jarosite precipitation is near 0.001 M (Brown 1971). If there are excess
alkali metal ions available, the fraction of iron that is precipitated is independent of
the iron concentration in solution (Dutrizac and Jambor 2000). Consequently, the
total amount of jarosite formed is directionally proportional to the concentration of

Fe(III) in solution (Dutrizac and Jambor 1984).

1.8.6 Effects of seeding and agitation

Dutrizac (1983) studied the synthesis of sodium jarosite to investigate the effects of
seeding and agitation on alkali jarosites. For the synthesis of sodium jarosite with no
jarosite seed, Dutrizac (1983) found at low rotational speeds in the solution, the yield
of product was relatively low and the jarosite tended to coat the glassware and the
stirring rod. As the rotational speed increased above approximately 400 rpm, the
yield increased significantly and most of the jarosite remained in suspension. Above
600 rpm, there was no significant effect on either the amount of jarosite formed or the
amount in suspension. From structural analysis of the jarosites formed under various
amounts of agitation Dutrizac (1983) found that the iron and alkali content in the final

jarosite precipitate was independent of the stirring speed.

Once the jarosite started to form, the precipitate tended to self-seed, but only when the
precipitate was well suspended in the solution. Once the precipitate became
thoroughly dispersed, further increases in stirring rate had no significant effect on
yield and final product composition (Dutrizac 1983). Dutrizac (1983) also discovered
that a small amount (< 30 %) of jarosite seed added at the beginning of the synthesis

had an insignificant effect on the overall jarosite chemical composition. The only
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effect the seed seemed to have upon the synthesis was to increase slightly the overall

product yield (Dutrizac 1983).

In autoclave synthesis, the addition of a seed under good mixing conditions was not
overtly beneficial, but the seed was useful under poor agitation conditions (Dutrizac et
al. 1980). When the solution was not seeded and stirring was minimal, an enriched
hydronium lead jarosite formed, but the product made in the presence of a seed
always contained more than 12 wt. % lead. The seed prevented the formation of other
iron compounds like hydronium jarosite, FeEO(OH) or Fe,O;. Dutrizac et al. (1980)
showed that lead jarosites made in the presence of seed consisted of lead jarosites
only, while those made without seed were contaminated with FeO(OH) at low stirring
speeds. For plumbojarosite, the yield of product with seeding was as consistent as in
its absence; the yield at 200 rpm was nearly the same as at 800 rpm (Dutrizac et al.

1980).

1.8.7 Lead sulphate leaching

One significant challenge in the synthesis of pure lead jarosites is to minimise lead
sulphate (PbSO,4) impurities in the final precipitated product. The slow addition and
autoclave methods both share this PbSO4 impurity problem, but the slow addition
technique to a much lesser extent. Mumme and Scott (1966) were the first to attempt
to leach lead sulphate impurities from jarosite by washing the product in a 10 %
diethylenetriamine solution. Unfortunately, this caused the yellow-coloured product
to turn progressively orange and then red. XRD analysis of the amine-leached
mixture showed only lead jarosite, suggesting that the colouration was due to the
formation of an amorphous decomposition product. Mumme and Scott (1966)

abandoned this type of leaching and used 10 % ammonium acetate solutions instead.

Dutrizac et al. (1980) investigated ammonium acetate leaching of lead-bearing
jarosites and concluded that an acetate solution did not decompose the lead jarosite at
25 or 35°C. However, they did discover that a slight decomposition of the lead
jarosite occurred at 50°C and became significant at 70 to 90°C. They stated that
ammonium acetate leaching must be done at low temperature to prevent lead jarosite

decomposition. Dutrizac et al. (1980) suggested that, for a 10 g lead jarosite product,
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four 1 L washes in 10 % ammonium acetate at 25°C should be sufficient to remove

any lead sulphate from the jarosite product.

1.8.8 Addition of other sulphates

Neither lithium nor magnesium substitute into the jarosite structure (Dutrizac et al.
1980, Dutrizac and Jambor 1987c), and because of this, sulphates of these cations are
commonly used as electrolytes to increase the ionic strength during jarosite synthesis
(Dutrizac et al. 1980, Dutrizac 1983). High concentrations of Li,SO4 or MgSO4
increase Pb(II) incorporation into the jarosite structure at the expense of hydronium
(H30"), and this is thought to be due to increased PbSO, solubilities in the highly
concentrated sulphate media (Dutrizac et al. 1980). When lead jarosites are
precipitated in the presence of either 2 M Li,SO4 or 2 M MgSQOy,, the Fe(II)
concentration in solution must be increased from 0.05 M for low ionic strength
solutions to 0.3 M to avoid the precipitation of Fe,O3 or a-FeO(OH) (Dutrizac et al.
1980). Dutrizac (1983) investigated the influence of ionic strength on the extent of
iron precipitation and composition of alkali jarosites by additions of MgSO4. He
found that increasing concentrations of dissolved magnesium sulphate caused a slight
decline in the extent of iron precipitation although the effect was imperceptible below
1 M MgSO,. For alkali jarosite compositions such as sodium jarosite, the Na content

was found to be essentially independent of the ionic strength (Dutrizac 1983).

1.8.9 Slow addition versus autoclave methodologies

As stated in previous sections the lead-bearing jarosites such as beaverite, beudantite,
and plumbojarosite can be made either by a slow addition technique or by using an
autoclave. For this project, the slow addition technique was chosen over the
autoclave, primarily because the former gave a more pure product. In autoclave
synthesis there is a very high probability of lead sulphate impurities in the final
product for two reasons. First, lead is introduced to the reaction in the form of lead
sulphate and second, the quantity of the reactant is typically twice the stoichiometric
amount relative to the iron concentration. Even though Dutrizac et al. (1980) found
lead sulphate leaching effective, one of the main objectives of this project is to
investigate the degree of toxic element release from the jarosite subgroup by carrying
out dissolution studies on synthetic analogues. Considering that lead is in the bulk

structure of the majority of the jarosites studied, it would be undesirable to have a
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lead-based impurity in the final product. For this reason, a slow addition technique
was used in the synthesis of the lead jarosites. By using a slow addition technique, we
gained both higher yield and purity at the expense of higher lead and other toxic
element concentrations in the structure. Hydrothermal autoclave syntheses commonly

create purer end-member products with greater crystallinity (Dutrizac et al. 1980).

1.9 Thermodynamic data on the jarosite subgroup

There are only a few experimental studies investigating the solubility of the jarosite
subgroup, concentrated mainly on potassium jarosite and to a much lesser extent,
natrojarosite. Until Drouet and Navrotsky (2003) published definitive calorimetric
data on the K-Na-H3O jarosite solid solution series, the recommend thermodynamic
values correlated by Stoffregen et al. (2000) for the enthalpy of formation, entropy
and heat capacity of potassium jarosite and natrojarosite were derived from

approximations and estimations (Stoffregen 1993) rather than direct determinations.

There is still a large degree of uncertainty about its thermodynamic properties, despite
the amount of data available for the solubility of potassium jarosite. For the
potassium jarosite dissolution reaction:

KFe,(SO,),(OH), +6H,,, <>3Fe + K. +2SO%

(aq) (aq) (aq) 4(aq)

+6H,0,, (1.20)

log K, has been reported to vary from -7.12 to -14.8 and AG’t298 from -3317.9 to
-3192 + 25 kJ mol™ (Stoffregen et al. 2000). Baron and Palmer (1996b) give a
comprehensive summary on available thermodynamic data for potassium jarosite.
They claim that one important source for the variation in the values for the free energy
of formation of potassium jarosite is the use of different values for the free energies
for the ions. Stoffregen et al. (2000) and Drouet and Navrotsky (2003) both
recommend the use of AG: 295 -3309.8+1.7 kJ mol™, as reported by Baron and Palmer
(1996b). There are only a few published values of AG°:9¢ for natrojarosite; the
recommended value is -3256.7 kJ mol™ (Kashkay et al. 1975, Stoffregen et al. 1993).

Drouet and Navrotsky (2003) were the first to experimentally determine the enthalpy
of formation for potassium jarosite, natrojarosite and hydronium jarosite by high-

temperature drop solution calorimetry. They reported AH%p9s of -3829.6 + 8.3,
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-3783.4 + 8.3, and -3741.6 + 8.3 kJ mol” for potassium, sodium and hydronium

jarosites, respectively.

Table 1.3. Recommended thermodynamic data for jarosite endmembers

at 298 K, 1 bar KFC;(SO4)2(OH)6 NaFe;(SO4)2(OH)6 (H30)FC;(SO4)2(OH)6 KFe3(CrO4)2(OH)6

AH® (kJ mol™) -3829.6 + 8.3 -3783.4 + 8.3° -3741.6 + 8.3 -3762.5 + 8.0°
AG® (J mol K™) 388.9° 382.4° 563.5° 388.9°

S° (J mol' K™ -1648.8* -1642.9° -1709.1° -1648.8°
AS®s (kJ mol™) -3309.8 + 1.7° -3256.7 + 8.4¢ -3232.3+8.44 -3309.8 +1.7°

* Drouet and Navrotsky (2003)  ° Calculated by Stoffregen (1993)  © Baron and Palmer (1996b)
4 Kashkay et al. (1975) ° Drouet et al. (2003) " Baron and Palmer (1996a)

Baron and Palmer (1996a) have calculated log K, and AG’t9g for the dichromate
analogue of potassium jarosite [KFes;(CrO4)2(OH)s] to be -18.4 £ 0.6 and -3305.5
+ 3.4 kJ mol ™, respectively. Drouet et al. (2003) calculated the AH (295, S®298, AS 208
for Baron and Palmer (1996a)’s dichromate jarosite to be -3762.5 + 8.0 kJ mol™,
388.9 J mol' K', and -1648.8 -3309.8 + 1.7 J mol’ K'. Table 1.3 shows
recommended enthalpy and entropy values for synthetic potassium jarosite,

natrojarosite, hydronium jarosite and KFe3;(CrO4)(OH)s.

1.10 Frustrated magnetism and the jarosite structure

Chemists and physicists are particularly interested in jarosites, as they supply the best
models for Kagomé antiferromagnets (Wills et al. 2000). The magnetic properties of
the jarosite structure are produced by two-dimensional layers of octahedrally
coordinated Fe(III) ions that lie on the vertices of a Kagomé network. Kagomé type
lattices, of which jarosite is one, comprise of a network of vertex sharing triangles in
two dimensions. The organisation of these triangles on a regular lattice leads to
geometrical frustration. The combination of antiferromagetic interactions and a
Kagomé lattice in a structure such as jarosite leads to interesting frustration effects,
such as the reduction of magnetic ordering, exotic magnetic states, and frustration
(Morimoto et al. 2003). Wills et al. (2000) and the references within contain a

significantly more in-depth appraisal of the magnetism of jarosite-type structures.
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Summary

The general jarosite structure can accommodate a variety of toxic elements
(Pb(I), Cu(Il), Zn(IT), As(V)) in significant quantities (wt. %), to form a wide
variety of minerals.

Jarosites are inherently unstable and will easily decompose upon removal from
their stability region, through either subtle changes in pH and / or temperature.
Currently there is no mechanistic evidence of how jarosites decompose.
Jarosites are found in three principal environments: (1) the oxidised parts of
sulphide ore deposits or barren pyritiferous rocks; (2) acid sulphate soils; and
(3) clays.

Both natural and synthetic jarosites have hydronium substitutions and Fe
deficiencies. These structural defects resulted in the general formula of
AB;3(TO4)2(OH)s being modified to H3O1x A«(K, Na) Bsy [(OH)s3y (H20)3y
(TO4):].

Batch reactor dissolution experiments are the most suitable to determine the
mechanisms and breakdown products of jarosites, and to gauge the amount of
potentially hazardous toxic elements released.

Many synthetic jarosite endmembers exist; lead-bearing analogues should be
synthesised by a slow addition technique to avoid PbSO,4 impurities.

There are very little experimental thermochemistry data available on jarosites.
Of the data available, the majority of it is for potassium jarosite and, to a much

lesser extent, natrojarosite.
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2 Experimental methods and materials

Chapter 2 describes the methods and materials used to synthesise five jarosite
analogues including the experimental set-up used in their characterisation. A
description of the method and analyses of the dissolution experiments, and an overall

summary are given.

2.1 Synthesis

To gauge the degree of toxic element release (e.g. Pb, Cu, Zn, As) from the minerals
of the jarosite subgroup, five synthetic jarosite analogues were made: potassium
jarosite [KFe3(SO4)2(OH)g], plumbojarosite [PbgsFe;(SO4)2(OH)g], beaverite-Cu
[Pb(Fe,Cu)3(SO4)2(OH)g], beaverite-Zn [Pb(Fe,Zn);(SO4)2(OH)s] and beudantite
[PbFes(AsO4)(SO4)(OH)g]. The potassium jarosite analogue was added to this study

to help understand the breakdown mechanisms of “pure” non-toxic jarosite.

Of the four lead-rich jarosites made for this study, sensu stricto, they should be
referred to using their specific synthetic names (Table 1.2) (i.e. a synthetic sample of
plumbojarosite should be called lead-rich jarosite); however, this convention is never
practically adhered to. More commonly, jarosite endmembers are called simply either
natural or synthetic, and this general rule is adopted throughout the remainder of this

study.

To appraise the crystal chemistry of the synthetic jarosites, natural samples of
potassium jarosite, plumbojarosite, and beaverite were obtained in varying degrees of
quality and quantity from the mineral collection of the Natural History Museum.
Similar characterisation techniques were used on both synthetic and natural jarosite
samples, described in more detain in section 2.2. Due to very restrictive quantities of
some of the natural samples, it was not possible to characterise them as fully as the
synthetic samples. Generally, combinations of techniques were used, ultimately

dictated by sample requirements.

Aldrich Reagent-grade chemicals were used for all syntheses, except for arsenic acid
(H3AsO4) which was received as a gift from William Blythe Ltd., Accrington,
Lancashire, UK. Figure 2.1 is a schematic diagram of the synthesis rig; a 2 L glass

Quickfit reaction vessel was immersed in a sand bath, which was heated and
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magnetically stirred by a hot plate stirrer. An external temperature probe was used to
control the temperature of the solution. A spiral condenser minimised solution
evaporation, and lead sulphate was added via a separating funnel, both were attached
to the lid of the reaction vessel by one of its appendages. Table 2.1 summaries the

initial reactant concentrations for the five synthetic jarosite analogues.

Table 2.1. Synthesis conditions

(mol L™ Potassium  Plumbojarosite =~ Beaverite- Beaverite = Beudantite
Jarosite Cu -Zn

KOH 1.0 - - - -

Pb(NO;),* - 0.03 0.03 0.03 0.03

Fe,(S04)3'5H,0 0.351 0.054 0.054 0.054 0.054

CuSO45H,0 - - 0.315 - -

ZnSO47H,0 - - - 0.306

H;AsO, - - - - 0.00946

H,S0, - 0.01 0.02 0.02

* Pb(NO;), concentration is that of a 200ml solution.

2.1.1 Potassium jarosite

Potassium jarosite was synthesised according to the methods of Baron and Palmer
(1996b). A 100 ml solution of 1.0 M KOH and 0.351 M Fe»(SO4);3-5H,0 was heated
to 95°C with constant stirring at 400 rpm in a covered 400 ml beaker at 1 atm. After 4
hrs, the precipitate was allowed to settle and the residual solution was decanted. The
precipitate was then thoroughly washed with ultrapure water (18 MQ cm™) and dried
at 110°C for 24 h.

2.1.2 Plumbojarosite

The synthesis of plumbojarosite was based on the work of Dutrizac and Kaiman
(1976) and Dutrizac et al. (1980). To prepare plumbojarosite, a one litre solution
containing 0.054 M Fe;(SO4)3-:5H,0 and 0.01 M H,SO4 was heated to 95°C with
constant stirring at 400 rpm in a 2 L glass reaction vessel at 1 atm. When the solution
reached 95°C, a 200 ml solution of 0.03 M Pb(NO;), was slowly added at a rate of 6
ml hr''. Once all the Pb(NO3), had been added, the precipitate was allowed to settle
and the residual solution was decanted. The precipitate was then thoroughly washed

with ultrapure water (18 MQ cm™) and dried at 110°C for 24 h.
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Figure 2.1. Schematic diagram of the synthesis rig used to make the lead-bearing jarosites.

2.1.3 Beaverite-Cu/Zn

For the two end-members of beaverite, Cu and Zn, their synthesis was based on the
work of Dutrizac and Dinardo (1983), and Jambor and Dutrizac (1983, 1985). Each
beaverite endmember was made from a one litre solution containing 0.054 M
Fex(S04)3-:5H,0 and 0.02 M H,SOy4, with the addition of either 0.315M CuSQO4-5H,0
or 0.306 M ZnSO47H,0. The solution was heated to 95°C with constant stirring at
400 rpm in a 2 L glass reaction vessel at 1 atm. When the solution reached 95°C, a
200 ml solution of 0.03 M Pb(NO3), was slowly added at a rate of 6 ml hr'. Once all
the Pb(NOs), had been added, the precipitate was allowed to settle and the residual
solution was decanted. The precipitate was then thoroughly washed with ultrapure

water (18 MQ cm™) and dried at 110°C for 24 h.

2.1.4 Beudantite

The synthesis of beudantite was loosely based around the work of Alcobe et al.
(2001). Beudantite was made from a one litre solution containing 0.054 M

Fes(S04)3-5H,0 and 0.00946 M H3;AsO,. The solution was heated to 95°C with
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constant stirring at 400 rpm in a 2 L glass reaction vessel at 1 atm. When the solution
reached 95°C, a 200 ml solution of 0.03 M Pb(NO3), was slowly added at a rate of 6
ml hr''. Once all the Pb(NO3), had been added, the precipitate was allowed to settle
and the residual solution was decanted. The precipitate was then thoroughly washed

with ultrapure water (18 MQ cm™) and dried at 110°C for 24 h.

2.2 Characterisation methods

Six distinct experimental methods were used to characterise the five synthetic jarosite
analogues. = Combinations of four experimental methods were also used to
characterise natural potassium jarosite, plumbojarosite, and beudantite. X-ray powder
diffraction was used to determine phase purity. Stoichiometric analysis enabled the
actual formula of the synthetic and natural jarosites to be calculated. Thermal
gravimetric and differential thermal analysis gave behavioural and quantitative
structural analysis of the changes to the jarosite analogues upon heating. Infrared
vibrational spectroscopy provided a great deal of information about the structure and
bonding. Scanning electron microscopy was used to determine particle morphology.
Finally, BET analysis determined the surface area of the jarosites. The critical
operating conditions for each technique are stated below. General background theory

of the techniques employed can be found in Appendix A.

2.2.1 X-ray powder diffraction

Powder X-ray diffraction (XRD) patterns of the synthetic jarosites were collected in
Bragg-Brentano refection geometry on a Philips PWI1050 vertical powder
diffractometer operated at 35 kV and 30 mA at room temperature. The diffractometer
produced Co Ko Ka, radiation (Ao, = 1.788965 A and Lo, = 1.792850 A); and the
X-ray tube was a long fine-focus type (0.8 x 12 mm). The starting and the final 20
angles were 5 and 155° respectively. The step size was 0.025° 20 and the measuring
time was 10 seconds per step. The lattice parameters were calculated in collaboration
with Dr A. S. Wills (UCL, University of London) through Rietveld refinement.
Refinement of the lattice parameters was carried out using GSAS (Larson and Von

Dreele 1998) and the ‘model free’ Le Bial Method (Le Bial et al. 1988) where
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individual ¢

Fops | »! are obtained by Rietveld decomposition from arbitrarily identical
values. In addition to the structure factors, free refinement was made of the lattice
parameters constrained according to the rhombohedral symmetry of the space group
in the centred hexagonal setting, background, profile parameters, and the instrumental
zero-point. In all cases, a pseudo-voigt profile made up a Lorentzian convoluted with

a Gaussian was used.

A powder XRD pattern of a crystalline natural plumbojarosite sample was collected in
Bragg-Brentano refection geometry on a Bruker D8 diffractometer operated at 40 kV
and 40 mA at room temperature. The diffractometer was fitted with a Ge (111)
monochromator, producing Cu Ka, radiation (A = 1.54056). The monochromator slit
was 2 mm and the exit slit was 0.6 mm. A position sensitive detector (PSD) was
used. The sample was mounted on a Bruker zero background silicon (510) sample
holder. The starting and the final 20 angles were 5 and 60° respectively. The step

size was 0.007° 20 and the measuring time was 0.5 seconds per step.

2.2.2 Stoichiometric analysis

Due to hydronium incorporation and iron impurities within the jarosite subgroup the
classic general formula of AB3(SO4)2(OH)s is not truly representative, and the
improved one devised by Kubisz (1970), H;Oix A«(K, Na) Fes.y [(OH)s.3y (H20)3y
(SO4),] had to be used. The Kubisz (1970) formula requires the elemental ratios of
the A- and B-site cations to be determined against sulphate, where it is assumed that
there are always two sulphate units per unit formula. The exception to this is
beudantite [PbFes;(AsO4)(SO4)(OH)s] where there is only one sulphate unit per unit
formula. For the synthetic jarosites involved in this study total elemental
concentrations were required for K, Pb, Fe, Cu, Zn, As and S, where, the total values
for S and As were expressed as sulphate (SO,4) and arsenate (AsO,”) respectively.
The concentrations of these species were calculated by wet chemistry. An analytical
SEM was also used to determine the elemental species present in the synthetic

potassium jarosite sample.

" The quotation marks are used, as there is a bias in the partitioning of overlapping reflections
according to Fiye.
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Table 2.2. ICP-OES operating conditions

Argon coolant flow 15 1 min”
Argon auxiliary flow 1.50 1 min™
Argon nebuliser flow 0.80 1 min™
Rf forward power 1200 W

Approximately 60 mg of each synthetic jarosite was taken to perform quantitative wet
chemical analysis. Each precipitate was dissolved in a polypropylene beaker by
adding HCI dropwise, until no solid remained. Afterwards the dissolved samples
were made up to volume with 2 % HNO;. The solutions were analysed for their
individual species, a combination of K, Pb, Fe, Cu, Zn, As or S by an inductively
coupled plasma optical emission spectrometer (ICP-OES) on a Varian Vista-Pro
(axial), using a simultaneous solid-state detector (CCD). Table 2.2 shows the
standard ICP-OES operating conditions and Table 2.3 shows which spectral lines
were used to calculate the total elemental concentrations and their overall detection

limits.

Table 2.3. ICP-OES spectral wavelengths for elemental species and their overall detection limits

Elemental Species  Spectral Wavelengths (detection limits)

K 766.491, 769.897 nm (10 ppb)

Fe 234.350, 238.204, 261.187 nm (0.05 ppb)

S 180.669, 181.972, 182.562 nm (10 ppb)

Pb 182.143, 217.000, 220.353, 283.305 nm (5 ppb)

As 188.980, 193.696, 197.198, 228.812, 234.984 nm (25 ppb)
Cu 213.598, 223.009, 324.754, 327.395 nm (1 ppb)

Zn 202.548, 206.200, 213.857, 330.258, 334.502 nm (2 ppb)

The stoichiometry of synthetic potassium jarosite was also determined indirectly by
an analytical SEM. For this technique some of the synthetic jarosite was mounted
into a cylindrical block (025 mm) of SPECIFIX epoxy resin. Once hardened the
block was polished and the sample surface was coated in carbon. The sample was
then placed into a Jeol JSM-5900LV SEM combined with an Oxford Instruments
INCA system energy dispersive X-ray spectrometer (EDX) backscatter detector,
where the accelerating voltage was 20 kV. The analysis calculated K, Fe and S in

compound weight percent.

The stoichiometry of the crystalline natural potassium jarosite and plumbojarosite
were determined by quantitative elemental analysis with a Cameca SX-50 electron

microprobe. Potassium bromide KBr, galena PbS, hematite a-Fe,O3;, and barium
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sulphate BaSO4 were chosen as standards for K, Pb, Fe, and S respectively; where the
analysis was calculated in compound weight percent. Similar to the synthetic sample
above, the two natural samples were mounted into cylindrical blocks (25 mm) of
SPECIFIX epoxy resin; once hardened the blocks were polished and the sample
surfaces were coated in carbon. The operating conditions for the potassium jarosite
analysis were an accelerating voltage of 20 kV, current 20 nA, and a spot size of 20
um. Due to the high water content in plumbojarosite, all three of the above operating
parameters for potassium jarosite had to be reduced to avoid sample beam damage.
The parameters for the plumbojarosite analysis were: accelerating voltage of 15 kV,

current 15 nA, and a spot size of 10 pm.

2.2.3 Thermal gravimetric and differential thermal analysis

Thermal gravimetric (TG) and differential thermal analysis (DTA) were conducted
simultaneously on a Remetric STA 1500H. Table 2.4 shows the exact starting
weights of each individual sample that was heated from 25.0 to 1100°C at a rate of
10°C min™', under an atmosphere of argon at a rate of 30 ml min"'. Data sampling

occurred every second.

Table 2.4. Sample weights for TGA/DTA analysis

Synthetic analogue  Weight (mg)

Potassium jarosite 14.390
Plumbojarosite 10.590
Beaverite-Cu 14.040
Beaverite-Zn 12.960
Beudantite 7.110

X-ray diffraction analyses were preformed after heating the samples under argon to
various relevant temperatures selected from the TG-DTA profiles. The powder XRD
patterns were collected in Bragg-Brentano refection geometry on a Siemens D500
diffractometer operated at 40 kV and 40 mA at room temperature. Cu Ko radiation (A
= 1.54056 A) was used in conjunction with a secondary graphite monochromator and
a scintillation counter. The divergence slit was of 1° and the receiving slit of 0.05°.
The samples were mounted on a Bruker zero background silicon (510) sample holder.
The starting and the final 20 angles were 10 and 70° respectively. The step size was

0.020° 260 and the measuring time was 18 seconds per step.
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2.2.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to characterize the
vibrational modes present within the five synthetic jarosite samples and the natural
crystalline potassium jarosite and plumbojarosite. The FTIR spectra of the synthetic
jarosite analogues and the natural samples were collected with a PerkinElmer
Spectrum One FTIR Spectrometer using the KBr pellet (013 mm) technique. The
spectrums were recorded in transmission mode immediately after pellet preparation;
the range was 400 — 4000 cm™ wavenumbers with a resolution of 4 cm™, and five

scans were accumulated.

2.2.5 Scanning electron microscopy

A Philips XL30 FEG scanning electron microscope (SEM) was used to determine the
particle morphology of the synthetic jarosites and of natural potassium jarosite,
plumbojarosite, and beaverite. Each sample was mounted on an @5 mm aluminum
stub by araldite adhesive, once dry the samples were coated in 95 % Au and 5 % Pd.
The operating conditions for the SEM were typically 7.0 kV accelerating voltage, at a
spot size of 2.0 and an SE detector was used. Each electron micrograph shown in this

thesis has its individual operating characteristics superimposed upon it.

2.2.6 Surface area

A Micromeritics Gemini III 2375 Surface Area Analyser was used to determine the
surface area of the synthetic jarosites from this study. Each sample was de-gassed in
N, for 24 h at 100°C prior to analysis. The surface areas were calculated through a
multi-point (5 points) Brunauer, Emmett, and Teller (BET) method using N, gas as
the absorbate.

2.3 Dissolution experiments

One of the primary objectives of this study was to gauge the degree of toxic element
release from five synthetic jarosites by determining their solubility through
dissolution. Due to time constraints, it was not possible to investigate the solubility of
either beaverite-Cu or —Zn. A series of dissolution experiments were ultimately
undertaken for potassium jarosite, plumbojarosite, and beudantite in both acid and
alkali regimes. The acid regime was designed to mimic an environment that had been

devastated by acid mine/rock (AMD/ARD) drainage, where the surface waters had
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very low pH and were highly oxic. The alkali regime was created to resemble an
environment that had been recently remediated with slaked lime (Ca(OH),). Calcium
hydroxide is commonly used in industry to raise the pH of polluted AMD/ARD
waters to values close to neutral (Roca et al. 1999, Miller et al. 2003). Another
critical objective of this study was to characterise any new phases formed as a result
of these dissolution experiments using a number of different surface- and whole-
mineralogical techniques. This section, therefore, is split in two; the first part
describes the experimental set-up of the dissolution experiments and the second
concentrates on the techniques used to analyse the aqueous and residual solid

fractions produced due to the dissolution process.

2.3.1 Batch reactor configuration

All dissolution experiments carried out in this study were of a batch reactor design
(Figure 2.2). The general experimental set-up was influenced by the work of Baron

and Palmer (1996D).

L. 9N l ‘

§>5m-.— Scientific

ROLLER MIXER SRT2

Figure 2.2. Picture of the batch reactor set-up for all dissolution experiments, where
the rollers rotated at a fixed speed of 33 rpm, and rose and fell 16 mm.
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100 mg of each synthetic jarosite was added to 500 ml of ultrapure water (18 MQ
cm™). For the acid dissolution, the initial pH was set to 2.0 by the addition of
concentrated HCIO4. In the alkali dissolution, the initial pH was adjusted to 8.0 by
the addition of a 0.01 M solution of Ca(OH),. The experiments were not buffered and
this resulted in free drift pH conditions. The experiments were conducted at 20°C and
at 1 atm. All pH measurements were taken on an Accument AP50 meter in
conjunction with a Russel Emerald pH electrode where the meter and electrode were
calibrated by a 3-point calibration, at values of 4.003, 7.002 and 9.993 after
temperature correction. The solutions were transferred to 750 ml pre-acid washed
Amber HDPE plastic bottles, where they were stirred upon a Stuart SRT2 Roller
Mixer (Figure 2.2). The rollers rotated at a fixed speed of 33 rpm, and they rose and
fell 16 mm. Samples from the bulk solution were extracted at periodic intervals;

Table 2.5 illustrates the typical sampling frequency.

Table 2.5. General dissolution sampling rate

No of weeks ~ Sampling rate

1-3 Daily

3-6 Every 2 days
6-10 Every 4 days
10-12 Every week
12-14 Every 2 weeks

To make sure that the bulk solutions had been sampled, an overhead stirrer (~ 50 rpm)
kept the overall mixture in suspension. The samples consisted of a 10 ml aliquot that
had been removed from the bulk solution by pipette. The aliquot was filtered through
a 0.025 um MF Millipore filter via a syringe. A 4.5 ml aliquot of filtered sample was
then acidified to make a 1 % v/v HNO; matrix, and was used for Feor, Kiot, Pbiot, Zno,
Cuor, Asior and Sy analysis, depending on the type of jarosite being dissolved. The
remainder of the filtered solution (un-acidified) was used to determine both SO,
and AsO43't0t. The pH of the bulk solution was measured during each sampling
episode. At the end of each experiment, the residual jarosite solid was recovered by
filtration on a 0.22um MF Millipore filter. The residual solids were then left to air
dry in a desiccator, and stored in a plastic vial. All experiments were conducted in

triplicate.
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2.3.2 Analysis

General background theory of the techniques employed can be found in Appendix A.

Aqueous species determination
Total concentrations of Fe, K, Pb, Zn, Cu, As and S were calculated by an ICP-OES
on a Varian Vista-Pro (axial), using a simultaneous solid state detector (CCD).

Operating conditions were identical to those reported in Section 2.2.2.

High-performance liquid chromatography (HPLC) was employed to calculate the
sulphate concentrations (SO4>). The machine used was a DIONEX DX-300 System,
with a pulsed electrochemical detector (PED), and operating conditions were flow

rate, 2.0 ml min'l, a Na,COj3 / NaHCO; eluent, and an anion column.

Arsenate (AsO4”) concentrations were calculated on an ion pair (IP) reverse phase
(RP) narrow-bore HPLC coupled on-line with an inductively coupled plasma mass
spectrometer (ICP-MS). Wangkarn and Pergantis (2000) devised the HPLC-ICP-MS
technique used in this study, and the analysis was carried out in collaboration with Dr
S. Pergantis (Birkbeck, University of London). The ICP-MS was a VG PlasmaQuad
IIT with a quadrupole mass analyser operated in single-ion monitoring mode (m/z 75)
for detecting arsenic, and in the peak jump mode (m/z 75 and 77) was used for
detecting arsenic and monitoring argon-chloride interferences. A Micromist low-
uptake nebuliser was attached to the ICP-MS water-cooled spray chamber. A narrow-
bore HPLC stainless steel column was connected to the Micromist nebuliser via
PEEK tubing (90 cm long x 0.13 id). A displacement pump (Rheos 4000, Flux
Instruments, Basel, Switzerland) was used to the deliver mobile phase into the ICP-
MS at a flow rate of 0.7 ml min'. Samples were injected onto the narrow-bore HPLC
column via a micro-injector fitted with a 1.0-ul internal chamber (Rheodyne 7520,
Cotati, CA, USA). An in-line 2-ul filter was placed between the injector and the
HPLC column. The total arsenic speciation run took approximately 2 minutes. Table

2.6 shows the typical ICP-MS and LC conditions.

Unfortunately, the HPLC-ICP-MS analysis to determine arsenate concentrations
proved inconclusive, as some of the samples came back positive for arsenite, the As®”
valence state of arsenic. A plausible explanation for the reduction of the base unit of

arsenic in beudantite from arsenate to arsenite during the HPLC-ICP-MS analysis is



68

particle micro-bacterial reduction. It is thought the bacteria may have come from the
ultra pure deionised water (Pergantis per comm. 2003). Considering that the arsenic
in beudantite is in the form of arsenate, and the experiment was conducted in a highly
oxidising environment, it is highly likely that the major As species in the dissolution
solutions is As”" in the form of the arsenate anion. The arsenate values used to plot
Figures 4.4 and 5.4 have been calculated based on total arsenic concentrations

determined by ICP-OES.

Table 2.6. ICP-MS and LC conditions for arsenate species determination

ICP-MS conditions-

Argon coolant flow 12.5-14.5 1 min™

Argon auxiliary flow 0.4-0.6 1 min™

Argon nebuliser flow 0.76-0.80 1 min™

Rf forward power 1350 W

Nebuliser Micromist nebuliser

Spray chamber Water cooled (5°C) impact bead type
Sample cone Nickel; aperture diameter 1.0 mm
Skimmer cone Nickel; aperture diameter 0.75 mm

Data acquisition mode Single ion monitoring or peak jump mode
LC conditions-

Column Discovery Cig (150 mm x 2.1 mm id)
Mobile phase 5, 10, or 15mM tetrabutylammonium hydroxide, pH 5.25-7.0
Mobile phase flow rate 0.7 ml min™

Residual solid characterisation

Solid phase identifications were attained from powder XRD patterns in Bragg-
Brentano refection geometry on a Siemens D500 diffractometer operated at 40 kV and
40 mA at room temperature. Cu Ko radiation (A = 1.54056 A) was used in
conjunction with a secondary graphite monochromator and a scintillation counter.
The divergence slit was of 1° and the receiving slit of 0.05°. The samples were
mounted on a Bruker zero background silicon (510) sample holder. The starting and
the final 20 angles were 10 and 70° respectively. The step size was 0.020° 20 and the

measuring time was 18 seconds per step.

Quantitative wet chemical analyses (by ICP-OES, see Section 2.2.2 for operating
conditions) of the residual solids were performed to calculate total concentrations of
K, Pb, Fe, S, and As. From these concentrations, molar ratios were calculated for
each individual residual solid so that they could be compared to the original

stoichiometry of the corresponding synthetic jarosite.
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To see how the particle morphology might have changed after the dissolution of the

synthetic jarosites, SEM micrographs were taken on a Philips XL30 FEG SEM. The

general operating conditions were similar to those described in Section 2.2.5.

Finally, FTIR spectroscopy was performed on the solid fractions to see what effect the

dissolutions might have had on the vibrational modes present within the bulk structure

of the jarosites. The operating conditions for this technique were similar to those

reported in Section 2.2.4.

24

Summary

Five synthetic endmember jarosites were made in this study. Potassium
jarosite was synthesised in a glass reaction vessel, and for the four lead-
bearing jarosites (e.g. plumbojarosite, beaverite-Cu and -Zn, beudantite) a
slow addition technique was used.

Six distinctive experimental methods were used to characterise the five
synthetic jarosite analogues: XRD, stoichiometric analysis, TG-DTA, FTIR,
SEM, and BET surface area analysis.

Samples of natural potassium jarosite, plumbojarosite, and beaverite were
characterised by combinations of XRD, stoichiometric analysis, FTIR, and
SEM.

All dissolution experiments carried out in this study were of a batch reactor
design.

The liquid samples taken from the bulk solutions over the duration of the
dissolutions were analysed for total concentrations of the aqueous species
present by ICP-OES, and SO,* by HPLC.

The solid fractions remaining at the end of the dissolutions were recovered for

phase characterisation, involving XRD, elemental analysis, SEM, and FTIR.
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3  Characterisation of the synthetic jarosites

Chapter 3 is dedicated to the characterisation results and discussion of the five
synthetic jarosites made for this study. The chapter consists of five sections: X-ray
diffraction and formula determination, thermal analysis, Fourier transform infrared
spectroscopy, morphology and surface area of the precipitates, and conclusions and

summary.

3.1 X-ray diffraction and formula determination

A series of five yellow precipitates formed from the jarosite synthesis; a photograph
of the precipitates and their Munsell colours are presented in Figure 3.1 and Table 3.1
respectively. The five precipitates were identified as endmember potassium jarosite,
plumbojarosite, two beaverite samples, and beudantite, by comparing their powder X-
ray diffraction patterns with those reported in the International Centre for Diffraction
Data Powder Diffraction Files (ICDD PDF) 22-0827, 33-0759, 17-0476, and 19-0689,
respectively. It should be noted that no ICDD PDF files exist for synthetic beaverite
or beudantite; for this reason, ICDD PDF files for natural beaverite (17-0476) and
beudantite (19-0689) were used to identify the synthetic analogues. Figures 3.2-3.6
illustrate the X-ray powder diffraction patterns of the five synthetic jarosites. All the
peaks produced by the precipitates could be identified as ones relating to the structure
of their individual synthetic analogues. The absence of unidentified peaks in the
patterns indicated that no other phases were present at detectable levels. This is
clearly seen in the Rietveld refinement profiles (Figures 3.2b-3.6b), by the fact that all
the Bragg peaks from the diffraction patterns perfectly match predicted reflection
markers for the individual jarosite structures. Both of the diffraction patterns for the
Cu- and Zn- enriched beaverite samples could be identified as the beaverite structure
from the ICDD PDF file 17-0476. The corresponding d-spacings and Miller indices

for the five synthetic jarosites are given in Appendix B.

Table 3.1. Corresponding Munsell colour
descriptions of the synthetic jarosites.

Synthetic analogue Munsell colour
Potassium jarosite 10YR 8/7
Plumbojarosite 10YR 6.5/7
Beaverite-Cu 10YR 7/5
Beaverite-Zn 10YR 7/6

Beudantite 10YR 8/8
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Figure 3.1. Photograph showing the subtle colour changes throughout the five
synthetic jarosites, where: (a) potassium jarosite, (b) plumbojarosite, (c) beaverite-
Cu, (d) beaverite-Zn, and (e) beudantite.

The lattice parameters of the five synthetic jarosites were calculated with Rietveld
refinement using the GSAS suite of programs (Larson and Von Dreele 1998). The
cell dimensions were refined on the basis that the jarosite subgroup belongs to the

trigonal crystal system, in the rhombohedral class with hexagonal axes (a =b # ¢ and

o =B =90°% v = 120°), where the space group is R3m (No. 166). The Rietveld
refinement observed and calculated profiles for the five synthetic jarosites are given in
Figures 3.2b-3.6b. Some of the strong Bragg reflections are not modelled that well by
the pseudo-voigt profile, this is a consequence of anisotropic broadening due to
crystallographic defects (the refinement of the beaverite-Zn structure shows up this
problem particularly well, Figure 3.5b). In the jarosites, these are presumed to be
stacking defects in the crystal structure caused by mismatch in crystallographic planes
perpendicular to the hexagonal c-axis. Despite this difficulty, inspection of the
individual reflections reveals that the values of the lattice parameters are not

significantly affected (Wills per comm. 2004) (Table 3.2).
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Figure 3.2. (a) Powder X-ray diffraction pattern of synthetic potassium jarosite using Co Ko, Ko,
(Ao = 1.788965 A and Ao, = 1.792850 A) source, 2-theta range 5-155°, step size 0.025°, step time 10s.
(b) Rietveld refinement observed (red +) and calculated (green line) profiles, with a difference plot
(pink line), for synthetic potassium jarosite, 2-theta range 10-110°. The vertical black lines under the
Bragg peaks are the calculated reflection markers for the modelled structure.
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Synthetic Plumbojarosite a
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Figure 3.3. (a) Powder X-ray diffraction pattern of synthetic plumbojarosite using Co Ko, Ko, (Ao =
1.788965 A and Lo, = 1.792850 A) source, 2-theta range 5-155°, step size 0.025°, step time 10s. (b)
Rietveld refinement observed (red +) and calculated (green line) profiles, with a difference plot (pink
line), for synthetic plumbojarosite, 2-theta range 10-110°. The vertical black lines under the Bragg
peaks are the calculated reflection markers for the modelled structure.
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Synthetic Beaverite-Cu a
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Figure 3.4. (a) Powder X-ray diffraction pattern of synthetic beaverite-Cu using Co Ko, Ko, (Aay; =
1.788965 A and Lo, = 1.792850 A) source, 2-theta range 5-155°, step size 0.025°, step time 10s. (b)
Rietveld refinement observed (red +) and calculated (green line) profiles, with a difference plot (pink
line), for synthetic beaverite-Cu, 2-theta range 10-110°. The vertical black lines under the Bragg peaks
are the calculated reflection markers for the modelled structure.
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Synthetic Beaverite-Zn a
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Figure 3.5. (a) Powder X-ray diffraction pattern of synthetic beaverite-Zn using Co Ko, Ko, (Ao =
1.788965 A and Ao, = 1.792850 A) source, 2-theta range 5-155°, step size 0.025°, step time 10s. (b)
Rietveld refinement observed (red +) and calculated (green line) profiles, with a difference plot (pink
line), for synthetic beaverite-Zn, 2-theta range 10-110°. The vertical black lines under the Bragg peaks
are the calculated reflection markers for the modelled structure.
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Synthetic Beudantite a
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Figure 3.6. (a) Powder X-ray diffraction pattern of synthetic beaverite using Co Ko Ko, (Ao =
1.788965 A and Lo, = 1.792850 A) source, 2-theta range 5-155°, step size 0.025°, step time 10s. (b)
Rietveld refinement observed (red +) and calculated (green line) profiles, with a difference plot (pink
line), for synthetic beaverite, 2-theta range 10-110°. The vertical black lines under the Bragg peaks are
the calculated reflection markers for the modelled structure.
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Table 3.2 compares the calculated lattice parameters of the five synthetic jarosites to

those from the standard ICDD PDF files used to identify them.

