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Abstract
Fe(III)-As(III)

bearing precipitates

have

been successfully used

for

arsenic

immobilization in copper smelter weak acid effluents. However, knowledge on their precise
characteristics is very limited compared to ferric arsenate precipitates which are the preferred
disposal option. As(III) is the dominant arsenic species in the weak acid effluents, and high costs
are incurred in oxidizing As(III) to As(V) prior to ferric arsenate precipitation. Detailed
characterization of Fe(III)-As(III) bearing residues is fundamental for accurate prediction of their
long term stability. Synchrotron-based analysis of the Fe(III)-As(III) bearing precipitates from the
effluent treatment plant (ETP) at Xstrata’s Horne Copper Smelter in Quebec identified ferric
arsenate and gypsum as the major phases, and other minor phases including zinc hydroxide and
franklinite. The predominant As species was As(V) which accounted for 49 to 84% of the total
As in the Horne ETP sample. The high As(V) levels detected in the Horne ETP co-precipitates
may be due to the partial oxidation of As(III) during prolonged storage, prior to synchrotron
analysis.

Tooeleite was investigated as an alternative potential disposal option for As(III)
immobilization from copper smelter weak acid effluents. Lime neutralization of an equimolar
Fe(III)-As(III) bearing weak acid solution resulted in about 85% As being removed at pH 2.7 and
the formation of gypsum-bearing tooeleite at pH 2 to 3.5. At >pH 4, the rapid transformation of
tooeleite occurred to form a poorly crystalline equimolar ferric arsenite which was stable at pH 6
to 10. Co-precipitation tests also showed that equimolar ferric arsenite was precipitated at pH>4.
US EPA Toxicity Characteristic Leaching Procedure (TCLP) analysis indicated that both
tooeleite and ferric arsenite have relatively high As solubilities. Calcination of tooeleite was
explored as a method for improving the stability of tooeleite, and calcination of tooeleite in air at
600˚C produced a ferric arsenate calcine with a TCLP solubility of <5 mg/L As. The calcine
ii

produced from the lime-precipitated tooeleite at 600 ˚C was found to contain an iron arsenate
(Fe7As6O24) which had a slightly higher TCLP As solubility of 13.1 mg/L. The precipitation of
tooeleite from an As(III)-bearing weak acid and calcination of the resultant precipitate may offer
a new process for As(III) fixation from copper smelter weak acid effluents.
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Chapter 1
Introduction
1.1 Background
Arsenic is a common contaminant found in copper concentrates, and the removal and safe
disposal of arsenic from effluent streams is a major environmental issue for the copper
metallurgical industry. During the smelting of copper concentrates and roasting of high-arsenic
copper concentrates, arsenic is volatilized and recovered in the wet gas cleaning section in the
form of As(III) species in a weak acid solution (arsenious acid, H 3AsO3). The removal and
disposal of arsenic from weak acid and dust treatment bleed effluents poses major challenges for
the copper smelters as it needs to be disposed of in an environmentally acceptable form and
manner. The problem of arsenic fixation and disposal has intensified due to the steady increase in
the average level of arsenic in copper concentrates, the exploitation of several high-arsenic copper
deposits and the enforcement of stringent environmental regulations (Demopolous et al., 2003;
Peacey et al., 2010). Various treatment and disposal practices are currently used in copper
smelters for the removal of arsenic from weak acid and dust treatment bleed effluents, of which
the preferred method involves lime neutralization and co-precipitation with ferric iron to form
arsenical ferrihydrite (As(V)-Fh) with a Fe/As molar ratio greater than 3 (Harris, 2003; Twidwell
et al., 2005; Jia and Demopoulos, 2005; Le Berre et al., 2007; Jia and Demopoulos, 2008).

At Xstrata’s Horne Copper Smelter in Rouyn-Noranda, Quebec, As(III) is removed from
the weak acid and dust treatment bleed effluents by lime neutralization and co-precipitation with
ferric iron (Fe:As molar ratio>3) and base metals to form arsenical ferrihydrite (As(III)-Fh), base
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metal hydroxides and gypsum (Godbehere et al, 1995). It is generally accepted that As(III)-Fh is
formed by the adsorption of the As(III) species onto ferrihydrite (Riveros et al., 2001), and
therefore are also known as Fe(III)-As(III) bearing precipitates.

However, there is limited

knowledge on the precise nature and characteristics of As(III)-Fh precipitates compared to As(V)Fh (Harris and Monette, 1988; Robins et al., 1988; Krause and Ettel, 1989; Nishimura and
Umetsu, 2000; Moldovan et al., 2003; Jia et al., 2003), albeit trivalent arsenic is the major arsenic
species in the weak acid and dust treatment bleed solutions from copper smelters. Previous
studies have focused on As(V)-Fh because it is generally assumed that As(V)-Fh is more stable
than As(III)-Fh for environmental disposal (Riveros et al., 2001). The As(III)-Fh precipitates
produced at the Horne Effluent Treatment Plant (Horne ETP) are co-deposited with finely ground
slag mill tailings in a disposal pond at pH 8.5 – 9 (Riveros et al., 2001). However, the effect of
aging on the characteristics and long term stability of the Horne ETP precipitates under actual
disposal conditions is poorly understood. Detailed knowledge of the precise nature and
characteristics of these precipitates (Horne ETP and disposal pond residues) is fundamental in
ensuring the effective management of their disposal and accurate prediction of their long term
stability.

Despite being the preferred medium for As control, the precipitation of As(V)-Fh bearing
residues is associated with high consumption of ferric iron and neutralizing agent as well as the
generation of large volumes of sludge with poor filtration properties resulting in high operating
and disposal costs (Harris, 2003). In addition, its long term stability is of concern as it may be
reduced biotically or abiotically under anoxic environments, resulting in the mobilization of
arsenic (McCreadie et al., 2000; Pederson et al., 2006). Therefore, there is an incentive to develop
2

an alternative stable As-bearing compound with low solubility, low iron requirements, good
filtration properties and a high As removal efficiency that can be utilized by the copper smelters
for the removal and disposal of arsenic from weak acid effluents. Tooeleite, a ferric arsenite
sulphate hydrate (Fe6(AsO3)4(SO4)(OH)4·4H2O), has been proposed as a potential phase for the
fixation of As(III) species from weak acid effluents (Nishimura and Robins, 2008). Tooeleite
could be considered as the As(III) equivalent of scorodite which is regarded by copper smelters as
the most suitable medium for arsenic fixation and disposal due to its low solubility in the pH
range 2.8 to 5.3 (Krause and Ettel, 1989), low iron demand and high As content of 25 wt% to 30
wt% (Filippou and Demopoulos, 1997). However, the precipitation of scorodite is associated with
high costs due to the use of autoclaves, although it has been found that scorodite will form at 95
˚C under ambient pressure and supersaturation conditions (Droppert et al., 1996; Filippou and
Demopoulos, 1997). Tooeleite has a high As content (25%), high As removal efficiency, a low
Fe:As molar ratio of 1.2, and is stable in the pH range 2 to 3.5 (Nishimura and Robins, 2008).

1.2 Research objectives
The research objectives of this thesis were three-fold. The first objective was to
characterize the mineral phases contained in the Horne ETP sludge using both conventional and
synchrotron-based analytical techniques in order to understand the fundamental co-precipitation
processes and mechanisms of As retention in the Fe(III)-As(III)-Zn(II)-Ca(II) system at the Horne
Copper Smelter ETP.

The second objective of this research study was to characterize the sediments from the
Horne Tailings Facility using both conventional and synchrotron-based analytical techniques in
order to be able to predict their long term stability under actual disposal conditions. Previous
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literature on As(III)-Fh transformation, as well as stability tests conducted on synthetic As(III)-Fh
precipitates under simulated disposal conditions, were used to estimate the long-term stability of
the Horne’s As(III) bearing precipitates in its disposal pond.

The third and final objective of this research study was to investigate tooeleite as an
alternative potential disposal option for the fixation of As from copper smelter weak acid
effluents. This objective was achieved by investigating the precipitation of tooeleite from As(III)bearing weak acid solutions by evaluating the effect of varying precipitation conditions (Fe:As
molar ratio, pH, temperature and neutralizing agent) on the As removal efficiency, as well as
precipitate characteristics and stability. Calcination was also investigated as a potential approach
for enhancing the stability of tooeleite for disposal.

1.3 Thesis outline
This thesis is divided into six main chapters. Chapter 1 provides the background and
rationale for undertaking the research study, the research objectives and the thesis outline.
Chapter 2 provides a review of past and current research on arsenic treatment and disposal
practices; adsorption of As(III) by ferrihydrite; ferrihydrite transformation; synchrotron-based
analysis and tooeleite. Chapter 3 focuses on the mineralogical characterization of the Horne ETP
residues using conventional and synchrotron-based techniques, and examines the effect of lime as
the neutralizing agent and the role of zinc on the stability of the As(III) bearing residues. In
addition, Chapter 3 investigates the effect of aging on the characteristics and stability of the
Horne ETP co-precipitates by evaluating the transformation rate of As(III)-Fh under simulated
disposal conditions existing at the Horne disposal pond, and discusses stability protocols and their
application to the practicality of As fixation in the future. The investigation of tooeleite as an
4

alternative disposal option for the fixation of As from copper smelter weak acid effluents is
presented in Chapter 4. Chapter 5 investigates calcination as a potential approach for enhancing
the stability of tooeleite for disposal. Finally, Chapter 6 summarizes the conclusions and
recommendations for further work.
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Chapter 2
Literature review
2.1. Arsenic-bearing copper minerals
Arsenic is relatively abundant in the earth’s crust, with an overall average concentration
of 5 ppm. Elevated arsenic concentrations in the rocks and soils usually stem from either natural
enrichment such as weathering processes, microbiological activity, hydrothermal processes and
volcanic emissions or anthropogenic pollution via mining and smelting operations,
pharmaceutical and chemical manufacturing, burning of fossil fuels and wastes, wood
preservatives, pulp and paper production, cement manufacturing, and former agricultural uses of
arsenic as a fungicide and pesticide (US EPA 1998; Bothe and Brown, 1999a; Karagas et al.,
2001; Smedley and Kinniburg, 2002; Garelick et al., 2008).

Arsenic is widely found in various types of mineral deposits, in particular sulphide
deposits associated with copper, lead, zinc, cobalt and gold. It is a constituent of over 245
minerals including elemental arsenic, arsenides, arsenates, oxides, silicates, sulphides and
sulfosalts (Boyle and Jonasson, 1973; Escobar-Gonzalez and Monhemius, 1998; Mandal and
Suzuki, 2002). Copper is usually associated with arsenic in the form of thioarsenate, thioarsenite
or thioarsenide minerals. Of these minerals, enargite (Cu3AsS4) and tennantite (Cu12As4S13) are
the most common arsenic-bearing copper minerals. Other arsenic-bearing copper minerals
include luzonite (Cu3AsS4), lautite (CuAsS), sinnerite (Cu6As4S9), domeykite (Cu3As) and
algodonite (Cu6As) (Filippou et al., 2007).
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Enargite is a cuprous thioarsenate that is found in high sulphidation epithermal deposits,
porphyry systems and high temperature carbonate-hosted deposits (Di Benedetto et al., 2011). It
is frequently associated with complex copper sulphide ores and refractory gold ores (Fantauzzi et
al, 2009; Riveros and Dutrizac, 2008). Tennantite is a cuprous-cupric thioarsenite that occurs in
hydrothermal veins and contact-metamorphic deposits as a minor component in association with
complex copper sulphide ores (Anthony et al., 1990; Smedley and Kinniburgh, 2002; Filippou et
al., 2007). Both enargite and tennantite contain 48% copper and relatively high arsenic levels
(enargite – 19% As; tennantite – 20% As).

The increasing global demand for copper and the depletion of low arsenic high-grade
copper deposits has led to the exploitation of low-grade complex copper sulphide deposits that are
associated with arsenic-bearing minerals including enargite, tennantite and arsenopyrite
(Smedley and Kinniburgh, 2002; Riveros and Dutrizac, 2008). The various types of arseniccopper bearing deposits of the world and their mineralogies are presented in Table 2.1.
Table 2.1: Arsenic-bearing copper deposits of the world
(modified from Mandal and Suzuki, 2002)
Type of deposit

As mineral(s)

Average As
concentration
(mg kg-1)

Location

Enargite-bearing
copper-zinc-lead

Enargite

1000 (0.1%)

United States, Argentina, Chile,
Peru, Mexico, Phillippines,
Spain

Enargite-bearing gold

Enargite

1000 (0.1%)

Chile, Phillipines, Bulgaria,
Papua New Guinea, Peru

Arsenical pyritic
copper

Arsenopyrite
Tennantite

4000 (0.4%)

United States, Sweden,
Germany, Japan, France
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Although arsenic-bearing copper sulphide ores are of economic interest, their high
arsenic content poses a major concern for copper smelters due to the potential risk of
occupational exposure to gaseous arsenic emissions and the requirement to fix and dispose of
arsenic as an environmentally stable residue (Piret et al.,1989; Curreli et al., 2005; Curreli et al.,
2009).

2.2. Arsenic chemistry
Arsenic is a metalloid with atomic number 33 and an atomic weight of 75. It is located in
group V of the periodic table with nitrogen, phosphorus, antimony and bismuth. Arsenic
primarily exists in nature in two forms, organic and inorganic forms. Arsenic combines with
sulphur, oxygen and chlorine to form inorganic compounds which are usually associated with
other metals in igneous and sedimentary rocks. Conversely, organic compounds of arsenic
including monomethylarsonic acid (MMAA) and dimethylarsinic acid (DMAA) are associated
with carbon and hydrogen. Inorganic arsenic compounds are generally more toxic than the
organic compounds (Hurtado-Jimenez and Gardea-Torresdey, 2006).

Arsenic can exist in several oxidation states including (-3); (-1); (0); (3) and (5). Trivalent
arsenite [As(III)] and pentavalent arsenate [As(V)] are the most widespread forms of inorganic
arsenic in nature (Garelick et al., 2008).

Although both forms usually co-exist, As(III) is

prevalent in reducing conditions while As(V) is primarily encountered in oxygenated conditions
(Bang and Meng, 2004). As(III) is considered to be more mobile and 25-60 times more toxic than
As(V) (Raven et al., 1998).
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Redox potential (Eh) and pH control arsenic speciation and solubility. The Eh-pH
diagram illustrated in Figure 2.1 facilitates the prediction of the most stable arsenic species under
different conditions. In the pH range 0–14, As(III) is the prevalent form in reducing conditions in
the protonation states of H3AsO3 and H2AsO3– while As(V) is dominant in oxidizing conditions
in the protonated forms of H3AsO4, H2AsO4-, HAsO42- and AsO43- (Lehr and Lehr, 2000).

The aqueous solution chemistry of arsenic is important in the removal of arsenic from
hydrometallurgical process solutions, which is dependent on the precipitation and adsorption
processes (Robins et al., 2001). H3AsO3 for As(III), and HAsO42- and H2AsO4- for As(V) are the
aqueous species that are relevant to the precipitation of arsenic compounds from
hydrometallurgical process solutions.

Figure 2.1: Eh-pH diagram for predominant aqueous species in the As-O2-H2O system at
298.15K and 1 atmosphere pressure (Pookrod et al., 2004)
9

2.3. Arsenic in roasting

Roasting has traditionally been used in the pretreatment of both arsenic-bearing gold and
copper concentrates in order to reduce their arsenic content to low levels for subsequent
extraction.

2.3.1. Roasting of arsenic-bearing gold concentrates
Many of the gold deposits that are currently being discovered and exploited are refractory
in nature. The treatment of refractory gold ores using conventional cyanide leaching usually
results in low gold recoveries, due to the gold being either chemically bound or encapsulated in
sulphide minerals such as pyrite, pyrrhotite and arsenopyrite, and/or the presence of carbonaceous
matter (Robins and Jayaweera, 1992; Fraser et al., 2003; Celep et al., 2009).

Arsenic principally exists in refractory arsenic-bearing gold ores and concentrates in the
form of arsenopyrite. Refractory arsenic-bearing gold ores and concentrates require pretreatment
in order to liberate the gold for subsequent recovery by conventional cyanide methods. The main
pretreatment methods that are currently used include roasting, pressure oxidation and biooxidation (Arriagada and Osseo-Asare, 1984; Berezowsky and Weir, 1989; Marsden and House,
1992; Walker et al., 2005; Taylor, 2010). The selection of the most appropriate pretreatment
process is determined by the location of the gold, the mineralogy of the gold-bearing minerals,
the process economics and the ability of the process to fix arsenic into an environmentally stable
residue (Filippou et al., 2007; Celep et al., 2009; Peacey et al., 2010). Roasting of refractory
arsenic-bearing gold concentrates (400˚C - 700˚C) results in the volatilization of most of the
arsenic as As4O6 (Equation 2.1), which is cooled and captured as arsenic trioxide dust in the bag10

house filters and the oxidation of the low-arsenic calcine to hematite (see Equation 2.2) (Fraser et
al., 1991).
2FeAsS(s) + 3O2(g) = 4FeS(s) + As4O6(g)

(2.1)

4FeS(s) + 7O2(g) = 2Fe2O3(s) + 4SO2(g)

(2.2)

2.3.2. Roasting of arsenic-bearing copper concentrates
Copper concentrates with As levels above 0.5% are pretreated by roasting so that they
can be accepted as feed by the smelters (Du Pleiss et al., 2007). Partial roasting of the arsenicbearing copper concentrates (enargite and tennantite) is conducted in a multi-hearth furnace
(550˚C – 750˚C) resulting in the volatilization of arsenic sulphide and sulphur which are
subsequently oxidised in excess air at 750˚C to form arsenic trioxide and sulphur dioxide. The
evolved gases are cooled and the arsenic trioxide dust is captured in the bag-house filters
(Bruckard et al., 2010). The partial roasting of enargite and tennantite is described by Equations
2.3-2.7 and 2.8-2.12 respectively (Filippou et al., 2007; Bruckard et al., 2010). In the presence of
pyrite, enargite is converted to chalcopyrite (Equation 2.5). As indicated in Equation 2.10,
chalcocite (formed from the roasting of tennantite) is converted to bornite in the presence of
pyrite.
4Cu3AsS4 = Cu12As4S13(s) + 3/2S2(g)

(2.3)

Cu12As4S13(s) = 6Cu2S(s) + 2As2S3(g) + 2S2(g)

(2.4)

2Cu3AsS4(s) + 6FeS2(s) = 6CuFeS2(s) + As2S3(g) + 5/2S2(g)

(2.5)

As2S3(g) + 9/2O2(g) = As2O3(g) + 3SO2(g)

(2.6)

S2(g) + 2O2(g) = 2SO2(g)

(2.7)

2Cu12As4S13(s) = 12Cu2S(s) + 2As4S4(g) + 3S2(g)

(2.8)

2FeS2(s) = FeS(s) + S2(g)

(2.9)
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4FeS(s) + 10Cu2S(s) + S2(g) = 4Cu5FeS4(s)

(2.10)

As2S3(g) + 9/2O2(g) = As2O3(g) + 3SO2(g)

(2.11)

S2(g) + 2O2(g) = 2SO2(g)

(2.12)

2.3.3. Historical arsenic disposal practices
Historically, the arsenic trioxide dusts captured from the roaster off-gases were either
sold as by-product or stockpiled on site. Arsenic trioxide was sold as a commercial by-product
mainly for the manufacture of chromated copper arsenate (CCA) which was used as a wood
preservative (Hartman, 1992). Other minor uses of arsenic trioxide included the manufacture of
agricultural chemicals used as pesticides, insecticides and herbicides, glass production and
medical applications (US EPA, 1998). However, the market for arsenic trioxide recently declined
due to restrictions of its use owing to its highly toxic nature, and the technological development
of alternative materials (Hartman, 1992). Furthermore, there were environmental concerns about
long-term stockpiling of arsenic trioxide due to its relatively high solubility (Robins and
Jayaweera, 1992; Filippou and Demopoulos, 1997; Riveros et al., 2001). Therefore any future
roaster will be required to recover and fix its arsenic emissions in a proven environmentally
acceptable form.

2.4. Arsenic in copper smelting
Copper concentrates typically contain 0.05% - 0.5% As, and about 40 million tpa of
copper concentrates containing about 40,000 tpa As are currently smelted by copper smelters
globally. During smelting most of the arsenic in the copper concentrates is volatilized, and
oxidized to As2O3, and is captured in the electrostatic precipitator (ESP) dusts and the wet gas
scrubbing solution (weak acid). In most smelters, most of the ESP dusts are recycled to the
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smelting process for metal recovery, but a purged portion of the dust is removed to prevent buildup of impurities. As-bearing ESP dusts contain <10% As as well as other elements including
copper, zinc, lead, cadmium, antimony, and bismuth, and consequently cannot be sold as a
commercial product. The purged portion of the dust is leached to form an arsenic-bearing solution
that is sent to the smelter’s effluent treatment plant (ETP) together with an arsenic-bearing weak
acid solution from the wet gas scrubbers, to form a stable residue for disposal (Piret, 1999;
Riveros et al., 2001).

Due to its high toxicity, arsenic needs to be fixed and disposed of as an environmentally
stable solid to prevent its release into the environment. Chronic exposure to high arsenic levels is
associated with adverse health effects in humans including cancer, cardiovascular and
neurological diseases (Kapaj et al., 2006). Consequently, the Canadian Metal Mining Effluent
Regulations (Canadian MMER) specify that the arsenic level in discharged mine effluents should
not exceed the maximum monthly mean concentration of 0.5 mg/L (Environment Canada, 1977;
Metal Mining Effluent Regulations, 2002). The World Bank has an equivalent guideline of 0.5
mg/L for discharged base metal smelting effluents (World Bank, 2007).

The removal of arsenic from the weak acid and dust treatment bleed effluents poses a
major concern for copper smelters due to the technical challenges and high costs encountered in
fixing arsenic into an environmentally acceptable form. Consequently, most copper smelters limit
their arsenic input by only treating copper concentrates with an arsenic level of less than 0.5%
and typically charge a penalty of US $3/kg As if the arsenic level of the concentrates exceeds
0.2% (Peacey et al., 2010). The problem of arsenic fixation and disposal has recently intensified
13

due to the steady increase in the average level of arsenic in custom copper concentrates, the
development of several high-arsenic copper deposits, and the enforcement of increasingly
stringent environmental regulations (Demopolous et al., 2003; Peacey et al., 2010).

2.5. Arsenic treatment and disposal practices
Various treatment and disposal practices have been developed and are currently used by
copper smelters for the fixation and disposal of arsenic from weak acid and dust treatment bleed
effluents. These practices are summarized in Table 2.2.
Table 2.2: Treatment and disposal practices for the fixation and disposal of arsenic in
copper smelters (modified from Harris, 2003)
PROCESS

As
SPECIES

PRECIPITATE

DISPOSAL
PRODUCT

As(III)

Calcium arsenite
and gypsum

Filter cake in lined
ponds

Chuquicamata
Chile

As(V)

Calcium arsenate
and gypsum

Caletones
Chile

Low

Precipitation
with sodium
hydrosulphide
(NaSH)

As(III)

Arsenic sulphide
(>30%S)

Sagenoseki
Japan

Moderate

Precipitation
with ferric iron
at high
temperature

As(V)

Ferric arsenate
and/or scorodite
Fe:As=1.5
T = 90-200˚C

Calcined cake in
rotary kiln and
calcine deposited
in hazardous waste
landfill
Precipitate
autoclaved with
sulphur additions
to As-S polymer
block stored in
concrete
Tailings pond

Neutralization
with ferric iron
and base metals

As(III)

Neutralization
with ferric iron

As(V)

Neutralization
with lime

Arsenical
ferrihydrite
[As(III)-Fh]
(Fe+Zn:As>4)
with base metal
hydroxides
Arsenical
ferrihydrite
As(V)-Fh
Fe:As>10

Tailings pond

Tailings pond
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Canada
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Canada

PRECIPITATE
STABILITY
(EPA TCLP)
Low

High
-

High

High
US EPA
Best
Demonstrated
Available
Technology

2.5.1. Lime neutralization
The treatment of the smelter weak acid and dust treatment effluents by the addition of
lime is practiced by Chilean copper smelters situated in dry regions, due to the low likelihood of
lime dissolution and subsequent As release by rain (Valenzuela, 2000). At the Chuquicamata
smelter in Chile, the treatment process involves lime neutralization of the As(III)-bearing weak
acid effluent to form calcium arsenite (Ca-As(III)) and gypsum which are disposed of in HDPElined ponds. At the Caletones smelter in Chile, the As(III) species in the weak acid effluent is
oxidized to As(V), and subsequently fixed by the addition of lime to produce a filter cake
comprising calcium arsenate (Ca-As(V)) and gypsum. The cake is calcined in a rotary kiln and
deposited in a hazardous landfill.

Atlantic Copper’s smelter in Huelva, Spain has implemented its own innovative process
(developed by BAMAG GmbH) for the fixation of arsenic in its weak acid effluent in order to
reduce disposal volume and costs (Ante et al., 2005). The As(III)-bearing weak acid effluent is
treated in three stages. In the first stage, lime is added to the weak acid effluent to precipitate pure
gypsum at pH<1 and 50 - 80˚C, which is subsequently sold as a by-product. In the second stage,
gypsum, calcium arsenite and heavy metal hydroxides are precipitated at pH 12, and finally in the
third stage, the residual As(III) is precipitated as ferric arsenite at pH 7, which is disposed in a
tailings pond (Ante et al., 2005) .

Despite being cost-effective, disposal options for arsenic immobilization from smelter
weak acid effluents, both Ca-As(III) and Ca-As(V) have a moderately low As content (5-15 wt%)
and low EPA Toxicity Characteristic Leaching Procedure (TCLP) stabilities (Bothe and Brown,
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1999b; Zhu et al., 2005; Riveros et al., 2001; Robins et al., 2001). Swash and Monhemius (1995)
evaluated the stability of synthetic Ca-As(V) residues using the USA EPA TCLP test and found
the residues had high As solubilities of 1650-3600 mg/L. Furthermore, extensive research has
demonstrated that both Ca-As(III) and Ca-As(V) slowly decompose when in contact with
atmospheric carbon dioxide, resulting in the formation of calcium carbonate and the subsequent
release of arsenic into solution (Robins, 1981, 1983 and 1988; Robins and Tazawa, 1982;
Nishimura et al., 1985; Robins and Jayaweera, 1992).

Several studies have been conducted to improve the stability of Ca-As(III) and Ca-As(V).
Swash and Monhemius (1995) found that Ca-As(III) and Ca-As(V) have low As solubilities in
the presence of excess lime, but As dissolution increases in the long-term due to the dissolution
and carbonation of lime. According to Nishimura and Tozawa (1985), the stability of Ca-As(III)
and Ca-As(V) was improved by calcination with excess lime at 700˚C due to the formation of a
more crystalline calcium arsenate (Equations 2.13 and 2.14). However, Stefanakis and
Kontopoulos (1987) reported that the calcination of Ca-As(III) below 800˚C resulted in its
incomplete transformation to a crystalline calcium arsenate.

Ca3(AsO2)2.Ca(OH)2(s) = Ca3(AsO4)2(s) (crystalline) + CaO(s) + H2O(l)

(2.13)

Ca(AsO2)2.Ca(OH)2(s) + (n+1)Ca(OH)2(s) + O2(g) =

(2.14)

Ca3(AsO4)2(s) (crystalline) + nCaO (s)+ (n+2)H2O (l)

2.5.2. Neutralization with sodium hydrosulphide
The treatment of smelter weak acid and dust treatment effluents by neutralization with
sodium hydrosulphide (NaSH) is practiced at the Saganoseki smelter in Japan. The arsenic
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contained in the flue dusts generated at the Saganoseki smelter is leached with sulphuric acid to
form a weak acid solution, which is treated by neutralization with NaSH to form arsenic sulphide
(As2S3) (bulk density = 0.4 tonnes/m3) (Hino et al., 1995). As2S3 has a high As content of 60
wt%, and is stable under acidic and reducing conditions (pH<4). It is relatively soluble in water,
and liable to atmospheric and bacterial oxidation (Robins, 1988; Robins et al., 2001).
Consequently, As2S3 produced at Saganoseki is stabilized for long term storage by being
autoclaved with sulphur additions (60 wt%) at 200˚C and 1700 kPa to form an As-S polymer
block (bulk density=1.3 tonne/m3) which is stored in concrete (Hino et al., 1995; Valenzuela,
2000). This treatment practice is associated with high costs due to NaSH requirements ($500650/ton) and the use of autoclaves (Hino et al., 1995).

2.5.3. Scorodite
High temperature pressure oxidation (HTPOX) is widely used in the gold industry for the
treatment of refractory gold ores. HTPOX involves the oxidation of refractory gold ores in an
autoclave at high temperatures (170˚C-200˚C) and an oxygen overpressure of 2000 kPa, resulting
in the liberation of gold and the fixation of arsenic into scorodite (crystalline ferric arsenate)
which is disposed into a tailings pond (Dutrizac and Jambor, 1988; Papangelakis and
Demopoulos, 1990). The reaction chemistry of the HTPOX process is presented in Equations
2.15 to 2.18 (Robins and Jayaweera, 1992; Swash and Monhemius, 1994). As indicated in
Equation 2.15, arsenopyrite is oxidised to form arsenic acid and ferrous sulphate. The reaction
presented in Equation 2.16 occasionally occurs resulting in the formation of elemental sulphur.
As illustrated in Equation 2.18, arsenic is fixed as scorodite and is stored in a lined tailings pond
(Robins and Jayaweera, 1992).
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4FeAsS(s) + 13O2(g) + 6H2O(l) = 4H3AsO4(aq) + 4FeSO4(aq)

(2.15)

4FeAsS(s) + 7O2(g) + 4H2SO4(aq) + 2H2O(l) = 4H3AsO4(aq) + 4FeSO4(aq) + 4S(l)

(2.16)

4FeSO4(aq) + O2(g) + 2H2SO4 (aq) = 2Fe2(SO4)3(aq) + 2H2O(l)

(2.17)

Fe2(SO4)3(aq) + 2H3AsO4(aq) + 2H2O(l) = 2FeAsO4.2H2O(s) + 3H2SO4(aq)

(2.18)

Scorodite is generally regarded as the most suitable disposal option for the fixation and
disposal of arsenic from weak acid effluents as it is considered to have a low As solubility, high
As removal efficiency, high As content (25-30 wt%), low iron requirements (Fe:As molar
ratio=1-1.5) and relatively high stability in acidic to neutral conditions (Riveros et al., 2001;
Paktunc et al., 2010). In addition, scorodite has good settling and filtration properties due to its
crystalline nature (Filippou and Demopoulos, 1997; Riveros et al., 2001; Demopoulos et al.,
2003). However, this practice is associated with high capital costs due to the use of autoclaves
(Swash and Monhemius, 1994; Filippou and Demopoulos, 1997; Demopoulos et al., 2003;
Paktunc et al., 2008). Demopoulos and co-workers (Demopoulos et al., 1995; Filippou and
Demopoulos, 1997; Demopoulos et al., 2003; Singhania et al., 2005, 2006) developed a new
process for the fixation of arsenic from metallurgical weak acid effluents by atmospheric
precipitation of scorodite at 95˚C under ambient pressure and supersaturation-controlled
conditions. Despite being potentially less capital intensive than HTPOX, this treatment practice
has not yet been applied commercially (Droppert et al., 1996; Filippou and Demopoulos, 1997).

Scorodite is stable under oxic conditions and in the pH range 2.8–5.3 (minimum
solubility of <0.5 mg/L) (Krause and Ettel, 1989; Riveros et al., 2001; Langmuir et al., 2006;
Harvey et al., 2006; Bluteau and Demopoulos, 2007). Stability studies by Swash and Monhemius
(1995) and Filippou and Demopoulos (1997) have shown that scorodite has a very low US EPA
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TCLP solubility (< 5 mg/L As), probably due to the fact that scorodite has its lowest solubility in
the pH range 3-5 (Krause and Ettel, 1989; Riveros et al. 2001). Concerns have been expressed
about the long term stability of scorodite as studies have shown that it dissolves incongruently at
pH>5 to form 2-line ferrihydrite, resulting in the associated release of arsenic into solution
(Krause and Ettel, 1985, 1989; Robins 1988; Welham et al., 2000; Bluteau and Demopoulos,
2007). Furthermore, scorodite may decompose under anoxic conditions or in the presence of
reducing bacteria (Robins, 1981; Rochette et al., 1998; Cummings et al., 1999; Riveros et al.,
2001; Papassiopi et al., 2003).

2.5.4. Arsenic removal by co-precipitation with ferric iron
Lime neutralization and co-precipitation of arsenate (As(V)) with ferric iron (Fe/As
molar ratio>3) is widely used for the removal and disposal of arsenic from the smelter weak acid
and dust treatment bleed effluents. Arsenic is generally present in smelter weak acid and dust
treatment bleed effluents in the form of the As(III) species. Consequently, prior to the
precipitation process, As(III) is generally oxidized to As(V) using various oxidants including a
SO2/O2 mixture, O2 or H2O2 which incur high costs (Riveros et al., 2001). During the precipitation
process, As is fixed by the adsorption of the arsenate species (AsO43-) by ferrihydrite to form
arsenical ferrihydrite (As(V)-Fh) (Equations 2.19 and 2.20) (Robins et al, 1991; Waychunas et al.,
1993; Jambor and Dutrizac, 1998; Riveros et al., 2001; Paktunc et al., 2008; Paktunc et al., 2010).
Precipitation of As(V)-Fh with the addition of lime begins at pH 2-3, and the sulphate in solution
reacts with the calcium to form gypsum (Swash and Monhemius, 1995; Riveros et al., 2001).
Fe3+(aq) + (3+x) H2O(l) = FeO(OH)(H2O)1+x(s) + 3H+ (aq)

(2.19)

3-

(2.20)

FeO(OH)(H2O)1+x + AsO4 =

AsO43-.FeO(OH)(H2O)1+x (s)
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As(V)-Fh is the preferred disposal option used by copper smelters and has been
designated as the Best Demonstrated Available Technology (BDAT) by the US Environmental
Protection Agency (US EPA) for the removal of arsenic from acidic mineral processing effluents
(Riveros et al., 2001; Twidwell et al., 2008). Several studies have been conducted and reported in
the literature on the co-precipitation of As(V)-Fh (Harris and Monette, 1988; Robins et al., 1988;
Krause and Ettel, 1989; Emett and Khoe, 1993; Waychunas et al., 1993; Langmiur et al., 1999;
Nishimura and Umetsu, 2000; Moldovan et al., 2003; Jia et al., 2003; Richmond et al., 2004;
Twidwell et al., 2005; Langmiur et al., 2006). Robins et al. (1988), Krause et al. (1989), and
Nishimura and Umetsu (2000) reported that the optimal pH range for As(V)-Fh precipitation is
3.5-5.5. According to Emett and Khoe (1994) and Khoe at al. (1994), the precipitation of As(V)Fh from solution is effective in the pH range 4-7, but the range increases to pH 4-10 in the
presence of the cations including Zn(II), Cd(II), Pb(II), Ca(II) and Mg(II). According to Jia and
Demopoulos (2008), the enhanced As removal could be due to As adsorption by the coprecipitated base metal-ferric hydroxides. Swash and Monhemius (1995) observed that at very
low initial Fe:As molar ratios in solution, calcium arsenate will form at pH 3-4 instead of As(V)Fh.

Previous research has established that As(V)-Fh co-precipitates (Fe:As molar ratio>3)
have a high stability, and their stability improves with increasing Fe:As molar ratio (Krause et al,
1989; Passiopi et al., 1996; Harris, 2003; Riveros et al., 2001). Krause and Ettel (1985; 1989)
reported As(V)-Fh (Fe:As= 4) to have a low solubility of <0.2 mg/L at 25˚C, over the pH range
3-5. However, the long term stability of As(V)-Fh has been the subject of concern. Several
theoretical studies have concluded that As(V)-Fh will decompose to goethite and finally hematite
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over the long-term, thereby releasing arsenic into solution (Robins, 1983, 1990; Robins et al.,
1988; Robins and Jayaweera, 1992). Furthermore, McCreadie et al. (2000) and Pederson et al.
(2006) reported that As(V)-Fh may be reduced biotically or abiotically under anoxic
environments, resulting in the reductive dissolution of ferrihydrite or As(V) and the mobilization
of arsenic. Extensive experimental studies have demonstrated that As(V)-Fh with a high Fe:As
molar ratio>3 can maintain its long term stability if stored under oxic conditions in the pH range
3-5 (Harris and Monette, 1988, 1989; Krause and Ettel, 1985, 1987, 1988, 1989; Harris and
Krause, 1993; Kontopoulos et al.; 1988; Dove and Rimstidt, 1985; Nordstrom and Parks, 1987;
Robins, 1987; Rimstidt and Dove, 1987; Vircikova et al., 1994, 1995, 1998). In addition, studies
conducted by Harris and Monette (1989) showed that the presence of cations (Cu(II), Zn(II) and
Cd(II)) increased the stability range of As(V)-Fh from pH 4-7 to pH 4-10.

At the Vale Inco Copper Cliff smelter, arsenic is removed from weak acid effluents by
lime addition and co-precipitation with ferric to form As(V)-Fh (Fe:As molar ratio> 10) and
gypsum. The precipitation process is carried out in a series of two autoclaves, operating at 80˚C
and an oxygen overpressure of 276 kPa. Lime is added to raise the pH in the first autoclave to pH
3.3, and to pH 4 in the second autoclave, resulting in the precipitation of As(V)-Fh and gypsum.
The resulting slurry is filtered, washed and repulped in water at pH 3-4, before being sent to the
tailings pond for disposal with pyrrhotite-rich flotation tailings. The effluent from the disposal
pond has a pH 5.5 and 0.02 mg/L As (Riveros et al., 2001). Regular monitoring of the pond has
indicated that the As(V)-Fh residues have maintained their stability over twenty years (Peacey et
al., 2010).
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Despite being the preferred medium for As immobilization and being designated the US
EPA BDAT, As(V)-Fh has a low arsenic content of 6% and its precipitation is associated with a
high consumption of ferric iron and oxidizing agent resulting in high operating costs. In addition,
this practice generates large volumes of sludge of poor crystallinity and filtration properties,
leading to high disposal costs (Hoffmann, 1993; Filippou and Demopoulos, 1997; Riveros et al.,
2001).

2.5.5. Arsenic removal by co-precipitation with ferric iron and base metals
The removal and disposal of the trivalent As species can be achieved by lime
neutralization and co-precipitation with ferric iron (Fe/As>3) and base metals to form arsenical
ferrihydrite (As(III)-Fh), base metal hydroxides and gypsum. The As precipitation mechanism
involves the rapid neutralization of ferric iron to precipitate a poorly crystalline ferric
oxyhydroxide (2-line ferrihydrite) phase (Equation 2.21). 2-line ferrihydrite (Fh) adsorbs the
arsenite species (AsO33-) to form As(III)-bearing ferrihydrite (As(III)-Fh) (Equation 2.22)
(Godbehere et al., 1995; Riveros et al., 2001). This treatment process is practiced at the Horne
Copper smelter. Studies by Nishimura and Umetsu (2000) demonstrated that the optimal
adsorption of As(III)-Fh occurs in the pH range 8-9.

