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ABSTRACT

Arsenic is one the most obnoxious impurities in the metallurgical industry, principally in
copper smelters. In the last few decades, environmental regulation of arsenic has been
promulgated, which has forced the smelters to treat their gases through to sulfuric acid plants

in order to respect the national and internationai environmental standards.

The objective of this thesis is carry out a review of the effects of arsenic on human health, the
solution chemistry of arsenic, the world production and uses of arsenic and its compounds in
recent years. The environmental situation of the Chilean metallurgical industry, regarding the
regulations and present solutions for management of SO,, particulate matter and arsenic is
particularly emphasized since Chile is the world’s largest copper producer. The
hydrometallurgical and the pyrometallurgical processes for arsenic recovery from gold, cobalt
and copper concentrates as well as from copper smelter dusts, whether implemented or in
research, are reviewed. In addition, this study considers the disposal of the arsenic emitted by
metallurgical plants by precipitation under a variety of forms, for example, as ferric arsenate,

calcium arsenate or arsenic sulfide.

Armando Valenzuela

Kostas Fytas



RESUME

L’arsenic est I'une des impuretés les plus nocives dans [’industrie métallurgique et surtout
dans les fonderies de cuivre. Durant les derniéres années, la réglementation environnementale
sur I’arsenic a obligé les compagnies métallurgiques a traiter leurs gaz dans des usines d’acide

sulfurique et ce afin de pouvoir respecter les normes nationales et internationales en matiére

d’environnement.

Ce mémoire a pour but de présenter les effets nocifs de 1’arsenic chez les étres humains, la
chimie des solutions d’arsenic ainsi qu’une analyse du marché mondial des composés
d’arsenic et leurs utilisations récentes. Une analyse de la situation environnementale et de la
gestion du SO, de la poussiére et de ’arsenic dans I’industrie métallurgique chilienne est
incluse, car le Chili constitue le principal producteur de cuivre au monde. Une étude précise
les alternatives disponibles pour la récupération des composés d’arsenic & partir des concentrés
d’or, de cobalt, et de cuivre ou a partir de la poussiére des fonderies de cuivre. Finalement,
cette thése étudie la fixation de 1’arsenic par précipitation sous forme d’arséniate ferrique,

d’arséniate de calcium ou de sulfure d’arsenic.

Armando Valenzuela

Kostas Fytas
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CHAPTERI

INTRODUCTION

The last few decades have been a serious environmental challenge for the metallurgical
industry, especially for copper smelters, due to pressures from public opinion and the
numerous environmental regulations imposed. Regulation of sulfur dioxide emissions has
forced smelters to treat their gases directed to sulfuric acid plants to remove dust particles and
any volatilized arsenic. During the smelting-converting process some arsenic also reports in
the blister copper. It must be removed from the refined product otherwise it will deleteriously

influence its properties. Because of its toxicity, arsenic has received great attention in the

metallurgical industry.

The presence of high arsenic concentrations in the copper and gold-copper concentrates is one
of the major environmental problems for the Chilean mining industry. New environmental
regulations limit the arsenic emitted into the atmosphere from each smelter (CONAMA,
1999). As a consequence there will be a significant increase in the amount of arsenic residues,

which will have to be managed in a safe way, whether for its recovery or disposal.

Arsenic is recovered as a by-product of processing certain complex ores that are mined mainly
for copper, lead, zinc, cobalt, gold and silver, and its supply is dependent on the demand for
these metals. In the past years, the market for arsenic compounds such as arsenic trioxide and

arsenic metal has not grown, thus creating a surplus of arsenic production.

The disposal of arsenic has been accomplished in practice by the formation of metal arsenates

and metal arsenites, e.g., of Ca?*, Cu** and Fe®* because of their low solubility. The formation



of ferric arsenate has become the most important process, and its precipitation, solubility, and
stability has been the subject of considerable research. Due to the unique characteristics of
each plant operation, it is difficult to realize a comparison between the different arsenic

treatment processes. A survey was carried out to provide information that could be useful in

the complex arsenic treatment industry.

The present work covers the following topics: Arsenic and Its Compounds, Arsenic
Distribution in Copper Smelters, Arsenic in the Chilean Copper Industry, Arsenic Recovery
Worldwide and Arsenic Disposal from Metallurgical Processes.

Chapter 2 entitled “Arsenic and Its Compounds”, a review is presented on the effects of
arsenic on human health, its effect on the properties of copper, its solution chemistry, its
production, consumption and uses worldwide, ambient standards and guidelines, and
techniques for analysis and removal of arsenic from drinking water. The factors affecting the
distribution of arsenic in copper smelters are described in Chapter 3. Chapter 4 describes the
environmental situation in the Chilean mining industry, regarding the regulations and present
solutions for management of SO, particulate matter, and arsenic. Chapter 5 entitled “Arsenic
Recovery Worldwide” analyses processes for arsenic recovery from gold, cobalt, and copper
concentrates as well as from arsenic-containing copper smelter dusts. Arsenic disposal by
hydrometallurgical and pyrometallurgical processes is analyzed in Chapter 6. Chapter 7
entitled “Summary of Arsenic Treatment Processes” summarizes the results of arsenic
operations in industry (recovery or disposal) from copper, cobalt, and gold concentrates, and
from copper smelter dust. Finally, Chapter 8 presents the conclusions of the work and

recommendations for the management, recovery or disposal of arsenic residues in the

metallurgical industry.

Since the author has examined a large number of publications which were not cited in the text,

it was considered worth while to compile these as Appendix I.



CHAPTER II

ARSENIC AND ITS COMPOUNDS

2.1 Physical and Chemical Nature

Elemental arsenic is a metalloid that exists in a number of allotropic forms. Yellow arsenic,
which volatilizes readily, is extremely poisonous. Gray arsenic, the ordinary stable form,
exhibits low thermal conductivity and brittle. The semi-metallic form of arsenic is steel gray in
color with a bright luster. It is very brittle and is a good conductor of heat but a rather poor
conductor of electricity. It is believed that Albertus Magnus obtained the element in 1250.
Arsenic occurs in the oxidation states, —III, 0, III, V. Only one stable isotope of arsenic having
mass 75 has been observed. The physical properties of elemental arsenic are presented in

Table 2.1.

Arsenic is found widely in nature, rarely in the elemental form, most often combined with
oxygen and sulfur. It is usually found in sulfide ores containing gold, silver, cobalt, nickel,
iron, copper, lead and antimony. There are over 180 known arsenic-bearing minerals

(Gonzalez and Monhemius, 1988). Table 2.2 list some of the more common minerals.

Inorganic and organic arsenic compounds are typically white to colorless powders. Arsenic
oxide can be extracted from the flue-dust of copper and lead smelters, which can then be
reduced with charcoal to produce metallic arsenic. Table 2.3 presents a summary of the

formulas and uses of the most commonly used arsenic compounds.



Table 2.1. Physical properties of elemental arsenic

Property Value
Atomic number 33
Atomic weight 7492 ¢
Melting point (at 28 atm) 817°C
Boiling point 613°C*
Specific gravity (26°C) 5,778 kg/m’
Specific heat 24.6 J/(molK)®
Latent heat of fusion 27,740 J/(mol'K)®
Latent heat of sublimation 31,974 .T/(mol‘K)b
Linear coefficient of thermal expansion (20°C) 5.6 um/(m°C)
Electrical resistivity (0°C) 26uQ/cm
Crystal system hexagonal (thombohedral)
Lattice constants (26°C, mm) a=0.376

= 1.0548

* Sublimes.

®0 convert to cal/{mol'K) divide by 4.184

Table 2.2. Common arsenic-bearing minerals

Mineral Formula
Arsenides Nickeline NiAs;
Safflorite (Co,Fe,Ni)As»
Skutterudite CoAs;
Sulfides and Arsenopyrite FeAsS
Sulfosalts Arsenical pyrite Fe(As,S),
Cobaltite CoAsS
Enargite Cu3zAsS,
Orpiment As;S3
Real gar AS4S4
Tennantite (Cu,Fe)12As4S13
Oxides Arsenolite As;04
Claudite As;Os
Arsenates Oliverite Cuz(AsO4)OH
Scorodite FeAsO42H>0




Table 2.3. Formulas and uses of common arsenic compounds

Compound

Formula

Uses

Reference

Arsenic metal

Arsenic disulfide

Arsenic pentasulfide

Arsenic thiorsenate

Arsenic trisulfide

Arsenic trioxide

Arsenic acid

Arsenic pentoxide

Arsenic pentafluoride

Arsenic trifluoride

Arsenic hydride
(arsine)

Arsenic tribrormde

Arsenic trichloride

As

AsyS,

ASst

A.S(ASS4)

ASzS:;

ASzO;;

H3As040.5H,0

ASgOs

AsFs

AsF;

ASH3

ASBI'g

AsCls

Copper- and lead-based alloys,
manufacture of crystalline GaAs

Leather industry, depilatory agent, paint
pigment, shot manufacture, pyrotechics,
rodenticide, taxidermy.

Paint pigments, light filters, other arsenic
compounds.

Scavenger for certain oxidation catalysts
and thermal protectant for metal-bonded
adhesives and coating resins.

Pigment, reducing agent, pyrotechnics,
glass used for infrared lenses,
semicanductors, hair removal from hides.

Pigments, decolorizing agent in glass,
insecticide, herbicide, wood
preservative (CAA, ACZA, FCAP,
ACA), preparation of other arsenic
compounds.

Manufacture of arsenates, glass ceramics,
wood treating process.

Arsenates, insecticides, weed killer,
colored glass, metal adhesives.

Doping agent in electroconductive
polymers.

Fluorinating reagent, catalyst, ion
implantation source, and dopant.

Organic synthesis, military poison,
doping agent for solid-state electronic
compounds.

Analytical chemistry, medicine.

Intermediate for organic arsenicals
(pharmaceuticals, insecticides), ceramics.

Reese, Jr., 1998

US EPA, 1998a

US EPA, 1998a

US EPA, 1998a

US EPA, 1998a

Reese, Jr., 1999,
Leach, 1999,
Ibach, 1999.

Edelstein, 1996

US EPA, 1998a

US EPA, 1998a

US EPA, 1998a

US EPA, 1998a

US EPA, 1998a

US EPA, 1998a




2.2 Arsenic in the Environment

Arsenic compounds are emitted naturally from many sources, e.g., volcanoes, forest fires,
erosion from minerals deposits. However, the arsenic release originating from human
activities, e.g., metal smelting, chemical production and use, coal combustion, waste disposal,
pesticide application can cause substantial environmental contamination because of its
toxicity. The greatest environmental concentrations of arsenic have been observed in air and
soil around mining and smelting operations, whereas coal combustion distributes arsenic to the

air in much lower concentrations over a wider area.

2.2.1 In Air

Arsenic released to air from natural and industrial sources exists in the form of particulate
matter less than 2 pm in diameter and is usually a mixture of arsenite and arsenate. The
residence time of arsenic bound particulate depends on particle size and meteorological
conditions; however, a typical value is approximately 9 days (US EPA, 1998a). Levels of
arsenic in air range from a few nanograms (ng) to a few tenths of a microgram per cubic meter
(um/m3), however, concentrations may exceed 1 pm/m’ near stationary sources of emissions

(Bencko, 1987).

2.2.2 In Water

Arsenic found in surface water, groundwater, and drinking water is mainly arsenate generally
between 1 and 2 pg/L (Health Canada, 1992). A few micrograms per liter (ug/L) of arsenic is
normally found in drinking water. In some locations, however, concentrations may exceed 1

milligrams per liter (mg/L) (WHO, 1981).

Arsenic is released to water in several ways, including natural weathering processes, discharge
from industrial facilities, and leaching from landfills, soil or urban runoff. Once in water,

arsenic can undergo complex series of transformations, including oxidation-reduction



reactions, ligand exchange, and biotransformations. The parameters that most strongly
influence the transformations are the oxidation-reduction potential (Eh), pH, metal and sulfide
ion concentrations, iron concentrations, temperature, salinity and distribution and composition
of the biota. Aquatic microorganisms may reduce the arsenate to arsenite and a variety of
methylated arsenical compounds. Arsenic can also be adsorbed from water onto sediments and
soils, particularly clays, iron oxides, aluminum hydroxides, manganese compounds, and

organic material (US EPA, 1998a).

2.2.3 In Soil

The majority of soils naturally contain about 7 ppm of arsenic, but levels in the range of 100-
2500 ppm have been detected near stationary sources, and up to 700 ppm in agricultural soils
treated with arsenic-containing pesticides (WHO, 1981). Organoarsenical pesticides (e.g.,
monosodium methanearsonate, disodium methanearsonate) applied to soils are metabolized by
soil bacteria to form alkyl-arsine and arsenate. Arsenic will react with soil components
predominantly by adsorption on hydrous iron and aluminum oxides. Heavier soils with a
higher clay content and hydrous oxide content adsorb more arsenic than do lighter sandier
soils with low clay content. In addition, arsenic compounds react with ions in solution, such as
iron, aluminum, calcium, magnesium, manganese, and lead. The pH of the soil will affect the
solubility of these compounds (US EPA, 1998a).

There are two known types of oxidation that are responsible for transforming arsenic
compounds environmentally. One type destroys the carbon/arsenic bond and is associated with
microbial activity, while the other type causes a change in oxidation state. Transformations of
arsenic in soil are similar to those seen in aquatic systems, with As™ predominant in aerobic
soils; As™ in slightly reduced soils (e.g., temporarily flooded); and arsine, methylated arsenic,
and elemental arsenic in very reduced conditions (e.g., swamps and bogs). Some arsenate may
be reduced to arsenite under certain environmental conditions. Arsenic in sediments or in
flooded anaerobic soil may be reduced as a function of reduction/oxidation potential (US EPA,
1998a). Figure 2.1 shows the biological cycle of arsenic.
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Figure 2.1. The biological cycle of arsenic (after Drever, 1997)

2.3 Arsenic and Human Health

2.3.1 Toxicity

All arsenic compounds are considerably toxic, especially the inorganic ones, and trivalent

compounds are more toxic than pentavalent compounds.

2.3.2 Pharmacokinetics and Metabolism

Although the results of studies indicate that arsenic may be an essential element for several
animal species (e.g., goats, minipigs, rats, chicks), there is no evidence that it is essential for
humans. Humans are exposed to arsenic in many different ways: by ingestion of contaminated
water and food; by ingestion of arsenic-containing medicinal preparations; by homicidal and
suicidal ingestion of arsenicals; by inhalation of arsenic-containing dust or volatile arsenicals;

and by absorption through skin and mucous membranes during the handling of arsenicals or



through prolonged therapeutic usage in numerous professions. The most toxic arsenic

compound, arsine (AsHj3), is an occupational hazard.

Ingested elemental arsenic is poorly absorbed and largely eliminated unchanged. Arsenic
oxides are readily absorbed (>80%) from the gastrointestinal tract and, to a lesser extent,
through the lungs and skin. According to some basic experiments in humans the absorption of
soluble As (III) and As (V) compounds is close to 95%. Arsenic (III) tends to accumulate in
the tissues, whereas As (V) and organic arsenic are well absorbed but rapidly and almost

completely eliminated via the kidneys (Health Canada, 1992).

Following ingestion, inorganic arsenic appears rapidly in the circulation, where it binds
primarily to haemoglobin; within 24 hours, it is found mainly in the liver, kidneys, lungs,

spleen and skin. Skin, bone and muscle represent the major storage organs.

There are two main processes for the elimination of ingested trivalent arsenic from the body.
The first is the rapid urinary excretion (close to 90% of the total urinary arsenic over the first
12-hour period). The second involves methylation of As (III) in the liver to
monomethylarsenic acid (MMAA) and dimethylarsenic acid (DMAA), then excretion
commences approximately five hours after ingestion but reaches its maximum level two to
three days after. Less important routes of elimination of inorganic arsenic include skin, hair,

nails and sweat (Health Canada, 1992).