Table 3.2. Lattice parameters for the five synthetic jarosites and their corresponding
dimensions stated in the ICDD PDF files.

Lattice Parameters (A)

This study ICDD PDF
Compound ICDD PDF No. a, Co a, Co
potassium jarosite 22-0827 7.3137(6)  17.0730(5) 7.29 17.13
plumbojarosite 33-0759 7.3347(7)  16.9700(5)  7.335(1)  33.850(8)
beaverite-Cu 17-0476 7.3208(8)  17.0336(7) 7.20 16.94
beaverite-Zn 17-0476 7.3373(7)  16.9268(7) 7.20 16.94
beudantite 19-0689 7.3417(8)  16.9213(6) 7.32 17.02

The lattice parameters for synthetic potassium jarosite are comparable to those
reported for the synthetic endmember on ICDD PDF file 22-0827. Hydronium
jarosite has a, values in the range of 7.34 to 7.36 A, and jarosite structures with
appreciable hydronium in solid solution have elongated a-axis dimensions compared
to their corresponding theoretical endmember (Alpers et al. 1989). The calculated
value for the ¢, parameter is slightly smaller than that reported on the ICDD PDF
standard. Kubisz (1970) recognised a connection between c-axis contractions and
calculated deficiencies in the iron molar ratio for synthetic potassium jarosite. Kubisz
(1970) proposed that the degree of contraction was a rough guide to the amount of
iron deficiency that may be present within the structure, where a lower ¢, implied a
higher degree of deficiency away from the ideal value. The synthetic potassium
jarosite appears to have very small quantities of structural hydronium present, as the
a-axis value is 7.31 A, compared with an ideal of 7.29 A. The greatest impurity

appears to arise from a small deficiency within the iron parameter.

The ¢, value for synthetic plumbojarosite (Table 3.2) is noticeably different from that
of the ICDD PDF standard (33-0759), in that the c-axes have not doubled in size from
~ 17 to ~ 34 A seen in most natural samples of plumbojarosite and occasionally in
synthetic samples (Jambor and Dutrizac 1985). The synthetic plumbojarosite from

this study was refined with a single and a doubled unit cell, the ‘goodness of fit
parameter’, x>, for the refinements was found to be lower for a single cell (2.4) rather

than a doubled one (3.2). Furthermore, there were no super lattice reflections seen in
the diffraction pattern (Figure 3.3) for synthetic plumbojarosite indicating a doubled
unit cell. Although the A-site ions are generally thought to have little effect on a,,
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they are theoretically responsible for the main variations in ¢, (Jambor and Dutrizac
1983). Jambor and Dutrizac (1985) investigated this assumption by comparing the c,
values for plumbojarosite, beaverite, and hydronium jarosite endmembers. The
results were interesting in that there appeared to be an apparent lack of response of ¢,
to Pb(Il) content, they concluded that this might arise simply because additional
Pb(II) ions can be accommodated in existing A-site vacancies without disturbing the
structure. In plumbojarosite only half the available A-sites are filled, but the synthetic
jarosite compositions show that the structure can readily tolerate additional Pb(II),
(H;0)", or additional vacancies (Jambor and Dutrizac 1985). Jambor and Dutrizac
(1985) found that less than a third of the A-sites were required to be filled by Pb(II) to
attain a 34 A c-axis. As for the synthetic plumbojarosite made for this study, the
lattice parameters were nearly half of those reported for the synthetic endmember

standard in ICDD PDF file 33-0759.

It was found that doubling the unit cell for Cu- and Zn-rich beaverites did not improve

the overall refinement of the lattice parameters, in contrast to the work done by
Jambor and Dutrizac (1983, 1985). x°values for single and doubled unit cells for

beaverite-Cu and beaverite-Zn were 2.57 and 5.97, and 2.45 and 4.16, respectively.
Another consideration when comparing the experimental lattice parameters (Table
3.2) for the two-beaverite samples to those on ICDD PDF file 17-0476 is that the
ICDD PDF standard is from a natural rather than a synthetic sample. For this reason,
discrepancies in lattice parameters would be expected due to differences in site
occupancy and crystallinity. A generalised comparison can be accomplished,
however, with relative certainty. Giuseppetti and Tadini (1980) carried out a
structural study of osarizawaite, the isostructural alunite equivalent of beaverite. They
found that AI(III), Fe(Ill) and Cu(Il) had random occupancy in the B-sites and that a
replacement of Fe(Ill) (r = 0.67 A) and AI(III) (r = 0.50 A) by Cu(Il) (r = 0.83 A)
should expand the T-O-T jarosite structure mainly along a,. The length of ¢, was
predicted to remain relatively constant, however, because expansion along a, permits
greater interpenetration of neighbouring sheets, thus reducing the amount of increase
otherwise expected. Jambor and Dutrizac (1983) investigated synthetic beaverite with
Zn(II) (r = 0.74 A) as the only divalent ion in the B-site and found that the c-axis was
similar or slightly smaller, and the a-axis larger, than that of the beaverite with Cu(Il)

in the B-site. Therefore, although Cu and Zn are divalent ions of similar size, their
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effects on the cell parameters are distinctly different. Jambor and Dutrizac (1983)
concluded that the length of a, seemed to be governed principally by the proportion of
Fe(III), Cu(II), Zn(II), and the total number of ions in the B-site. When comparing the
two synthetic beaverite samples to that of the ICDD PDF standard, the difference in a,
is quite striking. The main reason for this is the different amounts of Fe(III), Cu(Il),
Zn(Il) in the B-site; the natural sample will probably have fewer vacancies and

therefore higher site occupancy in comparison to the synthetic.

Looking at the diffraction patterns of the two-beaverite samples in detail, it can be
recognised that the beaverite-Zn pattern has slightly shifted to both higher and lower
2-theta angles compared to the beaverite-Cu profile (Figure 3.7). The peak shifts can
be explained once again by the different cations, in the B-site (Cu(Il) or Zn(II)).
Generally, these peak shifts account for the difference in lattice parameters between

the two-beaverite samples (Table 3.2).
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Figure 3.7. Superimposed powder X-ray diffraction patterns of synthetic beaverite-Cu and beaverite-
Zn. The figure shows the peak shift of beaverite-Zn to higher 2-theta values in comparison to
beaverite-Cu, this illustrates the implications of changing the B-site cation in the beaverite structure
on the powder diffraction profile. d-spacings have been indicated for the strongest peaks.
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The beudantite synthetic sample also shows no evidence of doubling of the c-axis
( x° values for single and doubled unit cells were 2.3 and 4.78, respectively); these

results are similar to those of Alcobe et al. (2001). The beudantite sample poses
similar problems to those of beaverite, in that there is no synthetic ICDD PDF file
available. In the end, a natural beudantite reference was used (ICDD PDF file 19-
0689). Unlike the two synthetic beaverite samples, the beudantite sample has good
unit cell agreement with the ICDD PDF standard, considering that they probably vary
in crystallinity and site occupancy. The synthetic beudantite sample has the longest a-
axes out of the remaining four synthetic jarosites, and this can be explained by the

partial incorporation of larger arsenate units for sulphate in the T-site.

A few authors (Jambor and Dutrizac 1983, 1985; Dutrizac and Chen 2003) have
reported an 11 A (003) reflection, mostly in natural lead-rich jarosites. For synthetic
analogues, the peak is commonly extremely weak or absent. Jambor and Dutrizac
(1983) state that the most reliable method of detecting the 11 A line is to use Debye-
Scherrer cameras of 114.6 mm diameter, and radiation with a wavelength longer than

that of copper, such as cobalt.

Plumbojarosite [BM 1966,403]
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Figure 3.8. Powder X-ray diffraction of a natural plumbojarosite [BM 1966,403] using Cu Ko
radiation (A = 1.54056 A) source, 2-theta range 5-60°, step size 0.007°, step time 0.5s. The
inset diagram is a blow-up of 5-10° 2-theta, indicating an 11A peak around 8°. d-spacings have
been indicated for the strongest peaks.
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When comparing the diffraction patterns of the four lead bearing synthetic jarosites
(i.e. plumbojarosite, beaverite-Cu, beaverite-Zn and beudantite) (Figures 3.3-3.6); it is
noticeable that none of the four patterns reveal an 11 A reflection. For Co Koy Ko,
(ho; = 1.788965 A and Aoy = 1.792850 A) radiation this 11 A reflection should
appear around 9° 2-theta. A natural sample of plumbojarosite from Tintic mine,
Dividend, Juab County, Utah, USA [BM 1966,403] was analysed by X-ray diffraction
(Figure 3.8), and an 11 A reflection is clearly evident around 8° 2-theta (in this
instance Cu Ko (A = 1.54056 A) radiation was used).

Jambor and Dutrizac (1983) synthesised two solid solutions of both beaverite
endmembers, Cu or Zn, and in particular studied the relative intensity of the 11 A
powder diffraction line as they increased the lead content going from plumbojarosite
to the two-beaverite endmembers. They found that the presence or absence of the 11
A line did not seem predictable from the bulk composition of the jarosite sample.
Therefore, the 11 A reflection appeared to be independent of the total lead content in
the jarosite structure. Dutrizac and Chen (2003) proposed that the 11 A reflection,
which is common in some natural examples of plumbojarosite and occasionally in
synthetic samples, indicates a high degree of ordering of Pb(II) ions and vacancies.
The absence of an 11 A reflection in any of the synthetic lead-rich analogues made for
this study would infer no ordering of the Pb(Il) ions and vacancies within these

analogues.

Due to the well-documented structural evidence (Brophy and Sheridan 1965, Kubisz
1970, Dutrizac and Kaiman 1976, Ripmeester et al. 1986, Alpers et al. 1989) that
synthetic jarosites contain hydronium substitutions in the A-site and vacancies on the
B-site, the general formula of AB3(TO4)(OH)s is not strictly representative. To
appreciate the structural implications of these defects, Kubisz (1970) wisely modified
the ‘classic’ general formula to H30,.« Ax(K, Na) Bs.y [(OH)e.3y (H20)3y (TOs4),]. This
formula is calculated based on SO4 = 2, since this yields the most consistent
interpretations from both the chemical and structural points of view (Jambor and
Dutrizac 1985). The quantity of hydronium substitution, which cannot be directly
measured, for lead or other alkali-site elements, precludes using the A-site component

as the basis. The substitution of Cu(Il) and Zn(II) for Fe, as well as evidence of Fe
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vacancies, rules out Fe as a basis for comparison as well (Kubisz 1970, Jambor and
Dutrizac 1983, 1985). The hydroxyl ion is determined by difference and is not
accurately or directly known (Kubisz 1970). Therefore, SO, is the best species for
chemical comparison and has the further advantage of being saturated in the jarosite
structure; i.e., an excess or deficit of SO4 is unlikely to be structurally tolerated
(Jambor and Dutrizac 1985). For the beudantite sample, where the T-site is mixed
between sulphate and arsenate, it is assumed that there is an overall 100 % site
occupancy, and once the amount of structural SO4 has been calculated, both the A-

and B-sites are scaled accordingly.

For the five synthetic jarosites, atomic percentages of the A-, B- and T-site elements
were determined by wet chemical analysis. Their formulae were calculated using the
modified formula of Kubisz (1970) and the results presented in Table 3.3. All

analytical ICP-OES results were within one standard deviation of the mean.

Table 3.3. Formulas for the synthetic jarosites calculated from elemental analysis.

Compound Ideal formula Actual formula
potassium jarosite ~ KFe;(SO4),(OH)g (H30)0.16K0.84F€2.46(SO4)2(OH) 4 33(H20)1 62
plumbojarosite Pby sFe3(SO4)2(OH)g (H30)0.74Pbo.13F€2.92(SO4)2(OH)s 76(H20)0.24
beaverite-Cu Pb(Fe,Cu)3(SO4),(OH)s  (H30)0,67Pbo.33F€2.71Cu025(SO4)2(OH)s 96(H20)0.04
beaverite-Zn Pb(Fe,Zn);(SO4)2(OH)s  (H30)0.57Pbo.43F€2.70Z1021(SO4)2(OH)s.95(H20)0.05
beudantite PbFe3(SO4)(AsO4)(OH)s  (H30)0.63Pbo.32F€2.86(SO4)1.69(A8O04)0.31(OH)s 50(H20)0.41

In the measured formula for the synthetic potassium jarosite, the most striking
anomaly is the low Fe occupation at the B-site. The ideal potassium jarosite
endmember stoichiometry for Fe should be 3.00, but in the sample prepared for this
study it is 2.46, which is the lowest Fe occupation of all five synthetic jarosites (Table
3.3). The large number of Fe vacancies would explain the lower than expected c-axis
value for this sample compared to the ICDD PDF standard, and support the
hypothesis of structural defects in the A- and B-sites put forward by Kubisz (1970).
A natural crystalline sample of potassium jarosite from the Margaritas mine, Mexico
was analysed by quantitative electron analysis and was found to have a formula
corresponding to K and Fe occupancy of 0.99 and 2.99, respectively (Table 3.4).
Even for this most ideal of potassium jarosite samples, there are obviously hydronium
substitutions and Fe deficiencies within its structure, ultimately similar to the

synthetic potassium jarosite created for this study.
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Table 3.4. Formulas for samples of natural potassium jarosite and plumbojarosite
calculated from EPMA.

Compound Ideal formula Actual formula
potassium jarosite, KFe3(SO4),(OH)s (H30)0.01K0.99F€2.99(SO4)2(OH)s 97(H20)0.03
Margaritas mine.
plumbojarosite PbysFe3(SO4).(OH)s  (H30)0.02Pbg.49F€2.99(SO4)2(OH)s 97(H20)0,03
[BM 1966,403]

In the plumbojarosite structure, the Pb(II) occupancy in the A-site is set at a
theoretical ideal of 0.5, in comparison to the beaverite-Cu and —Zn, or the beudantite
structures that have full Pb(II) occupancy of 1.0. The crucial difference in Pb(II)
occupation in plumbojarosite means that when the formula of any plumbojarosite
sample is calculated, it is more likely that the A-site will be charge ordered, rather
than site ordered. A-site ordering is commonly applied when calculating the formulas
of the remaining three lead rich jarosites (Dutrizac and Kaiman 1976, Dutrizac et al.
1980, Jambor and Dutrizac 1983, Alcobe et al. 2001, Dutrizac and Chen 2003).
Under these conditions the synthetic plumbojarosite sample made for this study has a
Pb(II) occupation of 0.13, and will have 0.74 units of structural hydronium (H;O")
present in the A-site, so that the total charge of this site equals +1.0 (Table 3.3). A
natural crystalline sample of plumbojarosite from the Tintic mine, USA [BM
1966,403] was analysed by quantitative electron analysis and was found to have a
formula corresponding to Pb(Il) and Fe occupancy of 0.49 and 2.99, respectively
(Table 3.4). The very high Pb(II) occupancy in this natural sample means that the A-
site is only deficient of 0.02 units of positive of charge; this is ultimately charge
balanced with hydronium (H;O"). The reason why the charge ordered method is not
used in jarosite structures such as beaverite or beudantite is that these structures have
ideal Pb(II) occupancy of 1.0, resulting in the A-site occupying +2.0 units of charge.
For a beaverite structure with a Pb(Il) occupancy of 0.8, for example, the A-site
would need 0.4 units of hydronium under the charge ordered method, which would
result in 1.2 units of ions being present at the A-site. The A-site can theoretically only
occupy 1.0 unit of ions in jarosite structures. It is for this reason why the two-
beaverite and beudantite structures had their formulas calculated under a site-ordering
basis, as exceeding the theoretical occupancy of the A-site is impossible (Table 3.3).
The A-site will always be deficient in charge, but this is easily rectified by protonation

of hydroxyl groups to form structural water.



84

Comparing the calculated formulae of the two synthetic beaverite samples it becomes
apparent that it is possible to substitute a slightly higher concentration of Cu(II) than
Zn(Il) into the B-sites (Table 3.3). These results are similar to those reported by
Dutrizac and Dinardo (1983), and Jambor and Dutrizac (1983, 1985). Another
important feature of these formulae is that the amount of structural water present from
the protonation of the hydroxyl groups is very low in comparison to the other
synthesised jarosites. At first glance, these values are small, considering that they are
supposedly the artefact of charge balancing the B-site vacancies. For the beaverite
structures, however, these values are probably higher than those of other endmembers,
due to the mixed substitution of Fe by either Cu(Il) or Zn(II). For these two samples,
the low amounts of structural water can be explained by a net positive charge at the
A-site due to structural hydronium. Therefore, the main mechanism for charge

balance of the B-site can be mainly attributed to the hydronium content at the A-site.

Table 3.5. Comparison of the formula of potassium jarosite
determined by wet chemistry and analytical SEM.

Technique Formula
Wet chemistry (H30)0.16K0.84F€2.46(S04)2(OH)4 33(H20)1 62

Analytical SEM  (H30)0.12Ky 33Fe€5 50(SO4)2(OH)4 50(H20)1 50

Another method of calculating the atomic percentages required to determine the actual
formula of a jarosite is analytical SEM. To appraise this technique the actual formula
of synthetic potassium jarosite was determined and compared to the results from wet
chemistry. The values are remarkably similar (Table 3.5), but the K and Fe
concentrations were higher in the formula calculated by the analytical SEM. A
known limitation in EM work, however, is that if a sample contains a large amount of
structural water and if the voltage of the electron beam is set too high, some of the
water can be lost during the analysis, thereby leading to substantial error in elemental
quantification. Considering that the jarosite structure contains significant amounts of
structural water, some of which is not strongly bound, all the formulae of the synthetic
jarosites for this study were determined by wet chemical analysis. The two natural
jarosite samples were instead analysed by analytical SEM, primarily because of the
significantly lower amount of structural water anticipated in these highly crystalline
compounds. However, if the accelerating voltage and current are too high beam
damage will occur even in highly crystalline samples. Figure 3.9 shows SEM images

of natural plumbojarosite crystals exhibiting the classic signs of beam burn by an
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analytical SEM in the early attempts of quantitative analysis of this compound. Of
the two natural jarosites analysed in this study, plumbojarosite showed by far the
worst structural damage under the electron beam. Ultimately, these two natural
samples would have benefited from wet chemical analysis; unfortunately sample

quantity in both instances ruled this out.

Figure 3.9. SEM images of natural plumbojarosite crystals [BM 1966,403] exhibiting the classic
effects of electron beam damage.

50 un SE

600pm

3.2 Thermal analysis

The thermal decomposition of the jarosites synthesised in this study were investigated
by thermal gravimetric and differential thermal analysis (TG-DTA) performed under
an Ar atmosphere up to 1100°C. Figures 3.10a-3.14a show the TG and DTA profiles
of the jarosites, where weight loss and heat flow are plotted against temperature,
respectively. Figures 3.10b-3.14b show the powder X-ray diffraction analyses after
heating the samples under Ar to various relevant temperatures selected from the TG-

DTA profiles.

3.2.1 Potassium jarosite

The total weight loss over the temperature range is 40.25 % (Figure 3.10a). The TG
curve shows that the weight loss occurs over three principal temperature intervals: (1)
1.25 % weight loss between 200 and 320°C, (2) 13 % weight loss between 350 and
450°C, and (3) 26 % weight loss between 560 and 800°C. The DTA curve comprises
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three significant endothermic peaks at 425, 694 and 1067°C, and a muted peak at
240°C. There are also two small exothermic peaks at 501 and 612°C.
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Figure 3.10. (2) Thermal gravimetric and differential thermal analysis (TG-DTA) profiles of synthetic
potassium jarosite. The sample was heated from 25 to 1100°C at a rate of 10°C min™', under an argon
atmosphere at a rate of 30 ml min". Data were collected every second. (b) Powder X-ray diffraction
patterns for the thermal decomposition of synthetic potassium jarosite under argon at 470, 550, 670,
and 900°C. The samples were mounted on a Bruker zero background silicon (510) sample holder. Cu
Ko radiation (A = 1.54056 A) was used, 2-theta range 10-70°, step size 0.020°, step time 18s.
Identifiable phases are highlighted.
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The weight loss in the interval from 200 to 320°C has usually been attributed to the
loss of hydronium (Brophy and Sheridan 1965, Kubisz 1970, Alpers et al. 1989).
Baron and Palmer (1996b) and Drouet and Navrotsky (2003) attributed this weight
loss to the removal of H,O molecules referred to as ‘additional water’. Baron and
Palmer (1996b) put forward this alternative explanation with support from Hértig et
al. (1984) for the weight loss, because the resultant amount of hydronium associated
with the loss of weight at these temperatures greatly exceeded the quantity of
hydronium that had been calculated chemically. For this study, the 1.25 % weight

loss would be equivalent to about 5 wt. % of H,O.

The 13 % weight loss between 350 and 450°C, and an intense endothermic peak at
425°C in the DTA curve, corresponds to the dehydroxylation of the jarosite structure.
For potassium jarosite, X-ray diffraction analysis indicate that yavapaiite, KFe(SO,),,
is the major crystalline phase formed during this process (Figure 3.10b). The
dehydroxylation reaction for synthetic potassium jarosite made for this study can be
summarised by Eq. 3.1 (Kubisz 1970, Alpers et al. 1989, Baron and Palmer 1996b,
Drouet and Navrotsky 2003).

(H30)0.16 Ko siFe; 6 (SO4 )2 (OH)4.38 -
0.84KFe(SO, ), +0.81Fe,0, +2.43H,0,,, +0.3250,,,  (3.1)

Small exothermic peaks at 501 and 612°C in the DTA curve correspond to specific
phase changes (i.e. crystallisation) due to the absence of any weight loss in the TG
trace (Alpers et al. 1989). XRD results for 470-550°C show diffraction peaks for
hematite, indicating that the two small exothermic peaks can be assigned to the
crystallisation of a-Fe,O3 (Figure 3.10b) (Kubisz 1971, Drouet and Navrotsky 2003).
The observed 13 % weight loss is close to the expected weight loss of 15 %.

The final weight loss of 26 % between 560 and 800°C represents the thermal
decomposition of yavapaiite into K,O and a-Fe,O; and the release of gaseous sulphur
dioxide, probably through a reaction similar to Eq. 3.2. The final thermal

decomposition phases of K,O and a-Fe,O3; were confirmed by XRD analysis (Figure
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3.10b). Once again, the final weight loss of 26 % is quite close to the theoretical
weight loss from the stoichiometry of the sample of 28 %.

0.84KFe(SO, ), — 0.42Fe,0, +0.42K,0 +1.6850 (3.2)

3(g)

The endothermic peak at 694°C in the DTA directly relates to the release of SO; as
observed in the TG. Finally, the sharp endothermic peak at 1067°C in the DTA trace

can be attributed to the melting of the sample.

3.2.2 Plumbojarosite

The total weight loss over the temperature range is 47.5 % (Figure 3.11a). The TG
curve shows that the weight loss occurs over three principal temperature intervals: (1)
15 % weight loss between 150 and 500°C, (2) 31 % weight loss between 500 and
1000°C, and (3) 1.5 % weight loss between 1000 and 1100°C. The DTA curve shows
both a strong and a weak endothermic peak at 662°C and 428°C respectively. A series
of small endothermic peaks are present between 150 and 300°C, which are similar to

the peaks reported by Ozacar et al. (2000) for a natural sample of plumbojarosite.

The 15 % weight loss between 150 and 500°C can be attributed to two specific
mechanisms. The first involves the removal of the ‘additional’ water within the
structure, which coincides with a series of small endothermic peaks in the DTA
between 150 and 300°C (Kubisz 1971, Baron and Palmer 1996b, Drouet and
Navrotsky 2003). The second, more dramatic mechanism, which contributes to the
majority of the 15 % weight loss, is the breakdown of the jarosite structure through its
dehydroxylation; the expected value is 14 %. XRD analysis at 490°C identifies
Fex(SO4); as the most significant phase after the removal of all the structural water
(Figure 3.11b). The dehydroxylation reaction for the synthetic plumbojarosite sample

can be summarised by the equation:

(H3O) Pb, s Fe,q, (SO4 )2 (OH)5.76 -

0.74

0.13PbSO, +0.623Fe,(SO,), +0.837Fe,0, +3.99H,0,,,  (3.3)

There is a small exothermic peak at 541°C in the DTA curve, which has no
corresponding weight loss. The peak can be associated with the crystallization of

hematite (a-Fe,O3) (Figure 3.11b) (Drouet and Navrotsky 2003).
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Figure 3.11. (a) Thermal gravimetric and differential thermal analysis (TG-DTA) profiles of synthetic
plumbojarosite. The samples were heated from 25 to 1100°C at a rate of 10°C min™, under an argon
atmosphere at a rate of 30 ml min™'. Data were collected every second. (b) Powder X-ray diffraction
patterns for the thermal decomposition of synthetic plumbojarosite under argon at 490, 585, 730, and
1080°C. The samples were mounted on a Bruker zero background silicon (510) sample holder. Cu Ko
radiation (A = 1.54056 A) was used, 2-theta range 10-70°, step size 0.020°, step time 18s. Identifiable
phases are highlighted.
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The second and most dramatic weight loss (31 %) occurs between 500 and 1000°C;
this coincides with the most intense endothermic peak in the DTA curve at 662°C.
Both events are attributed to the thermal decomposition of Fey(SO4); into crystalline
a-Fe,Os and the release of sulphurous gas (Figure 3.11b) (Ozacar et al. 2000). The
calculated weight loss for this decomposition was 30 %, and can be expressed through
the reaction:

0.623Fe, (S0, ), — 0.623Fe,0, +1.869S0;,, (3.4)

The final weight loss (1.5 %) observed in the TG curve occurs between 1000 and
1100°C. Ozacar et al (2000) proposed that this weight loss was associated with the
breakdown of anglesite, PbSO4 to PbO and this study has confirmed this suggestion
by XRD analysis at 1080°C (Figure 3.11b) (Eq. 3.5). The expected weight loss for
the decomposition of PbSQOy is 2 %.

0.13PbSO, — 0.13PhO +0.13S0O (3.5)

3(g)

3.2.3 Beaverite-Cu

The total weight loss over the temperature range is 47 % (Figure 3.12a). The TG
curve shows that the weight loss occurs over four principal temperature intervals: (1)
13 % weight loss between 150 and 480°C, (2) 24 % weight loss between 480 and
780°C, (3) 6 % weight loss between 780 and 980°C, and (4) 4 % weight loss between
980 and 1100°C. The DTA curve has two intense endothermic peaks, at 420 and
646°C, and a significant peak at 668°C. At temperatures above 850°C, there is a
series of three small endothermic peaks, at 864, 893, and 1040°C. There is also a

small exothermic peak at 523°C.

The 13 % weight loss between 150 and 480°C is similar to that of plumbojarosite and
potassium jarosite, in that between 150 to 300°C the ‘additional’ water is removed
from within the structure (Drouet and Navrotsky 2003). The mechanism that
accounts for the majority of the weight loss is the dehydroxylation. The calculated

weight loss for this reaction is 13 % and is expressed as:

(H30) Pby 33 Fe, ,Cu s (SO4 )2 (OH)S.% -

0.67

0.33PbSO, +0.25CuSO, +0.473Fe,(SO,), +0.882Fe,0, +3.984H,0,,, (3.6)
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Figure 3.12. (a) Thermal gravimetric and differential thermal analysis (TG-DTA) profiles of synthetic
beaverite-Cu. The samples were heated from 25 to 1100°C at a rate of 10°C min™', under an argon
atmosphere at a rate of 30 ml min". Data were collected every second. (b) Powder X-ray diffraction
patterns for the thermal decomposition of synthetic beaverite-Cu under argon at 470, 570, 720, 890,
and 1080°C. The samples were mounted on a Bruker zero background silicon (510) sample holder. Cu
Ko radiation (A = 1.54056 A) was used, 2-theta range 10-70°, step size 0.020°, step time 18s.
Identifiable phases are highlighted.



92

XRD results for 470-570°C show diffraction peaks for anglesite, PbSQ,, the most
dominant phase after the dehydroxylation of beaverite-Cu (Figure 3.12b). There is a
small exothermic peak at 523°C in the DTA curve, which has no weight loss
associated with it. After XRD investigation at 570°C, the peak is assigned to the
crystallisation of hematite (Figure 3.12b) (Drouet and Navrotsky 2003).

The second and largest weight loss (24 %) occurs between 480 and 780°C; this
matches the most intense endothermic peak in the DTA curve at 646°C. Both events
are attributed to the thermal decomposition of Fe;(SO,)s, to a-Fe,O3 and gaseous SOs,
similar to that seen for plumbojarosite (Figure 3.12b) (Ozacar et al. 2000) (Eq. 3.7).

The calculated weight loss from the beaverite-Cu formula is 21 %.

0.473Fe, (S0, ), — 0.473Fe,0, +1.419S0 (3.7)

3(g)

The third weight loss (6 %) occurs between 780 and 980°C, and this coincides with
two small endothermic peaks at 864 and 893°C in the DTA. These events can be
explained by the decomposition of CuSOjy to its oxide and the subsequent release of
sulphurous gas (Eq. 3.8), where the expected weight loss is 4 %. This reaction is

confirmed by XRD analysis (Figure 3.12b).

0.25CuSO, — 0.25Cu0 + 0.2550 (3.8)

3(g)

The final weight loss (4 %) observed in the TG trace occurs between 980 and 1100°C,
within this temperature window there is a small endothermic peak at 1040°C in the
DTA curve. This weight loss is associated with the breakdown of anglesite to PbO
(Figure 3.12b) (Eq. 3.9). The expected weight loss for the decomposition of PbSOy is
5 %.

0.33PbSO, — 0.33PbO +0.3350 (3.9)

3(g)

3.2.4 Beaverite-Zn

The total weight loss over the interval is 43 % (Figure 3.13a). The TG curve shows
that the weight loss occurs over three principal temperature intervals: (1) 12 % weight
loss between 150 and 460°C, (2) 21 % weight loss between 460 and 800°C, and (3) 10
% weigh loss between 800 and 1100°C. The DTA trace has two intense endothermic
peaks at 414 and 626°C. Other noticeable small endothermic peaks occur at 859, 911,
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Figure 3.13. (a) Thermal gravimetric and differential thermal analysis (TG-DTA) profiles of synthetic
beaverite-Zn. The samples were heated from 25 to 1100°C at a rate of 10°C min™, under an argon
atmosphere at a rate of 30 ml min". Data were collected every second. (b) Powder X-ray diffraction
patterns for the thermal decomposition of synthetic beaverite-Zn under argon at 470, 550, 740, 890, and
1050°C. The samples were mounted on a Bruker zero background silicon (510) sample holder. Cu Ko
radiation (A = 1.54056 A) was used, 2-theta range 10-70°, step size 0.020°, step time 18s. Identifiable
phases are highlighted.
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and 966°C. Between the two intense endothermic peaks, there is a small exothermic

peak at 517°C.

The 12 % weight loss seen between 150 and 460°C is very similar to the other
synthetic jarosites described earlier. Initially the ‘additional’ water is removed from
the structure around 150 to 300°C, and then the structure undergoes dehydroxylation,
where the majority of the weight loss for this interval occurs, the theoretical weight
loss is 12 % from the stoichiometry of beaverite-Zn (Drouet and Navrotsky 2003).
The dehydroxylation reaction is nearly identical to beaverite-Cu in that the structural
lead, and zinc in this sample form sulphates (Figure 3.13b). The reaction can be

summarised by the equation:

(H3O) Pby ;3 Fe,10Zn, 5, (SO4 )z (OH)5.95 -

0.57

0.43PbSO, +0.21ZnSO, +0.453Fe, (S0, ), +0.897Fe,0, +3.829H,0,,, (3.10)

Once again, there is a small exothermic peak, at 517°C between two intense
endothermic peaks. This corresponds, like the other synthetic jarosites, to the

crystallisation of hematite (Figure 3.13b) (Drouet and Navrotsky 2003).

The second and greatest weight loss (21 %) occurs between 460 and 800°C, which
coincides with a very intense endothermic peak at 626°C in the DTA. These events

are related to the thermal decomposition of Fe;(SO4)3, where the expected weight loss

is 19 % from the beaverite-Zn formula (Eq. 3.11) (Figure 3.13b) (Ozacar et al. 2000).

0.453Fe, (SO, ), — 0.453Fe,0; +1.35950;,, (3.11)

The final weight loss (10 %) occurs between 800 and 1200°C, and this falls in the
temperature range where three small endothermic peaks occur: 859, 911, and 966°C.
The weight loss can be explained by two specific events, the first being the thermal
decomposition of ZnSO, to zinc oxide and sulphurous gas (Figure 3.13b) (Eq. 3.12)
around 859 and 911°C, inferred by the small endothermic peaks in the DTA.

0.21ZnSO, — 0.21Zn0O + 0.21S0 (3.12)

3(g)

The second mechanism is the breakdown of anglesite similar to that seen for

plumbojarosite and beaverite-Cu to lead oxide and sulphurous gas (Figure 3.13b) (Eq.



95

3.13). The breakdown probably occurs around 966°C, as inferred by the endothermic
peak in the DTA curve.

0.43PbSO, — 0.43PbO +0.4350 (3.13)

3(g)

3.2.5 Beudantite

The weight loss over the interval is 42 % (Figure 3.14a). The TG curve shows that
the weight loss occurs over three principal intervals: (1) 13 % weight loss between
150 and 460°C, (2) 24 % weight loss between 460 to 800°C, and (3) 5 % weight loss
between 800 and 1100°C. The DTA curve has two strong and two weak endothermic
peaks at 454, 656, 744, and 966°C, respectively. At the beginning of the analysis, at
low temperature, there are three small endothermic peaks at 327, 368, and 413°C.

There is a weak exothermic peak at 560°C.

The 13 % weight loss observed between 150 and 460°C can be accounted for by the
removal of ‘additional’ water and the dehydroxylation of the jarosite structure (Drouet
and Navrotsky 2003). The removal of the ‘additional’ water is evident from the DTA
trace as a series of three small endothermic peaks at 327, 368, and 413°C. The
process occurs at higher temperatures than the other jarosites, probably due to the
partial incorporation and the localised structural effects of the arsenate unit at the T-
site, seen through stronger hydrogen bonds to the hydroxyl and protonated hydroxyl
groups (i.e. ‘additional” water). The Eq. 3.14 illustrates the dehydroxylation reaction
for beudantite, where XRD analysis identified anglesite, PbSO,4, and scorodite,
FeAsQs, as the dominant product phases of the breakdown; the ideal value of weight
loss for this reaction is 13 % (Figure 3.14b).

(H30) Pby s, Fe, g (SO4 )1.69 (ASO4 )0.31 (OH)5.59 -

0.68

0.32PbS0, +0.31FedsO, +0.456Fe,(SO, ), + 0.819Fe,0, +3.813H,0,,, (3.14)

(g)

The weak exothermic peak at 560°C corresponds to the crystallisation of Fe,Os to

hematite (a-Fe,O3) proven by XRD analysis between 580-700°C (Figure 3.14b).

The greatest and second weight loss (24 %) occurs between 460 and 800°C, and
coincides with an intense and a significant endothermic peak at 656 and 744°C in the

DTA. These events relate to thermal decomposition of Fe,(SOy); into crystalline
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Figure 3.14. (a) Thermal gravimetric and differential thermal analysis (TG-DTA) profiles of synthetic
beudantite. The samples were heated from 25 to 1100°C at a rate of 10°C min', under an argon
atmosphere at a rate of 30 ml min". Data were collected every second. (b) Powder X-ray diffraction
patterns for the thermal decomposition of synthetic beudantite under argon at 500, 580, 700, 780, and
1050°C. The samples were mounted on a Bruker zero background silicon (510) sample holder. Cu Ko
radiation (A = 1.54056 A) was used, 2-theta range 10-70°, step size 0.020°, step time 18s. Identifiable
phases are highlighted.
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a-Fe,O3 and the release of sulphurous gas (Eq. 3.15) (Figure 3.14b); the expected
weight loss for this breakdown is 21 %.

0.456Fe, (SO, ), — 0.456Fe,0, +1.36850,,,, (3.15)

The breakdown of scorodite (FeAsO,), to hematite and As,Os is believed to occur
between 700 and 800°C, signified by an endothermic peak at 744°C in the DTA
profile, and by XRD evidence (Eq. 3.16) (Figure 3.14b). This additional breakdown
might account for the higher than expected weight loss for the decomposition of

Fe(SOy4); around 460 and 800°C (Figure 3.14a).

0.31FeAsO, — 0.155Fe, O, +0.1554s,0, (3.16)

The final weight loss (5 %) observed in the TG trace occurs between 800 and 1200°C,
and this occurs around a significant peak at 996°C in the DTA curve. The weight loss
is associated with the breakdown of anglesite to PbO and sulphurous gas; the
expected weight loss for this reaction from the beudantite formula is 5 % (Eq. 3.17)
(Figure 3.14Db).

0.32PbSO, — 0.32PbO +0.3250 (3.17)

3(g)
3.3 Fourier transform infrared spectroscopy

3.3.1 Synthetic jarosites

The Fourier transform infrared (FTIR) spectra of the five synthetic jarosites are shown
in Figures 3.15a,b,c, and 3.16a,b respectively. The assignments of the infrared spectra
are given in Table 3.6. The spectra are similar to those previously reported (Powers et
al. 1975, Baron and Palmer 1996b, Serna et al. 1986, Sasaki et al. 1998, Drouet and
Navrotsky 2003).

The intense absorption observed in the region 2900 to 3700 cm™ (Figures 3.15, 3.16)
can be attributed to O-H stretching (von). The band shifts towards lower frequencies
for the jarosites with lead at the A-site in comparison to the potassium endmember
(Table 3.6). The shift is probably due to an increase in energy of hydrogen bonds
within the structure (Powers et al. 1975, Drouet and Navrotsky 2003). Sulphate

oxygen atoms are located on trigonal axes, parallel to the c-axis of the unit cell and
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Figure 3.15. Fourier transform infrared spectra (FTIR) of (a) potassium jarosite, (b) plumbojarosite,
and (c) beudantite. The range was 400 — 4000 cm™ wavenumbers with a resolution of 4 cm™, five
scans were accumulated. The main vibrational bands in the spectrum are marked.
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Figure 3.16. Fourier transform infrared spectra (FTIR) of (a) beaverite-Cu and (b) beaverite-Zn. The
range was 400 — 4000 cm” wavenumbers with a resolution of 4 cm™, five scans were accumulated.
The main vibrational bands in the spectrum are marked.

are surrounded by three hydroxyl groups (Hendricks 1937). Hendricks (1937)
suggested that the hydrogen atoms were orientated in such a way as to bind to these
oxygen atoms, thus forming OH-OSO; hydrogen bonds (Figure 3.17). Drouet and
Navrotsky (2003) found that there was a direct correlation between lower O-H
stretching frequencies and decreases in the c-axis parameter across the K-Na jarosite
solid solution, where the a-axis parameter remained almost constant. A-site cations
are thought to have little influence on a, and are theoretically responsible for the main
variations in ¢, (Jambor and Dutrizac 1983). It is possible to distinguish two
vibrational modes around the hydrogen: O-H and H-OSO;. Contractions in the c-axis
would result in the decrease of some bond lengths, most probably including the H-

OSO:s, therefore strengthening the hydrogen bonds, and in turn, weakening the O-H
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bond of the hydroxyl groups (Drouet and Navrotsky 2003). The consequence of this
is an overall decrease in frequency of the stretching vibration of the band observed at
2900 to 3700 cm” when lead is present in the A-site over a univalent cation.
Potassium jarosite has the longest c-axis parameter and the highest voy assignment of
all the synthetic jarosites (Tables 3.2, 3.6). Similar correlations between the c-axis
parameter and voy assignment are seen for the other lead-rich jarosites, except
plumbojarosite (Tables 3.2, 3.6), which is probably related to the unit cell not
doubling in the c-axis direction. The lowest von vibration out of all five synthetic
jarosites is exhibited by beudantite, probably due to the partial substitution of arsenate
(AsO,”) for sulphate in the structure. Arsenic has a lower electronegativity than
sulphur; therefore, hydrogen bonds are likely to be stronger in OH-OAsO; than OH-
0OSO0:s, thereby overall increasing the amount of hydrogen bonding in beudantite and

reducing the voy vibration assignment.