Fe3+(aq) + (3+x) H2O(l) = FeO(OH)(H2O)1+x(s) + 3H+ (aq)

(2.21)

FeO(OH)(H2O)1+x(s) + AsO3(aq)3- = AsO33-.FeO(OH)(H2O)1+x (s)

(2.22)

According to Nishimura and Umetsu (2000), As removal by neutralization with ferric
iron is more effective if the As is present as As(V) compared to As(III). It is presumed that
As(III) is more difficult to remove than As(V) as As(III) is considered to have a lower affinity for
ferrihydrite than As(V) (Raven et al., 1998). Consequently, the oxidation of As(III) is deemed
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necessary to increase the As removal efficiency (Lenoble et al., 2002; Bang and Meng., 2004).
Moreover, since As(III) is more mobile and toxic than As(V), it is generally assumed that As(V)Fh precipitates are more stable than As(III)-Fh for environmental disposal (Riveros et al., 2001;
Das et al., 2011).

2.6. Horne copper smelter
The Horne Copper Smelter, which is located in Rouyn-Noranda, Quebec, Canada, is a
custom facility that has been in operating since 1927. When the Horne Mine closed in the 1970s,
it became a custom smelter treating copper concentrates from around the world and also started
specializing in the treatment of complex concentrates, containing high levels of impurities such as
As, Bi, Sb and Pb. The Horne Smelter has an annual production capacity of 210,000 tonnes of
copper anodes and 550,000 tonnes of sulphuric acid from 800,000 tonnes of feed material
(Godbehere et al., 1995). The smelter was modernized in 1981-1991, with the construction of a
sulphuric acid plant to treat reactor off-gases and the addition of wet gas scrubbers to remove all
impurities that were not captured in the electrostatic precipitators (ESP). The wet gas scrubbers
produce a weak acid bleed solution containing arsenic and base metal impurities including Bi, Cd,
Pb and Zn (Godbehere et al., 1995).

2.6.1. The Horne effluent treatment plant process
The Horne smelter has developed its own novel process for the fixation of arsenic in its
smelter weak acid and dust treatment effluents using acid mine drainage from the two open pit
mines, Remnor and Gallen. The removal and disposal of arsenic is achieved by lime
neutralization and co-precipitation with ferric iron and base metals.
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The Horne Effluent Treatment Plant (ETP) process is fully described in Godbehere et al.
(1995). The As treatment process takes place in a series of two reactors. The feed into the first
reactor consists of a purged portion of the ESP dusts, oxidized acid mine drainage and a weak
acid solution from the wet gas scrubbers. The gases from the smelting operation are cooled,
passed through the ESP to remove the entrained dust and subsequently treated to form sulphuric
acid. 15-25% of the dust that is recycled to the smelter is bled from the circuit to control the
build-up of impurities such as As and Cd. The recycled dust containing 2-5% arsenic, mostly in
the form of As(III), is slurried in water and treated in a gravimetric separator to recover copper
and precious metals. The reject fraction of the dust slurry containing 25% dissolved As and
insoluble base metal arsenites and arsenates, is the first feed to the first reactor. The second feed
to the first reactor consists of the weak acid (pH 1) generated from wet scrubbers, which contains
2.5 g/L As in the form of As(III) species. The third feed consists of acid mine drainage from the
nearby Gallen and Remnor mine sites, which is added as an additional source of iron for the
precipitation process. The acid mine drainage contains 5 g/L Fe(III), 24.5 g/L Fe(II), 2.5 g/L Zn
and 4 mg/L Cd. Prior to being fed to the first vessel, the Fe(II) in the acid mine drainage (AMD)
is oxidized to Fe(III) using oxygen. Lime is added to the first reactor to raise and maintain the pH
to 4.5, resulting in the precipitation of arsenic from solution. The Fe:As molar ratio>3 is
maintained in the reactor to ensure the precipitation of a stable precipitate.

The discharge from the first reactor is sent to the second reactor, and 5 m3/h of acid mine
drainage from the Gallen mine site is added to maintain the Fe+Zn/As molar ratio>4. Lime is
added to the second reactor to raise the pH to 9.5, resulting in the precipitation of any residual
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arsenic and the dissolved metals. The final discharge (40 tpd) is sent to the tailings pond, where it
is co-deposited with finely ground slag mill tailings (1500 tpd). The final effluent from the
tailings pond has a pH of 8.5-9 and contains <0.5 mg/L As (Riveros et al., 2001), which meets the
Canadian MMER effluent discharge limits of 0.5 mg/L. Regular monitoring of the pond has
indicated that the final residue has maintained its stability for over twenty years (Peacey et al.,
2010).

2.6.2. The Horne ETP process chemistry
Based on the data given in Godbehere et al. (1995), the Horne ETP process chemistry is
presented in Table 2.3. In the first reactor, the As-bearing weak acid (1-4 g/L) is mixed with the
base metal-bearing (Zn, Cd, Cu) dust slurries and ferric-bearing AMD to give a final solution
with an Fe:As molar ratio of >3. Lime is added to the solution to raise the pH to 4.5. The main
reactions that occur in the first reactor include the precipitation of ~97% of the arsenic (As(III)
with Fe(III), as well as gypsum, decreasing the As concentration in solution from 2500 mg/L to
50 mg/L. Previous studies by Nishimura et al. (1991) have shown that zinc arsenite begins to
precipitate at pH 6, suggesting that zinc does not take part in the precipitation of As(III) as zinc
arsenite in the first reactor. Copper and cadmium are typically present in minor amounts and
therefore do not make a significant difference.

In the second reactor, additional ferric iron is added and the pH is raised to 9.5 with the
addition of lime, resulting in the precipitation of the residual As, and the base metals (Zn, Cd and
Cu) as base metal hydroxides, resulting in a final effluent discharge containing ~1 mg/L As.
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Table 2.3: Horne ETP process chemistry
Mass
Weak
Dust
Gallen
Remnor
Balance
acid
(AMD)
(AMD)
Inputs
t/h
70
2
30
20
As (g/L)
2.5
3.5%
As (t/h)
0.175
0.07
Soluble As (t/h)
0.175
0.0175
Insoluble As (t/h)
0.0525
Fe (g/L)
0.004
6.5
18
Fe (t/h)
0.00028
0.195
0.36
3+
Fe (g/L)
4
1
3+
Fe (t/h)
0.12
0.02
Zn (g/L)
0.3
10%
2.5
Soluble Zn (t/h)
0.021
0.17
0.0625
Insoluble Zn (g/L)
0.03
Cd (g/L)
1%
0.004
Soluble Cd (t/h)
0.014
0.00012
Cu
4%
Cu (t/h)
0.024
Insoluble Cu (t/h)
0.056
H2SO4 (g/L)
10.00
5.00
5.00
H2SO4 (kg/h)
700.00
150.00
100.00
CaSO4. 2H2O in
ppt
(a) - % As precipitated
(b) – Gallen solution added to 2nd RX
(c) – Fe:As molar ratio in 1st RX
(d) – Fe: As molar ratio in 2nd RX (No Zn precipitated in 1st RX)
(e) – Fe+Zn+As molar ratio in 2nd RX
(f) - Zn:As molar ratio in 2nd RX
(g) - Fe+Zn+Cd+Cu: As molar ratio in 2nd RX
1st RX – first reactor & 2nd RX- second reactor

Total
kg/h

kmol/h

kg
As/h

120

192.5

st

nd

1 RX
(a)
97%

2 RX
(a)
3.0%

115.00
0.05
5.75
2.57

2.57

5.00
0.08

(b)

555

9.91

140

2.50

253.5

3.88

14.12

0.13

24

0.38

9.06
507.25

3.64

(c)

5.19

0.36
(d)
4.66
(e)

55.22
(f)
50.56
(g)
61.79

950.00
1747.96

2.7. Stability of As(III)-Fh bearing residues
2.7.1. Long term stability of As(III)-Fh bearing precipitates
Due to the highly toxic nature of arsenic, the long term stability of the disposed Asbearing residues is crucial to the copper smelters. The long term stability of As-bearing residues
is influenced by several factors including disposal site characteristics, climate, particle
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crystallinity and size distribution, and the presence of oxygen, sulphides, bacteria and complexing
agents such as chloride and organic acids (Riveros et al., 2001).

Currently, there is no definitive test to determine the long term stability of the arsenicbearing solid residues. The stability of these residues is normally evaluated using the US EPA
leachate tests, EPA Method 1311 - Toxicity Characteristic Leaching Procedure (TCLP) and EPA
Method 1312 - Synthetic Precipitation Leaching Procedure (SPLP). TCLP evaluates the metal
mobility in landfill whereas SPLP evaluates the potential for leaching metals into ground and
surface waters (US EPA, 1992). SPLP simulates precipitation and therefore provides a more
realistic assessment of metal mobility under actual field conditions (US EPA, 1994; Alforque,
1996). The TCLP test is more widely used than SPLP to evaluate the stability of As-bearing
residues. Both tests are short term tests that evaluate the stability of arsenic bearing solid waste
residues under specific test conditions. Both tests are suitable for providing a preliminary
judgement on the environmental stability of solid waste residues. However, they are unsuitable
for evaluating long term behavior as the solid waste residues may undergo chemical changes with
time. Furthermore, the specific test conditions do not represent the actual disposal conditions
under which the solid waste residues are stored (Riveros et al., 2001; Ghosh et al., 2004). As a
consequence, these tests do not necessarily assess the long term stability of arsenic-bearing solid
residues.

2.7.2. Characterization of Fe(III)-As(III) bearing residues
Despite the fact that Fe(III)-As(III) bearing residues (Fe:As molar ratio=3) have been
used for the removal and safe disposal of arsenic from copper smelter acidic effluents, knowledge
on their precise nature and characteristics is still limited. Furthermore, the effect of aging on the
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characteristics and stability of Fe(III)-As(III) bearing precipitates under actual disposal conditions
is poorly understood. In order to be able to assess the long term stability of arsenical residues and
make accurate predictions about the behavior of the arsenic-bound species, detailed
characterization of their mineralogical composition and arsenic speciation is fundamental
(Riveros et al., 2001; Robins et al., 2001.
.
The uncertainty regarding the mineralogical composition and arsenic speciation of As
bearing residues has mainly arisen from difficulties encountered in their characterization due to
their poorly crystalline and heterogeneous nature. Mine wastes are known to be highly
heterogeneous with respect to As-bearing minerals and compounds (Foster et al., 1998; Paktunc
et al., 2003, 2004; Walker et al., 2009), therefore Fe(III)-As(III) bearing precipitates are likely to
contain other As(III) phases apart from As(III)-Fh.

The recent identification of Fe(III)-As(III) bearing phases such as As(III)-rich
schwertmannite and tooeleite in nature seems to suggest that these phases may also be present in
the Horne ETP precipitates. In nature, both schwertmannite (iron oxyhydroxysulfate) and
tooeleite (ferric arsenite sulphate hydrate) are associated with acidic, sulphate-rich waters, in
particular acid mine drainage and acid rock drainage (Morin et al., 2003). Schwertmannite is
formed by the oxidation of iron sulphide minerals and the direct precipitation of Fe(III) from
acidic sulphate waters in the range of pH 2 to 4 (Bigham and Nordstrom, 2000). Tooeleite is a
rare mineral that is formed by the metabolic activity of a bacterial strain that removes Fe(III) and
As(III) from AMD water by co-precipitation in the form of As(III)-rich precipitates (Morin et al.,
2003). In nature, schwertmannite and tooeleite play an important role in acting as sinks for the
toxic oxyanions such as As (III) and As(V) (Morin and Calas, 2006). Schwertmannite scavenges
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arsenic by adsorption onto its surface while tooeleite scavenges arsenic by incorporation into its
structure (Morin et al., 2003). Carlson et al. (2002) reported that schwertmannite can adsorb up to
70 mg/g As but higher arsenic concentrations inhibit its precipitation (Carlson et al., 2002).
Casiot et al. (2003, 2005) reported that tooeleite forms at higher concentrations of arsenic, when
the As species is predominantly As(III). Laboratory experiments conducted by Egal et al. (2008)
showed that the formation of both schwertmannite and tooeleite are dictated by the kinetics of
Fe(II) oxidation, in that schwertmannite is favoured by the rapid oxidation of Fe(II) while the
slow oxidation of Fe(II) leads to the formation of tooeleite.

Other Fe(III)-As(III) bearing compounds that exist in nature include karibibite
(Fe2As4(O,OH)9),

schneiderhohnite

(FeFe3As5O13),

fetiasite

((FeII,FeIII,Ti)3O2As2O5).

Schneiderhohnite and fetiasite contain both Fe(II) and Fe(III) (Nickel and Nichols, 1991; Graeser
et al., 1994; Nelham et al., 2000).

2.8. Application of synchrotron-based analysis
Synchrotron-based analysis is a powerful analytical technique that utilizes synchrotron
radiation to study the composition and the structure of materials on an atomic scale (Potts et al.,
1995).

2.8.1. Introduction to synchrotron radiation
A synchrotron is a particle accelerator where high speed electrons, travelling close to the
speed of light, are used to generate intense beams of light. Synchrotron radiation (or synchrotron
light) is produced in storage rings under high vacuum conditions and can be generated across the
range of the electromagnetic spectrum from infrared to x-rays, as illustrated in Figure 2.2.
29

Figure 2.2: The electromagnetic spectrum (European Synchrotron Radiation Facility,
2012)
At the synchrotron facility, an electron gun is used to generate packets of high-energy
electrons (Figure 2.3). The electrons are injected into a ring-shaped vacuum chamber known as
the linear accelerator (LINAC), where they are accelerated to the speed of light. The electrons are
further accelerated by microwaves produced in the booster ring. In addition, magnets are used to
steer and focus the electrons into a fine beam. The accelerated electrons travel into the storage
ring where they are deflected by bending magnets, thereby producing synchrotron light. The
generated light, in the form of infrared, ultraviolet, soft x-rays and hard x-rays, is focused onto the
sample at the beamlines and end stations (Potts et al., 1996; Kempson et al., 2005).
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Figure 2.3: A schematic diagram of the synchrotron (Stanford Synchrotron Radiation
Laboratory, 2007)

2.8.2. Application of synchrotron-based analysis
Synchrotron-based X-Ray fluorescence (XRF), X-Ray absorption near edge structure
(XANES) and X-Ray diffraction (XRD) are emerging as important methods that complement
characterization by conventional methods because of their elemental specificity, low detection
limits and non-destructive measurement. By the employment of hard x-rays, these techniques
enable the study of the elemental concentrations and distributions, chemical speciation and
mineral phase identification. Synchrotron radiation microprobe techniques (µXRF, µXRD and
µXANES) permit in-situ investigation and analysis of poorly crystalline and amorphous materials
at a molecular level (Potts et al., 1996; Lanzirotti et al., 2010). Synchrotron-based microanalysis
can be used for the extraction of other chemical and structural information of the As-bearing
residues (Arai et al., 2006; Lanzirotti et al. 2010; Manceau et al., 2002; Walker et al., 2005,
2009).
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Synchrotron-based µXRF is a powerful technique for the mapping of elemental
composition and distribution in a matrix. µXRF is non-destructive, fast, multi-elemental,
extremely sensitive, and can examine spatial heterogeneity within samples. µXRF is the only
available technique for quantitative elemental mapping due to the high spatial resolution and the
deep penetration of hard x-rays. µXRF has a high sensitivity and low detection limits for most
elements of mineralogical interest. Elemental distribution data generated by µXRF is used as the
basis for efficiently developing the µXANES and µXRD experiments.

Subsequent to the

generation of elemental distribution maps using µXRF, localized regions of interest in the
elemental maps can be examined by µXANES and µXRD (Potts et al., 1996; Manceau et al.,
2002; Jamieson and Gault, in press).

Arsenic speciation in the solid phase is difficult to determine directly using conventional
methods due to the risk of modification of the arsenic species during the extraction process.
Synchrotron-based µXANES is a rapid analytical technique that is capable of providing detailed
accurate quantitative information about the arsenic speciation in a solid phase sample. µXANES
analysis focuses on the absorption-edge region and assigns speciation identity by the comparison
of unknown spectra of the samples with known spectra of model compounds to determine the
ratio of valence states present (Potts et al., 1996).

Synchrotron-based µXRD enables the identification and characterization of poorly
crystalline materials that are difficult to characterize using conventional techniques (Lanzirotti et
al., 2010; Jamieson and Gault, in press). Synchrotron-based µXRD is ideally suitable for microcrystalline materials due their crystallite size (less than the beam diameter) and random
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orientation (Jamieson and Gault, in press). Conversely, µXRD is not suited for coarser mineral
crystals as typically they will not diffract under the monochromatic X-ray beam. The increased
penetration depth of the synchrotron X-ray beam means that synchrotron micro-diffraction is
capable of providing high spatial resolution and facilitating in-situ investigation of mineral phases
at the molecular level (Lanzirotti et al., 2010).

Synchrotron-based microanalysis has proven to be a very useful technique in several
studies involving the characterization of poorly crystalline phases in arsenic-bearing residues
(Cutler et al., 2001; Foster et al., 1998; Moldovan et al, 2003; Paktunc and LaFlamme, 2003;
Walker et al., 2005, 2009; Andrade et al., 2010; Meunier et al., 2010; Singh et al., 2010;
Corriveau et al., 2011a, 2011b; DeSisto et al., 2011; Fawcett and Jamieson, 2011; Jamieson et al.,
2011). However, it must be noted that it is better to complement synchrotron-based analysis with
other analytical techniques for the characterization of arsenic-bearing residues in order to gain
comprehensive knowledge and understanding of their mineralogy and speciation (Jamieson and
Gault, in press).

2.9. Ferrihydrite
The As immobilization mechanism during the co-precipitation of As(III)-Fh bearing
residues involves the adsorption of the As(III) species by ferrihydrite. Ferrihydrite is metastable
and could transform to more crystalline phases resulting in the mobilization of As. The likelihood
of ferrihydrite transformation could affect the stability of the As(III)-Fh bearing residues.
Consequently, knowledge about the rate of transformation of ferrihydrite in the presence of
adsorbed As(III) species under simulated in-situ disposal conditions is crucial to predicting the
long-term stability of As(III)-Fh residues.
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2.9.1. Occurrence
Ferrihydrite is an iron oxyhydroxide that is prevalent in near-surface environments,
occurring in waters, soils, sediments, mine wastes and acid mine drainage (Cornell and
Schwertmann, 2003; Das et al., 2011a).

2.9.2. Characteristics
Ferrihydrite is a reddish-brown, poorly crystalline mineral. It is very finely grained and
exists as spherical nano-crystals with a high specific surface area of 100-700 m2/g (Dzombak and
Morel, 1990; Jambor and Dutrizac, 1998; Cornell and Schwertmann, 2003). The nano-crystals
are 2-6 nm in size, and generally stick together to form 3-10 µm aggregates (Paktunc et al., 2008).
Ferrihydrite has variable chemical compositions due to its variable water content (Jambor and
Dutrizac, 1998). However, the bulk chemical formula that is frequently used is 5Fe 2O3.9H2O
(Schwertmann and Taylor, 1989; Das et al., 2011a).

Ferrihydrite has variable crystallinity depending on the reaction conditions. 2-line and 6line ferrihydrite are the two common crystal forms of ferrihydrite. 2-line ferrihydrite (2-4 nm
crystallite size) is formed by rapid hydrolysis at pH 7 under ambient conditions. 6-line
ferrihydrite (5-6 nm crystallite size) is formed under pH 7 conditions, by slow hydrolysis under
ambient temperature or rapid hydrolysis at 80˚C (Schwertmann and Cornell, 2000; Jambor and
Dutrizac, 1998).

2.9.3. Characterization techniques
Characterization of ferrihydrite is very difficult due to its fine grained and poorly
crystalline nature. The different analytical techniques that are used for the identification and
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characterization of ferrihydrite are described by Cornell and Schwertmann (2003), and include Xray

diffraction

(XRD),

infrared

spectroscopy

(IR),

Mossbauer

spectroscopy

(MS),

Thermogravimetric and Differential Thermal analysis (TG/DTA), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM) and synchrotron-based X-ray absorption fine
spectroscopy. IR and Raman spectroscopy are used to obtain information about the crystal
morphology and the degree of crystallinity, metal substitution and adsorbed molecules. FourierTransform IR provides better resolution and sensitivity as well as more rapid collection of data
than IR. Under Raman spectroscopy, long exposure to the laser beam results in the transformation
of ferrihydrite to hematite. MS and TG/DTA is used to identify and characterize ferrihydrite. MS
provides information about the particle size, charge and coordination, and is useful in the
measurement of low concentrations of ferrihydrite that cannot be detected by XRD. Synchrotronbased X-ray absorption fine spectroscopy is used to determine the speciation and structure of
ferrihydrite. SEM provides information on the morphology and microtopography of ferrihydrite
while TEM provides information on the structure of ferrihydrite. XRD is used to characterise the
ferrihydrite, and it is the most reliable conventional technique for the identification of ferrihydrite
as it is based on the long range order of atoms while the other methods, including Mossbauer
spectroscopy and synchrotron-based X-ray absorption fine spectroscopy, characterize the atoms
and their short range environment. Differential dissolution using Schwertmann’s ammonium
oxalate procedure is used for the identification of ferrihyrite as it is readily soluble in ammonium
oxalate at pH 3 (Jambor and Dutrizac, 1998).

2.9.4. Adsorption of As(III) and As(V)
Ferrihydrite has a high adsorption affinity for various cations and anions, including
arsenite (As(III)) and arsenate (As(V), due to its large surface area and high reactivity (Dzombak
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and Morel, 1990; Jambor and Dutrizac, 1998). The absorption affinity of ferrihydrite is dependent
on the degree of crystallinity, such that 2-line ferrihydrite has a greater absorption capacity than
6-line ferrihydrite (Swash and Monhemius, 1995; Cornell and Schwertmann, 2003). Previous
studies have shown that ferrihydrite can adsorb and form co-precipitates with various metals,
metalloids, silicates and organics but it is difficult to confirm their incorporation into the
ferrihydrite structure due to its very small particle size and poor crystallinity (Schwertmann and
Taylor, 1977; Dzombak and Morel, 1990; Cornell and Schwertmann, 2003; Welham, 2000).

Most adsorption studies have focused on the adsorption of As(V) by ferrihydrite but little
is known about the adsorption of As(III) despite its high toxicity and environmental relevance,
probably due to the fact that it is generally assumed that As(V) is more effectively adsorbed by
ferrihydrite than As(III) (Raven et al., 1998). Pierce and Moore (1982) studied the adsorption of
low concentrations of arsenite and arsenate (10-7- 10-3 M) by ferrihydrite in the pH range 4-10.
The authors reported that As(V) is strongly adsorbed at pH 4, while As(III) is strongly adsorbed
at pH 7. Their findings were consistent with recent studies by Bang and Meng (2004) who
reported that As(III) is more strongly adsorbed than As(V) at pH>8. Raven at al. (1998) studied
the adsorption behavior of arsenite and arsenate on ferrihydrite under varying As concentrations
(0.04-2 g/L); initial Fe:As molar ratios (0.8-29) and pH range (3-11). The authors found that
As(III) adsorption was faster at relatively high pH (> 7.5) and high initial As concentrations.
Conversely, As(V) adsorption was faster at low pH and low initial As concentrations. At high As
concentrations, the adsorption maxima for As(V) and As(III) occurred at pH 4.6 and pH 9.2
respectively. At pH 4.6, the As(III) and As(V) adsorption maxima were 0.60 mol As/mol Fe and
0.25 mol As/mol Fe respectively. At pH 9.2, the As(III) and As(V) adsorption maxima were 0.58
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mol As/mol Fe and 0.16 mol As/mol Fe. The maximum As(III) adsorption was 0.6 mole As(III)/
mole Fe at pH 9.2, which exceeds the maximum number of surface sites (~0.25 mol of sites/mol
Fe) available for the adsorption of As(III) by ferrihydrite and precludes the possibility that As(III)
adsorption was entirely adsorbed as a monomeric species. Consequently, the authors proposed
that the high retention of As(III) was due to the transformation of ferrihydrite to ferric arsenite.
The findings of the study by Raven et al. (1998) demonstrated that, contrary to general views,
As(III) is adsorbed more extensively than As(V) by ferrihydrite at high pH (>7.5) and high As
concentrations, and should be retained more effectively at pH 9 than As(V).

2.9.5. Ferrihydrite transformation
Ferrihydrite (2-line) (Ksp = 10-39) is metastable under oxic conditions, and can gradually
undergo transformation to form more stable, crystalline phases, including goethite (Ksp = 10-41)
and/or hematite (Ksp = 10-43) (Jambor and Dutrizac, 1998; Cornell and Schwertmann, 2003;
Schwertmann et al., 2004; Cudennec and Lecerf, 2006). At ambient temperature, ferrihydrite will
transform to hematite under neutral conditions (pH 7-8), and to goethite under acidic (pH 2-5)
and highly alkaline (pH 10-14) conditions (Cudennec et al., 2006). Conversely, under high
temperatures (50-100˚C), ferrihydrite will transform to hematite under all pH conditions (Das et
al, 2011b). The transformation of ferrihydrite results in a decrease in its surface area thereby
reducing its adsorptive capacity, leading to the release of the adsorbed species (Dzombak and
Morel, 1990; Jambor and Dutrizac, 1998; Cudennec and Lecerf, 2006; Schwertmann et al., 2004;
Schwertmann and Murad, 1983; Johnston and Lewis, 1983; Cornell at el., 1987; Das et al.,
2011a). The rate of ferrihydrite transformation is dependent on time, pH, temperature and the
presence of sorbed species (Johnston and Lewis, 1983; Schwertmann and Murad, 1983; Jambor
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and Dutrizac, 1998; Cornell and Schwertmann, 2003; Cudennec and Lecerf, 2006; Das et al.,
2011a).

Several studies have reported that the presence of various adsorbed species including
metals, phosphate, silicate, arsenate, sulphate, and organics can retard the rate of transformation
of ferrihydrite to more crystalline phases (Paige et al., 1996; Paige et al, 1997; Jambor and
Dutrizac, 1998; Cornell and Schwertmann, 2003; Twidwell et al., 2005; Robins et al., 2005;
Hohn, 2005; Jia et al., 2006; Dutrizac and Jambor, 2007; Twidwell and Leondard, 2008; Jia and
Demopoulos, 2008). Most studies have focused on the effect of adsorbed As(V) species on the
transformation rate of ferrihydrite compared with the As(III) species (Paige et al., 1996; Paige et
al, 1997; Jia et al., 2006). Paige et al. (1996; 1997) reported that absorbed As(V) decreases the
rate of transformation of ferrihydrite under highly acidic (pH 1.3 at 25˚C) and alkaline (pH 12 at
70˚C) conditions. Paige et al. (1996) found that, at pH 12 and 70˚C, 50% of pure ferrihydrite
transformed to goethite and hematite within 8 hours while, in the presence of 1 mol% As(V),
2.5% of the ferrihydrite is converted. Jia et al. (2006) reported that under alkaline conditions (pH
8 and 25˚C) and varying As/Fe molar ratios (0.500, 0.250, 0.125), ferrihydrite maintained its
stability for a period of 2 weeks. Das et al. (2011b) studied the effect of adsorbed As(V) (As:Fe
molar ratios 0.01-0.5) on the transformation of ferrihydrite under highly alkaline conditions (pH
10) and reported that ferrihydrite contained in As(V)-Fh bearing precipitates with As/Fe molar
ratios ≥0.0184 would remain stable for over 10,000 years in a disposal pond at above pH 8 and
under low temperature conditions (~1˚C) typical of Canadian locations. Field studies from the
Sain-Yrieux gold mining district in France indicated that As(V)-Fh has maintained its stability
over centuries with no transformation to goethite or hematite (Das et al., 2011b). No similar
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studies have been undertaken to evaluate the effect of adsorbed As(III) on the transformation of
ferrihydrite.

2.9.6. As immobilization in the environment
Ferrihydrite is frequently found as precipitates formed from mine drainages, soil
solutions and lake waters. The widespread occurrence of ferrihydrite in the environment indicates
the rate of ferrihydrite transformation to goethite and hematite is slow (Cornell and Schwertmann,
2003). Due to its large surface area and strong adsorptive capacity, ferrihydrite plays an important
role in the sequestration of arsenic in the environment (Martinez and McBride, 1998; Das et al.,
2010 and references therein). Arsenic immobilization by ferrihydrite occurs widely in nature, and
is a major mechanism for regulating the natural attenuation of As pollution in soil, groundwater
and sediments (Bowell, 1994; Sherman and Randall, 2003). The mobility of arsenic in natural
aquatic and soil environments is controlled by the adsorption/desorption and co-precipitation with
ferrihydrite (Moldovan et al., 2003; Raven et al., 1998). Immobilization of arsenic in the
environment occurs through precipitation of low-solubility salts and the adsorption/coprecipitation on soils and sediments (Pierce and Moore, 1982). The mobility of arsenic is
controlled by the concentrations of soluble As and ferrihydrite, its speciation, redox, pH and
presence of bacteria (Morin et al., 2003). In natural systems, As(V) is more strongly adsorbed
than As(III). At concentrations found in natural systems, the optimum pH for the As(V)
adsorption is pH 4-7, and for As(III) adsorption is pH 7-10 (Frost and Griffin, 1977; Pierce and
Moore, 1980, 1982).
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2.9.7. Characterization of environmental As-bearing residues
Detailed characterization of environmental As-bearing residues is fundamental in
providing a better understanding of As mobility and geochemical controls thereby improving the
management of these As-bearing residues. Various methods are used in the characterization of
environmental As(III)-Fh and As(V)-Fh bearing residues. XRD analysis is used to characterize
As-bearing mineralogical phases. Scanning electron microscope-energy dispersive spectroscopy
(SEM-EDS) and electron microprobe analysis (EMPA) is used in defining the association of
arsenic with other elements. SEM also provides information on the morphology and
microtopography of the arsenic-bearing residues. Synchrotron-based analysis is used in the
characterization of As-bearing phases, and provides information on the association of arsenic
with other elements, mineralogical composition and the As speciation. Sequential chemical
extractions are used to establish the association of arsenic with various mineral phases contained
in the arsenic-bearing residues.

2.10. Alternative As bearing disposal options
Despite being widely used for arsenic control at copper smelters, the precipitation of
ferric arsenate precipitates is associated with high operating costs and disposal costs (Hoffmann,
1993; Riveros et al., 2001). Therefore, there is an incentive to develop an alternative stable As
bearing compound with low solubility, low iron and neutralizing agent requirements, a high As
removal efficiency and good filtration properties that can be utilized by the metallurgical industry
for the removal and disposal of arsenic from weak acid effluents.

A

ferric

arsenite

sulphate

hydrate,

known

in

nature

as

tooeleite

(Fe6(AsO3)4(SO4)(OH)4•4H2O) has recently been proposed as a potential phase for stabilising
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As(III) species in acidic effluents due to its high As removal efficiency, high arsenic content (25
wt%) and low Fe:As weight ratio (1.2) (Nishimura and Robins, 2008). Tooeleite could be
considered as the As(III) equivalent of scorodite as both compounds have similar characteristics
and are stable in acidic media.

2.11. Tooeleite
2.11.1. Occurrence
The mineral tooeleite was first identified underground at the US Mine near Gold Hill, in
Tooele County, Utah in 1964. In 1984, abundant masses of tooeleite were found on the waste
dumps of the U.S. mine in the presence of assemblages consisting of pyrite, arsenopyrite,
scorodite and jarosite, with the replacement minerals in thermally metamorphosed limestone
(Cesbron and Williams, 1992). Recently, nanocrystalline tooeleite has been identified in certain
AMD deposits and its formation related to the metabolic activity of a bacterial strain that removes
Fe(III) and As(III) from AMD water by co-precipitation in the form of As(III)-rich precipitates
(Morin et al., 2007; Morin et al., 2009). Walker et al. (2009) and DeSisto et al. (2011) have
identified tooeleite in the pH-neutral tailings of former As-bearing gold mines in Nova Scotia.
2.11.2. Characteristics
The physical characteristics and chemistry of tooeleite were first described by Cesbron
and Williams (1992). Cesbron and Williams claimed tooeleite to be an As(V) mineral with an
orthorhombic structure. The chemical formula Fe8(AsO4,(SO4)6(OH)6·5H2O was proposed, which
implied an Fe/As ratio of 1.33. Subsequent to their comprehensive study, the new mineral
tooeleite had its name approved by the “Commission on New Minerals and New Mineral Names”
and an X-ray diffraction pattern based on its orthorhombic structure was accepted by the JCPDS
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(International Centre for Diffraction Data). Nishimura and Robins (2008) conducted electron
microprobe analysis on a sample from US Mine waste dumps at Gold Hill and found that silicon
influenced the analytical accuracy of the microprobe experiments performed by Cesbron and
Williams.

However, a XANES investigation conducted by Morin et al (2003) indicated that arsenic
species found in tooeleite is As(III). Morin et al (2007) recently determined that tooeleite is an
As(III) mineral with a monoclinic structure. In their study, the crystal structure of a sample from
the US Mine waste dumps in Tooele County was determined using a combination of high
resolution synchrotron XRD and refined Rietveld techniques. Tooeleite was proposed to have the
chemical formula Fe6(AsO3)4(SO4)(OH)4·4H2O which corresponds to an Fe/As ratio of 1.5.
Nishimura and Robins (2008) recently synthesized tooeleite and confirmed that it is actually an
As(III) compound, with the chemical structure 6Fe2O3.5As2O3.2SO3.12H2O and Fe/As ratio of
1.2. The free energy of formation of tooeleite has recently been studied by Huang et al., (2008)
using results from Nishimura and Robins (2008) stepwise titration experiments with NaOH at
25˚C. Huang et al., (2008) reported an estimated free energy of formation of tooeleite to be
1240.903±1.407 kcal/mole, according to the chemical formula suggested by Morin et al., (2003).

2.11.3. Tooeleite synthesis
The synthesis of nano-crystalline tooeleite from sulphate-based Fe(III)-As(III) weak acid
solutions has been investigated by Nishimura and Robins (2008). The XRD and TGA techniques
were employed to identify the nature of the precipitated materials. XRD analysis of the
precipitates indicated that their XRD pattern was similar to that reported by Cesbron and
Williams (1992) for tooeleite. TG-DTA analysis of the precipitates led the researchers to suggest
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that the thermal decomposition of ferric arsenite sulphate hydrate in the temperature range 23 –
1400˚C results in the release of H2O, SO3 and As2O5 and finally in the formation of the Fe2O3. A
stepwise titration of an acidic Fe(III)-As(III) solution with NaOH at 25˚C resulted in the
precipitation of tooeleite in the pH range 2-3.5 and its transformation to FeOOH(As) (arsenical
ferrihydrite) above pH 3.5. Despite these results, Nishimura and Robins (2008) proposed that
tooeleite could be a potential disposal option for removing arsenic from copper smelter weak acid
effluents since tooeleite found in the waste dumps at the former US mine in Tooele County has
retained its stability under severe weathering conditions over time.

2.12. Summary
As(III)-Fh bearing precipitates have been successfully used at Xstrata’s Horne Copper
Smelter for the fixation and disposal of As from its weak acid effluents. However, knowledge of
their precise nature and characteristics is limited. In addition, the effect of aging on the
characteristics and stability of As(III)-Fh bearing precipitates under actual disposal conditions is
poorly understood. Detailed characterization of their mineralogical composition and arsenic
speciation is fundamental to enable the assessment of their long term stability and the accurate
prediction about the behavior of the arsenic-bound species. The uncertainty regarding the
mineralogical composition and arsenic speciation of As(III)-Fh bearing residues has mainly
arisen from difficulties encountered in their characterization due to their poorly crystalline and
heterogeneous nature. Detailed characterization studies using synchrotron-based microanalysis
are required to provide a better understanding of the As retention mechanism in the Horne ETP
precipitates.
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The mechanism of As immobilization during the co-precipitation of As(III)-Fh bearing
residues involves the adsorption of the As(III) species by ferrihydrite. However, ferrihydrite is
known to be metastable and could transform into more crystalline phases resulting in the
mobilization of As. The likelihood of ferrihydrite transformation could have a detrimental effect
on the stability of the As(III)-Fh bearing residues, leading to As mobilization. Consequently,
knowledge about the rate of transformation of ferrihydrite in the presence of adsorbed As(III)
species under in-situ disposal conditions is crucial to making accurate predictions about the longterm stability of As(III)-Fh residues. Based on the literature review, no studies have been
conducted on the As(III)-Fh transformation rates under simulated in-situ disposal conditions.

Despite being the most widely used disposal option for the removal of As from copper
smelter weak acid effluents, the precipitation of As(V)-Fh bearing precipitates is associated with
high operating costs and disposal costs (Hoffmann, 1993; Riveros et al., 2001). Therefore, there is
an incentive to develop an alternative cost-effective, environmentally stable Fe(III)-As(III)
compound that can be utilized by copper smelters for the removal and disposal of arsenic from
their weak acid effluents. A ferric arsenite sulphate hydrate, known in nature as tooeleite
(Fe6(AsO3)4(SO4)(OH)4•4H2O) has recently been proposed as a potential phase for stabilizing
As(III) species in acidic effluents due to its high As removal efficiency, high arsenic content (25
wt%) , low Fe:As molar ratio (1.2) and is stable in the pH range 2 to 3.5 (Nishimura and Robins,
2008). Recently, Nishimura and Robins (2008) investigated the synthesis of nano-crystalline
tooeleite from sulphate-based Fe(III)-As(III) bearing weak acid solutions and conducted
preliminary characterization tests (XRD, SEM, TG/DTA) on the synthetic precipitates. However,
their study did not evaluate the stability of the synthetic tooeleite precipitates. Further research
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regarding the detailed characterization and stability of synthetic tooeleite precipitates is required
to validate the potential application of tooeleite as a disposal option.
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Chapter 3
Mineralogical characterization of the Horne Effluent Treatment Plant
As(III)-bearing precipitates
3.1. Introduction
At Xstrata’s Horne Copper Smelter in Rouyn-Noranda, Quebec, arsenic is effectively
removed from the weak acid and dust treatment bleed effluents to low levels (<0.5 ppm) by lime
neutralization and co-precipitation with ferric iron (Fe:As molar ratio>3) and base metals.
According to Godbehere et al (1995), arsenical ferrihydrite (As(III)-Fh), base metal hydroxides
and gypsum are formed during this treatment process . However, little is known about the precise
characteristics of As(III)-Fh precipitates compared to As(V)-Fh (Harris and Monette, 1988;
Robins et al., 1988; Krause and Ettel, 1989; Nishimura and Umetsu, 2000; Moldovan et al., 2003;
Jia et al., 2003). As(V)-Fh is generally the preferred disposal option used by copper smelters for
the removal of As from their weak acid effluents, albeit trivalent arsenic is the major arsenic
species in the effluents. The reason may be that it is generally assumed that arsenic removal by
lime neutralization and co-precipitation with ferric iron is more effective if the arsenic is present
as As(V) (Nishimura and Umetsu, 2000; Riveros et al., 2001; Twidwell and McCloskey, 2011).
Consequently,

previous research has principally focused on the precipitation mechanism,

stability, mineralogy and arsenic speciation of As(V)-Fh (Harris and Monette, 1988; Robins et al.,
1988; Krause and Ettel, 1989; Emett and Khoe, 1993; Waychunas et al., 1993; Langmiur et al.,
1999; Nishimura and Umetsu, 2000; Moldovan et al., 2003; Jia et al., 2003; Richmond et al.,
2004; Twidwell et al., 2005; Langmiur et al., 2006). Therefore, the focus of this study is to
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understand the fundamental co-precipitation processes and the mechanism of arsenic retention in
this Fe(III)-As(III)-Zn(II)-Ca(II) system by identifying and characterizing the mineral phases
contained in the Horne Effluent Treatment Plant (Horne ETP) sludge.