2.3.3 Effect on Humans

In a 1980 review of arsenic, the International Agency for Research on Cancer (IARC)
determined that inorganic arsenic compounds are skin and lung (via inhalation) carcinogens in
humans. Many cases of skin cancer have been reported among people exposed to arsenic

through medical treatment with inorganic trivalent arsenic compounds, particularly Fowler's

solution (IARC, 1980).
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The most deceptive and dangerous aspect of the arsenic toxicosis is its very slow and insidious
development. After several years of continued low level of arsenic exposure, many skin
ailments appear, i.e., hypopigmentation (white spots), hyperpigmentation (dark spots),
collectively called melanosis, and keratosis (break up of the skin on hands and feet). After an
exposure of about 10 years, skin cancers appear. After an exposure of 20-30 years, internal
cancers, particularly bladder and lung appear (Mizanur, 1999). Signs of arsenic toxicosis,
including dermal lesions, peripheral neuropathy, skin cancer, peripheral vascular disease and
possibly cancers of other organs, have been observed in populations ingesting arsenic-
contaminated drinking water in Taiwan, Chile, the United States, Mexico, and Canada.
Dermal lesions, such as hyperpigmentation, warts and keratosis of the palms and soles, were
the most commonly observed symptoms, occurring after minimum exposure periods of

approximately five years (Health Canada, 1992).

In Chile, numerous adverse effects, particularly among children, have been associated with the
consumption of arsenic-contaminated water in Antofagasta (Borgono and Greiber, 1971;
Zaldivar, 1980). Effects on the skin (leukomelanoderma, hyperkeratosis), respiratory system
(chronic coryza, cough, bronchopulmonary diseases), cardiovascular system (myocardial
infarction, peripheral vascular disorders such as ischaemia of the tongue, Raynaud’s
phenomenon, acrocyanosis) and digestive system (abdominal pain, chronic diarrhoea) were
observed in children under 16 years of age. Smith, et al. (1998) investigated cancer mortality
in a population of around 400,000 people in a region of Northern Chile (Region IT) exposed to
high arsenic levels in drinking water in past years. Arsenic levels reached 570 pg/L between
1955 to 1969, and decreased to less than 100 pg/L by 1980. The findings provided evidence
that ingestion of inorganic arsenic in drinking water is indeed a cause of bladder and lung

cancer.

Arsenic is also found in other villages near Antofagasta (e.i., San Pedro de Atacama, Toconao,
Baquedano and Sierra Leona), where arsenic concentrations in drinking water is above the
limit set for drinking water (0.05 mg/L), reaching to 0.8 mg/L in Chiu Chiu (La Tercera,
1999).
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Cancer mortality was examined in relation to arsenic concentration in drinking water in the
villages of the contaminated area of Taiwan (0.1 to 0.6 mg/L), which were significant dose-
response relationships for age-adjusted rates of cancers of the bladder, kidney, skin and lung in

both sexes and cancers of the prostate and liver in men (Health Canada, 1992).

But, the largest groundwater arsenic contamination has occurred in Bangladesh and West
Bengal, because of the poisoning of potentially 70 million people from arsenic present in
water drawn from about 4 million of wells installed to solve shortages of drinking water.
Arsenic has been reported to derive from the oxidation of arsenic-rich pyrite in the aquifer
sediments, which is oxidized by atmospheric oxygen caused by lowering of the water table,
forming soluble arsenic-containing oxypyrites (Lepkowski, 1998), but this explanation is not
consistent with the observations made in Bangladesh by a group headed by geologist Ross
Nickson of University College, London. The authors believe the critical mechanism proceeds
not in an oxygen environment but in an anoxic one, a condition to be expected at the depths to
which wells are drilled (about 100 metres). They suggest that arsenic is released when arsenic-
rich iron oxyhydroxides are reduced to the soluble state by organic matter simultaneously
present in that sedimentary geology. The reduced material, when exposed to aquifer water,

leaches the arsenic into solution and thereby produces the contamination (Nickson, et al.,

1998).

Measured arsenic concentrations reach up to 1 mg/i, which is above the limit set for drinking
water in Bangladesh (0.05 mg/L) or that recommended by the World Health Organization
(0.01 mg/L) (Nickson, et al., 1998). To date, 4,000 cases of arsenicosis patients have been
identified (Hussain, 1999). The number of cancer expected in Bangladesh from the exposure
already undergone can be roughly estimated by assuming that there are 20 to 70 million
exposed persons at levels between 0.05 mg/L and 0.5 mg/L. These estimates will vary

between 200,000 and 2 million (Wilson, 1998).

Occupational exposure to inorganic arsenic, especially in mining and copper smelting, has

quite consistently been associated with an increased risk of cancer IARC, 1980). A number of



studies about arsenic poisoning of smelter workers have been reported in the literature
(Higgins, et al., 1981; Lee-Feldstein, 1983, 1986; Lubin, et al., 1981; Welch, et al., 1982).
Sulphur dioxide in the smelter environment also appeared to play a minor role, if any, in the
development of lung cancer (Welch, et al., 1982). Other forms of cancer were considered, but
their incidences were not found to be consistently increased (Lee-Feldstein, 1983). Other US
smelter worker populations have been shown to have consistent increases in lung cancer
incidence, as well as increases of about 20% in the incidence of gastrointestinal cancer and of
30% for renal cancer and haematolymphatic malignancies (Enterline and Marsh, 1980, 1982).
The observation in an earlier study of an increase in lung cancer risk among a population of
Swedish smelter workers (IARC, 1980) has been confirmed, with a risk of six to eight fold
among roasters (Wall, 1980).

A decrease in lung cancer risk after cessation of exposure to arsenic has been observed in
some studies (Enterline and Marsh, 1980; Pinto, et al., 1978), possibly indicating a late-stage
effect of arsenic (Brown and Chu, 1983a, 1983b). With regard to histological type of lung
cancer, a significant, relative excess of adenocarcinomas and a slight excess of goat-cell
cancers were seen among smelter workers (Wicks, et al., 1981). A multiplicative effect of
arsenic exposure and smoking was observed among Swedish smelter workers (Pershagen, et
al., 1981). A slightly increased risk was also indicated for exposure to sulphur dioxide in this
study. Other studies have shown a lesser influence of smoking (Higgins, et al., 1981; Pinto, et
al., 1978).

Regarding the environmental pollution caused by the metallurgical industry, heavy arsenic
contamination in three lakes and in a nearby tailing pond have been found near Yellowknife
City in Canada (CBC News, 1999a). The Giant mine was operated by Royal Oak Mines, an
American company, but it was purchased in 1999 by Miramar Mining Corporation, a
Canadian company. The agreement gave the company access to the mine's gold reserves, but
Miramar did not inherit responsibility for existing environmental contamination (CBC News,
1999b). During the Giant mine operation about 270,000 tons of arsenic trioxide and 800,000
liters of waste petroleum products were stored underground at an abandoned gold mine. The

cost to clean the Giant mine will be paid by federal and territorial taxpayers because the
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company is bankrupt (CBC News, 1999c). A report prepared for the territorial and federal
governments estimates surface cleanup of Giant Mine will cost taxpayers at least $16.3 million
(Northern News Services, 2000).

24 Effects on Copper Properties

The properties of the final copper product, such as castability and rollability, electrical
conductivity and workability are affected by the impurities (e.g., arsenic) (Baboudjian, et al.,
1995). Arsenic tends to form compounds at the grain boundaries during solidification and
these may cause hot cracking under the stress of straightening and rolling the newly cast bar.
Arsenic tends to lower the electrical conductivity of copper. Arsenic also adversely affects the
properties of copper for a good workability, such as low annealing temperature, low hardness,
low tensile strength, and a large elongation to failure. Impurities that form solid solutions of
the substitutional type likewise increase hardness and tensile strength (Fabian, et al., 1997).
Impurities that adversely affect the workability properties are As, Bi, Se and Te, they are
difficult to oxidise and tend to stay in solid solution in copper (Adams and Sinha, 1990).

25 Solution Chemistry of Arsenic

Arsenic chemistry is complex, involving a variety of oxidation states, anionic and cationic
species, and it occurs as both inorganic and organic compounds and these are all commonly
found in solid arsenic wastes, often at the same time. The valency changes easily and
reversibly with redox potential (Swash and Monhemius, 1998). Speciation in non-complexing
solutions is described most conveniently by means of the potential — pH diagram shown in
Figure 2.2. The aqueous species which are relevant to the hydrometallurgical precipitation of
arsenic compounds are AsO" and H3AsO; for arsenic (II[) and H3;AsO4 and H,AsO4 for

arsenic (V).

Under oxidizing conditions, the dominant form of arsenic is the +V oxidation state, which is
present as arsenic acid and its anions (arsenate), corresponding closely to phosphoric acid and

phosphate species. Oxygen at elevated temperatures and pressures is used in
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hydrometallurgical processes for oxidation of arsenic (III) to arsenic (V). Other oxidizing
agents which have been used are Fe (IIT), NaClO3, MnO,, K>Cr,O7, H,0> or HNO3 (Robins,

1988).

As conditions become reducing, As (V) is reduced to As (III)- arsenious acid and arsenite
anions. The difference in solubility between As,O3; and As,Os is the basis for reduction of
arsenic (V) to arsenic (III) in order to recover As,O; in a number of industrial processes. For
example, at 25 °C the solubility of As;05 is 20.9 g/kg H,O and of As;Os54H,0 it is 1,141.5
g/kg H,O (Robins, 1985a). The reduction of arsenic (V) to arsenic (IIT) is possible using sulfur
dioxide, which is used to precipitate arsenic trioxide from arsenic acid solutions as a
commercial commodity (Toyabe, et al, 1988). When sulfate reduction occurs, arsenic
precipitates as sulfide. Elemental arsenic is a stable species under highly reducing conditions.

Table 2.4 summarizes the inorganic speciation of arsenic according Eh/pH representation

(Sracek, A., 1998).
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Figure 2.2. Eh—pH equilibrium diagram for the system arsenic — water at 25°C and at unit

activity of all species (Robins, 1988).
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Table 2.4. Inorganic speciation of arsenic

Eh/pH Very acid Acid Basic Very basic
Oxidized, H3;AsO,4 H>AsO4 HAsO,~ AsOQs~
Arsenic as As (V) pH: 7.0-11.5 forpH>8.3
Precipitation of FeAsO,2H,0 precipitation of Ca,AsQO4(OH)
Scorodite, topH = 1.5
Reduced, H;AsO; H;As0; H;AsO; HAsO;™
Arsenic as As (1II) forpH>121,
H->AsOs5™, for
pH>9.2 for pH > 8.3
precipitation of CaAsQ,(OH)
Strongly reduced, Precipitation of As,S; Precipitation  As.S;” As,Sy
Arsenic as As (III) of As,S;

2.5.1 Solubility and Stability of Arsenic Compounds

During pyrometallurgical processes of arsenic-containing ores or concentrates some of the
arsenic inevitably reports to the final effluents, which have to be stabilized prior to disposal.
The disposal of arsenic has been accomplished in practice by the formation of metal arsenates

and metal arsenites, e.g., of Ca>*, Cu*" and Fe** because of their low solubility.

In 1956 Chukhlantsev was the first researcher to perform a comprehensive study on the
solubility of metals arsenates. He showed that the solubility of the metal arsenates is
considerably lower than that of the corresponding arsenites, and hence the arsenates are of
more interest in hydrometallurgy (Figure 2.3). This figure shows an extremely low solubility
for barium arsenate and mercurous arsenate. Both of these arsenates are in fact almost five
orders of magnitude higher than Chukhlantsev’s reported values. The insolubility of barium
arsenate was the basis of a patent for arsenic removal (Weir and Masters, 1980). There is,
however, some dispute about this low solubility figure and about the possible reaction of

barium arsenate with CO,, as a result the solubility re-determined by Robins in 1985b.
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Figure 2.3. The solubility of various metal arsenates taken from the work of Chukhlantsev

(Robins, 1988)

Arsenic has been precipitated by adding lime to the solution, obtaining a calcium arsenate

compound:

3Ca0 + 6H" + 2As04> — Caz(AsO4); + 3H,0 2.1

However, the stability of this compound has been questioned because under the influence of
CO; in the air, calcium arsenate decomposes to calcium carbonate and liberates arsenic oxide

in the solution (Nishimura, et al., 1985, 1988):

Caz(AsQy); + 3C0O3* — 3CaCOs + 2As0,> 2.2)

Robins and Tozawa (1982) have pointed specifically to this problem; the potential
ineffectiveness of lime in removing arsenic from gold processing waste waters. Also, solution
pH exerts a strong influence on arsenate solubility as indicated by the data shown in Figure 2.4
from which it can be seen that calcium arsenate reacts with CO; to liberate arsenic in solution

and this prevents the prcipitation of calcium arsenate (Terry, 1992).
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magnesium, and strontium.

For a long term stability, the formation of more stable forms has been studied (i.e., Cu, Zn, Co,
Ba, Hg, etc.) (Tozawa, et al., 1977, 1978; Robins, 1981, 1982, 1984; Tozawa and Nishimura,
1984), but at present the industry has adopted the ferric arsenate method known as scorodite.

According to Eh-pH diagrams of the Fe-As-H,0 system (Figures 2.5 and 2.6), it is possible to

form a ferric arsenate (FeAsO42H,0) from arsenic (V) and iron (IIT) forms.
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Figure 2.5. The Eh-pH diagram of the Fe-As-H,O system showing iron compounds at 25°C
and at unit activity for all species (Mirza, et al., 1988).
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Figure 2.6. The Eh-pH diagram of the Fe-As-H,O system showing arsenic
compounds at 25°C and at unit activity for all species (Mirza, et al., 1988).

Ferric arsenate has been reported in the literature over many years (Robins, 1985a, 1988;
Krause and Ettel, 1987, 1989). According to Droppert (1996), there are two kinds of ferric
arsenate. The first kind is amorphous and it has the empirical formula FexAsOs(OH)zx-1)
where x has to be 4 or more in order to have an insoluble compound. All these precipitates are
called “basic ferric precipitates”. The second ferric arsenate is the mineral FeAsO,2H;0,

scorodite, which is crystalline and has a Fe/As ratio of 1.0.

On the other hand, ferrous arsenate has also shown to be insoluble (Figure 2.7) but due to the
eventual oxidation of Fe (II) to Fe (IIT) by atmospheric O, and the difficulty of producing it,
do not seem to offer a particular advantage over ferric arsenate as a solid waste compound

(Terry, 1992).

The two sulfides As;S; and AssS4 (corresponding to the minerals orpiment and realgar,
respectively) have low solubility in acidic solutions, where the solubility curves are terminated
at the point of incongruent solubility in respect to hydroxide or carbonate compounds
formation (Figure 2.7). However, their use is not favored because of the possibility of

atmospheric and bacterial oxidation liberating arsenic (Terry, 1992).
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Figure 2.7. The solubility of various metal arsenates and arsenic (II) trisulfide taken from

recent works. (Robins, 1988).

Twidwell, et al. (1995) investigated the stability and solubility of Ca3z(AsOs),. They noted that
the solubility decreased one to two orders of magnitude over the range of pH 9-12.6, in the

presence of phosphate ions (Table 2.5).