@re

Figure 3.17. A schematic diagram of the jarosite structure, highlighting the
presence of OH-OSO; hydrogen bonds (green dashed lines), formed between
the uncoordinated oxygen atom of the sulphate tetrahedra and three hydroxyl
groups in the lower T-O-T sheet.

The band observed at 1634 to 1641 cm™ (Figures 3.15, 3.16) is attributed to HOH
deformation, in agreement with the results of Powers et al. (1975), Baron and Palmer
(1996b) and Drouet and Navrotsky (2003). The HOH deformation mode is directly

related to the ‘additional’ water groups formed from the protonation of the hydroxyl
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groups. The identification of hydronium in jarosites by FTIR is generally difficult
and often not conclusive (Wilkins et al. 1974, Ripmeester et al. 1986). The only
easily identifiable peak associated with hydronium in jarosites lies in the 1535 — 1575
cm’ region as a weak peak on the shoulder of a stronger peak at 1635 - 1640 cm™,
associated with HOH deformation (Kubisz 1972, Wilkins et al. 1974). The

hydronium peak is absent in all the synthetic jarosite spectra.

Table 3.6. Assignments of infrared wavenumbers for the synthetic jarosites.

Wavenumbers (cm™) Assignments
potassium  plumbojarosite  beaverite beaverite  beudantite
jarosite -Cu -Zn
3384.5 3352.0 3362.2 3356.7 3343.0 Vou
1634.4 1638.9 1641.8 1634.3 1633.5 HOH
1087.3 1197.7 1194.9 1199.4 1189.0 v3(SO4Y)
1184.5 1092.0 1091.7 1088.6 1089.8 v3(SO4Y)
1006.0 1014.9 1015.6 1014.7 999.1 vi(SO4H)
8554  vy(AsOs)
813.5  wi(AsOs)
895.7 YoH
785.6 YoH
657.3 vy(SO4™)
628.1 624.6 627.8 630.5 634.9 v4(SO4Y)
573.7 586.7 584.8 YoH
514.5 510.9 512.5 504.7 506.5 O-Fe
477.1 474.6 474.6 474.7 472.2 v2(SO4Y)

All spectra (Figures 3.15, 3.16) have three intense absorption bands at 1000 — 1200
cm™ (Table 3.6), assigned to the vibrational modes of v3(SO,4*) (doublet, at the two
higher wavenumbers) and v(SO4”) (at the lowest wavenumber). Two other
vibrational modes of sulphate occur, the V4(SO42') around 630 cm™! and as a doublet in
potassium jarosite at 657 cm™, and the v,(SO,4”) near 470 cm™. The v; and v; are the
stretching modes and the v, and v4 are the bending modes of sulphate (Figure 3.18)
(Sasaki et al. 1998). For the beudantite sample (Figure 3.15¢) there are an additional
two peaks in the spectra between 810 and 860 cm™; these correspond to the v3(AsO4")

and v(AsO4”) vibrational modes of arsenate (Table 3.6).

Sasaki et al. (1998) attributed IR bands observed near 580 and 505 cm™ to an O-H
bending mode (yom) and to an O-Fe vibration within the FeOs coordination
octahedron (Figures 3.15, 3.16) (Table 3.6). O-H bending modes are not present in
the spectra of plumbojarosite (Figure 3.15b) and beaverite-Cu (Figure 3.16a).
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Additional yoy vibrations are seen as extremely weak peaks at 786 and 896 cm™ in

beaverite-Zn (Figure 3.16b) (Table 3.6).

Vv, (XOI_) v, (XOZ_)

Figure 3.18. The four vibrational modes of a tetrahedral ion
XO4™ (SO4” and AsO,™).

3.3.2 Natural jarosites

To appraise the vibrational spectroscopy of the synthetic jarosite samples, FTIR
spectra of natural crystalline potassium jarosite, Margaritas mine, Mexico, and
plumbojarosite, Tintic mine, USA, [BM 1966.403] were collected. These are
presented in Figure 3.19, and their assignments are given in Table 3.7. Unfortunately,

suitable natural samples could not be found for beaverite or beudantite.

Comparing the two sets of natural and synthetic spectra together for potassium
jarosite and plumbojarosite, it can be said the bands in the natural samples are visibly
shaper; this can simply be explained by lower concentrations of defects in the natural
crystalline samples compared to the synthetic powders made for this study. Even
though the disorder is higher in the synthetic samples the main vibrational
assignments are extremely close when the numbers are compared for the synthetic and

natural samples in Tables 3.6 and 3.7, respectively. It is worth highlighting the
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Figure 3.19. Fourier transform infrared spectra (FTIR) of (a) natural potassium jarosite, Margaritas
mine, Mexico; (b) natural plumbojarosite, Tintic mine, USA [BM 1966,403]. The range was 400 —
4000 cm’' wavenumbers with a resolution of 4 cm’, five scans were accumulated. The main
vibrational bands in the spectrum are marked.

addition of two extra O-H stretching (von) modes in the natural potassium jarosite

sample at 3348 and 3599 cm™ (Figure 3.19a, Table 3.7). These modes are predicted

from factor analysis of the space group (R3m = D;,) that the general jarosite

structure belongs too, though are rarely seen in natural and synthetic powders, and
have only really been observed in highly crystalline natural samples (Sasaki et al.
1998). The absence of these two addition voy modes in the synthetic potassium
jarosite sample is generally not that concerning, considering they are only found in the
most ideal of samples. An interesting mode to point out is the HOH water
deformation mode in the two natural samples around 1634 cm™; the presence of this
vibration relates to the ‘additional’ water formed by the protonation of the hydroxyl

groups as a means to charge balance any Fe deficiencies in the structure (Figure 3.19,
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Table 3.7). The presence of the HOH mode is important with respect to the calculated
formula of these two natural samples as it implies that even these extremely pure, near
ideal, well crystalline samples have Fe structural deficiencies similar to those seen in
all the synthetic jarosite structures made for this study (Figure 3.19, Tables 3.3, 3.4,
3.6, 3.7).

Table 3.7. Assignments of infrared wavenumbers for
natural samples of potassium jarosite and plumbojarosite.

Wavenumbers (cm™) Assignments
potassium jarosite, plumbojarosite,
Margaritas Mine,  Tintic Mine, USA
Mexico [BM 1966,403]
35994 YOH
3348.2 YOH
3383.8 3349.6 Vou
1634.0 1634.0 HOH
1185.4 1242.5 13(SO4%)
1085.3 1190.9 v3(SO4%)
1107.6 v3(SO4H)
1080.6 v3(SO4H)
1005.0 1021.5 vi(SO4%)
1004.0 vi(SO4™)
789.6 Yo
728.3 Yo
661.2 638.7 va(SO4%)
631.2 623.0 va(SO4)
571.6 584.5 You
511.1 498.3 O-Fe
4749 4753 (S04
447.1 4513 O-Fe

When the FTIR spectra for the synthetic and natural plumbojarosite samples are
studied more closely, an interesting relationship concerning the (SO,%) modes
becomes known (Figure 3.15b, 3.19b). Figure 3.20 is a magnified section of the FTIR
spectrums for the natural and synthetic plumbojarosite samples’ concentrating on the
(SO4¥) vibrational modes between 800 and 1400 wavenumbers. Factor analysis of
the jarosite structure predicts three internal stretching modes for (SO4): this
commonly breaks down to a v3(SO4>) doublet and a v3(SO4>) singlet, where the
doublet is at the two higher wavenumbers and the singlet is at the lowest. This
relationship between the V3(SO42') doublet and a V3(SO42') singlet is seen very clearly
in the synthetic plumbojarosite spectrum in Figure 3.20b. In the natural
plumbojarosite sample there appear to be six (SO4>) vibrational modes between 800
and 1400 wavenumbers (Figure 3.20a). It is believed that the fundamental v3(SO4>)

doublet and v;(SO4>) singlet are still present in the natural plumbojarosite sample,
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Figure 3.20. FTIR spectra of the sulphate modes in (a) natural plumbojarosite [BM
1966,403] and (b) synthetic plumbojarosite. The range was from 800 — 1400 cm’
wavenumbers. The splitting of the three sulphate modes (2 modes of v3(SO,%) and v{(SO,%))
are clearly evident in the natural sample. The sulphate modes in the natural sample are seeing
both the A-site filled with Pb(II) and a vacancy. No splitting is seen in the synthetic sample.
The main sulphate vibrational bands are marked on the spectrums.

though the modes have split further in two. The reason for the splitting of the three
modes is the ability of the (SO4>) unit to distinguish between an A-site occupied with
Pb(II) and a vacancy. Sasaki et al. (1998) proposed that the v(SO4>) and v3(SO4%)
values assigned to S-O bonds in sulphate adjacent to Pb(II) ions are smaller than those
in (SO4) not adjacent to Pb(I) ions. The absence of splitting of the (SO4)
stretching modes in the synthetic plumbojarosite sample adds to the further evidence

of the lack of ordering between Pb(II) ions and vacancies in the A-site for this sample.

3.4 Morphology and surface area of the precipitates

Figure 3.21 provides a general view of the synthetic jarosite analogues, as observed in
powder mounts on the scanning electron microscope (SEM). The synthetic jarosites
have a varied range of morphologies, from the globular potassium jarosite (Figure
3.21a) to rhombohedral (pseudocubic) crystals in plumbojarosite (Figure 3.21b).
Individual crystals are typically less than 3 pum across. No other crystalline or

amorphous phases can be seen in any of the SEM micrographs (Figure 3.21a-¢).
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Figure 3.21. Scanning electron micrograph (SEM)
images of: synthetic (a) potassium jarosite, (b)
plumbojarosite, (c¢) beaverite-Cu, (d) beaverite-Zn,
and (e) beudantite. Operating conditions were 7.0
kV, spot-size 2.0, magnification 6500x. The scale
bar on the micrographs is 5 um.

Many particle morphologies have been reported for the jarosite subgroup, ranging

from perfect euhedral to small and irregular (Baron and Palmer 1996b). Sasaki and

Konno (2000) investigated the possible mechanisms that might affect particle

morphology in synthetic jarosites. Generally, they found that the jarosite-subgroup

phases formed by the same technique showed similar morphology, although some

differences were observed, depending upon which monovalent cations were involved.

Looking at the five jarosite analogues made for this study (Figure 3.21a-e) it becomes

evident that the particle morphology of potassium jarosite (A = K) (Figure 3.21a) is
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very different from the other four analogous enriched with lead (A = Pb(Il)) (Figure
3.21b-e). The change is probably due to different A-site cations present (Sasaki and
Konno 2000). The contrasting morphologies within the lead analogues are probably

due to the subtle changes in specific cations on the B- and T-sites (Figures 3.21b-e).

The morphology of potassium jarosite (Figure 3.21a) is irregular and globular in
appearance, with various grain sizes, although the majority are between 1-5 um, and
the smallest down to 0.1 um. A noticeable characteristic is that some of the grains
appear to show cleaved sides that may be signs of mechanical abrasion; this is likely
due to the stirring during the synthesis. Bigham (1996), Baron and Palmer (1996b),
Dutrizac and Jambor (2000) and Sasaki and Konno (2000) have all reported particle
morphologies for synthetic potassium jarosite similar to those in this study.
Comparing the synthetic and natural morphologies of potassium jarosite in Figure
3.22a,b it becomes immediately apparent that the grain sizes of the natural samples
are smaller (1-3 pm) than those in the synthetic sample. However, the morphology of
the natural potassium jarosite sample is much closer to the ideal rhombohedral
morphology than the irregular and globular appearance of the synthetic sample
(Figure 3.22a,b). These morphological differences are probably related to the crystal
growth time over which these samples have formed, the natural sample being

considerably longer and therefore having crystal faces more attainable towards the

ideal.

The synthetic plumbojarosite (Figure 3.21b) exhibits rhombohedral (pseudocubic)
morphology characteristic of many jarosite precipitates, particularly lead-bearing ones
(Dutrizac and Chen 2003). The synthetic sample consists of numerous intergrown
crystals 1-3 um across. By contrast, plumbojarosite made in an autoclave at elevated
temperatures exhibits a euhedral crystal habit (Dutrizac et al. 1980). The near ideal
rhombohedral morphology of the synthetic plumbojarosite is similar to that displayed
by the natural sample (Figure 3.22¢,d).

The crystal morphologies of beaverite-Cu and -Zn (Figure 3.21c and Figure 3.21d
respectively) are very similar, in that the precipitates occur as spherical or
cauliflower-like aggregates of individual crystals with diameters <2 pm across. The

sizes of individual crystals are so small that individual faces are distinguishable in
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some cases only. At higher magnification, it is possible to see that the synthetic
crystals have a grossly euhedral type habit, very close and ultimately epitomised by
the morphology of natural beaverite (Figure 3.22e,f).
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Figure 3.22. Various SEM micrographs comparing the morphologies of natural and synthetic jarosites.
(a) Synthetic potassium jarosite, (b) natural potassium jarosite [BM 1984,672], (c) synthetic
plumbojarosite, (d) natural plumbojarosite [BM 1966,403], (e) synthetic beaverite-Zn, and (f) natural
beaverite [BM 1913,202]. Operating conditions indicated on each micrograph.

For beudantite (Figure 3.18e), the precipitates are intergrown crystals approximately
2-3 um across, with a slight resemblance to a rhombohedral crystal morphology. Of
the four lead-rich synthetic jarosites, the morphology of the beudantite analogue has
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the least affinity to the rhombohedral crystal habit, and in some rare cases, is quite
similar to the particle shape of potassium jarosite. The major difference between the
morphology of beudantite and that of the other three lead jarosites may be explained

by the partial substitution of arsenate for sulphate in the jarosite structure.

The surface areas (Table 3.8) of the synthetic jarosites determined by N,-BET are
closely linked to the crystal morphology of the jarosite analogues. Surface area is an
important parameter because it is typically rate-determining in processes such as
dissolution and adsorption (Drever 1997). Considering that one of the principal
objectives of this study is to monitor the rate of release of toxic elements from
synthetic jarosites, the surface area data generated by the N,-BET technique will be

crucial in appraising any absorption hypotheses.

Table 3.8. Surface area measurements of the synthetic

jarosites.
Compound N, — BET surface area (m°/g)
potassium jarosite 1.43+0.016
plumbojarosite 1.03 +£0.023
beaverite-Cu 3.19+£0.034
beaverite-Zn 3.67+0.025
beudantite 9.58 + 0.096

The surface areas for the two beaverite compounds are very similar (3.2-3.6 m’/g)
which is not surprising, considering they are structurally nearly identical and both
have similar particle size (Table 3.8) (Figure 3.21c,d). Even though potassium
jarosite and plumbojarosite are structurally and morphologically different, their
surface area values are also very similar (1.4 and 1.0 m?/g respectively). For the lead-
rich samples, the values vary greatly between 1.0 m*/g for plumbojarosite to 9.6 m*/g
for beudantite. Sasaki and Konno (2000) reported an N,-BET surface area value for
synthetic potassium jarosite at 4.0 m?/g, even though they synthesised the jarosite via
an autoclave. It has been reported that using an autoclave rather than a reaction vessel
synthesis produced jarosites of greater crystallinity (Dutrizac et al. 1980, Dutrizac and
Jambor 2000, Dutrizac and Chen 2003). Considering morphology and surface area
values are highly correlated, this might shed some light on why there is a difference
between Sasaki and Konno (2000)’s value for the surface area and that for potassium
jarosite reported in this study. If synthesis conditions are a major contributing factor

to the surface area of synthetic jarosites, this could explain the large variations
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observed in surface area for the jarosite analogues in this study (Table 3.8).
Unfortunately, there are no published surface area data at present for any natural

jarosite and no synthetic data on any of the lead-bearing jarosites in the series.

3.5 Conclusions and Summary

All five synthetic jarosites (i.e. potassium jarosite, plumbojarosite, beaverite-Cu and —
Zn, beudantite) made in this study could be identified by the comparison of their X-
ray diffraction patterns to those reported in the ICDD PDF files and by their
individual structural Rietveld refinement. The absence of unidentified peaks in the
patterns indicated that no other phases were present at detectable levels. Structural
refinement of the lattice parameters of the four lead-rich jarosites (plumbojarosite,
beaverite-Cu and —Zn, beudantite) suggested no doubling of the c-axis in these
compounds. No 11 A (003) refection was seen for any of the four lead-bearing
jarosites, indicating that the Pb(II) ions and vacancies on the A-site were not ordered.
The mineral formulas for the five jarosites were calculated using wet chemical data
rather than SEM analytical data, because of the problems of beam damage due to
large quantities of structural water present in the jarosite structure. The comparison of
the elemental analysis for natural crystalline samples of potassium jarosite and
plumbojarosite to their corresponding synthetic analogous was found to be
favourable. The respective weight losses seen in the TG-DTA profiles for the five
synthetic jarosites corresponded very well with the expected values calculated from
the jarosite stoichiometries. The FTIR spectra of the jarosites were very similar to
those that have been reported elsewhere. The absence of any splitting of the (SO4%)
stretching modes in synthetic plumbojarosite, in comparison to that seen in a natural
sample, added credence to the lack of any ordering of the Pb(II) ions and vacancies in
the A-site in this analogue. The jarosites made in this study exhibited a varied range
of morphologies: from globular in potassium jarosite to rhombohedral (pseudocubic)
crystals in plumbojarosite. Individual crystals are typically less than 3 pm across. No
other crystalline or amorphous phases could be seen in any of the SEM micrographs.
The comparison of the morphologies of synthetic potassium jarosite, plumbojarosite,
and the two-beaverite endmembers to natural samples was found to be very agreeable.
In conclusion all the synthetic potassium jarosite, plumbojarosite, beaverite-Cu and —
Zn, and beudantite are phase pure and can be used with confidence as analogues for

natural samples in the forthcoming dissolution experiments.
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4 Acid dissolution studies

Chapter 4 describes the acid dissolution studies of potassium jarosite, plumbojarosite,
and beudantite. The chapter has four sections: dissolution experimental data, residual

solid data, discussion and overall summary.

4.1 Dissolution experiments

Acid dissolution studies of potassium jarosite, plumbojarosite, and beudantite were
carried out to investigate their stability and breakdown mechanisms under an acidic
regime that would mimic an environment affected by acid-rock or -mine drainage
(ARD/AMD). Figures 4.1-4.6 show the evolution of the solution composition over
time for the dissolution experiments at 20°C and initial pH 2. All experiments were
carried out in triplicate. To avoid problems of amalgamating data together, solution
profiles of all three bottles used in the dissolution experiments of the three jarosites
are presented to prove reproducibility. Final ion concentrations and pH values for the
three experiments, and their corresponding molar ratios, are summarised in Tables 4.1
and 4.2, respectively. Calculated equilibrium activities and saturation indices for the
dissolutions are presented in Tables 4.3 and 4.4, respectively. All the raw aqueous
data and equilibrium activity data can be found in Appendix C.1 and C.4.1,

respectively.

4.1.1 Potassium jarosite

In the potassium jarosite experiment, most of the dissolution occurred within the first
500 hrs, with rates declining with time (Figure 4.1). The final K concentration in
bottle 1 was 0.2422 mmol L', which was higher than the corresponding K values in
bottles 2 and 3 of 0.2088 and 0.2044 mmol L™, respectively (Table 4.1). At the
beginning of the experiment, the initial concentration of K in solution in Bottle 1 was
approximately 0.05 mmol L™, in comparison to the other two triplicates where the K
concentration was close to zero (Figure 4.1). Bottle 1 was probably slightly
contaminated with KCI at the very beginning of the experiment as the pH of the
starting solution was being adjusted with HCIO4, because KCI was present in the
experiment as the electrolyte in the pH probe. Contamination from this source would
explain for the higher K ion concentration at the beginning of the experiment in

comparison to the other two bottles. The initial contamination of bottle 1 by KCl
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Figure 4.1. Concentrations of K, Feyy, and 80,7, in solution for the acid dissolution of potassium

jarosite plotted against time, with the initial pH set at 2.00. Solution profiles for all three bottles are
presented to prove reproducibility.
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appears not to have affected the overall acidic dissolution of potassium jarosite, as the
ion profiles are comparable across the three bottles. The 0.04 mmol L difference
seen in the K ion concentration for bottle 1 when compared to bottles 2 and 3 at the
end of the experiment, was nearly identical to the difference between the bottles at the
beginning of the experiment (approximately 0.05 mmol L) (Figure 4.1). The
concentration profiles of K, Fe, and SO4> all displayed characteristics commonly
attributed to parabolic rate kinetics, where steady state was attained after
approximately 3000 hrs (Figure 4.1). The pH of the triplicates remained nearly
constant over the duration of the experiment, the final pHs ranged from 2.02 to 2.04,
from an initial of 2.00 (Table 4.1). The final total concentrations of K, Fe, and SO4*
at steady state and their corresponding molar ratios are presented in Table 4.1 and
Table 4.2, respectively. The molar ratios of ions in solution were calculated under the
pretext that SO4> equalled 2, a common assumption frequently used in calculating the
formula of jarosite-type structures (Section 1.4.1, Table 3.3). The K ratio in solution
varied from 1.24 — 1.25 (when the outlier K value for bottle 1 was excluded)
compared to that of the idealised synthetic of 0.84. The Fe ratio in solution varied

from 2.34 — 2.36 compared to that of the synthetic solid of 2.46 (Table 3.3).

Table 4.1. Final pH and aqueous ion concentrations for the acid dissolutions.

Aqueous concentration (mmol L)

Compound pH K Pb Fe SO.F AsO,>
Potassium jarosite
Acid Bottle 1 2.04 0.2422 - 0.3391  0.2871 -
Acid Bottle 2 2.02  0.2088 - 0.3900 0.3332 -
Acid Bottle 3 2.03 0.2044 - 0.3904  0.3304 -
Plumbojarosite
Acid Bottle 1 2.07 - 0.0108 0.2797  0.1973 -
Acid Bottle 2 2.07 - 0.0166 0.4222  0.3011 -
Acid Bottle 3 2.07 - 0.0196 0.4873  0.3487 -
Beudantite
Acid Bottle 1 2.10 - 0.000059  0.0723  0.0144  0.0404
Acid Bottle 2 2.10 - 0.000039  0.0727  0.0141  0.0406
Acid Bottle 3 2.10 - 0.000034  0.0735 0.0145 0.0416

Based on the measured steady state pH and concentrations of Ko, Fetor, and SO42't0t,
equilibrium aqueous activities of K*, Fe’*, and SO, were calculated using the
geochemical speciation suite of programs in The Geochemist’s Workbench (GWB)
version 4.0.2 (Bethke 1996). The activity coefficients were calculated using the
extended form of the Debye-Hiickel equation described by Helgeson (1969) and the
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latest form of the GWB thermodynamic database (based on the 1996 revision of the
EQ3/6 database; Wolery 1979, 1996). The corresponding equilibrium aqueous
activities for the potassium dissolution can be found in Table 4.3. The charge balance
error across the triplicates ranged from 3 to 6 % (Table 4.3). Saturation indices were
also calculated for the three bottles in the acid dissolution of potassium jarosite and
they are summarised in Table 4.4, only minerals with log Q/K greater than -3 are
listed. Positive saturation indices were found for hematite and goethite, whilst that for

potassium jarosite was negative (Table 4.4).

Table 4.2. Aqueous molar ratios for the acid dissolutions.

Aqueous molar ratios

Compound K Pb Fe SO~ AsO*
Potassium jarosite
Acid Bottle 1 1.68 - 2.36 2 -
Acid Bottle 2 1.25 - 2.34 2 -
Acid Bottle 3 1.24 - 2.36 2 -
Plumbojarosite
Acid Bottle 1 - 0.109 2.83 2 -
Acid Bottle 2 - 0.110 2.80 2 -
Acid Bottle 3 - 0.112 2.79 2 -
Beudantite
Acid Bottle 1 - 0.0069  8.485 1.69 4.741
Acid Bottle 2 - 0.0046  8.713 1.69 4.866
Acid Bottle 3 - 0.0040  8.567 1.69 4.849

4.1.2 Plumbojarosite

For plumbojarosite, the majority of the reaction occurred within the first 250 hrs, with
the dissolution rate declining rapidly afterwards (Figure 4.2). The Pb ion
concentration from Figure 4.2 was re-plotted on a more appropriate scale in Figure 4.3
to illustrate the true shape of its concentration profile. All three ions in solution (Pb,
Fe, and SO4%) conform well to profiles epitomised by parabolic rate kinetics, steady
state was judged to have occurred around 1500 hrs (Figures 4.2 and 4.3). As was
similar in the previous dissolution, the pH for the acid dissolution of plumbojarosite
remained very constant across all three triplicates over the duration of the experiment,
the pH changed from an initial value of 2.00 to a final value of 2.07 (a value seen in
all three bottles) (Table 4.1). The final total concentrations of Pb, Fe, and SO,* and
their corresponding molar ratios are presented in Table 4.1 and Table 4.2,
respectively. Once again, the molar ratios of the ions in solution were calculated by

setting SO42' as 2. The Pb molar ratio in solution varied from 0.109 - 0.112,
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Figure 4.2. Concentrations of Pby,, Fe., and SO42'tot in solution for the acid dissolution of
plumbojarosite plotted against time, with the initial pH set at 2.00. Solution profiles for all three
bottles are presented to prove reproducibility.
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Figure 4.3. Concentrations of Pby, in solution re-plotted from Figure 4.2 on a more appropriate scale
for the acid dissolution of plumbojarosite. Solution profiles for all three bottles are presented to prove

reproducibility.
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compared to that of synthetic plumbojarosite (0.13), and the Fe ratio in solution varied
from 2.79 — 2.83 compared to synthetic value 2.92 (Table 3.3). Equilibrium aqueous
activities were calculated using the final pH and Pby, Feior, and SO42't0t, for Pb2+, Fe*™
and SO,”, by GWB (Table 4.3). The charge balance error across the triplicates
ranged from 3 to 5 % (Table 4.3). Positive saturation indices were found for hematite

and goethite, whilst a negative index was calculated for anglesite (Table 4.4).

Table 4.3. Calculated equilibrium activities for the acid dissolutions.

Calculated equilibrium activities Charge
log log log log log balance Calculated
Compound pH  {SO/} {HAsO4} {K'} {Pb*'} {Fe’'} error (%) log IAP

Potassium jarosite
Acid Bottle 1 2.04 -3.95 - -3.67 - -4.02 3 -11.36+0.25
Acid Bottle 2 2.02 -3.90 - -3.73 - -3.96 6 -11.30+0.25
Acid Bottle 3 2.03 -3.96 - -3.74 - -3.96 5 -11.38+0.25
Plumbojarosite
Acid Bottle 1 2.07 -4.09 - - -5.21 -4.10 3 -10.65+0.25
Acid Bottle 2 2.07 -3.91 - - -5.03 -3.93 4 -9.68+0.25
Acid Bottle 3 2.07 -3.85 - - -4.96 -3.87 5 -9.35+0.25
Beudantite
Acid Bottle 1 2.10 -5.21 -4.80 - -7.47 -4.67 5 -
Acid Bottle 2 2.10 -5.21 -4.79 - -7.64 -4.67 5 -
Acid Bottle 3 2.10 -5.20 -4.78 - -7.70 -4.67 5 -

4.1.3 Beudantite

The concentration ion profiles from the acid dissolution of beudantite (Figure 4.4)
were different to the other acid experiments. The main differences are evident in the
Pb and SO4> profiles, which have been re-plotted from the original figure on more
appropriate scales in Figures 4.5 and 4.6, respectively. The Pb concentration was
extremely low, and the SO4* concentration in solution was lower than AsO,’ (Figure
4.4). The lack of data points for Pb in bottles 2 and 3 just before 400 hrs into the
experiment indicated that the Pb concentrations in solution were below the detection
limits (5 ppb) of the ICP-OES. All three Pb profiles from the triplicates indicated a
very sharp drop in concentration in the first 250 — 300 hrs of the experiment. Due to
the lack of Pb data for bottles 2 and 3 after 400 hrs, the Pb concentration in bottle 1
had to be relied upon to give an insight into the ion’s overall profile during the
lifetime of the experiment. After the sharp decrease in Pb concentration in the first
250 to 300 hrs of the experiment in bottle 1, the concentration then slowly reached a

plateau around 0.00006 mmol L. All the re-plotted SO4> profiles (Figure 4.6) from
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Figure 4.4. Concentrations of Pby, Feyy, SO0, ., and AsO, ", in solution for the acid dissolution of
beudantite plotted against time, with the initial pH set at 2.00. Solution profiles for all three bottles are

presented to prove reproducibility.
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Figure 4.5. Concentrations of Pby, in solution re-plotted from Figure 4.4 on a more appropriate scale
for the acid dissolution of beudantite. Solution profiles for all three bottles are presented to prove
reproducibility.
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the three triplicates had very similar shapes, in that the concentration of the ion
decreased sharply to a minimum around 250 to 300 hrs, after which the profiles took
on a linear resemblance from approximately 300 to 1250 hrs. The concentration of
SO,” then became relatively uniform until the end of the experiment. In all three
cases, the concentrations of SO, at the beginning of the experiments were relatively
close to those at the end (Figure 4.6). The Fe and AsO,” concentration profiles were
extremely similar across the three bottles, resembling ions that conform to parabolic

rate kinetics (Figure 4.4).

Table 4.4. Calculated saturation indices for the alkali dissolutions.

Compound
Potassium jarosite

Saturation Indices (log Q/K)*

Acid Bottle 1

Hematite 4.11

Goethite 1.57

Jarosite -1.99

Acid Bottle 2 Hematite 4.07 Goethite 1.55 Jarosite -1.93
Acid Bottle 3 Hematite 4.13 Goethite 1.58 Jarosite -1.88
Plumbojarosite

Acid Bottle 1

Hematite 4.13

Goethite 1.58

Anglesite -1.45

Acid Bottle 2 Hematite 4.48 Goethite 1.76 Anglesite -1.09
Acid Bottle 3 Hematite 4.59 Goethite 1.82 Anglesite -0.96
Beudantite

Acid Bottle 1 Hematite 3.12 Goethite 1.08

Acid Bottle 2 Hematite 3.14 Goethite 1.09

Acid Bottle 3 Hematite 3.15 Goethite 1.09

* Only minerals with log Q/K > -3 are listed

Due to the complicated nature of the aqueous ion profiles for the acid dissolution of
beudantite, no obvious point in time could be found to class the reaction to have
reached steady state; therefore, the experiment was terminated before 2250 hrs. As a
result, all ion concentrations and pH values are reported as final rather than steady
state concentrations. The final pH once again hardly moved over the duration of the
experiment (2.00 to 2.10 across the three bottles; Table 4.1). The final total
concentrations of Pb, Fe, SO42', and AsO,> and their corresponding molar ratios are
presented in Table 4.1 and Table 4.2, respectively. The molar ratios of the ions in
solution were calculated by setting SO4* equal to 1.69, a value calculated from the
characterisation of the synthetic beudantite (Table 3.3). The Pb ratio in solution
varied from 0.0040 — 0.0069 compared with that of the synthetic beudantite (0.32);
the large variation was likely due the lack of measurable Pb in the in bottles 2 and 3 at

the end of the experiment. The Fe ratio in solution varied from 8.485 — 8.713
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compared with the synthetic solid (2.86). Finally, the AsO,> solution ratio ranged
from 4.741 — 4.849, in comparison to 0.31 for synthetic beudantite (Table 3.3).

Equilibrium aqueous activities were calculated using the final pH and Pbyy, Feior,
SO4% o1, AsO4 7 for Pb*", Fe’*, SO,*, and H,AsO4, by GWB (Table 4.3). Even
though AsO," is a structural unit (T-site) in beudantite, AsO4”" is not a stable aqueous
phase in acidic (pH < 6.2) oxidising conditions (Smedley and Kinniburgh 2002).
Under the alkali dissolution conditions for beudantite, the stable aqueous phase of
As®" is the arsenic oxyanion, HyAsO4. It is for this reason that the As aqueous
contribution for the calculated equilibrium activities is represented by H,AsO4 and
not AsO4> (Table 4.3) (Smedley and Kinniburgh 2002). The charge balance error
across the triplicates was 5 % (Table 4.3). Positive saturation indices were found for

hematite and goethite (Table 4.4).

4.2 Residual solids

Varying solution concentrations of K, Pb, Fe, SO42', and AsO,> have been found from
the three acidic dissolution experiments. This section discusses the characterisation of
the remaining solids and the investigations carried out to determine if any new solid
phases formed from solution. These are considered important tasks to help to

understand the mechanisms of jarosite breakdown.

4.2.1 Chemical analysis of residual solids

Upon completion of the all three experiments the post-acid dissolution solids of
potassium jarosite, plumbojarosite, and beudantite were analysed by wet chemistry
(ICP-OES) for total concentrations of K, Pb, Fe, S04, and AsO4>, where the SO4*
and AsO43 " concentrations were inferred from total S and As values. The residual
solid concentrations from the three dissolution experiments and their corresponding
molar ratios are summarised in Tables 4.5 and 4.6, respectively. All the raw data
corresponding to this section on chemical analysis of the residual solids can be found

in Appendix C.3.
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Table 4.5. Residual solid concentrations for the acid dissolutions.

Residual solid concentration (mmol L)

Compound K Pb Fe SO~ AsO>
Potassium jarosite
Acid Bottle 1 0.1552 - 0.6147  0.4636 -
Acid Bottle 2 0.1582 - 0.6345  0.4713 -
Acid Bottle 3 0.1576 - 0.6266  0.4682 -
Plumbojarosite
Acid Bottle 1 - 0.0273  0.3628  0.2306 -
Acid Bottle 2 - 0.0273  0.3723  0.2376 -
Acid Bottle 3 - 0.0276 ~ 0.3704  0.2358 -
Beudantite
Acid Bottle 1 - 0.0920 0.6680  0.3607  0.0335
Acid Bottle 2 - 0.0927  0.6754 0.3643  0.0340
Acid Bottle 3 - 0.0920 0.6660  0.3590  0.0341

For the potassium jarosite acid dissolution, the molar ratios of the concentrations of
the residual solids were calculated on a similar pretext as to that of the aqueous data,
that is, that SO,* equalled 2 (Table 4.6). Under these conditions the K ratio in the
residual solids varied from 0.669 — 0.673, whereas the K ratio in the synthetic solid
was 0.84. The Fe ratio in the residual solids ranged from 2.652 — 2.692, where as the
corresponding value in the synthetic solid was 2.46 (Table 3.3). The molar ratios for
the ions in the residual solids of the plumbojarosite dissolution (Table 4.6) were
calculated on the same premise as above, that being SO4> also equalled 2. The Pb
ratio varied from 0.230 — 0.236, compared to the synthetic value of 0.13, and the Fe
ratio ranged from 3.133 — 3.137, where the value in synthetic plumbojarosite was

2.92.

Table 4.6. Residual solid molar ratios for the acid dissolutions.

Residual solid molar ratios

Compound K Pb Fe SO42' AsO43 i
Potassium jarosite
Acid Bottle 1 0.669 - 2.652 2 -
Acid Bottle 2 0.671 - 2.692 2 -
Acid Bottle 3 0.673 - 2.676 2 -
Plumbojarosite
Acid Bottle 1 - 0.236  3.147 2 -
Acid Bottle 2 - 0.230  3.133 2 -
Acid Bottle 3 - 0.234  3.141 2 -
Beudantite
Acid Bottle 1 - 0431 3.129 1.69 0.157
Acid Bottle 2 - 0430 3.133 1.69 0.158

Acid Bottle 3 - 0433  3.135 1.69 0.160
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Finally, the molar ratios of the residual solid of beudantite (Table 4.6) were calculated
on the basis that the SO4> value in the characterised solid was calculated to be 1.69
(Table 3.3). The Pb ratio was found to vary from 0.430 — 0.433, compared to the
synthetic of 0.32; the Fe varied from 3.129 — 3.135, whilst in synthetic beudantite the
Fe ratio was 2.86. The AsO,> value in the residual solid of beudantite ranged from

0.157 — 0.160, compared to the idealised synthetic value of 0.31 (Table 3.3).

4.2.2 ldentification of residual solids

X-ray diffraction patterns were attained for the post-acidic dissolution solids of
potassium jarosite, plumbojarosite, and beudantite (Figures 4.7-4.9, respectively).
The diffraction patterns were then compared with the corresponding ICDD PDF files
used to identify the original synthetic endmember jarosites (potassium jarosite 22-
0827, plumbojarosite 33-0759, and beudantite 19-0689). All the peaks produced by
the residual solids could be identified as those relating to the structure of their
corresponding synthetic analogues. The absence of unidentified peaks in the patterns

indicated that no new phases were present at detectable levels.

Acid Dissolution of Potassium Jarosite
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Figure 4.7. Powder X-ray diffraction of the residual solid from the acidic dissolution of potassium
jarosite, mounted on a Bruker zero background silicon (510) sample holder; using Cu Ka radiation (A
= 1.54056 A) source, 2-theta range 10-70°, step size 0.020°, step time 27s. d-spacings have been
indicated for the strongest peaks.
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Acid Dissolution of Plumbojarosite
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Figure 4.8. Powder X-ray diffraction of the residual solid from the acidic dissolution of
plumbojarosite, mounted on a Bruker zero background silicon (510) sample holder; using Cu Ka
radiation (A = 1.54056 A) source, 2-theta range 10-70°, step size 0.020°, step time 18s. d-spacings have
been indicated for the strongest peaks.
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Figure 4.9. Powder X-ray diffraction of the residual solid from the acidic dissolution of beudantite,
mounted on a Bruker zero background silicon (510) sample holder; using Cu Ko radiation (A =
1.54056 A) source, 2-theta range 10-70°, step size 0.020°, step time 27s. d-spacings have been
indicated for the strongest peaks.
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Synthetic Anglesite
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Figure 4.10. Powder X-ray diffraction of synthetic anglesite (PbSO4), mounted on a Bruker zero
background silicon (510) sample holder; using Cu Ko radiation (A = 1.54056 A) source, 2-theta range
10-70°, step size 0.020°, step time 27s. d-spacings have been indicated for the strongest peaks.

FTIR spectra of the residual solids recovered from the acidic dissolution experiments
are shown in Figure 4.11. The spectra are very similar to those of the original
synthetic analogues shown in Figure 3.15. No extra bands relating to additional

phases could be seen.

All the FTIR spectra contain an intense absorption band in the region 2900 to 3700
cm™ attributed to O-H stretching (von). A band at 1634 to 1641 cm™, assigned to
HOH deformation, relating to the presence of ‘additional water’ groups. Three
intense absorption bands at 1000 to 1200 cm™, credited to two vibrational modes
within the sulphate unit v3(SO4>) (doublet, at the two higher wavenumbers) and
v1(SO4%) (at the lowest wavenumber). Two other vibrational modes of sulphate, the
v4(SO4¥) around 630 cm™ and as a doublet in potassium jarosite at 657 cm™ (Figure
4.11a), and the v»(SO4>) near 470 cm™. For the beudantite sample (Figure 4.11c),
two additional peaks were seen between 810 and 860 cm™; these correspond to the
V3(ASO43') and vl(AsO43') vibrational modes of arsenate. IR bands near 580 and 505
ecm’ correspond to an O-H bending mode (yon) and to an O-Fe vibration within the

FeOg coordination octahedron. O-H bending modes were not present in the spectra of
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plumbojarosite (Figure 4.11b) (Powers et al. 1975, Baron and Palmer 1996b, Serna et
al. 1986, Sasaki et al. 1998, Drouet and Navrotsky 2003).
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Figure 4.11. Fourier transform infrared spectra (FTIR) of the acidic dissolutions of (a) potassium
jarosite, (b) plumbojarosite, and (c) beudantite. The range was 400 — 4000 cm™ wavenumbers with a
resolution of 4 cm™, five scans were accumulated. The main vibrational bands in the spectrum are
marked.
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Figure 4.12. Fourier transform infrared spectra (FTIR) of synthetic anglesite (PbSO,). The range was
400 — 4000 cm™ wavenumbers with a resolution of 4 cm™, five scans were accumulated. The main
vibrational bands in the spectrum are marked.

4.2.3 Morphology

Figure 4.13 shows the subtle colour changes between the original synthetic jarosites
and the residual solids recovered at the end of the acidic dissolutions. Munsell
colours were assigned to the residual solids and are compared to the original synthetic
values (Table 3.1). For the dissolution of potassium jarosite, the residual solid had a
Munsell colour of 2.5Y 8/8; the solid had a higher yellow component and a higher
chroma indicating a purer and lighter colour, compared to the original synthetic
potassium jarosite. For plumbojarosite, the residual solid had a Munsell colour of
10YR 7/8 and only a slightly higher chroma than the original solid. The Munsell
colour for the residual solid in the acidic dissolution of beudantite was 10YR 7.5/8;
the value is slightly less than the original synthetic beudantite, indicating the residual

solid is slightly darker in colour.