According to Nishimura and Umetsu (2000), optimal adsorption of As(III) on ferrihydrite
is favourable at pH 8-9 relative to lower pH values. These findings are consistent with studies by
Raven et al. (1998) and Dixit et al. (2003). However, conflicting views have arisen as to whether
the speciation of the adsorbed As(III) is maintained during its adsorption on ferrihydrite. Robins
et al. (2001) proposed that, during the adsorption of As(III) on ferrihydrite, As(III) oxidation may
occur in the ferrihydrite structure resulting in the reduction of Fe(III) to Fe(II). However,
Greenleaf et al. (2003) reported that As(III) oxidation adsorbed on ferrihydrite did not occur in
continuously stirred batch reactors, even though it is thermodynamically possible. Oscarton et al.
(1981) and Jang and Dempsey (2008) observed that the oxidation of adsorbed As(III) on
ferrihydrite did not occur at low Fe/As molar ratios (<10). A recent study by Zhao et al. (2011)
has shown that the gradual oxidation of As(III) adsorbed on ferrihydrite occurs at relatively high
Fe:As molar ratios (>10) and longer reaction times (>24 hours) under ambient conditions at pH 4
and 7 . The authors concluded that As(III) adsorbed on ferrihydrite was oxidized to As(V) in the
presence of oxygen, with ferrihydrite acting as a catalyst although Fe(II) was not detected during
the oxidation reaction.

At the Horne ETP, the acid mine drainage from the Gallen and Remnor mine sites which
is added as an additional source of ferric iron for the precipitation process also contains zinc.
According to Godbehere et al. (1995), the presence of zinc enhances the retention of arsenic and
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stability of the Horne precipitates. However, the role of zinc on the precipitation mechanism and
retention of As(III) in the Horne ETP process is still not well understood.

The Horne ETP co-precipitates are co-deposited with finely ground slag tailings in a
tailings facility at pH 8.5-9.5, and the final effluent from the facility contains <0.5 mg/L As
(Godbehere et al., 1995; Riveros et al., 2001). Although the disposed As(III)-Fh bearing coprecipitates have maintained their stability for several years, the reason for their high stability is
not evident. Furthermore, knowledge on the effect of aging on their characteristics under actual
disposal conditions is poorly understood.

The general view is that the mechanism of As fixation by Fe(III)-As(III) co-precipitation
with lime is by surface adsorption of the As(III) species onto ferrihydrite (Robins et al., 1988;
Riveros et al., 2001; Moldovan et al., 2005). However, the long term stability of ferrihydrite is a
matter of concern. Ferrihydrite is a poorly ordered iron oxyhydroxide that is known to be
metastable and can gradually transform to goethite and hematite under oxic conditions
(Schwertmann and Murad, 1983; Jambor and Dutrizac, 1998; Cornell and Schwertmann, 2003;
Schwertmann et al., 2004; Cudennec and Lecerf, 2006). The rate of transformation of ferrihydrite
is dependent on pH, temperature and time (Johnston and Lewis, 1983; Schwertmann and Murad,
1983; Jambor and Dutrizac, 1998; Cornell and Schwertmann, 2003; Cudennec and Lecerf, 2006).
Under ambient conditions, ferrihydrite will transform to goethite in the pH ranges of 2-5 and 1014 (Schwertmann and Murad, 1983; Cudennec et al., 2006). The transformation of ferrihydrite to
hematite is favoured at pH 7-8 under ambient temperature (Schwertmann and Murad, 1983).
Conversely, at high temperatures (50-100˚C), ferrihydrite will transform to hematite under all pH
conditions (Das et al, 2011b). Goethite is formed by the dissolution of ferrihydrite, followed by
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reprecipitation (Cornell and Schwertmann, 1996). Hematite is principally formed by internal
dehydration and atomic rearrangement of ferrihydrite (Cornell and Schwertmann, 1996).
Recently, Das et al. (2011a) investigated the transformation of 2-line ferrihydrite to goethite and
hematite under varying pH (2, 7 and 10) and temperature (25, 50, 75 and 100˚C) conditions. Their
studies demonstrated that the transformation rate of ferrihydrite was enhanced with increasing pH
and temperature. At pH 10, the rate of transformation of ferrihydrite increased fivefold from 25˚C
to 100˚C. Based on first order rate reactions, the authors concluded that pure ferrihydrite under
in-situ conditions of pH 10 and 1˚C will transform to goethite or hematite (10% conversion after
3 years and 100% conversion after 90 years), suggesting that ferrihydrite will not maintain its
long-term stability under such conditions.

Ferrihydrite has a high adsorption affinity for various ions including copper, nickel, zinc,
cobalt, phosphate, silicate, arsenite, arsenate, sulphate, and organics, due to its high surface area
and acts a sink for these ions (Dzombak and Morel, 1990; Jambor and Dutrizac, 1998; Cudennec
and Lecerf, 2006; Schwertmann et al., 2004; Schwertmann and Murad, 1983; Johnston and
Lewis, 1983; Cornell at el., 1987). The transformation of ferrihydrite to secondary Fe-bearing
crystalline phases leads to a decrease in its surface area, thereby reducing its adsorptive capacity
and promoting the desorption of the adsorbed ions from the solid phase. Several studies have
shown that the presence of the adsorbed species can significantly inhibit the transformation of
ferrihydrite to goethite or hematite (Cornell et al., 1987; Paige et al., 1996; Paige et al, 1997;
Jambor and Dutrizac, 1998; Schwertmann and Cornell, 2003; Twidwell et al., 2005; Robins et al.,
2005; Hohn, 2005; Jia et al., 2006; Dutrizac and Jambor, 2007; Twidwell and Leondard, 2008; Jia
and Demopoulos, 2008). With regard to the adsorption of arsenic on ferrihydrite, many studies
have investigated the effect of adsorbed As(V) on the transformation rate of ferrihydrite (Paige et
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al., 1996; Paige et al, 1997; Jia et al., 2006; Das et al., 2011b). No similar studies have been
undertaken to evaluate the effect of adsorbed As(III) on the transformation of ferrihydrite. A good
understanding of the transformation rate of ferrihydrite in the presence of adsorbed As(III) is very
important for predicting the behavior and long-term stability of As(III)-bearing ferrihydrite
(As(III)-Fh) residues under actual disposal conditions.

The main objectives of this study were to: (i) identify the mineralogical composition and
arsenic speciation of the Horne ETP residues precipitated from iron-rich (Fe:As molar ratio >3)
weak acid effluents using synchrotron-based spectroscopic techniques; (ii) to investigate the
effect of lime as a base and the role of zinc on the stability of As(III)-Fh; (iii) to evaluate the role
of precipitation and adsorption in the Fe(III)-As(III) co-precipitation process and (iv) to
investigate the effect of aging on the characteristics and stability of the Horne ETP co-precipitates
by evaluating the transformation rate of ferrihydrite in the presence of adsorbed As(III) under
simulated relatively alkaline in-situ conditions (pH 9) existing at the Horne Tailings Facility.
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3.2. Materials and methods
3.2.1. Reagents
All the chemical reagents were of analytical grade and are listed in Table 3.1.

Table 3.1: List of chemical reagents used in the experiments
Reagent
Chemical formula

Provider

Ferric sulphate pentahydrate
Zinc sulphate heptahydrate
Arsenic trioxide
Arsenic pentoxide
Sodium hydroxide
Calcium hydroxide
Glacial (acetic acid)
Hydrochloric acid
Nitric acid
Sulphuric acid
Potassium chloride
Sodium Phosphate Dibasic Anhydrous
Acetone (ACS grade)
Boron nitride

Alfa Aesar
Fischer Scientific
Alfa Aesar
Alfa Aesar
Fischer Scientific
Aldrich
Fischer Scientific
Fischer Scientific
Fischer Scientific
Fischer Scientific
Fischer Scientific
Fischer Scientific
Fischer Scientific
Fischer Scientific

Fe2(SO4)3.5H2O
ZnSO4.7H2O
As2O3
As2O5
NaOH
Ca(OH)2
CH3CH2OOH
HCl
HNO3
H2SO4
KCl
Na2HPO4
(CH3)2CO
BN

3.2.2. Sample preparation
A fresh sample (~15 kg) of sludge was obtained from second reactor (pH 9) of the Horne
Effluent Treatment Plant (Horne ETP) at Xstrata’s Horne Copper Smelter in Quebec. The As
speciation in the effluent was not measured at the time of sampling. Aliquots of the sample were
vacuum-filtered using a 0.45µm membrane filter and the filtered solids were dried in air under
ambient conditions.

3.2.3. Chemical analysis
Quantitative analysis of the elemental composition of the air-dried samples from the
Horne ETP was determined using aqua regia digestion (3:1 HCl:HNO3), followed by Inductively
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Coupled Plasma-Optical Emissions Spectroscopy (ICP-OES). A sample of 0.5 g was dissolved in
40 ml of aqua regia and the suspension was heated for 30 minutes on a heating plate at 250˚C.
Distilled water was added to adjust the final volume to 50 ml and the solution was returned to the
heating plate to boil. The final solution was filtered into a volumetric flask and distilled water was
added to adjust to the final volume of 100 ml. Representative data of the samples was achieved by
analyzing two aliquot samples of both the ETP sludge to ensure sample homogeneity.

3.2.4. XRD analysis
X-Ray Diffraction (XRD) analysis was employed to identify the mineralogical
composition of the Horne precipitates. XRD analysis was performed on a Phillips X’Pert Pro
MPD diffractometer fitted with an X’Celerator high speed strip detector (X-ray source: Cu Kα
radiation (Ni filtered) and operating conditions: 45 KV, 40 MA, angle between 3˚- 80˚ 2θ, step
size of 0.02˚, counting time of 10 seconds at each step). PanAnalytical HighScore software was
used for the identification of phases. To further investigate the mineralogy, a dried sample of the
Horne precipitates (1 g) was shaken for 1 hour with 600 ml of distilled water at 200 rpm at room
temperature with the aim of dissolving the gypsum (Pantuzzo et al., 2010). The suspension was
vacuum-filtered using a 0.45 µm membrane filter and the filtered solids were air-dried under
ambient conditions and analyzed using XRD.

3.2.5. Synchrotron-based analysis
Synchrotron-based analysis was performed using the hard X-ray micro-probe, X26A at
the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory. Synchrotronbased analysis was conducted using a wide (unfocused) beam (10 µm in diameter) and a micro
(focused) beam (5 µm V x 9 µm H). In both cases, micro-X-Ray Fluorescence (µXRF), micro-X52

Ray diffraction (µXRD) and arsenic K-edge micro-X-Ray Absorption Near Edge Structure
(µXANES) analyses were conducted on samples from the Horne ETP. µXRF, µXRD and
µXANES analyses provided information on the elemental distribution, mineralogy and arsenic
speciation respectively. The analytical setup and procedure that were used are fully described in
Walker et al. (2005).
3.2.5.1. Sample preparation
Both powder samples and polished thin sections of the Horne precipitates were prepared
for analysis. Aliquots of the Horne ETP sludge were vacuum-filtered using a 0.45 µm membrane
filter. A portion of the filtered solids were dried under nitrogen gas, in a glove bag under ambient
conditions, in order to maintain an unaltered speciation of the As(III) species in the samples. The
rest of the filtered solids were dried in air under ambient conditions. Samples of the Horne
precipitates that were dried under nitrogen gas were homogenized in a mortar and pestle before
being mounted on Kapton® tape supported across a 35mm cardboard slide. The same procedure
was repeated for the Horne ETP samples that were air-dried.

Polished thin sections were prepared at Vancouver Petrographics from the air-dried
samples, by grinding and polishing using oil and sealtronic epoxy to a thickness of 30-50 µm and
mounted on a glass slide. The thin sections were examined under a petrographic microscope to
select and photograph targets (grains) for analysis under the synchrotron beam. The targets were
identified, selected and photographed under transmitted and reflected light at various
magnifications. Following the selection of targets, the thin section was removed from the glass
slide using acetone (ACS grade). The removal procedure involved the immersion of the glass
slide in an acetone bath until the thin section was detached from the slide. The detached section
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was transferred onto Kapton® tape and placed in a 35mm cardboard slide-holder for microanalysis.
3.2.5.2. µXRF, µXRD and µXANES analyses
The mounted polished thin sections and powder samples were placed in a sample holder
oriented at 45˚ to the incident beam in the horizontal plane, and analyzed using a 350 µm
collimated monochromatic beam generated from a Si(111) channel-cut monochromator. The
monochromatic beam was focused by a pair of Rh-coated Kirkpatrick-Baez mirrors to produce
both an unfocused and a focused beam.
3.2.5.3. Unfocused beam analyses
Unfocused beam analyses were conducted on the powder samples and polished thin
sections to enable the analysis of both individual grains (grain size 30 – 100 µm) and a mixture of
grains to provide an overview of the elemental distribution within individual grains as well as to
enable a comparison of the elemental distribution between a mixture of grains.

µXRF analyses using the unfocused beam were conducted on the mounted thin sections
to provide an overview of the elemental distribution. During the mapping analysis by µXRF, the
energy of the incident radiation was monochromized using a Si(111) crystal and elemental maps
were collected on various selected target areas in the thin section for the following elements of
interest: As, Fe, Zn, Ca and Cu. The elemental maps were used to select regions to be analyzed
using the focused beam. The regions were selected using elemental correlations of As with Fe, Zn
and Ca. µXRD and µXANES analyses were conducted on the selected regions with high or
intermediate As counts.
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µXRD analysis was conducted to determine the mineralogical composition. A Bruker
SMART 1500 CCD diffractometer with a fibreoptic taper, in a high resolution mode at 1024 x
1024 pixels was used to collect the 2D µXRD data in transmission mode. The incident X-Ray
beam was tuned to 17.749 keV and the µXRD patterns were obtained using an exposure time of
60 seconds per sample, regulated with a timed beam shutter. The dectector was calibrated using
corundum [α-Al2O3] and Ag behenate [CH3(CH2)20COOAg] diffraction standards. µXRD
analysis was conducted on Kapton as well as Kapton and epoxy, and used in the data treatment
procedure.

µXANES analysis was conducted to investigate the speciation of arsenic on selected
regions in the powder samples and thin sections (previously selected using the µXRF elemental
maps). The µXANES spectra were recorded in fluorescence mode, by using a Si(Li) detector to
scan through the As K-edge (11.867 keV). The analysis was conducted by scanning across the
absorption edge region (11.80 to 11.88 keV) in three segments. The first segment, the pre-edge
region (11.80 to 11.85 keV), had a step size of 5 eV and dwell time of 2 seconds. The second
segment, the edge region (11.85 to 11.88 keV), had a step size of 0.4 eV and dwell time of 4
seconds. The third segment, the post-edge region, had a step size of 1 eV and dwell time of 3
seconds. Since photo-oxidation of As(III) and photo-reduction of As(V) under the X-ray beam
has been observed in previous studies by Morin et al. (2008) and Arai et al. (2003) respectively,
two consecutive scans of µXANES spectra were repeatedly collected on a specific spot on the
powder samples.
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Arsenic standards (arsenopyrite, arsenolite and scorodite), covering the oxidation states
-1, +3, and +5 respectively, were analyzed and used for fitting the µXANES spectra of the
powder and thin section samples (Table 3.2). The standards were prepared by being ground with
boron nitride (99.9%, 1 µm) and HPLC grade ethanol in a mortar and pestle. Boron nitride was
added to the pure samples of the standards and powder samples to dilute their arsenic content to
~4 wt% As in order to control self-absorption effects during analysis (Walker et al., 2005).
Table 3.2: Standards for µXANES analysis (Walker et al., 2005)
Standards
Chemical
Source
Oxidation state
formula
Scorodite
FeAsO4.2H2O
Laurium, GreeceϮ
+5
Arsenolite
As2O3
J.T. Baker reagent
+3
Arsenopyrite FeAsS
Mina La BufaϮ
-1
Ϯ

Edge position
(keV)
11.8739
11.8700
11.8670

Miller Museum reference, Department of Geology and Geological Engineering, Queen’s University

3.2.5.4. Focused beam analyses
Focused beam analyses were conducted on the powder samples and the thin sections.
Regions of interest on the thin sections that were previously selected using the wide beam XRF
analysis were analyzed by µXRF. µXRF fluorescence maps were collected for As, Fe, Zn, and
Ca, and these maps were used to select spots to be analyzed by µXRD and µXANES. The spots
were selected using elemental correlations of As with Fe, Zn, and Ca, at high and intermediate
intensities of As in order to identify the major As-host phases, and their respective As oxidation
states. Paired correlations were determined by the intensity of each element at each pixel at high
and intermediate As-rich spots. µXRD and µXANES were conducted on the powder samples as
well as selected spots on the thin sections.
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3.2.5.5. Potential limitations
The Horne ETP sludge was stored in a bucket with headspace under ambient conditions.
The sludge was aged for a few months before samples were filtered and dried for the preparation
of powder samples and a thin section for synchrotron microanalysis. Consequently, it is possible
that partial oxidation of the Horne ETP sludge may have occurred during storage prior to
synchrotron microanalysis.

Prior to the preparation of the powder samples and thin sections, the Horne ETP wet
samples were dried under nitrogen to ensure that the As speciation is maintained. In addition,
some of the wet samples were air-dried to evaluate if drying under air had any effect on the As
speciation. The thin section was prepared under ambient conditions and oil was used for the
grinding and polishing stages to prevent the dissolution of soluble phases. µXANES analysis was
repeatedly conducted on the same spot (2 scans for 15 minutes each) in a powder sample to
determine if any change in the As speciation occurred under the X-ray beam.
3.2.5.6. Data treatment
The µXRF elemental maps, comprising the relative elemental photon intensities (counts
per sec), were plotted using the X26A_Plot program. The photon intensities of each element were
proportional to its respective concentration. Fit2D software (Hammersley, 1998) was used to
process the XRD data and convert the 2D images to 1D diffraction patterns (2θ vs. intensity
patterns). The PanAnalytical X’Pert HighScore software package was used for phase
identification by comparison with the reference diffraction patterns in an ICDD Powder
Diffraction File 2010 database. The ATHENA software program (version 0.8.056) was used to
process and analyze the µXANES spectra of the powder samples, thin section and the standards
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(Ravel and Neville, 2005). Pre-edge background subtraction and µXANES normalization were
initially performed on the µXANES spectra. Subsequently, linear combination fitting analysis
was used to fit the combination of the three standards (arsenopyrite, arsenolite and scorodite) to
the unknown spectra of the powder samples and thin section. This approach enabled the
determination of the relative proportions of the oxidation states present in the selected regions and
spots of the powder samples and thin sections.

3.2.6. Phosphate leaching protocol
A phosphate leaching protocol was applied to quantify the relative contribution of
adsorption and precipitation during the Fe(III)-As(III) co-precipitation process at the Horne ETP.
Co-precipitation describes the removal of As by neutralization of acidic As-bearing ferric
solutions while adsorption is the removal of As from acidic As-bearing solutions using presynthesized ferrihydrite. Furthermore, compared to adsorbed As on ferrihydrite, the coprecipitated species have a larger proportion of sites for bidentate arsenate bonding due to the
disruption of the polymerization of ferrihydrite offering an enlarged final ferrihydrite surface area
for bonding (Waychunas et al., 1993). The procedure described by Pantuzzo et al. (2008) was
slightly modified and was performed with a sample of the Horne precipitates. The analysis was
performed using a 0.1 M Na2HPO4/HNO3 (pH 5) solution through three consecutive steps and
carried out in duplicate. 0.5 g of the precipitates was mixed with 50 ml of the 0.1 M
Na2HPO4/HNO3 (pH 5) in an Erlenmeyer flask. The flask was placed on a hot plate and
continuously stirred using a magnetic stirrer bar (200 rpm) at 70˚C for 1 hour. After 1 hour, an
aliquot of 10 ml was drawn and the suspension was vacuum filtered using a 0.45 µm membrane
filter. Two more aliquots were taken after 2 and 3 hours respectively. The total As and Fe
concentrations in the filtrate were determined using ICP-OES.
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3.2.7. Role of lime and zinc on As(III) removal efficiency and stability
3.2.7.1. Batch co-precipitation experiments
Synthetic co-precipitates were prepared from Fe(III)-As(III)-Zn(II) and Fe(III)-As(V)Zn(II) solutions under the conditions presented in Table 3.3. Both Fe(III)-As(III)-Zn(II) and
Fe(III)-As(V)-Zn(II) solutions had an initial Fe:As molar ratio of 4 and Zn:As molar ratio of 1.
The 0.4 M Fe(III) and 0.1 M Zn(II) stock solutions were prepared by dissolving ferric sulphate
pentahydrate (Fe2(SO4)3.5H2O) and zinc sulphate heptahydrate (ZnSO4.7H2O) in distilled water.
The 0.1 M As(III) was prepared by dissolving As2O3 in 0.2 M H2SO4 at 90˚C. The 0.1 M As(V)
stock solution was prepared by dissolving As2O5 in 0.2 M H2SO4. The pH of the Fe(III)-As(III)Zn(II) solution was initially adjusted to pH 4.5 using 2 M NaOH and continuously stirred on a stir
plate for 1 hour at room temperature . After 1 hour, an aliquot of 50 ml was removed for analysis.
Then the pH of the slurry was adjusted to pH 9 using NaOH and continuously stirred for 1 hour.
The slurries (at pH 4.5 and pH 9) were vacuum-filtered using a 0.45 µm membrane filter and the
filtrates were analyzed for As, Fe and Zn using ICP-OES. The solids were washed with distilled
water and dried under ambient conditions. The precipitation procedure was repeated using a
solution mixture of 0.4 M Fe(III) (Fe2(SO4)3.5H2O), 0.1 M Zn(II) (ZnSO4.7H2O) and 0.1 M
As(V) (As2O5) using 2 M Ca(OH)2 as the base, under similar conditions as listed in Table 3.3.
Table 3.3: Batch co-precipitation of synthetic precipitates under ambient conditions
Parameters
Conditions
Fe:As mole ratio
4
Zn:As mole ratio
1
pH
4.5, 9
Base
NaOH; Ca(OH)2
Reaction time
1 hour
Stirring rate
350 rpm
Experimental temperature
25˚C
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3.2.7.2. Stability experiments
In order to assess their stability, the synthetic co-precipitates were subjected to short term
leaching tests including the standard US EPA Method 3111 (Toxicity Characteristic Leaching
Procedure – TCLP test) (US EPA, 1992) and pH 9 leachate test. The TCLP test was conducted to
determine the hazardous nature of the synthetic precipitates. The test was performed using an
extraction fluid of pH 4.93 ± 0.05. The leachant was prepared by adding 5.7 ml of glacial acetic
acid (CH3CH2OOH) and 64.3 ml of 1 M NaOH to 500 ml of distilled water, followed by bringing
the mixture up to 1000 ml with distilled water. The leaching test was conducted by placing 0.5 g
of each co-precipitate with the extraction fluid (solid: liquid ratio of 1:20) in a 250 ml Erlenmeyer
flask. The flasks were continuously shaken in an orbital shaker at 200 rpm for 18 ± 2 hours under
ambient conditions. On completion of the leaching test, the suspensions were vacuum-filtered
using 0.45 µm membrane filters. The pH of the leachates was measured before being analyzed for
Fe, As and Zn using ICP-OES.

The pH 9 leachate test was performed to simulate the behavior of the synthetic precipitates
under relatively alkaline disposal conditions. The pH 9 leachant was prepared by the addition of 1
M NaOH to distilled water until the target pH 9 was attained. Consistent with the TCLP protocol,
0.5 g of each co-precipitate was mixed with the leachant (solid: liquid ratio of 1:20) in a 250 ml
Erlenmeyer flask. The flasks were placed in the shaker and continuously agitated (200 rpm) for
18 ± 2 hours under ambient conditions. On completion of the leaching test, the suspensions were
vacuum-filtered using 0.45 µm membrane filters and the pH of the leachates was measured before
being analysed for Fe, As and Zn using ICP-OES.
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3.2.8. Transformation of ferrihydrite
3.2.8.1. Precipitation tests
Synthetic co-precipitates were prepared from Fe(III)-As(III) and Fe(III)-As(III)-Zn(II)
solutions under the conditions presented in Table 3.4. The Fe(III)-As(III)-Zn(II) solution had an
initial Fe:As molar ratio of 4 and Zn:As molar ratio of 1 while Fe(III)-As(III) solution had an
initial Fe:As molar ratio of 4. The 0.4 M Fe(III) and 0.1 M Zn(II) stock solutions were prepared
by dissolving ferric sulphate pentahydrate (Fe2(SO4)3.5H2O) and zinc sulphate heptahydrate
(ZnSO4.7H2O) in distilled water respectively. The 0.1 M As(III) was prepared by dissolving
As2O3 in 0.2 M H2SO4 at 90˚C.

The pH of Fe(III)-As(III)-Zn(II) solution was adjusted to pH 9 using 2 M NaOH and
continuously stirred on a stir plate for 1 hour at ambient temperature. After 1 hour, an aliquot of
35 ml was removed and vacuum-filtered using a 0.45 µm membrane filter. The filtrates were
analyzed for As, Fe and Zn using Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). The solids were washed with distilled water and dried under ambient conditions. The
same procedure was repeated using the Fe(III)-As(III) solution. The remainder of the Fe(III)As(III)-Zn(II) and Fe(III)-As(III) slurries were divided into two batches, and placed in 250 ml
Erlenmeyer flasks, to be retained for the time-series transformation tests.
Table 3.4: Batch co-precipitation of synthetic precipitates under ambient conditions
Key parameters
Conditions
Fe:As mole ratio
4
Zn:As mole ratio
1
pH
9
Base
2 M NaOH
Reaction time
1 hour
Stirring rate
350 rpm
Temperature
25˚C
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3.2.8.2. Transformation experiments
Time-series transformation experiments were carried out as described by Das et al.
(2011b), using slurries of the Horne ETP and synthetic co-precipitates, at 25˚C and 60˚C under
pH 9 conditions. The experiments were performed at 25˚C to evaluate the kinetics of ferrihydrite
transformation and at 60˚C to accelerate the transformation rate of ferrihydrite as well as facilitate
the formation of more crystalline phases that can be easily identified using the conventional XRD
analysis. A pH of 9 was chosen to simulate the in situ disposal conditions in the Horne Tailings
pond. The Horne ETP slurry (200 ml) was transferred to a 250 ml Erlenmeyer flask and an initial
aliquot of 35 ml was taken out for analysis. The flasks containing the Horne ETP, As(III)-Fh-Zn
and As(III)-Fh slurries were placed in a shaker, and shaken at 200 rpm for 14 days at room
temperature. Additional flasks containing 200 ml of the Horne ETP, As(III)-Fh-Zn and As(III)-Fh
slurries were placed in an incubator shaker, and shaken at 200 rpm and 60˚C for 14 days. The pH
of the slurries (at 25˚C and 60˚C) was regularly monitored and maintained at pH 9 by daily
additions of 0.1 M NaOH. Aliquots of 35 ml were taken from each flask on specific days for
analysis (1, 2, 4, 7 and 14 days). All samples were vacuum-filtered using 0.45 µm membrane
filters and the filtrates were collected for ICP-OES analysis of As, Fe and Zn. The solid samples
were dried in air under ambient conditions. The kinetics of ferrihydrite transformation to
crystalline phases was evaluated by the application of an extraction protocol that selectively
dissolved ferrihydrite. Aliquots of the solid samples collected on day 14 were subjected to a 30
minute extraction using 0.4 M HCl solution at a solid:solution ratio of 0.1 g of solid per 100 ml
to remove any untransformed ferrihydrite (Cornell and Schneider, 1989; Paige et al., 1996). The
concentrations of Fe, As and Zn in the extractant solutions were measured using ICP-OES.
Quantitative analysis of Fe, As and Zn in the solid samples collected on days 0 and 14 was
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performed using aqua-regia digestion (3:1 HCl:HNO3), followed by ICP-OES. 0.5 g of the solids
was digested on a hot plate with 40 ml of aqua-regia. The suspension was heated until 20 ml of
the acid remained and then distilled water was added to adjust the final volume to 50 ml. The
solution was returned to the hot plate to boil. The solution was filtered into a 100 ml volumetric
flask and distilled water was added to adjust to the final volume.

The solids were analyzed using conventional X-Ray Diffraction (XRD) analysis. XRD
analysis was conducted in order to characterize the bulk mineralogy of the aged synthetic and
Horne co-precipitates.

XRD analyses were performed on a Phillips X’Pert Pro MPD

diffractometer fitted with an X’Celerator high speed strip detector (X-ray source: Cu Kα
radiation (Ni filtered) and operating conditions: 45 KV, 40 MA, angle between 3˚- 80˚ 2θ, step
size of 0.02˚, counting time of 10 seconds per step). The PanAnalytical X’Pert HighScore
software package was used for phase identification, using the ICDD Powder Diffraction File 2010
database. Further analysis was performed on the As(III)-Fh-Zn and As(III)-Fh co-precipitates
using a longer counting time of 60 seconds per step to try and identify the poorly crystalline
phases.
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3.3. Results and discussion
3.3.1. Chemical analysis
The chemical composition of the Horne precipitates is presented in Table 3.5. The Fe:As
and Zn:As molar ratios of the precipitates were 3.48 and 1.11 respectively. These results are
consistent with previous studies by Godbehere et al. (1995) who reported that the Fe:As molar
ratio >3 and Fe+Zn:As molar ratio > 4. The high quantities of calcium and sulphur are consistent
with the presence of gypsum.
Table 3.5: Elemental composition of the Horne ETP precipitates
Chemical composition (weight%)
Fe:As
Sample

Fe

As

Zn

Cd

Ca

S

H003

6.40

2.46

2.38

0.38

13.70

12.84

(Fe+Zn):As

molar ratio

molar ratio

3.48

4.59

3.3.2. XRD analysis
XRD analysis of the unwashed Horne precipitates indicated the presence of gypsum
(CaSO4. 2H2O), while the XRD pattern of the washed Horne precipitates showed low intensity
peaks which were assigned to gypsum, and the presence of a poorly crystalline phase (Figure
3.1). The presence of gypsum in the washed precipitates suggests that minor quantities of gypsum
remained in the sample after washing. XRD analysis showed no evidence of any As-bearing or
Zn-bearing phases even though the Horne precipitates contain relatively high quantities of As
(2.46 wt%) and Zn (2.38 wt%).
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Figure 3.1: XRD pattern of the Horne ETP precipitates

3.3.3. Synchrotron-based analysis
Synchrotron-based analyses (µXRF, µXRD and µXANES) were conducted on powder
samples and thin sections of the Horne ETP precipitates and the analyses were conducted on
selected regions of low thickness and low As concentration to minimize self-absorption effects
which would cause anomalies in the µXANES data by inducing the broadening of the peaks
(Walker et al., 2005).

3.3.3.1. µXRF analysis (thin section)
µXRF analysis using an unfocused monochromatic beam was used to determine the
localization of arsenic in selected regions of the thin section. Elemental distribution maps of an
area 8 x 8 mm and pixel size 0.1 x 0.1 mm for As, Fe, Zn and Ca that were obtained by µXRF
analysis of the thin section are presented in Figure 3.2. The intensities for each element are
scaled by assigning light colours to the pixel with the highest intensities and dark colours to the
pixel with the lowest intensities. The pixel intensities are scaled accordingly on a relative linear
scale, located on the right of the maps, according to the elemental counts. The elemental maps
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indicated that the distribution of arsenic is heterogeneous, and all the elements showed a clear and
similar distribution pattern across the area of the thin section. The circled regions are high As hot
spots (region 1- high As; region 2 – high As/Fe; region 3 – high As/Zn; region 4 – high As/Ca;
region 5 – As/Fe/Zn) that were selected for synchrotron-based µXRD and µXANES analysis for
the determination of the mineral phases and As oxidation state respectively. The dark region is an
area of void region stemming from the lifting of the thin section from the silica glass slide.

Elemental correlation plots for As and Fe, Zn and Ca illustrated in Figure 3.3 provided an
interpretation of the relationship between As and each of the three elements Fe, Zn and Ca. For
each pixel, the corresponding value from each two-elemental map is plotted in a correlation plot
where the x and y axes represent the counts for the two different elements. The plots show that
there is a positive linear correlation between As and the three elements Fe, Zn and Ca, suggesting
a mixture of phases are present at each pixel. The Ca/As correlation is probably due to the
presence of gypsum and an As-bearing phase at every pixel. Similarly, the As/Zn correlation
could signify the occurrence of Zn and As bearing phases at every pixel. The Zn/Fe positive
correlation suggests that Zn may be associated with a Fe-bearing phase.
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Region 5
As

Fe

Region 2

Region 1

Zn

Ca

High

Region 3

Low

Region 4

Figure 3.2: Unfocused beam µXRF elemental distribution maps (~8 x 8 mm and pixel size
0.1 x 0.1 mm) for As, Fe, Zn and Ca
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Figure 3.3: Correlation plots between: (a) As/Fe (b) As/Zn (c) As/Ca (d) Zn/Fe, based on
data taken from two elemental maps where the x and y axes represent the
counts for the two different elements

3.3.3.2. µXRD analysis (thin section)
The 2-D µXRD images and integrated µXRD patterns for regions 1 (High As), 2 (High
As/Fe), 3 (High As/Zn), 4 (High As/Ca) and 5 (High As/Fe/Zn) are presented in Figure 3.4 and
Figure 3.5. The mineral phases that were identified are presented in Table 3.6. The 2-D bulk
µXRD images indicate the degree of crystallinity of the phases at the various selected regions,
with the smooth rings signifying the presence of very fine crystallites (nanocrystallites) and the
spotty rings denoting the presence of microcrystallites. The broad rings indicate the presence of
amorphous phases (Walker et al., 2009). Gypsum was identified in all the regions, which is
consistent with the conventional XRD results discussed in Section 3.3.2. The bright spots and
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spotty rings in the 2-D µXRD images patterns suggest that the gypsum exists as discrete coarse
crystallites. A closer examination of the integrated µXRD patterns in Regions 1, 2, 4 and 5
revealed the presence of two broad peaks with d-spacings of 2.9 Å (consistent with the broad
diffraction ring observed in the 2-D µXRD image) and 1.6 Å, indicating the presence of an
amorphous phase, ferric arsenate, which is in agreement with previous ferric arsenate
characterization studies by several researchers (Rancourt et al., 2001; Carlson et al., 2002; Jia et
al., 2006; Le Berre et al., 2007; Paktunc et al., 2008; Walker et al., 2009). This observation is
consistent with the µXANES analysis results which indicated the presence of principally As(V).
The broad peak observed at 4.5 Å is due to beam intensity responding to the volume of epoxy
present in the sample (Walker et al., 2009). Zinc hydroxide was identified in Region 3 (high
As/Zn) and Region 5 (high As/Fe/Zn), suggesting that zinc is precipitated as a hydroxide during
the Horne ETP process.
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Region 1 (High As)
G - Gypsum
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2.9 Å

G
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4.5 Å
2.9 Å
1.6 Å

Region 2 (High As/Fe)

G - Gypsum

G

G

G G G
G

Figure 3.4: 2D µXRD images and integrated µXRD patterns for regions 1 (High As) and 2
(High As/Fe)
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Region 3 (High As/Zn)

G – Gypsum
Z - Zinc hydroxide
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Region 4 (High As/Ca)
G - Gypsum
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4.5 Å
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Region 5 (High As/Fe/Zn)
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Figure 3.5: 2D µXRD images and integrated µXRD patterns for regions 3 (High As/Zn), 4
(High As/Ca) and 5 (High As/Fe/Zn)
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Table 3.6: Mineral phases identified by XRD using the unfocused beam
Region
1 (High As)
2 (High As/Fe)
3 (High As/Zn)
4 (High As/Ca)
5 (High As/Fe/Zn)

Mineral phases
Gypsum (ICDD 21-816)
Ferric arsenate
Gypsum (ICDD 21-0816)
Gypsum (ICDD 21-0816)
Zinc hydroxide (ICDD 41-1359)
Gypsum (ICDD 21-0816)
Ferric arsenate
Gypsum (ICDD 21-0816)
Zinc hydroxide (ICDD 41-1359)
Ferric arsenate

3.3.3.3. µXANES analysis (powder samples and thin section)
Arsenic K-edge µXANES were collected on the powder samples and the thin section
using an unfocused beam. The µXANES spectra of the selected regions in the powder samples
and the thin section were fitted with the spectra of standards using linear combination fitting.
Fitted model spectra of less than 5% were considered negligible as they did not improve the fits
(Walker et al., 2005). Analysis of the µXANES spectra of all the selected regions using linear
combination fitting indicated the presence of mixed oxidation states (As(III) and As(V)), with
As(V) being the predominant As species. The fitted µXANES spectra of the powder samples
(dried under nitrogen and air respectively) are presented in Figure 3.6 and Figure 3.7. The fitted
spectra of the powder samples dried in nitrogen and air indicate the presence of mixed oxidation
states. A comparison of the two spectra suggests that potential oxidation of the As(III) species in
the air-dried Horne ETP powder sample was negligible. Two repeated scans (duration =15
minutes each) conducted on the same spot in a Horne ETP powder sample (dried under nitrogen)
indicated that X-Ray beam-induced photo-oxidation or photo-reduction did not occur during the
analysis (Figure 3.8). µXANES spectra of As hot spots in the thin section (As/Ca; As/Fe; As/Zn;
As/Fe/Zn spots) are presented in Figure 3.9. µXANES analysis was not conducted on Region 1
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(high As) due to potential occurrence of self-absorption. The As(V) content found in the As hot
spots varied over the range 62 – 72%, suggesting that it is present in variable proportions. The
presence of the As(III) species suggests that it is probably bound to ferrihydrite, although this
phase was not identified by µXRD analysis. Godbehere et. al. (1995) reported that As(III) is the
dominant form of As in the Horne ETP sludge but he did not specify his characterization
procedure. It is questionable if the oxidation of the As(III) species occurred during the Horne ETP
precipitation process. Although the oxidation of As(III) to As(V) is thermodynamically possible,
it is not known to occur in oxic conditions without the addition of a catalyst. Furthermore, it has
previously been reported in a number of studies that As(III) oxidation by ferrihydrite does not
occur in batch reactors under ambient conditions, and this is attributed to the fact that As(III)
species does not encounter a large number of Fe(III) sites while being continuously stirred in a
batch reactor system to cause its oxidation (Oscarson et al., 1981; Manning et al., 1998; Greenleaf
et al., 2003). Other studies have reported that As(III) oxidation on ferrihydrite occurs at high
Fe:As molar ratios (>10) and longer reaction times (>24 hours) (Oscarton et al., 1981; Jang and
Dempsey, 2008; Zhao et al., 2011). According to a study by Zhao et al. (2011), the oxidation of
As(III) adsorbed on ferrihydrite occurred at very high Fe:As molar ratios (50-200) in the presence
of oxygen with ferrihydrite acting as the catalyst. Morin et al. (2008) reported that As(III)
adsorbed on ferrihydrite can be oxidized under oxic conditions in the presence of sunlight.
Consequently, it is probable that the high As(V) levels detected in the Horne ETP co-precipitates
were possibly due to the partial oxidation of the Horne ETP sludge during storage, prior to
characterization studies. Partial oxidation may also have occurred due to microbial oxidation
under natural setting. Ona-Nguema et al. (2009) reported no oxidation of As(III) adsorbed on
lepidocrocite without bacteria in the system. Further analysis of the As speciation of the effluent
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before neutralization, as well as the As speciation of the precipitates at the time of sampling is
required before it can be concluded that partial oxidation occurred in the sludge during storage.