Table 2.5. Influence of solution pH on precipitate solubility
(after Twidwell, et al., 1995)

System Concentration, pg/L
pH=9.0 pH=10.0 pH=12.6
Ca-As 70,075 10,800 19.0
Ca-As-P 1,445 57.0 0.5

2.5.1.1 Ferric Arsenate

As previously stated, the favored precipitate for arsenic removal is a ferric arsenate, and the
precipitation, solubility, and stability have been the subject of considerable research. On one
hand, this was due to the environmental considerations and on the other due to the

controversy related to the solubility of them. Here are recent results from this subject.
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¢ Formation of amorphous ferric arsenate

Direct neutralization of hydrometallurgical solutions containing Fe(IIT) and As(V) leads to the
production of amorphous precipitates or Fe(IIl)x-As(V)-OH, sludges. If the molar ration

Fe/As is 1 then these precipitates forms whole minimum solubility is in the interval 50 to 100

mg/L (Demopoulos, et al., 1994).
Fe’" + HyAsO4 + 2H,0 — FeAsO42H,0 + 2H" (2.3)

In 1956 Chukhlantsev prepared ferric arsenate but measured only the iron concentrations in
determining solubility in both sulfate and nitrate solutions. This introduced a large error, as
was shown in 1978 by Nishimura and Tozawa, who determined the solubility of ferric
arsenate by measuring iron (IIT) and arsenic (V) concentrations. They showed that the Fe:As
ratio deviated from unity above pH ~ 2 (Figure 2.8). This was described by Robins in 1981 as
being due to incongruent dissolution and the formation of ferric hydroxide (Figure 2.9). Thus
at pH lower than 2 the following equilibrium would occur (Droppert, 1996):

FeAsO42H,0 + 3H" <> Fe ** + H3AsO,; + 2H,0 (2.4)
From pH = 2 to pH ~ 6 this reaction will shift to:

FeAsO42H,0 <> HyAsO4 + FeOOH + H' 2.5)
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Figure 2.8. Solubility data for ferric arsenate from Chukhlantsev and Nishimura and Tozawa

(Robins, 1990).
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Figure 2.9. Solubility regions for ferric arsenate and amorphous ferric hydroxide showing the

point of incongruent solubility at about 150 mg/L arsenic (Robins, et al., 1988).

Later, Krause and Ettel (1985, 1987) found that the molar Fe:As ratio has an effect on the
solubility of precipitated arsenic-containing ferric hydroxides (Figure 2.10) and that the
presence of CO, do not increase the solubility of arsenic. They showed that a minimum molar
Fe:As ratio of 4 is required in the solution to favor the formation of an amorphous ferric
arsenate of lower solubility (< 1 mg/L in the pH range 3-7). The authors called these high

Fe:As ratio precipitates “basic ferric arsenates”, in analogy to the basic ferric sulfates, with the
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formula FeAsQ43Fe(OH); or Fes(AsO4)(OH)y. Other work by Harris and Monette (1988) and
Papassiopi, et al., (1988) show a similar trend in the variation of the Fe:As ratio. This process
is effective for low arsenic-containing effluent. However for the fixation of arsenic in As-rich
solution or flue dust, the application of this method would lead to the generation «of a large
volume of amorphous arsenic-bearing ferrihydrite/gypsum sludge because of the necessity to

attain Fe/As molar ratio > 4 for sale disposal of it, having associated the following problems:

e Large amount of iron source and neutralizing agents
e The difficulty of liquid/solid separation
e Construction of big tailings pond for disposal

Over the long term they are expected to undergo aging and conversion to crystallime phases

because that they are amorphous.
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Figure 2.10. Arsenic solubility as a function of molar Fe:As ratio in amorphous ferric arsenate

(after Swash and Monhemius, 1998).

Krause and Ettel (1989) have also established that crystalline ferric arsenate knowmn in the
nature as scorodite is approximately 100 times less soluble than amorphous ferric arsenate

reported in the literature (Figure 2.11). Robins (1990) confirmed these results.
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Figure 2.11 Comparison of As (V) solubility data for crystalline and amorphous ferric
arsenate at 23°C (Krause and Ettel, 1989).

s Formation of crystalline ferric arsenate

Crystalline ferric arsenate, FeAsO42H,0, known in nature as scorodite, is generally accepted

as the most suitable compound for arsenic disposal, due to:

1. Its high arsenic content (stoichiometrically 32.47%).
2. It does not require a high Fe/As molar ratio in the starting solution.
3. It has a lower arsenic solubility (typically < 1 ppm As at pH = 5.0).

- Autoclave conditions at 150°C

Scorodite has been synthesized during jarosite precipitation at 150°C from sulfate solutions by
Dutrizac, et al. (1987) obtaining complete arsenic precipitation for solutions containing 5 g/L
As(V). Precipitation of scorodite in the Fe-AsQ4-SO4 system at pH<1 was carried out in the
temperature range 150-225°C ranging Fe/As molar ratio between 1:1 to 9:1 and precipitating
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90% or of arsenic (Swash and Monhemius, 1994, 1998). The formation conditions in all these

cases relate to the use of autoclaves, which are considered to being a capital-intensive

technology.

- Ambient pressure at 95°C

Immobilization of arsenic in As(III)-rich chloride and sulfate solution and flue dust as
scorodite by ambient aqueous oxidation (95°C) using H>O, has been tested at McGill
University by the Hydrometallurgy Group (Demopoulos et al., 1994, Droppert, 1996; Filippou
and Demopoulos, 1997). Aqueous oxidation of As(IIT) with SO»/O; gas mixture at a pH below
1.5 and the precipitation of scorodite with goethite residues has been reported by Qiankun and
Demopoulos (1998). The approach developed at McGill University involves supersaturation
control by a neutralization technique to avoid precipitation of any amorphous arsenic
compounds. Precipitation of crystalline scorodite (Figure 2.12) is induced by the addition of
scorodite seed material into the arsenic-rich solution, slow rate of addition of Fe®”, where it

never must be in excess. Thus, = 90% of arsenic precipitates for solutions containing between

5to 10 g/L As(V).
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Figure 2.12. Schematic flowsheet of treatment of arsenic(V)-bearing effluents by scorodite
precipitation (after Droppert, 1996).



Moreover, Robins (1990) has proposed that the compound FeAsO42H,0 is expected to
decompose in contact with water at pH > 5 on a long term basis and slowly release arsenic
ions (Figure 2.13). But it will occurs if a closed system is considered. The particie size is an
important factor in this case according to the Gibbs-Thomson effect, where the size of the
individual particles influences the solubility of small crystalline particles, principally in the
range of 10-100 nm (Demopoulos, et al., 1994).
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Figure 2.13. Solid-liquid equilibria in the Fe (III) — As (V) — H,O system (Demopoulos, et al.,
1994)

In summary it has been established that crystalline ferric arsenate known as scorodite has
lower solubility than the amorphous ferric arsenate and high temperatures favor its
precipitation. Different processes utilizing this material as an arsenic disposal carrier will be

analyzed by the author in the chapter 6.

Solubility is not necessarily an indicator of long term stability; one should also take into
account the physical and chemical changes that the compounds can undergo with time. The
disposal and long term stability of arsenical materials can be examined indirectly by the study
of naturally occurring arsenic materials and weathering products under natural conditions. For
example, scorodite is the most common arsenate mineral and can be considered to be one of

the most stable arsenic-bearing compounds. The broad range of climates in which scorodite is
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found, together with the wide variety of geological environments, reflects its stability (Swash

and Monhemius, 1998).

2.6  Analytical Techniques for the Measurement of Arsenic

Atomic Absorption Spectroscopy (AAS) is commonly used for measuring total arsenic in
samples (US EPA, 1998b). Samples of other than drinking water must be acid-digested prior
to analysis. Three types of AAS methods for measuring total arsenic are direct aspiration
(flame), graphite furnace, and hydride-generation. The second most common technique for
measuring total arsenic in samples is Inductively Coupled Plasma, which allows simultaneous,
or sequential, determination of several metals in a sample during a single analytical

measurement. Samples must be acid-digested prior to analysis.

2.6.1 Direct Aspiration Atomic Absorption Spectroscopy

Method 7000A specifies the procedure for analyzing samples using direct-aspiration (flame)
AAS. The typical detection limit for arsenic using this method is 0.002 (mg/L) (US EPA,
1998b). In this method, a sample is aspirated and atomized in an air/acetylene flame. A light
beam from a hollow cathode lamp, whose cathode is made of the element being measured, is
directed through the flame into a monochromator, and onto a detector that measures the
amount of light adsorbed. Adsorption depénds upon the presence of free, unexcited ground-
state atoms in the flame. Because the wavelength of the light beam is characteristic of only the
element being measured, the light energy absorbed by the flame is a measure of the
concentration of that element in the sample. With flame, if the proper flame and analytical
conditions are not used, chemical and ionization interferences can occur. Flame AAS in

normally performed as a single element analysis.
2.6.2 Graphite Furnace Atomic Absorption Spectroscopy (GFAA)

Method 7060A specifies the procedure for analyzing samples for total arsenic using graphite
furnace AAS (US EPA, 1998b). This method is an atomic absorption procedure approved for
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determining the concentration of arsenic in wastes, mobility procedure extracts, soils, and
ground water. The typical detection limit for water samples using this method is 1 pg/L. This

detection limit may not be achievable when analyzing waste samples.

The principle of graphite furnace AAS is essentially the same as for direct-aspiration AAS,
except that a furnace rather than a flame is used to atomize the sample. In graphite furnace
AAS, a representative aliquot of a sample is placed in a graphite tube in the furnace,
evaporated to dryness, charred, and atomized. The radiation from a given excited element is
passed through the vapor containing ground-state atoms of that element. The intensity of the
transmitted radiation decreases in proportion to the amount of the ground-state element in the
vapor. The atoms to be measured are placed in the beam of radiation by increasing the
temperature of the furnace, thereby causing the injected sample to be volatilized. A
monochromator isolates the characteristic radiation from the hollow cathode lamp or
electrodeless discharge lamp, and a photosensitive device measures the attenuated transmitted
radiation. The advantage of GFAA is that it affords low detection limits. It is the easiest
technique to perform on relatively clean samples. Because this technique is so sensitive,
however, interferences can be a problem; finding the optimum combination of digestion,

heating times, and temperatures, and matrix modifiers can be difficult for complex matrices.
2.6.3 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP)

Method 7300 specifies the procedure for analyzing samples using ICP (NIOSH, 1994a). The
typical detection limit for arsenic using this method is 0.035 mg/L. The method measures
element-emitted light by optical spectrometry. The sample is nebulized and the resulting
aerosol is transported to the plasma torch, where excitation occurs. Characteristic atomic-line
emission spectra are produced by radio-frequency inductively coupled plasma. The spectra are
dispersed by a grating spectrometer, and the intensities of the lines are monitored by
photomultiplier tubes. The photocurrents from the photomultiplier tubes are processed and

controlled by a computer.
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This method allows simultaneous or rapid sequential determination of many elements in a
short time. The disadvantage is background radiation from other elements and the plasma
gases. Although all ICP instruments utilize high-resolution optics and background correction
to minimize these interferences, analysis for traces of metals in the presence of a large excess

of a single metal 1s difficult.

2.6.4 Hydride Generation Atomic Adsorption Spectroscopy (HGAA)

Method 7061A specifies the procedure for analyzing samples for total arsenic using HGAA
(US EPA, 1998b). The typical detection limit for this method is 0.002 mg/L. It utilizes a
chemical reduction to reduce and separate arsenic selectively from a digested sample along
with standard AAS techniques. The advantage of this technique is that arsenic can be isolated
and determined from complex samples. A disadvantage is that interferences will occur when
easily reduced metals are present, and/or when high concentrations of transition metals are
present. Also, oxidizing agents, such as oxides of nitrogen, may remain after the sample has

been digested.
2.6.5 Ion Chromatography (IC)/GFAA

NIOSH Method 5022 specifies the procedure for analyzing air samples for total arsenic using
an IC connected to GFAA. The working range is 0.005 to 10 mg/m’ (as As) for a 100-L air
sample. The method is designed to determine particulate organo-arsenic compounds (NIOSH,
1994b). It is a separation technique used for the analysis of ionic species. Separation of
components in a sample can be achieved with the use of a mobile phase (eluent), and a
stationary phase (a specific type of polymeric resin bed inside a column). A sample is
introduced into the flowstream of the mobile phase (eluent) and is carried onto the stationary
phase (column). The sample then undergoes a separation process based on its affinity for
either of the mobile or stationary phases. With NIOSH Method 5022, the IC detector is
bypassed, and the sample flows into an arsine generator where gaseous arsines are formed. A
gas-liquid separator is then used to flow the sample into the GFAA where the sample is

determined.
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2.7 Production, Consumption and Utilisations of Arsenic

2.7.1 Production

Arsenic is recovered as a by-product of processing certain complex ores that are mined mainly
for copper, lead, zinc, cobalt, gold, and silver, and its supply is dependent on the demand for
these metals. In general, arsenic is regarded as a troublesome impurity in smelting and
refining, and thus high-arsenic ores may be penalized at the smelter and refinery or avoided at
the mine. World resources of copper and lead contain about 11 million metric tons of arsenic.
Substantial resources of arsenic occur in copper ores in northern Peru, Chile and the
Philippines and in copper-gold ores in Chile. In addition, world gold resources, particularly in

Canada, contain substantial resources of arsenic (Resse, Jr., 1999).

Arsenic trioxide is the principal commercial arsenic compound. It has been produced in China
for 500 years in extremely simple plants, consisting of retorts with condensation chambers,
from an ore containing 15% As. However, the first smelter for native arsenic was set up at the
beginning of the 18" century in Germany by of J.V. Scharfenberg in Reichenstein, Silecia.
Because the demand for As,O; was relatively low, it was not until 1ot century that a second
country, Great Britain, began producing As,0O;. Thereafter, from the middle of the 19% century
to 1901, Great Britain was the leading As;O; producer. When legislation was introduced in
various countries to avoid damage caused by release of As;O; containing fumes, world
production of As,O; increased considerably. Also, the use of calcium arsenate to combat the
boll weevil (insect which infested the cotton fields) in Mexico and the United States generated
a demand for arsenic so great that it exceeded supply (Grossman, et al., 1997). New plants
were established near the beginning of the 20" century, particularly in the United States and
Mexico. The first arsenic production of the United States was a by-product of the smelting of
gold and silver ores (USGS, 1999). The largest plant was operated between 1932 and 1991 by
Boliden AB in RoOnnskdr, Sweden, which shut down permanently, reportedly for

environmental reasons (Loebenstein, 1992).



30

The world production of arsenic trioxide has been falling steadily since 1974 (Figure 2.14),
because it is a by-product, and production is determined not by the demand for arsenic but by
the demand for copper, gold, lead, etc. However, despite environmental regulation that has led
to the cessation of production in two historically large producing countries, Sweden (Boliden

AB) and the United States (ASARCO Inc.), new suppliers have emerged to keep the world

production.
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Figure 2.14. Arsenic production in tons of As;O3 content

In the past years, arsenic trioxide has been recovered from the smelting or roasting of
nonferrous metal ores, concentrates or copper smelter dusts in at least 18 countries with China,
France, Chile, Ghana, Mexico, Morocco, Namibia, Philippines, and Belgium being the major
producers. However, most countries do not report their arsenic production and world
production values have a high degree of uncertainty. In 1998, U.S. Geological Survey
estimated the arsenic trioxide production at about 41,000 metric tons. China was the world’s
largest producer as well as the major source of U.S. imports (Reese, Jr., 1999). Chile could be
in the near future the world’s largest producer due to environmental regulations that limit the
arsenic emitted to the atmosphere from smelters. The main countries producing arsenic

trioxide in the last years are shown in Table 2.6, (Edelstein, 1994, 1995, 1996; Resse, Jr,,
1997, 1998).