Figure 4.14a is an overview of the particle morphology of the residual solid from the
potassium jarosite dissolution. It is clear in the micrograph that the majority of the
grains had a degree of surface roughness and showed extensive pitting on the surface,
compared to the very smooth globular grain morphology seen for the original
synthetic analogue (Figure 3.21a). At higher magnification (Figure 4.14b), it was
possible to see the extent of the surface pitting. The surface roughness appears to

arise from the internal structure of the grains being exposed as the smooth surface was
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Figure 4.13. Illustrations showing the subtle colour changes between the synthetic jarosites and the
residual solids recovered at the end of the acidic dissolutions. Potassium jarosite: (a) residual solid and

(b) synthetic. Plumbojarosite: (c) residual solid and (d) synthetic. Beudantite: (e) residual solid and (f)
synthetic.
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being removed. Neither micrograph in Figure 4.14 showed any evidence of a new

phase being present.
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Figure 4.14. Scanning electron micrograph (SEM) images of the residual solid from the acidic
dissolution of potassium jarosite. Image (a) is a general overview of the residual solid, extensive
pitting of the surface can be observed. Image (b) is a high-resolution micrograph of a single potassium
jarosite grain; again, extensive surface weathering and pitting are evident. Operating conditions
indicated on each micrograph.

For the plumbojarosite dissolution, the particle morphology of the residual solid
(Figure 4.15a) was quite different from that of potassium jarosite (Figure 4.14) in that
there appeared to be some selective dissolution occurring at the grain surface. This

selective dissolution appeared to follow the crystal habit, so much so that as the
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Figure 4.15. Scanning electron micrograph (SEM) images of the residual solid from the acidic
dissolution of plumbojarosite. Image (a) highlights common dissolution morphology throughout the
plumbojarosite sample. Image (b) is a high-resolution micrograph of a single plumbojarosite grain,
selective dissolution at the surface of the grain is clearly visible. Operating conditions indicated on
each micrograph.

dissolution occurred across two surfaces of a grain there appeared to be a right angle
bend in the dissolution feature (Figure 4.15b). In comparison to the original synthetic
plumbojarosite (Figure 3.21b), the morphology of the residual solid exhibited fine
dissolution pitting (Figure 4.15a). Once again, neither micrograph in Figure 4.15

showed any evidence of a new phase being present.
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Figure 4.16. Scanning electron micrograph (SEM) images of the residual solid from the acidic
dissolution of beudantite. Image (a) is a general overview of the residual solid, extensive pitting of the
surface can be observed. Image (b) is a high-resolution micrograph of a single plumbojarosite grain,
showing the presence of a very finely dispersed secondary phase, probably amorphous lead sulphate.
Operating conditions indicated on each micrograph.

For beudantite (Figure 4.16a), the morphology of the residual solid was different to
that in both of the two previous studies. The residual grains showed extensive
internal dissolution, resembling smooth tubular or spherical holes, very fine
dissolution pitting could be seen on the mineral surface (Figure 3.21e). At higher
magnification (Figure 4.16b), a very finely distributed, 1-5 nm diameter secondary

phase could be seen covering all the beudantite grains. The presence of this
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secondary phase in the acid dissolution of beudantite (Figure 4.16b) is unique, as
neither acid dissolution of potassium jarosite or plumbojarosite formed a secondary

phase from the ions in solution (Figures 4.14, 4.15).
4.3 Discussion

4.3.1 Acid dissolution of potassium jarosite and plumbojarosite

Some similarities may be drawn between the solution compositions for the acidic
dissolutions of potassium jarosite (Figure 4.1) and plumbojarosite (Figure 4.2 and 4.3)
plotted over time in that they conformed to parabolic rate kinetics. The beginning of
both experiments saw rapid releases of constituent ions that make up both jarosites
being eluted into solution. The rate of release then slowly deceased until there was
very little change in solution concentration. At the point where the solution
concentration for each constituent ion was constant, the dissolution reaction had
reacted quasi-steady state. Based on this relative simplistic description of steady
state, it is possible to say that the acidic dissolution of plumbojarosite reached steady
state more rapidly than did potassium jarosite (~ 1500 hrs compared to 3000 hrs).
The jarosite subgroup of minerals are all isostructural and the main structural
difference between potassium jarosite and plumbojarosite is the A-site cation (K for
potassium jarosite and Pb(II) for plumbojarosite). Both minerals share similar T-O-T
sheeting made up from Fe(IIl) ions and SO,* tetrahedra, but the incorporation of
Pb(II) at the A-site leads ideally to a doubling of the jarosite unit cell along the c-axes,
when the Pb(II) occupancy is high (i.e. > 0.4 formula units, where ideal is 0.5)
(Dutrizac et al. 1980). From the powder X-ray diffraction pattern for the synthetic
plumbojarosite (Figure 3.3), the absence of an 11 A (003) reflection indicates that the
Pb(Il) ions and vacancies were not ordered in the A-site. The added strain of
accommodating a Pb(II) ion instead of a K" ion in the A-site, shown through the lack
of a doubled c-axis and the lack of A-site ordering, would suggest that the
plumbojarosite structure was inherently less stable than the potassium jarosite
structure. This instability could account for the increased rate of dissolution over the
first 500 hrs for plumbojarosite than for potassium jarosite, even though both

endmembers have very similar surface areas (Table 3.8).
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A comparison of the molar ratios for the aqueous and residual solid data for the acid
dissolution of potassium jarosite and those of the characterised formula of the
synthetic  ((H30)0.16Ko.84F€2.46(SO4)2(OH)433(H20)1 62, Table 3.3) reveals some
interesting relationships. The aqueous molar ratios of K and SO,4* (1.25-1.24:2, Table
4.2; excluding the K data in bottle 1, due to contamination by KCI from the pH probe)
suggest that there were excessive K ions in solution compared to SO4>, considering
the synthetic ratio should be 0.84:2. A similar disparity between K and SO4* in the
molar ratios of the residual solids is seen. These molar ratios indicate a net deficiency
of K in the solid in comparison to SO4* (0.669-0.673:2), compared to the synthetic
idealised ratio of 0.84:2 (Table 4.5, 3.3). A similar relationship is seen between Fe
and SO,%, though in this case Fe was found to be deficient in solution in compared to
SO4> (2.34-2.36:2, compared to 2.46:2) (Table 4.2, 3.3). Once again, the residual
solid molar ratio data supports the Fe deficiency in solution by a higher than synthetic
Fe: SO4” ratio in the residual solid of 2.652-2.676:2 compared to 2.46:2 (Table 4.5,
3.3). To summarise, all three ions show-varying degrees of incongruency with respect
to their concentrations in solution at the end of the acidic dissolution of potassium
jarosite, where steady state was thought to have been attained. Specifically, K and

SO4> are in excess compared to Fe, and K is in excess to SO, (Tables 4.2, 4.5, 3.3).

For the plumbojarosite acid dissolution, similar trends to potassium jarosite are seen
when the aqueous and residual molar ratios are compared against the synthetic solid
((H30)0.74Pbg.13F€2.92(S04)2(OH)s 76(H20)0.24, Table 3.3). For this experiment the
overall residual solid ratios for Pb:SO4* (0.230-0.236:2) and Fe:SO,> (3.133-
3.141:2), compared to the synthetic values of 0.13:2 and 2.92:2, respectively,
indicated that the dissolved solid was significantly depleted in SO,> (Tables 4.6, 3.3).
Higher SO4> values in solution would have had an overall effect of reducing the
aqueous molar ratios of Pb and Fe. The Pb:SO4> aqueous molar ratios ranged from
0.109-0.112:2, just slightly lower than the synthetic of 0.13:2. Similarly, the Fe:SO4>
aqueous molar ratios ranged from 2.79-2.83:2, compared to the synthetic value of
2.92:2 (Table 4.2, 3.3). All three ions (Pb, Fe, and SO42') in solution displayed similar
varying degrees of incongruency (Tables 4.2, 4.5). In contrast to the acidic
dissolution of potassium jarosite, where the K concentration exceeded that of SO,
the reverse is seen here between Pb and SO,”. The reason for highlighting this

discrepancy is that Pb and K occupy the A-sites in potassium jarosite and
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plumbojarosite, respectively. In relative percentage terms, K occupied 84 % of the
crystallographic A-sites in potassium jarosite, compared to 13 % for Pb in
plumbojarosite; the remainder in each case was made up with hydronium (H;O") until
100 % occupancy of the A-sites had been attained (Table 3.3). It is these opposing
degrees of A-site occupancy that account for the fact that in the plumbojarosite
dissolutions, SO was always in relative excess to Pb. Overall, Pb and SO~
aqueous concentrations exceed those of Fe, and SO42' concentrations exceed Pb

concentrations (Tables 4.2, 4.5, 3.3).

The aqueous ion concentration profiles for both the acid dissolution of potassium
jarosite (Figure 4.1) and plumbojarosite (Figure 4.2-4.3) suggest that a transport-
controlled dissolution model governed these experiments (Stumm and Morgan 1996).
A general schematic representation of this dissolution model is presented in Figure
1.3a. In transport-controlled dissolution, the concentration immediately adjacent to
the mineral reflects the solubility steady state. Dissolution is then limited by the rate
at which dissolved dissolution products are transported by diffusion or advection to
the bulk of the solution (Stumm and Morgan 1996). The shape of the acid dissolution
concentration profiles for potassium jarosite and plumbojarosite (Figures 4.1, 4.2-4.3,
respectively) can also be described by a dissolution rate-determining step governed by
diffusion of ions from the mineral surface to the bulk solution (Stumm and Morgan
1996). Both acidic dissolutions of potassium jarosite and plumbojarosite are classed
as incongruent reactions, not because any secondary phase(s) were identified, but
because of the non-ideal dissolution of the parent solids. This is indicated by
differing aqueous and solid molar ratios compared to the idealised synthetic molar

ratios (Tables 4.2, 4.6, and 3.3).

The X-ray diffraction patterns, FTIR spectra, and SEM micrographs of the residual
solids for the acidic dissolutions of potassium jarosite (Figures 4.7, 4.11a, 4.14) and
plumbojarosite (Figures 4.8, 4.11b, 4.15) clearly show no new phases present, which
may have precipitated from the ions in solution. The lack of any major colour change
between the original synthetic endmembers (Figure 3.1, Table 3.1) and the residual
solids (Figure 4.13) recovered at the end of the potassium jarosite and plumbojarosite
dissolutions confirm the lack of any new phases. The SEM micrographs for

potassium jarosite (Figure 4.14b) and plumbojarosite (Figure 4.15b) show extensive
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and varied dissolution morphology. The difference in the dissolution structures can
be explained broadly by differing degrees of crystallinity: potassium jarosite is quite
globular and thus, poorly crystalline and plumbojarosite has smooth rhombohedral
(pseudocubic) crystal faces. The higher degree of crystallinity for plumbojarosite was
simply the result of a slower more controlled synthesis, to avoid the contamination of
the product with PbSO,. The selective surface dissolution seen for plumbojarosite is
believed to be due to the discriminatory removal of SO4* groups closest to the
mineral’s surface, which ultimately make up the linear T-O-T sheets with the B-site
Fe octahedrons. The surface features in Figure 4.15b show this on a macroscopic
scale. The relatively uniform weathering seen for potassium jarosite is most easily

explained by its relative poor crystallinity.

In summary, the acidic dissolution of both potassium jarosite and plumbojarosite can
be described as being governed by transport-controlled dissolution kinetics. Non-
ideal final aqueous concentrations for the parent ions that made up the two-
endmember jarosites were recorded suggesting that both dissolutions were
incongruent. The acidic dissolutions of potassium jarosite and plumbojarosite can be

described by Eq. 4.1 and 4.2, respectively.

KFe3 (SO4)2 (0H)6(S) + H(ttq) - K(th) + Fe(i:rq) + SO‘%(:tq) (4'1)
Pb,  Fe, (SO4)2(OH)6(S) + H(*aq) — bea;) + Fefa*q) + SOj(’aq) 4.2)

An ion activity product (IAP) was calculated for the acidic dissolution of potassium
jarosite and plumbojarosite, using the equilibrium activities and final pH values from
the triplicates (Table 4.3). The calculation of the IAP for the dissolution of a mineral
1s important, because at equilibrium, the IAP is equal to the solubility product, Kgp. If
the dissolution of potassium jarosite and plumbojarosite were written as in Eq. 4.3 and

4.4, then the IAP for these two reactions would be as in Eq. 4.5 and 4.6, respectively.

KFe,(S0,),(OH), +6H = K + 3Fe(3:q) + 2S03(;q) +6H,0,, 4.3)
Pb,sFe,(SO,),(0OH)y,, +6H,  — % bea;) + 3Fe(3u+q) + 2503(;(1) +6H,0,, (4.4)

log IAP = log{K "} +3log{Fe’* } + 210g{SO; } + 6log{H,0} + 6 pH (4.5)
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log IAP = log V. {Pb**} + 3log{Fe** } + 210g{SO>"} + 6log{H,0} + 6pH  (4.6)
2 4 2

A few assumptions are commonly applied when calculating IAP values and solubility
products. The first and probably the one most open for questioning is that the
dissolution reaction in question has reached perfect equilibrium. The reason for this
assumption is that aqueous activities of ions are all calculated and reported on the
premise that the initial concentrations used in computer speciation programs like
GWB have come from a reaction at equilibrium. The second assumption is that the
dissolution has occurred perfectly congruently, that is, the mole fractions for the

particular ions in the solid equal those seen in solution (Eq. 4.3 and 4.4).

This study has shown that the acidic dissolution of both potassium jarosite and
plumbojarosite are incongruent in that there is non-ideal dissolution with respect to
the ions in the solid relative to those seen in solution. For this specific reason, no
definitive Kgp value could be reported for these two dissolutions. It is, however,
worth appraising the calculated IAP values for both dissolutions against published
IAP values. The vast majority of the solubility data on jarosites are for potassium
jarosite; at present, there are no known data for plumbojarosite. Baron and Palmer
(1996b) publish an IAP value of -11.36+0.25 for a near identical experiment to that
reported in this study for the dissolution of potassium jarosite. Calculated IAP values
for bottles 2 and 3 (that were not contaminated by KCI) in the acidic potassium
jarosite dissolution range from -11.30+0.25 to -11.38+0.25 (Table 4.3). These are
extremely similar to those reported by Baron and Palmer (1996b), which is surprising
considering the incongruency of the potassium jarosite dissolution. The problems of
incongruent mineral dissolution can also be seen in the range of calculated IAP values

for the acidic dissolution of plumbojarosite (-10.65+0.25 to -9.35+0.25, Table 4.3).

Of the saturation indices that have been calculated for the acid dissolutions of
potassium jarosite and plumbojarosite (Table 4.4) by GWB, the indices for potassium
jarosite are the only ones that are meaningful. The problem with the plumbojarosite
saturation data is that the latest version of the GWB thermodynamic database does not
contain any data for the mineral. The lack of any mineral thermodynamic data results
in the program assuming that the aqueous ion concentrations determined for the

plumbojarosite dissolution were due to the dissolution of anglesite. This can be seen
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in Table 4.4 as a series of negative saturation indices for anglesite, where, in fact, the
mineral should be plumbojarosite. As the GWB database lacks thermodynamic data
on plumbojarosite the calculated positive saturation indices for hematite and goethite
are also incorrect. The calculated saturation indices for the acid dissolution of
potassium jarosite are similar for the three triplicates (Table 4.4). Speciation
modelling of the acid dissolution of potassium jarosite predicts the stability of
hematite and goethite in solution (Table 4.4). Hematite is commonly reported as a
positive saturation index in nearly all aqueous Fe’" rich oxic environments by
programs like GWB, because the mineral is extremely stable in natural environments.
The slight positive index for goethite (1.55-1.58), indicates that, probably over a long
period, goethite might precipitate out of solution from the acidic dissolution of
potassium jarosite. This result is not too surprising as goethite secondary weathering
coatings have been observed around potassium jarosite outcrops in ARD/AMD

environments (Bigham 1994).

An Eh versus pH diagram (Figure 4.17) was constructed in GWB using the
equilibrium activities from Bottle 2 of the triplicates in the acid dissolution of
potassium jarosite. Figure 4.17a is an Eh-pH diagram of the acid dissolution, where
all the possible minerals are shown; principally this is taken up by hematite. Phase
relations computed in Eh-pH space indicate the metastability of potassium jarosite
relative to hematite (and any others). In order for potassium jarosite to appear on Eh—
pH diagrams, hematite (and goethite etc) had to be “suppressed” (not included) in
calculations carried out using Geochemist’s Workbench. This indicates that phase
assemblages that include potassium jarosite have higher free energies than those
including hematite (and goethite etc). When hematite and a series of other minerals
are suppressed (FeO, goethite, magnetite, pyrrhotite, and troilite), potassium jarosite
occurs as a stable phase in a pH range of 0.5 to 5, similar to the experimental
dissolution conditions (Figure 4.17b). The next stable phase is Fe(OH)s;, a known
meta-stable phase of goethite, a mineral phase predicted to be present in the system by

a positive saturation index (Table 4.4).
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Figure 4.17. Eh-pH diagrams for the acid dissolution of potassium jarosite. Equilibrium aqueous
activities were taken from Bottle 2. (a) is an Eh-pH diagram of the dissolution where all possible
minerals are shown, (b) is an Eh-pH diagram where hematite and a series of other minerals have been
suppressed (FeO, goethite, magnetite, pyrrhotite, and troilite) to simulate more accurately experimental
conditions. The experimental conditions were: f o ) 0.2, fco ) 107, Cl04 = 0.01 molal, pH =

2.02, Eh = 1.09 volts, K = 0.2088 ppm, Fe*" = 0.3900 ppm, SO,* = 0.3332 ppm.

4.3.2 Acid dissolution of beudantite

There are some similarities and more importantly, some differences, between the
dissolution profiles of beudantite (Figure 4.4-4.6) and those of potassium jarosite
(Figure 4.1) and plumbojarosite (Figure 4.2-4.3). In the beudantite acid dissolution,
Fe and AsO4> show similar concentration profiles to all the constituent ions involved
in the potassium jarosite and plumbojarosite reactions, in that they all follow
parabolic rate kinetics. The major differences between the beudantite experiment and
the dissolution of potassium jarosite and plumbojarosite are the concentration profiles
of Pb and SO4*, which ultimately will have implications for the overall dissolution

mechanism of beudantite in an acidic regime (Figures 4.5 and 4.6, respectively).

Some interesting relationships become obvious when comparing the molar ratios for
the aqueous and residual solid together for the acidic dissolution of beudantite (Table
4.2, 4.6) against  the formula  of  the synthetic beudantite
((H30)0.68Pbo 32F€2.86(SO4)1.60(A804)0.31(OH)s.50(H20)0.41, Table 3.3).  There was
virtually no measurable Pb in solution for bottles 2 and 3, and a low Pb concentration
(0.000059 mmol L) in bottle 1 after 400 hrs (Table 4.1). The corresponding aqueous
molar ratios ranged from 0.0040-0.0069:1.69 compared to the idealised value of
0.32:1.69 in synthetic beudantite (Table 3.3, 4.2). The molar ratio of Pb and SO, in
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the residual solid ranges from 0.430-0.433:1.69, and importantly is higher than the
synthetic beudantite (0.34:1.69; Tables 3.3, 4.6). The implication of this is that a Pb-
rich secondary phase is likely to be present. In the first 300 hrs of the experiment,
both Pb and SO,* aqueous concentrations fell sharply (Figures 4.5, 4.6). In the case
of the Pb, the concentration for two of the bottles was that low that it was not
measurable and in bottle 1, the Pb concentration started to stabilise out to a relative
uniform concentration (Figure 4.5). The SO4* ion profiles, after reaching a
concentration minimum after 300 hrs, started to rise in a linear fashion, until the
concentrations reached a plateau at approximately 1250 hrs (Figure 4.6). It is
proposed that the Pb-rich phase is PbSOj, and the majority of the Pb precipitated out
of solution as PbSO4 before 400 hrs in bottles 2 and 3. As for bottle 1, it is thought
that precipitation of PbSO, partially inhibited the remainder of the dissolution,
thereby significantly reducing the probability of the Pb concentration changing
drastically in solution, which is borne out by the relative stable Pb concentration after
1000 hrs (Figure 4.5). It is well known that PbSO,4 is a stable phase in these
conditions as it is a common impurity in the synthesis of lead-bearing jarosites like
beudantite (Dutrizac et al. 1980). The early precipitation of the Pb as PbSO; in the
dissolution experiment would account for the profile of SO4> in solution (Figure 4.6).
In the synthetic beudantite, SO4* exceeds Pb, in the order of 1.69:0.32 (Table 3.3). It
is reasonable to suggest that the lower concentrations of SO4> seen in the first 300 hrs
of the reaction reflect the precipitation of PbSO,4. When the Pb has been removed
from solution in bottles 2 and 3, and has been stabilised by the precipitation of PbSO4
in bottle 1, the SO4* concentration rises by continued dissolution of the parent solid,
to a point where the concentration plateaus toward the end of the experiment (Figure

4.6).

The positive identification of PbSO; is difficult as no evidence could be found by X-
ray diffraction (Figure 4.9) or FTIR spectroscopy (Figure 4.11¢). The main evidence
for this phase being present is a secondary phase in the SEM micrographs of the
residual solid of this dissolution (Figure 4.16). It is believed that the PbSO, phase
was quite amorphous as crystalline PbSO,4 (anglesite) has quite a distinctive X-ray
diffraction pattern (Figure 4.10). As for the identification of the phase by FTIR
spectroscopy, there is only one unique weak vibration at 967 cm™ in crystalline

synthetic anglesite (Figure 4.12) that may have identified the phase, as all the other
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vibrations in this mineral also occur in jarosites (Figure 3.15, 3.16, 4.11). The
absence of this 967 cm™ vibrational mode confirms the amorphous nature of the
PbSO,4 solid. Synthetic anglesite (PbSO,4) is pure white in colour, therefore any
identification of this phase by changing Munsell colour values from the residual solid
to the synthetic is going to be extremely difficult to near impossible to identify

(Figure 4.13).

The concentration profiles of Fe and AsO,> resemble those of ions that conform to
parabolic rate kinetics. Both profiles appeared to plateau at approximately 250 hrs
(Figure 4.4), when PbSOs was being precipitated. The aqueous molar ratio for
Fe:SO42' ranges from 8.485-8.713:1.69, the residual solids data from 3.129-
3.135:1.69, and that for synthetic beudantite is 2.86:1.69 (Table 4.2, 4.6, 3.3). The
aqueous AsO,’:SO4”” molar ratios range from 4.741-4.866:1.69, that for the residual
solids from 0.157-0.160:1.69, and that for synthetic beudantite is 0.31:1.69 (Table 4.2,
4.6, 3.3). The molar ratios in the solids are likely to be artificially low because the
total concentration of SO,4* used to calculate the molar ratio is assumed to belong to
beudantite; the total SO4> concentration, however, comprises the residual solid and
the PbSO4 secondary phase. From the aqueous molar ratios of Fe:SO42' and AsO43'
:SO4” it is possible to say that Fe and AsO,’ are significantly in excess compared to
the SO42' concentration in solution (Table 4.2). The degree to which ASO43' 1S In
excess compared to SO4> (considering both these units occupy the same T-site in the
beudantite structure) is also reflected by the residual solid AsO4>:SO,4% ratio (0.157-
0.160:1.69), which is nearly half of the synthetic ratio of 0.31:1.69 (Table 4.6, 3.3).
Even though the aqueous Fe:SO, ratio is nearly three times higher than the synthetic
value, the corresponding residual solid ratio is slightly higher than that in the synthetic
beudantite. The reason for this is that the parent residual beudantite solid is still very
deficient in SO4>, especially considering the inherent lower residual solid ratios due
to the presence of the PbSO4 secondary phase. If the PbSO4 secondary phase had not
formed during the early part of this experiment, it is reasonable to hypothesise that the
concentration of SO4> and AsO,> would have been in excess in solution compared to
Pb and Fe. At the end of the experiment, however, Fe and AsO43 " concentrations were
found to be in excess compared to Pb and SO42'. Moreover, AsO43' was found to be
in excess compared to Fe, seen by the range in the aqueous molar ratios of Fe:AsO4™

(0.5547-0.5551:0.31) compared to synthetic value of 2.86:0.31 (Table 3.3). All these
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subtleties in non-ideal dissolution of the parent solid, and the precipitation of a
secondary phase, broadly classes the acidic dissolution of beudantite as an

incongruent reaction.

Due to the complexity of the acidic dissolution of beudantite, it is difficult to describe
which type of dissolution model (transport or surface) best describes this dissolution.
The slight linearity of the SO4> ion concentration profile between 300-1250 hrs
(Figure 4.6) suggests that after 300 hrs, the kinetics were governed by a surface-
controlled reaction. To complicate matters, the initial Fe and AsO4> profiles for the
first 250 hrs are parabolic, indicative of a transport-controlled dissolution. The acidic
dissolution of beudantite was therefore probably governed by a mixed transport-
surface kinetic dissolution reaction, where transport mechanisms dominated the first
250 hrs of the reaction, until the secondary phase was present to such a degree on the
residual solids to dominate the dissolution rate-determining step for the remainder of

the experiment.

The acidic dissolution of beudantite can be summarised as being governed by mixed
transport-surface controlled dissolution kinetics, where surface process superseded
transport after approximately 250 to 300 hrs into the experiment. The beudantite
experiment varied from the other two acidic dissolutions in that it contained an
amorphous PbSO, secondary phase. The acidic dissolution of beudantite can be
described by the reaction in Eq. 4.7.

+Fer +8S0.  + AsO;-

4(gel) (aq) 4(aq) 4(aq)

PbFe,(4s0,)(SO,)(OH),, + H,,, —> PbSO

(aq)

(4.7)

No TAP values could be calculated for any of triplicates for the acidic dissolution of
beudantite, as a secondary phase was deemed to be present in all three bottles (Table
4.3). The problem arises from the fact that a true IAP value for dissolution of a
mineral assumes that the reaction has reached steady state and no ions have
precipitated out of solution. Secondary phase formation in mineral dissolution skews
the overall calculated IAP to a lower value than the real experimental value, because
lower ion concentrations in solution result in lower equilibrium aqueous activities

being reported.
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None of the saturation indices that have been calculated for the acidic dissolution of
beudantite by GWB are likely to be meaningful (Table 4.4). As mentioned earlier for
the plumbojarosite dissolution, the problem lies in the fact that the latest version of
the GWB thermodynamic database does not contain any mineral data for beudantite.
This results in the program assigning a mineral that it thinks is being dissolved (in the
case of plumbojarosite the program thought the parent mineral was anglesite, Table
4.4). As the GWB database lacks data on beudantite, the calculated positive
saturation indices for hematite and goethite are also incorrect and therefore

meaningless.

4.4 Conclusions and summary

The acidic dissolutions of potassium jarosite, plumbojarosite, and beudantite can be
all classed as incongruent dissolution reactions because of the non-ideal dissolution of
the parent solids, and for the formation of an amorphous secondary phase of PbSO, in
the beudantite experiment. Both the potassium jarosite and plumbojarosite
dissolutions could be described by transport-controlled dissolution kinetics. For the
beudantite dissolution, a mixed surface-transport model was found to be the most

likely mechanism that could describe the overall dissolution kinetics.

IAP values were calculated for the acidic dissolution of potassium jarosite and
plumbojarosite, though no IAP could be calculated for the beudantite dissolution due
to the presence of a secondary phase. The accuracy of the IAP values calculated for
the potassium jarosite and plumbojarosite in this study and those in the published
literature, were all called into question due to the inherit incongruency of jarosite-type
minerals. An Eh-pH diagram for the acidic dissolution of potassium jarosite found
that the mineral was a stable phase under the conditions of an acidic AMD/ARD
environment (pH = 2.02 and Eh = 1.09 volts) (Figure 4.17).
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5 Alkali dissolution studies

Chapter 5 describes the alkali dissolution studies of potassium jarosite,
plumbojarosite, and beudantite. =~ The chapter has four sections: dissolution
experimental data, residual solid characterisation data, discussion and overall

summary.

5.1 Dissolution experiments

Alkali dissolution studies of potassium jarosite, plumbojarosite, and beudantite were
carried out to investigate their stability and breakdown mechanisms under an alkali
regime that would mimic an AMD/ARD environment recently remediated with slaked
lime (Ca(OH),). Figures 5.1-5.5 show the evolution of the solution compositions over
time for the dissolution experiments at 20°C and initial pH 8. All experiments were
conducted in triplicate. To avoid problems of amalgamating data together, solution
profiles of all three bottles used in the dissolution experiments of the three jarosites
are presented to prove reproducibility. Final ion concentrations and pH values for the
three experiments and their corresponding molar ratios are summarised in Tables 5.1
and 5.2, respectively. Calculated equilibrium activities and saturation indices for the
dissolutions are presented in Tables 5.3 and 5.4, respectively. All the raw aqueous
data and equilibrium activity data can be found in Appendix C.2 and C.4.2,

respectively.

5.1.1 Potassium jarosite

In the potassium jarosite experiment the majority of the dissolution occurred within
the first 1500 hrs, with rates declining with time (Figure 5.1). The Fe concentration in
solution remained extremely low throughout the experiment in all three bottles. By
the end of the experiment the Fe concentration in solution varied from 0.0023 —
0.0025 mmol L in the three bottles. The concentration profiles of K and SO42'
displayed characteristics commonly attributed to parabolic rate kinetics. The solution
data for bottle 1 was terminated early at approximately 3250 hrs to investigate the
possibility of the existence of a secondary phase(s). Steady state was judged to have
occurred after approximately 3500 — 4000 hrs, taken based on the solution profiles for
bottles 2 and 3. Over the course of the dissolution experiment, the pH across the

triplicates changed from initial pHs of 8.0 to final pHs ranging from 3.26 to 3.30.
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Figure 5.1. Concentrations of Ky, Fey, and SO,%,, in solution for the alkali dissolution of potassium
jarosite plotted against time, with the initial pH set at 8.00. Solution profiles for all three bottles are
presented to prove reproducibility.
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The final total concentrations of K, Fe, and SO, at steady state and their
corresponding molar ratios are presented in Table 5.1 and Table 5.2, respectively.
The molar ratios of the ions in solution were calculated under the pretext that SO42'
equalled 2, a common assumption frequently used in calculating the formula of
jarosite type structures (Section 1.4.1, Table 3.3). Generally, it was found that the K
ratio in solution varied from 1.24 — 1.26 compared to that of the idealised synthetic
potassium jarosite of 0.84; and the Fe ratio in solution varied from 0.0136 — 0.0149

compared to that of the synthetic solid of 2.46 (Table 3.3).

Table 5.1. Final pH and aqueous ion concentrations for the alkali dissolutions.

Aqueous concentration (mmol L)

Compound pH K Pb Fe SO~ AsO,”
Potassium jarosite
Alkali Bottle 1 330  0.2041 - 0.0023 0.3279 -
Alkali Bottle 2 328 0.2102 - 0.0025 0.3352 -
Alkali Bottle 3 326 0.2123 - 0.0023 0.3383 -
Plumbojarosite
Alkali Bottle 1 3.54 - 0.0066 0.0004 0.1194 -
Alkali Bottle 2 3.46 - 0.0068 0.0004 0.1226 -
Alkali Bottle 3 3.44 - 0.0071 0.0004 0.1269 -
Beudantite
Alkali Bottle 1 4.78 - 0.00007  0.000087  0.0151  0.0017
Alkali Bottle 2 4.58 - - 0.000127  0.0136  0.0015
Alkali Bottle 3 4.62 - - 0.000098  0.0135  0.0014

Based on the measured steady state pH and concentrations of Ky, Feior, and SO42}m,
equilibrium aqueous activities of K, Fe’" and SO, were calculated using the
geochemical speciation suite of programs in The Geochemist’s Workbench (GWB),
version 4.0.2 (Bethke 1996). The corresponding equilibrium aqueous activities for
the potassium dissolution can be found in Table 5.3. The charge balance error across
the triplicates ranged from 7 to 8 % (Table 5.3). Saturation indices were also
calculated for the three bottles in the alkali dissolution of potassium jarosite (Table
5.4): only minerals with log Q/K greater than -3 are listed. Positive saturation indices
were found for hematite and goethite, whilst potassium jarosite and Fe(OH); had

negative indices (Table 5.4).
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5.1.2 Plumbojarosite

The alkali dissolution of plumbojarosite differs markedly from that of potassium
jarosite and the other acidic dissolutions presented in Chapter 4 as none of the ions in
solution could be described as following classical parabolic rate kinetics (Figure 5.2).
Specifically the SO,* ion in all three triplicates displayed a linear style relationship
with respect to concentration in solution and time. The concentrations of both Pb and
Fe in solution were also very low throughout the duration of the experiment. Plots of
these two ions in Figure 5.3 shows that the Pb ion in solution displays a similar linear
style relationship with its concentration in solution and time as that of SO,> (Figure
5.2), when re-plotted on a more appropriate scale. The Fe concentration (Figure 5.3)
in solution remained extremely low throughout the whole experiment, and a similar
trend was seen across all three bottles, much like the profile of Fe seen in the alkali
dissolution of potassium jarosite (Figure 5.1). At the end of the experiment, the Fe
concentration was 0.0004 mmol L™ across the triplicates (Table 5.1). Due to the
linear style concentration profiles of Pb and SO4* in solution, no obvious point in
time could be placed where the experiment may have reached steady state, in
comparison to dissolution profiles that fit parabolic kinetics. For this reason of
ambiguity around the position of steady state, the reaction was stopped just before
2250 hrs and the final pH of the reaction was found to have changed from an initial

8.0 to one varying from 3.44 — 3.56 across the three bottles (Table 5.1).

Table 5.2. Aqueous molar ratios for the alkali dissolutions.

Aqueous molar ratios

Compound K Pb Fe SO~  AsO,”
Potassium jarosite
Alkali Bottle 1 1.24 - 0.0140 2 -
Alkali Bottle 2 1.25 - 0.0149 2 -
Alkali Bottle 3 1.26 - 0.0136 2 -
Plumbojarosite
Alkali Bottle 1 - 0.110 0.0067 2 -
Alkali Bottle 2 - 0.116 0.0065 2 -
Alkali Bottle 3 - 0.109 0.0063 2 -
Beudantite
Alkali Bottle 1 - 0.0078  0.0097 1.69 0.190
Alkali Bottle 2 - - 0.0157 1.69 0.186

Alkali Bottle 3 - - 0.0122 1.69 0.175
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Concentrations of Pby;, Fe.; and SO42'[0[ in solution for the alkali dissolution of

plumbojarosite plotted against time, with the initial pH set at 8.00. Solution profiles for all three
bottles are presented to prove reproducibility.
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Figure 5.3. Concentrations of Pby, and Fe, in solution re-plotted from Figure 5.2 on a more
appropriate scale for the alkali dissolution of plumbojarosite. Solution profiles for all three bottles are
presented to prove reproducibility.
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The final total concentrations of Pb, Fe, and SO4> and their corresponding molar
ratios are presented in Table 5.1 and Table 5.2, respectively. Once again, the molar
ratios of the ions in solution were calculated setting SO42' at 2. The Pb ratio in
solution varied from 0.109 — 0.116 compared to that of synthetic plumbojarosite of
0.13, and the Fe ratio in solution varied from 0.0063 — 0.0067 compared to the
synthetic solid of 2.92 (Table 3.3). Equilibrium aqueous activities were calculated
using the final pH and Pbyy, Feio, and SO42't0t, for Pb2+, Fe’™ and SO42', by GWB
(Table 5.3). The charge balance error across the triplicates ranged from 7 to 9 %
(Table 5.3). Positive saturation indices were found for hematite and goethite, whilst

that for anglesite was negative (Table 5.4).

5.1.3 Beudantite

The concentration ion profiles from the beudantite alkali dissolution (Figure 5.4) were
different to those in the two previous alkali experiments and all the acid dissolutions.
The main difference surrounded the SO4* profile, which appeared to take on an
appearance similar to a sigmoidal curve, and resembled the SO4> profile for the acid
dissolution of beudantite (Figure 4.6). The AsO,’ concentration profiles across the
triplicates were extremely similar and took on a likeness similar to ions that conform
to parabolic rate kinetics; specifically, the AsO,> ion profiles appeared to plateau off
at approximately 250 hrs. The concentrations of Pb and Fe in solution were
extremely low and these two ions were re-plotted on a more appropriate scale in
Figure 5.5. What becomes immediately noticeable in Figure 5.5 was the lack of Pb in
solution over the three bottles only one Pb concentration point was found above the
detection limits (5 ppb) of the ICP-OES and that was the first sampling point in Bottle
1 at approximately 28 hrs at a concentration of 0.00007 mmol L™ (15 ppb). The Fe
profile (Figure 5.5) was also significantly different from the two earlier alkali
dissolutions (Figure 5.1, 5.3), in that after a minima in the Fe concentration seen in all
three bottles around 250 hrs, the concentration then slowly rose throughout the
remainder of the experiment, specifically with a linear relationship with regards to
concentration and time. In the first 250 hrs of the experiment, the Fe concentration
appeared to have dropped fairly sharply to a global minimum, this is seen best in the

Fe profiles of Bottles 1 and 2.
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Figure 5.4. Concentrations of Pbyy, Fe, S04, and AsO4> ., in solution for the alkali dissolution of
beudantite plotted against time, with the initial pH set at 8.00. Solution profiles for all three bottles are
presented to prove reproducibility.
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Due to the complicated nature of the aqueous ion profiles for the alkali dissolution of
beudantite, no obvious point in time could be found to class the reaction to have
reached a steady state, much like in the alkali dissolution of plumbojarosite; therefore,
the experiment was terminated before 2250 hrs. Under these conditions, it was
decided to state all the ion concentrations and pH values as final rather than at steady
state. The final pH values ranged from 4.58 — 4.78 across the triplicates from an

initial value of 8.0 (Table 5.1).

Table 5.3. Calculated equilibrium activities for the alkali dissolutions.

Calculated equilibrium activities Charge
log log log log log balance

Compound pH  {SO/} {H,AsO4} {K'} {Pb*} {F&’'} error (%)
Potassium jarosite
Alkali Bottle 1 3.30 -3.57 - -3.71 - -7.03 7
Alkali Bottle 2 3.28 -3.56 - -3.69 - -6.97 8
Alkali Bottle 3 3.26 -3.55 - -3.69 - -6.99 8
Plumbojarosite
Alkali Bottle 1 3.54 -3.97 - - -5.22 - 7
Alkali Bottle 2 3.46 -3.97 - - -5.21 -8.01 8
Alkali Bottle 3 3.44 -3.95 - - -5.19 -7.92 9
Beudantite
Alkali Bottle 1 4.78 -4.84 -5.77 - -7.15 - 9
Alkali Bottle 2 4.58 -4.88 -5.84 - -7.63 - 9
Alkali Bottle 3 4.62 -4.88 -5.85 - -7.63 - 6

The final total concentrations of Pb, Fe, SO,*, and AsO,> and their corresponding
molar ratios are presented in Table 5.1 and Table 5.2, respectively. The molar ratios
of the ions in solution were calculated with respect that SO,* equalled 1.69, a value
calculated from the characterisation of the synthetic beudantite (Table 3.3). As only
one data point was found for the Pb concentration in the entirety of the experiment
(Bottle 1), its value was used to calculate the molar ratio, in this instance the value
was 0.0078 compared with that of the synthetic of 0.32. The Fe ratio in solution
varied from 0.0097 — 0.0122 compared with the synthetic solid of 2.86; and finally the
AsO,> solution ratio ranged from 0.175 — 0.190, in comparison to 0.31 in synthetic
beudantite (Table 3.3). Equilibrium aqueous activities were calculated using the final
pH and Pby, Few, SOs™ o, AsOs o for Pb*', Fe’*, SO4*, and H,AsO4, by GWB
(Table 5.3). Even through AsO,” is a structural unit (T-site) in beudantite, AsO,>" is
not a stable aqueous phase in acidic (pH < 6.2) oxidising conditions (Smedley and
Kinniburgh 2002). Under the alkali dissolution conditions for beudantite, the stable

aqueous phase of As”" is the arsenic oxyanion, HyAsOy". It is for this reason that the
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As aqueous contribution for the calculated equilibrium activities is represented by
H>AsO, and not AsO4” in Table 5.3 (Smedley and Kinniburgh 2002). The charge
balance error across the triplicates ranged from 6 to 9 % (Table 5.3). Positive
saturation indices were found for hematite and goethite, whilst that for Fe(OH); was

negative (Table 5.4).

Table 5.4. Calculated saturation indices for the alkali dissolutions.

Compound Saturation Indices (log Q/K)*
Potassium jarosite
Alkali Bottle 1 Hematite 5.61 Goethite 2.32 Jarosite -2.78 Fe(OH); -2.80
Alkali Bottle 2 Hematite 5.60 Goethite 2.32 Jarosite -2.70 Fe(OH); -2.80
Alkali Bottle 3 Hematite 5.50 Goethite 2.27 Jarosite -2.81 Fe(OH); -2.85
Plumbojarosite
Alkali Bottle 1 Hematite 4.92 Goethite 1.98 Anglesite -1.34
Alkali Bottle 2 Hematite 4.64 Goethite 1.84 Anglesite -1.32
Alkali Bottle 3 Hematite 4.69 Goethite 1.86 Anglesite -1.29
Beudantite
Alkali Bottle 1 Hematite 6.59 Goethite 2.82 Fe(OH); -2.31
Alkali Bottle 2 Hematite 6.51 Goethite 2.77 Fe(OH); -2.35
Alkali Bottle 3 Hematite 6.36 Goethite 2.70 Fe(OH); -2.42

* Only minerals with log Q/K > -3 are listed

5.2 Residual solids

This section discusses the characterisation of the post-dissolution solids and the
investigations carried out to determine if any new solid phases formed from solution.
These are considered important tasks to help to understand the mechanisms of jarosite

breakdown.