Fitted Spectrum = Horne ETP sample dried in N2
As1-= 0.00%
As3+= 24.9%
As5+= 75.6%

Figure 3.6: Results of the best linear combination fits for µXANES spectra of the standards
to the spectra of the Horne ETP powder samples (dried in nitrogen)

Fitted spectrum – Horne ETP sample dried in air
As1- = 4.8%
As3+ = 14.1%
As5+ = 81.1%

Figure 3.7: Results of the best linear combination fits for the XANES spectra of the
standards to the spectra of the Horne ETP powder samples (dried in air)
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(a)

(b)

A direct overlay of two repeated scans

Fitted spectra of scan 1
As1- = 5.6%
As3+ = 45.4%
As5+ = 49%

(c)

Fitted spectra of scan 2
As1- = 5%
As3+ = 40%
As5+ = 55%

Figure 3.8: (a) A direct overlay of two repeated scans (scan 1 and 2) on the same spot in a
Horne ETP powder sample and the results of the best linear combination fits
for µXANES spectra of the standards to the spectra of the repeated scans: (b)
scan 1 and (c) scan 2
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(a)

Fitted spectrum – High As/Ca region
As1- = 0%
As3+ = 32%
As5+ = 68%

(b)

Fitted spectrum - High As/Zn region
As1- = 0%
As3+ = 38%
As5+ = 62%

(c)

Fitted spectrum - High As/Fe region
As-1 = 0%
As3+ = 28%
As5+ = 72%

(d)

Fitted spectrum – High As/Fe/Zn region
As1- = 2%
As3+ = 28%
As5+ = 70%

Figure 3.9: Results of the linear combination fits for µXANES spectra of the standards to
the spectra of regions: (a) Region 2 (As/Fe); (b) Region 3 (As/Zn) (c) Region 4
(As/Ca) and (d) Region 5 (As/Fe/Zn) in the Horne thin section
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3.3.3.4. µXRF analysis (thin section)
µXRF analysis was conducted on Region 2 (high As/Fe spot selected from the elemental
maps in Figure 3.2) using a focused beam. The elemental distribution maps of an area 0.4 mm x
0.4 mm and pixel size 10 µm x 10 µm for As, Fe, Zn and Ca that were obtained by µXRF
analysis of Region 2 are presented in Figure 3.10. In addition, a red-green-blue (RGB) map
which is an overlay of As, Fe and Zn distributions is shown in Figure 3.10. The purple area in the
RGB represents the spatial overlapping of As and Fe. The peach/light brown areas represent the
spatial overlapping of As, Fe and Zn. The dark (black) areas represent areas with no sample. The
relative concentrations of the elements are represented by the scale bar. Map A represents the
overlay of the As, Fe and Zn elemental maps with red, green and blue representing relative As
Ka, Zn Ka and Fe Ka fluorescence intensities respectively.

The correlation plots for As/Fe; As/Zn; As/Ca and Fe/Zn are presented in Figure 3.11.
The correlation plots indicate a positive linear correlation between As and the two elements, Fe
and Zn. There is a positive linear correlation between Fe and Zn. No correlation is observed
between As and Ca, suggesting that As and Ca are not chemically associated as a single phase.
The regions (Spot 1 – High As/Fe [with moderately high Zn levels] and Spot 2 – High As/Zn)
correspond to regions of interest that were selected for µXRD and µXANES analysis.
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As

Fe
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Figure 3.10: µXRF elemental distribution maps (~0.4 x 0.4 mm and pixel size 10 x 10 µm) of
Region 2 (High As/Fe spot) for As, Fe, Zn and Ca. Map A represents an
overlay of the As, Fe and Zn elemental maps with red, green and blue
representing relative As Ka, Zn Ka and Fe Ka fluorescence intensities
respectively.

(a)
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(c)

(d)

Figure 3.11: Correlation plots between: (a) As/Fe; (b) As/Zn; (c) As/Ca and (d) Fe/Zn, based
on data taken from two elemental maps where the x and y axes represent the
counts for the two different elements
3.3.3.5. µXRD analysis (thin section)
The 2D µXRD images and integrated µXRD patterns for spots 1 (High As/Fe) and 2
(High As/Zn) are presented in Figure 3.12. The mineral phases that were identified are presented
in Table 3.7. µXRD analysis of spot 1 (high As/Fe) and spot 2 (high As/Zn) identified franklinite
as the crystalline phase that is present at these high As hot spots. On close examination, the
integrated µXRD patterns confirmed the presence of 2 broad peaks at d-spacings of 2.9 Å and 1.6
Å, which was identified as amorphous ferric arsenate (Rancourt et al., 2001; Carlson et al., 2002;
Jia et al., 2006; Le Berre et al., 2007; Paktunc et al., 2008; Walker et al., 2009)..
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Franklinite, ZnFe2O4, is a spinel that normally forms at high temperatures but has been
reported to form from the dissolution of a ferrihydrite in a Zn2+ bearing solution. Sadiq et al.
(1991) proposed that in soils, Zn2+ is quickly adsorbed by the hydrated iron oxide (ferrihydrite),
and slowly diffuses into the hydrated layer of iron oxides. Once the concentrations of the diffused
Zn2+ reach solubility limits, the Zn2+ reacts chemically with the hydrated iron oxide to form a
zinc-ferrite compound, franklinite. Reddy et al. (1988) studied the solubility relationships of zinc
associated with acid mine drainage and based on their results, the authors suggested that zinc
solubility in acid mine drainage under aerobic unsaturated conditions may be controlled by
franklinite (ZnFe2O4) solid phase. Therefore, based on the µXRD analytical studies and previous
studies by Sadiq et al. (1991) it could be proposed that during the co-precipitation process, Zn is
co-precipitated as zinc-ferric hydroxide (Zn adsorbed onto ferrihydrite), but some of the Zn2+
cations slowly diffuse into the ferrihydrite structure and chemically react with ferrihydrite to form
franklinite. The µXRD results suggest that further analysis using Zn K-edge µXANES is needed
to identify the presence of the zinc-ferric hydroxide phase. Franklinite was detected in both the
high As/Fe and As/Zn spots, which indicates that it is present in regions of high Fe and Zn
concentrations. These findings suggest that the Horne precipitates may contain low levels of
franklinite as it was identified by synchrotron-based µXRD analysis using the focused X-ray
beam, but not under the unfocused beam. It is also possible that franklinite could be detrital from
the AMD used in the precipitation process, and so further analysis is required to determine the
occurrence of franklinite in the overall sample.
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Spot 1(High As/Fe)
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Spot 2 (High As/Zn)
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Figure 3.12: 2D µXRD images and integrated µXRD patterns of the As hot spots: (a) spot 1
(As/Fe) and spot 2 (As/Zn) located in region 2 of the thin section
Table 3.7: Mineral phases identified by µXRD
Spot
Mineral phases
1 (high As/Fe)
Franklinite (ICDD 70-6393)
Ferric arsenate
2 (high As/Zn)
Franklinite (ICDD 70-6393)
Ferric arsenate

3.3.3.6. µXANES analysis (thin section)
Arsenic K-edge µXANES were collected on As hot spots (As/Fe and As/Zn spots) in the
thin section. The µXANES spectra of the standards were fitted with the spectra of the selected As
hot spots (high As/Fe and As/Zn spots) using linear combination fitting. The fitted µXANES
spectra of the As/Fe and As/Zn spots are presented in Figure 3.13. Analysis of the µXANES
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spectra using linear combination fitting indicated the presence of mixed oxidation states, with
As(V) being the predominant species. The presence of the As(III) species suggests that it is
probably bound to ferrihydrite, although this was not identified by µXRD analysis.

(a)

Fitted spectrum – High As/Fe spot
As1- = 1%
As3+ = 21%
As5+ = 79%

(b)

Fitted spectrum – High As/Zn spot
As1- = 4%
As3+ = 12%
As5+ = 84%

Figure 3.13: Linear combination fits for spectra of the standards fitted to the spectra of the
As hot spots: (a) spot 1 (As/Fe) and (b) spot 2 (As/Zn) located in Region 2
(high As/Fe) of the thin section

3.3.4. Estimation of adsorption versus precipitation
A phosphate leaching protocol was applied to an air-dried sample of Horne precipitates to
determine the mechanism of As immobilization in the Horne ETP precipitation process. The As
and Fe extraction yields are shown in Table 3.8. The extracted As from the Horne precipitates is
2.61% of the total As (total As in the precipitates), which indicates that the co-precipitation
mechanism predominates over the surface complexation (adsorption) mechanism. These results
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suggest that the Horne precipitates consist of predominantly a co-precipitated arsenic-bearing
ferrihydrite phase with negligible adsorbed As(III) or As(V) species. The extraction tests were
conducted through three consecutive steps, and in duplicate to counteract the effects of As readsorption and redistribution (Goh and Lim, 2005). The absence of soluble Fe indicates that the
arsenic-bearing ferrihydrite phase was not leached.
Table 3.8: Extracted As(%) and Fe(%) in relation to total As and Fe in the Horne
precipitates
Sample
Horne precipitates
(Fe:As>3)

% As Ext.

% Fe Ext.

2.61
±0.87

0.08
± 0.38

3.3.5. Effect of lime as base and zinc on the As removal efficiency
The final concentrations of Fe, Zn and As of the Fe(III)-As(III)-Zn(II) and Fe(III)-As(V)Zn(II) systems using NaOH and lime as bases are presented in Table 3.9. The residual As
concentrations in solution decreased to <5 mg/L for both the Fe(III)-As(III)-Zn(II) and Fe(III)As(V)-Zn(II) systems at pH 9 and using NaOH and lime as bases. Co-precipitation with lime as
neutralizing agent yielded lower residual As concentrations in solution than with NaOH. Lime
increases the As removal efficiency for both As(III) and As(V) bearing systems probably due to
the adsorption of Ca(II) by ferrihydrite reduced the negatively charged surface, and favouring the
adsorption of the anionic As species (Dzombak and Morel, 1990; Wilkie and Hering, 1996;
Jambor and Dutrizac, 1998; Jia and Demopoulos, 2008).

Zinc was previously deemed to contribute to the retention of arsenic in the Horne ETP
process (Godbehere et al., 1995). However, studies by Nishimura et al. (1991) have shown that
zinc arsenite begins to precipitate at pH 6, suggesting that zinc does not take part in the fixation
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of As(III) in the Horne ETP process.. The results in Table 3.10b indicate that most of the Zn is
precipitated out of solution at pH 9 in the presence of excess ferric iron. Therefore, it is probable
that Zn plays an important role in the co-precipitation process in both the Fe(III)-As(III) and
Fe(III)-As(V) systems by acting as a buffer and enhancing the stability of the ferrihydrite
contained in the co-precipitates by retarding its rate of transformation (Jambor and Dutrizac,
1998).

Table 3.9: Final concentrations of Fe, As and Zn in the filtrates at (a) pH 4.5 and (b) pH 9
Sample

(a)

Fe(III)-As(III)-Zn(II)
Fe:As= 4; Zn:As=1 [NaOH]

[Fe] mg/L
pH 4.5

[As] mg/L
pH 4.5

[Zn] mg/L
pH 4.5

2.37 ± 0.89

109.23 ± 12.63

1679.66 ± 35.59

‡

<DL‡

64.83 ± 7.03

1613.33 ± 56.88

Fe(III)-As(III)-Zn(II)
Fe:As= 4; Zn:As=1 [Ca(OH)2]

DL denotes below detection limit. †Fe(III)-As(III)-Zn(II) [Ca(OH)2] system simulates the Horne ETP process at pH
4.5

Sample

(b)

[As] mg/L
pH 9

[Zn] mg/L
pH 9

Fe(III)-As(III)-Zn(II)
Fe:As= 4; Zn:As=1 [NaOH]

1.11 ± 0.37

1.68 ± 0.50

0.14 ± 0.18

Fe(III)-As(III)-Zn(II)
Fe:As= 4; Zn:As=1 [Ca(OH)2]

0.55 ± 0.18

1.13 ± 0.16

0.13 ± 0.28

Fe(III)-As(V)-Zn(II)
Fe:As= 4; Zn:As=1 [NaOH]

0.36

4.53

0.10

0.14

1.47

<DL‡

Fe(III)-As(V)-Zn(II)
Fe:As= 4; Zn:As=1 [Ca(OH)2]

‡

[Fe] mg/L
pH 9

DL denotes below detection limit. †Fe(III)-As(III)-Zn(II) [Ca(OH)2] system simulates the Horne ETP process at pH 9

3.3.6. Short term stability tests
The results of the TCLP and the pH 9 leachate tests are presented in Tables 3.10 and
3.11. Figure 3.14 shows the As concentrations and final pH of the leachates of the synthetic co84

precipitates. Under the TCLP conditions, the As(V)-bearing co-precipitates are more stable than
the As(III)-bearing co-precipitates. The most stable co-precipitate was As(V)-Fh-Zn4, which
yielded an arsenic leachability of 5.94 mg/L. Its high stability is attributed to the fact that the
lowest solubility for As(V)-Fh lies in the pH range 3-5 (Krause and Ettel, 1989; Riveros et al.,
2000). The Ca(OH)2 neutralized co-precipitates (As(III)-Fh-Zn2 and As(V)-Fh-Zn4) exhibited
lower TCLP As leachability levels compared to those of the NaOH neutralized co-precipitates,
suggesting that the use of lime as base enhanced their stability, possibly due to the adsorption of
Ca(II) by ferrihydrite reduced the negatively charged surface, and favouring the adsorption and
retention of the anionic As species (Harris and Monette, 1988; Dzombak and Morel, 1990; Emett
and Khoe, 1993; Harris and Krause, 1993; Wilkie and Hering, 1996; Jambor and Dutrizac, 1998;
Jia and Demopoulos, 2008).

The dissolution of As in the As(III)-Fh-Zn1 and As(III)-Fh-Zn2 co-precipitates suggests
that the As(III)-Fh bearing precipitates are unstable under pH 5 conditions. The TCLP leachates
of the As(III) and As(V)-bearing co-precipitates are all above the TCLP threshold limit of 5 mg/L
for As, indicating that all the co-precipitates would need to be disposed of as hazardous waste.
The final pH of the TCLP leachates ranged from 6.38 – 6.96.

Under pH 9 leachate conditions, As(III)-Fh-Zn2 was the most stable co-precipitate with
an As leachability of 7.51 mg/L. As(V)-Fh-Zn3 had significantly higher As release compared to
As(III)-Fh-Zn1. The lower As mobilization of the Ca(OH)2 neutralized co-precipitates (As(III)Fh-Zn2 and As(V)-Fh-Zn4) compared to the NaOH neutralized co-precipitates (As(III)-Fh-Zn1
and As(V)-Fh-Zn3) suggests that they are more stable under in the presence of calcium. This
observation was attributed to the presence of gypsum, which enhances As retention capacity on
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ferrihydrite. The final pH of the pH 9 leachates ranged from 7.44 to 8.34. The TCLP and pH 9
leachate test results indicate that As(III)-Fh-Zn2 is more stable under high pH conditions.
Table 3.10: As concentrations in the TCLP (pH 5) leachates
Sample ID
As(III)-Fh-Zn1

Sample
Fe(III)-As(III); Fe:As= 4; Zn:As=1 [NaOH]

As (mg/L)
20.80 ± 6.04

As(III)-Fh-Zn2†

Fe(III)-As(III); Fe:As= 4; Zn:As=1 [Ca(OH)2]

12.00 ± 3.91

As(V)-Fh-Zn3

Fe(III)-As(V); Fe:As= 4; Zn:As=1 [NaOH]

11.00 ± 2.90

As(V)-Fh-Zn4

Fe(III)-As(V); Fe:As= 4; Zn:As=1 [Ca(OH)2]

5.94 ± 1.60

†As(III)-Fh-Zn2 simulates the Horne co-precipitates

Table 3.11: As concentrations in the pH 9 leachates
Sample ID
As(III)-Fh-Zn1

Sample
Fe(III)-As(III); Fe:As= 4; Zn:As=1 [NaOH]

As (mg/L)
16.30 ± 3.5

As(III)-Fh-Zn2†

Fe(III)-As(III); Fe:As= 4; Zn:As=1 [Ca(OH)2]

7.51 ± 1.62

As(V)-Fh-Zn3

Fe(III)-As(V); Fe:As= 4; Zn:As=1 [NaOH]

90.10 ± 14.23

As(V)-Fh-Zn4

Fe(III)-As(V); Fe:As= 4; Zn:As=1 [Ca(OH)2]

8.64 ± 2.46
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†As(III)-Fh-Zn2 simulates the Horne co-precipitates
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Figure 3.14: Comparison of the As concentrations and the final pH of the TCLP (pH 5) and
pH 9 leachates for As(III)-Fh-Zn1; As(III)-Fh-Zn2; As(V)-Fh-Zn3 and As(V)Fh-Zn4
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3.3.7. Ferrihydrite transformation
3.3.7.1. Phase characterization
The bulk XRD patterns of the co-precipitates before and after the time series
transformation tests are presented in Figure 3.15. The XRD patterns at day 0 represent the
samples that were removed before the transformation tests were performed. XRD analysis of the
aged Horne ETP and synthetic co-precipitates (As(III)-Fh and As(III)-Fh-Zn) showed no
evidence of any crystalline Fe-bearing phases (goethite or hematite), indicating that the
transformation of the precipitate assumed to be amorphous ferrihydrite was negligible during
aging for 14 days at 25˚C and 60˚C. Gypsum was the only phase identified in the aged Horne
ETP co-precipitates. The absence of goethite and hematite in the Horne ETP co-precipitates
suggests that the presence of adsorbed As(III) and Zn(II) act to inhibit ferrihydrite transformation.
The presence of adsorbed arsenite and zinc is known to have an inhibitory effect on the
transformation of ferrihydrite to more crystalline phases (Cornell, 1988; Martinez and McBride,
1998).

The aged As(III)-Fh and As(III)-Fh-Zn co-precipitates exhibited similar broad and
diffuse spectra, indicating the presence of a poorly crystalline mineral phase. However, the poorly
crystalline nature of the phases contained in the As(III)-Fh and As(III)-Fh-Zn co-precipitates
made definitive identification difficult. Further investigation that was performed using longer
analytical count times produced XRD patterns with two broad peaks at the 2θ positions of ~34˚
and ~61˚, corresponding to the characteristic peaks of 2-line ferrihydrite (Jia et al., 2006) (see
Figure 3.16). The absence of goethite and hematite suggests that the presence of adsorbed As(III)
inhibited the transformation of ferrihydrite in As(III)-Fh-Zn and As(III)-Fh co-precipitates.
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Furthermore, the presence of Zn(II) may have contributed to the retardation of ferrihydrite
transformation in As(III)-Fh-Zn (Cornell, 1988; Martinez and McBride, 1998).
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Figure 3.15: Time series transformation phases of the co-precipitates aged for 0, 7 and 14
days at pH 9 (a) Horne ETP at 25˚C (b) Horne ETP at 60˚C (c) As(III)-Fh-Zn
at 25˚C (d) As(III)-Fh-Zn at 60˚C (e) As(III)-Fh at 25˚C (f) As(III)-Fh at 60˚C.
G denotes the gypsum peaks.
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Figure 3.16: Time series transformation phases of the co-precipitates aged for 0, 7, and 14
days at pH 9 (a) As(III)-Fh-Zn (b) As(III)-Fh, using longer count times during
XRD analysis

3.3.7.2. Ferrihydrite transformation kinetics
Table 3.12 summarizes the residual concentrations of Fe, As and Zn in the filtrates
following the time-series transformation tests conducted over a period of 14 days at pH 9 and
fixed temperatures of 25˚C and 60˚C. Compared to As(III)-Fh-Zn co-precipitates, As solubility
was generally lower for the Horne ETP co-precipitates, which could be due to the presence of
gypsum. Accordingly, the presence of As(III), Zn(II) and gypsum in the Horne ETP coprecipitates appear to strongly inhibit the transformation rate of ferrihydrite, which is consistent
with the results obtained from XRD analysis. Similarly, As was released from the As(III)-Fh-Zn
co-precipitates to a lesser extent than from the As(III)-Fh co-precipitates, suggesting that the
presence of Zn(II) had a retarding effect on the transformation of ferrihydrite. For both As(III)Fh and As(III)-Fh-Zn, co-precipitates, incongruent release of As and Fe occurred at 25˚C and
60˚C, and gradually increased with aging. This observation is probably attributable to the onset of
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ferrihydrite transformation to hematite, even though no Fe-bearing crystalline phases were
identified by XRD analysis. The higher As release, observed at 60˚C compared to that of 25˚C,
suggests that the transformation rate of ferrihydrite is enhanced with increasing temperature. The
Zn concentrations in the filtrates of the Horne ETP and As(III)-Fh-Zn co-precipitates generally
remain constant throughout the aging tests. However, the Fe concentrations of the filtrates for all
the As(III)-Fh and As(III)-Fh-Zn co-precipitates suddenly increase following 14 days of aging at
60˚C due to the dissolution of ferrihydrite. The transformation kinetics of ferrihydrite in the aged
solid samples to crystalline phases were monitored by a selective extraction protocol, using 0.4 M
HCl solution. The application of the selective protocol on the solid samples aged for 14 days
resulted in the complete dissolution of the solids, which indicated that transformation of
ferrihydrite to crystalline phases did not occur.
Table 3.12: The concentrations of Fe, As and Zn in the filtrates of time-series
transformation tests conducted at 25˚C and 60˚C
Sample
Horne
[As(III)-Fh-Zn]
[Ca(OH)2 as base]
Fe:As = 3.98‡
Zn:As= 0.64‡

Temperature
25˚C

Time (days)
Fe (mg/L)
0
0.12
1
0.17
7
0.27
14
0.31
60˚C
0
0.12
1
0.17
7
0.07
14
0.45
As(III)-Fh-Zn
25˚C
0
0.14
[NaOH as base]
1
0.29
Fe:As = 3.69‡
7
0.04
Zn:As = 0.47‡
14
0.10
60˚C
0
0.14
1
0.18
7
0.52
14
1.33
As(III)-Fh
25˚C
0
0.13
[NaOH as base)]
1
0.26
Fe:As=3.49‡
7
0.25
14
0.23
60˚C
0
0.13
1
0.19
7
0.80
14
1.45
‡
Fe:As denotes Fe/As molar ratio and ‡Zn:As denotes Zn:As molar ratio.
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As (mg/L)
3.57
0.44
0.08
0.54
3.57
0.00
0.00
0.05
1.07
1.54
1.67
2.07
1.07
3.14
6.88
11.6
5.72
2.37
3.45
3.14
5.72
4.62
9.63
15.9

Zn (mg/L)
0.26
0.61
0.56
0.45
0.26
0.25
0.33
0.28
0.26
0.44
0.40
0.32
0.26
0.46
0.29
0.67

Paige et al. (1996) measured the transformation of ferrihydrite using a diagnostic
leaching method and his findings revealed that As dissolution was a function of ferrihydrite
transformation at As:Fe molar ratio >1. These tests were conducted at higher Fe:As molar ratios
of 3 to 4 and the As dissolution was found to be a function of ferrihydrite transformation.
Consequently, As dissolution can also be used to estimate the stability of the co-precipitates.

The transformation kinetics of ferrihydrite in the co-precipitates at 25˚C and 60˚C under
pH 9 conditions was quantified using the first-order reaction equation (Equation 3.1):

(3.1)

where [A]t is % ferrihydrite remaining at time t; [A]0 is the initial % ferrihydrite (100%); k= rate
constant (h-1); t = time (h). The first-order transformation rate constants of ferrihydrite in the
presence of adsorbed As(III) were determined using equation 3.1 and are presented in Table 3.14.
The data in Table 3.13 indicates that the rate constant (k) values for ferrihydrite transformation
increase markedly with increasing temperature. Comparison of the reaction rate constants of the
Horne ETP and As(III)-Fh-Zn suggests that gypsum has an inhibiting effect on the transformation
of ferrihydrite.
Table 3.13: First-order reaction rate constants for ferrihydrite transformation at 25˚C
and 60˚C for As(III)-Fh, As(III)-Fh-Zn and Horne co-precipitates
Sample

k60

k25

As(III)-Fh (Fe:As = 3.49‡)

6.37E-05

9.13E-07

As(III)-Fh-Zn (Fe:As = 3.69‡)

7.27E-05

6.19E-07

1.50E-06

9.33E-06

‡

Horne (Fe:As = 3.98 )
‡

Fe:As denotes Fe/As molar ratio

91

According to the results in Table 3.13, the transformation rate of ferrihydrite is dependent
on temperature, which indicates that the adsorption reactions for the adsorption of As(III) by
ferrihydrite are temperature dependent (Moore and Pearson, 1981). The temperature dependence
of the rate is given by the Arrhenius equation (Equation 3.2):

(3.2)

where k is the rate constant, A is the pre-exponential factor (frequency factor), Ea is the
Arrhenius activation energy at pH 9, R is the universal gas constant and T is the absolute
temperature. By substitution and rearrangement:

(3.3)

The activation energy (Ea) of As(III)-Fh at pH 9 was derived using the data in Table 3.14
and it was found to be 110 kJ/mol, similar to findings by Das et al. (2011b). The Horne tailings
are stored in in-situ relatively alkaline (pH 9), oxic conditions at 10˚C. Based on these storage
conditions, the reaction rate constant (k10) for the transformation rate of ferrihydrite in the coprecipitates (As(III)-Fh, As(III)-Fh-Zn and Horne) at pH 9 and 10˚C was determined using
Equation 3.3 and is presented in Table 3.14. Using Equation 3.1, the predicted times required for
the transformation of 10%, 50%, and 99% ferrihydrite contained in the co-precipitates, under
such conditions was determined and are illustrated in Table 3.14 and Figure 3.17. Based on the
data presented in Table 3.14, it is speculated that the in-situ transformation rate of ferrihydrite in
the Horne co-precipitates will be extremely slow under disposal conditions of pH 9 and 10˚C, and
the co-precipitates will remain stable for thousands of years. The inhibited rate of ferrihydrite
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transformation is probably due to the presence of adsorbed As(III) (Fe:As=3.5) and Zn(II). In
addition, the transformation tests suggest that the stability of the Horne co-precipitates could also
be attributed to the dilution of the As-bearing residues with high quantities of gypsum and zinc
hydroxide and their additional buffering effect. Th Horne co-precipitates contains other
contaminants such as copper and cadmium, which are typically present in minor amounts and
therefore does not make a significant difference.
Table 3.14: First-order reaction rate constants for ferrihydrite transformation at 10˚C and
60˚C at pH 9, for As(III)-Fh, As(III)-Fh-Zn and Horne co-precipitates
Duration of ferrihydrite
transformation (years)

Rate constants (hr-1)
Sample
k60
As(III)-Fh (Fe:As = 3.49‡)
‡

As(III)-Fh-Zn (Fe:As = 3.69 )
‡

Horne (Fe:As = 3.98 )
‡

k10

10%

50%

99.9%

6.37E-05

5.00E-07

24

158

1052

7.27E-05

5.69E-07

21

139

924

1.50E-06

1.18E-08

1021

6719

44639

Fe:As denotes Fe/As molar ratio
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Figure 3.17: Predicted times for the 10, 50 and 99% transformation of ferrihydrite
contained in the Horne, As(III)-Fh-Zn and As(III)-Fh co-precipitates at pH 9
and 10˚C
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Warner and Rowson (2007) investigated the characteristics of aged sediments from the
JEB Uranium Tailings Management Facility at Areva’s McClean Lake Operation in the Athabas
ca Basin of northern Saskatchewan using synchrotron-based µXANES analysis. Their studies
indicated that in the sediments that had aged for a 4-year period, the As(III) and As(-1) species
had decreased from 31% to 9% and 8% to 0% respectively, while the As(V) had increased from
66% to 91% (Figure 3.18). Extrapolation of the As(III) and As(V) lines in Figure 3.18 to zero
sediment age indicates that the residues potentially contained ~70 - 80% As(III) and ~20 - 30%
As(V) species. Their results suggest that under the prevailing redox conditions in the tailings
pond, As(III) is being oxidized to As(V). However, the authors did not explain the oxidation
mechanism of the As(III) species.

The JEB ETP process is quite similar to the Horne ETP process in that its weak acid
effluent contains both As(III) (67%) and As(V) (33%) species, which are both immobilized by
the addition of Fe(III) (Fe:As molar ratio≥3) and neutralization using lime to pH 4 (99% As
precipitated), and subsequently to pH 7-8 where the residual As is reduced to <1 mg/L (Mahoney
et al., 2005; Mahoney et al., 2007). Therefore, it is postulated that under actual disposal
conditions, the As(III) species contained in the nanocrystalline Horne ETP co-precipitates is
gradually oxidized to As(V) by Fe(III) over time, and concurrently Fe(III) is reduced to Fe(II)
resulting in the formation of Fe(II)-Fe(III)-As(V) phase which is also stable at pH 9. However, it
must be noted that the process chemistry of the Horne ETP and JEB ETP and their respective cocontaminants are may be very different, and consequently further work is required to investigate
if the gradual oxidation of the As(III) species in Horne ETP co-precipitates by excess Fe(III) to
form a Fe(II)-Fe(III)-As(V) phase takes place.
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Figure 3.18: Relative As oxidation state plotted against the tailings sediment age
(Warner and Rowson, 2007)
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3.5. Conclusions
This study focused on the mineralogical characterization of the Horne precipitates in order
to understand the mechanism of arsenic retention during the Horne ETP precipitation process.
In addition, the long term stability of the Horne ETP co-precipitates was investigated by
determining the transformation rate of ferrihydrite in the presence of adsorbed As(III) under
relatively alkaline disposal conditions (pH 9), with the aim of understanding the effect of aging
on the characteristics and stability of the Horne co-precipitates under actual in-situ disposal
conditions.

Conventional XRD analysis demonstrated that the Horne ETP precipitates contained
gypsum, but showed no evidence of any As-bearing phases probably due to their poorly
crystalline nature. Synchrotron-based µXRD analysis identified ferric arsenate (HFA), gypsum,
zinc hydroxide and franklinite as the major phases in the Horne ETP precipitates. Synchrotronbased µXANES spectra indicated a mixture of As(III) and As(V) in the Horne ETP precipitates,
with As(V) being the predominant species. These results are inconsistent with previous studies by
Godbehere et al. (1995). These authors reported that As(III) was the major species present in the
Horne precipitates, but did not publish their characterization studies. It is possible that the higher
As(V) levels could have resulted from partial oxidation of the Horne ETP sludge during storage,
prior to characterization studies. The As(III) species identified by µXANES analysis is probably
associated with ferrihydrite, but an As(III)-bearing ferrihydrite phase (arsenical ferrihydrite) was
not identified by µXRD analysis. The application of a phosphate leaching protocol supported that
the mechanism of arsenic fixation at the Horne ETP was predominantly by co-precipitation.
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Characterization of the aged co-precipitates obtained from the time-series transformation
experiments showed no evidence of any crystalline Fe-bearing phases, indicating that the
transformation of ferrihydrite was negligible after 14 days of aging. Gypsum was the only phase
identified in the aged Horne solid samples. The absence of goethite and hematite in the aged
Horne solid samples suggests that the transformation of ferrihydrite was inhibited by the presence
of adsorbed As(III) and Zn(II). The bulk XRD patterns of the synthetic As(III)-Fh and As(III)-FhZn solid samples, after 14 days of aging, revealed broad and diffuse patterns, indicating the
presence of a poorly crystalline mineral phase. Further investigation using longer analytical count
times indicated the presence of 2-line ferrihydrite.

Kinetic measurements indicated that the transformation of ferrihydrite increased
markedly with increasing temperature and decreasing Fe:As molar ratio. Based on first order rate
reactions, it was predicted that the ferrihydrite contained in the Horne ETP co-precipitates
currently disposed of in the in-situ conditions of pH 9 and 10˚C, will remain stable for thousands
of years (10% conversion after 1021 years; 50% conversion after 6719 years; and 99%
conversion after 44,640 years) due to the presence of adsorbed As(III) as well as other adsorbed
cations including Zn(II). Furthermore, zinc hydroxide and gypsum stabilize ferrihydrite by
buffering its transformation. Characterization studies of the aged sediments from the JEB tailings
facility (Northern Saskatchewan) by Warner and Rowson (2007) have shown that As(III) is
oxidized to As(V) under the prevailing anoxic conditions in the tailings pond. Their findings
suggest that the As(III) species may undergo gradual oxidation, it is postulated that under actual
disposal conditions, the As(III) species contained the nanocrystalline Horne ETP co-precipitates
is gradually oxidized to As(V) by excess Fe(III) over time, and concurrently Fe(III) is reduced to
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Fe(II) resulting in the formation of an Fe(II)-Fe(III)-As(V) phase which is also stable at pH 9.
However, it must be noted that the process chemistry of the Horne ETP and JEB ETP and their
respective co-contaminants are may be very different, and consequently further work is required
to investigate if the gradual oxidation of the As(III) species in Horne ETP co-precipitates by
excess Fe(III) to form a Fe(II)-Fe(III)-As(V) phase takes place.