31

Table 2.6. World arsenic trioxide production (1,2,3)

(Metric tons)

Country 1990 1991 1992 1993 1994 1995 1996 1997 1998 e/
Belgium e/ 3,000 2,500 2,000 2,000 2,000 2,000 2,000 2,000 1,500
Bolivia 300 463 633 663 341 362 255 282 290
Canada e/ 485 236 250 250 250 250 250 250 250
Chile 5,830 6,820 6,016 6,200 4,050 4,076 8,000 8.350 8.400
China e/ 9,000 10,000 15,000 14,000 18,000 21,000 15,000 15,000 15,500
France ef 6,480 2,000 2,000 3,000 6,000 5,000 3,000 2,500 2,000
Georgia e/ XX XX 1,500 1,000 500 400 400 400 400
Germany 4/ e/ 360 300 300 300 300 250 250 250 250
Ghana 5/ - 500 500 902 3,897 4409 5,443 4,577 5,000
Iran e/ 382 552 492 500 500 500 500 500 500
Japan e/ 500 500 50 40 40 40 40 40 40
Kazakhstan e/ XX XX 2,000 2,000 1,500 1.500 1,500 1,500 1,500
Mexico 4,810 4,920 4,293 4,447 4,400 3,620 2,942 2,999 3,000
Namibia 6/ 1,640 1,800 2,456 2,290 3,047 1,661 1.559 1,232 300
Peru 7/ ¢/ 500 661 644 391 286 285 285 285 285
Philippines e/ 5,090 5,000 5,000 2,000 2,000 2,000 2,000 2000 2000
Portugal e/ 200 200 150 1,50 150 100 100 50 50
Russia e/ XX XX 2,500 2,000 1,500 1,500 1,500 1,500 1,500
Sweden 8/ 7,000 2,500 - - - - - - -
URS.R. ¥ 7,800 7,000 XX XX XX XX XX XX XX

Total 53,400 46,000 45,800 42,100 48,800 49.000 45.000 43,700 40,800

e/ Estimated. XX Not applicable.
1/ Including calculated arsenic trioxide equivalent of output of elemental arsenic and arsenic compounds other than arsenic

trioxide where inclusion of such materials would not duplicate reported arsenic trioxide production.

2/ World totals and estimated data are rounded to three significant digits; may not add to totals shown.

3/ Table includes data available through March 3, 1999. Austria, Hungary, the Republic of Karea, South Africa, Spain, the
United Kingdom, the former Yugoslavia, and Zimbabwe have produced arsenic and/or arsenic compounds in previous

years.
4/ All production for Germany in 1990 came from the former Western states.
5/ Estimated commercial byproduct of gold ore roasting. Does not include additional byproduct production of

noncommercial grade material estimated at 4,000 tons in 1992, and up to 9,000 tons per year in 1993-96.

6/ Output of Tsumeb Corp. only. Tsumeb Mine closed in 1996, and the smelter and all operations closed in April, 1998.
7/ Output of Empresa Minera del Centro del Perit (Centromin Pert) as reported by the Ministerio de Energia y Minas.
8/ Based on arsenic trioxide exported plus the arsenic trioxide equivalent of the output of metallic arsenic exported.

9/ Dissolved in Dec. 1991.

Another arsenic compound is commercial-grade (99% pure) arsenic metal, which is produced
through the reduction of arsenic trioxide. It is believed that China accounted for nearly all the
world’s production of commercial-grade arsenic metal. High-purity arsenic, 99.9999% or
greater, is also produced for use in the semiconductor industry (Reese, Jr., 1998). Table 2.7

summarizes the principal world refiners of arsenic by country.
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Country Commodity Source Company Production Reference
Uy, cf
Belgium As;0y Union Miniere S.A. 1,000 www.um.be
Bolivia As;04 Mine output Empresa Metalargica Vinto (subsidiaria de la N.A. Velasco, 1997a
As;S; Corporacion Minera de Bolivia)
Chile As;0, Cu-Au cone. Barrick Gold Corp, 8,350 Velasco, 1997b
China As;03 Arscaic ore Shui Kou Shan Mining Bureau 4/ NA, httpe/iwww.skse.convenglish/index.htim
Arsenic metal (99.9%) Zcping, 1999
As;0; (99.5%) Cu conc. Guixi Smelter, Jiangxi Copper Company
Georgia Arsenic Mine output l.ukhumi deposit and Tsana deposit 2,000 Levine, 1996a
Metals and compounds Racha mining and chemical plamt NA.
Tsana mining and chemical plant NA.
Germany High purity arsenic As:Oy Preussag AG 15 Edelstien, 1996
Ghana As;0 Gold ore Ashanti Goldficlds 5,500 Coakley, 1997
France As5;05 (99.9%) Crude As;Os Saciété miniére et métallurgie de N.A. Edelstien, 1996
from Ghana Penarroya
Metalcurop SA 3,000 Edelsticn, 1994
Japan As;0; (99.9%) Cu cone, Sumitomo Metal Mining Co, 720 Terayama, 1999
Arsenic metal As;0; 18
High-purity arsenic (99.9999%) Furukawa Electric Co. Ltd. 30 Edelstien, 1996
Mitsubishi Metal Corp.
Rasa Industrics Lid.
Kazakstan As;0, Chimkent polymetallic cnterprise 1,500 Levine, 1996b
Morocco As;0 Co conc. Onmium Nord Africain (ONA) 4,500 Private Communication fram [. Akalay to F.
Habashi dated 2000/2/11
Mexico As;0 Cu conc, Indusiria) Mincra Mexico SA (IMM) N.A. Tarres and Doan, 1997
Namibia 1/ Asy05 (99%) Cu conc. Tsumeb smelier Corp. 1,800 Coakley, 1999
Peru As;03 Cu-Pb-Zn ores DDoe Run Resources Com, 817 Gurmendi, 1998
Philippines Arsenic, white Cu cone, Lepanto Consolidated Mining Co. 2/ 2,000 Lyday, 1998
U.S. A High-purity arsenic, As;Se, As;0y Asarco, Globe CO plant N.A, www,asarco.convproducts99/
As;0;, arsenic metal American Elements wwaw.americanglements.cony
Hickson Corp. wwyy. hickson.cony
Arsenical wood preservatives Chemical Specialities Inc, Reese, Jr., 1998
Arsenic acid Osmose Wood Preserving WWW.0SIT0SC.COM
Arsenical herbicide ISK Bioscience Reese, Jr., 1998
¢/ Estimated. N.A./ Not available,

1/ Tsumeb Minc closed in 1996, and the smelter and all operations closed in April, 1998,

2/ Lepanto Consolidated Mining Co, closed its copper plant in 1997,



2.7.1.1 Prices

Price for arsenic trioxide is not available from world refiners. Although, some refiners as
AllChem Industries gives on internet an arsenic trioxide price of US$680/mt (AllChem
Industries, 2000). This price is some similar at the average prices for arsenic trioxide imported
by the United States from Mexico in the last years (Table 2.8) (Edelstein, 1994, 1995, 1996;
Resse, Jr., 1997). Normally, refiners quote two prices, one for high-grade (minimum 99%)
arsenic trioxide and one for low-grade (minimum 95%) arsenic trioxide. There is a spread of
USS 176 to 265 per metric ton between the prices of the two grades (Loebenstein, 1992). Also,
a Chinese company, SKS Mining bureau gives on internet prices for arsenic (>99%) at about
US$1,325/mt and As-Cu alloy (10, 20, 30 %As) at about US$3,855/mt (SKS, 1998).

Table 2.8. Average arsenic prices (dollars per metric ton)

1993 1994 1995 1996 1997
Trioxide, Mexican 728 706 728 728 683

Figure 2.15 shows arsenic metal price in the last years (Loebenstein, 1992; USGS, 1999).
During the early 1970’s, it was increasing because of the growing demand from the lead-acid
batteries industry. In the mid-1970’s, the price stabilized, however, during the late 1970°s the
United States and other countries adopted regulations related to arsenic exposure and
emissions. The arsenic metal price peaked in 1980 as world producers raised their prices partly
to compensate for the cost of modernizing their plants or the elimination of some capacity by
producers unable to modernize their plants, principally in the United States (Loebenstein,
1994). After 1980, induced by an ample supply and a static or possibly declining demand, the

arsenic metal price began a long decline.
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1970-74, London prices for 99.5%-pure metal

1975-86, U.S. producer prices for 99%- to 99.5%-pure metal

1987-88, Not available

1989-91, arsenic metal prices imported from China, U.S. Bureau of Mines

1990: disruption in supply of arsenic metal from China caused a temporarily price raise
1992-98, London prices for minimum 99%-pure metal

Figure 2.15. Average arsenic metal price in the last years

2.7.2 Consumption

The United States is probably the major consumer of arsenic. In 1985, ASARCO, the sole
producer closed its smelter in Tacoma, WA., resulting in the United States becoming
completely dependent upon foreign suppliers. This dependency is anticipated to continue.
Others consumers of arsenic are Malaysia, and the United Kingdom. Malaysia uses arsenic-
based herbicides in its rubber plantations; the United Kingdom imports As;O3 and exports

arsenic-containing pesticides and wood preservatives (Grossman, et al., 1997).

In 1990, the United States imported over 7.7 ton of arsenic metal and 28,000 ton of arsenic
trioxide, well over half of world demand. In 1998 all arsenic metal and compounds consumed
in the United States were imported, principally from China. It is estimated that domestic
arsenic consumption ranged between 20,000 and 40,000 tons annually. The value of arsenic

metal and compounds consumed domestically was estimated at $25 million. The main import
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sources of arsenic in the United States (1994-97) are: arsenic metal (China, 86%; Hong Kong,
5%; Japan, 3%; and other, 6%) and arsenic trioxide (China, 50%; Chile, 22%; Mexico, 11%;
and other, 17%). Arsenic metal was consumed in the manufacture of nonferrous alloys,
principally lead alloys for use in lead-acid batteries. It is estimated that about 15 tons per year
of high-purity arsenic (99.9999%) is used in the manufacture of semiconductor material

(Reese, Jr., 1998, 1999).
2.7.3 Utilisations

The end-use distribution of arsenic in recent years in the United States has been about 87% in
wood preservatives, 5% in agricultural chemical, 3% in glass manufacturing, 3% as metallic
arsenic in nonferrous alloys, and 2% in other uses (Resse, Jr., 1998). Table 2.9 shows US
arsenic utilisation in recent years by compound (Edelstein, 1994, 1995, 1996; Resse, Jr., 1997,
1998).

Table 2.9. Utilisation of arsenical compounds in the United States

(metric tons)

1993 1994 1995 1996 1997 1998
Arsenic trioxide 27,533 26,814 29,062 27,960 30,006 38,628

Arsenic acid - 5 2h 1 117 )
Arsenic metal 767 1,333 557 252 909 998
Total 28,300 28.152 29619 28,213 31.032 39,626

2/ Less than Y% unit.

Inorganic arsenical compounds of varying formulations have been used as wood preservatives
in substantial quantities for over 40 years. Inorganic compounds of arsenic were once widely
employed by farmers: in sheep and cattle dips as a tickicide; as dusts for killing small animals;
and for controlling fungus and insects on fruit and vegetables. Today arsenical preparations
are used as desiccants in cotton and in the control of weeds, grasses, prickly pear and buirs.
Arsenic compounds are also used to control rodents, in insecticidal baits, and in termite

treatment (Household, 1997).



Metallic arsenic is used in copper- and lead-based alloys and in electronic applications. The
principal use is as a minor additive (about 0.001% to 0.5%) to lead for use in acid storage
batteries to improve the strength of the lead posts and grids. Arsenic-containing lead alloys are
also used in ammunition. In copper alloys, about 0.5% arsenic improves corrosion resistance
and tensile strength. Arsenical copper is used in industrial plant piping, auto radiators, and

admiralty brass.

Arsenic trioxide is the source for 97% of all arsenic products. In 1998, the largest end use for
arsenic trioxide was in the production of wood preservatives. The three principal producers of
arsenical wood preservatives were in USA: Hickson Corp., Smyrna, GA; Chemical Specialties
Inc., Harrisburg, NC; and Osmose Wood Preserving, Inc., buffalo, NY. Osmose also produces
arsenic acid that is used by the glass industry as a fining agent to disperse air bubbles. Arsenic
was used in some herbicides for weed control. ISK Bioscience, Mentor, OH, produced the

arsenical herbicide monosodium methanearsenate at a plant in Houston, TX (Reese Jr., 1999).

Chromated copper arsenate (CCA), is a waterborne preservative that is applied as water
solution when cleanliness and paintability of the treated wood are required. Arsenic trioxide
reacts with oxidizing agents, such as HNO;, O;, or H,0,, to form arsenic acid. The arsenic
acid is then reacted with copper oxide, chromium trioxide, and water to produce a 50% CCA
solution or a 72% paste (Leach, 1999). There are three types of chromated copper arsenate
(CCA) approved by the AWPA (American Wood Preservers Institute) (Table 2.10). CCA
type A provides excellent protection against decay fungi and termites, but is only being used
by a few treaters in California. CCA type B has been commercially used in Sweden since
1950. It was included in stake tests in the United States in 1949 and has been providing
excellent protection. CCA type C is by far the most common formulation of CCA being used
because it has the best leach resistance and field efficacy of the three CCA formulations. CCA
type C composition was selected by AWPA to encourage a single standard for CCA
preservatives. Commercial preservatives of similar composition have been tested and used in
United Kingdom since 1954, then in Australia, New Zealand, Malaysia, and in various
countries of Africa and Central Europe; they are performing very well (Ibach, 1999).
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Table 2.10. Composition of the three types of chromated copper arsenate (Ibach, 1999)

Chromated copper arsenate

Component Type A Type B Type C
Chromium trioxide 65.5 353 47.5
Copper oxide 18.1 19.6 18.5
Arsenic pentoxide 16.4 45.1 34.0

In the U.K. preservatives are usually prepared from sodium dichromate, copper sulfate, and
arsenic pentoxide using a similar balance of copper:chromium:arsenic as listed above for

AWPA type C (Anderson, et al., 1991).

High retention levels (40 kg/m®) of the three types of CCA preservative will provide good
resistance to Limnoria and Teredo marine borer attack. In general, Douglas-fir heartwood is
very resistant to treatment with CCA. Also, CCA must be used at low treating temperatures

(38°C to 66°C) because they are unstable at higher temperatures (AWPI, 1999).

For satisfactory treatment and good performance, the wood must sound and be suitably
conditioned. Peeling round or slabbed products is necessary to enable the wood to dry quickly
enough to avoid decay and insect damage and to permit the preservative to penetrate
satisfactorily. Kiln drying or air drying are used to obtain a wood with a moisture content of
19% or less. Wood that is resistant to penetration by preservatives may be incised before
treatment to permit deeper and more uniform penetration. To incise, lumber and timber are

passed through rollers equipped with teeth that sink into the wood to a predetermined depth,
usually 13 to 19 mm.

The application of preservatives is realized by a pressure process. The conditioned wood, on
cars or trams, is run into an autoclave (Figure 2.16), which is then closed and filled with a 1-
2% CCA treating solution. Pressure to about 896.3 kPa forces the preservative into the wood
for between 15 minutes and several hours, depending on the species of wood being treated
(Leach, 1999). The AWPA specifications require that the temperature of CCA preservative

during the entire pressure period not exceed the maximum of 49°C (Ibach, 1999).