5.2.1 Chemical analysis of residual solids

Upon completion of the all three experiments, the post-alkali dissolution solids of
potassium jarosite, plumbojarosite, and beudantite were analysed by wet chemistry
(ICP-OES) for total concentrations of K, Pb, Fe, S and As. SO4* and AsO4>”
concentrations were inferred from total S and As values. The residual solid
concentrations from the three dissolution experiments and their corresponding molar
ratios are summarised in Tables 5.5 and 5.6, respectively. All the raw data
corresponding to this section on chemical analysis of the residual solids can be found

in Appendix C.3.
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Table 5.5. Residual solid concentrations for the alkali dissolutions.

Residual solid concentration (mmol L)

Compound K Pb Fe SOF AsO>
Potassium jarosite
Alkali Bottle 1 0.1221 - 0.8745  0.3614 -
Alkali Bottle 2 0.1265 - 0.8910 0.3713 -
Alkali Bottle 3 0.1239 - 0.8943  0.3685 -
Plumbojarosite
Alkali Bottle 1 - 0.0355  0.7267  0.3994 -
Alkali Bottle 2 - 0.0362  0.7309  0.4012 -
Alkali Bottle 3 - 0.0366  0.7323  0.3987 -
Beudantite
Alkali Bottle 1 - 0.0844  0.6949  0.3458  0.0549
Alkali Bottle 2 - 0.0855 0.7041  0.3497  0.0553
Alkali Bottle 3 - 0.0854  0.7019  0.3476  0.0556

For the potassium jarosite alkali dissolution, the molar ratios of the concentrations of
the residual solids were calculated using a similar pretext as to that of the aqueous
data; that is, that SO.& equalled 2 (Table 5.6). Under these conditions, the K ratio in
the residual solids varied from 0.672 — 0.681, compared to the respective K value in
the synthetic solid of 0.84. The Fe ratio in the residual solids ranged from 4.799 —
4.853, and the corresponding value in the synthetic was 2.46 (Table 3.3). The molar
ratios (Table 5.6) for the ions in the residual solids of the plumbojarosite dissolution
were calculated on the same premise as above. In this case the Pb ratio varied from
0.178 — 0.183, compared to an idealised value of 0.13 in the synthetic; and the Fe ratio
in the residual solid ranged from 3.639 — 3.673, where the value in synthetic
plumbojarosite was 2.92 (Table 3.3). Finally, the molar ratios of the residual solid of
beudantite (Table 5.6) were calculated on the basis that the SO4> value in the
characterised solid was calculated to be 1.69 (Table 3.3). The Pb ratio in the residual
solids was found to vary from 0.412 — 0.415, compared to the synthetic of 0.32; the Fe
varied from 3.296 — 3.412, whilst in the synthetic the Fe ratio was 2.86. The AsO,”
value in the residual solid of beudantite ranged from 0.267 — 0.270, compared to the
idealised synthetic value of 0.31 (Table 3.3).
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Table 5.6. Residual solid molar ratios for the alkali dissolutions.

Residual solid molar ratios

Compound K Pb Fe SO.F AsO”
Potassium jarosite
Alkali Bottle 1 0.676 - 4.840 2 -
Alkali Bottle 2 0.681 - 4.799 2 -
Alkali Bottle 3 0.672 - 4.853 2 -
Plumbojarosite
Alkali Bottle 1 - 0.178  3.639 2 -
Alkali Bottle 2 - 0.180  3.643 2 -
Alkali Bottle 3 - 0.183  3.673 2 -
Beudantite
Alkali Bottle 1 - 0412  3.396 1.69 0.269
Alkali Bottle 2 - 0413  3.402 1.69 0.267
Alkali Bottle 3 - 0415 3412 1.69 0.270

5.2.2 lIdentification of residual solids

X-ray diffraction patterns were attained for the residual solids from the alkali
dissolution experiments of potassium jarosite, plumbojarosite, and beudantite (Figures
5.6-5.8). The diffraction patterns were then compared with the corresponding ICDD
PDF files used to identify the original synthetic endmember jarosites (potassium
jarosite 22-0827, plumbojarosite 33-0759, and beudantite 19-0689). All the peaks
produced by the plumbojarosite and beudantite residual solids could be identified as
those relating to the structure of their corresponding synthetic analogue. The absence
of unidentified peaks in the diffraction patterns for plumbojarosite and beudantite
indicated that no new phases were present at detectable levels. The alkali dissolution
X-ray data for potassium jarosite (Figure 5.6) is much nosier than that for the scan
taken under identical conditions for the acid dissolution (Figure 4.7). All major peaks
on the alkali diffraction pattern (Figure 5.6) fit to those of potassium jarosite defined
by the synthetic ICDD PDF (22-0827) standard but there was an unaccounted-for
broad peak at approximately 22° 2-theta. This peak is identified as a reflection
belonging to the mineral goethite (ICDD PDF 03-0249, Figure 5.9). The broadness of
the ~ 22° 2-theta peak could indicate that the secondary goethite phase could be

poorly crystalline and have a very small particle size (Figure 5.6).
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Figure 5.6. Powder X-ray diffraction of the residual solid from the alkali dissolution of potassium
jarosite, mounted on a Bruker zero background silicon (510) sample holder; using Cu Ko radiation (A
= 1.54056 A) source, 2-theta range 10-70°, step size 0.020°, step time 27s. d-spacings have been
indicated for the strongest peaks.
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Powder X-ray diffraction of the residual solid from the alkali dissolution of

plumbojarosite, mounted on a Bruker zero background silicon (510) sample holder; using Cu Ka
radiation (A = 1.54056 A) source, 2-theta range 10-70°, step size 0.020°, step time 27s. d-spacings have
been indicated for the strongest peaks.
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Alkali Dissolution of Beudantite
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Figure 5.8. Powder X-ray diffraction of the residual solid from the alkali dissolution of beudantite,
mounted on a Bruker zero background silicon (510) sample holder; using Cu Ko radiation (A =

1.54056 A) source, 2-theta range 10-70°, step size 0.020°, step time 27s.
indicated for the strongest peaks.
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Figure 5.9. Powder X-ray diffraction of synthetic goethite; using Co Ko;Ka, radiation (Ao, =
1.788965 A and Lo, = 1.792850 A) source, 2-theta range 5-155°, step size 0.025° step time 10s. d-
spacings have been indicated for the strongest peaks.
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Synthetic Ferrihydrite
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Figure 5.10. Powder X-ray diffraction of synthetic ferrihydrite; using Co Ko,;Ko, radiation (Ao, =
1.788965 A and Ao, = 1.792850 A) source, 2-theta range 5-155°, step size 0.025°, step time 10s.

FTIR spectra of the residual solids recovered from the alkali dissolution experiments
are shown in Figure 5.11. The spectra are very similar to those of the original
analogues shown in Figure 3.15. Two additional bands were observed in the residual
solid belonging to potassium jarosite at 888 and 797 cm™'; otherwise no extra bands

were found in the residual solids belonging to plumbojarosite and beudantite.

All the spectra contain an intense absorption band in the region 2900 to 3700 cm’
attributed to O-H stretching (von). A band also occurs at 1634 to 1641 cm™, and
assigned to HOH deformation relating to the presence of ‘additional water’ groups.
Three intense absorption bands occur at 1000 to 1200 cm™, and are credited to two
vibrational modes within the sulphate unit v3(SO4>) (doublet, at the two higher
wavenumbers) and vi(SO4>) (at the lowest wavenumber). Two other vibrational
modes of sulphate, the V4(SO42') at around 630 cm™' and a doublet in potassium
jarosite at 658 cm’ (Figure 5.11a), and the v2(SO4%) near 470 cm™. For the
beudantite sample (Figure 5.11c), two additional peaks occur between 8§10 and 860
cm'l; these correspond to the V3(ASO43') and vl(AsO43 7) vibrational modes of arsenate.

IR bands near 580 and 505 cm™ correspond to an O-H bending mode (yor) and to an

O-Fe vibration within the FeOg coordination octahedron. O-H bending modes were
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not present in the spectra of plumbojarosite (Figure 4.11b) (Powers et al. 1975, Baron

and Palmer 1996b, Serna et al. 1986, Sasaki et al. 1998, Drouet and Navrotsky 2003).
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Figure 5.11. Fourier transform infrared spectra (FTIR) of the alkali dissolutions of (a) potassium
jarosite, (b) plumbojarosite, and (c) beudantite. The range was 400 — 4000 cm™ wavenumbers with a
resolution of 4 cm™, five scans were accumulated. The main vibrational bands in the spectrum are
marked.
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Figure 5.12. Fourier transform infrared spectra (FTIR) of synthetic (a) goethite and (b) ferrihydrite.
The range was 400 — 4000 cm™ wavenumbers with a resolution of 4 cm™, five scans were accumulated.
The main vibrational bands in the spectrum are marked.

The two main additional bands in the potassium jarosite spectrum (Figure 5.11a) at
888 and 796 cm’ can be positively identified specifically as O-Fe vibrations
belonging to the crystal structure of goethite (a-FeO(OH)). Figure 5.12a illustrates an
FTIR spectrum of synthetic goethite, where the very distinctive and individual O-Fe

vibrations are found at 891 and 795 cm™.

5.2.3 Morphology

Figure 5.13 shows the subtle colour changes between the original synthetic jarosites
and the residual solids recovered at the end of the alkali dissolutions. Munsell colours
were assigned to the residual solids and compared to the idealised solids (Table 3.1).
For the dissolution of potassium jarosite, the residual solid had a Munsell colour of

7.5YR 5.5/8; the solid has a higher red component and a lower chroma indicating a
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Figure 5.13. Illustrations showing the subtle colour changes between the synthetic jarosites and the
residual solids recovered at the end of the alkali dissolutions. Potassium jarosite: (a) residual solid and
(b) synthetic. Plumbojarosite: (c) residual solid and (d) synthetic. Beudantite: (e) residual solid and (f)
synthetic.
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more mixed darker colour in comparison to the original synthetic. Bigham (1994)
reported that goethite found in ARD ochres have Munsell colours varying from
7.5YR — 10YR. For plumbojarosite, the residual solid had a Munsell colour of 7.5YR
4.5/7; in comparison to the synthetic, the solid has again been enriched in a higher red
component and has a significantly low chroma indicating a far darker colour. The
Munsell colour for the residual solid in the alkali dissolution of beudantite was 10YR
6.5/8; the chroma value is less, indicating that the residual solid is darker in colour in
comparison to the synthetic analogue. A secondary mineral that is commonly found
in ARD environments with a similar composition to what was seen in the alkali
dissolution of plumbojarosite is ferrihydrite (SYR — 7.5YR) (Bigham 1994); the red

colours seen in the residual solids correspond well to ferrihydrite.

One of the fundamental properties that influences colour in isostructural compounds
1s particle size and shape. SEM micrographs showing sizes and shapes of the alkali
dissolution products of potassium jarosite, plumbojarosite, and beudantite are

presented in Figures 5.14, 5.16 and 5.18, respectively.

Figure 5.14a is an overview of the particle morphology of the residual solid from the
potassium jarosite dissolution. The most striking feature about this micrograph is that
all the grains and nearly all the surfaces have what appear to be a ‘frost like’ coating;
the grains also show varying degrees of pitting, but generally to a much less extent
than that seen in the acid experiment (Figure 4.14). At higher magnification (Figure
5.14b), it is possible to see the needle or rod-like morphology of a secondary phase
coating the smooth globular surfaces of the synthetic potassium jarosite (Figure
3.21a). The needle crystallites vary in size from approximately 10-100 nm (Figure
5.14b). The crystal morphology of this secondary phase is extremely similar to that of
goethite, which is classically described as being made up from short rods (Bigham
1994). Micrographs of synthetic goethite can be seen in Figure 5.15, specifically the
needle like morphology of this mineral and the resemblance to the secondary phase
seen in the alkali dissolution of potassium jarosite is epitomised by the higher

resolution micrograph in Figure 5.15b.
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Figure 5.14. Scanning electron micrograph (SEM) images of the residual solid from the alkali
dissolution of potassium jarosite. Image (a) is a general overview of the residual solid; a fine
crystalline coating can be seen. Image (b) is a high-resolution micrograph of a couple of potassium
jarosite grains; a fine needle crystalline coating is evident. Operating conditions indicated on each
micrograph.

For the plumbojarosite dissolution, the particle morphology of the residual solid
(Figure 5.16a) is similar to that of potassium jarosite (Figure 5.14) in that there
appears to be a secondary phase coating the grains. The plumbojarosite dissolution
secondary phase is quite globular in appearance, and there was no evidence of any

selective surface dissolution in the alkali experiment. The globular morphology of the
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Figure 5.15. Scanning electron micrograph (SEM) images of synthetic goethite. Image (a) is a general
overview of fine interlocking rods that are synonymous with the particle morphology of goethite.
Image (b) is a high-resolution micrograph of interlocking rods that make up goethite; it is possible to
see the macro-structure of the particles, where in particular the rods have intergrown and stacked to
make larger particles. Operating conditions indicated on each micrograph.

secondary coating can be seen more clearly in the higher magnification micrograph
presented in Figure 5.16b. The average grain size of the secondary phase was
between 5 to 20 nm (Figure 5.16b). The morphology of this secondary phase was
very comparable to that of poorly crystalline to amorphous ferrihydrite, which is

described as having a spherical crystal habit (Bigham 1994).
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Figure 5.16. Scanning electron micrograph (SEM) images of the residual solid from the alkali
dissolution of plumbojarosite. Image (a) highlights a very fine globular coating seen throughout the
plumbojarosite sample. Image (b) is a high-resolution micrograph of a couple of plumbojarosite
grains; a fine globular coating is clearly visible on the smooth plumbojarosite surfaces. Operating
conditions indicated on each micrograph.

SEM micrographs of synthetic ferrihydrite are presented in Figure 5.17, where a
resemblance can be seen between the high-resolution micrographs of synthetic
ferrihydrite and the secondary phase in the alkali dissolution of plumbojarosite, in

Figures 5.17b and 5.16b, respectively.
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Figure 5.17. Scanning electron micrograph (SEM) images of synthetic ferrihydrite. Image (a) is a
general overview of the solid, where it appears to be comprised from aggregates of smaller spherical
particles. Image (b) is a high-resolution micrograph of ferrihydrite, the finer globular particles are
more pronounced and there is a distinctive lack of any noticeable crystal habit. Operating conditions
indicated on each micrograph.

For beudantite (Figure 5.18a), the morphology of the residual solid from the alkali
dissolution was broadly similar with the two previous studies in that a secondary
phase was found coating the beudantite grains. A general comparison of the
morphologies between the acid (Figure 4.16a) and alkali (Figure 5.18a) dissolutions
of beudantite highlighted the lack of any slight/moderate internal dissolution
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(resembling smooth tubular or spherical holes) in the alkali dissolution. At higher
magnification of the beudantite residual solid (Figure 5.18b), the secondary phase
appeared to be very finely distributed across all the grains, with a very approximate

particle size of 1-5 nm.
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Figure 5.18. Scanning electron micrograph (SEM) images of the residual solid from the alkali
dissolution of beudantite. Image (a) is a general overview of the residual solid; a fine globular coating
can be observed. Image (b) is a high-resolution micrograph of a beudantite grain, showing again the
presence of a very finely dispersed secondary phase. Operating conditions indicated on each
micrograph.
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5.3 Discussion

5.3.1 Potassium jarosite

A comparison of the molar ratios for the aqueous and residual solid data for the alkali
dissolution of potassium jarosite with the characterised formula of the synthetic
((H30)0.16K0.84F€2.46(SO4)2(OH)4 33(H20)1 62; Table 3.3) reveals some interesting
relationships. The aqueous concentrations of K and SO,* greatly exceed that of Fe, to
such a degree it could be said that there are nearly negligible concentrations of Fe
present in all three triplicates (Tables 5.1, 5.2). Aqueous molar ratios of K and SO4*
(1.24-1.26:2, Table 5.2) imply that there is an excessive quantity of K ions in solution
compared to SO4*, considering the idealised ratio should be 0.84:2.  This
incongruency is also borne out in the residual solid data, where the ratio of K to SO4*
ranges from 0.672-0.681:2, indicating a net deficiency in K ions in the dissolution

solid.

The K and SO42' aqueous and residual solid molar ratios for the acid and alkali
dissolutions of potassium jarosite are similar (90 % for the aqueous and 80 % for the
residual solid) (Tables 4.2, 4.5, 5.2, 5.5). This suggests that no sulphate adsorption to
the residual solid had occurred in either the acid or alkali dissolution experiments.
The residual solid molar ratios of Fe and SO,*ranged from 4.799-4.853:2, nearly
double the idealised value of 2.46:2 seen in the synthetic solid. The excessive amount
of Fe in the alkali residual solid of potassium jarosite implies that a secondary Fe-rich

phase formed during the course of the experiment.

The aqueous ion concentration profiles (Figure 5.1) show good fit to a transport-
controlled dissolution model (Stumm and Morgan 1996). This dissolution model was
also assigned to the acid dissolution of potassium jarosite (Section 4.3.1). A general
schematic representation of this dissolution model is presented in Figure 1.3a.
Generally, the alkali dissolution of potassium jarosite is broadly classed as an
incongruent reaction for two main reasons; first due to the precipitation of a secondary
phase, and second, due to the non-ideal dissolution of K and SO, observed by
differing aqueous and solid molar ratios compared to the idealised synthetic ratios

(Tables 3.3,5.2, 5.5).
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The alkali dissolution of potassium jarosite gives the strongest evidence that an Fe-
rich secondary phase forms during the experiment. This phase is confirmed to be
goethite using a combination of X-ray diffraction (Figure 5.6), FTIR (5.11a), SEM
particle morphology (Figures 5.14, 5.15), and Munsell colour data (Figure 5.13;
Bigham, 1994).

In summary, the alkali dissolution of potassium jarosite is governed by transport-
controlled dissolution kinetics, and is incongruent, with the formation of an Fe-rich
goethite secondary phase throughout the experiment. The incongruency of the
dissolution is also reflected in the non-ideal concentrations of K and SO42' ions in the
final solutions. The alkali dissolution of potassium jarosite can be described by the
reaction in Eq. 5.1.

KFe,(SO,),(OH)y, +OH_,, — FeO(OH), + K, , + SO, (5.1)

(aq)

5.3.2 Plumbojarosite

For the plumbojarosite alkali dissolution, similar features to those of potassium
jarosite are seen when comparing the aqueous and residual molar ratios to the
idealised solid ((H30)0.74Pbo.13F€2.02(SO4)2(OH)s.76(H20)0.24). Once again, the
concentrations of Pb and SO,” in solution greatly exceed that of Fe (Tables 5.1, 5.2).
The range of Pb and SO,> aqueous molar ratios (0.109-0.116:2, Table 5.2) indicate
that SO4~ is slightly in excess compared to Pb in solution, when considering the
synthetic ratio is 0.13:2. The higher molar ratio of Pb to SO4* in the residual solids
(0.178-0.183:2, Table 5.6), compared to the synthetic of 0.13:2, supports the argument
that the solids have a net deficiency of SO42', and to a lesser extent Pb. The reason
why the plumbojarosite residual solid maybe very slightly deficient in Pb, but not to
the degree shown for K in the potassium jarosite dissolutions, is due to the relative
occupancy that these ions have of the A-site. As suggested in Section 4.3.1, a small
percentage of the crystallographic A-sites are occupied by Pb in plumbojarosite, in
comparison to K in potassium jarosite that nearly has 80% occupancy in the synthetic
solid made for this study. It is these opposing degrees of A-site occupancy that
account for the fact that in the plumbojarosite dissolutions, SO4* is always in relative

excess to Pb, compared to K to SO4> in potassium jarosite that is vice versa.
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The residual solid molar ratios of Fe and SO4> ranged from 3.639-3.673:2 nearly one
and half times the idealised value of 2.92:2 seen in the synthetic solid. The excessive
amount of Fe in the alkali residual solid of plumbojarosite implies that a secondary
Fe-rich phase probably formed during the course of the experiment. The acid
dissolution concentrations of Pb and SO4* in solution are approximately double those
of the alkali dissolution (Tables 4.1 and 5.1). The aqueous molar ratios of both
experiments are, however, extremely similar, (0.109-0.112:2 and 0.109-0.116:2 for
the acid and alkali dissolution respectively; Tables 4.2 and 5.2). This similarity
suggests the lack of any significant adsorption of Pb or SO, ions to the Fe-rich

secondary phase.

The aqueous dissolution profiles of SO, and Fe for the alkali dissolution of
plumbojarosite display linear-style relationships (Figures 5.2 and 5.3, respectively).
This suggests that a surface-controlled dissolution model governs the alkali
dissolution of plumbojarosite (Stumm and Morgan 1996). A general schematic
representation of this dissolution model is presented in Figure 1.3b. Surface-
controlled dissolution results when detachment from the mineral surface via surface
reactions are so slow that concentrations adjacent to the surface build up to values
essentially the same as in the surrounding bulk solution. Dissolution is not affected
by increased flow velocities or stirring. The dissolution kinetics follow a zero-order
rate law if the steady-state conditions at the surface prevail (Stumm and Morgan
1996). The alkali dissolution of plumbojarosite is also classified as an incongruent
reaction due to the precipitation of a secondary phase and the non-ideal dissolution of
Pb and SO4, as suggested by differing aqueous and solid molar ratios compared to

idealised synthetic ratios (Tables 3.3, 5.2, 5.5).

The existence of an Fe-rich secondary phase in the alkali dissolution of
plumbojarosite is difficult to prove, mainly because no secondary phase could be
identified by X-ray diffraction (Figure 5.7) or FTIR spectroscopy (Figure 5.11b). The
globular morphology of the secondary phase seen in the SEM micrographs of the
plumbojarosite residual solid (Figure 5.16), the spherical habit of a sample of
synthetic ferrihydrite (Figure 5.17), and the Munsell colour of the residual solid
(Figure 5.13; Bigham, 1994) all suggest that the Fe-rich phase is ferrihydrite
(Fe(OH);). The extremely poor crystallinity of ferrihydrite may have hampered its
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identification by X-ray diffraction. To prove how poor and difficult ferrihydrite is to
see yet alone identify by XRD, a diffraction pattern of a synthetic sample was
collected (Figure 5.10). There are no easily identifiable sharp reflections produced
from this synthetic sample. The X-ray amorphous nature of ferrihydrite may explain
for the lack of evidence this minor phase in the overall residual solid diffraction
pattern of the alkali plumbojarosite dissolution. Similarly, the amorphous nature of
ferrihydrite may have prevented a positive identification by FTIR spectroscopy.
Figure 5.12b is an FTIR spectrum of the same synthetic ferrihydrite used in the XRD
and SEM results. Excluding a peak at 1384 cm™, which is identified as resulting in a
carbonate impurity, there are no unique vibrational mode(s) that are only seen in

ferrihydrite and not it any other jarosite-type mineral (Figure 3.15, 3.16, 5.11).

In summary, the alkali dissolution of plumbojarosite is governed by surface-
controlled dissolution kinetics, and is incongruent, with the formation of an Fe-rich
amorphous ferrihydrite (Fe(OH)s3)-like secondary phase throughout the duration of the
experiment. The linear aqueous ion profiles of SO4* and Pb (Figures 5.2 and 5.3,
respectively) suggest that the dissolution is surface-controlled. There is no good
evidence for Pb adsorption throughout the duration of this experiment (Tables 4.2 and
5.2, respectively). The alkali dissolution of plumbojarosite can be described by the
reaction in Eq. 5.2.

PbysFe,(SO,),(OH ), + OH,, = Fe(OH )y, + P, + SO

(aq) 4(aq)

(5.2)

5.3.3 Beudantite

The SO4> concentration profile for the alkali dissolution experiment of beudantite
((H30)0.68Pbo 32F€2.86(SO4)1.60(AsO4)031(OH)s s0(H20)0.41; Table 3.3, Figures 5.4, 5.5)
is markedly different to those of potassium jarosite (Figure 5.1) and plumbojarosite
(Figure 5.2, 5.3) but does bear some resemblance to that of the acid dissolution of
beudantite (Figure 4.6). In two of the triplicates, there was no measurable aqueous
Pb, and in the third bottle, the Pb concentration was 0.00007 mmol L at ~ 28 hrs into
the duration of the experiment. The corresponding aqueous molar ratio of Pb to SO4*
was 0.0078:1.69 compared to the idealised value of 0.32:1.69 present in the synthetic
solid (Table 3.3, 5.2). The residual solid molar ratios of Pb to SO, range from
0.412-0.415:1.69, and importantly, is higher than the synthetic ideal of 0.34:1.69
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(Tables 3.3, 5.6). This implies that a Pb-rich secondary phase is likely to be present,
similar to the acid dissolution of beudantite. It is proposed that the Pb-rich phase is
PbSO,, and the majority of Pb precipitated out of solution as PbSO, before 1000 hrs.
It is well known that PbSO, is a stable phase in these conditions as it is a common
impurity in the synthesis of lead-bearing jarosites such as beudantite (Dutrizac et al.
1980). The early precipitation of the Pb as PbSO, in the dissolution experiment
explains the profile of SO4* in solution (Figure 5.4), in that SO, is in excess
compared to Pb in the ratio 1.69:0.32 (Table 3.3). In the first 1000 hrs of the reaction,
SO,” concentrations are low due to the precipitation of PbSOy, and when all the Pb
has been removed from solution, the SO, concentration rises by the continuing
dissolution of the parent solid, to a point where the concentration plateaus toward the

end of the experiment (Figure 5.4).

The beudantite dissolution aqueous molar Fe to SO,* ratios range from 0.0097-
0.0157:1.69, and the residual solid Fe to SO,* ratios from 3.396-3.412:1.69, where
ultimately the idealised synthetic ratio is 2.86:1.69 (Table 5.2, 5.6, and 3.3,
respectively). These ratios suggest a Fe-rich secondary phase is present in the
residual solids. It is worth highlighting that the molar ratios in the solids are likely to
be artificially low; this is because the total concentration of SO42' used to calculate the
molar ratio is assumed to belong to beudantite, whereas in the later stages of the
dissolution, the total SO.4* concentration is made up the residual solid and the PbSO4
secondary phase (see below). Even though the concentrations of Fe in solution are
extremely low, when Fe is re-plotted on a more appropriate scale a linear-style
relationship emerges after 250 hrs (Figure 5.5). The AsO4” and SO4* aqueous molar
ratios vary from 0.175-0.190:1.69 compared to the synthetic of 0.31:1.69 (Tables 5.2
and 3.3, respectively), indicating a net deficiency of AsO,’ in solution. The residual
solid ratios of AsO43' and SO42' are 0.267-0.270:1.69, these are again lower than the
ideal seen in the synthetic (0.31:1.69), but due to the probable precipitation of PbSO,,
the AsO,> component of the residual solid molar ratio is likely to be statistically
lower than the real value. All of these data suggest that a proportion of the solution
AsO,” is likely to have adsorbed to either one or both of the secondary phases. The
reason why absorption is a likely mechanism for reducing the concentration of AsO4>
in solution is that the most likely arsenate-rich precipitate is scorodite (FeAsO,), and

this mineral phase would have removed all AsQ4> from solution as Fe is in excess in
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the overall system compared to AsO, (Table 3.3). There is a considerable quantity
of published literature supporting the affinity of iron (oxy)hydroxides for the
absorption of (AsO4”) bearing species within the changeable pH window (8 to 4) seen
in the alkali dissolution of beudantite (Raven et al. 1998, Jain et al. 1999, Richmond
et al. 2004).

The complexity of the alkali dissolution of beudantite, makes it difficult to assign it a
dissolution model (transport or surface). The linearity of the Fe ion concentration
profile against time (Figure 5.5) suggests that, after 250 hrs into the experiment, the
kinetics are governed by a surface-controlled reaction. By contrast, the AsO,> profile
for the first 250 hrs appears to have a parabolic style profile that is indicative of
transport-controlled dissolution. The alkali dissolution of beudantite, therefore, is
probably governed by a mixed transport-surface kinetic dissolution reaction, where
transport mechanisms dominate the first 250 hrs of the reaction, and the formation of
secondary phases on the residual solids dominate the dissolution rate-determining step

for the remainder of the experiment.

The aqueous ion profiles (Figures 5.4, 5.5) suggest that two discrete secondary phases
were likely to have formed; an Fe-rich phase similar to those already seen in the alkali
dissolutions of potassium jarosite and plumbojarosite, and a PbSO,4 phase similar to
the one found in the acid dissolution of beudantite. The positive identification of
either phase is difficult, as no evidence could be found by X-ray diffraction (Figure
5.8) or FTIR spectroscopy (Figure 5.11c). The main evidence for these two phases
being present is that of a secondary phase(s) been seen in the SEM micrographs of the
residual solid of this dissolution (Figure 5.18). The PbSO, phase is likely amorphous,
since crystalline PbSO4 (anglesite) has quite a distinctive X-ray diffraction pattern and
this was not seen in the residual solids (Figure 4.10). Furthermore, the one unique
weak FTIR vibration at 967 cm™ in crystalline synthetic anglesite (Figure 4.12) was
not seen in the beudantite residual solid. It should be noted that synthetic anglesite
(PbSQOy) is pure white in colour and is unlikely to be seen using Munsell colour values
(Figure 5.13, 4.13). The Fe-rich phase is extremely similar, to the amorphous
ferrihydrite-type phase (Fe(OH)s) observed in the plumbojarosite dissolution. As
discussed earlier, the identification of this phase is extremely difficult due to the

poorly crystalline nature of the material. The lower than ideal aqueous AsO4>” molar
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ratios (Table 5.3) suggest that some of the AsO,>” was absorbed to the amorphous
Fe(OH); Fe-rich phase. There is a considerable amount of literature evidence to
support this hypothesis of AsO,’ absorption to high surface area ferrihydrite-type
phases (Fe(OH);) (Raven et al. 1998, Jain et al. 1999, Richmond et al. 2004).

The alkali dissolution of beudantite is governed by mixed transport-surface controlled
dissolution kinetics, where surface processes superseded transport after approximately
250 hrs into the experiment. The beudantite experiment differed from the other two
alkali dissolutions in that it contained two amorphous secondary phases, PbSO,4 and
Fe(OH);. A proportion of the aqueous AsO,>” adsorbed to the Fe(OH); surface. The

alkali dissolution of beudantite can be described by the reaction in Eq. 5.3.

PbFe,(AsO,)(SO, )(OH)6(S) + OH(_aq) -

PbSO

4(gel)

+Fe(OH), ), + 45Oy, + SOy,

4(aq) 4(aq)

(5.3)

5.3.4 Solubility and Eh-pH

Unfortunately, no IAP values could be calculated for any of triplicates for the alkali
dissolution experiment involving potassium jarosite, plumbojarosite, and beudantite.
A true IAP value for dissolution of a mineral assumes that the reaction has reached
steady state and no ions have precipitated out of solution. Secondary phase formation
in mineral dissolution skews the overall calculated IAP to be lower than the real
experimental value, because lower ion concentrations in solution result in lower
equilibrium aqueous activities being reported. Out of all the acid and alkali
dissolution experiments, IAP values could only be calculated for the acid dissolution
of potassium jarosite and plumbojarosite (Table 4.3); the remaining four dissolution

experiments all contained secondary phases (Table 4.3, 5.3).

Saturation indices were calculated for the alkali dissolutions of potassium jarosite,
plumbojarosite, and beudantite (Table 5.4) by GWB, but only the indices for
potassium jarosite are meaningful, with similar results for the three triplicates (Table
5.4). Speciation modelling of the alkali dissolution of potassium jarosite predicts the
stability of hematite and goethite in solution (Table 5.4). The calculated values are
higher than those reported for the same two minerals for the acid dissolution of

potassium jarosite. Hematite is commonly reported as a positive saturation index in
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nearly all aqueous Fe* rich oxic environments by programs like GWB, because the
mineral is extremely stable in natural environments. The positive indices for goethite
give a far greater insight into the reaction pathway for the dissolution of potassium
jarosite in an alkali regime, especially since goethite was actually found as an

identifiable secondary phase in the dissolution experiments.

An Eh versus pH diagram (Figure 5.19) was also constructed in GWB using the
equilibrium activities from Bottle 1 of the triplicates in the alkali dissolution of
potassium jarosite. When hematite and a series of other minerals are suppressed
(FeO, magnetite, pyrrhotite, and troilite), an Eh-pH diagram (Figure 5.19b) similar to
the conditions found in the experimental dissolutions of potassium jarosite is seen. In
this case, goethite is the most stable mineral phase and more importantly, it appears

potassium jarosite is not stable at all under these conditions.

Hematite Goethite

Eh (volts)
Eh (volts)

N ~.._Pyrite

Figure 5.19. Eh-pH diagrams for the alkali dissolution of potassium jarosite. Equilibrium aqueous
activities were taken from Bottle 1. (a) is an Eh-pH diagram of the dissolution where all possible
minerals are shown, (b) is an Eh-pH diagram where hematite and a series of other minerals have been
suppressed (FeO, magnetite, pyrrhotite, and troilite) to simulate more accurately experimental
conditions. The experimental conditions were: f Ong) ~ 02, f COyg = 1023, Ca®" =3.995 x 10 molal,

pH =3.30, Eh = 1.02 volts, K" = 0.2041 ppm, Fe*" = 0.0023 ppm, SO4* = 0.3279 ppm.

The problem with the plumbojarosite and beudantite saturation data is that the latest
version of the GWB thermodynamic database does not contain any data for these two
minerals. This results in GWB assuming incorrectly that the plumbojarosite aqueous
data came from the dissolution of anglesite. This is shown in Table 5.4 as a series of
negative saturation indices for anglesite, where instead the mineral phase should be

plumbojarosite. A similar story is seen for beudantite, where the GWB program
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assumes the initial mineral is Fe(OH)s;. As the GWB database lacks thermodynamic
data on plumbojarosite and beudantite, the calculated positive saturation indices for

hematite and goethite are likely incorrect, to what degree it is ultimately hard to say.

5.4 Conclusions and summary

The alkali dissolution reactions of potassium jarosite, plumbojarosite, and beudantite
can be broadly classed as incongruent dissolution reactions, where secondary phases
form from parent ions in solution. Goethite and amorphous Fe(OH); form as a result
of the alkali dissolutions of potassium jarosite and plumbojarosite, respectively.
Amorphous PbSOs and Fe(OH); form as a result of the alkali dissolution of
beudantite. The alkali dissolution of potassium jarosite is described by transport-
controlled dissolution kinetics and that of plumbojarosite by surface-controlled
kinetics. There was no evidence of Pb adsorption in the plumbojarosite dissolution.
For the beudantite dissolution, a mixed surface-transport model is the most likely
mechanism that describes the dissolution kinetics. A degree of AsO,” absorption was
found to have occurred in the alkali dissolution of beudantite, most likely to the high

surface area, amorphous Fe(OH); secondary phase.

No IAP values for any of the three alkali dissolutions could be calculated due to the
presence of secondary phases in all of the dissolution experiments. An Eh-pH
diagram for the alkali dissolution of potassium jarosite (calculated from equilibrium
activities taken from Bottle 1) confirms that the mineral is not stable under the
conditions of an alkali remediation regime (pH = 3.30 and Eh = 1.02 volts) (Figure
5.19).
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6 Computational modelling

Chapter 6 describes the computational modelling carried out for this study. The
chapter consists of three sections: (i) the creation of a classical model of the potassium
jarosite structure, (ii) studies of its stable 2D surfaces, and (iii) the incorporation of
toxic elements (e.g. Cu(Il), Zn(Il)) into the structure. Each of these three sections is
divided into subsections of methodology and results. An overall discussion and

summary of the computational modelling is given in a fourth and final section.

6.1 Introduction to computational modelling

Over the last two decades, computational modelling has provided a large range of
tools for exploring the structures and properties of matter at the atomic level. The
range of use is now very broad, encompassing material and surface science,
mineralogy, molecular biology and molecule chemistry (Catlow 2003). Computer
modelling is a distinctive type of scientific technique that bridges fundamental theory
with experimental observation on complex systems (Cormack 1999). Computer
simulation studies aim to provide reliable models at the atomistic level that can
provide general insight and understanding of the systems simulated. These models
can directly assist the interpretation of experimental data and provide accurate
numerical data on important parameters, which may be difficult to measure by

experiment (Catlow 2003).

Two techniques are available for modelling matter at the atomic level. The first uses
interatomic potentials that express the energy of the system and the second uses
electronic structure calculations that solve the Schrodinger equation to some level of
approximation (Catlow 2003). All of the computation modelling in this study is based
on the use of interatomic potential-based methods, often referred to as classical

atomistic simulations.

6.2 Theory of classical atomistic simulations

Classical atomistic simulation methods are based on the Born Model of the solid, in
which the forces between the ions can be modelled using a potential model. In the
Born Model, the solid is considered to be composed of point charges with short-range

forces acting between them, in addition to the long-range electrostatic forces
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(Cormack 1999). The computer code that was chosen to make the potential model for
the potassium jarosite structure was the General Utility Lattice Program (GULP),
which was devised by Gale (1997). In the subsequent sections in this chapter, these
short and long-range forces will be discussed in more detail with respect to the

potentials that ultimately represent them.

6.2.1 Long range potentials

The electrostatic forces in the Born Model are long-range; varying as 1/r, and because
of this, the convergence of the Madelung sum for an arbitrary structure is somewhat
slow and requires the inclusion of a large number of terms (Cormack 1999). Ewald
(1921) developed an alternative approach, based on a separation of the real space
Madelung sum into two sums, one of which is in reciprocal space, and the other in
real space. The two sums introduced in this approach both converge more rapidly
than the direct Madelung sum. The Ewald method is in common use in most

computer simulations and has been incorporated into the GULP code (Gale 1997).

6.2.2 Short range potentials

Short-range potentials have their origin in Pauli repulsion and dipolar disperse
interactions (Maitland et al. 1981). These potentials are key to a successful simulation
and describe the chemistry of the material (Cormack 1999). Three types of short-
range interatomic potentials were used to construct a ridged ion model of the
potassium jarosite structure in GULP. A ridged ion model is one that does not take

into account any polarisability that the ions might naturally exhibit.

6.2.2.1 Two body potentials

Two body potentials represent short-range interactions between two charged clouds,
and can be attractive (van der Waals) or repulsive. The interaction has various
analytical forms depending upon the type of systems being modelled. All the
analytical forms can, however, be classified as bonded or non-bonded interactions

(Catlow and Mackrodt 1982).

Buckingham Potential
The Buckingham potential is the most widely used potential to model non-bonded

interactions. It contains both repulsive and attractive terms, which take the form:
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f:-,-)_Cg

i B (6.1)

U(I/;'j) = A7’j CXp(_

where the parameters Aj; represents the repulsion between the two ions i and j, pj is
related to the size and hardness of the ions and C; is the term included to model

dispersion (Gale 1997). r; represents the distance between two atoms 1 and j.

Morse Potential
The Morse potential is used for covalent bonding when distances vary from the

equilibrium bond distance. It takes the form:

U(’”ij) = Dij({l - eXP[‘ﬁ,-j (’”ij - ”o)]}z) (6.2)

where Dj; is the bond dissociation energy, r, is the equilibrium bond distance and f3;; is
a function of the slope of the potential energy well that can be obtained from

spectroscopic data (Catlow and Mackrodt 1982).

6.2.2.2 Multi body potentials

All of the potential functions discussed in the previous section are radial in nature and
do not take into account directionality in bonding. When simulating systems in which
covalency is important, many body interactions are commonly employed to confer

directionality on the two body bonds (Catlow and Mackrodt 1982).

Three Body Interactions

A three body bond bending interaction potential function is represented by:

1
U(rijarjk) :Ekijk(e_é)o)2

(6.3)

where ki 1s the force constant and 0, is the equilibrium bond angle. This type of
bonding is between a central ion, i, and two bonded ions, j and k, making a bond

angle of 0.
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6.2.3 Fitting of interatomic potentials

Before any calculation runs can be performed with an interatomic potential program it
is essential to obtain the necessary potential parameters that can represent the system.
Typically, the parameters that are published in the literature are not always applicable
to the majority of structures; therefore, a certain degree of potential fitting has to be
carried out. Potential derivation by fitting can be split into either empirical or non-
empirical methods. Non-empirical methods seek to determine the parameters by
attempting to fit data from a higher calculation (such as an ab initio calculation) by
trying to reproduce an energy surface. Empirical methods, by comparison, attempt to
derive empirical potentials by aiming to reproduce experimental data (Cormack
1999). The GULP code has a fitting facility that accommodates both these methods
(Gale 1997).

Regardless of which method of fitting is used, the key quantity is the ‘sum of squares’
which measures how good the fit is. Ideally, this should be zero at the end of the fit,
but in practice, this will only happen for a small number of cases (Gale 1997). The

sum of squares, F, is defined as:

F= 2 w(fi—=Ff0n) (6.4

all—observables

where f.,. and f,;s are the calculated and observed quantities and w is an appropriate
weighting factor (Catlow and Mackrodt 1982). Unique fits do not exist, as there are
an infinite number of possible fits depending upon the choice of the weighting factor.
The choice of the weighting factor for each of the variables depends on several factors
such as the relative magnitude of the quantities and the reliability of the data. A
crystal structure, for instance, will generally be more reliable than an elastic constant

measurement (Cormack 1999).