The removal of arsenic from the weak acid and dust treatment bleed effluents poses a
major concern for copper smelters due to the technical challenges and high costs encountered in
fixing arsenic into an environmentally acceptable form. Any new roaster or smelter will need to
consider a suitable disposal option for the fixation of arsenic from its weak acid effluents into an
environmentally acceptable form. The treatment of the weak acid effluents at copper smelters
involves the formation of high As-bearing residues that need to be disposed of as hazardous waste
regardless of their stability as measured by TCLP or other testing protocols. Based on this view,
the best treatment practice is one that minimizes the volume of the high As-bearing residues for
disposal rather than the option with the highest stability. From an economic point of view, the
cost of As fixation is equivalent to the total cost of As precipitation and the disposal of the As
precipitate as a hazardous waste. Selecting the best disposal method of As precipitation and
disposal is a very complex decision that is very site-specific. Although stability protocols are
useful as a preliminary test for the evaluation of the short term stability of the wastes under
specific test conditions, future smelters and roasters will select their disposal options based on the
precipitation and disposal costs, and not on the stability of the residue in relation to the applied
stability protocol.
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Chapter 4
Tooeleite precipitation and transformation
4.1. Introduction
Arsenic is a major contaminant in effluents resulting from the roasting and smelting of
arsenic-bearing copper concentrates. Due to its high toxicity, arsenic needs to be removed and
disposed of in an environmentally acceptable manner. Various treatment practices are used by
copper smelters for the removal and disposal of arsenic from weak acid effluents, of which the
most widely used method involves co-precipitation with ferric iron (Fe:As molar ratio> 3) and
lime neutralization to form arsenical ferrihydrite [As(V)-bearing ferrihydrite: As(V)-Fh] (Harris,
2003). Furthermore, As(V)-Fh has been designated as the Best Demonstrated Available
Technology (BDAT) by the US Environmental Protection Agency (US EPA) for the removal of
arsenic from acidic mineral processing effluents (Riveros et al., 2001; Twidwell et al., 2008).
However, this treatment option is associated with the generation of high volumes of sludge, high
iron demand, low As content (6 wt%) and the need to oxidize the As(III) species to As(V) prior to
precipitation. In addition, the long term stability of As(V)-Fh has been the subject of concern due
to the likelihood that the ferrihydrite contained in the As(V)-Fh will transform to goethite and
finally hematite thereby releasing arsenic into solution (Robins, 1983; Robins et al., 1988; Robins
and Jayaweera, 1992). In addition, As(V)-Fh may be reduced under anoxic environments
resulting in the reductive dissolution of ferrihydrite or As(V) and the mobilization of arsenic
(McCreadie et al., 2000; Pederson et al., 2006).
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Scorodite (FeAsO4.2H2O) is generally regarded as the most suitable disposal option for
the fixation of As due to its high arsenic removal efficiency, high arsenic content (30 wt%), low
iron requirements (Fe:As molar ratio =1), and low solubility in the pH range 2.8 to 5.3. In
addition, scorodite has good settling and filtration properties due to its crystalline nature (Filippou
and Demopoulos, 1997; Riveros et al., 2001; Demopoulos et al., 2003). However, this disposal
option is associated with high capital costs due to the use of autoclaves (170-200 ˚C and O2
overpressure = 2000 kPa), and has a limited stability range (pH 2.8 to 5.3) (Krause and Ettel,
1989; Swash and Monhemius, 1994; Filippou and Demopoulos, 1997; Riveros et al., 2001;
Demopoulos et al., 2003; Paktunc et al., 2008). Demopoulos and co-workers (Demopoulos 1996;
Demopoulos et al., 1994; Demopoulos et al., 1995; Droppert et al., 1996; Filippou and
Demopoulos, 1997; Demopoulos et al., 2003) developed a new process for the fixation of arsenic
from metallurgical weak acid effluents by atmospheric precipitation of scorodite at 95˚C under
ambient pressure and supersaturation-controlled conditions. This process is associated with lower
capital costs than High Temperature Pressure Oxidation (HTPOX) and is independent of process
scale but has not yet been applied commercially (Droppert et al., 1996; Filippou and
Demopoulos, 1997). In addition, scorodite may decompose under anoxic conditions, by CO2
carbonation or in the presence of reducing bacteria (Robins, 1981; Rochette et al., 1988;
Cummings et al., 1999; Riveros et al., 2001; Papassiopi et al., 2003). Therefore, there is an
incentive to investigate an alternative disposal option with low solubility, low iron requirements,
high arsenic removal efficiency and good filtration properties that can be utilized by copper
smelters for the removal and disposal of arsenic from weak acid effluents.
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Tooeleite, a ferric arsenite sulphate hydrate (6Fe2O3.5As2O3.2SO3.12H2O), has been
proposed as a potential disposal option for removal and immobilization of the As(III) species
from weak acid effluents (Nishimura and Robins, 2008). Tooeleite could be considered as the
As(III) equivalent of scorodite which is regarded by industry as the most suitable medium for
arsenic disposal. Tooeleite has a high arsenic content (25 wt%), high arsenic removal efficiency,
a low iron demand (Fe:As molar ratio =1.2) and precipitates easily under ambient conditions
(Nishimura and Robins, 2008). Furthermore, natural tooeleite found in the waste dumps of a
former As-bearing gold mine (US Mine) at Gold Hill, Tooele County, Utah has retained its
stability despite undergoing severe weathering conditions over time, probably due to its
crystalline nature. Despite being proposed as a potential disposal option, very little information is
available on tooeleite (Cesbron and Williams, 1992; Nishimura and Robins, 2008). The physical
characteristics and chemistry of tooeleite were first described by Cesbron and Williams (1992),
who

proposed that

tooeleite

was

an

As(V)

mineral

with the

chemical

formula

Fe8(AsO4,(SO4)6(OH)6·5H2O and an Fe/As ratio of 1.33. µXANES investigation of sediments
from the acid mine drainage of the former Carnoules Mine in France conducted by Morin et al
(2003) indicated that As species found in tooeleite is As(III). Morin et al (2007) determined that
tooeleite has a monoclinic crystal structure, via the characterization of a natural sample from the
US Mine waste dumps in Tooele County using a combination of high resolution synchrotron
XRD and refined Rietveld techniques. The authors proposed tooeleite to have the chemical
formula, Fe6(AsO3)4(SO4)(OH)4·4H2O and an Fe:As ratio of 1.5. Huang et al., (2008) reported an
estimated free energy of formation of tooeleite to be -1240.903±1.407 kcal/mole, according to the
chemical formula suggested by Morin et al. (2003). Recently, Nishimura and Robins (2008)
investigated the synthesis of nano-crystalline tooeleite from sulphate-based Fe(III)-As(III)
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bearing weak acid solutions. Bulk XRD and TGA techniques were employed to characterize the
nature of the synthetic precipitates. XRD analysis of the precipitates indicated that their XRD
spectra were similar to that reported by Cesbron and Williams (1992) for tooeleite. Their
characterization studies confirmed that tooeleite is an As(III) compound, with the chemical
structure 6Fe2O3.5As2O3.2SO3.12H2O and an Fe/As ratio of 1.2. The authors reported that
synthetic tooeleite is stable between pH 2 to 3.5, and will transform to arsenical ferrihydrite
(As(III)-Fh) above pH 3.5. However, their study did not evaluate the stability of tooeleite. Since
tooeleite is stable in the pH range 2 to 3.5, it would need to be deposited in a lined pond with
ongoing monitoring and maintenance of acid conditions. Tooeleite has been identified in the
tailings of two former As-bearing gold mines (Montague and Oldham) in Nova Scotia (Walker et
al., 2009; DeSisto et al., 2011).

It is widely regarded that As-bearing residues with a high degree of crystallinity are
generally stable and have a low As solubility. High temperature precipitation has been used for
the formation of more crystalline As-bearing phases and previous studies have shown that high
temperature precipitation generally results in the formation of As-bearing residues with higher
crystallinity and lower solubility compared to those obtained at ambient temperature (Ugarte and
Monhemius, 1992; Monhemius and Swash, 1999; Singhania et al., 2005).

The main objective of this study was to investigate tooeleite as a potential phase that can
be utilized for the removal and immobilization of arsenic from copper smelter weak acid effluents
by: (i) investigating the precipitation of tooeleite from Fe(III)-As(III) bearing weak acid solutions
under the following varying parameters: Fe:As ratio; pH; temperature and neutralizing agent (ii)
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characterizing the synthetic tooeleite precipitates produced under different precipitation
conditions using conventional and synchrotron-based analysis (iii) determining the stability of the
synthetic tooeleite precipitates produced under different precipitation conditions using the US
EPA Toxicity Characteristic Leaching Procedure (Method 1311) and long term leaching tests and
(iv) investigating the high temperature precipitation of tooeleite at 60˚C and 95˚C using sodium
hydroxide and lime as the neutralizing agents.
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4.2. Materials and methods
4.2.1. Batch co-precipitation
Tooeleite was synthesized using the procedure that is described by Nishimura and Robins
(2008). The synthesis of tooeleite precipitates was conducted using analytical reagent grade
chemicals and the experimental conditions summarized in Table 4.1. An As(III) stock solution
was prepared by the dissolution of As2O3 in 0.1 M H2SO4 at 90 ˚C. 0.1 M Fe(III) was prepared by
dissolving Fe2(SO4)3.5H2O in distilled water. The pH was adjusted by the addition of 2 M NaOH
to the target pH value (1.7; 1.9; 2; 2.3; 2.5; 2.7; 3; 4; 6; 8; 10 respectively), while being
continuously agitated. The pH was monitored and maintained at the desired target pH value for 1
hour. An aliquot of 30 ml was removed after 1 hour and vacuum-filtered using 0.45 µm
membrane filter paper. The filter cake was washed with distilled water and then dried under
ambient conditions. The filtrates were analyzed for As and Fe concentration using ICP-OES.
Tooeleite was synthesized using the same procedure with Ca(OH)2 as the neutralizing agent since
lime is the preferred base used for the neutralization and removal of arsenic from copper smelter
weak acid effluents due to its relatively low cost (Jia and Demopoulos, 2008).
Table 4.1: Experimental conditions for the synthesis of tooeleite under ambient conditions
Parameters
Fe(III)/As(III) molar ratio
Initial pH
Final pH
Experimental temperature
Neutralizing agent
Stirring rate (rpm)
Reaction time (hours)

Process conditions
1.0
1.5
1.7; 1.9; 2; 2.3; 2.5; 2.7; 3; 4; 6; 8; 10
25˚C
2 M NaOH; 2 M Ca(OH)2
350
1
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4.2.2. Effect of Fe:As ratio
Similar experiments were conducted (as described in Section 4.2.1.) using solutions with
initial Fe(III):As (III) molar ratios (Fe:As) of 1.0, 1.5 and 2.0. The experimental conditions are
summarized in Table 4.2. Solution samples were taken at target pH values ranging from 1.7 to 10
after 1 hour of agitation, and then vacuum-filtered using 0.45 µm membrane filter paper. The
filter cake was washed with distilled water and pH 3.6 acidified water (acidified using H2SO4)
and dried under ambient conditions. The As and Fe concentrations in the filtrates were
determined using ICP-OES. The experiments were replicated twice.
Table 4.2: Experimental conditions for the synthesis of tooeleite under ambient conditions
Parameters
Fe(III)/As(III) molar ratio
Initial pH
Final pH
Experimental temperature
Neutralizing agent
Stirring rate (rpm)
Reaction time (hrs)

Conditions
1.0;1.5; 2.0
1.5
1.7; 1.9; 2; 2.3; 2.5; 2.7; 3; 4; 6; 8; 10
25˚C
2 M NaOH; 2 M Ca(OH)2
350
1

4.2.3. Mineralogical analysis
The tooeleite and gypsum-bearing tooeleite precipitates were subjected to powder X-Ray
Diffraction (XRD) analysis using a Phillips X’Pert Pro MPD diffractometer fitted with an
X’Celerator high speed strip detector (X-ray source: Cu Kα radiation (Ni filtered) and Operating
conditions: 45 KV, 40 MA, 3˚- 80˚ 2θ). PanAnalytical HighScore software was used for the
identification of phases. The particle-size, morphology and elemental composition of the tooeleite
and gypsum-bearing precipitates were determined by scanning electron microscopy (SEM) and
energy dispersive x-ray spectroscopy (EDS) using a MLA Quanta 650 FEG-ESEM machine.
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4.2.4. Synchrotron-based analysis
Synchrotron-based analysis was conducted using the hard X-ray microprobe, X26A, at
the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, Upton, New
York. Micro-X-Ray Fluorescence (µXRF), micro-X-Ray diffraction (µXRD), and arsenic Kedge micro-X-Ray Absorption Near Edge Structure (µXANES) analyses were conducted on the
tooeleite and gypsum-bearing tooeleite samples using a focused beam (5 µm x 9 µm in diameter).
Synchrotron-based µXRF, µXRD and XANES analyses provided information on the elemental
distribution, mineralogy and arsenic speciation respectively. The analytical setup and procedures
that were used are fully described in Walker et al. (2005).
4.2.4.1. Sample preparation
Both powder samples and polished thin sections were made from tooeleite and gypsumbearing tooeleite precipitates. The thin sections were made using tooeleite precipitates that were
synthesized from solutions of initial Fe:As molar of 1 at pH 2.5 and 4 using NaOH as base, and
gypsum-bearing precipitates that were formed at pH 2.5 using Ca(OH)2 as base. The powder
samples were made using tooeleite precipitates that were synthesized from solutions of initial
Fe:As molar of 1 at pH 4, 6 and 10 using NaOH as the base, and gypsum-bearing precipitates that
were formed at pH 4, 6, 8 and 10 using Ca(OH)2 as the base. Powder samples of the tooeleite
precipitates were homogenized in a mortar and pestle before being thinly spread between two
strips of Kapton® tape and mounted in a 35 mm cardboard frame for analysis. The same
procedure was repeated for the gypsum-bearing tooeleite precipitates. Polished thin sections were
made by fixing tooeleite and gypsum-bearing tooeleite precipitates in low temperature epoxy, and
grinding and polishing using oil to a thickness of 30-50 µm, and then the samples were mounted
on a glass slide. The thin sections were examined using scanning electron microscopy (SEM) and
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Energy Dispersive X-Ray spectroscopy (EDS) using a MLA Quanta 650 FEG-ESEM machine, in
order to select targets (grains) for analysis under the synchrotron beam. Subsequent to the
selection of targets, the thin sections were removed from the glass slide using acetone (ACS
grade). The removal procedure involved the immersion of the glass slide in an acetone bath until
the thin section was detached from the slide. The detached section was transferred onto Kapton®
tape and placed in a 35 mm cardboard frame for micro-analysis.
4.2.4.2. μXRF, μXRD and μXANES analyses
The mounted polished thin sections and powder samples were analyzed using a 350 µm
collimated monochromatic beam (wavelength = 0. 7193 Å) generated from a Si(111) channel-cut
monochromator. The monochromatic beam was focused using a pair of Rh-coated KirkpatrickBaez mirrors.

μXRF analysis was conducted on the polished thin sections using the fly-scan mapping
technique to enable large areas to be analyzed in a short period of time, with the aim of providing
an overview of the elemental distribution in selected regions of the thin section. The mapping
analysis was carried out on various selected targets in the thin section (previously selected using
SEM). μXRF maps were collected for the following elements of interest: As, Fe, and Ca. The
information from these elemental maps was used to select regions to be analyzed using the
focused beam. The regions of interest were selected using elemental correlations of As with Fe
and Ca, at high and intermediate counts of As, with the aim of characterizing the phases and their
As speciation using μXRD and μXANES. μXRD and μXANES analyses were performed on
selected regions in the powder samples and thin sections (previously selected using the XRF
elemental maps).
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A Bruker SMART 1500 CCD diffractometer with a fibre optic taper, in a high resolution
mode at 1024 x 1024 pixels was used to collect the XRD patterns in transmission mode. The
incident X-Ray beam was tuned to 17.749 keV and the µXRD patterns were obtained using an
exposure time of 60 seconds, regulated with a timed beam shutter. µXRD data was collected on
the diffraction standards, silver behenate (CH3(CH2)20COOAg) and corundum (α-Al2O3) as well
as Kapton and epoxy to be used in the data treatment procedure.

The μXANES spectra was collected in fluorescence mode, by using a Si(Li) detector to
scan through the As K-edge (11.867 keV). The analysis was conducted by scanning across the
absorption edge region (11.8 to 11.88 keV) in three segments. The first segment, the pre-edge
region (11.8 – 11.85 keV), had a step size of 5 eV and dwell time of 2 seconds. The second
segment, the edge region (11.85 – 11.88 keV), had a step size of 0.4 eV and dwell time of 4
seconds. The third segment, the post-edge region, had a step size of 1 eV and dwell time of 3
seconds. μXANES analysis was conducted on arsenic standards (arsenopyrite (FeAsS), arsenolite
(As2O3) and scorodite (FeAsO4.2H2O)), covering the range of oxidation states -1, +3, and +5
respectively, to be used in quantitative fitting of the powder sample and thin section spectra. The
standards were prepared by grinding with boron nitride (99.9%, 1 µm) and HPLC grade ethanol
in a mortar and pestle. Boron nitride was added to the pure samples of the standards and the
tooeleite powder samples to dilute their arsenic content to 4 wt% As, with the aim of decreasing
self-absorption effects (Walker et al., 2005).
4.2.4.3. Data treatment
Fit2D software (Hammersley, 1998) was used to integrate the XRD data of the powder
samples and thin sections. Silver behenate and α-Al2O3 were used as diffraction standards to
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calibrate the camera distance and x-ray wavelength. Subsequent to the calibration, Kapton tape
and epoxy were subtracted from the thin section data to produce 2D images which were
processed to 1D diffraction patterns. The PanAnalytical X’Pert HighScore software was used to
identify the mineral phases by comparison of the 1D diffraction patterns with the reference
diffraction patterns in ICDD Powder Diffraction File 2010 database. The ATHENA software
program (version 0.8.056) was used to treat the μXANES spectra of the powder samples, thin
sections and the standards (Ravel et al., 2005). μXANES spectra of the standards, powder
samples and thin sections were initially background subtracted and normalized. Subsequently,
linear combination fitting analysis was used to fit the summed proportions of the spectra of the
three standards (arsenopyrite, arsenolite and scorodite) to the unknown spectra collected from the
selected regions using the unfocused beam and from spots using the focused beam. This approach
enabled the determination of the relative proportions of the standards present in the selected
regions and spots of the powder samples and thin sections.
4.2.4.4. Fe K-egde µXANES analysis
Fe K-egde µXANES analysis was conducted to identify and quantify the Fe-bearing
phases in the tooeleite and gypsum-bearing precipitates formed at pH 2.7 (initial Fe:As molar
ratio=1) under various temperatures (25˚C, 60˚C and 95˚C) using NaOH and Ca(OH)2
respectively. µXANES spectra were collected on beamline X27A (equipped with a Si(311)
monochromator; λ = 1.7437 Angstroms) at the National Synchrotron Light Source at the
Brookhaven National Laboratory, Upton, New York. Fe-bearing reference standards (tooeleite
(Fe6(AsO3)4(SO4)(OH)4·4H2O) and 2-line ferrihydrite (Fe(OH)3)) were synthesized and their
identity confirmed by powder XRD. Powder samples of tooeleite, gypsum-bearing tooeleite and
the synthetic Fe-bearing reference standards were prepared by being ground with boron nitride
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(99.9%, 1 µm) in a mortar and pestle, before being thinly spread between two strips of Kapton®
tape and mounted in a 35 mm cardboard frame for analysis. The samples and standards were
diluted, by the addition of boron nitride to 5 wt% Fe, to minimize self-absorption effects. The
µXANES spectra for the samples and standards were collected under ambient temperature in the
transmission mode. The internal energy calibration of the monochromator was carried out using
the first inflection point (7112 eV) of an iron foil. The analysis was conducted by scanning across
the absorption edge region (7020 to 7320 eV) in five segments (Table 4.3). The Fe µXANES data
was processed using the ATHENA software program (version 0.8.056) (Ravel et al., 2005).
Linear combination fitting analysis was used to fit the summed proportions of the spectra of the
standards to the unknown spectra collected from tooeleite and gypsum-bearing powder samples.
Table 4.3: Experimental conditions for Fe K-edge µXANES analysis
Region #
Start position
End position
Step size

0
1
2
3
4

Dwell time

(eV)

(eV)

(eV)

(seconds)

7020.0
7105.1
7118.2
7161.0
7225.0

7105
7118
7160
7220
7320

5.0
0.2
0.4
1.0
5.0

2
2
2
2
2

4.2.5. Sulphate analysis
A sulphate analysis of tooeleite precipitates was performed on precipitates formed at pH
values of 2.7, 4, 6 and 10 from the NaOH neutralized system of initial Fe(III):As(III) molar ratio
of 1, with the aim of evaluating if the sulphate content of the precipitates decreased with
increasing pH due to the transformation of tooeleite to FeOOH(As) (Nishimura and Robins,
2008). Samples (0.2 g) of the precipitates formed at pH 2.7, 4, 6, 8 were mixed with 40 ml of 2 M
HCl, and boiled at 90˚C until the solids dissolved. The solutions were analyzed using HPLC.
Arsenical ferrihydrite (As(III)-Fh) was co-precipitated from a solution of initial Fe(III):As(III)
110

molar ratio of 4, at pH 4.5 using NaOH. For comparison, the As(III)-Fh precipitates were
subjected to the sulphate analysis test to confirm if Fe(III)-As(III) bearing residues have low
sulphate content irrespective of initial Fe:As concentrations.

4.2.6. Tooeleite precipitation at elevated temperature
The kinetics of tooeleite precipitation was studied in order to determine the time required
to achieve equilibrium. The kinetics experiments were conducted in a 2000 ml glass vessel using
the experimental conditions that are summarized in Table 4.4. An As(III) stock solution was
prepared by the dissolution of As2O3 in 0.1 M H2SO4 at 90 ˚C. A 0.1 M Fe(III) stock solution was
prepared by dissolving Fe2(SO4)3.5H2O in distilled water. The Fe(III)-As(III) solution pH was
adjusted by the addition of 2 M NaOH to the target pH value (pH 2, 2.2 and 2.5 respectively),
while being continuously stirred. The pH was monitored and maintained at the desired target pH
value for 1 hour. Aliquots of 50 ml were removed at various intervals (1, 3, 6, 9, and 24 hours)
and vacuum-filtered using 0.45 µm membrane filter paper. The filter cake was washed with
distilled water and pH 3.6 acidified water (acidified using H2SO4) to ensure the removal of any
residual As(III)-bearing acidic solution. The filter cake was then dried under ambient conditions.
The filtrates were analyzed for As and Fe concentration using ICP-OES. The precipitation
experiment was repeated at 60˚C and 95˚C. Gypsum-bearing tooeleite was synthesized at 25˚C,
60˚C and 95˚C using the same procedure and with Ca(OH)2 as the neutralizing agent.
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Table 4.4: Experimental conditions for tooeleite precipitation
Parameters

Conditions

Fe(III)/As(III) molar ratio
Initial pH
Experimental temperature
Stirring rate
Reaction time
Neutralizing agent
Final pH values
Time intervals for aliquot removal (hours)

1; 1.5; 2
1.5
25˚C; 60˚C; 95˚C
350 rpm
1 hour
2 M NaOH; 2 M Ca(OH)2
2; 2.2; 2.5
1, 3, 6, 9, 24

4.2.7 Stability experiments
4.2.7.1. Short term stability tests
The stability of the tooeleite and gypsum-bearing tooeleite precipitates was evaluated
using a modified US EPA Method 3111 Toxicity Characteristic Leaching Procedure (TCLP) (US
EPA, 1992). The TCLP test was modified from the original method described by the US EPA
(US EPA, 1992) in that an Orbit Environ Shaker operated at 200 rpm was used instead of an endover-end agitation device operated at 30 ± 2 rpm. The TCLP test was conducted to determine the
short term stability and hazardous nature of the tooeleite and gypsum-bearing tooeleite
precipitates (precipitated at pH 2.5, 2.7, 3, 4, 6, 8, and 10). The test was performed using an
extraction fluid of pH 4.93 ± 0.05. The extraction fluid was prepared by adding 5.7 ml of acetic
acid (CH3CH2OOH) and 64.3 ml of 1 M NaOH to 500 ml of distilled water, followed by adding
distilled water to the mixture resulting in a final volume of 1000 ml. The leaching test was
conducted by mixing 0.5 g of the precipitates with the extraction fluid (solid: liquid ratio of 1:20)
in 250 ml Erlenmeyer flasks. The flasks were continuously shaken in a shaker (200 rpm) under
ambient conditions for 18 ± 2 hours. On completion of the leaching test, the suspensions were
vacuum-filtered using 0.45 µm membrane filters. The pH of the leachates was measured and they
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were preserved by the addition of reagent grade nitric acid, before being analyzed for As and Fe
using ICP-OES. The experiments were replicated twice.
4.2.7.2 Long term stability tests
The long term leaching tests were performed to evaluate the long term stability of tooeleite
and gypsum-bearing tooeleite precipitates (precipitated at pH 2.7) under various pH regimes (pH
4, 5, 7, and 9) at 25˚C, with the aim of simulating the behavior of the precipitates under different
pH in situ disposal conditions. The tests were also conducted under similar pH conditions (5, 7
and 9) at 60˚C to determine the effect of accelerated aging on the stability of the precipitates.
Accelerated aging at 60˚C simulated the behavior of the precipitates for longer times under
different pH regimes at ambient conditions. The duration of the leaching tests was ~30 weeks and
the experimental conditions are summarized in Table 4.5.

The extraction fluids of desired pH (4, 5, 7 and 9) were prepared by the addition of 1 M
HNO3 or 1 M NaOH to 1 L of distilled water. The leaching tests were performed by mixing 2.5 g
of the precipitates with each of the extraction fluids (4, 5, 7 and 9) in 250 ml Erlenmeyer flasks
(solid:liquid ratio of 1:20). The flasks were placed in an orbital shaker and continuously agitated
(200 rpm) at room temperature. Additional experiments were conducted at 60˚C using 2.5 g of
the precipitates and extraction fluids of pH 5, 7 and 9 (solid:liquid ratio of 1:20). The Erlenmeyer
flasks containing the mixtures were placed in a benchtop incubator shaker and continuously
agitated at 60˚C and 200 rpm. Aliquots of 13 ml were periodically withdrawn from the flasks at
various time intervals, and were vacuum-filtered using 0.45 µm membrane filters. The pH of the
leachates was measured before being analyzed for As and Fe using ICP-OES. The solids were
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returned to the flasks and the flasks were refilled to their initial volume by the addition of 13 ml
of the extraction fluid. The pH of the suspensions was adjusted to the desired value by the
addition of either 1 M NaOH or 1 M HNO3 before returning the flasks to the shakers. The pH and
the volume of the suspensions were monitored daily, and maintained by the addition of the
extraction fluid and either 1 M NaOH or 1 M HNO3. On completion of leaching tests (at 25˚C
and 60˚C), the suspensions were vacuum-filtered using 0.45 µm membrane filters. The solids
were washed with distilled water and dried at room temperature. The solids were subjected to
XRD analysis using a Phillips X’Pert Pro MPD diffractometer fitted with an X’Celerator high
speed strip detector (X-ray source: Cu Kα radiation (Ni filtered) and Operating conditions: 45
KV, 40 MA, 3˚- 80˚ 2θ, step size of 0.02˚, counting time of 10 seconds at each step). The pH of
the leachates was measured before being analyzed for As and Fe using ICP-OES.
Table 4.5: Experimental conditions for the long-term leaching tests
Leaching
Tests

Precipitates

Extraction fluid
pH

Time intervals for aliquot removal
(days)

4, 5, 7, 9

1, 3, 6, 8, 13, 24, 44, 64, 78, 121, 207

Tooeleite
Ambient
temperature
(25˚C)

Gypsum-bearing
tooeleite
Tooeleite

60˚C

Gypsum-bearing
tooeleite

5, 7, 9

7, 15, 36, 69, 195

4.2.8. High temperature precipitation
The high temperature precipitation tests were conducted in a 2 L glass vessel, using 0.1
M Fe(III) and 0.1 M As(III) stock solutions. The As(III) stock solution was prepared by the
dissolution of As2O3 in 0.1 M H2SO4 at 90 ˚C. 0.1 M Fe(III) was prepared by dissolving
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Fe2(SO4)3.5H2O in distilled water. The solution mixture was heated to the desired temperature
(60˚C and 95˚C), and then the pH was adjusted by the addition of 2 M NaOH to pH 1.7, while
being continuously stirred at 350 rpm. The pH was monitored and maintained at pH 1.7 for 1
hour. An aliquot of 50 ml was removed after 1 hour and vacuum-filtered using 0.45 µm
membrane filter papers. The pH was then sequentially adjusted to pH 2, 2.5, 2.7, 3, 4, 6, 8, 10
and maintained at each of the specific pH values for 1 hour, before taking a 50ml aliquot for
filtration. The filtrates were retained for the analysis of As and Fe using ICP-OES. The filter
cakes were washed with distilled water and pH 3.6 acidified distilled water (acidified using 0.2M
H2SO4), and then dried under ambient conditions. Similar experiments were conducted at 95˚C
using NaOH as the base, and again at 60˚C and 95˚C using 2 M Ca(OH)2 as the base. The
experiments were replicated twice.
4.2.8.1. Characterization techniques
The high temperature tooeleite and gypsum-bearing tooeleite precipitates were subjected
to powder X-Ray Diffraction (XRD) analysis using a Phillips X’Pert Pro MPD diffractometer
fitted with an X’Celerator high speed strip detector (X-ray source: Cu Kα radiation (Ni filtered)
and Operating conditions: 45 KV, 40 MA, 3˚- 80˚ 2θ, step size of 0.02˚, counting time of 10
seconds at each step). PanAnalytical HighScore software was used for the identification of
phases. The particle-size, morphology and general elemental composition of the high temperature
tooeleite and gypsum-bearing precipitates were evaluated by scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDS) was performed using a MLA Quanta 650
FEG-ESEM machine.
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4.2.8.2. Stability experiments
A modified US EPA TCLP test was conducted as described in Section 4.2.7.1. to determine
the stability of the high temperature tooeleite and gypsum-bearing tooeleite precipitates. The
TCLP test was modified from the original method described by the US EPA (US EPA, 1992) in
that an Orbit Environ Shaker operated at 200 rpm was used instead of an end-over-end agitation
device operated at 30 ± 2 rpm.
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4.3. Results and discussion
4.3.1. Effect of Fe:As molar ratio and neutralizing agent
These experiments were conducted to investigate the role of initial Fe:As molar ratio and
the neutralizing agent on the arsenic removal efficiency under ambient conditions. Figure 4.1
shows the residual arsenic concentration and arsenic removal efficiency in solution as a function
of pH subsequent to the neutralization of Fe(III)-As(III) solutions (initial Fe:As molar ratio = 1.0,
1.5, and 2.0; equilibration time = 1 hour) using NaOH. At all pH levels, the effectiveness of
arsenic removal was enhanced with increasing Fe:As molar ratio probably due to the fact that
additional ferrihydrite was available to adsorb more As(III) out of solution. The As and Fe uptake
from solution increased with increasing pH, and the maximum As removal was achieved in the
pH range 6 to 8 (> 97%) for all the systems (Fe:As=1.0, 1.5 and 2.0). This is consistent with
previous studies that have reported that optimal adsorption of As(III) by ferrihydrite is favoured
at higher pH values of pH 6 to 9.4 (Ferguson and Anderson, 1972; Pierce and Moore, 1982;
Manning and Goldberg 1997; Raven et al., 1998; Sun and Doner 1998; Jain and Loeppert 2000;
Nishimura and Umetsu, 2000; Dixit et al., 2003). Raven et al. (1998) hypothesized that the
adsorption of As(III) by ferrihydrite is better than that of As(V) at higher pH regimes due to the
surface charges of the adsorbent. At higher pH, the surface charge of the arsenite anion (H 3AsO3)
is neutral compared to the arsenate anion (HAsO42-) which is negative, thereby having a higher
adsorption affinity for ferrihydrite. For the Fe:As=1 system, As was released back into solution at
pH 10 probably due to the instability of the As-bearing phase under pH 10 conditions. However,
this was not the case for the Fe:As=1.5 and Fe:As=2 systems where As was retained in the
precipitated solids, probably due to the presence of excess Fe, which was available to adsorb any
As that was released due to the dissolution of As-bearing phase (formed in the pH range 6 to 8).
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Figure 4.2 shows the residual arsenic concentration in solution and arsenic removal
efficiency as a function of pH during the neutralization of Fe(III)-As(III) solutions (initial Fe:As
molar ratio = 1.0, 1.5, and 2.0; equilibration time = 1 hour) using Ca(OH)2. The use of Ca(OH)2
as base enhanced the As uptake of the three systems (Fe:As=1.0, 1.5 and 2.0) compared to that of
the NaOH neutralized systems. Lime neutralization of the three systems (Fe:As=1.0, 1.5 and 2.0)
resulted in more than 90% As removal from solution at pH >3. The role of lime in the increased
As uptake by ferrihydrite could be attributed to the participation of calcium ions in the adsorption
of As(III) due to the relatively high adsorption affinity of ferrihydrite for calcium ions (Dzombak
and Morel, 1990; Wilkie and Hering, 1996; Jambor and Dutrizac, 1998; Jia and Demopoulos,
2008). Wilkie and Hering (1996) proposed that the adsorption of calcium ions by ferrihydrite
causes a positively charged surface which promotes the adsorption of anionic species such as the
arsenite anion.

During the experiments, precipitation was observed to occur as soon as the base was
added to the solution. For the Fe:As=1 system, a bright yellow-orange precipitate (later
determined by XRD to be tooeleite), was observed to settle in increasing quantities in the pH
range 2 to 4 (Figure 4.3a). In the pH range 6 to 10, the precipitates changed colour to a pale
yellow-brownish hue (Figure 4.3a). The sudden change in the colour of the formed precipitates in
the pH range 4 to 6 could be due to either tooeleite transforming to another As-bearing phase or a
much higher proportion of ferrihydrite precipitating at pH 6 relative to tooeleite. According to
Nishimura and Robins (2008), tooeleite formation is favoured in the pH range 2 - 3.5, and is
likely to partially transform to FeOOH(As) (arsenic-bearing ferrihydrite) at pH >3.5. In addition,
the brownish tint of the precipitates formed at pH >3.5 increased with increasing Fe:As molar
118

ratio, probably due to the formation of larger quantities of ferrihydrite from the excess Fe present
in solution (Appendix A.1).
(a)

(b)

¥FA

Tooeleite + ¥FA

Tooeleite

Figure 4.1: (a) Residual As concentration in solution and (b) As removal efficiency as a
function of pH for Fe(III)-As(III) precipitation systems (Fe:As molar ratio = 1,
1.5 and 2; 25˚C) neutralized by NaOH. ¥FA denotes As-bearing ferrihydrite

¥FA + gypsum

Tooeleite + ¥FA + gypsum

Tooeleite + gypsum

Figure 4.2: Residual As concentration in solution and (b) As removal efficiency as a
function of pH for Fe(III)-As(III) precipitation systems (Fe:As molar ratio= 1,
1.5 and 2; 25˚C) neutralized by Ca(OH)2. ¥FA denotes As-bearing ferrihydrite

Figure 4.3b illustrates the As:Fe molar ratio of the precipitates and As equilibrium
concentration as a function of pH for Fe(III)-As(III) systems (Fe/As = 1.0, 1.5, and 2.0)
neutralized by NaOH. The As:Fe molar ratio of the precipitates is observed to be dependent on
the initial Fe:As molar ratio of the solution and pH. For the Fe:As=1.0 system, the As:Fe molar
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ratio of the precipitates at pH 2 is 0.90 probably due to the initial precipitation of tooeleite. In the
pH range 2 to 3, the molar ratio of the precipitates decreases from 0.90 to 0.83 mole As/mole Fe,
probably due to the increased precipitation of tooeleite. In the pH range 3 to 6, the As:Fe molar
ratio of the precipitates gradually increases from 0.83 to 0.97, possibly due to the transformation
of tooeleite to an equimolar As-bearing phase (Fe:As molar ratio=1.0) or the presence of a
mixture of As-bearing species (As-bearing ferrihydrite and arsenolite) in the precipitates. The
As:Fe molar ratio peaks at 0.99 at pH 8, and then decreases to 0.95 at pH 10. Raven et al. (1998)
investigated As(III) adsorption on ferrihydrite and found that, at high initial As(III)
concentrations (13 mol As/kg ferrihydrite), the adsorption density for As(III) was 0.6 mole
As/mole Fe. The authors proposed that ferrihydrite had transformed to a ferric arsenite phase as
the high As retention exceeded the maximum number of surface sites available on ferrihydrite for
the adsorption of As(III) (0.25 mol of sites per mol of Fe). Consequently, these findings suggest
that a ferric arsenite phase may be present in the precipitates formed from the system of initial
Fe:As molar ratios of 1.0 above pH 4 due to their high As:Fe molar ratio of ~1.

Nishimura and Umetsu (2000) had previously shown that co-precipitation of As(III) with
ferric iron achieved the lowest solubility of As from 0.005 M solutions at pH 8 but the As:Fe
molar ratio of the precipitates was observed to be only about 0.74, assuming no Fe was left in
solution (Figure 4.4a). In their experiments at 0.1 M As(III):Fe(III), the authors observed that the
precipitation of a yellow precipitate occurred at >pH 2, that would later be identified as tooeleite
and these experiments only went up to pH<5 (Figure 4.4b). The authors did not explain why
As(III) solubility continued to decrease even though all the Fe was precipitated at pH 3.2.
Precipitates with lower As:Fe molar ratio were obtained for the Fe:As=1.5 and Fe:As=2.0
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systems (Figure 4.3b). It was noted that the As:Fe molar ratio of the precipitates did not decrease
at pH 10 for the Fe:As=1.5 and Fe:As=2.0 systems, probably due to the excess ferric iron that
was present in solution. Furthermore, the presence of excess ferric iron in solution resulted in the
formation of precipitates with lower As/Fe molar ratios for the Fe:As=1.5 and Fe:As=2.0 systems
compared to that of the Fe:As=1.0 system and probably indicates the presence of a mixture of
ferrihydrite and FeOOH(As) (As-bearing ferrihydrite).
(a)
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As/Fe molar ratio of the precipitates
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Figure 4.3: (a) Co-precipitates formed at various pH levels (pH 2.5, 2.7, 3, 4, 6, 8, 10) from
an Fe(III)-As(III) system (Fe:As=1) neutralized by NaOH and (b) As:Fe molar
ratio of the precipitates and As equilibrium concentration as function of pH at
25˚C and Fe:As=1, 1.5 and 2 (equilibration time = 1 hour)
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(a)

(b)

Elimination of As(III) by precipitation with
Fe(III) species at different pH ([As(III)]0 =
0.005 M (=380 mg/L, 1 hr)

Residual concentrations of Fe and As after
precipitation of Fe(III) and As(III) at
different pH ([Fe(III)0 = 0.1 M; [As(III)]0 =
0.1 M , 2 hr)

Figure 4.4: Elimination of As(III) from aqueous solution during co-precipitation with
Fe(III) (Nishimura and Umetsu, 2000)
Figure 4.5a illustrates the colour change of the precipitates with increasing pH. Figure
4.5b illustrates the As:Fe molar ratio of the precipitates and As equilibrium concentration as a
function of pH for Fe(III)-As(III) systems (Fe/As = 1.0, 1.5, and 2.0) neutralized by Ca(OH)2. For
the Fe:As=1.0 system, the As/Fe molar ratio of the precipitates decreases from 0.95 to 0.88 until
pH 3, and then gradually increases to 0.99 at pH 8.

Unlike the NaOH neutralized system, the As:Fe molar ratio of the precipitates is
maintained at 0.99 at pH 10, suggesting that the presence of gypsum increases the stability of the
As-bearing phase under highly alkaline conditions of pH 10. The presence of excess ferric iron in
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solution resulted in lower precipitate As:Fe molar ratio for solutions with the initial Fe:As=1.5
and Fe:As=2.0 compared to that of the Fe:As=1.0 system.
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Figure 4.5 (a) Co-precipitates formed at various pH levels (pH 2.5, 2.7, 3, 4, 6, 8, 10) from an
Fe(III)-As(III) system (Fe:As=1) neutralized by Ca(OH)2 and (b) As:Fe molar
ratio of the precipitates and As equilibrium concentration as a function of pH at
25˚C and Fe:As=1, 1.5 and 2
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4.3.2. Phase characterization
4.3.2.1. XRD analysis
XRD analytical results of the precipitates formed from Fe(III)-As(III) solutions (Fe:As
molar ratio = 1.0; 1.5; 2.0) using NaOH and Ca(OH)2 as the bases are presented in Table 4.6.
XRD analysis of the precipitates formed from the Fe:As = 1.0 system in the pH range 2 to 4 using
NaOH as the base indicated the presence of tooeleite. A poorly crystalline phase was identified in
the precipitates formed in the pH range 6 to 10. Nishimura and Robins (2008) reported that
tooeleite is stable in the pH range 2 to 3.5, and hypothesized that it is likely to transform to
FeOOH(As) at >pH 3.5. Similar XRD results were obtained for the precipitates formed from
systems with initial Fe:As molar ratios of 1.5 and 2.0.