38

Finally, the treated wood is either air dried or kiln dried, at which time the preservative
undergoes fixation. During the fixation process, the copper, chrome, and arsenic react with
the wood to form highly insoluble compounds. Much work has been done to determine the
permanence of copper, chromium and arsenic when applied from various CCA formulations
under conditions of leaching with water (Anderson, et al., 1991) (Leach, 1999). These works
show that this fixation process occurs by ion exchange, absorption, and precipitation reactions
and is dependent of time, temperature and pH. These studies have shown that formulations of

the following composition have the greatest permanence:

Sodium dichromate - 2H,0 45%
Copper sulfate - 5SH;0 35%
Arsenic pentoxide " 2H>0 20%

Figure 2.16. Interior view of treating autoclave at wood-preserving plant

Ammoniacal copper zinc arsenide (ACZA) and fluor chrome arsenate phenol (FCAP) are
two other less widely used arsenical wood preservatives. Use of FCAP, among the earliest of
the arsenical wood preservatives, has largely been phased out in favour of the other, more

water-leach-resistant, arsenical preservatives. ACZA is used in the United States for the
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treatment of Douglas-fir. ACZA should contain approximately 50% copper oxide, 25% zinc
oxide, and 25% arsenic pentoxide dissolved in a solution of ammonia. To aid in solution,
ammonium bicarbonate is added (at least equal to 0.92 times the weight of copper oxide). A
similar formulation, ammoniacal copper arsenate (ACA) is used in Canada. This preservative
is used most commonly to treat refractory species, such as Douglas-fir. ACZA replaced ACA
in the United States because ACZA has less arsenic and is less expensive than ACA (Ibach,
1999).

The major use of arsenical chemicals in agriculture is in cotton plantation, where they are used
as herbicides and plant desiccants and defoliants. The arsenical herbicides monosodium
methanearsonate (MSMA) and disodium methanearsonate (DSMA) are produced from
arsenic trioxide and are used primarily in the control of grassy and broadleaf weeds in cotton
production and in noncrop areas such as railroad right-of-ways. Remaining uses for arsenical

pesticides include the use of sodium arsenide to combat grape measles, and lead arsenate to

control grapefruit acidity.

Calcium arsenate is used as an insecticide on cotton and against certain soil insects, as a
herbicide for treating turf and lawns to control weeds, and as a pesticide on fruits and
vegetables. Sodium arsenate is used in ant killers and in animal dips as an insecticide.
Sodium arsenite is used in low percentages in herbicides for ant control and weed control, for
destroying trees and stumps, in animal dips, in pesticide baits, and for soil treatment against
termites. Although there is no present commercial use for calcium arsenite (1:1), it was
formerly used as an insecticide, pesticide, and molluscicide. Lead arsenate was originally a

part of insecticide formulations, though this use is currently negligible.

Arsenic metal, arsenic trioxide, lead arsenate, and potassium arsenite are used in various
medicines, mostly veterinary. Formerly, disodium hydrogen arsenate was also used in this
capacity. Potassium arsenite as Fowler’s solution is a hematinic used as a temporary
medication for the treatment of myelogenous leukemia and certain skin lesions. The use of

Fowler’s solution as a veterinary medicine is not generally acceptable for widespread use.
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Arsenic pentoxide, and arsenic trioxide are used in the manufacture of low-melting glasses.
High-purity arsenic metal is used in the electronics industry for semiconductor materials.
There is no present commercial use for potassium arsenate, although it has been used in fly

baits, hide preservation, and textile printing and as a lab reagent.

Recently much attention is paid to the properties of gallium arsenide (GaAs) which is a
semiconductor material similar to silicon with certain unique properties, such as high
frequency operation for microwave circuits and optical properties for fiber optic applications
(ANADIGICS, 1998). Gallium arsenide is used in manufacturing optoelectronic devices (laser
diodes, light-emitting diodes (LED), photodetectors, and solar cells) and analog integrated
circuits. The growing use of cellular telephone technology has resulted to a boom for GaAs
demand (GaAsNet, 1999). Many GaAs manufacturers continue to introduce new devices for
this market and expand capacity to meet the growing demand, mainly in the United States
where in 1997, 22.4 tons of gallium in the form of GaAs were consumed (Kramer, 1998).

2.7.3.1 Arsenic Trioxide for the Treatment of Acute Promyelocytic Leukemia (APL)

Arsenicals have been used in the past for the treatment of a variety of medical conditions
including syphilis. However, with the advent of modern antibiotics and chemotherapy, they
fell into disfavor (Kartanjian and Koller, 1996). The outcome of APL has been altered
dramatically with the addition of all-trans retinoic acid (ATRA) to anthracyclines-based
chemotherapy. The activity of ATRA in APL was first reported by Chinese investigators, and
confirmed in Europe and USA. Cure rates in APL have increased from 30% to above 50%.
More recently, Chinese investigators have reported a major activity of arsenic trioxide (As;O3)

in APL: 14 of 15 patients with relapsed APL achieved CR (CR rate > 90%).

Arsenic trioxide is now available for the treatment of patients with APL who have failed both
chemotherapy and ATRA. Eligibility criteria require patients to have failed standard APL
therapy (chemotherapy, ATRA), good performance status, and adequate organ functions.

There is no age restriction and pediatric patients are eligible. Patients will receive arsenic
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trioxide intravenously over 2 hours daily until CR or for a maximum of 30 days. A second
treatment course in CR, after a 3-6 week rest period, will be given for 5 days every week for
35 days (25 treatment days). Understanding of the effects of arsenic trioxide may guide the
clinical use of arsenic compounds and provide insights into the management of leukemias that

do not respond to retinoic acid.

2.7.3.2 Termite Control

Arsenic trioxide dust was the most widely used method of termite control until the
organochlorines became available approximately forty years ago (Household, 1997). Mixed
with ferrous oxide, it is still used to destroy the colony nest, but can be applied only by a
licensed pest control operator with a permit. Treatment is only effective for certain species of
termites and does not provide long-term protection. It is only a form of control for active

infestations and does not prevent future colonies.

Arsenic trioxide application should be undertaken as part of a long-term integrated termite
management strategy, and treatment should not be applied in situations where it is considered
it will be ineffective, as in fencing or stored firewood timbers; and should not be used for

direct nest destruction in trees, as it may result in the death of the tree. The less toxic chemical,

Permethrin, is preferable.

2.8 Ambient Standards and Guidelines

Ambient standards and guidelines for arsenic are aimed at protecting the population, livestock
and other organisms from the exposure to ambient arsenic. Table 2.11 presents reference
standards and guidelines for ambient levels of arsenic in water for the European Union, the
United States, Canada and the World Health Organization (Health Canada, 1992; World Bank,
1998). In order to protect health, acceptable arsenic concentrations in ambient water focus on
water intended for drinking. Table 2.12 presents the permissible exposure limit at work of

arsenic in air in the some countries (Grossman, et al., 1997).
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Table 2.11. Reference standards and guidelines for ambient levels of arsenic in water

Value, pg/L EU, limit EU, guide  US EPA _ Canada  WHO, guide
standard IMAC?
Drinking water 50 50 25 10
Surface water intended 50" 10!
for drinking 100° 50°

' Before normal treatment, * Before intensive treatment
3 IMAC: Interim maximum acceptable concentration for arsenic in drinking water

Table 2.12. Permissible exposure limit at work of arsenic in air

Air (mg/Nm’) U.S. Germany Japan Sweden
Calcium Arsenate 1.0 0.2
Arsine 0.2 0.05 ppm 0.2 0.05
All other inorganic compounds 0.01 0.2 0.5 (As;03)
Organic compounds (as As) 0.5 1.0
Observations Maximum allowable All arsenic compounds
workplace air
concentration

2.8.1 Regulations for Arsenic Effluents in the Metallurgical Industry

Due to the toxicity of arsenic and its compounds, environmental regulators have set very low

levels for arsenic in aqueous effluents for the metallurgical industry (Table 2.13).

Table 2.13. Environmental legislation for arsenic effluents in the metallurgical industry

Agueous effluents, mg/L Reference
The United States 1.0 Piret, 1999
Germany 0.5 Piret, 1999
Canada 0.5' Environment Canada, 1977
Québec 0.5 Ministére de {’Environnement, 1989
Japan 0.1 Environment Agency of Japan, 1999

! Monthly arithmetic mean concentration

2.8.1.1 The Clean Air Act in the United States

In 1990 the Congress amended the Clean Air Act and the Environmental Protection Agency
(EPA) was required to develop technology-based emissions standards for stationary sources of

the 188 hazardous air pollutants (e.g., arsenic compounds) (US EPA, 1990). EPA published a
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list of industrial scurce categories that emit one or more of these hazardous air pollutants and
listed categories of "major" sources ("major source" means any stationary source or group of
stationary sources located within a contiguous area and under common control that emits or
has the potential to emit considering controls, in the aggregate, 10 tons per year or more of any
hazardous air pollutant or 25 tons per year or more of any combination of hazardous air
pollutants) and issue Maximum Achievable Control Standards (MACT) for each category over
a specified timetable. Emissions of 188 toxic pollutants, typically carcinogens, mutagens, and
reproductive toxins, must be reduced within 10 years. Companies that initiate partial controls
before the deadlines set for MACT (Maximum Achievable Control Technology) can receive
extensions (US EPA Journal, 1991).

Today, EPA is proposing regulation which would reduce emissions of eleven hazardous air
pollutants (compounds containing antimony, arsenic, beryllium, cadmium, chromium, cobalt,
lead, manganese, mercury, nickel, and selenium) from the seven primary copper smelters
operating in the United States. EPA's proposed rule would reduce emissions of hazardous
metal compounds from 190 metric tons per year to 155 metric tons per year, an 18 percent
reduction. This represents approximately 6 metric tons per year of arsenic and 22 metric tons
per year of lead. In reducing emissions of toxic metal compounds and in turn associated
exposure levels, EPA's proposed action would also reduce occupational exposures. This action

is consistent with the Pollution Prevention Act of 1990 (US EPA, 1998c).
2.8.1.2 The Accelerated Reduction and Elimination of Toxic (ARET) Program in Canada

ARET is a Canadian industry/government voluntary emission reduction program that targets
117 toxic substances (Environment Canada, 1992). In total, 303 facilities from 162 companies
and government organizations are participating. The ARET goal is to achieve a 90% reduction
of persistent, bioaccumulative and toxic (PBT) substances emissions and a 50% emission
reduction of other 87 toxic substances by the year 2000. Since the base year (1992), emissions
by ARET participants have been decreased by 100,000 tons of toxic substances (Environment
Canada, 1999).



Emissions from the mining and smelting sector in 1997 amounted to 2,309 tons (17% of total
ARET emissions). From base-year levels of 7,854 tons, emissions have been reduced by 5,545
tons or 71% as of 1997. Inorganic arsenic emissions in this sector amounted to 116 tons in
1997, down by 32 tons from the previous year. From base-year levels of 341 tons, total ARET
arsenic emissions have been reduced by 53% and it is expected reduction of 80% in the year

2000 (Environment Canada, 1999).

2.8.2 World Bank Emission Guidelines

Emissions levels for the design and operation of each project must be established through the
Environmental Assessment (EA) process, based on country legislation and the Pollution
Prevention and Abatement Handbook as applied to local conditions (World Bank, 1998). The
emission levels selected must be justified in the EA and acceptable to the World Bank Group.
The following guidelines present emission levels normally acceptable to the World Bank
Group in making decisions regarding provision of World Bank Group assistance; any
deviations from these levels must be described in the World Bank group project
documentation. All of the maximum levels should be achieved for at least 95% of the time that
the plant or unit is operating, to be calculated as a proportion of annual operating hours. For
copper smelters air emissions levels shown in Table 2.14 should be achieved. The
environmental assessment should address the build-up of heavy metals from particulate fall-
out in the vicinity of the plant over its projected life. For copper smelters, the effluent emission

levels shown in Table 2.15 should be achieved.

Table 2.14. Emissions from copper smelting

Parameter Maximum vaiue, mg/Nm’

SO, 1,000

Arsenic 0.5

Cadmium 0.05

Copper 1

Lead 0.2

Mercury 0.05
Particulate matter— smelter 20

Particulate matter — other sources 50
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Table 2.15. Effluents from copper smelting

Parameter Maximum value, mg/L

PH 6-9

Total suspended solids 50

Arsenic 0.1
Cadmium 0.1

Copper 0.5

Iron 35

Lead 0.1

Mercury (total) 0.01

Zinc 1.0

Total metals 10
Temperature increase less than or equal to 3°C'

" "The effluent should result in a temperature increase of no more than 3
degrees Celsius at the edge of the zone where initial mixing and dilution
take place. Where the zone is not defined, use 100 meters from the point of
discharge.

2.9 Arsenic Removal from Drinking Water

2.9.1 Background

In water, the most common valence states of arsenic are As (V), or arsenate, which is more
prevalent in aerobic surface waters and As (III), or arsenite, which is more likely to occur in
anaerobic ground waters (Dainichi, 1998). In the pH range of 4 to 10, the predominant As (IIT)
compound is neutral in charge, while the As (V) species are negatively charged. Removal
efficiencies for As (II) are poor compared to removal As (V) by any of the technologies

evaluated due to the negative charge.

During removal of arsenic from water, As (IID must be converted to As (V) by oxidation
because As (III) cannot be removed properly by the above methods. The technologies under
review perform most effectively when treating arsenic in the form of As (V). Data on oxidants
indicate that chlorine, hydrogen peroxide, bleaching powder, ferric chloride, and potassium
permanganate are effective in oxidizing As (IIT) to As (V). Pre-oxidation with chlorine may
create undesirable concentrations of disinfection by-products. Ozone should oxidize As (III) to

As (V), but no data are available on its performance. Bleaching powder is the cheapest and

most acceptable oxidizing agent.
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2.9.2 Technologies

Coagulation/Filtration (C/F) is an effective treatment process for removal of As (V)
according to laboratory and pilot-plant tests. The type of coagulant and dosage used affects the
efficiency of the process. Within either high or low pH ranges, the efficiency of C/F is
significantly reduced. Liquid aluminum sulfate (ALUM) performance is slightly lower than
ferric sulfate, Fe;(SO4);. Other coagulants, e.g., FeCls, are also less effective than ferric

sulfate. Disposal of the arsenic-contaminated coagulation sludge may be a concern.

Lime Softening (LS), in which CaO is added when operating within the optimum pH range of
greater than 10.5 it is likely to provide a high percentage of As removal for influent
concentrations of 50 ug/L. However, it may be difficult to reduce consistently as to 1 pg/L by

LS alone. Systems using LS may require secondary treatment to meet that goal.

Activated Alumina (AA), in which Al,Os is used, is effective in treating water with high total
dissolved solids (TDS). However, selenium, fluoride, chloride, and sulfate, if present at high
levels, may compete for adsorption sites. AA is highly selective towards As (V); and this
strong attraction results in regeneration problems, possibly resulting in 5 to 10 percent loss of
adsorptive capacity for each run. Application of point-of-use treatment devices would need to

consider regeneration and replacement.

Ton Exchange (IE), where different types of resin are used, can effectively remove arsenic.
However, sulfate, TDS, selenium, fluoride, and nitrate compete with arsenic and can affect run
length. Passage through a series of columns could improve removal and decrease regeneration
frequency. Suspended solids and precipitated iron can cause clogging of the IE bed. Systems

containing high levels of these constituents may require pre-treatment.

Reverse Osmosis (RO) provides removal efficiencies of greater than 95% at operating

pressure. The water recovery is the volume of water produced by the process divided by the
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influent stream (product water/influent stream). Discharge of reject water or brine may also be

a concern. The increased water recovery can lead to increased costs for arsenic removal.

Electrodialysis Reversal (EDR) is expected to achieve removal efficiencies of 80%. One
study demonstrated arsenic removal to 3 pg/L from an influent concentration of 21 pg/L.

2.9.3 Prospective Technologies

Ton Exchange with Brine Recycle. Research recently completed by the University of
Houston (Clifford) at McFarland, CA and Albuquerque, has shown that ion exchange
treatment can reduce arsenic (V) levels to below 2 pug/L even with sulfate levels as high as 200
mg/L. Sulfate does impact run length, however; the higher the sulfate concentration, the
shorter the run length to arsenic breakthrough. The research also showed that the brine
regeneration solution could be reused as many as 20 times with no impact on arsenic removal
provided that some salt was added to the solution to provide adequate chloride levels for

regeneration. Brine recycle reduces the amount of waste for disposal and the cost of operation.