The aim of a fit is to minimise the sum of squares by varying the potential parameters.
There are several standard techniques for resolving least squares problems. GULP
uses a Newton-Raphson functional minimisation approach (Gale 1997), as described

below.
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6.2.4 Energy minimisation

Energy minimisation is central to many aspects of computer simulation. As its name
suggests, the total energy of the system is minimised with respect to certain structural
variables (usually the atomic positions) and the unit cell parameters. Given a starting
configuration, a structure may be refined, or equilibrated to its minimum energy

configuration (Catlow and Mackrodt 1982).

Several types of standard minimisations are available in GULP, the most commonly
used optimise at constant pressure, in which all internal and cell variables are
included, or at constant volume, where the unit cell remains frozen (Gale 1997). The

jarosite structure was optimised at constant pressure for this study.

The most efficient minimisers are those based on the Newton-Raphson method, in
which the Hessian or some approximation is used. The minimisation search direction,

X, 1s then given by

1
x=—H g (6.5)

where H is the Hessian matrix and g is the corresponding gradient vector (Cormack
1999). The default minimiser in GULP uses the exact second-derivative matrix,
calculated analytically, to initialise the Hessian for the minimisation variables, and
then subsequently updates it using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm (Gale 1997).

6.2.5 Lattice energy

Within the framework of the Born Model, one may write the Lattice Energy as:

1 i9;
- 19, V(1) + U (75 775)

Lattice ‘A
ij Ty

(6.6)

where the first term describes the electrostatic contribution, the second term describes
the pair-wise short-range potential (Buckingham) energy and the third term describes
three-body interactions (Cormack 1999). The third term is often included for

materials that display a large degree of covalent bonding character, because it allows
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for bond angles that are not linear; in potassium jarosite, this would maintain the

sulphate tetrahedral units.

6.3 Classical potential model of potassium jarosite

A rigid ion potential model of potassium jarosite (Figure 6.1) was created through
GULP version 1.3 (Gale 1997), where the crystallographic lattice positions were taken
from single crystal data in Menchetti and Sabelli (1976) (Table 6.1). Three types of
interatomic potentials were used to create the model (Buckingham, Morse and Three-

body; Table 6.2).

To understand the stability of jarosite surfaces and why this mineral subgroup can
host large amounts of contaminant elements an understanding of its crystallography is
essential. Jarosites are members of the alunite supergroup (Jambor 1999) consisting

of isostructural minerals described by the general formula AB;(TO4)2(OH)s. The

general jarosite structure has R3m symmetry and contains metal ions (B) located in
slightly distorted octahedra. Each octahedron has four bridging hydroxyl groups
(oxygen in hydroxyl groups referred to as O3 in Tables 6.1 and 6.2) in a plane, and
sulphate oxygen atoms (O2) at the apices. Three of the tetrahedral oxygen atoms (O2)
are coordinated to metal ions, and the symmetry of the (TO4)* tetrahedra is reduced
from T4 to C;y. The metal ions are joined by these (TO4)2' tetrahedra and by the
network of di-hydroxyl bridges to form sheets separated by the uncoordinated
sulphate oxygen atoms (O1) and the alkali A-site cations (Jambor 1999, Becker and
Gasharova 2001). Figure 6.2 illustrates the above key relationships in the potassium

jarosite structure.

Table 6.1. Atomic fractional co-ordinates of the jarosite
structure taken from single crystal data (Menchetti and Sabelli

1976).
Atom X y Z

K 0.00000 0.00000 0.00000
S 0.00000 0.00000 0.30880
Fe 0.00000 0.50000 0.50000
Ol 0.00000 0.00000 0.39360
02 0.22340 -0.22340 -0.05450
03 0.12680 -0.12680 0.13570

H 0.16900 -0.16900 0.10600
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Figure 6.1. X — Z axes cut through a rigid ion potential model of potassium jarosite. The structure is
made up of FeOg octahedrons bonded to sulphate tetrahedra making a tetrahedral-octahedral-tetrahedral
(T-O-T) sheet like structure. Potassium ions are located in 12-fold coordination between the T-O-T
sheets.

@<®rc s @O OH

Figure 6.2. High-resolution schematic diagram of the key T-O-T building blocks and the 12-fold
coordinated A-site in the potassium jarosite structure. Specific atomistic structural positions are
labelled with respect to the central Fe atom.
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Table 6.2. Potential parameters for the model of the potassium jarosite structure.

Two-body short range interaction

Buckingham AleV p/A C/eV A®  Reference
K" —01%%* 987.570 0.3000 0.00 a
K" —0314% 1587.570 0.3000 0.00 a
Fe*t — 01%8%* 3219.335 0.2641 0.00 b
Fe*t — 03142 3219.335 0.2641 0.00 b
01%8%+ _ 1% 103585.02 0.2000 25.98 c
0198+ _ o3!42- 103585.02 0.2000 25.98 c
031426 _ 03142 103585.02 0.2000 25.98 c
Cd* —01%% 364.686 0.3500 0.00 b
Cd* — 3!+ 619.0979 0.3500 0.00 b
Zn* — 0193+ 294.126 0.3372 0.00 b
Zn* — 031426 499.3139 0.3372 0.00 b
Cu?t - 01%% 700.1988 0.3000 0.00 d
Cu?t — 0314 1188.67 0.3000 0.00 d
Morse D./eV B/A™ r/A

gl36t _ 1084+ 5.0000 1.2000 1.4650 a
031426 _ o426t 7.0525 2.1986 0.9685 e
Three-body interaction ksy/eV rad? 0/°

0108+ _gl36+ _ 51084 15.0 109 47 c

The short range potential cut-off was set to 10 A

* fitted from Allan et al. (1993)

® fitted from Lewis and Catlow (1985)
¢ Allan et al. (1993)

4 fitted from Woodley et al. (1999)

¢ Saul et al. (1985)

The potential ion model of potassium jarosite was created using the sulphate potential
from Allen et al. (1993) in conjunction with the Morse potential from Saul et al.
(1985). Series of other potentials were used to make up the structure from literature
values (Table 6.2). The interatomic potentials used to describe the sulphate oxygen
atoms Ol and O2 did not discriminate between their individual lattice positions,
therefore the sulphate oxygen atoms in the potentials are represented collectively as
Ol (Table 6.2). The ridged-ion model of the potassium jarosite structure has two
discrete oxygen environments: the sulphate oxygen atoms, (represented by O1 in the
potentials) and the oxygen attached to the hydroxyl group (O3). The charges on these
oxygen atoms in the two environments are -0.84 and -1.426 respectively. In the case
where different oxygen atoms have different charges and where the oxygen atoms
have similar metal (A or B) — O interactions it is normal for a scaling factor to be
applied (Schroder et al. 1992). In this case, the A-parameter in the Buckingham

potentials (Table 6.2) were initially scaled according to the appropriate charges and
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then subsequently modified by fitting them to the jarosite structure. Buckingham
parameters for Cu*' — 0%, Cd* — 0%, and Zn*" — O* were taken from Lewis and
Catlow (1986) and Woodley et al. (1999) and scaled in a similar manner to take

account of the lower charges on the O1 and O3 oxygen atoms.

Table 6.3. Summary of the key properties of the five models of the potassium jarosite

structure.
Model Key Properties
Structure 1 Scaled K — O3 Buckingham potential

Structure 2 Scaled K — O3 and Fe — O3 Buckingham potential

Structure 3 Scaled K — O3 and Fe — O3, and an O3 — O3 Buckingham potential
Structure 4 Scaled K — O3, and an O3 — O3 Buckingham potential

Structure 5 An O3 — O3 Buckingham potential

In total, five separate models of the potassium jarosite structure were made by varying
certain interatomic potential parameters to produce the most realistic structure that
was comparable to experimental results. Table 6.3 briefly summarises the main
constituent parts of the five model structures. The main differences between
structures 1 and 2 and 3, 4 and 5 is the addition of an O3 — O3 Buckingham
interaction to the latter three models to help improve the hydroxyl bridging
contributions to the Fe octahedra. Structures 2 and 3 investigated the influence of
scaled charges on the Fe — O3 Buckingham potential. Structure 5 solely looked at the
influence of the O3 — O3 Buckingham interatomic potential. Unit cell parameters and
interatomic distances and angles for the five optimised structures are compared to
single crystal data from Menchetti and Sabelli (1976) in Table 6.4, where the a/c axis
ratio was used to evaluate the reproducibility of the potassium jarosite unit cell. The
total optimised lattice energies of the five structures are also included in Table 6.4.
All the interatomic distances and angles were measured used Accelrys Cerius’
software. Looking initially at the optimised unit cell parameters for all five structures
in comparison to the experimental data from Menchetti and Sabelli (1976), it is
immediately apparent that all the computer models have longer crystallographic axes.
When the unit cell data are viewed by the relative ratio of the a- to c-axes, it appears
that all our models compare favourably to those determined by experiment. Out of all
five of the models, structures 4 and 1 are most favourable with a/c ratios of 0.4254
and 0.4208, respectively, as compared to 0.4247 from the single crystal data from
Menchetti and Sabelli (1976). Structures, 1 and 4 had less than 2 % difference in their
unit cell parameters compared to the Menchetti and Sabelli (1976) data.
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Table 6.4. Summary of unit cell parameters and interatomic distances and angles for the model
potassium jarosite structures in comparison to single crystal experimental data of Menchetti and Sabelli
(1976). All distances are in units of angstroms (A) unless stated otherwise.

Menchetti
& Sabelli Structure Structure Structure Structure Structure
(1976) 1 2 3 4 5
a 7.315 7.380 7.957 7.965 7.443 7.448
b 7.315 7.380 7.957 7.965 7.443 7.448
c 17.224 17.537 17.419 17.392 17.497 17.189
Vol (A3) 798.17 827.21 955.21 955.64 839.40 825.79
alc 0.4247 0.4208 0.4568 0.4580 0.4254 0.4333
Difference (%)
a 0.89 8.78 8.89 1.75 1.82
b 0.89 8.78 8.89 1.75 1.82
c 1.81 1.13 0.98 1.58 -0.20
Vol (/1\3) 3.64 19.68 19.73 5.17 3.46
Energy (eV) -357.68 -348.07 -348.21 -357.37 -357.59
S-01 1.465 1.469 1.449 1.449 1.466 1.463
S-02 x3 1.481 1.542 1.547 1.547 1.543 1.541
K-O3 x6 2.828 2.942 2.845 2.856 2.941 2.886
K-O2 x6 2.978 2.944 3.295 3.299 2.981 2.973
Fe-O2 x2 2.058 2.202 2.132 2.130 2.192 2.186
Fe-O3 x4 1.975 1.966 2.152 2.157 1.988 1.990
03-02' 2.886 2.954 3.043 3.048 2.965 2.957
03-02 2.828 2.950 3.016 3.015 2.955 2.956
03-03' 2.769 2.738 2.930 2.961 2.785 2.776
03-03" 2.857 2.822 3.153 3.137 2.838 2.853
0O3-Fe-02' 91.2° 90.08° 90.52° 90.62° 90.19° 90.03°
0O3-Fe-02 88.8° 89.92° 89.48° 89.38° 89.81° 89.97°
0O3-Fe-03' 88.8° 88.27° 86.79° 86.70° 88.92° 88.42°
0O3-Fe-03" 91.2° 91.73° 94.21° 93.30° 91.08° 91.58°
Fe-O3-Fe' 135° 139.60° 135.14° 134.78° 138.73° 138.64°
O3-H 0.750 0.883 0.877 0.877 0.882 0.882
0O3-H...01 2.220 2.090 2.277 2.262 2.096 2.061
0O3-H...02 2.942 2.963 3.025 3.040 2.939 2.938

In terms of the interatomic distances and angles of the five structures, the scaled
charges on the Fe — O3 Buckingham potential for structures 2 and 3 appear to have
improved some of the angles in the FeOg octahedra in comparison to the other three

structures. The addition of the O3 — O3 Buckingham potential has made the hydroxyl



188

bridging around the three Fe octahedrons more comparable to Menchetti and Sabelli
(1976), shown clearest in structure 4 and 5. Structure 4 appears to be more
representative of the single crystal experimental data than structure 5 in terms of both
the unit cell characteristics and interatomic distances and angles. Even though
structure 3 has the scaled charges on the Fe — O3 Buckingham potential, and the
benefits that brings with it in comparison to structure 4, the overall a/c ratio and
interatomic distances and angles are more comparable. Both structure 1 and structure
4 have very favourable unit cell proportions as seen by the a/c ratio, but the addition
of the O3 — O3 Buckingham potential in structure 4 has greatly improved the
hydroxyl bridging around the three FeOgs octahedra. In terms of the optimised lattice
energies of the five structures, structures 2 and 3 are the worst, with the scaled charges
on the Fe — O3 Buckingham potential. Out of the remaining three structures, the
lattice energies were very similar at around -357 eV. Overall structure 4 was deemed
the most representative model of the potassium jarosite structure. The interatomic
potentials in Table 6.2 are therefore those of structure 4. Table 6.5 summarises the
lattice parameters of the single crystal jarosite data from Menchetti and Sabelli (1976)
and the optimised positions from structure 4.
Table 6.5. Structural parameters of potassium jarosite. Experimental data are

from Menchetti and Sabelli (1976) and the calculated parameters are of the
structure 4 model.

Experimental Calculated
a, b 7315 7.443
c 17.224 17.497
K 0.00000 0.00000 0.00000  0.00000  0.00000  0.00000
S 0.00000 0.00000 0.30880  0.00000  0.00000 0.31719
Fe 0.00000 0.50000 0.50000  0.00000  0.50000  0.50000
0Ol 0.00000 0.00000 0.39360  0.00000  0.00000  0.40096
02 0.22340  -0.22340  -0.05450 0.22181 0.77819  0.95187
03 0.12680  -0.12680 0.13570  0.12474  0.87526  0.14073
H 0.16900  -0.16900 0.10600 0.18668  0.81332  0.11932

Currently the only published classical potential model of potassium jarosite is that of
Becker and Gasharova (2001). The Becker and Gasharova model was created using
the GULP code and used the same Allan et al. (1993) interatomic potential set as
starting parameters as used in our favourable structure 4 model. Unfortunately, a
direct comparison of the unit cell parameters and interatomic distance and angles
could not be accomplished because the model of Becker and Gasharova (2001) did

not use the same initial experimental structural parameters of Menchetti and Sabelli
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(1976); their structural parameters came from a synthesised potassium jarosite sample
analysed by single-crystal XRD refinement. The Becker and Gasharova model also
contains an additional coulomb term to exclude the electrostatic interaction between
the oxygen atoms of the sulphate (the O1 — O1 Buckingham interaction), and lacks an
03 — O3 Buckingham; this ultimately affects its ability to correctly represent the
structural bonding between the Fe octahedrons and the bridging sulphate groups. In
the Becker and Gasharova (2001) model, the potentials and the cut-offs used

constrained the model very heavily to the structure to which it was fitted.

6.4 Theory of simulating the structures and energetics of
two-dimensional (2D) surfaces

There are two approaches to the computer modelling of solid surfaces, that is,
employing either a two-dimensional (classical atomistic) or a three-dimensional
(electronic structure and classical atomistic) simulation cell (Gay and Rohl 1995).
Periodic boundary conditions (PBC) are typically used in both 2D and 3D simulation
cells to limit the computer time required to model a system of realistic size. PBC
allow a finite number of particles to generate realistic behaviour by mimicking an
infinite system in such a way that when a particle leaves the simulation box, an image
rejoins the box on the opposite side. The box of particles is therefore surrounded by
images of itself, producing an infinite repeat of the simulation cell in either two or
three dimensions (de Leeuw et al. 2003). All of the computer simulations of the
surfaces of the potassium jarosite structure were 2D classical calculations using the
Minimisation and Relaxation of Vacancies and Interstials for Neutral Surfaces

(MARVIN) code devised by Gay and Rohl (1995).

The classical atomistic simulations of surfaces of ionic solids was pioneered by
Tasker (1979) and Mackrodt and Stewart (1979). The majority of the initial work was
confined to modelling planar surfaces of the cubic rock salt oxides MgO, CaO and
NiO (Colbourn et al. 1983, Tasker and Duffy 1984, Tasker et al. 1985). Soon after,
more complicated materials such as Cr,O3; (Lawrence et al. 1987), Al,Os (Mackrodt
1989), and Fe;04 (Davis et al. 1994) were studied. Further complexity arrived when
models of oxyanions such as SO42' and CO32' were studied in surface simulations of

BaSO, (Gay and Rohl 1995) and CaCOs; (de Leeuw and Parker 1997).
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Figure 6.3. The two-region approach used in MARVIN, (a) the complete crystal and (b) half a crystal,
exposing a surface, periodic in two dimensions (from de Leeuw et al. 2003).

6.4.1 Two-dimensional simulations

In the MARVIN computer code, the crystal is considered either to consist of a series
of charged or neutral planes parallel to the surface and periodic in two dimensions
(Gay and Rohl 1995). The crystal is then divided into two blocks, each of which is
divided into two regions, region I and region II (Figure 6.3a) (de Leeuw et al. 2003).
The 1ons in region I are allowed to relax explicitly until there is zero force in each of

them, whilst those in region II are fixed at their bulk equilibrium positions. The two
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region IIs are allowed to move relative to each other (Gay and Rohl 1995). 1t is
necessary to include region II to ensure that the potential of an ion at the bottom of
region I is modelled correctly (Tasker 1979). A surface is created when block II is

removed with the top of region I as the free surface (Gay and Rohl 1995).

The energy of the crystal is made up of two parts (de Leeuw et al. 2003):

U = Ul + U2 6.7)

latt

where U; and U, are the energies of the combined ions in region I and region II

respectively. The energy of region I is (de Leeuw et al. 2003):

o :;ZTUQ’%"3‘)+%;Z%qn’_n‘) (63)

jel jell

where yj; is some pair potential (i.e. Buckingham, Morse, and Three-Body). The first
term includes interactions between the ions in region I only and the second term
describes the interactions between the ions in region I and those in region II, which is
referred to as the boundary interaction energy. The energy of region Il consists only
of this boundary interaction energy because the ions are kept fixed and hence the
interaction between the ions in region II itself is unchanged and can therefore be

ignored (Gay and Rohl 1995). The energy contribution is (de Leeuw et al. 2003):

U, =%Z‘qu7’g_’”1‘) (6.9)

iel

jell

6.4.2 Types of surfaces

In the MARVIN code, the crystal is considered to consist of a series of planes parallel
to the surface; Tasker (1979) identified three different types of surfaces. In a type |
surface each plane has overall zero charge as it consists of both anions and cations in

stoichiometric ratio (Figure 6.4a).
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Type |

Neutral dipalar
repeat unit

Meutral non-
dipalar repeaat
unif

Neutral dipolar
repeat unit

Zero total dipole
pempeaendicular
fo the surfoce

Figure 6.4. Idealised stacking sequences for the three types of crystal surfaces identified under the
Tasker notation. (a) Type I surfaces consist of charge neutral layers of positive and negative ions, and
(b) type II surfaces consist of positively and negatively charged planes but with a charge neutral and
non-dipolar repeat unit. (c) Type III surfaces consist of alternating layers of positive and negative ions
giving rise to a dipolar repeat unit, and a reconstructed type III surface (d) where half the surface ions
have been shifted to the bottom of the unit cell, which has removed the dipole in the repeat unit (from
de Leeuw et al. 2003).
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A type II surface has a stacking sequence of charged planes but the repeat unit
consists of several planes in a symmetrical configuration and as a result, there is a
zero dipole moment perpendicular to the surface (Figure 6.4b). Consequently, type |
and type II surfaces have a zero dipole moment perpendicular to the surface (de

Leeuw et al. 2003).

The third type of surface (type III) is made up of a stack of alternately charged planes
(Figure 6.4c), producing a dipole moment perpendicular to the surface. Bertaut
(1958) showed that when such a dipole moment is present in the unit cell, the surface
energy diverges and is infinite (de Leeuw et al. 2003). To study this type of surface
the dipole needs to be removed, typically through some process of surface
reconstruction. One way of achieving this is to remove half the ions from the surface
layer at the top of the repeat unit and transfer them to the bottom (Figure 6.4d). Once
a surface is generated that has no dipole moment perpendicular to the surface, the

surface energy can be calculated (de Leeuw et al. 2003).

6.5 Surface study of potassium jarosite

Experimental SEM and AFM morphology studies of synthetic potassium jarosite
show that the crystals are predominantly terminated by the most stable {012} faces.
Triangular (001) faces are seen but most of them disappear in favour of the {012}
faces in larger crystals (Becker and Gasharova 2001). Two-dimensional simulations
of the potassium jarosite surfaces were made through the MARVIN code (version
2.00 beta 3) using the optimised structure 4 model of the potassium jarosite described

earlier.

The work of Becker and Gasharova (2001) on simulating potassium jarosite surfaces
found that zero net dipoles were present on both the {012} and (001) faces, however,
this study found no dipoles for two surface terminations in the {012} faces. All
possible terminations on the (001) face required surface reconstruction to remove a
dipole. Therefore in this study, the investigation of the surfaces of potassium jarosite

will be limited to these two terminations in the {012} faces.
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Figure 6.5. X — Z axes cut of the face 1 termination of {012} group of faces of potassium jarosite.
The surface comprises of neutral sub-layers with the composition of [KFe(OH)4]°. Before relaxation
(a) the surface is terminated by the O3 oxygens of the hydroxyl group and the K-ions in the A-site.
Face 1 experiences a degree of rotation of the T-O-T during surface relaxation (b). The resulting
rotation upon relaxation results in face 1 being terminated by K-ions and the hydrogen ions of the
hydroxyl group.
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Figure 6.6. X — Y axes cut of the face 1 termination of {012} group of faces of potassium jarosite.
The surface comprises of neutral sub-layers with the composition of [KFe(OH),]". The un-relaxed
surface (a) is terminated by the O3 oxygens of the hydroxyl group and the K-ions in the A-site. Face 1
experiences a degree of rotation of the T-O-T during surface relaxation (b). After relaxation the
hydroxyl group rotates upwards causing the relaxation surface of face 1 being terminated by the
hydrogen ions of the hydroxyl group and the K-ions.

The two surfaces were created by the MARVIN code simulated under vacuum at
absolute zero, where region I and region II were 2 and 5 unit cells, respectively. Face
1 and face 2, as they will be referred to henceforth, are both classed as type II surfaces
under the Tasker notation (Figure 6.4b). The two surfaces are comprised of neutral
sub-layers with compositions of [KFe(OH)4]° (face 1) and [Fea(SO4),(OH),]° (face 2),
respectively. As each of the sub-layers had no dipole moment perpendicular to the

surface, there was no dipole moment across either slab normal to surface.
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Figure 6.7. X — Z axes cut of the face 2 termination of {012} group of faces of potassium jarosite.
The surface comprises of neutral sub-layers with the composition of [Fe,(SO4),(OH),]’. Before
relaxation (a) the surface is terminated by the O1 oxygens of the sulphate group. Face 2 experiences a
degree of rotation of the T-O-T during surface relaxation (b). The resulting rotation upon relaxation
results in the sulphate tetrahedra being rotated inwards into the slab resulting in the O1 oxygens lying
just below the termination surface of face 2.
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Figure 6.8. X — Y axes cut of the face 2 termination of {012} group of faces of potassium jarosite.
The surface comprises of neutral sub-layers with the composition of [Fey(SO,),(OH),]”. The un-
relaxed surface (a) is terminated by the O1 oxygens of the sulphate group. Face 2 experiences a degree
of rotation of the T-O-T during surface relaxation (b). The resulting rotation upon relaxation results in
the sulphate tetrahedra being rotated resulting in the Ol oxygens lying just below the termination
surface of face 2.

The unrelaxed (bulk-like) surfaces of face 1 and 2 can be seen in Figures 6.5a, 6.6a

and 6.7a, 6.8a,.

During surface relaxation, the upper and lower sub-layers in both slabs (faces 1 and 2)
are mainly affected by rotation (Figures 6.5b, 6.6b, and 6.7b, 6.8b). Before the slab
was relaxed in face 1, the surface was terminated by the O3 oxygen atoms of the

hydroxyl group and the K-ions in the A-site, where the hydrogen ions of the OH
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group were pointing down into the plane; this is shown clearest in Figure 6.5a.
During relaxation of the face 1 slab, the hydrogen ions of the hydroxyl group rotated
upwards out towards the surface (Figure 6.6b). The resulting rotation during
relaxation resulted in the face 1 surface being initially terminated by K-ions and O3
oxygen atoms, and terminated again by K-ions, but more significantly, by hydrogen
ions of the hydroxyl group. As for face 2, before slab relaxation the O1 oxygens
belonging to the sulphate group terminated the surface (Figures 6.7a and 6.8a). After
the surface was relaxed, the sulphate tetrahedra rotated inwards into the slab, resulting
in the O1 oxygens lying just below the surface (Figure 6.7b). Also affected by this
rotation were the central hydroxyl groups (seen most clearly in Figures 6.8a,b); here
the OH groups rotated upwards towards the surface. In the slab of face 2 the K-ions
were well embedded in the bulk structure between the first and second sub-layers in

region 1, quite far away in comparison to face 1.

Table 6.6. Unrelaxed and relaxed surface energies of the two
stable surfaces in the {012} group of faces for potassium jarosite.

Surface  Unrelaxed [eV/A] Relaxed [eV/A]
Face 1 2.07 1.22
Face 2 2.07 1.37

In terms of the energetics of the two surfaces before and after relaxation (Table 6.6),
the un-relaxed values for faces 1 and 2 were the same at 2.07 eV/A. After relaxation,
the surface energies of face 1 and face 2 were 1.22 and 1.37 eV/A, respectively. As
both of the relaxed surface energies were similar, either face in the {012} group of
faces could be favourable, with the possibility of a slight bias towards the termination

in face 1 (K-ions and hydrogen ions belonging to the bridging hydroxyl groups).

6.6 Theory of modelling defect calculations

Many aspects of the physical properties of materials depend on the behaviour of point
defects present in the material. These defects may be classed as vacancies,
interstitials, or substitutional ions (Catlow 1999). The properties of point defects,
which may be readily calculated, are their structure and energetics (formation energy,

migration activation energy and association energy; Cormack 1999).

There are two widely used approaches for performing defect calculations on solids,

the supercell, and the cluster methods, with or without embedding in the latter case
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(Gale and Rohl 2003, Wright 2003). The supercell method is based on the extension
of a bulk calculation. All the defect calculations for this study were bulk simulations,
modelled in GULP, which uses a technique referred to as the Mott-Littleton method
(Mott and Littleton 1938), after the authors of the pioneering work in the field (Gale
and Rohl 2003).

Region IIB

Region |

Defect

Figure 6.9. Schematic representation of the embedded regions used in the Mott-Littleton approach to
defect calculations.

6.6.1 Mott-Littleton Method

In the Mott-Littleton method, the crystal around the defect centre is divided into two
spherical regions, with the inner sphere labelled region I, and the outer sphere region
ITa. Atoms outside of these spheres belong to region IIb that extends to infinity (Gale
and Rohl 2003, Wright 2003) (Figure 6.9). In region I, which contains the defect at
its centre, all interactions are treated exactly at an atomistic level and the ions are
explicitly allowed to relax in response to the defect. Experience has shown that
region I ought to contain 200-300 ions (Cormack 1999). In region Ila the ions are
assumed to be situated in a harmonic well and they subsequently respond to the force
of the defect accordingly (Catlow and Mackrodt 1982). This approximation is only

valid for small perturbations and requires that the bulk lattice has been optimised prior
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to the defect calculation. For region Ila individual ion displacements are still
considered, whereas for region IIb only the polarisation of sub-lattices, rather than
specific ions, are considered (Gale 1997). Region IIb is assumed to be sufficiently far
from the defects that the ions only respond by polarising according to the electric field

resulting from the total defect charge placed at the centre of region I.

Defect energetics are principally evaluated by performing a calculation on the perfect
lattice, which may be equilibrated to either constant volume or pressure. The lattice
energy, Epgrrect, 1S then compared with the value, Epgprcr, obtained under the same
conditions for the defective lattice. Thus the defect formation energy, Ep, is simply

written as (Catlow 2003):

E D — E DEFECT — E PERFECT (6.10)

Within the Mott-Littleton scheme, it is possible to express the total energy for the
formation of a defect (Ep), in a two-region system as the sum of contributions from
the energies within the regions and between them given by (Wright et al. 1996, Gale
et al. 2003):

E,=E(x)+E,(x,y)+E;() 6.11)

where x and y are the coordinates of ions in region 1 and the displacements of ions in
region 2 respectively. Parameter E; is the energy of the interaction of atoms in region
1, Es the energy of the ions in region 2, while E, describes the interaction between the
regions. When y is small, as is usually assumed, E3 can be expressed by the harmonic

approximation (Wright et al. 1996):

1 5
E3=5y Ay (6.12)

where A is the force constant matrix. At equilibrium we have (Wright et al. 1996):

dE, ) x=-Ay

dy (6.13)
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Thus, Ep can be expressed in terms of E; and E,, and its derivates. The resulting
defect energy is then a measure of the perturbation, by the defect, of the static lattice
energy of the crystal (Wright et al. 1996).

6.6.2 Schottky and Frenkel defects

The nature of point defects in complex mineral structures is not well understood, and
most of our basic ideas come from studies in simpler compounds such as halides, e.g.
NaCl, AgCl (Putnis 1992). The simplest type of point defect is one in which a vacant
cation in a structure is balanced by a vacant anion site to maintain charge neutrality.
Such a pair of vacancies is called a Schottky defect, although the two vacancies are
not necessarily directly associated with each other in any way (Catlow 1999). Figure
6.10a shows what a Schottky defect would look like schematically in a NaCl crystal.
Another possible type of point defect occurs when an atom moves from a site, leaving
a vacancy, and is placed in an alternative interstitial site that is normally unoccupied.
This is a Frenkel defect and again leaves the overall charge balance and stoichiometry
unaffected (Catlow 1999). Figure 6.10b shows a schematic diagram of a Frenkel
defect in NaCl. For most close packed solids, Schottky defects have lower energy.

"”‘a "E"a
, -
e

o‘"o‘"o*'@' "’o
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Figure 6.10. Schottky and Frenkel defects in NaCl. A Schottky defect (a) in NaCl consists of one
cation and one anion vacancy. A Frenkel defect (b) in NaCl consists of a vacant cation site, with Na"
ions occupying an interstial position in the ideal structure (from Putnis 1999).
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Schottky and Frenkel defects are referred to as intrinsic defects as their numbers are
controlled by intrinsic properties of the structure related to the size of the interatomic

forces. The presence of impurities, variations in oxidation state for example, also
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constitute defects, which are extrinsic and can vary from one crystal to another (Putnis
1992). All intrinsic and extrinsic defects in this study were described using the
standard Kroger-Venk notation, Table 6.7 summarises the notation used with respect

to the potassium jarosite structure (Kroger 1972).

Table 6.7. Kroger-Venk notation for defects in potassium jarosite
[KFe;(S04),(OH)g] (Kroger 1972).

Intrinsic defects

Fe vacancy with effective 3- charge V.
O vacancy with effective 2+ charge v
K interstitial with effective 1+ charge K’
Extrinsic defects

Impurity (e.g. Cd) at interstitial site cd’
Neutral substitution. e.g. Na" at K" site Na
Charged substitution e.g. Cd*" at Fe’" site Cd,,
Charged substitution e.g. Cd*" at K site Cdy

For Schottky and Frenkel disorder, charge neutrality and stoichiometry need to be
maintained explicitly; in this study, series of partial Schottky defects are also
considered by the use of charge neutral defect clusters. Schottky and Frenkel defects
in NaCl are described using the standard Kroger-Venk notation in Eq. 6.14 and 6.15,

respectively.
X X * .
Na,, +CI;, >V, +V;,+ NaCl(S) (6.14)

Na; —V, +Na

X . ' (6.15)
Ci;, >V, +Cl
The defect formation energy of a Schottky defect is defined as:
ESchottky = E},1 +EV2 +"'EVn +UL (6.16)

where Ey is the vacancy energy of a species, and Uy corresponds to the lattice energy
of the phase removed. The defect formation energy of a Frenkel defect is given in Eq.
6.17, where Ey is the vacancy energy of the species, and E; is the interstial energy of

the species.
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Ly

renkel

=E, +E, (6.17)

6.6.3 Impurity atoms and atomic substitutions

Minerals are never pure compounds and may contain a wide variety of substituted
atoms. It is possible to treat these substitutions in much the same way as defects, in
that there will be an equilibrium concentration of impurity atoms, which will depend
upon the enthalpy and entropy associated with the substitution. Some minerals only
allow small deviations from their pure endmember compositions, while in others there

is a continuous solid solution between two extreme compositions (Putnis 1992).

6.7 Defect calculations in potassium jarosite

Two types of defects were considered and appraised for this study, intrinsic and
extrinsic. Extrinsic defects were limited to three 2+ cations commonly observed in
the structure and seen in ARD environments: Cd(II), Zn(II), and Cu(Il) (Dutrizac
1984, Alpers et al. 1992, Dutrizac et al. 1996).

Table 6.8. Calculated vacancy formation and impurity substitution
energies in potassium jarosite.

Intrinsic defects Extrinsic defects
Defect  Defect energy (eV)  Defect Defect energy (eV)
v 476 cd: -10.92
VFe 50.37 Zny, -11.63
e 39.65 Cu, “11.79
Vo' 2447 cd,, 26.40
Vou 28.34 Zn), 23.73
Vi 1217 Cu, 2425
K; 2.64 car 6.33
Zn’ -7.59
Cu’™ -3.01

1

All the defect calculations for this study were bulk simulations, modelled using the
Mott-Littleton approximation in GULP (version 1.3). Table 6.8 summarises the
vacancy formation and impurity substitution energies within potassium jarosite, where
these numbers were calculated using the potentials in Table 6.2. The lattice energies

for the various compounds involved in the intrinsic and extrinsic defects are described
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in Table 6.9, where their values were calculated using the potentials in Table 6.10.
The impurities chosen for this study (Cd(II), Zn(IT), and Cu(Il)), all initially took the
form of minerals commonly seen in ARD environments, notably oxides or sulphates
(Alpers et al. 1992). Unfortunately, it was not possible to determine the lattice
energies for these three cations as either all oxides or sulphates (Table 6.9). The six
compounds labelled as products in Table 6.9 were chosen to represent various neutral
vacancy defect clusters in the calculation of partial Schottky energies (Table 6.11),
and as potential products of extrinsic defect reaction pathways (Tables 6.13-6.15).
The product compounds in Table 6.9 either have been identified in ARD
environments (e.g. goethite, Chapter 5) or have been associated with the thermal

decomposition of the potassium jarosite structure (TG-DTA analysis, Chapter 3).

Table 6.9. Lattice energies of various reactants and
products involved in the intrinsic and extrinsic defect

reactions.
Compound Lattice energy (eV)

Reactants
CdO -36.54
ZnO -39.66
CuO -40.65
ZnSOy4 -65.57
CuSOq4 -66.07
Products
KFe3(SO4)2(OH)s -357.37
KFe(SO4), -137.06
FeO(OH) -82.14
Fe,05 -152.37
K,SO, -55.82
K,0 -23.19

Altogether, the vacancy formation and impurity substitution energies combined with
the lattice energies of numerous compounds were used to calculate a variety of
Schottky energies (Table 6.11), and to study the various impurity substitution
pathways in potassium jarosite (Tables 6.13-6.15).

6.7.1 Intrinsic defect reactions

As mentioned earlier, intrinsic defects can be broadly classed into either Schottky or
Frenkel style defects. In this study, only Schottky defects or neutral vacancy defect

clusters are considered, as no stable interstial sites for Fe or S could be found.
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Table 6.10. Potential parameters for the various reactants and products involved in the intrinsic
and extrinsic defect reactions.

Two-body short range interaction

Buckingham AleV p/A C/eVA® Compound  Reference
K" - 0% 987.570 0.3000 0.00 1,2 a
K" - 0% 987.570 0.3000 0.00 3 b
Fe*" — 0% 3219.335 0.2641 0.00 1 c
Fe*' - 0% 3219.335 0.2641 0.00 4,5 d
Fe*" — Q!4 2297.684 0.2641 0.00 5 b
cd* - 0* 868.3 0.3500 0.00 6 e
Zn*" — Q03+ 294.126 0.3372 0.00 8 c
Zn®" - O* 499.6 0.3595 0.00 7 d
Cu*" — Q"% 700.1988 0.3000 0.00 10 b
Cu* - 0* 923.0467 0.3000 0.00 9 b
008+ _ Q08+ 103585.02 0.2000 2598 1,2,8,10 f
0¥ - 0% 103585.02 0.2000 25.98 3 b
0¥ - 0% 22764.0 0.1490 27.88 5,6,7 d
0¥ - 0% 25410 0.6932 32.32 4,9 d
HO426 — 0% 511.0 0.2500 0.00 5 g
HO426% _ ol42- 511.0 0.2500 0.00 5 g
Morse D./eV B/A™! r/A

gl36r_ 08+ 5.0000 1.2000 1.4650 1,2,8,10 a
Q!426- _ o6t 7.0525 2.1986 0.9685 5 h
Three-body interaction  ks/eV rad™ 0/°

Q084 _ gl36+ _ )084- 15.0 109.47 1,2,8,10 £

The short range potential cut-off was set to 10 A

? fitted from Allan et al. (1993) Compound
® fitted from Woodley et al. (1999)

o from [ oy F 1685 1  KFe(SOy), 6 CdO

) itted from Lewis and Catlow ( ) 2 K,SO, 7  7ZnO
Woodley et al. (1999) 3 K,0 8  ZnSO,

. Lewis and Catlow (1985) 4  Fe,0, 9 CuO
Allan et al. (1993) 5  FeO(OH) 10 CuSO,4

€ Steele et al. (2002)
" fitted Saul et al. (1985)

Using the vacancy formation energies (Table 6.8) coupled with the lattice energies of
various strategic compounds (Table 6.9), the energetics of various intrinsic defect
configurations were calculated. The results are given in Table 6.11. The dominant
defect will be that with the lowest energy per point defect. The calculated formation
energy of the stoichiometric KFes;(SO4)2(OH)s Schottky defect was found to be 243.6
eV (9.37 eV per defect). The formation energies of neutral K,O, Fe,O;, FeO(OH),
K;,S0s4, and KFe(SO4), vacancy clusters that can form in a non-stoichiometric phase
are also presented in Table 6.11. The lowest energy defect is the K,O partial Schottky
with a formation energy of 10.8 eV (3.6 eV per defect). This was close to the value of
the K Frenkel defect energy of 7.4 eV (3.7 per defect). Studying the formation

energies (and per defect value) for the five neutral vacancy defect clusters together in
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Table 6.11, some interesting relationships begin to emerge. Firstly, defects were more
likely on the K sublattice than on the Fe sublattice, while those involving the (SO4)*
molecular ions were unfavourable. For Fe, the oxide complex had a lower formation
energy per defect than the corresponding hydroxide by 0.9 eV. In general, all intrinsic
defect formation energies were high, which meant that they would not be present in
any appreciable amounts at ambient conditions. At high temperature, potassium
jarosite breaks down to form K,O (+700°C) and Fe,O; (+900°C) (TG-DTA, Chapter
3), so that at high temperatures, such defects could be present. At low temperatures, it
is more probable that extrinsic processes will form the majority of defects in
potassium jarosite, where the charge imbalance introduced by impurities is

compensated by the formation of vacancies or interstials.

Table 6.11. Schottky defect formation energies in potassium jarosite (the number in the brackets is the
per defect value).

Schottky AE (eV)

K,0 2E, +E, +Uy, 10.8 (3.6)
Fe;0; 2E, +3E, +U,., 21.78 (4.36)
FeO(OH) E, +E, +E, +Upoom 21.04 (5.26)
K,S0, 2E, +E, +4E, +U, o, 91.23 (13.03)
KFe(SO4), E, +E, +2E, +8E, +Uips0,, 193.13 (16.09)

KFe3(S04)2(0OH)s EVK + 3EVF¢ + ZEVS + 8EV0 + 6EVO” + UKFe_;(SO4)2(OH)6 243.60 (9.37)

No energetics were calculated for possible breakdown reactions (e.g. Eq. 6.18) of the
potassium jarosite structure as there was a lack of data on the energetics of important
aqueous species (e.g. (OH) g, K'@g)» SO42'(aq)) (see Chapter 8: Conclusions and
Recommendations for further work).

KFe,(SO,),(OH)y,, — K., +3Fe.,, +2S0;,

a 4(aq)

(6.18)
KFe,(S0O,),(OH),,, — 2FeO(OH),,, + KFe(SO,),,, + 6(OH);,

6.7.2 Extrinsic defect reactions

The three impurity cations were introduced in the form of solid oxide or sulphate
reactants, specifically CdO, ZnO, CuO, ZnSO4, and CuSOs. The corresponding

impurity substitution energies and lattice energies of the various reactants and
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products are given in Tables 6.8 and 6.9, respectively. There are three locations for
extrinsic defects in the potassium jarosite structure: the A- and B-site and interstial

sites between the linear T-O-T sheets and the A-sites.

The impurity substitution energies for the three sites in Table 6.8 have been used to
determine the energies of coupled substitution and reactions in the extrinsic regime.
Coupled substitutions involving the three impurity cations at the A- and B-sites are
given in Table 6.12, where the overall energy is reported per substitution. The results
from the coupled substitutions in Table 6.12 suggest that Zn(Il) is the most
energetically favourable impurity substitution, followed closely behind by Cu(II), and
finally Cd(II). This favourability of Zn(II) and Cu(lIl) is supported by experimental
synthesis results, where Cu(Il) is favoured over Zn(II) for higher % wt. incorporation

in the generic jarosite structure (Dutrizac and Jambor 2000).