XRD analysis of the precipitates formed from the Fe:As = 1.0 system in the pH range 2
to 4 using Ca(OH)2 as the base indicated the presence of tooeleite and gypsum. Gypsum was the
only phase identified in the precipitates formed in the pH range 6 to 10. Similar results were
obtained for the precipitates formed from solutions with initial Fe:As molar ratios of 1.5 and 2.0.
XRD analysis of the solids formed at higher pH levels of 8 and 10 in the three systems (Fe:As =
1.0, 1.5 and 2.0) did not indicate the presence of calcium arsenite, even though a sudden increase
in As removal was observed in this pH range during the precipitation process. As noted in Figures
4.3 and 4.5, the same increase in the precipitate As:Fe molar ratio occurred in both the NaOH and
Ca(OH)2 neutralized systems. Wilkie et al. (1996) proposed that the adsorption of Ca(II) by
ferrihydrite resulted in a positively charged surface which enhanced the adsorption of the anionic
As species. The absence of calcium arsenite suggests that calcium ions promoted the adsorption
of As(III) by ferrihydrite by participating in the As(III) adsorption since ferrihydrite has a
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relatively high affinity for calcium ions (Dzombak and Morel, 1990; Wilkie and Hering, 1996;
Jambor and Dutrizac, 1998). However, it is possible that the formation of calcium arsenite
precipitates occurs in regions of high lime concentrations at local levels in the Fe(III)-As(III)
bearing solution during the precipitation process.
Table 4.6: Mineral phases identified by bulk XRD analysis of the precipitates formed from
Fe(III)-As(III) solutions of initial Fe:As molar ratio of 1, 1.5, and 2 under
ambient conditions using NaOH and Ca(OH)2 as bases
Samples

Precipitation
pH range

Initial Fe:As molar
ratio =1.0, 1.5 and 2.0
(NaOH)

Initial Fe:As molar
ratio =1.0, 1.5 and 2.0
(Ca(OH)2)

Mineral phases

2-4

Tooeleite

6 - 10

Poorly crystalline As-bearing
phase

2-4

Tooeleite and Gypsum

6 - 10

Gypsum

4.3.2.2. SEM analysis
Figure 4.6 and Figure 4.7 present the SEM images and EDX spectra of the tooeleite
precipitates formed from an Fe:As=1 system at pH 2.5 and 4 respectively, using NaOH as the
base. Figure 4.8 presents the SEM images and EDX spectra of the gypsum-bearing tooeleite
precipitates formed in the Fe:As=1 system at pH 2.5 using Ca(OH)2 as the base. The EDX
spectra, (a), (b), (c), (d), (e), and (f) correspond to the respective elemental analyses of spots
marked a, b, c, d, e and f in the SEM images. The SEM images in Figure 4.6 indicate that the pH
2.5 tooeleite precipitates consist of grains (>50 μm) with a smooth texture and white patches on
the surface. The SEM images of the pH 4 tooeleite precipitates in Figure 4.7 indicate the surface
of the grain has converted to a hairy-like texture. The higher magnification SEM image (5 µm)
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indicates that the surface of the grain consists of regions of smooth and hairy-like textures. The
EDX spectra of smooth and hairy textures indicate the presence of principally Fe/As/O/S at spot c
and Fe/As/O at spot d respectively. Consequently, the hairy texture is deemed to indicate the
initial gradual transformation of tooeleite. The SEM images of the pH 2.5 gypsum-bearing
tooeleite precipitates indicate the presence of clusters of needle-shaped gypsum crystals with
layers of As-bearing solids deposited on their surfaces (Figure 4.8). The EDX analyses indicate
that the As-bearing solids consist of an association of Fe/As/S/O and are therefore deemed to be
tooeleite precipitates.
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Figure 4.6: SEM images and EDX spectra of tooeleite precipitates formed from an Fe:As=1
system at pH 2.5 using NaOH as the base
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Figure 4.7: SEM images and EDX spectra of tooeleite precipitates formed from an Fe:As=1
system at pH 4 using NaOH as the base
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Figure 4.8: SEM images and EDX spectra of gypsum-bearing tooeleite precipitates formed
from an Fe:As=1 system at pH 2.5 using Ca(OH)2 as the base
4.3.2.3. Synchrotron analysis
4.3.2.3.1. μXRF, μXRD and μXANES analyses (thin sections)
The μXRF elemental distribution map (~4.5mm x 7 mm) of As and Fe in a thin section of
tooeleite precipitates formed at pH 2.5 (Fe:As = 1.0) using NaOH as the base is presented in
Figure 4.9a. The map represents an overlay of the As and Fe elemental maps with red and blue
representing relative As Ka and Fe Ka fluorescence intensities respectively. The circled regions 1
and 2 indicate the As hot spots where µXRD analyses was conducted. The dark region is an area
of void solid stemming from the loss of sample during the lifting of the thin section from the glass
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slide. The elemental map indicates that the distribution of As and Fe is heterogeneous across the
mapped area of the thin section.
(a)

As

Fe

Y Distance (mm)

2

(b)

1

X Distance (mm)

Figure 4.9: (a) µXRF elemental distribution map (~4.5 x 7 mm) of a thin section of tooeleite
precipitates formed at pH 2.5 (Fe:As=1) using NaOH as the base. (b) A
correlation plot of As and Fe
An elemental correlation plot of As and Fe is illustrated in Figure 4.9b. For each pixel,
the corresponding value from the two-elemental map is plotted in a correlation plot where the x
and y axes represent the two different elements. A positive correlation was observed between As
and Fe indicating the presence of predominantly an As/Fe bearing phase. The circled region in
Figure 4.9b indicates evidence of the presence of a high As phase with negligible amounts of Fe.
The 2D µXRD images and integrated µXRD patterns for regions 1and 2 are presented in Figure
4.10. Tooeleite was identified in regions 1 and 2. The 2D µXRD pattern of region 1 consists of
smooth rings indicating the presence of predominantly very fine crystallites (nanocrystallites) of
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tooeleite (Walker et al., 2009). Arsenolite was identified in region 2, and the spotty rings in the 2D µXRD image indicate that arsenolite exists as discrete coarse crystals. Arsenolite probably
formed as a result of high concentrations of As and a shortage of Fe at initial Fe:As=1.0.
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Figure 4.10: 2D µXRD images and integrated µXRD patterns of regions (a) 1 and (b) 2. The
peaks labeled T and A represent tooeleite and arsenolite respectively
The μXRF elemental distribution map (4 mm x 3 mm) of As and Fe in a thin section of
tooeleite precipitates formed from a NaOH neutralized system (Fe:As = 1.0) at pH 4 is presented
in Figure 4.11a. The map represents an overlay of the As and Fe elemental maps with red and
blue representing relative As Ka and Fe Ka fluorescence intensities respectively. The circled
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regions 1 and 2 indicate the As hot spots where µXRD analyses was conducted. The darker
regions on the grains indicate areas with the hairy texture, where the initial dissolution of
tooeleite is possibly occurring. An elemental correlation plot of As and Fe is illustrated in Figure
4.11b. The plot shows that there is a strong positive linear correlation between As and Fe,
indicating the presence of an Fe/As bearing phase.

(a)
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Fe

(b)

1

2

Figure 4.11: (a) µXRF elemental distribution maps (~0.8 x 1 mm) of a thin section of
tooeleite precipitates formed at pH 4 (Fe:As=1) using NaOH as the base and
(b) a correlation plot of As and Fe
The 2D µXRD images and integrated µXRD patterns for regions 1 and 2 are presented in
Figure 4.12. The 2D µXRD images of regions 1 and 2 consist of smooth rings indicating the
presence of predominantly nanocrystallites. The integrated µXRD patterns indicated the presence
of tooeleite in both regions. Previous studies have hypothesised that tooeleite is more likely to
dissolve incongruently at pH >3.5 to form FeOOH(As) (Nishimura and Robins, 2008). However,
the FeOOH(As) phase was not identified by μXRD analysis. However, comparison of the peak
intensities of the patterns in Figure 4.10 and Figure 4.12 for both regions 1 and 2 indicate that the
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intensity of the tooeleite peaks obtained from the pH 4 precipitates are lower than those of the pH
2.5 precipitates, suggesting the presence of lower concentrations of tooeleite in the pH 4
precipitates probably due to its partial transformation (Nishimura and Robins, 2008).
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Figure 4.12: 2D µXRD images and integrated µXRD patterns of regions (a) 1 and (b) 2. The
peaks labeled T represent tooeleite
The elemental distribution map (1 mm x 2 mm) of As, Fe and Ca that was obtained by
μXRF analysis of the thin section consisting of precipitates formed from a Ca(OH)2 neutralized
system (Fe:As=1.0) at pH 2.5 is presented in Figure 4.13a. The composite map represents the
overlay of the As, Fe and Ca elemental maps with red, green and blue representing relative As
Ka, Ca Ka and Fe Ka fluorescence intensities respectively. The circled regions 1 and 2 indicate
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the As hot spots where µXRD analyses was conducted. The dark region is an area of void solid
stemming from the lifting of the thin section from the glass slide.
(a)
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Figure 4.13: (a) µXRF elemental distribution maps (~1 x 2mm) of a thin section of tooeleite
precipitates formed at pH 2.5 from an initial solution of Fe:As=1 and using
Ca(OH)2 as the base. Correlations plots of (b) As/Fe (c) As/Ca and (d) Fe/Ca
Elemental correlation plots of As/Fe, As/Ca and Fe/Ca are illustrated in Figures 4.13b,
4.13c and 4.13d. For each pixel, the corresponding value from the two-elemental map is plotted
in a correlation plot where the x and y axes represent the two different elements. The plots show
that there is a positive linear correlation between As and Fe. The Ca/As correlation is probably
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due to the presence of gypsum and an As-bearing phase at every pixel. The 2D μXRD images and
integrated µXRD patterns for regions 1 and 2 are presented in Figure 4.14. The integrated μXRD
patterns of regions 1 and 2 indicated the presence of tooeleite and gypsum, which is in good
agreement with the bulk XRD results. In addition, bassinite (calcium sulphate hemihydrate,
CaSO4.0.5H2O) was also identified by μXRD analysis indicating it was present at the micro-scale
level. Bassinite may have formed during the preparation of the thin section.
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Figure 4.14: 2D µXRD images and integrated µXRD patterns of (a) Region 1 and (b) Region
2. The peaks labeled B, G and T represent bassinite, gypsum and tooeleite
respectively
The normalized As K-edge µXANES spectra of the standards (arsenopyrite (-1),
arsenolite (+3) and scorodite (+5)) and the thin sections (NFA125, NFA14 and CFA125) are
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presented in Figure 4.15. NFA125 and NFA14 are the thin sections comprised of tooeleite
precipitates formed at pH 2.5 and pH 4 from NaOH neutralized systems (Fe:As=1.0) respectively.
CFA125 is the thin section comprised of gypsum-bearing tooeleite precipitates formed at pH 2.5
from Ca(OH)2 neutralized systems (Fe:As=1.0). The µXANES spectra of the selected regions
(region 1) in the thin sections were fitted with the spectra of standards using linear combination
fitting and the results are summarized in Table 4.7. Fitted model spectra of less than 5% were
considered negligible as they did not improve the fits (Walker et al., 2005). Analysis of the
µXANES spectra using linear combination fitting indicated that As is predominantly present in
both tooeleite and gypsum-bearing precipitates as As(III).

Table 4.7: Linear combination fitting (LCF) results determined using the As K-edge
µXANES spectra of arsenopyrite, arsenolite and scorodite
Samples
LCF results
NFA125
93% As(III) ; 7% As(V)
CFA125
94% As(III); 6% As(V)
NFA14
100% As(III)
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NFA14

Scorodite
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Arsenopyrite

Figure 4.15: As K-edge µXANES spectra of selected spots (Region 1) on the tooeleite
(NFA125 and NFA14) and gypsum-bearing tooeleite (CFA125) thin sections
4.3.2.3.2. μXRD analysis (powder samples)
μXRD analysis was conducted on powder samples of the precipitates formed from
solutions of Fe:As molar ratio of 1 at pH 6 to 10, using NaOH and Ca(OH) 2 as the bases. The 2-D
µXRD images and integrated µXRD patterns of the precipitates formed from the NaOH
neutralized system at pH 6 and 10 are presented in Figure 4.16a and 4.16b respectively. The
integrated µXRD patterns confirmed the presence of 2 broad peaks at d-spacings of ~0.29 nm and
~0.17 nm. This µXRD pattern is similar to that of 2-line ferrihydrite which has its major peaks
located at ~2.56 nm and ~0.15 nm (Jambor and Dutrizac, 1998). The integrated µXRD pattern
presented in Figure 4.16a is similar to the XRD pattern of As(III)-rich stromatolite sediments
(Figure 4.17) obtained by Morin et al. (2003) in their study of tooeleite and mixed As(III)/V137

Fe(III) gels in the Carnoules acid mine drainage (AMD) in France. These results suggest that
tooeleite is formed in the pH range 2 to 3, and subsequently begins to transform above ~pH 3
(Fe:As=1.0) to form an equimolar ferric arsenite, which is most stable at pH 8 (Equation 4.1).
6Fe2O3.5As2O3.2SO3.12H2O(s) = 10FeAsO3.xH2O(s) + 2FeOOH(s) + H2SO4

(a)

(aq)

(4.1)

T

0.29 nm

0.17 nm

(b)

0.29 nm
0.17 nm

Figure 4.16: 2D µXRD images and integrated µXRD patterns for the powder samples
containing tooeleite precipitates formed from solutions of initial Fe:As=1 at (a)
pH 6 (b) pH 10 at 25˚C using NaOH as the base. The peak labeled T represents
tooeleite.
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(c)

XRD powder pattern of As(III)rich stromatolite sample (C12).
Figure adapted from Morin et al., 2003.
XRD powder patterns of representative field
samples. Top: As(III)-rich stromatolite samples
C12 and Cs12); Center: As(III)-rich to As(V)rich sediments sampled in February (S2F00,
S30F00 and S32F00; Bottom: As(V)-rich
sediment sampled in May (S2M01). Part of the
XRD pattern of the Utah tooeleite is indexed
with a monoclinic unit cell at the top of the
figure.

Figure 4.17: XRD powder pattern of As(III)-rich stromatolite sample (C12) from Carnoules
AMD, France.
The 2D µXRD images and integrated µXRD patterns of the precipitates formed at pH 6,
8 and 10 using Ca(OH)2 as the base are presented in Figure 4.18. Gypsum and tooeleite were
identified in the pH 4 precipitates. Gypsum was identified as the only crystalline phase in the pH
6, 8 and 10 precipitates, but closer examination of the XRD patterns indicated the presence of 2
broad peaks at d-spacings of ~0.29 nm and ~0.17 nm (Figures 4.18b, 4.18c and 4.18d), which is
similar to the µXRD results noted for the precipitates formed at pH 6 and 10 using NaOH as the
base. These broad peaks are presumed to indicate the presence of an amorphous ferric arsenite
phase formed from the transformation of tooeleite.
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Figure 4.18: 2D µXRD images and integrated µXRD patterns of powder samples of
gypsum-bearing tooeleite precipitates formed from solutions of Fe:As=1 at (a)
pH 4 (b) pH 6 (c) pH 8 and (d) pH 10 at 25˚C using Ca(OH)2 as the base. The
peaks labeled G and T represent gypsum and tooeleite respectively.
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4.3.2.3.3. Fe speciation analysis
Iron K-edge μXANES spectra were collected on tooeleite and gypsum-bearing tooeleite
powder samples in order to characterize the Fe-bearing phases contained in the precipitates, and
to confirm if ferrihydrite was present in the precipitates.

The μXANES spectra of the Fe

standards have distinct features and can be used to identify the Fe-bearing mineral species in the
precipitates. According to Paktunc et al. (2008), ferrihydrite begins to precipitate out of solution
in the pH range 2-3. Consequently, ferrihydrite has been suggested as a potential component of
the tooeleite and gypsum-bearing precipitates as it may also form in the pH range 2 to 3.5 during
the precipitation of tooeleite, particularly at local levels with high concentrations of the base. The
normalized Fe µXANES spectra of the standards, tooeleite (NFA127; NFA12760 and
NFA12795), and gypsum-bearing tooeleite precipitates (CFA127) are presented in Figure 4.19.
NFA127 and CFA127 were formed at pH 2.7 and 25˚C from Fe(III)-As(III) solutions (initial
Fe:As =1) using NaOH and Ca(OH)2 as the bases respectively. NFA12760 and NFA12795 were
formed under pH 2.7 conditions from Fe(III)-As(III) solutions (initial Fe:As =1) at 60˚C and 95˚C
respectively using NaOH as the base. The µXANES spectra of the selected regions in the thin
section were fitted with the spectra of standards using linear combination fitting and the results
are summarized in Table 4.8.
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NFA12760
NFA12795
Tooeleite

2-line ferrihydrite

Figure 4.19: Fe K-edge µXANES spectra of Fe bearing standards (2-line ferrihydrite and
tooeleite) and (a) tooeleite precipitates 25˚C (NFA127) (b) gypsum-bearing
tooeleite precipitates 25˚C (CFA127) (c) tooeleite precipitates 60˚C (d)
tooeleite precipitates 95˚C (NFA127)
Table 4.8: Linear combination fitting (LCF) results determined using the Fe K-edge
µXANES spectra of 2-line ferrihydrite and tooeleite as the standards
Samples
LCF results (%)
Tooeleite
2-line ferrihydrite
NFA127
83.8
16.2
CFA127
100
0
NFA12760
100
0
NFA12795
100
0
Fitted model spectra of less than 5% were considered negligible as they did not improve
the fits. Linear combination fitting of the μXANES spectra of the powder samples to those of the
standards indicated that tooeleite is the predominant compound in the tooeleite (NFA127;
NFA12760; NFA12795) and gypsum-bearing tooeleite precipitates (CFA127). 2-line ferrihydrite
was also identified as a component of the tooeleite precipitates (NFA127) formed at 25˚C,

142

indicating that trace amounts of ferrihydrite were formed during the precipitation of tooeleite at
pH 2.7.

4.3.3. Sulphate analysis
Table 4.9 presents the sulphate concentration of solids precipitated from an Fe(III)As(III) solution (Fe:As molar ratio = 1.0) at pH 2.7, 4, 6 and 8, using NaOH as the base.

Table 4.9: Sulphate concentrations of tooeleite (Fe:As=1)
Sample (precipitates)
Sulphate (wt%) Phases (µXRD analysis)
pH 2.7 Ϯ
10
Tooeleite
pH 4 Ϯ
4.6
Tooeleite - partial transformation
pH 6 Ϯ
0.7
Ferric arsenite
Ϯ
pH 8
0.3
Ferric arsenite
Ϯ

pH 2.7, pH 4, pH 6, pH 8 represent the precipitates formed from an Fe(III)-As(III) solution (initial Fe:As molar
ratio=1) at pH 2.7, 4, 6 and 8 respectively, using NaOH as base.

According to the synchrotron-based µXRD analytical results in Section 4.3.2.3, the pH
2.7 and 4 precipitates consist of tooeleite, while an amorphous phase presumed to be ferric
arsenite, was identified in the pH 6 and 8 precipitates. For a comparative study, the sulphate
content of the As(III)-bearing ferrihydrite (As(III)-Fh) precipitates formed at pH 4.5 from Fe(III)As(III) solution (Fe:As molar ratio = 4.0) using NaOH as base was also evaluated. Tooeleite has a
~10% sulphate content, and is only stable in the pH range 2 to 3.5 (Nishimura and Robins, 2008).
The results illustrated in Table 4.9 indicate that the sulphate content in the tooeleite precipitates
formed at pH 2.7 decreased markedly with increasing pH, suggesting that tooeleite transfoms to
an equimolar ferric arsenite at pH>4 with significantly decreasing amounts of sulphate. The
As(III)-Fh (Fe:As molar ratio = 4.0) precipitates formed at pH 4.5 had a low sulphate
concentration (0.2 wt%).
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4.3.4. Tooeleite precipitation at elevated temperature
This study was conducted in order to understand the precipitation mechanism of tooeleite
from NaOH neutralized systems with varying initial Fe:As molar ratios (1.0, 1.2 and 1.5) and
elevated temperatures (25˚C, 60˚C and 95˚C) at pH 2 and 2.5. The initial solution Fe:As molar
ratios of 1.0, 1.2 and 1.5 were used to represent the precipitation of tooeleite from initial solutions
of low Fe (Fe:As=1.0); ideal Fe (Fe:As=1.2) and excess Fe (Fe:As =1.5).

Figure 4.20 presents the precipitation of tooeleite from initial solutions of Fe:As=1.0 at
elevated temperatures (25˚C, 60˚C and 95˚C) and at pH 2, 2.2 and 2.5. The precipitation of
tooeleite from initial solutions of Fe:As=1.2 and Fe:As=1.5 at 25˚C, 60˚C and 95˚C (pH 2 and
2.5) is presented in Appendix A.3. The kinetics results indicate that the As removal efficiency is
dependent on the precipitation pH and initial Fe:As molar ratio. A retention time of 1 hour was
found to be required for the precipitation of tooeleite from solution and the attainment of quasiequilibrium. A retention time shorter than 1 hour would result in lower As removal efficiencies,
while a longer retention time would marginally improve the As removal efficiencies. At 25˚C,
60˚C and 95˚C, equilibrium was generally achieved after 9 hours for the Fe:As=1.0, 1.2 and 1.5
systems at pH 2 and 2.5. At 25˚C, 60˚C and 95˚C, the maximum As removal efficiency was
achieved for solutions with initial Fe:As ratio=1.5 at pH 2.5 (25˚C = ~90%; 60˚C = ~90%; 95˚C
= ~84%) due to the presence of excess Fe.

Bulk XRD analysis of the precipitates formed at pH 2 and 2.5 (initial Fe:As ratio=1.0;
25˚C, 60˚C and 95˚C) after retention times of 1 hour and 24 hours, indicated the presence of
tooeleite (Figure 4.21). XRD analysis of the precipitates formed at pH 2 and 2.5 after retention
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times of 1 hour and 24 hours from initial solutions of Fe:As=1.2 and Fe:As=1.5 at 25˚C, 60˚C and
95˚C is presented in Appendix A.3. The high temperature precipitates (60˚C and 95 ˚C) appeared
to be more crystalline than the ambient temperature precipitates. Furthermore, the high
temperature precipitates (60˚C and 95 ˚C) had better settling and filtration properties than those
formed under ambient conditions, probably due to their crystalline nature.
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Figure 4.20: Kinetics of As and Fe removal from initial solution Fe:As=1 using NaOH at:
(a) 25˚C (b) 60˚C (c) 95˚C (initial As concentration = 7.5 g/L)
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Figure 4.21: XRD patterns of tooeleite precipitates formed at pH 2 (a and b) and pH 2.5 (c
and d) (Fe:As=1) using NaOH as the base
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4.3.5. Stability experiments
4.3.5.1. Short-term leaching test (US EPA TCLP)
Figure 4.22 presents As leachability of the precipitates formed at pH 2.5, 2.7, 3, 4, 6, 8
and 10 from Fe(III)-As(III) solutions (Fe:As = 1.0, 1.5 and 2.0), at ambient temperature and using
NaOH and Ca(OH)2 as the bases. Based on the characterization results in Section 4.3.2., tooeleite
was identified in the pH 2.5, 2.7, 3, 4 precipitates. There was probably a minor quantity of ferric
arsenite present in the pH 4 precipitates resulting from the partial transformation of tooeleite,
although this was not identified by synchrotron-based µXRD analysis. Ferric arsenite, resulting
from the transformation of tooeleite, was identified in the pH 6, 8 and 10 precipitates. Gypsum
was also identified in the Ca(OH)2 neutralized system precipitates.

A high TCLP As leachability was exhibited by all the precipitates from both the NaOH
and Ca(OH)2 neutralized systems. The TCLP As leachability was reduced for the precipitates
formed from solutions with higher initial Fe:As molar ratio (Fe:As=2.0), but was higher for
precipitates formed at pH>6. The high TCLP As leachability of the pH 2.5, 2.7 and 3 precipitates
(Fe:As=1.0) could also be attributed to the presence of minor amounts of arsenolite formed as a
result of the high As concentrations and shortage of Fe in solution. The TCLP As leachability of
the precipitates formed from initial solutions of Fe:As=1.0, 1.5 and 2.0 exceeded the maximum
Canadian MMER (Environment Canada, 1977; Metal Mining Effluent Regulations, 2002) and
US EPA TCLP (US EPA, 1992) legislative limits of 0.5 mg/L (monthly mean concentration) and
5 mg/L for mining effluents respectively, and the residues would therefore be classified as
hazardous waste. The final pH of the leachates ranged from 4.67 – 7.37.

148

Leachate As concentration
[mg/L]

(a)

1000

NFA1_25 (Fe:As=1; NaOH; 25˚C)
CFA1_25 (Fe:As=1; Ca(OH)2; 25˚C)

100

10

NFA1_25
CFA1_25

1
2.5

2.7

3

4
6
†Samples

8

10

Leachate As concentration
[mg/L]

1000

NFA1.5_25 (Fe:As=1.5; NaOH; 25˚C)
CFA1.5_25 (Fe:As=1.5; Ca(OH)2; 25˚C)

100

10
NFA1.5_25
CFA1.5_25
1
2.5

2.7

3

4
6
†Samples

8

10

100
Leachate As concetration
(mg/L)

NFA2_25 (Fe:As=2; NaOH; 25˚C)
CFA2_25 (Fe:As=2; Ca(OH)2; 25˚C)
10
NFA2_25
CFA2_25
1
2.5

2.7

3

4
6
†Samples

8

10

Figure 4.22: As concentration of the leachates for precipitates formed from Fe(III)-As(III)
systems at specific pH values of 2.5, 2.7, 3, 4, 6, 8, and 10 using NaOH and
Ca(OH)2 as the bases. Fe:As represents the Fe:As molar ratio. †Samples
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4.3.5.2. Long-term leaching tests
The long-term stability of tooeleite and gypsum-bearing tooeleite precipitates was studied
under various pH conditions (4, 5, 7, 9) at room temperature and 60˚C. The tooeleite and gypsumbearing tooeleite precipitates used in these tests were precipitated at pH 2.7 from an initial
solution of Fe:As = 1 using NaOH and Ca(OH)2 as bases respectively. Figures 4.23 and 4.24
illustrate the changes of the leachate As concentrations and pH as a function of time at 25˚C for
the tooeleite and gypsum-bearing tooeleite precipitates respectively. At the end of the leaching
test (after ~30 weeks), the pH 5 leachates of both tooeleite and gypsum-bearing tooeleite had the
lowest As concentration of 39.3 mg/L (3.8% As dissolution) and 34.2 mg/L (5.7% As
dissolution) respectively, indicating that tooeleite and gypsum-bearing tooeleite precipitates are
most stable under pH 5 conditions at 25˚C. The As concentration of the final leachates of
tooeleite and gypsum-bearing tooeleite indicate that both phases were least stable under pH 7
conditions. Equilibrium of residual As in solution was not achieved by the end of the leaching test
for either the tooeleite or gypsum-bearing tooeleite precipitates. Over the duration of the leaching
tests, generally negligible amounts of Fe were released from both tooeleite (<3 mg/L) and
gypsum-bearing tooeleite (<6 mg/L) under the various pH leaching conditions (Appendix A.4.).
This indicates that the transformation of tooeleite and gypsum-bearing tooeleite occurred at
pH>4, and was faster under higher pH conditions, as illustrated in Equation 4.2:

6Fe2O3.5As2O3.2SO3.12H2O(s) + 12H2O (l) = 12FeOOH (s) + 10H3AsO3 (aq) + 2H2SO4 (aq)

(4.2)

At the start of the tests (after 1 day), the pH of the tooeleite and gypsum-bearing tooeleite
leachates decreased to ~pH 2.8 due to the acid generated by the tooeleite transformation at higher
pH regimes (Figures 4.23a and 4.24a; Equation 4.2). After 1 day, the pH of the tooeleite and
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gypsum-bearing tooeleite leachates fluctuated and gradually increased for 9 weeks, and then
remained almost unchanged from 11 to 30 weeks. The final pH of the tooeleite and the gypsumbearing tooeleite leachates was in the range 5.19-8.76 and 4.65-7.49 respectively.
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Figure 4.23: Leachate (a) pH and (b) As concentration as a function of time for tooeleite
precipitates subjected to long term leaching tests under pH 4, 5, 7 and 9 at
25˚C. NFA127 denotes tooeleite precipitates formed at pH 2.7 with NaOH.
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Figure 4.24: Leachate (a) pH and (b) As concentration as a function of time for gypsumbearing tooeleite subjected to long term leaching tests under pH 4, 5, 7 and 9
at 25˚C. CFA127 denotes gypsum-bearing tooeleite precipitates formed at pH
2.7 with Ca(OH)2 as the base.

The changes in As concentration and pH of the leachates as a function of time for the
leaching tests conducted at 60˚C for the tooeleite and gypsum-bearing tooeleite precipitates are
presented in Figures 4.25 and 4.26 respectively.
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Figure 4.25: Leachate (a) pH and (b) As concentration as a function of time for tooeleite
precipitates subjected to long term leaching tests under pH 5, 7 and 9 at 60˚C.
NFA127 denotes tooeleite precipitates formed at pH 2.7 with NaOH as the
base.
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Figure 4.26: Leachate (a) pH and (b) As concentration as a function of time for gypsumbearing tooeleite precipitates subjected to long term leaching tests under pH 5,
7 and 9 at 60˚C. CFA127 denotes tooeleite precipitates formed at pH 2.7 using
Ca(OH)2 as base.
Under accelerated aging at 60˚C for ~30 weeks, tooeleite is most stable under pH 5
conditions (313.8 mg/L; 30% As dissolution) while gypsum-bearing tooeleite is most stable under
pH 9 conditions (140.7 mg/L; 23% As dissolution). Equilibrium of residual As in solution was
not achieved after the ~30 weeks of leaching of either tooeleite or gypsum-bearing tooeleite.
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Generally, negligible amounts of Fe were released from both tooeleite (<3 mg/L) and gypsumbearing tooeleite (< 6 mg/L) precipitates during the leaching test (Appendix A.4.).

As illustrated in Figures 4.27 and 4.28, characterization of the final solid residues from
both the 25˚C and 60˚C leaching tests using XRD analysis identified tooeleite in tooeleite
precipitates, and tooeleite and gypsum in the gypsum-bearing tooeleite precipitates. It is proposed
that under high temperature conditions (60˚C), tooeleite crystallizes faster than it transforms to
ferric arsenite, resulting in the release of As into solution (~25% As release) and the change in
Fe:As molar ratio of the tooeleite precipitates from ~1.2 to ~1.5 (with no release of ferric iron into
solution). Consequently, the high temperature residues are more crystalline than the ambient
temperature residues as indicated by the XRD patterns. However, it is interesting to note that as
the pH of the leaching media increased from 5 to 9, the XRD peaks of tooeleite and gypsum in
the final solid residues from the respective media increasingly weakened.
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Figure 4.27: XRD patterns of the final solid residues of tooeleite precipitates subjected to
long term leaching tests conducted at (a) 25 ˚C (b) 60˚C and pH 5, 7 and 9. T
defines tooeleite
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Figure 4.28: XRD patterns of the final solid residues of gypsum-bearing tooeleite
precipitates subjected to long-term leaching tests conducted at (a) 25˚C (b) 60˚C
under pH 5, 7 and 9 regimes. G and T denote gypsum and tooeleite respectively
4.3.6. High temperature precipitation
4.3.6.1. Effect of precipitation temperature and pH
High temperature precipitation of tooeleite at 60˚C and 95˚C was studied in order to
evaluate if high temperature precipitation improved the As removal efficiency, and the stability of
the precipitates formed. The precipitation tests were conducted using Fe(III)-As(III) solutions,
(initial molar ratio of Fe:As =1), and NaOH and Ca(OH)2 as the bases. The residual As
concentration in solution as a function of pH for the precipitation tests conducted at 60˚C and
95˚C is illustrated in Figure 4.29. Increasing the precipitation temperature from 60˚C to 95˚C
resulted in lower As uptake in the pH range 3 to 10, for both NaOH and Ca(OH)2 neutralized
systems. The employment of Ca(OH)2 as the base led to lower residual As levels compared to
NaOH. Figure 4.30 shows a comparison of the arsenic removal efficiency at 25˚C, 60˚C and
95˚C, following the neutralization of Fe(III)-As(III) solutions (Fe:As =1) using NaOH and
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Ca(OH)2. The arsenic uptake decreased with increasing temperature, with the highest arsenic
removal (99.2% at pH 8) occurring at 25˚C. Higher As removal efficiencies were observed for the
Ca(OH)2 neutralized systems compared to the NaOH neutralized systems at all of the three
temperatures (25˚C, 60˚C and 95˚C), which may be attributed to the presence of gypsum acting as
seed and consequently promoting the efficient removal of As(III) from solution. For both the
NaOH and Ca(OH)2 neutralized systems, the As removal efficiency gradually increased with pH
in the pH range 2 to 8, at 25˚C, 60˚C and 95˚C. However, in the pH range 8 to10 at 95˚C, the
arsenic removal efficiency decreased in the NaOH neutralized system, probably due to the
transformation of the As-bearing phase. In the Ca(OH)2 neutralized system, a sudden sharp
increase in the As removal efficiency was observed in the pH range 8-10 at 60˚C and 95˚C, which
was presumed to be due to the fixation of As in the form of calcium arsenite. However, XRD
analysis of the pH 10 precipitates did not identify the presence of calcium arsenite.
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Figure 4.29: Residual As concentration in solution as a function of pH for Fe(III)-As(III)
precipitation systems (Fe:As=1) at 25˚C, 60˚C and 95˚C using NaOH and
Ca(OH)2 as the bases (Equilibration time = 1 hour). *NFA1_60 and NFA1_95
denote precipitates formed at 60˚C and 95˚C using NaOH as the base.
*CFA1_60 and CFA1_95 denote gypsum-bearing precipitates formed at 60˚C
and 95˚C, using Ca(OH)2 as the base.
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(a)

(b)

Figure 4.30: As removal efficiency as a function of pH for Fe(III)-As(III) precipitation
systems (Fe:As=1) at 25˚C, 60˚C and 95˚C using (a) NaOH (b) Ca(OH)2 as
bases (Equilibration time = 1 hour). *NFA1_25, NFA1_60 and NFA1_95
denote precipitates formed at 25˚C, 60˚C and 95˚C using NaOH as the base.
*CFA1_25, CFA1_60 and CFA1_95 denote gypsum-bearing precipitates
formed at 25˚C, 60˚C and 95˚C using Ca(OH)2 as the base.

Figure 4.31 illustrates the precipitate As:Fe molar ratio and As equilibrium concentration
as a function of pH for Fe(III)-As(III) systems (Fe/As = 1.0) neutralized by NaOH at 60˚C and
95˚C. The precipitate As:Fe molar ratio is observed to be higher at 60˚C than at 95˚C. At 60˚C,
the precipitate As:Fe molar ratio gradually increased in small increments with increasing pH
(~0.73 mole As/mole Fe at pH 2 to ~0.85 mole As/mole Fe at pH 10). However at 95˚C, the
initial precipitate As:Fe molar ratio (~0.73 mole As/mole Fe at pH 2) decreased with increasing
pH with the precipitate As:Fe molar ratio being obtained at pH 10 (0.44 mole As/mole Fe). These
results indicate that the precipitates formed at 95˚C have a lower As:Fe molar ratio than the
precipitates formed at 60˚C. At higher pH regimes, the increased As solubility of the precipitates
formed at 95˚C, compared to that of the precipitates formed at 60˚C, was probably caused by the
transformation of tooeleite at 95˚C to a more crystalline phase, resulting in the change in the
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As:Fe molar ratio of the precipitates from ~0.83 (Fe:As = ~1.2) to ~0.67 (Fe:As = ~1.5). The
As:Fe molar ratio of ~0.67 (Fe:As = ~1.5) is consistent with the Fe:As molar ratio of crystalline
tooeleite (Fe:As=1.5) from the mine waste from Tooele County, Utah that was characterized by
Morin et al. (2007).
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Figure 4.31: Precipitate As:Fe molar ratio and As equilibrium concentration as a function
of pH for Fe(III)-As(III) precipitation systems (Fe:As=1) neutralized by NaOH
at 60˚C and 95˚C (Equilibration time = 1 hour). *NFA1_60 denotes Fe:As=1 at
60˚C and *NFA1_95 denotes Fe:As=1 at 95˚C.
The precipitate As:Fe molar ratio and As equilibrium concentration as a function of pH
for Fe(III)-As(III) systems (Fe/As = 1.0) neutralized by Ca(OH)2 at 60˚C and 95˚C is presented in
Figure 4.32. For both systems at 60˚C and 95˚C, the precipitate As:Fe molar ratio is observed to
remain relatively stable in the pH range 3 to 8 (~0.8 mole As/mole Fe at 60˚C and ~0.7 mole
As/mole Fe at 95˚C), and then to suddenly increase at pH 10 (1 mole As/mole Fe at 60˚C and
95˚C) probably due to the fixation of As in the form of ferric arsenite, as no Fe is released into
solution.
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Figure 4.32: Precipitate As:Fe molar ratio and As equilibrium concentration as a function
of pH for Fe(III)-As(III) precipitation systems (Fe:As=1) neutralized by
Ca(OH)2 at 60˚C and 95˚C (Equilibration = 1 hour). *CFA1_60 denotes
Fe:As=1 at 60˚C. *CFA1_95 denotes Fe:As=1 at 95˚C.

4.3.6.2. Phase characterization
Figures 4.33 and 4.34 illustrate the bulk XRD spectra of the high temperature precipitates
formed from Fe(III)-As(III) solutions (Fe:As =1) at 60˚C and 95˚C using NaOH and Ca(OH)2 as
the bases. XRD analysis identified tooeleite in the precipitates formed from the NaOH neutralized
systems in the pH range 2 to 10 at 60˚C and 95˚C. Tooeleite and gypsum were identified in the
precipitates obtained from the Ca(OH)2 neutralized systems in the pH range 2 to 10 at 60˚C and
95˚C. The XRD results indicated that tooeleite precipitates, formed at 60˚C and 95˚C, retain their
stability with increasing precipitation pH, and do not transform to ferric arsenite at pH >3.5, as
was observed to occur in the ambient temperature precipitation system. Furthermore, the XRD
spectra indicated that high temperature precipitation enhanced the crystallinity of tooeleite and
gypsum-bearing precipitates.
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Figure 4.33: XRD patterns of high temperature precipitates formed at (a) 60˚C and (b) 95˚C
from solutions of initial Fe:As=1 using NaOH as the base
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Figure 4.34: XRD patterns of high temperature precipitates formed at (a) 60˚C and (b) 95˚C
from solutions of initial Fe:As=1 using Ca (OH)2 as the base

The SEM images indicate that the tooeleite precipitates formed at 60˚C consist of
clustered agglomerates of grains with a hairy texture (Figure 4.35A). The images of the tooeleite
precipitates formed at 95˚C indicate that the grains become more compact but still retain their
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hairy texture (Figure 4.35B). The gypsum-bearing tooeleite precipitates obtained at 60˚C and
95˚C consist of clustered tooeleite solids deposited on needle-like gypsum crystals (>5 µm), as is
shown in Figures 4.35C and 4.35D.
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Figure 4.35: Morphology of high temperature precipitates formed at 60˚C and 95˚C from
solutions of initial Fe:As=1 using NaOH and Ca(OH)2 as bases
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4.3.6.3. Stability experiments
The TCLP tests were conducted to evaluate the stability of the high temperature
tooeleite-bearing precipitates. Figure 4.36 presents the As leachability results of the high
temperature precipitates obtained at pH 2.5, 2.7, 3, 4, 6, 8, and 10, using NaOH and Ca(OH) 2 as
bases.