Conventional Iron/Manganese (Fe/Mn) Removal Processes. Iron coagulation/filtration and
iron addition with direct filtration methods is effective for arsenic (V) removal. Source waters
containing naturally occurring iron and/or manganese and arsenic can be treated for arsenic
removal by using conventional Fe/Mn removal processes. These processes can significantly
reduce the arsenic by removing the iron and manganese from the source water based upon the
same mechanisms that occur with the iron addition methods. The addition of iron may be
required if the concentration of naturally occurring iron/manganese is not sufficient to achieve

the required arsenic removal level.

2.9.4 Arsenic Disposal from Drinking Water Waste

Disposal of the arsenic-contaminated coagulation sludge from the Coagulation/Filtration and

Lime Softening technologies may be a concemn. For large treatment plant, a large body of
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water would likely be needed to discharge the contaminated brine stream from the Reverse
Osmosis/Nano-Filtration technologies. Inland treatment plants would possibly need either
some pre-treatment prior to discharge or would need to discharge to the sanitary sewer due to
the increase in salinity. Discharge to sanitary sewers may require pre-treatment to remove high
arsenic levels. The waste stream produced by Ion Exchange (IE)/Activated Alumina (AA)
technologies is a highly concentrated brine with high Total Dissolved Solid. These brine
streams may required some pre-treatment prior to discharge to either a receiving body of water
or the sanitary sewer. The Table 2.16 shows a summary of the advantages and disadvantages

of available technologies for arsenic treatment (Dainichi, 1998).

Table 2.16. Available technologies for arsenic removal from drinking water

Method Advantages - Disadvantages
Co-precipitation: No monitoring of a break through is Serious short and long term problems with toxic
required. sludge.
Relatively low cost simple chemnicals. Multiple chemicals required
Low capital cost. Operation requires training and discipline.
Alum coagulation Durable powder chemicals normally Efficient pre-oxidation is a must.
available. :
Iron coagulation More efficient than alum on weigh basis. Medium removal of As (IIT)
Lime softening Most common chemicals. Re-adjustment of pH is required.
Sorption techniques: No daily sludge problem Requires monitoring of break through or filter use.
Requires periodical regeneration or medium shift.
Activated alumina Relatively well known and commercially Re-adjustment of pH is required.
available
Iron coated sand Expected to be cheap Yet to be standardized.
No regeneration is required Toxic solid waste
Ion exchange resin Well defined medium and hence High cost medium
capacity. High tech operation & maintenance
Regeneration creates a sludge problem
Other Sorbents Not yet property studied
Plenty of possibilities & combinations
Membrane techniques: Well defined performance High running costs.
High removal efficiency High investment costs.
No solid waste High tech operation and maintenance
Low space requirement Toxic wastewater
Capable of removing other contaminants, Re-adjustment of water quality is required.
if any
Reverse Osmosis Membrane does not withstand oxidizing agents.

Electrodialysis Membrane does not withstand oxidizing agents.




CHAPTER III

ARSENIC DISTRIBUTION IN COPPER SMELTERS

Arsenic is a common impurity in various feedstocks treated pyrometallurgicaily. Typical
examples are: auriferous refractory arsenical pyrites, copper, zinc, nickel, cobalt and lead
sulfide concentrates. Copper sulfide concentrates; frequently contain the minerals arsenopyrite
(FeAsS), enargite (Cu3AsSs), realgar (As»>S;), orpiment (AssSs), and tennantite
(Cu,Fe)12As4S;3. Historically arsenic has either been avoided in the mining operation or
eliminated in the smelter. These concepts have been managed to result in acceptable arsenic
content in the input to the copper refinery. During the smelting-converting process for copper,
most of the arsenic is volatilised and reports in the flue dusts as a sulfide (As,S3) or oxide

(As;0;) while a minor fraction goes to the slag, matte, and blister copper.

3.1 Factors Affecting the Distribution

For a given level of arsenic input to a copper smelter the amount in copper anode will be a
function of the process. The variables having a pronounced effect on these unit distributions
are matte grade and off-gas temperature. Other variables such as mineralogy, bath
temperature, oxygen partial pressure, presence of other impurities, etc., have minor effects

(Cocquerel and Shaw, 1983).
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3.1.1 Behavior in Roasting

To obtain a matte of a desired composition suitable for further processing, it is sometimes
required to eliminate a certain amount of sulfur and volatile impurities (e.g., arsenic) present
in the concentrate before melting. This is normally done by partial oxidation in a multiple
hearth, e.g. at El Indio mine (Smith, 198€), or a fluidized bed furnace, e.g. at Lepanto smelter
(Piret and Melin, 1989). Roasting has been the subject of considerable research (Weisenberg,
et al., 1979; Landsberg, et al., 1980; Lindkvist and Holmstrém, 1983; Vircikova and Palfy,
1998). Arsenic removal by volatilization depends upon temperature, residence time, and the
type of atmosphere in the roasting unit. It can be readily achieved if oxidation of the sulfide is
conducted in a limited supply of air. Under such conditions arsenic trioxide, As>O3, is formed
which sublimes already at 218°C and can be separated from the gas stream in the filtration
units (Habashi, 1986):

As;S3 + 420, - As;O3 +350; (3.1)
In the presence of excess air, however, arsenic oxide, As>Os, is formed which is nonvolatile
and melts at 315°C:
AsyS3 + 5%50; = As;Os + 35S0, (3.2)
Usually this oxide combines with any ferric oxide in the ore to form ferric arsenate:
Fe;03 + As;0s — 2FeAsO, 3.3)
As a result, arsenical pyrite is usually oxidized in a limited supply of air to volatilize As>Os.

Under these conditions, magnetite will be the major iron oxide in the cinder:

3FeS; + 80, — Fe;04 + 6S0O- 3.4)

3.1.2 Behavior in Smelting

The purpose of the smelting process is to separate the metal sulfides in the concentrate or
calcine from the gangue, and this is achieved by smelting in presence of fluxes at about

1250°C. During smelting the raw materials fed into the furnace separate into two liquid layers-
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a slag layer containing the gangue and fluxing materials and beneath it a matte consisting of

metallic sulfides.

Arsenic will be partially eliminated due to the formation of a volatile oxide. Being formed at
high temperatures, a matte will be composed of the most stable sulfides. For example Cu;S,

FeS are the most stable sulfides of copper and iron, respectively; they are also the major

components of mattes.

Persson, et al. (1986) reported that arsenic removal reverses when matte approaches 80% Cu.
This is thought to be due to (i) the presence of metallic copper in these very high grade mattes
and (ii) the high solubility of arsenic in metallic copper (Biswas and Davenport, 1994). Five
different schemes for various combinations of pyrometallurgical processes are shown in
Figures 3.1 to 3.5: Reverberatory + converting, Teniente + converting, Noranda + converting,
flash smelting + converting and Mitsubishi smelting and converting. The arsenic balance from
the references indicated are shown. Table 3.1 and Figure 3.6 summarise arsenic distribution

and elimination during smelting and converting of the five smelting systems shown.

Concentrate
100% As
l 31.8%
REVERBERATORY N N GAS CLEANING
FURNACE SYSTEM

N l I 28.4%
Slag ¢ 4 l Dust ) | sTACK >u

27%
PEIRCE-SMITH T GAS CLEANING

CONVERTER SYSTEM
___:I Dust 4[
Slag

6.08% Copper biister

6.72%

Figure 3.1. Reverberatory furnace and Peirce-Smith converter (Vircikova and Imri$, 1995;
Wiertz and Rozas, 1996).
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Concentrate Dust at 350°C Dust at 250°C to
100% As recycle to flash fumace  recovery or disposal
1.8% 85.1%

TENIENTE S DUST % ELECTROSTATIC || SCRUBBER SO, to
7.2%., REACTOR CHAMBER PRECIPITATOR ] acid plant
Slagto <«—
cleaning furnace v

PEIRCE-SMITH »|  sTACK dust, 2.25% Arsemc.m solution
CONVERTER to disposal

Slag, 0.24% 4—J

Copper blister, 3.31%

Figure 3.2. Teniente reactor (71.1% Cu white metal) and Peirce-Smith converter (Mendoza

and Luraschi, 1993; Mendoza, et al., 1995).

Concentrate Dust at 250°C to Arsenic in solution
100% As recovery or disposal to disposal
—% ¢ & ] 2%. dustat350°C 4 4+
NORANDA /T DUST > ELECTROSTATIC | | scruBBER |+ SO, to
REACTOR CHAMBER [ 82.1%| PRECIPITATOR acid plant
9%. slag _ /T | Dust |
to flotation v ‘
plarlt PEIRCE-SMITH | /T\ DUST _»| ELECTROSTATIC SO, to stack
CONVERTER CHAMBER | 1.44%| PRECIPITATOR
| ] Dust | ‘
Slag, 1.96% Dust at 250°C to
Copper blister recovery or disposal
3.5%

Figure 3.3. Noranda reactor (70% Cu matte) and Peirce-Smith converter (Mackey, et al., 1979;
Persson, et al., 1986)

Concentrate Oust at 250°C to Arsenic in solution
100% As 34.7%, dust at 350°C recovery or disposal to disposal
—_ 4 ) t t
FLASH | N | WASTE HEAT > ELECTROSTATIC || scruBBER |» SO, to
FURNACE BOILER 13.3%| PRECIPITATOR acid plant
Slag <« N I ‘ Dust [
21.5% v
PEIRCE-SMITH| 1N,  DUST > STACK Dust, 16.64%
CONVERTER CHAMBER
l Dust |

Slag, 2.46%
Copper blister, 11.4%

Figure 3.4. Outokumpu flash furnace (60% Cu matte) and Peirce-Smith converter (Mendoza,
et al., 1995; Zeping, 1999).
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Figure 3.5. Mitsubishi smelting (69% Cu matte) and converting furnace (Chenier, et al.,1992).

Table 3.1. Arsenic distribution in different pyrometallurgical pprocesses (%)

Distribution with respect to Reverberatory Teniente Noranda Qutokumpu Mitsubishi
imput furnace + PSC  reactor + PSC  reactor + PSC furnace + P'SC furmace
Blister 6.7 33 35 114 4.6
Slag from furnace 270 7.2 9.0 215 43.0
Slag from PSC 6.1 0.2 2.0 25 6.6
Dust collected at 350°C 318 1.9 2.0 347 9.2
Dust at 250°C - 85.1 835 13.3 36.6
Dust to stack 284 2.3 - 16.6 -
Total 100.0 100.0 100.0 100.0 100.0
PSC: Peirce-Smith converter
Mitsubishi Noranda-PSC
g 0 ;
= 80 i
S 70 ,
S 60 Outokumpu-PSC !
E 50 :
© 40 A :
(*]
= 30
?_3 20 Reverberatory-PSC
« 10
0 - . ‘ ‘ )
40 45 50 55 60 65 70\ 75
| : .
Smelting Cu matte (%) Teniente-PSC
BE= Converting

Figure 3.6. Arsenic elimination during smelting and converting in different processes
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The differences of arsenic elimination processes (smelting/converting) can be explained by the

variations in operating conditions at the various smelters, such as feed composition, smelting

temperature, converting rate, oxygen enrichment, gas composition, the analysis and relative

quantities of products, etc. Arsenic elimination, occurs principally during the smelting stage

by volatilization and slagging:

In reverberatory furnace, arsenic elimination occurs by volatilization because the
atmosphere is slightly reducing, and by slagging because of the large volume of the

furnace. In Peirce-Smith converter, more arsenic is eliminated by volatilization and by

slagging.

In Teniente and Noranda reactors, arsenic elimination by volatilization is high and by
slagging is low. Arsenic elimination in the Peirce-Smith converter increases with the
extent of air blowing, thus it is high when low matte grades are treated (Mackey, et al.,
1979; Mendoza and Luraschi, 1993). Arsenic elimination in these operations is similar.
Both are operating at the same matte grade, about 70% Cu. The oxygen enrichment for the
Teniente and Noranda reactor is 38 and 33% Oa, respectively, while the Peirce-Smith

converters operate with unenriched air.

In Outokumpu flash furnace and Peirce-Smith converter less arsenic is eliminated by
volatilization because the atmosphere is strongly oxidizing and this favors the formation of
As>Os thus more arsenic is eliminated in the slag. It can be seen that the arsenic

elimination is less than in the Teniente and Noranda operations due to the recycling of

large amounts of dust.

In the Mitsubishi smelting, a significant fraction of arsenic reports to both the slag and
dusts. In converting furnace, arsenic is split into approximately the same proportions
among slag, dust and blister copper. Additional arsenic removal from the blister to the slag
is possible by increasing the oxidation (Chenier, et al., 1992). The oxygen enrichment for

the smelting and converting operation is 48 and 33% O,, respectively.



3.1.3 Behavior in Gas Handling System

Arsenic associated with metallurgical gases is present as the dimer As;Og. After cooling the
gases, arsenic condensation takes place; depending on the arsenic content, condensation starts
at a gas temperature of 200°C and is completed at 40-80°C (Figure 3.7). According to the

diagram the concentrations of volatile arsenic at sea level are as follows:

Temperature, °C Arsenic (as As;Og)
me/Nm®
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100 12
110 29
130 148
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Figure 3.7. Concentration of As;O;-vapour as a function of temperature
(Expressed in As,O; per m® gas at 0°C and 1,013 kPa) (Piret, 1999).

In order to have sufficiently low levels of arsenic prior to entering the acid plant, gases must
be cooled then submitted to a process step eliminating the bulk of arsenic as As;Os.
Subsequent to this step, the residual arsenic is eliminated from the gas by a wet process,
usually in a electrostatic precipitator. Different dry and wet methods for removal of arsenic

from SO,-bearing gases are described by Dalewski (1999).
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Arsenic content in the dusts recovered in the cooling chambers and In -electrostatic
precipitators ranges between 3 and 30%, depending on the process conditions (arsenic content
in the concentrates, type of furnace, concentrate feed system, temperature of the gases in the
dust collecting equipment) and represents usually as much as 60% of the total amount of
arsenic initially associated with the gas (Wiertz, et al., 1998). Recycle of dusts to the smelting
furnace causes an increase of arsenic and other impurities in the circuit, ultimately increasing
their concentrations in the anode copper destined for refining (Hoffman, 1993). Therefore, this
practice should be ruled out. Finally, arsenic can be recovered as pure arsenic trioxide from
arsenic-containing dusts or treated by hydrometallurgical methods prior to disposal as it is

shown in chapter 5 and 6 of this thesis.



CHAPTER IV

ARSENIC IN THE CHILEAN COPPER INDUSTRY

4.1 Copper Production

Mining is one of the most important sectors in the Chilean economy. In 1997, it constituted
8.0% of gross domestic product (GDP) and accounted for 50% of Chilean exports. The
industry comprises over two hundred companies, employing approximately 87,000 people or
1.7% of the work force. In the last years, Chile continued to be the top producer and exporter
of copper, in terms of volume (Table 4.1) and value, and it was recognized by the world
mining community as being the single most active mining country, in terms of new
development and investment; of the total $5.04 billion in foreign investment in 1997, $1.61
billion was in mining (Velasco, 1996, 1997b).

Table 4.1. Chilean copper mine production (thousand metric tons)

1995 1996 1997 1998 1999¢
World 10,100 11,103 11,487 12,312 12,600

Chile 2,489 3,116 3,392 3,691 4,360

% Chilean Production _ 24.64 28.06 29.53 29.98 34.60

Source: Comisidn Chilena del Cobre (Cochilco, 1999), Edelstein, 1998, 2000
¢: Estimated

Regarding, the Chilean copper concentrate production, COCHILCO (1996) reported that it
will have an important increase in the next years because of the startup of new copper mine
projects and the increase of production in actual operations, e.g., La Candelaria, Escondida,

Collahuasi, Los Pelambres, which will generate a growing concentrate availability in Chile.
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The main companies producing copper concentrate in Chile are shown in Table 4.2. In the
year 2000, Chile is producing more than 3 millions of tons of copper in the form of

concentrate, which is 38% of total copper concentrate production of western world.