Table 6.12. Coupled substitution energies in potassium jarosite
(the number in the brackets is the per substitution value).

Coupled Substitution AE (eV)

Cd; +Cd,, E,. +E, 15.48 (7.74)
Zn; + Zn,, E,. +E,. 12.1 (6.05)
Cuy +Cuy, E.tE. — 1246(6.23)

It is possible to improve upon the information gathered from the coupled substitutions
by considering the energetics of full mass and charge balance defect reactions. Such
reactions are presented in Tables 6.13-6.15; Table 6.13 also includes a worked
example upon how to calculate the overall defect energy of an extrinsic reaction.
Initially it was not possible to calculate any defect reactions involving CdSO, as a
reactant as no suitable lattice energy for this compound could be calculated. When all
the extrinsic reaction pathways are compared across Tables 6.13-6.15 it is apparent
that there are more reactions involving oxide phases than sulphate ones by just over a
factor of two. The apparent lack of reactions for the sulphate reactants can be
explained simply by the inherent requirement of either, or sometimes both, Fe and S
interstials. As mentioned earlier with respect to the lack of any Frenkel defect
reactions, interstials of these two critical ions in the T-O-T structure of potassium
jarosite are extremely unfavourable and, therefore, unlikely. The problem with the

lack of Fe and S interstials also accounts for the incomplete ‘suite’ of five reaction
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pathways for extrinsic defects at the Fe-site, compared to defects at the K-site and as
an interstial, when ultimately the defect reactant is in the form of an oxide (Tables

6.13-6.15).

Table 6.13. Reaction energies for series of Cd(II) extrinsic defects; the most significant energy
reaction pathways are highlighted in bold. A worked example is also included.

Worked example for calculating the energy of an extrinsic defect reaction:

vvvvvv

AE,.=E Cdy +EVy +E 2Vy +E V5 +Useso,,, ~Ucio,
AE,,., =(-10.92)+50.37 + (2% 39.65) + (7 x 24.47) + (=137.06) — (=36.54)
AE,, =189.52¢V
Defect Reaction AE,,. (V)
Cd;, Ky +Fep, +255 +70, +CdO,, — Cdy +V,, +2V + 7V + KFe(SO,),,, 189.52
K{ + Fey, + OHyy, +CdO,, — Cdy + K +V,, + V5, + FeO(OH), 26.95
2K +83 +305 +CdO,, — Cdy +V, + V" +3V;" + K,S0,,, 87.62
2Fel +20) +CdO,, — Cdy + K} +2V,, + 2V} + Fe,0, 25.57
2K} +CdO,,, > Cdy +Vy + K,0,, 7.19
Cd'Fe K +Fep, +283 +70) +CdO,, — Cdp, + Vi +2VS" + TV + KF(SO,),,, 181.23
Fe;, + OH}, + CdO,,, — Cdy, +Vyy, + FeO(OH) 9.14
2Fey, + 0y +2CdO,,, — 2Cd,, + V" + Fe,0; -2.02
cd” K +Fep, +285 +70, +CdO,, — Cdy +Vy +V,,, + 2V + 7V + KFe(SO,),,, 198.87
Fe;, + OH}, +CdO,,, — Cd;" +V,, +V}, + FeO(OH),,, 26.78
2K +85 4305 +CdO,, — Cd™ +2V, + V" +3V" + K,S0, 96.97
2Fey, +20) +CdO,, — Cd:* +2V,, +2V;" + Fe,0; 27.52
2K +CdO,, — Cd:* + 2V, + K, 0, 16.54

When comparing all the defect reactions for Cd(II), Zn(Il), and Cu(Il) together,
presented in Tables 6.13-6.15, respectively, some general trends appear; where the
most significant reaction energies are highlighted in bold. Reactions with all three
divalent impurity cations, Cd(Il), Zn(II), Cu(Il), were most favourable when these
cations replaced Fe and were charge balanced with an O vacancy. In all cases,

reactions with mixed K/Fe vacancy pairs had the highest energies; seen in reactions

that had KFe(SOs), as a product.



209

Table 6.14. Reaction energies for series of Zn(Il) extrinsic defects; the most significant energy
reaction pathways are highlighted in bold.

Defect Reaction AE,,, (eV)
n’, K¢ +Fej, + 283 +70, +Zn0,) — Zny +Vy, + 2V + TV + KFe(SO,),,, 191.63
K¢ +Fep, + OHpy, + Zn0O,, — Zny + K +V,, + V5, + FeO(OH), 27.24
2K +83 +30, +Zn0,, — Zny +V + Vs +3V;" + K,S0, 90.03
2Fel +20) +Zn0,, — Zny + K} + 2V, + 205" + Fe,0y 27.98
2K +7Zn0,,, - Zny +Vy + K,0,, 9.60
Zn}e K¢ +Fep + 285 +70) +Zn0y, — Znp, + Vi + 2V +7V;" + KFe(SO,),,, 181.68
Fey, + OHpy, + ZnO,,, — Zny, +V;, + FeO(OH), 9.59
2Fe}, +O0) +2Zn0,,, — 2Zn,, + V' + Fe,0;,, -1.12
an." K +Fep, + 28§ +705 +Zn0,, — Zng + Vi +V, + 2V + 7V + KFe(SO,), 200.73
Fej, + OHpy, + ZnO,,, — Zn" + V. + V5, + FeO(OH) 28.64
2K+ 85 +30) +Zn0,, — Zn™ + 2V, + V" +3V," + K,SO, 98.38
2Fe}, +20, +Zn0,,, = Zn" + 2V, + 2V;" + Fe,0y 29.38
2Ky +7Zn0,, — Zn" + 2V, + K,0,, 18.40
Zn, K{ +Fep, + S5 +40, +ZnSOy,, — Zny +V,, +Vy " + 4V, + KFe(SO,),,, 104.78
2K} +7ZnSO,,, — Zny +V, +K,S0,,, 2.88
Z”}e 2Ky + Fep, + Sy +40, +ZnSO, ) — Zn,, + K + 2V, + V" +4V;" + KFe(SO,), 101.93
Tn K¢ +Fey, +27ZnS0,,, — 2Zn}" +Vy +V,, + KFe(SO,),, 34.03
1
2Ky +ZnSO,,, — Zn;" + 2V, + K,SO, 11.68

The data in Tables 6.13-6.15, specifically regarding the Fe site defect would suggest
that Cd(II) was the most energetically favourable impurity substitution, followed by
Zn(I1) and then Cu(Il). This order where Cd(II) was the most favourable of the three
cations is the compete opposite to what was seen for the coupled substitutional data
earlier and more importantly to what is seen in nature and in the laboratory (Dutrizac
and Jambor 2000). A specific reason for this trend is unclear at present, though will
probably be related to the partial rather than total occupancy these impurity cations
have at the Fe-site in natural and synthetic samples. When the Zn(II) and Cu(II)

cations were introduced in the form of sulphates it appeared that the most
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energetically favourable pathways were ones where sulphate rich products were
formed (i.e KFe(SO4), and K,SO4) (Table 6.14-6.15). Specifically, the Zn(II) and
Cu(II) cations in the form of sulphate reactants were found to favour defects at the K

site coupled with another K vacancy rather than O vacancies (Table 6.14-6.15).

Table 6.15. Reaction energies for series of Cu(Il) extrinsic defects; the most significant energy
reaction pathways are highlighted in bold.

Defect Reaction AE,,, (eV)
Cu;, K +Fep, +285 +70) +CuQ,, — Cuy +V,, + 2V + V5" + KFe(SO,),,, 192.76
K¢ +Fey, + OH)y, + CuO,, — Cuy + K} + V. + V5, + FeO(OH),, 28.07
2K +83 +30, +CuO,,, — Cuy +Vy + V5" +3V5" + K,80,, 90.86
2Fel +20) +CuO,,, — Cuy + K + 2V, + 2V + Fe,0, 28.81
2Ky +CuO,,, = Cuy +V, +K,0,, 10.43
C“}e K¢ + Fep, +285 +70) +CuO,, — Cuy, +V, +2VS" + V5" + KFe(SO,),,, 183.19
Fej, + OH}y, + CuO,,, — Cuy, + V5, + FeO(OH), 11.10
2Fep, + 0, +2Cu0,,, — 2Cuy, + V' + Fe,0y, 1.90
Cu’ K +Fep, + 25§ +705 +CuO,,,) — Cuy +Vy +V,, +2V¢ +7V5" + KFe(SO,),,, 206.30
1
Fej, + OHpy, + CuO,, — Cu" +V,, +V;, + FeO(OH) 34.21
2K +83 +30) +CuO,, — Cu’* + 2V, + V" +3V;" + K,S0, 104.40
2Fe}, +20; +CuO,, — Cu" + 2V, + 21" + Fe,0y 34.95
2K} +CuO,,, — Cu" + 2V, +K,0,,, 23.97
Cu;, K +Fep, + 85 +40) + CuSOy,, = Cuy +Vy, + V" +4V;" + KFe(SO,),, 105.12
2Ky +CuSO,,, = Cuy +Vy +K,S0,, 3.22
Cu} 2K} + Fej, + 8§ +40) + CuSO, ) = Cuy, + K + 2V, + Vs +4V;" + KFe(SO,),, 102.95
e
Cu” K +Fey, +2CuSO, ) — 2Cu" +Vy +V,, + KFe(SO,),, 44.19
1
2Ky +CuSO,,, — Cu’* + 2V, + K,SO, 16.76

The inference that 2+ impurity cations are theoretically more energetically favourable
when occupying the octahedral 3+ B-site is extremely important, and fundamental, as
this is the relationship that supports experimental data (Dutrizac 1984, Dutrizac et al.
1996) and in the natural environment in areas affected by ARD where jarosites are

found (Dutrizac 1982, Dutrizac and Jambor 2000). Looking more closely at the
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individual impurity substitution energies (Table 6.8) it becomes apparent that all the
2+ impurity ions chosen for this study do appear to be more energetically favourable
in the K-site, than in the Fe-site. Though it is not until the correct mass and charge
balance defect reactions (Tables 6.13-6.15) are made and calculated does the true
picture start to develop, that is of the B-site (Fe-site) being more favourable to locate
2+ impurity cations in the general jarosite structure, seen through the potassium
jarosite example in this study. Furthermore, the extrinsic defect reactions in Tables
6.13-6.15, combined with the knowledge that potassium jarosite has inherent Fe
vacancies in its structure (the defect energy of such a vacancy is 50.37 eV, Table 6.8),
may explain why natural or synthetic jarosites with compositions similar to
CugsFe3(SO4)2(OH)s have not been found or synthesised (Dutrizac 1984). The
answer is that these 2+ impurity cations will probably locate at the B-site in the

structure to reduce the overall lattice energy.

6.8 Discussion and Summary

A very good classical potential model of potassium jarosite has been created through
the structure 4 model, but there have been crucial limitations. Unfortunately it has not
been possible to model any jarosites that incorporate Pb(Il) into their structure, so the
plumbojarosite, the beaverite compounds and beudantite investigated experimentally
in this study could not be modelled. The reason is that it is quite difficult to create a
Buckingham interatomic potential for Pb(II) due to the presence of a lone pair of
electrons. Another problem that has been encountered is the lack of any hydronium
(H;0") representation in the potassium jarosite model; this is simply because at
present, there is no widely available classical potential to represent this ion.
Considering that hydronium is such an important species in the general jarosite
structure in its ability to charge balance the A-site, the lack of any account of this
species in any theoretical model is untoward when trying to relate the model of the
structure to experimental and natural examples. Finally, it has not been possible to
model and therefore fully appraise ferrihydrite, a poorly-ordered iron rich secondary
phase that is common in ARD environments and that was found in the alkali
dissolution of plumbojarosite and beudantite (Chapter 5). It is due to the amorphous
nature of ferrihydrite that the problem has occurred; there are no reliable

crystallographic lattice positions for this mineral.
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One of the most important findings in relation to creating a classical potential model
of potassium jarosite (structure 4) that is comparable to experimental results
(Menchetti and Sabelli 1976) is the inclusion of an O3 — O3 Buckingham potential
(Table 6.2). The addition of this potential helps to describe the oxygen interactions
between adjacent and opposing hydroxyl groups that make up the hydroxyl bridging
that bond the FeOg octahedrons to the T-O-T sheet (Figure 6.2). Becker and
Gasharova (2001), the only workers who have published a model of the potassium
jarosite structure, did not incorporate this additional O3 — O3 Buckingham potential
and, the potentials and the cut-offs they used constrained their model very heavily to

the structure to which it was fitted.

The 2D modelling of the potassium jarosite surfaces revealed two stable terminations
that had no net dipoles belonging to the {012} group of faces. Both terminations
could be described as type Il surfaces under the Tasker notation (Figure 6.4b). The
two terminations comprised of neutral sub-layers with compositions of [KF e(OH)4]"
(Figure 6.5a, 6.6a) and [Fey(SO4)2(OH),]° (Figure 6.7a, and 6.8a), respectively.
During surface relaxation, the upper and lower sub-layers in both surfaces were
mainly affected by rotation. After the surfaces were relaxed the [KFe(OH)4]° surface
was terminated by K-ions and the hydrogen ions of the hydroxyl groups (Figure 6.5b,
6.6b). The [Fey(SO4)2(OH),]° surface was terminated by the Ol oxygens of the
sulphate tetrahedra lying just below the plane and an upwardly rotated hydroxyl group
after relaxation (Figure 6.7b, and 6.8b). The implications for these rotations is that
they could be prone to selective dissolution by polar water due to the high surface
coverage of bonded and non-bonded oxygen atoms. Furthermore, due to their
inherent structure selective dissolution of K-ions and sulphate groups near the surface
could be cleaved easier during dissolution relative to stable FeOg octahedrons of the
T-O-T sheet. Evidence of the selective dissolution of SO4* groups can be seen in the
SEM morphology micrograph for the acidic dissolution of plumbojarosite (Figure
4.15). Gasharova et al. (2001) have also reported similar selective dissolution of K-

ions and sulphate groups on a potassium jarosite surface.

As mentioned earlier it was not possible to calculate Frenkel defects within the
potassium jarosite structure due to the profound difficulties of calculating reliable

interstials, especially for Fe and S ions, hence, this study primarily concentrated on
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Schottky intrinsic defects. The formation energies for series of partial Schottky
reactions indicated that defects were more likely on the K sublattice than on the Fe
sublattice, while those involving the (SO4)* molecular ion were unfavourable (Table
6.11). Even though these three impurity cations had favourable point defect energies
for potassium A-site substitutions, it emerged through mass and charge balance
calculations that these 2+ cations were more likely to be most energetically favourable
in substituting in the iron B-site (Tables 6.8, 6.13-6.15). Overall the presence of Fe
vacancies in natural and experimental structures, and the system’s ability to reduce the
overall lattice energy by 2+ cations occupying the B-site may help to explain the non-

existence of endmember jarosites such as CuysFe3(SO4)2(OH)g.
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7 Discussion

Chapter 7 provides an overall discussion, integrating results from the experimental
and computational studies. The chapter has three broad sections: (i) appraisal of the
fundamental properties of the jarosite structure, (ii) insights from the acid and alkali
dissolution experiments, and (iii) the implications of jarosite breakdown mechanisms

and products on the natural environment.

7.1 Appraisal of the fundamental properties of the jarosite
structure

Jarosites are members of the alunite supergroup consisting of isostructural minerals
described by the general formula AB;3(TO4)2(OH)s (Jambor 1999). The most
fundamental parts of the jarosite structure are the linear tetrahedral-octahedral-
tetrahedral (T-O-T) sheets, made up from slightly distorted BOg octahedrons and TO4
tetrahedrons. The B ions are usually Fe(IlI), the A-site ions are commonly univalent
cations (e.g. K*, Na’, H;0"), though the jarosite structure can accommodate divalent
cations [Pb(II) or Hg(II)] in this site too. The TO,* unit is usually SO4> or in some
cases AsO,> (e.g. beudantite). Each octahedron has four bridging hydroxyl groups in
a plane, and sulphate oxygen atoms at the apices. Three of the tetrahedra oxygen
atoms are coordinated to metals ions (B), and the symmetry of the TO,” tetrahedra is
reduced from Ty to Cs,. The metal ions are joined by these TO42' tetrahedra and by
the network of di-hydroxyl bridges to form sheets separated by the uncoordinated
sulphate oxygen atom and the alkali A-site cations (Jambor 1999, Becker and
Gasharova 2001). The key relationships in the jarosite structure can be seen in

Figures 1.2, 6.1, and 6.2.

Well-documented structural anomalies present within both synthetic and natural
jarosites are Fe(Ill) vacancies. The degree of Fe deficiency within the lattice can be
determined through the Fe:SO4 molar ratio, where the ideal stoichiometry is 3:2
(Kubisz 1970, Alpers et al. 1989). Typically, the Fe:SO4 molar ratio is significantly
lower than the ideal, with values as low as 2.33:2 (Ripmeester et al. 1986) and 2.20:2
to 2.57:2 (Hartig et al. 1984) reported. Computational results show that an Fe
vacancy has an extremely large positive vacancy formation energy (50.37 eV, Table

6.8), which might explain why no natural or synthetic jarosites of composition similar
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to CugsFe;(SO4)2(OH)e have ever been found or made before (Dutrizac, 1984). The
results from the computer modelling of the potassium jarosite structure suggest that
2+ impurity ions such as Cu or Zn will quite happily locate in the A-site of the general
jarosite structure energetically, but jarosites reduce the overall unfavourable lattice
energy resultant from the inherent Fe vacancies by occupying these 2+ metal cations

in distorted octahedral B-sites

It has not been possible to computationally model any jarosites that incorporate Pb(II)
The reason is that it is not possible to create a Buckingham interatomic potential for
Pb(II) due to its lone pair of electrons. Another problem that has been encountered is
the lack of any hydronium (H3;O") representation in the potassium jarosite model.
Considering that hydronium is such an important species in the jarosite structure due
to its ability to charge balance the A-site, the lack of this species in any theoretical
model is unfortunate when attempting to relate the model of the structure to

experimental and natural examples.

All the synthetic jarosites prepared for this study were found to be phase pure, where
all their reflections matched those of the ICDD PDF standards. The absence of
unidentified peaks in the five patterns indicated that no other phases were present at
detectable levels. The five jarosites can be broadly divided into two groups. The first
group solely contains potassium jarosite; in this structure, univalent K ions occupy the
A-site. The second group contains four Pb(II)-bearing jarosites, plumbojarosite,
beaverite-Cu and —Zn and beudantite. In the second group, the A-site is occupied
with divalent Pb(Il) ions. A common substitution in both natural and synthetic
jarosites is hydronium (H;O") replacing the A-site cation (Brophy and Sheridan 1965,
Kubisz 1970, Dutrizac and Kaiman 1976). The degree of hydronium present within
any jarosite sample is calculated indirectly: for a synthetic potassium jarosite, the
process is relatively straightforward: the potassium concentration is determined and
the molar abundance is subsequently calculated for the A-site. This is typically

expressed as [H;0 "1« K] (see Section 1.4.1 for a more comprehensive explanation).

One of the major differences between plumbojarosite and the other four synthetic
jarosites is that in natural samples and occasionally in synthetics samples, the size of
the c-axis doubles from approximately 17 to 34 A (Jambor and Dutrizac 1983). There

was no evidence that the plumbojarosite sample made for this study had a doubled
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unit cell (Table 3.2). Although the A-site ions are generally thought to have little
effect on a,, they are theoretically responsible for the main variations in ¢, (Jambor
and Dutrizac 1983). Jambor and Dutrizac (1985) investigated this assumption by
comparing the c, values for plumbojarosite, beaverite and hydronium jarosite
endmembers, and found that there was no relationships between ¢, and Pb(II) content.
Jambor and Dutrizac (1985) concluded that this might arise simply because additional
Pb(II) ions can be accommodated in A-site vacancies without disturbing the structure.
In plumbojarosite, only half the available A-sites are filled, but the synthetic jarosite
compositions show that the structure can readily tolerate additional Pb(II), (H;0)" or
additional vacancies (Jambor and Dutrizac 1985). Jambor and Dutrizac (1985) found

that less than a third of the A-sites needed to be filled by Pb(Il) to attain a 34 A c-axis.

A few authors have reported an 11 A (003) reflection, mainly from natural lead-rich
jarosites (Jambor and Dutrizac 1983, 1985; Dutrizac and Chen 2003). For synthetic
analogues, the peak is commonly extremely weak or absent. None of the XRD
patterns for the Pb-bearing synthetic jarosites reveal an 11 A reflection. A natural
sample of plumbojarosite from Tintic mine, Dividend, Juab County, Utah, USA [BM
1966,403] was analysed by X-ray diffraction (Figure 3.8), and an 11 A reflection is
clearly evident. Jambor and Dutrizac (1983) synthesised two solid solutions of both
beaverite endmembers and studied the relative intensity of the 11 A reflection as they
increased the lead content, from plumbojarosite to the two-beaverite endmembers.
They found that the presence or absence of the 11 A line was not predictable from the
bulk composition of the jarosite sample, and suggested that the 11 A reflection was
independent of the total lead content in the jarosite structure. Dutrizac and Chen
(2003) proposed that the 11 A reflection indicates a high degree of ordering of Pb(II)
ions and vacancies. The absence of an 11 A reflection in any of the synthetic lead-
rich jarosites made for this study would infer poor internal ordering of the Pb(II) ions

and vacancies within their structures.

Further evidence of the lack of ordering between Pb(Il) ions and vacancies in the A-
site of the synthetic plumbojarosite sample is seen when its FTIR spectrum (Figure
3.15b) is compared to that of the natural plumbojarosite from Tintic mine, Utah [BM
1966,403] (Figure 3.19b). The contrast is seen in the intense absorption bands
between 900 to 1300 cm'l, assigned to the vibrational modes of V3(SO42') and vl(SO42'
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). Typically, in synthetic jarosite samples and natural samples that contain univalent
cations at the A-site there are only three vibrational modes of the SO4> tetrahedra in
this mid-IR region. These include a v;(SO4>) doublet at the two higher wavenumbers
and a vi(SO,4”) mode at the lowest wavenumber (Figure 3.15b, 3.20b, Table 3.6). In
the natural sample from the Tintic mine, however, there are six bands over the same
wavenumber window, 900 to 1300 cm’ (Figure 3.19b, 3.20a, Table 3.7). These six
bands are likely a result of splitting of the v3(SO4>) doublet and v;(SO4%) singlet due
to the ability of the (SO4¥) unit to distinguish between an A-site occupied with Pb(II)

and a vacancy.

The jarosite subgroups particle morphologies range from perfect euhedral to small and
irregular (Baron and Palmer 1996b). Sasaki and Konno (2000) investigated the
possible mechanisms that might affect particle morphology in synthetic jarosites, and
found that jarosite subgroup phases synthesised by the same technique showed similar
morphologies (although some differences were observed) depending upon which
monovalent cations were involved. The particle morphology of potassium jarosite (A
= K") (Figure 3.21a) is very different from that of the other four analogous enriched
with lead (A = Pb(Il)) (Figure 3.21 b-e); this is probably due to their different A-site
cations (Sasaki and Konno 2000). Contrasting morphologies within the lead
analogues (Figures 3.21 b-e) are probably due to subtle changes in specific cations in

the B- and T-sites.

Becker and Gasharova (2001) proposed a spiral triangular growth island model to
account for the varying jarosite particle morphologies. A triangular growth island was
created from the most stable steps of the {012} surface for the potassium jarosite
structure. The basis for their experiments was that if crystal growth was faster than
the time required to develop an equilibrium triangular shape for a new layer, the
transition from one-step to the next would appear rounded. The relationship between
particle rounding and the non-equilibrium rate of particle growth may partly account
for the globular morphology of the synthetic potassium jarosite in this study. The
reason that the potassium jarosite synthesis was more rapid than any of the lead-rich
jarosites is that all the reactants were together at the very beginning of the reaction,
and K was very much in excess to avoid unfavourable hydronium incorporation at the

A-site. By contrast the four lead-rich jarosites underwent a very slow synthesis
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reaction where PbSO4 was added extremely slowly to the reaction mixture to avoid
possible PbSO4 contamination at the end of the synthesis. If the triangular growth
island model proposed by Becker and Gasharova (2001) has any credibility it should
be possible to make synthetic potassium jarosite with a similar pseudocubic
morphology to plumbojarosite. This would be achieved by introducing the A-site
cation to the reaction mixture slowly, thereby attaining a reaction rate closer to

equilibrium growth.

7.2 Insights from the acid and alkali dissolution experiments

Due to time constraints, it was not possible to conduct acid and alkali dissolution
experiments of either beaverite-Cu or beaverite-Zn.  The results from these
dissolutions would have been enlightening, as they would have supplied information
on the effects of incorporating divalent metal cations (Cu(Il), Zn(II)) into the trivalent
octahedral B-site that is usually occupied with Fe(Ill) in jarosites. Specifically these
dissolutions would have proved insight into the increased disorder in the B-sites and

its overall effects on the very stable T-O-T sheets in the jarosite structure.

The acid and alkali dissolution experiments of potassium jarosite, plumbojarosite, and
beudantite were all classed as incongruent dissolution reactions because of the non-
ideal dissolution of the parent solids, as shown by differences in the aqueous and
residual solid molar ratios compared to idealised values (Table 3.3, 4.2, 4.5, 5.2, 5.5).
Throughout the majority of the dissolution experiments, it was found that ions located
in the A- and T-sites (K and Pb(II), and SO,> and AsO,”", respectively) were subject
to selective dissolution in preference to the B-site (Fe(Ill)), located deep within the T-
O-T structure. Further evidence of this selective dissolution of SO4* groups can be
seen in the SEM morphology micrograph for the acidic dissolution of plumbojarosite
(Figure 4.15). Gasharova et al. (2001) have reported similar selective dissolution of

K" and SO4> groups on a potassium jarosite surface.

Computer modelling of the potassium jarosite surfaces gives further insight into the
selective dissolution of the A- and T-sites (see Section 6.5). The modelling revealed
two stable terminations that had no net dipoles belonging to the {012} group of faces.
The two terminations comprised of neutral sub-layers with compositions of

[KFe(OH)4]° (Figure 6.5a, 6.6a) and [Fey(SO4):(OH),]’ (Figure 6.7a, and 6.8a),
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respectively. During surface relaxation, the upper and lower sub-layers in both
surfaces were mainly affected by rotation. After the surfaces were relaxed, the
[KFe(OH)4]° surface was terminated by K-ions and hydrogen ions of the hydroxyl
groups (Figure 6.5b, 6.6b). The [Fex(SO4)2(OH),]° surface was terminated by the
uncoordinated oxygen atoms of the sulphate tetrahedra lying just below the plane and
an upwardly rotated hydroxyl group after relaxation (Figure 6.7b, and 6.8b). The
implications for the rotations of these two neutral sub-layer compositions is that they
could be vulnerable to selective dissolution by polar water due to the high surface
coverage of bonded and non-bonded oxygen atoms. Furthermore, due to the structure
of these two surfaces, K™ and SO4> groups near the surface could be cleaved easier

during dissolution relative to stable FeOg octahedrons of the T-O-T sheet.

The aqueous ion concentration profiles for the acid dissolution of potassium jarosite
and plumbojarosite (Figures 4.1 and 4.2-4.3) and the alkali dissolution of potassium
jarosite (Figure 5.1) suggest that a transport-controlled dissolution model governed
these dissolution experiments (Stumm and Morgan 1996). The aqueous dissolution
profiles of SO4* and Fe for the alkali dissolution of plumbojarosite took on the form
of linear style relationships with ion concentration in solution versus time (Figures 5.2
and 5.3). The linearity of the SO, and Fe profiles suggests that a surface-controlled
dissolution model governed the alkali dissolution of plumbojarosite (Stumm and
Morgan 1996). Due to the complexity of the acid and alkali dissolution of beudantite,
it is difficult to determine which type of dissolution model (transport or surface) best
describes these dissolutions. The degree of linearity of the Fe and SO4* ion
concentration after 250 hrs and between 300-1250 hrs would indicate that after 250
hrs and 300 hrs for the alkali and acid dissolution experiments respectively, the
kinetics were governed by surface-controlled reactions (Figures 5.5, 4.6). To
complicate matters, the AsO4> profiles for both acid and alkali experiments, as well as
the Fe concentration profile for the acid experiment appear to have parabolic profiles
in the first 250 hrs, indicative of a transport-controlled dissolution (Figures 4.4, 5.4).
To summarise, the acid and alkali dissolutions of beudantite were probably governed
by a mixed transport-surface kinetic dissolution reaction, where transport mechanisms
dominated the first 250 hrs of both reactions until secondary phases were present to
such a degree on the residual solids to dominate the dissolution rate-determining step

for the remainder of the experiment.
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During the acid and alkali dissolutions of beudantite and the alkali dissolutions of
potassium jarosite and plumbojarosite, secondary phase(s) formed from the
constituent ions in solution. Specifically, alkali dissolutions of potassium jarosite and
plumbojarosite formed goethite and amorphous Fe(OH)s, respectively. For both the
beudantite acid and alkaline dissolutions secondary amorphous PbSO4 formed and
amorphous Fe(OH); formed during the alkali dissolution. Concentrating on the Fe-
rich phases an obvious question is: why did crystalline goethite (a-FeO(OH)) form
only during the alkali dissolution of potassium jarosite. The formation of amorphous
Fe(OH); in both alkali dissolution of plumbojarosite and beudantite resulted in the
overall dissolution reactions being surface controlled, whilst the alkali potassium
dissolution was transport-controlled. The amorphous Fe(OH); phases probably
inhibited the alkali dissolutions of plumbojarosite and beudantite to such a degree
than the concentration of Fe in solution was not great enough to form a-FeO(OH)
directly. However, over a longer period it is highly probable that the amorphous
Fe(OH); would slowly crystallise into the more stable Fe(IIl) oxyhydroxide phase of
goethite (Bigham 1994).

The other interesting result of the acid and alkali experiments was the formation of
amorphous PbSOy, in the acid and alkali dissolutions of beudantite but not in any of
the plumbojarosite dissolutions. Structurally plumbojarosite and beudantite differ
only by the partial incorporation of AsO,”" at the T-site in the latter. It is hypothesised
that the AsO4> anion in either or both the residual solid and solution is skewing the
thermodynamic equilibria of the system to favour PbSO, precipitation. A test of this
would be to see if PbSO4 were a secondary phase in either acid or alkali dissolutions

of beaverite-Cu or —Zn.

It was not possible to calculate IAP values for the acidic dissolution of beudantite or
any of the three alkali dissolutions due to the formation of secondary phase(s) (Table
4.3, 5.3). The problem arises from the fact that to calculate a true IAP value, the
reaction must have reached steady state and no ions should have precipitated out of
solution. Secondary phase formation in mineral dissolution skews the overall
calculated IAP to a lower value than the real value, because lower ion concentrations

in solution result in lower equilibrium aqueous activities being reported. Similarly, no



221

definitive Kgp values could be calculated for the dissolutions that did not have
secondary phases present (acidic dissolutions of potassium jarosite and
plumbojarosite) because these were incongruent in that there was non-ideal
dissolution with respect to solid:solution ion ratios. The vast majority of the solubility
data on jarosites are for potassium jarosite; at present, there are no known data for
plumbojarosite. Baron and Palmer (1996b) publish an IAP value of -11.36+0.25 for a
near identical experiment to that reported in this study for the dissolution of potassium
jarosite. Calculated IAP values for the bottles 2 and 3 (that were not contaminated by
KCI) in the acidic potassium jarosite dissolution range from -11.30+0.25 to -
11.38+0.25 (Table 4.3). These are extremely similar to those reported by Baron and
Palmer (1996), which is surprising considering the incongruency of the potassium
jarosite dissolution. Although Baron and Palmer (1996b) used their final aqueous
concentrations to calculate IAP and ultimately Kgsp for potassium jarosite, these values
are suspect and likely incorrect due to the incongruency of the potassium jarosite

dissolution.

7.3 The implications of jarosite breakdown mechanisms and
products on the natural environment

Toxic elements can occupy a variety of locations within the jarosite structure
(AB3(TO4)2(OH)s). Pb(Il) commonly occupies the A-site (with hydronium, H;O") to
varying degrees depending upon the specific jarosite endmember (plumbojarosite
Pby sFe3(SO4)2(OH)s or beudantite PbFes3(AsO4)(SO4)(OH)g). Divalent metal cations
such as Cu(Il) or Zn (II) partially occupy B-sites at the expense of Fe(Ill) (e.g.
beaverite-Cu Pb(Fe,Cu)3(SO4)2(OH)s and beaverite-Zn Pb(Fe,Zn);(SO4)2(OH)g).
Another common toxic element found in the highly oxic AMD/ARD environments is
As in the +5 oxidation state and commonly in form of the AsO4> oxyanion. This
oxyanion can occur in the jarosite structure at the T-site, usually at the partial expense

of SO,%, in the beudantite endmember (PbFe3(AsO4)(SO4)(OH)s).

As mentioned earlier, due to time constraints, it was not possible to complete the acid
and alkali dissolution experiments of either beaverite-Cu or —Zn. As a consequence, it
is difficult to predict the breakdown pathways that involve these two toxic elements
(Cu(Il) and Zn(II)) specifically, and probably more importantly gauge the dissolution

pathways of jarosite structures that have structural disorder in the T-O-T sheeting, due
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to the incorporation of divalent metal cations in trivalent octahedral sites. It is a
reasonable hypothesis that due to the increased disorder within the usually very stable
T-O-T structure from the partial substitution of divalent ions in the B-site, the two
beaverite endmembers may breakdown and release their toxic elements (Pb(II),
Cu(Il), Zn(I1)) more rapidly than the three other endmembers that have ideal trivalent
Fe(III) octahedral occupancy.

The selective dissolution of the A- and T-sites in plumbojarosite and beudantite
structures have important implications for the toxic element pathways of Pb(Il) and
AsO4” in the natural environment, because Pb(II) occurs at the A-site in
plumbojarosite and Pb(I) and AsO,> occur at the A- and T-sites, respectively, in
beudantite. The breakdown of beudantite is worth highlighting, as it appears in both
acid and alkali dissolutions that the Pb(I[) in solution was removed by the
precipitation of an amorphous PbSO4 phase. The removal of Pb(Il) from solution for
the dissolution of beudantite is important, as there appears to be a ‘natural’ sink for
this toxic element in this system. Both these jarosite structures contain these toxic

elements in significant quantities (~ 3-5 wt. %).

During the acidic dissolutions of, potassium jarosite, plumbojarosite, and beudantite
approximately 20-25 % of the original solid dissolved (beudantite was slightly less
due to the secondary formation of PbSO,). During the alkali dissolutions,
approximately 10-15 % of the original solid dissolved over the course of the
experiment. This is shown quite clearly in Table 7.1, a summary of the total ions
released from the solid into solution at the end of the experiments, where the values
are in the form of percentages. Unsurprisingly, the acidic dissolutions in which no
secondary phase formed (potassium jarosite and plumbojarosite) had the highest
proportions of ions in solution at the end of the experiments. The selective
dissolution of the A-sites, especially in the acid dissolution of potassium jarosite, is
evident. Of the alkali dissolutions, all the experiments contained secondary phases,
which probably contributed as inhibitors towards these reactions, thereby limiting the
release of ions migrating from the dissolving solids in to the bulk solutions. The
effects of these secondary phases on the potential release of toxic elements is seen
nowhere more clearly than in the alkali dissolution of beudantite, that has less than 1

% of the available toxic cations from the solid in solution (Table 7.1).
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Table 7.1. Percentage values of ions released from the dissolved
solid in solution.

% values of 1ons released from the solid in

solution

Compound K Pb Fe SO AsO*
Potassium jarosite
Acid Bottle 1 13.52 - 6.47 6.73 -
Acid Bottle 2 11.66 - 7.44 7.81 -
Acid Bottle 3 11.41 - 7.44 7.75 -
Alkali Bottle 1 11.40 - <1 7.69 -
Alkali Bottle 2 11.74 - <1 7.86 -
Alkali Bottle 3 11.85 - <1 7.93 -
Plumbojarosite
Acid Bottle 1 - 4.14 4.77 492 -
Acid Bottle 2 - 6.37 721 7.50 -
Acid Bottle 3 - 7.52 832 8.69 -
Alkali Bottle 1 - 2.53 <1 2.98 -
Alkali Bottle 2 - 2.61 <1 3.06 -
Alkali Bottle 3 - 2.72 <1 3.16 -
Beudantite
Acid Bottle 1 - <1 1.38 <1 7.13
Acid Bottle 2 - <1 1.39 <1 7.16
Acid Bottle 3 - <1 1.41 <1 7.34
Alkali Bottle 1 - <1 <1 <1 <1
Alkali Bottle 2 - - <1 <1 <1
Alkali Bottle 3 - - <1 <1 <1

All the acid and alkali dissolution reactions were of a batch reactor design, and more
importantly were closed systems. The natural environment, however, is very much an
open type system, where important parameters such as solution concentration, pH and
temperature can change quickly and markedly. In future, these results could be
improved and substantiated if these acid and alkali dissolution experiments were
repeated using a more complicated and unfortunately more costly flow-through
reactor, that better simulates natural ARD environments (David Richards, Principal

Advisor, Environment, Rio Tinto. per comm. 2004).

An Eh-pH diagram was constructed from the steady state aqueous activities of bottle 2
of the acid dissolution of potassium jarosite to judge the minerals phase stability in an
environment affected by ARD (Figure 4.17b). Although potassium jarosite partially
dissolved in our experiments, it was predicted as being a stable phase in an oxic

environment in a pH range of 0.5 to 5. It was not possible to calculate meaningful
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Eh-pH diagrams for the acid dissolution of plumbojarosite and beudantite due to the

lack of reliable thermodynamic solubility data.

Alkali dissolution studies of potassium jarosite, plumbojarosite, and beudantite were
carried out to investigate their stability and breakdown mechanisms under an alkali
regime that would mimic an AMD/ARD environment recently remediated with slaked
lime (Ca(OH),). A current industry example of the use of lime-rich material for long-
term ARD control comes from the Grasberg Mine in Indonesia. The Grasberg
operation is a large copper and gold open pit mine operated by PT Freeport Indonesia
(Miller et al. 2003). Specifically, lime-rich material and the potentially acid-forming
overburden associated with mining the ore body are blended together to reduce and
therefore hopefully control the overall net acid generation (NAG) of the waste
overburden (Miller et al. 2003). The results from this study, especially regarding the
alkali dissolution of potassium jarosite would signify that this mineral is inherently
unstable in this alkali regime. This is shown more clearly by the absence of a stable
potassium jarosite phase in the Eh-pH diagram created from the steady state activities
from one of the triplicates (Figure 5.19b). Once again, it is very hard to appraise the
phase stabilities of plumbojarosite and beudantite under these alkali conditions due to
the lack of reliable thermodynamic solubility data. The alkali dissolutions of
potassium jarosite, plumbojarosite and beudantite suggested that all the free Fe(IIl) in
solution would precipitate out to form secondary phases, specifically, goethite (o.-
FeO(OH)) from potassium jarosite, and amorphous Fe(OH); from both
plumbojarosite and beudantite. The presence of amorphous Fe(OH); is important in
the alkali dissolution of beudantite, as it appeared that AsO,>™ adsorbed to its surface,
thereby, reducing the concentration of this toxic element. As mentioned earlier, Pb(II)
was removed from solution by the formation of amorphous PbSO, in the alkali
beudantite experiment. To summarise, the alkali dissolution experiments have shown
that remediation of AMD/ARD environments by lime-rich material where jarosite-
type compounds, containing significant concentrations of toxic elements (Pb(Il),
As(V)) are present maybe risky as these structures are not stable under these alkali
regimes. The breakdown products might mask the full implications of the potential
toxic element release, where new phase(s) might either adsorb or co-precipitate with

them.
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8 Conclusions and Recommendations for further
work

Chapter 8 concentrates on the conclusions from this study, where the original aims
and objectives are restated and ultimately answered. Recommendations for future

research are given in a separate and final section.

8.1 Conclusions

The aims of this study were to determine the mechanisms and products of jarosite
breakdown, and the amount of potentially hazardous toxic elements released because
of this breakdown. These are critical in understanding and modelling geo-chemical

reactions in these acid environments.

The objectives of this project were to:

(1) monitor the rate of release of toxic elements (e.g., Pb(Il), As(V), Cu(Il), Zn(II))

from synthetic jarosites using dissolution batch experiments;

(2) characterise the new phases formed as a result of these dissolution experiments

using a number of different surface- and whole-mineralogical techniques; and

(3) model how toxic elements maybe incorporated within and released from the

jarosite structure.