In the NaOH neutralized system (Figure 4.36a), the most stable precipitates were
obtained under pH 2.7 conditions at 60˚C (As leachability 15.5 mg/L) and under pH 2.5
conditions at 95˚C (As leachability 14.1 mg/L). The pH of the leachates ranged from 4.71 to 6.19.
In the Ca(OH)2 neutralized system, the most stable precipitates were obtained under pH 2.5
conditions at 60˚C (As leachability 17.9 mg/L) and at 95˚C (As leachability 17.9 mg/L) (Figure
4.36b). The pH of the leachates ranged from 4.9 to 8.3. A comparison of the TCLP results of the
precipitates obtained at 25˚C, 60˚C and 95˚C from the Ca(OH)2 neutralized systems is presented
in Figure 4.36c. The TCLP results indicate that below pH 6, the 95˚C precipitates are the most
stable phase. Above pH 6, the ambient temperature precipitates are more stable than the high
temperature precipitates.
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Figure 4.36: As concentration of the TCLP leachates from precipitates formed at the
specific pH levels (2.5, 3, 4, 6, 8 and 10) during the neutralization of the
Fe(III)-As(III) solutions (Fe:As=1) using NaOH and Ca(OH)2 as the bases
respectively. †Samples denote the precipitates formed at the specific pH values
of 2.5, 2.7, 3, 4, 6, 8 and 10.
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4.4. Conclusions
The effect of initial Fe:As molar ratio and neutralizing agent (NaOH and Ca(OH) 2) on the
As removal efficiency from Fe(III)-As(III) solutions (Fe:As = 1.0, 1.5 and 2) under ambient
conditions was investigated. The effectiveness of As removal was enhanced with increasing
Fe:As molar ratio and pH. The use of lime as opposed to sodium hydroxide as a neutralizing
agent enhanced the arsenic removal efficiency, with >90% of arsenic being removed at pH>2.7 in
the Ca(OH)2 neutralized systems. At pH>4, tooeleite was found to rapidly transform to an
equimolar ferric arsenite in both the NaOH and Ca(OH)2 neutralized systems (Fe:As=1).

Bulk XRD analysis of the precipitates formed from the NaOH neutralized systems (Fe:As
= 1-2; 25˚C) in the pH range 2 to 4 indicated the presence of tooeleite. However, a poorly
crystalline phase was identified in the precipitates formed in the pH range 6 to 10. Bulk XRD
analysis of the precipitates formed from the Ca(OH)2 neutralized systems (Fe:As = 1-2; 25˚C) in
the pH range 2 to 4 indicated the presence of tooeleite and gypsum. Gypsum was identified in the
precipitates formed in the pH range 6 to 10. Synchrotron-based µXRD analysis of the tooeleite
precipitates formed from the NaOH

neutralized system (Fe:As=1.0; 25˚C) at pH 2 and 4

indicated the presence of tooeleite. A poorly crystalline phase, deemed to be ferric arsenite, was
identified in the precipitates formed at pH 6 and 10. µXRD analysis of the precipitates formed
from the Ca(OH)2 neutralized system (Fe:As=1; 25˚C) identified tooeleite and gypsum in the
precipitates formed at pH 2.5 and 4, while gypsum and a poorly crystalline phase, deemed to be
ferric arsenite, were identified in the precipitates formed at pH 6, 8 and 10. Fe K-edge μXANES
analysis indicated that tooeleite is the predominant compound in the tooeleite and gypsumbearing tooeleite precipitates formed at 25˚C, 60˚C and 95˚C from NaOH neutralized systems
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(Fe:As=1; pH 2.7). However, 2-line ferrihydrite was also identified as a component of the
tooeleite precipitates (Fe:As=1) formed at 25˚C, indicating that trace amounts of ferrihydrite were
probably formed during the precipitation of tooeleite at pH 2.7.

An evaluation of the sulphate concentration of solids precipitated from the NaOH
neutralized system (Fe:As=1; 25˚C) at pH 2.7, 4, 6 and 8 indicated that the sulphate content of the
precipitates decreased with increasing precipitation pH. This was attributed to the presence of
tooeleite in the pH 2.7 precipitates, which gradually transformed with increasing pH to form an
equimolar ferric arsenite at pH>3.5.

The kinetics of tooeleite precipitation from NaOH neutralized systems with varying
initial Fe:As molar ratios (1, 1.2 and 1.5) and precipitation temperatures (25˚C, 60˚C and 95˚C)
indicated that the As removal efficiency was enhanced with increasing precipitation pH and
initial Fe:As molar ratio. A retention time of 1 hour was found to be required for the precipitation
of tooeleite from solution and the attainment of a quasi-equlibrium.

TCLP stability analysis of the precipitates formed from NaOH and Ca(OH)2 neutralized
systems (Fe:As=1.0, 1.5, 2.0; 25˚C) indicated that both tooeleite and ferric arsenite have a
relatively high As solubility, and the TCLP As leachability decreased with increasing Fe:As
molar ratio probably due to the presence of excess ferric iron. The effect of higher Fe:As molar
ratios (Fe:As>2) was not studied but data from the Horne (Quebec) and JEB (Northern
Saskatchewan) tailings facilities suggest, that under anoxic conditions using Fe:As>3, these
precipitates are stable.
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The long term stability tests (~30 weeks) conducted on tooeleite and gypsum-bearing
tooeleite precipitates (Fe:As=1; pH 2.7; 25˚C) under pH 4, 5, 7 and 9 conditions, indicated that
the transformation of tooeleite to ferric arsenite occurred at pH>4, and was faster under higher pH
conditions. It is proposed that during the accelerated aging of the tooeleite and gypsum-bearing
tooeleite precipitates at 60˚C under pH 5, 7 and 9 conditions, tooeleite crystallizes faster than it
transforms to ferric arsenite resulting in the release of As into solution. The As release (~25% As)
that occurred during accelerated leaching of these precipitates at 60˚C under the different pH
conditions (pH 5, 7 and 9) led to the increase in Fe:As molar ratio of the tooeleite precipitates
from ~1.2 to ~1.5.

High temperature precipitation of tooeleite from NaOH and Ca(OH)2 neutralized systems
(Fe:As=1 at 60˚C and 95˚C) influenced the crystallinity of the tooeleite precipitates formed at
pH<3.5, with higher precipitation temperatures inducing higher crystallinity. Furthermore, high
temperature precipitation resulted in the precipitation of tooeleite at pH>4. At pH>4, the
increased As solubility of the precipitates formed at higher temperatures compared to ambient
temperature conditions was probably due to the transformation of tooeleite to a more crystalline
phase resulting in subsequent As release and the increase of the Fe:As molar ratio of the
precipitates to ~1.5. The more crystalline tooeleite does not transform to ferric arsenite except
after prolonged period at higher temperatures and at >pH 8. High temperature precipitation did
not enhance either the As removal efficiency or the TCLP stability of tooeleite compared to that
of the ambient temperature precipitation.
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The results of this study demonstrate that, although tooeleite or ferric arsenite precipitates
at Fe:As molar ratios of 1- 2 have high As and low Fe contents, they would not pass the TCLP
test and therefore would have to be disposed of as hazardous waste. The effect of higher Fe:As
molar ratios and co-deposition with additional inert solids was not studied but, based on
experience at the Horne and JEB tailings facilities, the resulting residues are stable.
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Chapter 5
Calcination of tooeleite
5.1. Introduction
Tooeleite has a high As content, high As removal efficiency and low Fe requirements and
offers potential for the fixation of As(III) from weak acid effluents. However, tooeleite is only
stable in the pH range 2 to 3.5 and would need to be deposited in a lined pond with ongoing
monitoring and maintenance of acid conditions, thereby incurring high operating and disposal
costs.

The present study investigates the calcination of tooeleite and gypsum-bearing
precipitates as a potential approach for enhancing their stability. This approach is used by the
Caletones smelter in Chile whereby calcium arsenite is calcined to form a more crystalline
calcium arsenate phase. The thermal decomposition of tooeleite was studied in air and nitrogen
using thermogravimetry, differential thermal analysis and mass spectrometry (TG/DTA-MS). The
effect of excess ferrihydrite in the precipitate and lime additions on the calcination process and
the calcine stability were also studied (Opio et al., 2011).
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5.2. Materials and methods
5.2.1. Synthesis of tooeleite
Tooeleite was synthesised using the procedure described in Nishimura and Robins, 2008.
The batch precipitation of tooeleite was carried out at ambient temperature, using analytical
reagent grade chemicals. Tooeleite was sythesized using 0.1 M Fe(III) and 0.1 M As(III) stock
solutions. Fe(III) was prepared by dissolving Fe2(SO4)3.5H2O in distilled water. Arsenious acid
(H3AsO3) solution was prepared by the dissolution of As2O3 in 0.1 M H2SO4 at 90˚C. The pH of
the Fe(III)-As(III) solution was adjusted to a final pH of 2.7 by the addition of 2 M NaOH
solution while being continuously stirred at 350 rpm. The pH was monitored and maintained at a
level of 2.7 for 1 hour. At the end of the test, the slurry was vacuum-filtered using a 0.45 µm
membrane filter. The filter cake was washed with distilled water and pH 3.6 acidified distilled
water (acidified using 0.2 M H2SO4), and subsequently oven-dried at 60˚C for 5 hours. Tooeleite
precipitates were also synthesized using the same procedure with Ca(OH)2 as the neutralizing
agent.

5.2.2. Thermal analysis

Thermogravimetry (TG) and differential thermal analysis (DTA) experiments were
performed using TG-DTA/DSC instrument Netzsch STA 449 F3 Jupiter under nitrogen and air
atmospheres in order to gain more insight into the thermal behavior of tooeleite. A sample of the
tooeleite precipitates (~33 mg) was heated from room temperature to 1250 ˚C at a heating rate of
10˚C /min, under nitrogen and dry air (50 ml/min) atmospheres. The same procedure was
repeated using a sample of a mixture of tooeleite precipitates and lime. The lime additions to the
tooeleite precipitates were equivalent to 10% by weight of the precipitates. Furthermore, the
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thermal decomposition of gypsum-bearing tooeleite precipitates was evaluated under nitrogen and
air atmospheres using similar conditions.

5.2.3. Calcination experiments
5.2.3.1. Bulk chemical analysis
Two grams of the tooeleite precipitates were calcined in a laboratory-scale quartz tube
furnace at 500 ˚C, 600 ˚C and 870 ˚C in an air stream of 471.95 ml/min for an hour. Calcination
runs were carried out under the same experimental conditions using samples of tooeleite
precipitates with lime additions (10% by weight of the precipitates). Additional calcination tests
were conducted using tooeleite and gypsum-bearing tooeleite at 600˚C, 700˚C and 800˚C. 1M
NaOH or Ca(OH)2 solution in an Erlenmeyer flask (250 ml) was used as scrubbing solution to
capture the gaseous decomposition products including As2O3, SO2 and SO3. Chemical analyses of
the tooeleite precipitates and calcines were carried out by ICP-OES, subsequent to aqua regia
digestion.
5.2.3.2. XRD analysis
The tooeleite and gypsum-bearing tooeleite precipitates as well as their respective
calcines were subjected to powder X-Ray Diffraction (XRD) analysis using a Phillips X’Pert Pro
MPD diffractometer fitted with an X’Celerator high speed strip detector (X-ray source: Cu Kα
radiation (Ni filtered) and operating conditions: 45 KV, 40 MA, 3˚- 80˚ 2θ, step size of 0.02˚,
counting time 10 seconds at each step). PanAnalytical HighScore software was used for the
identification of phases. The particle-size, morphology and general elemental composition of the
tooeleite and gypsum-bearing tooeleite precipitates as well as their respective calcines were
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determined by scanning electron microscopy (SEM) and Energy Dispersive X-Ray spectroscopy
(EDX) was performed using a MLA Quanta 650 FEG-ESEM machine.
5.2.3.3. Stability tests
In order to assess their stability, the tooeleite precipitates, gypsum-bearing tooeleite
precipitates and their respective calcines were subjected to the standard US EPA Method 3111
(Toxicity Characteristic Leaching Procedure – TCLP test) (US EPA, 1996). The modified TCLP
test was conducted using an extraction fluid of pH 4.93 ± 0.05 which was prepared using glacial
acetic acid and NaOH. The leaching test was conducted by mixing 0.5 g of each sample with the
extraction fluid (liquid:solid rato of 20:1) in a 250 ml Erlenmeyer flask. The flasks were placed in
an orbital shaker and shaken continuously at 200 rpm for 18 ± 2 hours at room temperature. On
completion of the leaching test, the suspensions were vacuum-filtered using 0.45 µm membrane
filters. The pH of the leachates was measured before being analyzed for arsenic by ICP-OES.
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5.3. Results and discussion
5.3.1. Thermal decomposition of tooeleite
Figure 5.1 shows the thermal behavior of the tooeleite precipitates in the temperature
range 30-1250˚C under an atmosphere of nitrogen. A summary of the proposed decomposition
stages is presented in Table 5.1. In the first stage (100-270˚C), water is lost. Sulphur dioxide and
arsenic trioxide are evolved in the second stage (400-600˚C), and arsenic pentoxide is evolved in
the final stage (850-1250˚C). The Thermogravimetric (TG) curve indicates a total weight loss of
55% in the temperature range 100-1250˚C, resulting in hematite and ferric arsenate as the final
decomposition products.
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Figure 5.1: The thermal behavior of tooeleite precipitates heated up to 1250˚C in nitrogen at
a heating rate of 10˚C /min
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Table 5.1: Summary of the decomposition stages of tooeleite precipitates heated up to
1250˚C in nitrogen. Wt loss denotes the weight loss %.
Stages
1
2
3

Wt loss
9
31
15

Temperature (˚C)
100-270
400-600
850 - 1250

Reactions
6Fe2O3.5As2O3.2SO3.12H2O = 6Fe2O3.5As2O3.2SO3 + 12H2O
6Fe2O3.5As2O3.2SO3 = 2FeAsO4 + 5Fe2O3 + 4As2O3+ 2SO2
2FeAsO4 + 5Fe2O3 = FeAsO4 + 11/2Fe2O3 + 1/2As2O5

Figure 5.2 shows the thermal behavior of the tooeleite precipitates in the temperature
range 30-1250˚C under air. The observed thermal behavior is consistent with previous studies by
Nishimura and Robins (2008). Table 5.2 presents a summary of the proposed decomposition
stages. Water volatilizes at 100-270˚C, followed by sulphur trioxide at 500-800˚C. At 10001250˚C, arsenic trioxide is evolved. Nishimura and Robins (2008) suggested that the weight gain
observed around 400-600˚C may be due to the oxidation of tooeleite. But as the weight gain was
lower than that obtained as a result of complete oxidation, the authors proposed that the weight
gain may also partly be due to the sublimation of arsenic trioxide. Volatilization refers to process
of evaporation, while sublimation is the direct change from a solid to a gaseous state. The TG
curve indicates a total weight loss of 50% in the temperature range 100-1250˚C, resulting in
hematite and angelellite as the final decomposition products.

174

105
100

1

Weight % loss (TG)

95

2

90
85

3

80
75
70
65
60
55
50
0

200

400

600

800

1000

1200

Temperature (˚C)

Figure 5.2: The thermal behavior of tooeleite precipitates heated up to 1250˚C in air at a
heating rate of 10˚C /min
Table 5.2: Summary of the decomposition stages of tooeleite precipitates heated up to
1250˚C in air. Wt loss denotes the weight loss %.
Stages
1
2

Wt loss
9
7

3

30

Temperature (°C)
100 - 270
500 - 800

1000 - 1250

Reactions
6Fe2O3.5As2O3.2SO3.12H2O = 6Fe2O3.5As2O3.2SO3 + 12H2O
6Fe2O3.5As2O3.2SO3 = 6Fe2O3.4As2O3.2SO3 + As2O3
6Fe2O3.4As2O3.2SO3 + 4O2 = 6Fe2O3.4As2O5.2SO3
6Fe2O3.4As2O5.2SO3 = 8FeAsO4 + 2Fe2O3 + 2SO3
10FeAsO4 + Fe2O3 = 2Fe2O3 + 2Fe4As2O11 + 3As2O5

5.3.2. Thermal decomposition of tooeleite with addition of lime
Lime (CaO) was added to tooeleite precipitates to investigate its potential to fix the SO 3
gas evolved above 500˚C during the thermal decomposition of tooeleite under air. Figure 5.3
shows the thermal behavior of the tooeleite precipitates heated to 650˚C under air and the
proposed decomposition stages are summarized in Table 5.3. The first stage (100 - 220˚C) is
associated with the volatilization of water, and the sublimation of As2O3 as well as partial
oxidation of tooeleite occurs in the second stage (300 - 450˚C) (Nishimura and Robins, 2008).
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Sulphur trioxide is evolved in the third stage (580 - 650 ˚C), resulting in ferric arsenate and
hematite as the final decomposition products. Figure 5.3 depicts the thermal behavior of a
mixture of tooeleite precipitates and lime heated to 650˚C under air and Table 5.4 presents a
summary of the proposed decomposition stages. The lime addition was equivalent to 10% by
weight of precipitates. Water is evolved in the first stage, and As2O3 sublimation as well as partial
oxidation of tooeleite occurs in the second stage. In the third stage, the evolved As2O3 and a
portion of SO3 are fixed as calcium arsenate and calcium sulphate respectively. The slight weight
loss of 3% observed in the third stage is thought to arise from the residual 1 mole of SO3 that was
not fixed by CaO. The final decomposition products include a ferric arsenate phase (Fe7As6O24),
hematite, calcium arsenate and calcium sulphate. Therefore, based on the TG/DTA results, it can
be concluded that lime was effective in fixing both the As2O3 and SO3 that was evolved at 500 –
650˚C.
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Figure 5.3: The thermal behavior of: (i) tooeleite precipitates (NFA127_650) and (ii) a
mixture of tooeleite precipitates and lime (NFA127_CaO_650) heated up to
650˚C, at a heating rate of 10˚C /min in air
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Table 5.3: Summary of the decomposition stages of tooeleite precipitates heated up to 650˚C
in air. Wt loss denotes the weight loss %.
Stages
1
2

Wt loss
9
2

3

6

Temperature (°C)
100 - 220
300 - 450
580 - 650†

Reactions
6Fe2O3.5As2O3.2SO3.12H2O = 6Fe2O3.5As2O3.2SO3 + 12H2O
6Fe2O3.5As2O3.2SO3 = 6Fe2O3.4As2O3.2SO3 + As2O3
6Fe2O3.4As2O3.2SO3 + 4O2 = 6Fe2O3.4As2O5.2SO3
6Fe2O3.4As2O5.2SO3 = 8FeAsO4 + 2Fe2O3 + 2SO3

†Heat treated at 650˚C for 1 hour in the TG/DTA.

Table 5.4: Summary of the decomposition stages of a mixture of tooeleite precipitates and
lime heated up to 650˚C in air. Wt loss denotes the weight loss %.
Stages
1
2

Wt loss
9
2

3

3

Temperature (°C)
100 - 220
300 - 450
580 - 650†

Reactions
6Fe2O3.5As2O3.2SO3.12H2O = 6Fe2O3.5As2O3.2SO3 + 12H2O
6Fe2O3.5As2O3.2SO3 = 6Fe2O3.4As2O3.2SO3 + As2O3
6Fe2O3.4As2O3.2SO3 + 4O2 = 6Fe2O3.4As2O5.2SO3
6Fe2O3.4As2O5.2SO3 + 5/2O2 = 1/2Fe7As6O24 + 17/2Fe2O3 +
2SO3 + 7/2As2O3
6CaO + 2As2O3 + O2 = Ca3(AsO4)2
CaO + SO3 + 0.5O2= CaSO4
Assumption: 3% weight loss due to one mole of SO3

†Heat treated at 650˚C for 1 hour in the TG/DTA.

5.3.3. Thermal decomposition of gypsum-bearing tooeleite
Figure 5.4 shows the thermal behavior of gypsum-bearing tooeleite precipitates after
heating to 800˚C in a nitrogen atmosphere. The TG curve indicated a total weight loss of 36%,
which occurred in three separate stages. Table 5.5 presents a summary of the proposed
decomposition stages. In the first stage, water is evolved from both tooeleite and gypsum. In the
second stage, water is evolved from gypsum, and the sublimation of As2O3 also occurs. In the
third stage, As2O3 is evolved resulting in angelellite (Fe4As2O11), hematite (Fe2O3) and calcium
suphate anhydrite (CaSO4) as the final decomposition products.
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Figure 5.4: The thermal behavior of gypsum-bearing tooeleite precipitates heated up to
800˚C at a heating rate of 10˚C /min in nitrogen. The precipitates are heated at
800˚C for an hour
Table 5.5: Summary of the decomposition stages of gypsum-bearing tooeleite precipitates
heated up to 800C in nitrogen. Wt loss denotes the weight loss %.
Stages
1

Wt loss
14

2

6

400 - 550

3

4

800†

Temperature (°C)
100 - 200

Reactions
6Fe2O3.5As2O3.2SO3.12H2O = 6Fe2O3.5As2O3.2SO3 + 12H2O
CaSO4.2H2O = CaSO4.0.5H2O + 1.5H2O
6Fe2O3.5As2O3.2SO3 + CaSO4.0.5H2O = 1/2Fe7(AsO4)6 +
7/2As2O3 + 17/2Fe2O3 + 2SO2+ CaSO4 + 0.5H2O
Fe7(AsO4)6 + 1/2Fe2O3 = 2Fe4As2O11 + As2O3

†Heat treated at 800˚C for 1 hour in the TG/DTA.

The thermal behavior of gypsum-bearing tooeleite precipitates after heating to 800˚C in
air is presented in Figure 5.5 and a summary of the decomposition stages is presented in Table
5.6. The TG curve indicated a total weight loss of 23%. In the first stage, water is volatilized from
both tooeleite and gypsum. In the second stage, the sublimation of arsenic trioxide and partial
oxidation of tooeleite occurs. In the third stage, As2O5, SO3 and water are evolved, resulting in

178

angellelite (Fe4As2O11), hematite (Fe2O3) and calcium sulphate anhydrite (CaSO4) as the final
products.
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Figure 5.5: The thermal behavior of gypsum-bearing tooeleite precipitates heated up to
800˚C in air
Table 5.6: Summary of the decomposition stages of gypsum-bearing tooeleite precipitates
heated up to 800˚C in air. Wt loss denotes the weight loss %.
Stages
1

Wt loss
14

Temperature (°C)
100 - 200

2

2

400 - 550

3

3

550 - 800
800†

Reactions
6Fe2O3.5As2O3.2SO3.12H2O = 6Fe2O3.5As2O3.2SO3 + 12H2O
CaSO4.2H2O = CaSO4.0.5H2O + 1.5H2O
6Fe2O3.5As2O3.2SO3 = 6Fe2O3.4As2O3.2SO3 + As2O3
6Fe2O3.4As2O3.2SO3 + 4O2 = 6Fe2O3.4As2O5.2SO3
6Fe2O3.4As2O5.2SO3 + O2 + CaSO4.0.5H2O = 1/2Fe7(AsO4)6 +
17/2Fe2O3 + 5/2As2O3 + 2SO3 + CaSO4 + 0.5H2O
Fe7(AsO4)6 + 1/2Fe2O3 + 3/2O2 = 2Fe4As2O11 + As2O5

†Heat treated at 800˚C for 1 hour in the TG/DTA.

5.3.4. Chemical analysis
The chemical composition of the tooeleite and gypsum-bearing tooeleite precipitates and
their respective calcines obtained at 600˚C, 700˚C and 800˚C are presented in Table 5.7. The
Fe/As molar ratio of the tooeleite precipitates is slightly higher than the expected actual molar
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ratio of 1.2 reported by Nishimura and Robins (2008). The higher Fe/As molar ratio of 1.7 for
tooeleite could be attributed to the formation of the mixed species of tooeleite and ferrihydrite
during the synthesis of tooeleite at pH 2.7. According to Riveros et al. (2001), As(III)-Fh begins
to form at pH 2 to 3.

Table 5.7: Chemical analysis of tooeleite and gypsum-bearing tooeleite and their respective
calcines obtained at 600˚C, 700˚C and 800˚C
Concentration (wt%)
S

Sample

Fe

As

Tooeleite
GT†
Tooeleite (600˚C)
GT† (600˚C)
Tooeleite (700˚C)
GT† (700˚C)
Tooeleite (800˚C)
GT† (800˚C)

51.1
23.4
53.5
23.1
63.3
25.4
61.6
27.7

40.2
24.2
43.5
23.8
33.7
20.9
37.6
19.3

8.7
24.6
3.1
25.3
3
23.9
0.7
21.9

Ca

Molar ratio
Fe/As

27.7
27.8
29.8
31.2

1.70
1.30
1.65
1.30
2.51
1.63
2.19
1.92

GT† denotes gypsum-bearing tooeleite

5.3.5. XRD analysis
5.3.5.1. Calcines of tooeleite (with and without lime additions)
The mineral phases identified in the calcines (with and without lime additions) by XRD
analysis are presented in Table 5.8. Tooeleite was identified in the precipitates synthesized at
25˚C, but As(III)-Fh was not be detected due to its poorly crystalline nature. In the 500˚C
calcines, an iron arsenate phase (Fe7(AsO4)6) and an amorphous phase were detected. The
amorphous phase could not be identified using the ICCD data files, but based on previous studies
by Nishimura

and

Robins (2008), it is

deemed

to be

ferric arsenate

sulphate

(6Fe2O3.5As2O3.2SO4), which formed due to the dehydration of tooeleite. At higher calcination
temperatures of 600˚C and 870˚C, crystalline phases were formed from the tooeleite precipitates
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with and without lime additions. A crystalline iron arsenate phase (FeAsO4) and hematite were
identified in the 600 ˚C calcines. In the 870 ˚C calcines, angellelite (Fe4O3(AsO4)2) and hematite
were identified. During the calcination of tooeleite, a white solid residue was deposited on the
walls of the glass tube furnace. Analysis of the white solid residue using XRD confirmed that it
was arsenic trioxide (Appendix A.6.). The addition of lime resulted in the supplementary
formation of calcium arsenate and calcium sulphate in the 600 ˚C calcines, and calcium arsenate
in the 870 ˚C calcines.

Table 5.8: Mineral phases identified by XRD analysis of the tooeleite precipitates (with and
without lime additions) calcined at different temperatures (500˚C, 600˚C and
870˚C)
Calcine samples

Mineral phases

500 ˚C

Iron arsenate phase, Fe7(AsO4)6 (ICDD 55-0128 )

600 ˚C

Iron arsenate, FeAsO4 (ICDD 78-1545); Hematite, Fe2O3 (ICDD 73-0603)

870 ˚C

Hematite, Fe2O3 (ICDD 33-0664)
Iron arsenate phase - angelellite, Fe4O3(AsO4)2 (ICDD 83-1554)

600 ˚C
(with lime)

Iron arsenate phase, Fe7As6O24 (ICDD 73-9339); Calcium arsenate,
Ca3(AsO4)2 (ICDD 39-0010); Calcium sulphate, CaSO4 (ICDD 80-0787)

870 ˚C
(with lime)

Angellelite, Fe4O3(AsO4)2 (ICDD 83-1554); Calcium arsenate, Ca3(AsO4)2
(ICDD 26-0295); Hematite, Fe2O3 ( ICDD 33-0664)

5.3.5.2. Calcines of tooeleite and gypsum-bearing tooeleite
The mineral phases identified by XRD analysis of the tooeleite and gypsum-bearing
tooeleite precipitates calcined at different temperatures (600˚C, 700˚C, 800˚C) are summarized in
Tables 5.9 and 5.10 respectively. Angelellite and hematite were identified in the 800˚C tooeleite
calcines (Table 5.9). XRD analysis of gypsum-bearing tooeleite calcines obtained at 600˚C and
700˚C indicated the presence of an iron arsenate phase (Fe7As6O24) and calcium sulphate (Table
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5.10). XRD analysis of the 800˚C calcines detected the presence of angellelite and calcium
sulphate (Table 5.10). During the calcination of both tooeleite and gypsum-bearing tooeleite, a
white solid residue was deposited on the furnace walls. XRD analysis of the white solid residue
indicated the presence of arsenic trioxide (Appendix A.6.). More arsenic trioxide was deposited
during the calcination of gypsum-bearing tooeleite compared to that of tooeleite.

Table 5.9: Mineral phases identified by XRD analysis of tooeleite precipitates calcined at
different temperatures (600˚C, 700˚C and 800˚C)
Calcine samples

Mineral phases

600 ˚C
700 ˚C
800 ˚C

Iron arsenate, FeAsO4 (ICDD 78-1545); Hematite, Fe2O3 (ICDD 73-0603)
Iron arsenate, FeAsO4 (ICDD 78-1545); Hematite, Fe2O3 (ICDD 73-0603)
Angellelite, Fe4O3(AsO4)2 (ICDD 83-1554); Hematite, Fe2O3 ( ICDD 330664)

Table 5.10: Mineral phases identified by XRD analysis of gypsum-bearing tooeleite
precipitates calcined at different temperatures (600˚C, 700˚C and 800˚C)
Calcine samples

Mineral phases

600 ˚C

Iron arsenate phase, Fe7As6O24 (ICDD 73-9339); Calcium sulphate
(anhydrite), CaSO4 (ICDD 80-0787)
Iron arsenate phase, Fe7As6O24 (ICDD 73-9339); Calcium sulphate
(anhydrite), CaSO4 (ICDD 80-0787)
Angellelite, Fe4O3(AsO4)2 (ICDD 83-1554); Calcium sulphate (anhydrite),
CaSO4 (ICDD 80-0787)

700 ˚C
800 ˚C

5.3.6. SEM analysis
Figures 5.6 to 5.10 present the SEM images of the tooeleite calcines (with and without
the addition of lime) obtained at 600 ˚C and 870 ˚C. The SEM images indicate that the
morphology and particle size of the calcines changed with increasing calcination temperature.
The EDX spectra, (a), (b), (c) and (d) correspond to the respective elemental analyses of spots
marked a, b, c and d in the SEM images. The SEM image in Figure 5.6 presents the partial
transformation of a calcined tooeleite grains (spot b) to form crystalline Fe/As bearing grains
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(1 µm to 10 µm) as indicated by the corresponding EDX spectra of spot a. Figure 5.7 shows an
image of the calcines at 870 ˚C, which consists of agglomerated small spherical hematite grains
(1 µm to 2 µm) on the surface of larger Fe/As/O bearing grains (5 µm to 10 µm). The EDX
spectrum indicates the disappearance of sulphur at 870 ˚C (Figures 5.7c and 5.7d). Figure 5.8
shows an image of the tooeleite and lime calcines obtained at 600 ˚C, which consists of
agglomerated small Ca/S/As/O bearing grains on the surface of larger Fe/As/O/S bearing grains
(20 µm) presumed to be tooeleite. The SEM image of the tooeleite and lime calcines obtained at
870 ˚C indicates the presence of lumpy Ca/As/O bearing grains (~5 µm to 20 µm) (Figure 5.9g)
located on the surface of thick mats of particulates, deemed to be hematite based on the EDX
compositional analysis (Figures 5.9h and 5.9i). Using SEM, it was observed that the tooeleite
calcines obtained at 600˚C and 700˚C (Figures 5.10a and 5.10b) were more crystalline than the
gypsum-bearing tooeleite calcines obtained at the same temperatures (Figures 5.10c and 5.10d).
Calcination of the gypsum-bearing tooeleite precipitates at 600˚C and 700˚C resulted in the
transformation of the crystalline gypsum-bearing tooeleite to lumpy As-bearing aggregates with a
lower degree of crystallinity (Figures 5.10c and 5.10d).
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Figure 5.6: SEM images and EDX spectra (x-ray intensity vs energy) of tooeleite calcined at
600˚C
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Figure 5.7: SEM image and EDX spectra (x-ray intensity vs energy) of tooeleite calcines at
870˚C
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Figure 5.8: SEM image and EDX spectra (x-ray intensity vs energy) of tooeleite and lime
calcines at 600˚C
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Figure 5.9: SEM image and EDX spectra (x-ray intensity vs energy) of tooeleite and lime
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Figure 5.10: SEM images and EDX spectra (x-ray intensity vs energy) of tooeleite and
gypsum-bearing calcines at 600˚C and 700˚C respectively

5.3.7. Stability tests
5.3.7.1. Calcines of tooeleite with lime additions
The TCLP leaching test was carried out to predict the stability of the tooeleite precipitates
and calcines under specific pH conditions. Figure 5.11 presents the As leachability of the
tooeleite precipitates and its respective calcines, as well as the pH of the final leachates after
being subjected to the TCLP test. The calcines (without lime addition) obtained at 600 ˚C were
the most stable, with an As leachability of 0.49 mg/L. The tooeleite precipitates have a high As
leachability as tooeleite is not stable at pH 4.93 of the TCLP test. Tooeleite is stable between pH
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2 to 3.5, therefore at pH values above 3.5, tooeleite dissolves incongruently to form arsenical
ferrihydrite (As(III)-Fh) (Nishimura and Robins, 2008). Consequently, when subjected to the
TCLP test at pH 4.93, the dissolution of tooeleite results in the release of arsenic into solution.

The calcines obtained at 500 ˚C have a low As leachability of 3 mg/L. At 500 ˚C, the
TGA studies indicate that the tooeleite precipitates lose their structural water leaving an
anhydrous compound which is deemed to be a ferric arsenate sulphate (6Fe2O3.5As2O3.2SO4)
(Nishimura and Robins, 2008). However, XRD analysis detected the presence of trace amounts of
ferric arsenate (Fe7(AsO4)6), which may also contribute to the stability of the calcines. The TCLP
As leachability of the calcines (without lime) obtained at 600 ˚C was very low (0.49 mg/L)
indicating that they consist of stable phases. The XRD analytical results indicated the presence of
ferric arsenate (FeAsO4) and hematite (Fe2O3) phases which contributed to the stability of the
calcine. The calcines (without lime) obtained at 870 ˚C leached out slightly higher levels of
arsenic when subjected to the TCLP test. These calcines have a higher TCLP As leachability than
the calcines obtained at 600 ˚C, which seems to indicate that the angelellite phase (Fe4O3(AsO4)2)
formed at 870 ˚C (Pantuzzo, Ciminelli and Brito, 2008) has a higher solubility than the ferric
arsenate phase formed at 600 ˚C. Generally, As leachability was reduced by over 90% when the
tooeleite precipitates are calcined and subjected to the TCLP test. The pH of the leachates ranged
from 4.13 to 5.78.

The addition of lime, to minimise the SO3 volitalization, decreased the stability of the
tooeleite calcines. The calcined products with lime addition were found to be more unstable under
the TCLP test compared to the calcines without the lime additive. The high As leachability is
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attributed to the calcium arsenate phase (Ca3(AsO4)2) which is known to be unstable at low pH
(Bothe and Brown, 1999; Monhemius and Swash, 1999; Riveros et al., 2001).

The As

leachability of the TCLP leachates of the tooeleite precipitates and calcines (with and without
lime additions) exceeded the Canadian Metal Mining Effluent Regulations (MMER) arsenic
concentration of 0.5 mg/L (maximum monthly mean) (Environment Canada, 1977; Metal Mining
Effluent Regulations, 2002) for mining effluents except for the calcines (without lime additions)
obtained at 600 ˚C.
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Figure 5.11: As leachability of tooeleite and its corresponding calcines (with and without
lime additions) obtained at 500˚C, 600˚C and 870˚C, and their respective
TCLP leachate pH
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5.3.7.2. Calcines of tooeleite and gypsum-bearing tooeleite
Since lime is the preferred base used for the neutralization and removal of arsenic from
copper smelter weak acid effluents due to economical reasons (Riveros et al., 2001; Jia and
Demopoulos, 2008), the stability of calcined gypsum-bearing tooeleite precipitates was also
investigated. Figure 5.12 presents a comparison of the TCLP leachate results of tooeleite and
gypsum-bearing tooeleite, and their respective calcines at 600˚C, 700˚C and 800˚C. The tooeleite
calcines obtained at 600 ˚C had the lowest As leachability of 0.49 mg/L. The most stable gypsumbearing tooeleite calcines were obtained at 600 ˚C, and had an As leachability of 13.1 mg/L. XRD
analysis of the gypsum-bearing calcines at 600˚C indicated the presence of an iron arsenate phase
(Fe7As6O24) and calcium sulphate (anhydrite), CaSO4. The gypsum-bearing tooeleite calcines
exhibited higher arsenic solubilities compared to the tooeleite calcines. The higher As solubilities
of the gypsum-bearing tooeleite calcines could possibly be due to the formation of calcium
arsenite/calcium arsenate during calcination, resulting from the arsenic adsorbed by gypsum in
the course of the precipitation process. However XRD analysis of the calcines indicated the
absence of calcium arsenite/arsenate phases. SEM analysis indicated that the Fe/As grains of the
gypsum-bearing tooeleite calcines are less crystalline than the grains of the tooeleite calcines,
which could also have attributed to their high As solubilities. Overall, the calcination of gypsumbearing tooeleite resulted in the reduction of its As leachability by over 92%. The As leachability
of the TCLP leachates of the gypsum-bearing tooeleite precipitates and calcines were above the
Canadian Metal Mining Effluent Regulations (MMER) arsenic requirement of 0.5 mg/L. The pH
of the leachates ranged from 4.51 to 4.90.
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Figure 5.12: As leachability of tooeleite and gypsum-bearing tooeleite precipitates and their
calcines (obtained at 600˚C, 700˚C and 800˚C) and their respective leachate
pH

5.3.8. Proposed process
Based on the results obtained in this study, a conceptual process flowsheet is proposed
for the fixation of As(III) from smelter weak acid effluents. According to the flowsheet illustrated
in Figure 5.13, the As-bearing weak acid effluent and recycled As(III)-Fh (Fe:As molar ratio = 4)
are pumped to the first vessel of a three-stage precipitation circuit. The As(III)-Fh acts as a source
of ferric iron, and is added at an Fe:As molar ratio of 1 to the first vessel. The pH of the mixture
is adjusted to pH 2.7- 3, with the addition of lime. Lime is preferred by industry as a neutralizing
agent due to its low cost. A retention time of 1 hour is sufficient to remove about 85% of As(III)
in the form of tooeleite at <pH 3.
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The resulting slurry containing tooeleite and gypsum is subjected to solid-liquid
separation. Gypsum-bearing tooeleite precipitates formed at pH 2.7- 3 have low stabilities
(typically 378 mg/L As at pH 5) and therefore would need to be disposed of in a lined pond with
ongoing monitoring and maintenance. However, calcination of the gypsum-bearing tooeleite
precipitates at 600 - 700˚C considerably improves their stability (13.1 to 14.9 mg/L As).
Consequently, the gypsum-bearing tooeleite filter cake can either be disposed of in a lined
tailings pond or calcined at 600 - 700˚C to form a ferric arsenate calcine of low volume and a
relatively high stability that would need to be disposed of in a lined pond.