Regarding the Chilean smelting production, it has been almost kept the same in the last years
(Table 4.3). However, Noranda Chile S.A. (Altonorte smelter) will increase its copper
smelting capacity from 160,000 to 290,000 mt/y and its sulfuric acid production from 250,000
to 700,000 mt/y. The cost of this expansion will be US$ 170 million, which is expected to be
completed in 2003 (INORANDA, 1999).

Table 4.2. Chilean copper concentrate production
(Thousand metric tons)

Company Mine 1995 1996 1997 1998 1999 2000
Codelco Chile Chuquicamata 473 457 465 495 443 432
Codelco Chile El Salvador 74 73 70 G8 63 62
Codelco Chile El Teniente 319 338 330 331 333 316
Codelco Chile Andina 146 141 138 144 237 244
Minera Candelaria Candelaria 150 140 140 172 172 172
Minera Doiia Inés Collahuasi 0 0 0 150 330 330
Minera El Indio El Indio 35 35 40 40 40 40
Minera Disputada Los Bronces 132 132 132 133 132 135
Minera Disputada El Soldado 61 Gl 61 61 61 61
Minera Escondida Escondida 439 720 720 720 715 715
Min. Los Pelambres Los Pelambres 23 24 24 24 230 230
Min. Mantos Blancos Mantos Blancos 75 46 40 46 46 46
Others 161 169 171 208 205 292

Total 2,088 2,336 2,337 2592 3,607 3,075

Source: Comisidn Chilena del Cobre (COCHILCO, 1996)

Table 4.3. Chilean copper smelting production
(Thousand metric tons)

Company Smelter 1996 1997 1998 1999 2000
Codelco Chile Chuquicamata, Caletones, Potrerillos 913 935 964 967 953
ENAMI Ventanas, Hernan Videla Lira (Paipote) 194 194 181 194 194
Disputada de las Condes  Chagres 92 105 105 105 105
Noranda Chile S.A. Altonortet" 108 130 144 153 153

Total 1,307 1,387 1,394 1,419 1,405

ex Refimet Smelter.
Source: Comisién Chilena del Cobre (Cochilco, 1996).

La Corporacion Nacional del Cobre (CODELCO) and la Empresa Nacional de Mineria
(ENAMI) are state copper corporations. ENAMI operates a number of small mines and

concentrators, the latter taking ore from small miners on a toll basis, but its most important



function is to purchase and smelt copper concentrates at its Paipote and Ventanas Smelters.
CODELCO has smelters at three of its divisions: Chuquicamata, El Salvador (Potrerillos
smelter), and El Teniente (Caletones smelter) which processes not only its own concentrate

and also from other mines, e.g., Andina, Escondida, Candelaria, and El Indio. At present, the

main copper smelters in Chile are (Figure 4.1):

» Chuquicamata, Codelco Chile, Chuquicamata Division.
 Altonorte, Noranda Chile S.A., Antofagasta.

= Paipote, Hernan Videla Lira, ENAMI, Copiapé.

«+ Potrerillos, Codelco Chile, El Salvador Division, El Salvador.

» Ventanas, ENAMI, Puchuncavi, Quintero.
= Chagres, Minera Disputada de Las Condes, Exxon, Catemu Valley.

= Caletones, Codelco Chile, El Teniente Division, Rancagua.

In addition, El Indio mine belonging to Barrick Chile, has a roasting plant, which recovers

arsenic trioxide from its copper concentrate.

! s CHUQUICAMATA (CODELCO)

POTRERILLOS (CODELCO)

ALTONORTE (NORANDA)
EL INDIO (BARRICK CHILE)*

PAIPOTE (ENAMI)
CHAGRES (DISPUTADA DE LAS CONDES)

VENTANAS (ENAMI}
CALETONES (CODELCQ)

' Roasting plant

Figure 4.1. Copper smelters in Chile
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The technology utilized at the Chilean smelters is shown in Table 4.4. Schemes of Chilean

smelters are shown in Figure 4.2 to 4.8.

Table 4.4. Smelting technologies in the Chilean smelters

Smelter Technology Smelting Copper H.SO. Sulfur
Capacity production Productiom Captured Reference
t/d) vy) (t/d) (%)
Chuquicamata 1 Qutokumpu flash fumace 2,200 500,000 5,500 87
2 Teniente reactor (5 x 22 m) 1,350 each Queirolo, 1998
5 Peirce Smith converter Muiioz, 1996
1 Teniente slag cleaning furnace
Caletones 1 Reverberatory furnace 400 355,000 1,500 37
2 Teniente reactor (S x 22 m) 1,650 each (design) Muiloz, 1996
4 Peirce Smith converter Alvarado and Godoy, 1999
3 Teniente slag cleaning furnace
Potrerillos 1 Reverberatory furnace 550 150,000 1.877 N.A.
1 Teniente reactor (4 x 18 m) 950 (design) Muiloz, 1996
4 Peirce Smith converter Rojas, et al., 1999
1 Teniente slag cleaning furnace
Ventanas | Teniente reactor (5 x 22 m) 1,150 115,000 900 20 Gonzilez, et al., 1995
3 Peirce Smith converter Diaz, etal., 1997
| Electric furnace
Paipote’ 1 Teniente reactor (4 x 15 m) 850° 73,786° 706 88.2
2 Peirce Smith converter Rojas, 2000
1 Slag settling furnace
Chagres* 1 Outokumpu flash furnace 1,320 123,000 1.200 95
3 Peirce Smith converter Duran, 1999
2 Teniente slag cleaning furmace
Altonorte | Reverberatary furnace 1,150° 160,000 750 80 Mast, etal., 1999
3 Peirce Smith converter
Total 14,570 1.476.786 12,433 -

N.A.: Not available
! Results obtained in 1999, %green concentrate + concentrate from slag flotation plant, 373,786 = 72,762 anodes + 1,024 blister.

* Results obwuined in 1998, *70 vd of copper cement

Peirce Smith
. Converter Sack.
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Figure 4.2. Chuquicamata smelter (after Queirolo, 1998)
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Figure 4.4. Potrerillos smelter (after Muifioz, 1996)
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Figure 4.6. Paipote smelter (after Rojas and Sanhueza, 1999)

The slag settling furnace is an alternative slag treatment for the Teniente reactor, which
permits to obtain a high grade matte, having 74-75% Cu. The final slag content is 3-4% Cu, it
is cooled and sent to flotation. The concentrate is returned to melt. An electric furnace will
replace this slag settling furnace to a cost of US$ 18.7 million, which is expected to be
completed in 2001 (Mineria Chilena, 2000).



Figure 4.8. Altonorte smelter (after Campos, et al., 1998)
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4.2 Environmental Situation
The main environmental problems associated to the mining sector are:

e Air pollution due to SO, particulate matter, and arsenic emissions.

e Water pollution due to liquid effluents containing particulate matter, dissolved metals and
acids.

e Soil contamination.

» Risk posed by abandoned mining sites and tailing dams.

The metallurgical industry, principally copper smelters, is the main source of SO; emissions in
Chile. This industry generates 92% of total SO, emissions in the country due to the high sulfur

content of the copper ore. Chile is the tenth largest SO; emitter in the world (Environment

Canada, 1996).

In addition to emitting SO,, the copper smelters also release significant amounts of arsenic and
particulate matter into the atmosphere (Table 4.5). There have been reductions in the amounts

of SO,, particulate matter and arsenic released into the atmosphere in recent years, but the

problem remains serious.

Table 4.5. Chilean copper smelters — emissions into the atmosphere

Smelter Emissions 1998, t/y Reference
Sulfur Particulate matter Arsenic

Chuquicamata 101,200 1,100 1,188 Queirolo, 1998; Conama, 2000
Potrerillos 150,000 N.A. 1,534 Conama, 1998
Caletones 247,500 N.A. 1,440 Vega, 2000
Ventanas 12,600 N.A. N.A. Conama, 1998
Paipote? 9,086 1,389 32,4 Rojas, 2000
Chagres 6,300 N.A. 56 Duran, 1999
Altonorte 23,269 N.A. 173 Noranda, 1998
El Indio® N.A. N.A. N.A.

Total 549,995 - 4,423

N.A.: Not Available
! Arsenic emissions in 1997, *Results obtained in 1999, *Roasting plant



4.2.1 Regulations for SO,, Particulate Matter, and Arsenic

The Government of Chile has made environmental protection a priority. The President of
Chile signed the Environmental Framework Law, known as the Basic Law (Decree Law
19,300), on March 1, 1994, establishing the National Commission on the Environment
[Comisién Nacional del Medioambiente (CONAMA)] and 12 Regional Environmental
Commissions [Comisiones Regionales del Medioambiente (COREMA)] to coordinate

environmental protection activities among governmental agencies (Velasco, 1996).

CONAMA has the legal mandate to define Chile’s environmental policy, to propose
environmental regulations. CONAMA is represented in the 12 Chilean regions by the
COREMA’s. Each COREMA is presided by a Regional Intendant (an appointed official
approximately equivalent to a U.S. Govemnor) and includes representatives from regional
governments, the private sector, and nongovernmental organizations (NGQO). The COREMA’s
were put in charge of the implementation and enforcement of new regulations and, through
COREMA regional subsidiaries, authorize pollution prevention and abatement plans and
advise the Ministry of Mining on designing environmental policies and the regulations
implementing these policies, diagnosing environmental impacts, and developing general

environmental objectives and policy responses.

Regulations implementing the Basic Law established equal rights and responsibilities for
public and private enterprises. The Government promulgated two decrees intended to reduce
fixed-source air pollution (including Decree Law 185 of 1991, which regulated sulfur dioxide
emissions) and implemented regulations pertaining to the disposal of waste water from mine
tailings in coastal zones (Ministerio de Mineria de Chile, 1991). Decree Law 185 regulates the
smelter operations that emit to the atmosphere quantities higher or equal to 3 t/d of sulfur
dioxide, or 1 t/d of particulate matter. It makes it mandatory to present decontamination plans,
determined demands on information reporting and, in some smelters, it forces management to
report plans for controlling high SO, concentration episodes. It also establishes primary

standards to protect the human heailth and secondary standards to protect the human well being
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from indirect causes, for example, agricultural, natural flora and fauna damages. The primary

standards are described as follows:

= Particulate matter (size about 10p): 150 pg/Nm’, annual arithmetic mean concentration,

and 80 pg/Nm®, daily arithmetic mean concentration.

= Sulfur dioxide, SO,: 80 pg/Nms, annual arithmetic mean concentration, and 365 pg/Nm?,

daily arithmetic mean concentration.

Decree Law 185 for the secondary standards applications divided Chile into two zones-the
mining district (Zone 1, which covers more than half of the country, from Rancagua, site of
the El Teniente smelter, to the border with Peru) for establishing the maximum emissions of
sulfur dioxide and the agricultural/industrial part of the country (Zone 2, from the area south
of Rancagua to Tierra del Fuego). The secondary standards for SO, are described as follows:

= Zonel: 80 p.g/Nm3, annual arithmetic mean concentration; 365 ug/Nm3, daily arithmetic

mean concentration; and 1,000 ;Lg/Nm3 , maximum concentration/hour.

* Zone2: 60 ng/Nm®, annual arithmetic mean concentration; 260 pg/Nm?, daily arithmetic

mean concentration; and 700 pg/Nm’, maximum concentration/ hour.

Decree Law 165 (Regulation of arsenic emitted to the atmosphere) to be complied by the
Chilean smelters, starting from June 1999 in order to protect the health of the population that
lives nearby at the emission sources and to protect the surroundings. The maximum arsenic
emissions allowed into the atmosphere (Table 4.6) should not exceed the standards according

to the types of sources and decontamination plans of each smelter (CONAMA, 1999).
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Table 4.6. Maximum arsenic allowed in the atmosphere (t/y)

Location Smelter Copper concentrate Year
province, region smelting, t/y 2000 2001 2002
Antofagasta, II Chuquicamata > 1,400,000 1,100 800 400
Altonorte > 350,000 126 126 126
Copiap6, III Paipote = 200,000 42 42 34
Chafiaral, III Potrerillos = 500,000 1,450 800 150
Elqui, IV El Indio" > 80,000 200 200 200
San Felipe de Aconcagua, V Chagres = 350,000 95 95 95
Valparaiso, V Ventanas > 400,000 120 120 120
Cachapoal, VI Caletones > 1,100,000 1,880 375 375
Total emissions 5,013  2.558 1,500

'Roasting Plant

4.3

Sulfur Dioxide and Particulate Matter Management

The plans for reducing emissions of SO, and particulate matter in order to comply with the air

quality rules as presented by the Chilean smeiters are shown in Table 4.7 and 4.8, respectively
(COCHILCO, 1998; CONAMA, 2000).

Table 4.7. Plans for reducing emissions of SO; by the Chilean smelters

Smelter Sulfur dioxide emissions, t/y
1997 1998 1999 2000 2001 2002 2003
Chuquicamata 198,000 162,000 162,000 174,600 174,600 158,000 56,600
Potrerillos - - 352,000 100,000 100,000 100,000 !
Caletones - - 494,000 494,000 230,000 230,000 !
Ventanas 62,000 45,000 !
Paipote 39,900 30,000 19,992 =

TAchicvement of the regulation,

Table 4.8. Plans for reducing emissions of particulate matter by the Chilean smelters

Smelter Particulate matter emissions, t/y
1997 1998 1999 2000 2001 2002 2003
Chuquicamata 3,240 3,240 3,240 1,850"
Potrerillos - - 6,300 5,500 5,500 5,500 !
Caletones - 3,017 1,987 1,987 -
Ventanas 3,400 2,000 1,000 o
Paipote 1,500 1,000 600 !

' Achievement of the regulation,

The projects under development will incorporate gas handling systems and sulfuric acid

plants. For example, a decontamination plan has been implemented at Codelco’s smelters as

follows:
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In Chuquicamata, four sulfuric acid plants began to operate from 1985 to 1998, with a total
capacity around 5,600 t/d, which have allowed capturing around 87% of the sulfur and
90% of the arsenic. Additionally, a new plan that involves a second gas handling system
from Peirce Smith converters and an arsenic abatement plan will allow to capture around

95% of sulfur the and 97% of the arsenic. The cost of this construction will be US$ 78
million (CODELCO, 1998).

In 1998, the El Salvador Division completed the project of the gas handling system for the
Teniente reactor and four Pierce Smith converters at the Potrerillos smelter (Figure 4.9).
The cost of this construction was US$ 56 million. Additionally, outlet gases are fed to the
acid plant, which began to operate at the end of 1999. The cost of this project was US$ 97

millions.

El Teniente Division announced a two-stage plan that will involve the construction of two
sulfuric acid plants. From August 1998, the first sulfuric acid plant with a capacity of
1,500 t/d and a cost of US$ 71 million, is operating at Caletones smelter, having the
capability to capture 37% of the sulfur and 50% of the arsenic. The second acid plant with
a capacity of 2,350 t/d is expected to be commissioned by the end of the year 2000, and it
will increase sulfur recovery up to 93% (Alvarado and Godoy, 1999). Figure 4.10
summarizes the evolution of sulfur and arsenic capture and of the associated sulfuric acid

production in CODELCO’s operations.