To address the first objective it was imperative to first synthesise five jarosite
analogues. These synthetic minerals were: potassium jarosite [KFes;(SO4)2(OH)s],
plumbojarosite  [PbgsFes(SO4)2(OH)s], beaverite-Cu  [Pb(Fe,Cu);(SO4)2(OH)g],
beaverite-Zn [Pb(Fe,Zn);(SO4)2(OH)s] and beudantite [PbFes;(AsO4)(SO4)(OH)g]. Six
distinctive experimental methods were used to characterise the five synthetic jarosite
analogous: XRD, elemental analysis, TG-DTA, FTIR, SEM, and BET. To appraise
the suitability of these synthetic analogues to represent samples in the natural
environment, a variety of crystalline natural jarosite samples from the UK Natural
History Museum mineral collection were also characterised. The results suggested

that the synthetic jarosites were good analogues for natural jarosites.
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Objective 1 was completed after successful acid and alkali dissolution batch
experiments on potassium jarosite, plumbojarosite, and beudantite. Due to time
constraints it was not possible to conduct the dissolution experiments for beaverite-Cu
and —Zn. The acid dissolution was created to mimic an environment affected by
ARD/AMD, and the alkali dissolution an AMD/ARD environment recently
remediated with slaked lime (calcium hydroxide Ca(OH),). All the acid and alkali
dissolution experiments were classed as incongruent dissolution reactions because of
the non-ideal dissolution of the parent solids. Both the acid and alkali dissolution
experiments of potassium jarosite and the acid dissolution of plumbojarosite were
found to be governed by transport-controlled reaction kinetics. The alkali dissolution
of plumbojarosite was constrained by surface-controlled kinetics. Finally, the acid
and alkali dissolution of beudantite were found to be ordered by a mixed transport-
surface kinetic reaction. In addition, secondary phases were present following the
acid and alkali dissolution of beudantite, and the alkali dissolutions of potassium
jarosite and plumbojarosite. Due to the presence of these secondary phases, IAP
values were only calculated for the acid dissolution of potassium jarosite and
plumbojarosite. The accuracy of the IAP values calculated in this study and those of
published Kgp values were all questionable due to the incongruent dissolution of
jarosite-type minerals. Eh-pH diagrams could only be created for the acid and alkali
dissolutions of potassium jarosite, due to the lack of thermodynamic solubility data
for plumbojarosite and beudantite. Calculated acid and alkali phase diagrams for
potassium jarosite indicated that the mineral was a stable phase in an acid
environment (highly oxic and within a pH range of 0.5 to 5), and perhaps more

importantly, not stable in an alkali remediation environment.

The second objective of this study was fulfilled when the secondary phases found in
the experiments described above were characterised by XRD, elemental analysis,
FTIR, and SEM. The secondary phases in the alkali potassium jarosite and
plumbojarosite dissolutions were identified as goethite (a-FeO(OH)) and amorphous
Fe(OH)s;, respectively. The acid and alkali beudantite dissolutions products both
contained amorphous PbSO,; the alkali dissolution also contained amorphous

Fe(OH)s.
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In the acid experiments, the selective dissolutions of the A- and T-sites relative to the
Fe(III) rich B-site have important implications as some of the main toxic elements of
interest in this study, Pb(Il) and AsO4>", can be incorporated in these two sites. In the
acidic dissolution of potassium jarosite and plumbojarosite, all the parent ions of the
solids were eluted into solution. For beudantite, the vast majority of the Pb(Il) was
removed from solution in the form of PbSO,, whilst the remainder of the ions (Fe(III),
AsO,”, and SO,4%) making up the solid diffused into solution. The removal of Pb(II)
from solution in the dissolution of beudantite is important, as PbSO, appears to be a
‘natural’ sink for this toxic element in this system. The presence of amorphous
Fe(OH); is important in the alkali dissolution of beudantite, as it appeared AsO4>
partially adsorbed to its surface, thereby reducing the concentration of this toxic
element in solution. Pb(II) was also removed from solution by the formation of
amorphous PbSOj, in the alkali beudantite experiment. To summarise, the alkali
dissolution experiments have shown that remediation of AMD/ARD environments by
lime-rich material where jarosite-type compounds, containing significant
concentrations of toxic elements (Pb(Il), As(V)) are present may be risky as these
structures are not stable in these alkali regimes. Favourable breakdown products
might, however, mask the full implications of the potential toxic element release,

where new phase(s) might either adsorb or co-precipitate with them.

The third and final objective of this study was met by the initial creation of a very
good classical potential model of potassium jarosite; the model was then used for
subsequent defect calculations and surface studies of the potassium jarosite structure.
It was not possible to model any jarosites that incorporate Pb(Il) into their structure
(plumbojarosite, the beaverite compounds and beudantite). The reason was that it was
quite difficult to create a Buckingham interatomic potential for Pb(II), due to the
presence of a lone pair of electrons. Another problem that was encountered was the
lack of any hydronium (H30") representation in the potassium jarosite model; this was
simply because, at present, there is no widely available classical potential to represent

this ion.

The 2D modelling of the potassium jarosite surfaces revealed two stable terminations
that had no net dipoles belonging to the {012} group of faces. Both terminations

could be described as type II surfaces under the Tasker notation. The two
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terminations comprised of neutral sub-layers with compositions of [KFe(OH),]" and
[Fex(SO4)2(0OH),]°. During surface relaxation, the upper and lower sub-layers in both
surfaces were mainly affected by rotation. The implications for the rotations of these
two neutral sub-layer compositions was that they could be prone to selective
dissolution by polar water due to the high surface coverage of bonded and non-bonded
oxygen atoms. Evidence of this selective dissolution of SO4* groups could be seen in

the SEM morphology micrograph for the acidic dissolution of plumbojarosite.

Both intrinsic and extrinsic defects were considered and appraised for this study.
Extrinsic defects were limited to three 2+ cations commonly observed in jarosite
structures and seen in ARD environments, namely Cd(II), Zn(II), and Cu(Il). In this
study, only Schottky defects or neutral vacancy defect clusters were considered, as no
stable interstial sites for Fe or S could be found. The formation energies for series of
partial Schottky’s indicated that defects were more likely on the K sublattice than on
the Fe sublattice, while those involving the (SO4)* molecular ion were unfavourable.
Even though these three impurity cations had favourable point defect energies for
potassium A-site substitutions, it emerged through mass and charge balance
calculations that these 2+ cations were more likely to be most energetically favourable
in substituting in the iron B-site. Overall the presence of Fe vacancies in natural and
experimental structures, and the system’s ability to reduce the overall lattice energy
by 2+ cations occupying the B-site may help to explain the non existence of

endmember jarosites such as CugsFe3(SO4)2(OH)g.

8.2 Recommendations for future work

In the near future, it would be advantageous if similar acid and alkali dissolution
experiments were conducted on beaverite-Cu and beaverite-Zn. This would reveal
how the disorder of substituting 2+ cations in the octahedral B-site influences the
stability of the T-O-T sheeting in the general jarosite structure. A question to be
answered is: does either beaverite-Cu or —Zn breakdown more rapidly during
dissolution conditions as compared to the isostructurally similar plumbojarosite
structure? Another important question would be: is PbSO4 a secondary phase in
either acid or alkali dissolution? If not, then a follow up question would be: why does
PbSO, precipitate in both the acid and alkali dissolutions of beudantite, a structure

that uniquely contains the AsO4> oxyanion?
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This study has highlighted the serious lack of any published thermodynamic solubility
data on plumbojarosite, beaverite-Cu and —Zn, and beudantite, jarosite minerals that
contain significant quantities of toxic elements. Thermodynamic data such as these
underpin aqueous geochemical modelling databases (e.g. PHREEQC, Geochemist’s
Workbench) that are used extensively by academics and environmental professionals
for ARD predictive modelling. Without these data, these models are likely to be

significantly inaccurate.

The classical computational modelling of the jarosite structure has been hampered by
the lack of Pb(II) and hydronium (H3;O") incorporation, hopefully this maybe
overcome in the future through more advanced electronic structure type models. In
the future, it would be advantageous if the current defect calculations from this study
could be supplemented with data from relevant aqueous species that have been

identified experimentally.
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Appendix A: Theory of physical and chemical
analytical techniques

Appendix A describes the general background theory behind the physical and
chemical experimental techniques used in this study. The techniques covered are
powder X-ray diffraction, electron beam methods, inductively coupled plasma
techniques, ion chromatography, Fourier-transform infrared spectroscopy, thermal

gravimetric and differential thermal analysis, and surface area analysis.

A.1 Powder X-ray diffraction

X-ray powder diffraction was used to determine the phase purity of the five synthetic
jarosites. Wilhelm Conrad Roentgen discovered X-rays accidentally in 1895, it was
not until 1912, 17 years later that Max von Laue suggested that X-rays should be used
to study crystals (Klein and Hurlbut 1993). Unlike visible light the wavelength of X-
rays are similar to the atomic spacing between the constituent atoms in solids and are
therefore susceptible to diffraction. The degree to which the X-rays are diffracted is
both a function of the interplaner lattice spacings and element composition, and in this

respect, is unique for every solid (West 1991).

Laue proposed that diffraction is the interference phenomenon caused by an object in
the path of the X-ray waves. The X-ray waves that are reflected from the lattice
planes but remain in phase, interfere constructively and produce a cooperative
scattering effect known as diffraction. Strong signals or ‘peaks’ on a diffraction
pattern are indicative of this. For the same reason X-rays that are reflected out of
phase will result in weak or non-existent signals because of destructive interference
(Klein and Hurlbut 1993). Laue created an elegant yet difficult to manipulate set of
equations for the treatment of diffraction of X-rays by crystals. A major break
through in X-ray diffraction came when W.L. Bragg in 1912 proposed a simple
mathematical formula (Eq. A.1) to explain the diffraction phenomenon as a function
of incident X-ray angle and separation between the lattice planes (McKie and McKie

1986).

nA= 2dhkl sin & (A.1)
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Where A is the fixed X-ray wavelength (Cu Ka. A = 1.54056 A), n is a small number
(1, 2, or 3) and is known as the order of reflection, d is the distance between a set of
lattice places (hkl), and @is the angle (commonly called the Bragg angle) of incidence
and ‘reflection’ of the X-ray beam from a given lattice plane (4k/). From Bragg’s law
(Eq. A.1) it is possible to determine both the identity and interplaner spacings as a
function of 6, which gives rise to a respective diffraction peak intensity. For a simple

cubic crystal, Eq. A.2 shows how the interplaner spacings are calculated.

a

\/(h2 +k2 +Z2) (A.2)

dhkl -

Where a is equal to the length of the unit cell, which is the fundamental sub-unit of
the lattice plane from which the entire crystal can be constructed by periodic
repetition. The terms 4, k and / are known as the Miller Indices and these describe a
particular lattice plane in the crystal structure. The near integer experimental values
for these indices can be calculated when Eq. A.2 is substituted into Braggs law (Eq.
A.1) to make Eq. A.3. Sin’@is then multiplied by a constant. This process is known
as indexing (McKie and McKie 1986).

2

sin® 0 =2 (h” + k> +1°) s

da

Once the cubic powder pattern has been indexed, the unit-cell edge a can be

determined by application of the expression:

A
2 2 2

a=—""J(P +k*+1) "
2siné '

McKie and McKie (1986) give a comprehensive guide to the theory of powder X-ray

diffraction.
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A.1.1 Rietveld refinement

In the Rietveld method, direct analysis of the profile intensities allows the maximum
amount of information to be extracted from a powder diffraction pattern (Young
1995). It is a crucial feature of the Rietveld method that no effort is made in advance
to allocate observed intensity to particular Bragg reflections nor to resolve overlapped
reflections. Consequently, a reasonably good starting model is needed. The Rietveld
method is one of structure refinement. It is not a structure solution method, per se,
though it can be a very important part of a structure solution package (Young 1995).
The starting model includes parameters that describe the crystal structure,

background, and the instrumental characteristics, such as the zero-point error.

In the Rietveld method the least-squares refinements are carried out until the best fit is
obtained between the entire observed powder diffraction pattern taken as a whole and
the entire calculated pattern based on the simultaneously refined models for the
crystal structure, instrumental factors, and other specimen characteristics (e.g. lattice
parameters) as may be desired and can be modelled (Young 1995). A key feature is
the feedback, during refinement, between improving knowledge of the structure and
improving allocation of observed intensity to partially overlapping individual Bragg
reflections. The quantity minimised in the least-squares refinement is the residual Sy

(Young 1995):
Sy = Z w; (yébs - yéalc )2 (A.5)

where y’, and y’  are the observed and calculated intensities of each data point, w,
is the weighting parameter for each data point (w, oc 1/y!, ), and the sum is carried

out over all data points where y!, is greater than 1 % of the peak height (Young

1995). The best fit is quantitatively determined by a number of R-factors of which the

R, , ‘the R-weighted pattern’, is the most meaningful as the numerator of the residual

wp 2
is minimised with respect to the observed intensity. A ‘goodness of fit’ parameter y’

is also useful for watching the refinement progress. These functions are described as

(Young 1995):
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_ Zwi (y;bs - y(ialc )
wp Z W, (y (ibs )2 (A.6)

2 _ Zwi(yébs _yéalc)z

N N (A.7)

obs var

X

where N, is the number of observables and N, is the number of variables to be

fitted. While these numerical criteria are important, the refined model should always
make chemical sense and attention should always be paid to what the fit is graphically

like: a difference plot will show whether an inflated R, is a result of a poor structural

model or a failure to describe the experimental factors (Young 1995).

A more comprehensive discussion on the application of the Rietveld method towards
structure refinement of materials and the underlying mathematics of the technique can

be found in Young (1995).

A.2 Electron beam methods

Electron beam methods were used to determine the particle morphology of the
jarosites and provided an alternative method of calculating the actual formula of
synthetic potassium jarosite. A finely focused high-energy electron beam can be used
to create an image in a scanning electron microscope (SEM), the electron beam also
happens to generate characteristic X-rays in the parts of the specimen exposed to it,
and can therefore be used as a ‘chemical probe’. An SEM equipped with a suitable X-
ray analyser provides a versatile, non-destructive means of analysing chemical
variation on a micrometer scale on a specimen’s surface. This technique is commonly
referred to as electron probe microanalysis (EPMA) (Gill 1997). An SEM can be
broadly broken down into four parts: the electron gun, the electron optics, scanning
coils, and the energy-dispersive (ED) X-ray spectrometer for EPMA. Each part will
be briefly discussed below.

The electron gun is the device that fires the electron beam towards the specimen. Free
electrons are generated by thermionic emission from the tip of a hairpin-shaped

tungsten filament operated at about 2400°C. The filament acts as the cathode of the
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electron gun while the anode consists of a ground plate with an aperture to let the
beam pass. A third electrode (the Wehnelt) has a negative bias of a few hundred volts
relative to the cathode. This limits the effective emitting area of the filament close to

the tip. The emission current is increased until the filament is ‘saturated’ and stable

(Gill 1997).

Modern high-resolution SEMs may use three or even four magnetic lenses to focus
the divergent electron beam from the gun to form successively smaller images.
Typically, two lenses are sufficient to produce a beam focus less than 1 pm in
diameter, which is adequate for conventional SEM imagery and EPMA. The first, the
condenser lens, produces an intermediate de-magnifed image. The beam then passes
through a smaller objective lens, which produces the final image focused at the
specimen surface. Each lens consists of copper wire wound symmetrically around the
axis of symmetry of the lens and encased in an iron shell with a gap in the inner

cylindrical surface, across which the magnetic field is concentrated (Gill 1997).

An electron image of the specimen surface is essential for locating features of interest
and displaying elemental distribution patterns (elemental mapping). To this end, an
electron microscope is equipped with a set of scan coils near the objective lens, which
scan the beam from side to side. The standard scan is the two-dimensional raster in
which an image of an area of the specimen surface is built up of successive line scans

like a TV picture (Gill 1997).

When an energy-dispersive (ED) X-ray spectrometer is attached to an SEM for
microanalysis (EMPA) the key part of the detector is a Si (Li) crystal. The crystal is
typically 3 mm thick and is mounted on a FET preamplifier chip at the end of a long
tube extending into the evacuated chamber, pointing directly at the X-ray source.

Both devices are cooled with liquid nitrogen to suppress electronic noise (Gill 1997).

General reviews of the theory and the EPMA technique are given by Gill (1997) and
Potts (1987).

A.3 Inductively coupled plasma techniques

Inductively coupled plasma techniques were used extensively to provide elemental

analysis. They provided total elemental concentrations in solution for the dissolution
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experiments and were used to calculate the actual formulas of the synthetic jarosites.
The inductively coupled plasma was originally devised as a medium for growing
crystals at high temperature (Jarvis 1997), but its potential as a source for emission
spectroscopy was soon recognised. Specifically, the very high temperatures of the
plasma were noted, and it was appreciated that many spectral lines for the periodic
elements could be produced, with atom and ion lines available for even the most
refractory of elements (Walsh 1997). There are two types of inductively coupled
plasma techniques: optical emission spectroscopy (ICP-OES) and mass spectroscopy
(ICP-MS). Essentially the two techniques use the same type of source unit (ICP
torch) to ionise elements of interest. The difference in the techniques comes in the
form of the spectrometer. In ICP-OES, the spectrometer resolves the light emitted
from elements in the tail flame of the ICP. For ICP-MS, the spectrometer detects the
mass of ions from the mouth of the ICP torch (Jarvis 1997). Both techniques use
computers to interpret the raw data from the spectrometers into numerical
concentrations. ICP-OES provides near-simultaneous detection of most elements in
the periodic table at levels down to 10 ug kg™ (10 ppb) and ICP-MS down to 10 ng
kg' (10 ppt) (Jarvis 1997). The source unit for the ICP and the two types of

spectrometer will be elaborated upon individually below.

A radiofrequency generator (RF) supplies the power for the plasma. The two most
important variables in RF generator design are the operating frequency and power
output. The ICP torch can either be in axial (ICP-MS and ICP-OES) or radial (ICP-
OES only) geometry with respect to the spectrometer, and is made from quartz glass
and consists of three concentric tubes. The outermost tube carries the coolant plasma
gas, which enters the tube at right angles and swirls upwards in a spiral flow. The
plasma is produced when the coolant gas (Ar) reaches the top of the torch where two
or three Cu coils are connected to the RF generator supplying an AC current of either
27 or 40 MHz. The temperature at the heart of the plasma is 10 000 K. The solutions
to be analysed are introduced into the ICP through the central injector gas tube. The
other gas flow is the auxiliary gas flow and the function of this gas inlet is simply to
lift the plasma. The most widely used method for introducing the sample is the
pneumatic nebuliser. The sample to be analysed is pumped through a capillary tube
and converted to an aerosol by a flow of argon gas introduced into the nebuliser. The

aerosol then travels up the central injector tube of the ICP torch. The efficiency of
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ICP nebulisers are low, only 1-2 % of the solution is converted to useful aerosol, most

of the solution goes down the drain (Walsh 1997).

The spectrometer in an ICP-OES has the job of resolving the light emitted in the tail
flame of the ICP. Normally a 4 mm window of emitted light between 14 and 18 mm
above the load coil is observed. There are two categories of multi-element
spectrometers available, either a simultaneous (polychromator) or a sequential
(monochromator) spectrometer. Both classes of spectrometer utilise a diffraction
grating to disperse the incoming light radiation into separate wavelengths. A
polychromator offers 20-30 fixed detector channels that can measure different
wavelength components simultaneously. A monochromator detects only one
wavelength at a time, but is more versatile for scanning regions of the spectrum

(Walsh 1997).

Unlike the optical spectrometer of an ICP-OES instrument, a mass spectrometer must
operate under high vacuum. A crucial part of an ICP-MS is the differentially pumped
interface region, which transmits ions from the atmospheric pressure plasma into the
mass spectrometer (Jarvis 1997). This consists of two conical nickel apertures, the
sampling cone, and the skimmer, which allows ions to pass into the mass

spectrometer but deflect away a majority of uncharged molecules and atoms.

The commonest form of mass analyser used in ICP-MS is a quadrupole mass filter.
The quadrupole allows ions of only one mass/charge ratio (m/z) through to the
detector for each combination of potentials applied (Jarvis 1997). By sweeping the
potentials the mass spectrometer can be scanned very rapidly; a single scan from m/z

=4 to 240 can be collected in as little as 0.06 s (Jarvis 1997).

Walsh (1997) and Jarvis (1997) explain the theory and nuances of ICP-OES and ICP-

MS, respectively, in considerably more detail.

A.4 lon chromatography

Ton chromatography was used to calculate sulphate (SO4>) concentrations in solution
for the dissolution experiments. Ion chromatography belongs to that broad sub-
classification of chromatography known as liquid chromatography. The term ‘liquid

chromatography’ (LC) is understood to imply at least two constraints: (1) that a liquid
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is used as the mobile phase and (2) that the stationary phase is contained in some sort

of envelope such as a column or capillary (Small 1989).

A key element of a liquid chromatograph is the column; a tube packed with some sort
of solid or gel in a finely divided form, commonly and desirably spherical. This
packing is referred to as the stationary phase. A porous plug or filter supports the
packing and prevents it from washing out of the tube. The interstitial or void volume
of the column, i.e., the space between the packing particles, is filled with a liquid, the
mobile phase that is continuously pumped through the column. In a typical
chromatographic operation a volume of mobile phase, containing the species to be
separated is injected into the flowing mobile phase and carried into the column, at
which point the separation begins. To learn something of the composition of the
injected mixture some sort of detecting device is attached to the column’s terminus to

monitor species as they are eluted from the column (Small 1989).

Of all the elements in a chromatographic system, the stationary phase is the key. The
stationary phase determines what separation mechanism is operative, and in turn
dictates the choice and composition of the mobile phase (Small 1989). Ion
exchangers are the most widely used stationary phase in ion chromatography. An ion
exchanger comprises of three important elements: (1) an insoluble matrix, which may
be organic or inorganic; (2) fixed ionic sites attached to or an integral part of the
matrix; and (3) associated with these fixed sites, an equivalent amount of ions
oppositely charged to that of the fixed sites (Haddad and Jackson 1990). In this study,

sulphate was measured on a DIONEX system with an anion exchange column.

While separation is the central issue in chromatography, detection of the separate
species is of comparable importance. A primary requirement of a detector is that it
should be responsive over a wide range of concentrations of the monitored solute.
Some detectors will respond to changes in solute level when the concentration is low
but be prone to ‘saturation’ effects and become relatively unresponsive when
concentrations are high. The range of over which the detector is responsive is termed
the dynamic range. There are many types of detectors available, the most common
type are conductometric, however, you also can have photometers,
spectrophotometers and electrochemical detectors (Haddad and Jackson 1990). The
detector used in the DIONEX system was a pulsed electrochemical detector (PED).
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Electrochemical detectors in general have great sensitivity and selectivity with respect

to which ion(s) are being detected (Small 1989).

Ion chromatography is expanded in detail by Small (1989) and Haddad and Jackson
(1990).

A.5 Fourier transform infrared spectroscopy

Over the past 50 years, vibrational spectroscopy has provided a great deal of
information about the structure and bonding of molecules and crystals (Johnston and
Aochi 1996). The energy of a molecule or crystal can be divided into four parts:
electronic, vibrational, rotational, and translational. A large number of vibrational
transitions, observed as bands, occur throughout the infrared (IR) region of the
electromagnetic spectrum. These bands occur because of the interaction of the
molecule or crystal with infrared (IR absorption) or visible (Raman scattering)
radiation. The IR spectral range covers 10 to 10 000 cm™ and is subdivided into three
sub-regions, Far- (10 — 400 cm™), Mid- (400 — 4000 cm™), and Near-IR (4000 — 10
000 cm™). Most applications of vibrational spectroscopy are in the mid-IR spectral

region (Johnston and Aochi 1996).

In the IR region, the wavenumber (Vv ) is the practical unit of choice of describing the
electromagnetic spectrum. Eq. A.8 shows the relationship of this unit to frequency
and wavelength:
_ 1% 1
V= - A8
(c/n) A (A-3)

where v, is the wavenumber (cm™), v is frequency (s or Hz), A is wavelength (um), ¢
is velocity of light in a vacuum (2.997x10° ms™), and finally n is the index of

refraction (McMillan and Hofmeister 1988).

Molecular vibrations occur at discrete energies in the IR region, and are referred to as
vibrational or normal modes. The amount of energy required to excite a particular
vibrational mode depends on the type of periodic motion involved. These modes can
be divided into two categories: internal vibrational modes and phonon modes.

Internal vibrational modes correspond to the periodic motion of atoms within a crystal
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or molecule. Three types of motion describe them: (1) bond stretching, (2) bending,
and (3) torsional motions. Internal vibrational modes are usually found in the mid-IR
range, 400 to 4000 cm™. Crystalline materials also have vibrational transitions in the
far-IR range, 10 to 400 cm™ region, termed phonon modes resulting from the
movement of one unit cell or functional unit relative to another (Johnston and Aochi

1996).

Vibrational transitions can occur because of IR absorption and Raman scattering.
Direct absorption of IR radiation is the most common method used to study
vibrational transitions. In order for infrared absorption to occur, two criteria must be
met. Firstly, the frequency of IR radiation must match that of the vibrational mode;
and secondly, the vibrational mode must produce a change in the dipole moment

(Falmer 1974).

Fourier transform infrared spectrometers (FTIR) have three key components:

interferometer, detector, and beamsplitters. Each one will be elaborated upon below.

The interferometer is the central component of an FTIR spectrometer. Light from the
IR source is passed onto a beamsplitter, where approximately half of the incident light
is reflected onto a moving mirror, and the remainder is transmitted through the
beamsplitter onto a fixed mirror. The moving mirror introduces a phase difference
between the reflected and transmitted beams by varying the pathlength of one beam
relative to the other. Optical interference occurs when the two beams recombine at
the beamsplitter. The resulting modulated IR beam is then passed through the sample
onto the detector (McMillan and Hofmeister 1988).

Two types of detectors are commonly used in FTIR spectrometers for mid-IR
applications, quantum detectors, and thermal detectors. The development of quantum
mid-IR detectors, such as the mercury cadmium telluride (MCT) detector, has
significantly improved the sensitivity of FTIR spectrometers. The MCT detector is a
photoconductive detector that measures an increase in electrical conductivity when
illuminated. Pyrolectric devices, such as the deuterated triglycine sulphate (DTGS)
detector, measure changes in temperature. They do not require cooling and provide a

uniform frequency response from far-IR through the mid-IR region. They are
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characterised by lower overall sensitivities and slower response times than MCT

detectors (McMillan and Hofmeister 1988).

The most commonly used beamsplitter for the mid-IR spectral region is a KBr
beamsplitter with a thin, uniform coating of Ge or Si. Ideally, the beamsplitter should
reflect half of the incident light and transmit the remainder (McMillan and Hofmeister

1988).

Wilson et al. (1955), Long (1977), Turrell (1972) and McMillan and Hofmeister
(1988) all have excellent discussions on the theory and applications of IR absorption

spectroscopy.

A.6 Thermal gravimetric and differential thermal analysis

Whenever a sample of material is to be studied, one of the easiest tests to perform is
to heat it. The observation of the behaviour of the sample and the quantitative
measurement of the changes on heating can yield a great deal of information on the

nature of the material (Haines 2002).

Thermogravimetric analysis (TG) is a technique in which the mass change of a
substance is measured as a function of temperature whilst the substance is subjected to
a controlled temperature program (Heal 2002). The temperature programme must be
taken to include holding the sample at a constant temperature other than ambient,
when the mass change is measured against time. Mass loss is only seen if a process
where a volatile component is lost. There are, of course, reactions that may take place
with no mass loss. These may be detected by allied techniques of differential thermal

analysis (DTA) and differential scanning calorimetry (DSC) (Heal 2002).

The modern instrumentation used for any experiment in thermal analysis is usually
made up of four parts: (1) The sample and a container or holder; (2) sensors to detect
and measure a particular property of the sample and to measure temperature; (3) an
enclosure within which the experimental parameters (e.g. temperature, atmospheric
gas) may be controlled; and (4) a computer to control the experimental parameters,

such as the temperature programme. Each key part will be elaborated upon below.
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In the TG apparatus, the sample is placed in a small inert crucible, which is attached
to a microbalance and has a furnace positioned around the sample. Furnaces, intended
to work up to 1100°C, use resistive alloy wire or ribbon such as Kanthal or Nichrome,
wound on a ceramic or silica tube. For higher temperatures, reaching 1600°C,
platinum or platinum/rhodium alloy is used (Heal 2002). Crucibles are made of
various materials. The best ones are made of platinum. These are inert with respect

to most gases and molten inorganic materials, and only melt at 1769°C (Heal 2002).

The simplest TG experiment would be to heat the sample in static air. However, the
sample may react with air by either oxidising or burning. Usually an inert gas such as
nitrogen or argon is used. In some cases, a deliberately chosen reactive gas is used.

A flowing purge of gas is always used (Heal 2002).

The temperature in the system is measured by thermocouples. These consist of two
different metals fused together. One thermocouple is used for measuring the
temperature of the sample and a second is used to measure the temperature of a
reference, usually at 0°C in melting ice. The most common thermocouple in these
apparatus is platinum and platinum alloyed with 13% rhodium. As well as the
thermocouple system for measurement, a second, entirely separate thermocouple

system is proved to sense the furnace temperature (Heal 2002).

Differential thermal analysis (DTA) and differential scanning calorimetry (DSC) are
the most widely used of all thermal analysis techniques. The concept underlying the
techniques is quite simple: to obtain information on thermal changes in a sample by
heating or cooling it alongside an inert reference. Unlike thermogravimetry, DTA and
DSC techniques are not dependent on the sample undergoing a change in mass (Laye
2002). DSC is a more recent technique and was developed for quantitative
calorimetric measurements. DTA does not lead itself to such measurements and has
been progressively replaced by DSC; however, DTA still finds application in the
measurement of characteristic temperatures and in quantitative identification of

materials (Heal 2002).

Since TG and DTA are extremely complementary techniques, it is logical to combine
them together to make a simultaneous thermogravimetric-differential thermal analysis

(TG-DTA). TG is inherently quantitative, after appropriate calibration and
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corrections, but responds to reactions accompanied by a mass change. DTA is
capable in principle of detecting any reaction or transition that entails a change in
enthalpy or heat capacity, but requires a good deal of effort before it is truly
quantitative (Haines 2002).

Haines (2002) summarises the theory and the potential uses of thermogravimetric and

differential thermal analysis.

A.7 Surface area analysis

The physical absorption of gases by non-porous solids gives rise to a Type II
absorption isotherm in the vast majority of cases (Gregg and Sing 1982). All the
jarosites studied here could be classed as non-porous solids. From the Type II
isotherm of a given gas on a particular solid, it is possible in principle to derive a
value of the monolayer capacity of the solid, which in turn can be used to calculate the
specific surface of the solid. The monolayer capacity is defined as the amount of
absorbate, which can be accommodated in a completely filled single molecular layer

(a monolayer) on the surface of 1 g of solid (Gregg and Sing 1982).

To obtain the monolayer capacity from the isotherm, it is necessary to interpret the
Type 1I isotherm in quantitative terms. A number of theories have been advanced for
this purpose, none it has to be said with complete success. The best known of them
and perhaps the most useful in relation to surface area determination is that of
Brunauer, Emmett, and Teller. Though based on a model which is admittedly over-
simplified and open to criticism on a number of grounds, the theory leads to an
mathematical expression, the BET equation, which, when applied with discrimination,
has proved remarkably successful in evaluating the specific surface from a Type II

isotherm (Gregg and Sing 1982).

The BET treatment (Brunauer et al. 1938) is based on a kinetic model of the
absorption process put forward more than sixty years ago by Langmuir (1916), in
which the surface of the solid was regarded as an array of absorption sites. The BET

equation (A.9) for a Type II isotherm takes the form of:
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p _ 1 +C—lp
V.p°-p) V,C V,C p° (4.9)

where V, is the volume of absorbate absorbed (cm® g™'), Vi is absorbate monolayer
volume (cm’ g), p is the sample pressure (bar), p° is the saturation pressure (bar),
and C is a constant related to the enthalpy of absorption. The surface area of all the
synthetic jarosites were obtained by using multi-point analysis, in which the
absorbate, N, gas, was added at five linear relative pressures 0.1-0.3. The BET
function (Eq. A.9) [p/Va(p°-p)] has a directionally proportional relationship between
relative pressure (p/p°). When plotted the straight line has a slope of [C-1/(VuC)] and
an intercept of [1/(VmC)]. Due to this relationship, the BET equation (A.9) simplifies
down to Eq. A.10 (Gregg and Sing 1982):

BET M, (A.10)

where Sggr, is BET surface area (m” g'), Vi is absorbate monolayer volume (cm® g
N, Ny is Avogadros number (6.02214 x 10% mol™), Ay is the cross sectional area of
absorbate molecule (N, gas is 0.162 mol nm®), and My is the gram molecular volume

of the absorbate (cm”).

One of the major criticisms of the BET model is that it assumes all the absorption
sites on the surface are energetically identical. Unfortunately, Gregg and Sing (1982)
state that homogenous surfaces of this kind are the exception and energetically
heterogeneous surfaces are the rule. A second criticism is that the model restricts
attention to the forces between the absorbent and the absorbate molecules and
neglects the forces between the absorbate molecule and its neighbours in the same

layer.

Gregg and Sing (1982) go into detail on the theory behind the BET technique and

surface area determination of different solids in general.
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Appendix B: X-ray diffraction data on the synthetic

jarosites
(hkl) d(calc) (hkl) d(calc) (hkl) d(calc)
Synthetic Synthetic Synthetic
KF63(SO4)2(OH)(, Pb0,5F63(SO4)2(OH)6 PbF63(SO4)(ASO4)(OH)6
a=7.3137(6) a=7.3447(7) a=17.3417(8)
c =17.0730(5) c =16.9700(5) c=16.9213(6)
101 5.938 101 5.956 101 5.951
003 5.691 003 5.656 003 5.640
102 5.086 102 5.089 102 5.082
110 3.657 110 3.672 110 3.670
104 3.539 104 3.529 104 3.522
201 3.113 201 3.126 201 3.124
113 3.076 113 3.080 113 3.076
105 3.005 105 2.994 105 2.987
202 2.969 006 2.828 202 2975
006 2.845 204 2.544 006 2.820
204 2.543 211 2.380 204 2.541
211 2.370 212 2313 211 2.379
212 2.305 107 2.265 205 2317
107 2.276 303 1.985 107 2.259
303 1.979 207 1.928 116 2.236
009 1.897 009 1.885 300 2.119
220 1.828 220 1.836 214 1.089
208 1.769 208 1.764 220 1.835
223 1.740 223 1.746 223 1.745
312 1.720 312 1.727 217 1.704
119 1.683 217 1.707 306 1.694
1010 1.648 119 1.677 119 1.673
314 1.624 401 1.583 1010 1.635
218 1.593 402 1.563 402 1.562
401 1.576 226 1.540 226 1.538
315 1.562 2010 1.497 2010 1.493
402 1.566 404 1.489 404 1.488
226 1.538 317 1.424
1011 1.507 309 1.406
404 1.484 410 1.387
321 1.447 413 1.347
405 1.436 1112 1.316
322 1.432 1013 1.275
317 1.425 327 1.248
309 1.411 3110 1.220
2011 1.393
410 1.382

413 1.343




259

(hkl) d(calc) (hkl) d(calc)
Synthetic Synthetic
Pb(Fe,Cu)3(SO4)2(OH)s  Pb(Fe,Zn)3(SO4)2(OH)s
a=7.3208(8) a="7.3373(7)
c=17.0336(7) c=16.9268(7)
101 5.941 101 5.948
003 5.677 003 5.641
102 5.085 102 5.081
110 3.660 110 3.668
104 3.535 104 3.531
201 3.116 201 3.122
113 3.076 113 3.075
105 3.009 105 2.987
202 2.970 202 2.974
006 2.838 006 2.820
204 2.542 204 2.540
211 2.373 211 2377
205 2.320 205 2.136
212 2.306 212 2.310
107 2.271 107 2.259
303 1.980 303 1.982
215 1.960 215 1.958
207 1.930 207 1.924
009 1.892 009 1.880
220 1.830 220 1.834
208 1.767 208 1.760
312 1.722 312 1.725
119 1.681 119 1.673
226 1.538 226 1.537

1011 1.504 1011 1.495
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Appendix C: Dissolution raw data

Appendix C contains the aqueous and residual solid raw elemental data for the acid
and alkali dissolutions of potassium jarosite, plumbojarosite, and beudantite. The
appendix also contains data on aqueous speciation modelling of both sets of acid and

alkali dissolutions.
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C.1 Acid dissolution raw data
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C.3 Raw elemental data on the residual solids
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C.4 Aqueous speciation data from the acid and alkali
dissolutions

All Aqueous species calculated were in concentrations of > 10® mol L™

C.4.1 Acid dissolutions

Potassium Jarosite

log activities (Q/K)
Aqueous species  Bottle 1  Bottle2  Bottle 3

H 2.0430 -2.0150  -2.0260
K" 3.6658  -3.7314  -3.7404
Fe* -4.0208  -3.9573  -3.9589
FeOH? 41679  -4.1324  -4.1231
Fe(OH)," -5.6051  -5.5976  -5.5772
FeCl," -5.9917  -5.9305  -5.9316
FeSO," -6.0394  -5.9251  -5.9254
Fe,(OH),"" -6.9059  -6.8349  -6.8162
FeCI* -6.8820 -6.8197  -6.8210
cr 2.0504  -2.0516  -2.0513
SO,* -3.9462  -3.8954  -3.9573
HSO, -4.0101  -3.9313  -3.9410
KSO4 -6.7324  -6.7473  -6.7549
03 (ag) -3.5973  -3.5973  -3.5973
HCl (o) 47634  -4.7366  -4.7473
CO; (ag) 49689  -4.9689  -4.9689
KCl (o) 272109 -7.2776  -7.2863
Plumbojarosite
log activities (Q/K)
Aqueous species Bottle 1 Bottle 2 Bottle 3
H' 2.0703  -2.0740  -2.0740
Fe* -4.0996  -3.9298  -3.8715
FeOH? 42167  -4.0460  -3.9876
Pb** 52143 -5.0316  -4.9618
Fe(OH)," -5.6239  -5.4521  -5.3937
PbCl* -5.8705  -5.6892  -5.6201
FeCl," -6.1569  -5.9900  -5.9329
FeSO," -6.2624  -59130  -5.7929
Fe,(OH),*" -7.0035  -6.6619  -6.5452
FeCI* -7.0040  -6.8357  -6.7780
cr -2.0537  -2.0551  -2.0557
SO,* -4.0904  -3.9108  -3.8490
HSO, -4.1843  -4.0057  -3.9439
03 (ag) -3.5973  -3.5973  -3.5973
HCl (o -4.8367 -4.8391  -4.8397
CO; ag) 49689  -4.9689  -4.9689

PbCl () 73990 -7.2191  -7.1506
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Beudantite
log activities (Q/K)

Aqueous species Bottle 1 Bottle 2 Bottle 3
H* -2.0960  -2.0980  -2.0980
Fe* -4.6716  -4.6702  -4.6651
FeOH? 47657  -4.7623  -4.7573
Fe(OH)," -6.1499  -6.1444  -6.1394
FeCl," -6.8232  -6.8217  -6.8167
Pb** 74656  -7.6415  -7.6995
Fe,(OH),"" -8.1015  -8.0946  -8.0845
FeCI* -7.6232  -7.6218  -7.6167
FeSO," 279521  -7.9562  -7.9417
cr 2.0518  -2.0518  -2.0518
H,AsO, 47959  -47923  -4.7820
SO,* 252081  -5.2136  -5.2042
HSO, -5.3250  -5.3325  -5.3231
03 (ag) -3.5973  -3.5973  -3.5973
H3ASO4 (aq) -4.6427 -4.6411 -4.6308
HCl (o) 49068  -4.9088  -4.9088

49689  -4.9689  -4.9689

2 (ag)

C.4.2 Alkali dissolutions

Potassium Jarosite

log activities (Q/K)

Aqueous species  Bottle 1  Bottle2  Bottle 3
H -3.2950 -3.2750  -3.2640
K 37117 -3.6941  -3.6900
Ca 54726 -5.4737  -5.4742
FeOH? -5.9208  -5.8836  -5.9131
Fe(OH)," -6.1058  -6.0886  -6.1291
Fe* -7.0258  -6.9686  -6.9871
SO,* -3.5657  -3.5579  -3.5548
HSO, 48816  -4.8538  -4.8397
KSO4 -6.3978  -6.3724  -6.3652
03 () -3.5973  -3.5973  -3.5973

01 (g 49689  -4.9689  -4.9689
CaSOy () -6.9273  -6.9205  -6.9178
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Plumbojarosite
log activities (Q/K)
Aqueous species Bottle 1 Bottle 2 Bottle 3
H' -3.5380 -3.4610  -3.4400
Pb** 252193 -5.2072  -5.1911
Ca® -5.4434  -5.4451  -5.4460
Fe(OH)," -6.6933  -6.7557  -6.7130
FeOH? -6.7513  -6.7367  -6.6730
Fe* - -8.0077  -7.9230
SO,* -3.9743  -3.9664  -3.9530
HSO, -5.5332  -5.4483  -5.4139
HCOy 77756  -7.8526  -7.8736
01 (ag) -3.5973  -3.5973  -3.5973
CO; (g 49689  -4.9689  -4.9689
CaSO0y (g -7.3066  -7.3004  -7.2879
Beudantite

Aqueous species
H+

Caz+

FC(()H)ZJr

Pb2+

SO,*
HzASO4_
HCOy
HSO,
HAsO4*

02 (ag)
2 (aq)

log activities (Q/K)

Bottle 1

-4.7830
-5.4132
-7.1024
-7.1548

-4.8361
-5.7684
-6.5306
-7.6400
-7.7437

-3.5973
-4.9689

Bottle 2

-4.5790
-5.4134
-6.9405
-7.6320

-4.8808
-5.8374
-6.7346
-7.4807

-3.5973
-4.9689

Bottle 3

-4.6150
-5.4132
-7.0494
-7.6318

-4.8839
-5.8503
-6.6986
-7.5198
-7.9936

-3.5973
-4.9689
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