The filtrate from the first vessel is pumped to the second vessel, and ferric sulphate
(Fe2(SO4)3) is added to maintain an Fe:As molar ratio of 4 in the second vessel. Lime is added to
raise the pH to 5, resulting in the precipitation of any residual As as arsenical ferrihydrite
(As(III)-Fh) as well as gypsum. The retention time in the second vessel is an hour. The slurry
from the second vessel undergoes solid-liquid separation, and the filter cake (As(III)Fh with an
Fe:As molar ratio=4) is recycled back to the first vessel to be used as a source of ferric in the
precipitation of tooeleite. The filtrate is pumped to the third vessel. Lime is added to the third
vessel to adjust the pH of the filtrate to pH 8-10, thereby resulting in the precipitation of the
residual dissolved metals as base metal hydroxides, which are finally sent to the tailings pond for
disposal. The retention time in the third vessel is an hour. This process is considered to be
economically attractive as As(III) is easily fixed under ambient conditions and has lower iron
requirements, resulting in lower precipitation costs.
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Figure 5.13: A conceptual flowsheet for the fixation of As(III) in a weak acid smelter
effluent (As(III) = 7.5 g/L and H2SO4 = 10 g/L) to tooeleite and the calcination
of tooeleite. ppt¥ denotes precipitates and S/L denotes solid/liquid separation
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5.4. Conclusions
Calcination of tooeleite fundamentally improved its stability and the immobilization of
As, with the most stable calcines being obtained at 600 ˚C. Calcination of tooeleite reduced the
As leachability of the tooeleite residues by >90%. Calcination of tooeleite at 600 ˚C yielded a
mixture of hematite and ferric arsenate, as characterized by XRD analysis, which proved to be
very stable with an As leachability of 0.49 mg/L when subjected to the TCLP test. Calcination of
tooeleite with lime additions was effective in capturing SO3 evolved in the temperature range of
500 ˚C to 800 ˚C as well as preventing the volatilization of As2O3. However, the lime additions
reduced the stability of tooeleite calcines generated at both 600 ˚C and 870 ˚C due to the
formation of a calcium arsenate phase which is unstable under low pH regimes.

Calcination of gypsum-bearing tooeleite reduced the As leachability of the calcines by
>92%. The most stable calcines were obtained at 600˚C, with an As leachability of 13.1 mg/L
under TCLP conditions. XRD analysis of the gypsum-bearing calcines (600˚C) indicated the
presence of an iron arsenate phase (Fe7As6O24) and calcium sulphate (anhydrite), CaSO4. The
observed higher As solubilities of gypsum-bearing tooeleite and its’ calcines compared to those
of tooeleite and its’ calcines was attributed to arsenic that was adsorbed by gypsum during the
precipitation process, probably via As(III)-Fh-Ca(II) association or As(III)-Ca(II) coadsorption by
ferrihydrite.
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Chapter 6
Conclusions and future work
6.1. Conclusions
6.1.1. Mineralogical characterization of the Horne ETP co-precipitates

Xstrata’s Horne Copper Smelter ETP co-precipitates were characterized using
synchrotron-based analytical techniques to determine their mineralogy with the aim of
understanding the fundamental mechanism of As retention in these residues.

In addition,

previous literature on As(III)-Fh transformation and stability tests performed on synthetic As(III)Fh precipitates under simulated disposal conditions were used to try to estimate the long-term
stability of the Horne’s As-bearing co-precipitates in its disposal pond.

Mineralogical characterization using synchrotron-based analysis indicated that the Horne
ETP co-precipitates consisted predominantly of a mixture of gypsum and amorphous ferric
arsenate. Other phases that were identified include zinc hydroxide and franklinite (zinc ferrite).
Mixed As oxidation states were found to be present in the Horne ETP precipitates, and the
predominant species was As(V) which accounted for 49 – 84% of total As in the precipitates. The
high As(V) levels detected in the Horne ETP co-precipitates were possibly due to the partial
oxidation of the Horne ETP sludge during storage, prior to characterization studies. Based on
laboratory tests simulating the Horne ETP, it was previously postulated that during the
precipitation in the first stage of the ETP (Fe:As=3; pH 4.5), the As precipitates out as an
amorphous equimolar ferric arsenite (Fe:As=1), and most of the excess ferric precipitates as an
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amorphous ferrihydrite. It was difficult to explain the puzzling predominance of As(V) in the
system. However, based on laboratory precipitation (Mahoney et al., 2007) and synchrotron data
(Warner and Rowson, 2007) from the JEB mill ETP (Northern Saskatchewan), it is hypothesized
that under the redox conditions in the tailings pond, the nanocrystalline ferric arsenite precipitate
is quite rapidly (months) oxidized by excess Fe(III) to As(V) and transformed probably into a
Fe(II)-Fe(III)-As(V) phase that is stable at pH 9. It must be noted that the process chemistry of
the Horne ETP and JEB ETP and their respective co-contaminants are may be very different, and
consequently further work is required to investigate if the gradual oxidation of the As(III) species
in Horne ETP co-precipitates by excess Fe(III) to form a Fe(II)-Fe(III)-As(V) phase takes place.

Time series transformation tests performed by evaluating the transformation rate of
ferrihydrite in the presence of adsorbed As(III) under simulated in-situ disposal pH 9 conditions
existing at the Horne Tailings Facility indicated that increasing quantities of As(III) (high Fe:As
ratios) considerably reduced the rate of ferrihydrite transformation and the subsequent As
dissolution. Although the findings of these transformation experiments cannot be considered to be
representative for the extrapolation of the stability of the Horne precipitates, they suggested that
that the Horne ETP co-precipitates will remain stable for thousands of years due to the adsorbed
As, along with zinc hydroxide and gypsum that further stabilize and buffer the system.

This research has demonstrated that arsenic removal in the form of As(III) from copper
smelter weak acid effluents by lime neutralization and co-precipitation with ferric iron (Fe:As >3)
can be equally as effective as As removal, and excess ferric iron is required to ensure the stability
of the As-bearing residues.
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6.1.2. Tooeleite as a potential disposal option
The investigation of tooeleite as an alternative potential disposal option for the fixation of
As from copper smelter weak acid effluents was achieved by investigating the effect of
precipitating tooeleite from As(III)-bearing weak acid solutions under varying precipitation
conditions (Fe:As molar ratio, pH and neutralizing agent) on the As removal efficiency, and
evaluation of the precipitate characteristics and stability. Calcination was also investigated as a
potential approach for enhancing the stability of tooeleite for disposal.

The effect of the initial Fe:As molar ratio and neutralizing agent (NaOH and Ca(OH)2) on
the As removal efficiency from Fe(III)-As(III) solutions (Fe:As = 1.0, 1.5 and 2) under ambient
conditions was investigated. The effectiveness of As removal was enhanced with increasing
Fe:As molar ratio and pH. The use of lime as opposed to sodium hydroxide as a neutralizing
agent enhanced the arsenic removal efficiency, with >90% of arsenic being removed at pH>4 in
the Ca(OH)2 neutralized systems. Tooeleite was found to form in the pH range 2 to 3.5, but
rapidly transformed at >pH 4 to form a poorly crystalline equimolar ferric arsenite phase which
was stable in the pH range 6 to 8. The poorly crystalline phase deemed to be ferric arsenite was
characterized using synchrotron-based µXRD analysis and was found to have two broad peaks at
2.9Å and 1.6Å. Subsequent preliminary studies have indicated that ferric arsenite can also be
formed by direct precipitation from an equimolar Fe(III):As(III) weak acid solution at pH 4 to 8.
These findings suggest that the neutralization of a Fe(III)-As(III) bearing weak acid solution
(Fe:As >3) at pH 4.5 as at the Horne ETP will result in most of the As being precipitated as ferric
arsenite together with arsenical ferrihydrite (As(III)-Fh).
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TCLP stability analysis of the precipitates formed from NaOH and Ca(OH) 2 neutralized
systems (Fe:As=1.0, 1.5, 2.0; 25˚C) indicated that both tooeleite and ferric arsenite have a
relatively high As solubility at pH 5. Arsenic solubility is still relatively high at higher pH
regimes up to pH 10. The effect of higher Fe:As molar ratios and co-deposition with additional
inert solids was not studied but data from the Horne (Quebec) and JEB (Northern Saskatchewan)
tailings facilities suggest that by using Fe:As>3, the resulting co-precipitates are still stable after
up to 20 years under anoxic conditions in their respective tailings disposal areas.

High temperature precipitation of tooeleite at 95˚C resulted in the transformation of
tooeleite to a more crystalline phase with the subsequent release of As, suggesting an increase in
Fe:As ratio of the precipitates. However, high temperature precipitation did not enhance the As
removal efficiency or stability of tooeleite compared to that of the ambient temperature
precipitation. Calcination of tooeleite fundamentally improved its TCLP stability, with the most
stable calcines being obtained at 600˚C. Calcination of tooeleite precipitates at 600 ˚C yielded a
mixture of hematite and ferric arsenate (FeAsO4), as characterized by bulk XRD analysis, which
proved to be very stable with a TCLP As leachability of 0.5 mg/L. Calcination of gypsum-bearing
tooeleite at 600 ˚C yielded a mixture of an iron arsenate phase (Fe7As6O24) and calcium sulphate
(anhydrite) (CaSO4), but the calcines had a higher TCLP As leachability of 13.1 mg/L possibly
due to the formation of calcium arsenite/arsenate from The gypsum-bearing tooeleite calcines
exhibited higher arsenic solubilities compared to the tooeleite calcines. SEM analysis indicated
that the Fe/As grains of the gypsum-bearing tooeleite calcines were less crystalline than the grains
of the tooeleite calcines, which could have attributed to their high As solubilities compared to the
tooeleite calcines.
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Based on these findings, a new process was proposed for the fixation of As(III) from
copper smelter weak acid effluents using tooeleite as a disposal option, which involves the
precipitation of As(III) with ferric (Fe:As=1.2) as tooeleite, and the subsequent calcination of
tooeleite at 600 – 700˚C to form a ferric arsenate calcine of low volume and a relatively high
TCLP stability which is disposed of in a lined tailings pond.

6.2. Recommendations for further research

It is recommended that further research on this work can be undertaken in the following areas:


It has been postulated, that under actual disposal conditions, the As(III) species in the
Horne ETP co-precipitates will gradually be oxidized to As(V) by Fe(III) over time, and
concurrently Fe(III) will be reduced to Fe(II) leading to the formation of a Fe(II)-Fe(III)As(V) phase. Further characterization studies should be carried out using Fe K-edge
µXANES analysis to determine if a ferrous arsenate phase is present in the aged Horne
ETP co-precipitates. Furthermore, Zn K-edge µXANES analytical studies should be
conducted to shed more light on the sorption mechanism of Zn(II) by ferrihydrite.



Characterization studies using Scanning Electron Microscopy (SEM) and synchrotronbased Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS) in order to
determine the morphology of ferric arsenite co-precipitates as well as the molecular
structure and the mechanism of As(III) retention in ferric arsenite respectively.
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Further studies are required to determine the transformation of precipitated tooeleite and
ferric arsenite at Fe:As molar ratios of 1-1.5 in anoxic and oxic conditions at pH 7-10
(simulating disposal but with little or no excess ferric iron).



Further precipitation and characterization studies on the high temperature precipitates (60
– 95˚C) of ferric arsenite formed using initial solutions of Fe:As molar ratios of 1-1.5 at
pH 6-10.



Further work on the mechanical structural stability of As-bearing residues disposed of in
a tailings management facility.
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Appendix A– Tooeleite precipitation
A.1. Precipitation experiments
(a) Precipitates formed at the various pH levels (pH 2.5, 2.7, 3, 4, 6, 8, 10) from an Fe(III)-

As(III) system (initial Fe/As molar ratio of 1.5 and 2.0) at ambient temperature (a) Fe:As=1.5
(NaOH) (b) Fe:As=2 (NaOH) (c) Fe:As=1.5 (Ca(OH2) (d) Fe:As=2 (Ca(OH2)
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A.2. XRD analysis
(a) XRD spectra of the precipitates formed from Fe(III)-As(III) solutions of initial Fe:As molar
ratios of 1.5 and 2: (a) Fe:As=1.5 and (b) Fe:As=2 using NaOH as base (c) Fe:As=1.5 and (d)
Fe:As=2 using Ca(OH)2 as base. G and T define gypsum [CaSO4. 2H2O] and tooeleite
[Fe6(AsO3)4(SO4)(OH)4·4H2O] respectively.
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A.3. Tooeleite precipitation at elevated temperatures
(a) Kinetics of As and Fe removal from initial solutions of Fe:As molar ratio of 1.2 using NaOH
as base at (i) 25˚C (ii) 60˚C (iii) 95˚C (initial As concentration = 7.5 g/L).
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(b) Kinetics of As and Fe removal from initial solutions of Fe:As molar ratio of 1.5 using NaOH
as base at (i) 25˚C (ii) 60˚C (iii) 95˚C (initial As concentration = 7.5 g/L).
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(c) As removal efficiency from initial solutions of Fe:As molar ratio of 1, 1.2 and 1.5 at (i) pH 2
(ii) pH 2.2 (iii) pH 2.5 using NaOH as base at ambient temperature (initial As concentration = 7.5
g/L).
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(d) As removal efficiency from initial solutions of Fe:As molar ratio of 1, 1.2 and 1.5 at (i) pH 2
(ii) pH 2.2 (iii) pH 2.5 using NaOH as base at 60˚C (initial As concentration = 7.5 g/L).
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(e) Kinetics of As and Fe removal from initial solutions of (i) Fe:As molar ratio of 1 (ii) Fe:As
molar ratio of 1.2 (iii) Fe:As molar ratio of 1.5 using NaOH as base at 95˚C (initial As
concentration = 7.5 g/L).
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(f) XRD patterns of tooeleite precipitates formed under the conditions of Fe:As molar ratio =1
and pH 2 with NaOH as base: (i) 25˚C (FeAs_2_25_1); 60˚C (FeAs_2_60_1) and 95˚C
(FeAs_2_95_1) (equilibration time of 1 hour) (ii) 25˚C (FeAs_2_25_24); 60˚C (FeAs_2_60_24)
and 95˚C (FeAs_2_95_24) (equilibration time of 24 hours).
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(g) XRD patterns of tooeleite precipitates formed under the conditions of Fe:As molar ratio =1
and pH 2.5 with NaOH as base: (i) 25˚C (FeAs_25_25_1); 60˚C (FeAs_25_60_1) and 95˚C
(FeAs_25_95_1) (equilibration time of 1 hour) (ii) 25˚C (FeAs_25_25_24); 60˚C
(FeAs_25_60_24) and 95˚C (FeAs_25_95_24) (equilibration time of 24 hours).
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(h) XRD patterns of tooeleite precipitates formed under the conditions of Fe:As molar ratio =1.2
and pH 2 with NaOH as base: (i) 25˚C (FeAs12_2_25_1); 60˚C (FeAs12_2_60_1) and 95˚C
(FeAs12_2_95_1) (equilibration time of 1 hour) (ii) 25˚C (FeAs12_2_25_24); 60˚C
(FeAs12_2_60_24) and 95˚C (FeAs_2_95_24) (equilibration time of 24 hours).
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(i) XRD patterns of tooeleite precipitates formed under the conditions of Fe:As molar ratio =1.2
and pH 2.5 with NaOH as base: (i) 25˚C (FeAs12_25_25_1); 60˚C (FeAs12_25_60_1) and 95˚C
(FeAs12_25_95_1) (equilibration time of 1 hour) (ii) 25˚C (FeAs12_25_25_24); 60˚C
(FeAs12_25_60_24) and 95˚C (FeAs12_25_95_24) (equilibration time of 24 hours).
(ii)

(i)

TOOELEITE

FeAs12_25_95_1
FeAs12_25_60_1

Relative Intensity

Relative Intensity

TOOELEITE

FeAs12_25_25_1

FeAs12_25_95_24

FeAs12_25_60_24

FeAs12_25_25_24
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A.4. Stability tests
(a) Final pH of the leachates of the tooeleite and gypsum-bearing tooeleite precipitates subjected
to the TCLP test.
Fe:As
molar ratio
Fe:As=1
Fe:As=1.5
Fe:As=2

Base
NaOH
Ca(OH)2
NaOH
Ca(OH)2
NaOH
Ca(OH)2

Precipitates (precipitated at target pH values)
pH 2.7
pH 3
pH 4
pH 6
pH 8
4.73
4.81
4.88
5.15
5.76
4.80
4.85
4.95
5.54
6.10
4.66
4.86
4.77
4.99
5.61
4.79
4.88
4.64
4.88
5.91
4.75
4.74
4.72
5.29
5.90
4.67
4.64
4.75
5.06
5.97

pH 2.5
4.67
4.81
4.79
4.76
4.78
4.71

pH 10
6.37
7.37
6.84
7.24
5.90
7.37

(b) Leachate pH, and As and Fe concentrations from as a function of time for tooeleite and
gypsum-bearing tooeleite subjected to long-term leaching tests under leaching conditions of pH 4,
5, 7 and 9 at 25˚C. NFA127 and CFA127 denote tooeleite precipitates formed at pH 2.7 and 25˚C
with NaOH and Ca(OH)2 as the bases respectively.
NFA127_pH
Time Elapsed (days)
pH changes at initial pH 4
pH changes at initial pH 5
pH changes at initial pH 7
pH changes at initial pH 9

1

3
2.86
2.8
2.76
2.85

6
4.13
4.62
5.51
6.6

8
4.77
3.55
6.47
6.94

3.74
5.03
6.07
8.03

13
4.72
5.33
6.41
8.55

24
3.38
4.50
6.18
8.67

44
5.67
6.39
7.07
8.75

64
5.67
6.72
7.58
8.76

78
5.38
5.46
6.25
8.52

121
5.41
5.80
6.38
8.76

207
5.19
6.72
6.65
8.76

NFA127_Fe (mg/L)
Time Elapsed (days)
Leachates at initial pH 4
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9

1
14.4
12.8
16.3
12.5

3
<DL
<DL
<DL
<DL

6
<DL
<DL
<DL
<DL

8
5.43
<DL
<DL
<DL

13
<DL
<DL
<DL
<DL

24
2.10
1.39
0.64
2.39

44
1.07
0.66
0.62
5.24

64
1.13
0.94
0.64
0.72

78
1.15
0.68
0.64
0.67

121
<DL
<DL
<DL
<DL

207
2.7
<DL
<DL
0.1

1
483.0
478.4
532.7
436.5

3
274.1
281.4
211.4
46.6

6
204.9
232.2
113.0
26.3

8
170.4
161.0
51.2
22.6

13
156.0
117.4
46.4
32.7

24
97.0
96.0
39.4
32.8

44
84.7
64.0
43.1
43.1

64
84.7
63.1
49.7
34.3

78
54.1
52.0
38.0
31.4

121
47.0
39.8
38.4
32.7

207
44.6
39.3
63.2
50.6

1
2.78
2.75
2.72
2.81

3
4.2
4.79
5.57
7.03

6
4.79
4.88
6.48
7.11

8
4.8
5.25
6.81
7.53

13
4.34
5.05
7.15
7.61

24
5.27
5.10
7.08
7.71

44
5.76
6.24
7.27
7.73

64
6.10
6.80
7.20
7.59

78
4.76
5.40
6.30
7.28

121
5.66
4.95
7.03
7.49

207
4.65
5.47
5.47
7.49

NFA127_As (mg/L)
Time Elapsed (days)
Leachates at initial pH 4
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9
CFA127_pH
Time Elapsed (days)
Leachates at initial pH 4
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9
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CFA127_Fe
Time Elapsed (days)
Leachates at initial pH 4
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9

1
5.80
6.21
9.83
6.13

3
<DL
<DL
<DL
<DL

6
<DL
<DL
<DL
<DL

8
<DL
<DL
<DL
<DL

13
2.20
<DL
<DL
6.59

24
0.63
0.69
1.00
0.69

44
0.73
0.63
0.68
0.93

64
0.79
0.66
0.66
0.70

78
1.14
0.66
0.62
0.63

121
<DL
<DL
<DL
<DL

207
5.11
1.21
<DL
<DL

1
708.0
737.4
958.9
784.6

3
479.7
429.6
397.4
149.3

6
431.2
411.1
270.1
151.5

8
318.6
258.3
188.4
121.4

13
266.5
248.8
147.9
117.9

24
175.2
178.7
123.4
91.5

44
146.8
121.8
105.9
86.0

64
97.3
98.5
96.5
78.2

78
92.3
91.2
87.3
64.8

121
67.7
65.1
75.1
58.0

207
77.5
34.2
122.3
54.4

CFA127_As
Time Elapsed (days)
Leachates at initial pH 4
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9

(i)

Fe leachate concentration
(mg/L)

(c) Leachate Fe concentrations as a function of time for (i) tooeleite precipitates (ii) gypsumbearing tooeleite subjected to long-term leaching tests under leaching conditions of pH 4, 5, 7 and
9 at 25˚C. NFA127 and CFA127 denote tooeleite precipitates formed at pH 2.7 and 25˚C with
NaOH and Ca(OH)2 as the bases respectively.
20
NFA127_pH 4
NFA127_pH 5
NFA127_pH 7
NFA127_pH 9

15
10
5
0
1

3

6

8

13 24 44 64 78 121 207

(ii)

Fe leachate concentration
(mg/L)

Time elapsed (days)
12

CFA127_ pH 4

10

CFA127_ pH 5

8

CFA127_ pH 7

6

CFA127_ pH 9

4
2
0
1

3

6

8

13 24 44 64 78 121 207

Time elapsed (days)
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(d) Leachate pH, As and Fe concentrations as a function of time of tooeleite and gypsumbearing tooeleite precipitates subjected to long-term leaching tests under leaching conditions of
pH 5, 7 and 9 at 60˚C. NFA127 and CFA127 denote tooeleite precipitates formed at pH 2.7 and
25˚C using NaOH and Ca(OH)2 as the bases respectively.
NFA127_pH
Time Elapsed (days)
pH changes at initial pH 5
pH changes at initial pH 7
pH changes at initial pH 9

7
5.35
5.89
7.76

15
5.56
5.68
8.61

36
6.21
6.90
8.82

69
6.18
6.33
8.73

118
5.85
6.83
8.85

195
5.79
6.63
8.75

7
<DL
<DL
<DL

15
0.85
0.67
0.68

36
0.84
0.68
4.86

69
0.69
0.68
14.3

118
<DL
<DL
8.17

195
<DL
12.5
249.6

7
403.7
359.8
121.1

15
235.6
198
123.4

36
169.9
189.0
207.6

69
183.4
230.9
359.9

118
210.7
257.6
304.5

195
313.8
361.1
808

7
5.34
6.58
8.41

15
5.92
6.94
8.19

36
6.13
6.98
8.21

69
5.74
6.61
7.97

118
6.20
6.93
8.33

195
6.63
6.67
8.44

7
<DL
<DL
<DL

15
0.64
0.68
0.78

36
0.66
0.63
0.82

69
0.63
0.63
0.70

118
<DL
<DL
<DL

195
0.12
<DL
<DL

7
892.8
810.7
414.7

15
557.6
508.2
279.2

36
461.7
354.9
184.5

69
337.30
262.8
161.1

118
223.0
174.8
146.9

195
273.4
216.6
140.7

NFA127_Fe
Time Elapsed (days)
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9
NFA127_As
Time Elapsed (days)
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9
CFA127_pH
Time Elapsed (days)
pH changes at initial pH 5
pH changes at initial pH 7
pH changes at initial pH 9
CFA127_Fe
Time Elapsed (days)
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9
CFA127_As
Time Elapsed (days)
Leachates at initial pH 5
Leachates at initial pH 7
Leachates at initial pH 9
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(i)

Fe leachate concentration (mg/L)

(e) Leachate Fe concentrations from (i) tooeleite precipitates (ii) gypsum-bearing tooeleite as a
function of time at 60˚C under leaching conditions of pH 5, 7 and 9. NFA127 and CFA127
denote tooeleite precipitates formed at pH 2.7 and 25˚C with NaOH and Ca(OH)2 as the bases
respectively.
300
NFA127_ pH 5
NFA127_ pH 7
NFA127_ pH 9

250
200
150
100
50
0
7

15

36

69

118

195

(ii)

Fe leachate concentration (mg/L)

Time elapsed (days)

2.0
CFA127_ pH 5
CFA127_ pH 7

1.5

CFA127_ pH 9

1.0
0.5
0.0
7

15

36

69

Time elapsed (days)
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118

195

A.5. High temperature precipitation

(i)

Residual As and Fe concentration
in solution (mol/L)

(a) As and Fe concentrations in solution as a function of pH resulting from the neutralization of
Fe(III)-As(III) solutions using 2M NaOH and 2M Ca(OH)2 at (i) 60˚C and (ii) 95˚C.
0.12
NFA60_As

0.1

NFA60_Fe
0.08

CFA60_As

0.06

CFA60_Fe

0.04
0.02
0
0

2

4

6

8

10

12

10

12

pH

Residual As and Fe concentration
in solution (mol/L)

(ii)

0.12
NFA95_As

0.1

NFA95_Fe
0.08

CFA95_As

0.06

CFA95_Fe

0.04
0.02
0
0

2

4

6

8

pH
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A.6. Tooeleite calcination
(a) XRD patterns of tooeleite precipitates calcined at different temperatures: (i) 500˚C (ii) 600˚C
and (iii) 870˚C (iv) 600˚C (with lime) (v) 870˚C (with lime). A, C, Ca and F define angelellite
[Fe4As2O11]; calcium sulphate anhydrite [CaSO4]; calcium arsenate [Ca3 (AsO4)2] and ferric
arsenate [Fe7(AsO4)6] respectively.

(i)

F

(ii)

F

F
F

(iii)

A

(iv)

C

H
H

F

A
A
A
H A A A
H
A A
A

Ca
H A HH

C

A

(v)

A
A H
Ca
H H

A
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(b) XRD patterns of tooeleite precipitates calcined at different temperatures: (i) 600˚C (ii) 700˚C
and (iii) 800˚C. A, F, and H define angelellite [Fe4As2O11]; ferric arsenate phase [FeAsO4] and
hematite [Fe2O3] respectively.

F

(i)

F F
F
H
F

(ii)

F
F

H
H

H
H
F

F

F

F

A A

(iii)
A

A
A

H
H
A

A
A

A

(d) Chemical analysis of the tooeleite residues from the TG/DTAstudies. TN850 denotes tooeleite
thermal decomposition under N2. TA850 & TA1000 denote tooeleite thermal decomposition
under air.

Sample
TN850
TA850
TA1000

Compounds
2FeAsO4 & 5Fe2O3
8FeAsO4 & 2Fe2O3
2Fe4As2O11 & 2Fe2O3

Fe:As
molar ratio(1)

(2)

Arsenic

6
1.3
3

CHEMICAL ANALYSIS
Iron(2)
Sulphur(2)

mg/L

mg/L

mg/L

22.4
65.0
36.9

85.0
83.9
86.8

<1.0
1.3
<1.0

(1) Based on thermal decomposition equations in Section 5.3.1. (2) Chemical analysis of TG/DTA residues.
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Fe:As molar
ratio
5
1.72
3

(c) XRD patterns of gypsum-bearing tooeleite precipitates calcined at different temperatures:
(i) 600˚C, (ii) 700˚C and (iii) 800˚C. A, C and F define angelellite [Fe4As2O11]; calcium sulphate
anhydrite [CaSO4] and ferric arsenate [Fe7(AsO4)6] respectively. (iv) XRD pattern of the white
solid residue deposited on the furnace walls during calcination. As defines arsenolite (arsenic
trioxide, As2O3).

(i)

C

C

(ii)

F
C

(iii)

F
C

FF F

C
(iv)

C
A

AA A

AA
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As

As

F F F FF

(d) Stability of tooeleite precipitates and calcines as a function of temperature.

TCLP leachate pH
TCLP (As mg/L)

23˚C

500 ˚C

600 ˚C

870 ˚C

600 ˚C
(with lime)

870 ˚C
(with lime)

4.49
213

4.13
3

4.48
0.49

4.91
13.1

5.78
515

5.26
344

(e) Stability of tooeleite precipitates and calcines as a function of temperature.
Temperature (˚C)
25
25
600
700
800
600
700
800

Sample
NFA127Ϯ
CFA127Ϯ
NFA127
NFA127
NFA127
CFA127
CFA127
CFA127

TCLP (As mg/L)
213
378
0.49
1.5
9.5
13.1
14.9
48.3

TCLP leachate pH
4.51
4.82
4.48
4.90
4.90
4.86
4.85
4.87

Ϯ NFA and CFA represent tooeleite and gypsum-bearing tooeleite precipitates respectively.

A.6. Error Analysis
(a) Tooeleite Precipitation Experiments: (i) Fe:As=1; NaOH as base at 25˚C (ii) Fe:As=1.5;
NaOH as base at 25˚C (iii) Fe:As=2; NaOH as base at 25˚C (iv) Fe:As=1.5; Ca(OH)2 as base at
25˚C . R1, R2, and R3 denote replicate 1, replicate 2 and replicate 3 respectively. S.E. denotes the
standard error.
(i)
Sample
ID
pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

[As] mg/L
R1

R2
1650
1020
1075
892
214
60
392

R3
1645
1035
1080
860
218
74
380

S.E.
1640
1030
1060
870
225
81
365

2.89
4.41
6.00
9.45
3.21
6.17
7.81
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(ii)
Sample
ID

[As] mg/L
R1

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

R2
1006.00
575.50
286.60
209.50
24.52
0.97
9.78

R3

1020.00
556.50
273.40
195.20
29.50
7.60
5.60

S.E.

956.00
584.20
275.20
183.60
17.40
4.30
8.54

19.42
8.18
4.13
7.49
3.51
1.91
1.24

(iii)
Sample
ID

[As] mg/L
R1

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

R2
1006.00
575.50
286.60
209.50
24.52
0.97
9.78

R3

1020.00
556.50
273.40
195.20
29.50
7.60
5.60

S.E.

956.00
584.20
275.20
183.60
17.40
4.30
8.54

19.42
8.18
4.13
7.49
3.51
1.91
1.24

(iv)
Sample
ID
pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

[As] mg/L
R1

R2
240.80
180.30
186.90
38.30
10.60
1.98
6.13

R3
234.00
187.60
175.80
47.00
12.70
8.90
13.20

S.E.
226.70
174.20
171.40
45.30
17.30
5.17
6.92

4.07
3.87
4.61
2.66
1.98
2.00
2.24
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(a) High Temperature Precipitation Experiments: (i) Fe:As=1; NaOH as base at 60˚C (ii)
Fe:As=1; NaOH as base at 95˚C (iii) Fe:As=1; Ca(OH)2 as base at 60˚C (iii) Fe:As=1; Ca(OH)2
as base at 95˚C. R1, R2, and R3 denote replicate 1, replicate 2 and replicate 3 respectively. S.E.
denotes the standard error
(i)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 4
pH 6
pH 8
pH 10

2200
2030
1790
1570
1180
1150

2210
2020
1830
1545
1170
1135

2230
2060
1810
1560
1140
1145

8.82
12.01
11.55
7.26
12.02
4.41

(ii)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

2580
2120
2340
2320
2920
2630
4230

2560
2170
2320
2310
2930
2610
4200

2590
2130
2350
2330
2890
2580
4235

8.82
15.27
8.82
5.77
12.2
14.53
10.93

(iii)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 3
pH 4
pH 6
pH 8
pH 10

1820
1820
1510
1550
1020
115

1834
1827
1520
1540
1030
134

1840
1835
1526
1545
1018
124

5.93
4.34
4.67
2.89
3.71
5.49
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(iv)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 6
pH 8
pH 10

2340
2300
2380
2490
2190
18

2350
2290
2370
2500
2180
23.3

2320
2310
2374
2514
2210
27

8.82
5.77
2.91
6.96
8.82
2.61

(a) TCLP Stability Tests: (i) Fe:As=1; NaOH as base at 25˚C (ii) Fe:As=1.5; NaOH as base at
25˚C (iii) Fe:As=2; NaOH as base at 25˚C (iv) Fe:As=1; Ca(OH)2 as base at 25˚C (v) Fe:As=1.5;
Ca(OH)2 as base at 25˚C (vi) Fe:As=2; Ca(OH)2 as base at 25˚C (vii) Fe:As=1; NaOH as base at
60˚C (viii) Fe:As=1; NaOH as base at 95˚C (ix) Fe:As=1; Ca(OH)2 as base at 60˚C (x) Fe:As=2;
Ca(OH)2 as base at 95˚C (xi) Calcines [NFA600, NFA700, NFA800 – Fe:As=1; NaOH as base at
600˚C, 700˚C and 800˚C respectively; CFA600, CFA700, CFA800 – Fe:As=1; Ca(OH)2 as base
at 600˚C, 700˚C and 800˚C respectively]. R1, R2, and R3 denote replicate 1, replicate 2 and
replicate 3 respectively. S.E. denotes the standard error.
(i)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

213
60
246
327.1
334
187.4

205.6
64.5
234
315.7
337.7
178

221.5
55.8
238
324
325
172.6

7.41
2.51
3.53
3.4
3.61
4.32

(ii)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

59.5
39.4
94.6
131.8
153.3
469.1
147.2

49.2
20.3
91.4
135.9
159.4
470.6
162.6

47.5
22.6
79.2
126.4
164.1
453.1
164

3.75
6.02
4.69
2.75
3.13
5.6
5.38
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(iii)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

6.18
6.72
6.93
19.6
43.6
35.5
33.6

8.63
16.3
16.6
20.1
41.1
30.6
35.2

16.3
18.9
17
18.9
47.2
25
27.8

3.05
3.07
3.29
0.35
1.66
3.03
2.25

(iv)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

26.5
378
163.3
74.3
314
188
78.8

41.7
355
120.2
68.1
325
161.4
76.2

31.1
363.6
124.8
65.7
338.5
159.1
65

4.5
6.71
13.66
2.56
7.08
9.27
4.23

(v)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

34.2
20.8
13.2
93.3
156
91.4
19.8

15.6
20.5
18.6
89.4
149.8
96.3
21.7

10.2
8.32
8.04
85.8
159.5
89.7
24.1

7.27
4.11
3.05
2.17
2.84
1.98
1.24
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(vi)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

13.2
14.6
13.6
53.6
63.1
30.8
9.43

13.5
12.2
15.7
13.3
62.4
26.3
14.6

12.6
13.8
12.1
12.1
65.3
50.5
16.4

0.26
0.71
1.04
13.64
0.87
7.43
2.09

(vii)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

31.8
21.8
26.5
41.3
312.3
460
339.9

51.8
32.4
27.7
44.6
316.6
471.9
343.9

48
50
35.8
56.6
325.4
485
357

6.13
8.22
2.92
4.65
3.86
7.22
5.16

(viii)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

14.1
15.5
19.3
33
340
542.3
116.7

17.1
17.7
14.9
20.4
335
535.6
125.4

15.6
33.1
28.2
27
325
532.5
112.3

0.86
5.54
3.91
3.64
4.41
2.89
3.85
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(ix)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

21.3
25.7
184.1
93.5
379.1
379.7
1084

18.4
25.2
192.5
81.5
367.8
380.5
1072

19
24.4
183.7
71.8
374.4
395
1075

0.88
0.44
2.87
5.22
3.28
4.97
4.1

(x)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

pH 2.5
pH 2.7
pH 3
pH 4
pH 6
pH 8
pH 10

17.9
13.3
29.1
12.6
115.6
575.7
1000

12.6
11.8
12.9
12.3
129.3
580.4
985.4

12.5
10.1
27.1
11.7
123.6
568.5
975.6

1.78
0.92
5.1
0.26
3.97
3.46
7.09

(xi)
[As] mg/L

Sample
ID

R1

R2

R3

S.E.

NFA600
NFA700
NFA800
CFA600
CFA700
CFA800

0.49
1.5
9.5
13.1
14.9
48.3

2.38
2.54
6.75
11.1
16.6
41

2.14
2.75
7.64
7.51
16.1
41

0.6
0.39
0.81
1.75
0.5
2.43
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A.7. Ferric Arsenite precipitation
(i) Direct precipitation of ferric arsenite [pH raised to desired value and stirred continuously for 1
hour at each specific pH regime]: Fe:As=1; NaOH as base; pH 4, pH 6, pH 8
pH
4
6
8

[As] mg/L
904
289
132

pH 4

Fe:As molar ratio
1.1
1.01
1

pH 6

pH 8

(ii) XRD analysis

Relative Intensity

pH 8
pH 6
pH 4

Poorly crystalline precipitates
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A.8. Chemical analysis
(a) Solid residues from tooeleite long term stability tests
Sample

pH leaching
conditions
5
7
9
5
7
9

Tooeleite
25˚C
Tooeleite
60˚C

Fe [ppm]

As [ppm]

Fe:As

1430.0
1379.3
1395.5
1442.0
1413.5
1310.3

1238.3
1171.0
1238.0
1183.3
1175.8
1127.5

1.55
1.58
1.51
1.63
1.61
1.56

(b) High temperature precipitates (NaOH as the base)
Sample
Fe:As=1;
60˚C

Fe:As=1;
95˚C

Precipitation
pH
2
4
6
8
10
2
8
10

Fe [ppm]

As [ppm]

659.5
590.8
649.0
633.8
639.8
1755.5
1357.8
1356.5

568.0
536.3
573.5
665.3
615.3
1478.8
1284.0
1141.8

Fe:As
molar ratio
1.56
1.48
1.52
1.28
1.39
1.59
1.42
1.59

As:Fe
molar ratio
0.64
0.68
0.66
0.78
0.72
0.63
0.71
0.63

(c) High temperature precipitates (Ca(OH)2 as the base)
Sample

Precipitation Fe [ppm]
pH

As [ppm]

Ca [ppm]

Fe:As=1;
60˚C
Fe:As=1;
95˚C

8

252.6

326.0

8
10

206.7
364.0

275.5
357.6
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391.8

Fe:As
molar
ratio
1.04

Ca:As
molar
ratio
2.25

454.1
442.8

1.00
1.36

3.09
2.32

A.9. High Temperature precipitation tests at 60˚C
(a) Direct Precipitation tests at 60˚C - the presence of excess Fe increases the As uptake.
Sample
Fe:As=1;
60˚C
Fe:As=1.5;
60˚C

Precipitation
pH
6
8
6
8

Residual Fe
[mg/L]
0.81
7.10
0.20
1.85

Residual As
[mg/L]
360.8
229.4
76.7
41.8

(b) TCLP stability tests – relatively high TCLP As solubility. However, the presence of
excess Fe slightly increases the stability of the As-bearing precipitates.
Sample
Fe:As=1;
60˚C
Fe:As=1.5;
60˚C

Precipitation
pH
6
8
6
8

Residual Fe
[mg/L]
1.41
29.8
<DL
3.66
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Residual As
[mg/L]
515.6
537.5
231.9
135.7