Concentrate Concentrate
550 td 950 t/d
1200°C 490°C
REVERBERATORY|  Slag TENIENTE Off-gag OUST | _,|GAS COCLER
FURNACE REACTOR COLLECTOR (RADIATION) 350°C
Off-gas l v v 300°C
To cleaning fumace or RF Dust to recycle to Reverberatory fumace ELECTROSTATIC . SOz to
1200°C ¢ v 4 + PRECIPITATORS|  acid plant
| | WASTE HEAT T__ PEIRCE-SMITH|Off-gas|  pusT |, |GAS COOLER
Dust BOILER CONVERTER COLLECTOR (RADIATION)
v v
S0, to stack Copper blister As,0y-containing dust
(containing As,0;) to disposal

RF: Reverberatory fumace

Figure 4.9. Actual gas handling system at the Potrerillos smelter
(Redrawn from Contreras, et al., 1999)
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Figure 4.10. Sulfur and arsenic capture / sulfuric acid production in CODELCO-Chile smelters

(after Muiioz, 1996)

4.4  Arsenic Management

In Chile, arsenic occurs principally in association with copper and gold-copper ores. The

arsenic minerals present in the Chilean concentrates are shown in Table 4.9. The chemical

analysis of concentrates is shown in Table 4.10.

Table 4.9. Arsenic minerals in the Chilean concentrates
(Buckingham, et al., 1999; Farias, et al., 1996; Smith, 1986)

Mineral Formula Concentrate
Enargite Cu;AsS, Chuquicamata, El Indio
Arsenopyrite FeAsS El Indio
Tennantite (Cu,Fe);3As4S;;  El Teniente, El Indio
Realgar As>S;3 El Indio
Orpiment As,Sy El Indio
Famatinite Cus(Sb,As)S, El Indio
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Table 4.10. Chemical analysis of Chilean concentrates (%)

Operation Cu Fe S As Sb Aun Ag Bi Reference
gt g/t  ppm
Chuquicamata mine  28-33 28.6 305 0.3-10 0.1-0.3 - - 30-60 Mendoza, et al., 1995
El Indio mine 23-25 18-20 32-36 8.0-85 0.8-0.9 15-20 250-300 - Buckingham, et ai., 1999
MM mine 356 17.2 33.1 4.1 0.27 - - - Fan, et al., 1996
Enargite mineral® 4165 8.0 322 12.1 - - - Fan,etal, 1996

Ventanas smelter” 24-27 20-28 25-30 0.14-0.18 0.01 - 10  Diaz, etal.. 1997
Caletones smelter’ 31-33 21-25 29-32 0.23-0.35 0.012-0.02 - - N.A. Achurra, 1999; Vega, 2000

T Obtained from CODELCO's MM mine, © Concentrate blend to the Teniente reactor, “Average between Jan. 99- Apr. 2000
N.A.: Not available

The MM mine, otherwise known as Mansa Mina (“MM?”), is a copper orebody located
between Chuquicamata mine and Calama City, with geological resources between 650 and
900 million tons averaging 1.3% copper, but high arsenic content obstructs its exploitation by

pyrometallurgical route (Mining Magazine, 1992).

4.4.1 Present Solutions

In Chile, the only production of arsenic is in the form of arsenic trioxide, which is a by-
product of the copper concentrate produced at the El Indio mine, while El Teniente and
Chuquicamata smelters have arsenic treatment plants, where it is disposed of in the form of
ferric arsenate. Also, all the smelters have effluents treatment plants for the arsenic disposal

either as ferric arsenate or calcium arsenate/arsenite.

= El Indio Recovery Plant

Roasting has been applied since 1981 at El Indio mine in Chile for arsenic trioxide recovery
and thus making its concentrate more acceptable as smelter feed (Figure 4.11). The 3 roasters
are 14 hearth, 6.5 m diameter Nicols Herreshoff units. Each is fed at 6.5 to 7 th via a
weightometer belt, and double sealing flapgates on top of each roaster. In the upper six
hearths, air is injected to allow slightly oxidizing conditions, resulting in an exothermic
reaction between the contained arsenic and sulfur. The temperature profile is maintained at
between 630° C and 720° C, throughout the roaster. In the lower hearths (7 to 14), the
conditions are kept strongly reducing, resulting in fuming off As,S3 and Sb,S3, and elemental
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sulfur. The calcine, is discharged through a grizzly screen, cooled in water-jacketed screw
conveyors, wetted for handling and stored in a covered shed for shipment by truck to local

smelters or to the port en route to smelters.

300 t/d concentrate
{24% Cu, 8% As)

e S
Oil bumers —j HEARTH
ROASTERS
yoff-gas (650°C)
220td calcinetomarket |  CYCLONES  — dust

(33% Cu, 0.07% As)

COMBUSTION Air
cHAMBER [
750°C ¢
| HEAT EXCHANGER |
420°C ¢
ELECTROSTATIC | 15 td dust to market
PRECIPITATOR (23% Cu, 11% As)
v
[ QuUENCHAR |
120°C = + As,O; packing, 34 t/d
[ BAGFILTER  |—"(96-97.5% As,05)

Ca(OH), —»| SCRUBBER  |— To disposal
v

Gas to stack
Figure 4.11. El Indio roasting plant (after Buckingham, et al., 1999)
Roaster extraction (Table 4.11) of arsenic and antimony have been about 95% and 45%
respectively, while about 42% of the original sulfur content is allowed to remain in the calcine

(Smith, et al., 1985; Smith and Paredes, 1988).

Table 4.11. El Indio roaster extraction of As, Sb, and S (%)

Element Feed Calcine Extraction
As 7.2 0.48 94.5
Sb 0.54 0.36 44.5

S 344 249 42 .4

Off-gas is passed through cyclones to remove dust, and then is drawn off through a

combustion chamber where air is added to convert arsenic sulfide, antimony sulfide and
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elemental sulfur to their oxides at a temperature of 750°C. These gases are then cooled in a
heat exchanger to approximately 350°C and the dust, containing As>O; and Sb,0; is removed
in an electrostatic precipitator. The captured dust is mechanically conveyed from the bottom of
the electrostatic precipitator to storage silos prior to wetting and truck transport to market
(Buckingham, et al.,, 1999). The gas discharge from the electrostatic precipitator is further
cooled to 120°C with quenched air to collect sublimed arsenic trioxide in a bag house and
subsequently packaged for sale to chemical manufacturers in the US. The filtered gas is
discharged to the atmosphere through a stack located approximately 100 m up the hill from the

plant (Jeffrey, 1996).

In 1997, the plant installed a wet lime scrubber to remove trace amounts of As,O; and
particulate matter from the stack gases before disposal. Isocinetic studies in the stack showed
that arsenic recovery efficiency, increased from 95%, depending on bag house efficiency,

which ranged between 80% to 96%, to about 98% (Valenzuela, 1999).

* EI Teniente Disposal Plant

This plant processes dust collected by the electrostatic precipitators of gas handling system at
the Caletones smelter (Table 4.12). The dust is slurried with solution rich in H>SO4 obtained
from El Teniente solvent extraction plant and transported by special truck to the plant
{(Vuskovic, 1996).

Table 4.12. Dust chemical composition (Araya, 1999)

Cur Cuinsol Asy Fer Bir As'  As™  Fe’" Mo Sb
24.0 13.0 6.8 3.8 0.55 6.5 0.3 3.4 0.9 1.5

The process (Figure 4.12) comprises three stages:

1. Acid leaching: In this stage, slurry is leached with sulfuric acid for 15 minutes, at room
temperature to extract copper and arsenic. The solution is passed to the arsenic

precipitation stage.



73

2. Bismuth leaching: The solids from the first stage are leached with H,;SO4 (40 g/L)
containing NaCl (150 g/L) for 60 minutes, and a liquid/solid ratio of 1.5/1. The slurry is
then transferred to a thickener, the overflow contains bismuth, copper, arsenic, and other
metals, and the solids are washed in another thickener with sulfuric acid and solution from
SX plant, then recycled to the smelter. If the economic situation permits, bismuth can be
recovered from solution. If not, it is mixed with the first solution and treated further as

shown below (Araya, 1999).

3. Arsenic precipitation: When bismuth is not recovered, the overflow of both thickeners, is
mixed and treated with a 30% solution of H,O, (12 L/m’) to oxidize As(III) to As(V),
NaOH is added to adjust pH to 3, then ferric sulfate is added to precipitate ferric arsenate.
Finally, the precipitate is thickened. The overflow is sent to the solvent extraction plant for
copper extraction, and the solids, containing ferric arsenate and bismuth, are disposed of

into the landfill.

Dust
| LEACHING  |e—H,SO,
| S/L SEPARATION f——
H, SO, — 3
NaCl __,| BiLEACHING |
v
* To Bi recovery €—| S/L SEPARATION } MIXER |
NAOH
HZSO‘ ; v l 2 DHZ 3
Solution from SX plant —| SOLID WASHING ARSENIC  |€—H,0,
PRECIPITATION [¢— FeSO,
To copper smelter
\ 4

Solution to SX plant <—]S/L SEPARATION|

*Bismuth recovery depending FeAsQ, to disposal
on economic conditions

Figure 4.12. El Teniente plant for treatment of smelter dust (after Vuskovic, 1996)

Also, arsenic-containing effluents generated by the sulfuric acid plant are treated in a effluent

treatment plant, where the solution is neutralized and arsenic is precipitated as calcium
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arsenite, CaAsO,OH, and arsenate, Ca;AsO4(OH), followed by calcination to produce a stable
product, Cai(AsQOa),, (Vega, 2000).

*  Chuquicamata Disposal Plant

Chuquicamata Division also treats smelter dusts in a hydrometallurgical plant (Figure 4.13)
recovering copper and disposing of the arsenic in the residues of the leaching operations where

it will precipitate in situ as ferric arsenate (Farias, et al., 1996).

Dust

| LEACHING |e«—H,S0,

BIL SEPARATION lAs-containing solution

H,O— 5| SOLID WASHING |

| S/L SEPARATION |

Solids v
Fe—*] Cu CEMENTATION J¢——{ STORAGE TANK|
To copper smelter [ VAT LEACHING [¢— Refinery
waste
Raffinate solution v

[TAILING LEACHINGle—] SX-Ew PLANT |

Arsenic precipitation Copper
in situ as FeAsOy

Figure 4.13. Chuquicamata plant for treatment of smelter dust (after Farias, et al., 1993)

Also, the effluent generated in the sulfuric acid production at Chuquicamata smelter is
neutralized to pH 12 and arsenic is precipitated as calcium arsenite, CaAsO,(OH). The shury
is then transferred to a thickener, the overflow containing the clean water to pH 12 is recycled
to the industrial water system, and the solids are filtered to obtain a cake (50,000 m’/y),
containing 3 to 6% As and 30 to 45% H,O0, is transported by special trucks to be disposed of
into the landfill (Pedreros, 1998). Variations of this process are used at Paipote, Chagres and
Altonorte smelters (Rojas, 2000).



= Potrerillos Effluent Treatment Plant

The effluent (30 m’/h) of the sulfuric acid plant containing 26 g/l H" and 10 g/L As is
neutralized with milk of lime to pH 11 and arsenic is precipitated as calcium arsenate/arsenite
(Figure 4.14). The slurry is thickened, the underflow is filtered, and the cake (4 t/h)
containing 40% H,O is sent to disposal. The overflow containing 100 ppm As is neutralized
further to pH 8 and arsenic is precipitated as ferric arsenate. The slurry is then transferred to
another thickener where the underflow is filtered and the overflow is passed by a sand filter to

obtain finally a treated effluent containing < 1 mg/L As (Rojas, et al., 1999).

Weak acid effluent
(30 m¥h, 10 g/L As)
Milk of lime
v v
—>NEUTRALIZATION| H,S04
& PH:11
SOLIDLIQUID » pH ADJUSTEMENT
SEPARATION
pH: 8
FeSO‘
v I v {
L FiLTRATION | ARSENIC  |je—H;0,
+ PRECIPITATION
Cake to disposal J,
SOLID/LIQUID
FeAsO,| SEPARATION
| FILTRATION f——
Treated effluent
(< 1 mg/L As)

Figure 4.14. Potrerillos plant for treatment of effluents (after Lange, 1999)



CHAPTER V

ARSENIC RECOVERY WORLDWIDE

As it was shown in Table 2.6 (Chapter II), there are several countries recovering arsenic from
gold ores, copper and cobalt concentrates or arsenic-bearing copper smelter dusts. However,
information about most of these operations is not available in the literature (e.g., China, Peru,

Bolivia, Morocco, Belgium, France, Georgia, etc.).
5.1  From Copper Concentrates

5.1.1 Sodium Sulfide Leaching

Sodium sulfide leaching has been successful in selectively recovering arsenic from copper

concentrates then precipitating it as copper arsenate.
¢ Equity Silver Mines Process

Equity Silver Mines Limited (Houston, British Columbia) designed, built and operated a leach
plant for a numbers of years to reduce the levels of antimony and arsenic in its copper
concentrate (Edwards, 1985). The antimony (2%) and arsenic (0.5%) from the flotation
concentrate were leached and recovered as by-products (Figure 5.1). Flotation concentrate (90
t/d) was slurried with hot alkaline sodium sulfide solution and leached for 8 hours in heated
tanks at about the boiling point:
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HS +OH — $* + H,0 (5.1)
3Cu,S - SbyS; + 387 — 3Cu,S (insoluble) + 2SbS5*" (so luble) (5.2)
3C,S * As,S; + 38 — 3Cu,S (insoluble) + 2AsS;” (soluble) (5.3)

Sodium antimonate, was obtained by autoclave oxidation of the leach liquor by oxygen at 700

kPa and 145°C:

25bS;* + 70, + 20H" + SH,0 — 2Sb(OH)s + 35,05 (5.4)
2AsS3> + 70, + 60H — 2As04> (soluble) + 35,05> + 3H,0 (5.5)
2S8% + 20, + H,0 — S,0:* +20H" (5.6)
2SbS5> + 130, + 8OH + 2H,0 — 2Sb(OH)s + 6504 (5.7)
2AsSs> + 130, + 120H —> 2As04* (soluble) + 6S04> + 6H,0 (5.8)
S% + 20, — SO (5.9)

The sodium antimonate by-product had the following sp ecifications:

Sb 47% Minimum

Cu 50 ppn maximum

As 500 ppm maximum
Moisture Content 12.5% maximum

Initially, arsenic in solution was disposed of as calciwm arsenate by autoclave oxidation at
1400 kPa and 150°C followed by precipitation with limme. A marketable, high-purity copper
arsenate was later produced by treating the solution with CuSOs (Figure 5.1). Arsenic

autoclaving proceeded according to these simplified equations:

2As04> + 3Ca(OH); — Ca3(AsOa); (insoluble) + 60H (5.10)

Si0; + 2Ca(0OH), — Ca,SiO;4 (insoluble) + 2H,0 (5.11)
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S,05% + 20, + 20H — 280, + H,0 (5.12)
SO4* + Ca(OH); — CaSO4+ 20H" (5.13)
2S%" + 30, + 40H — 2S0,* + 2H,0 (5.14)

Development of the copper arsenate circuit was cut off by the economically driven cessation
of the leaching operation in 1984 (Edwards, 1991). The final liquor was a high-purity caustic
solution of sodium sulfate from which the saltcake was removed in a continuous crystallizer-

centrifuge-dryer train.

Flotation concentrate

NaQH — CONCENTRATE
NaHS LEACH
v Concentrate
[ FILTRATION [~ to smelter
O, —»| ANTIMONY AUTOCLAVE NazSb(OH)g
OXIDATION to market
| H X
! y
O, —» ARSENIC AUTOCLAVE 0, —»| ARSENIC AUTOCL’-\VE Cu,AsO,0H
CaQ —» OXIDATION CuSO, —»| OXIDATION to market
Calcium arsenate L 2 '
to disposal SODIUM SULFATE L, Na,SO,
CYSTALLIZATION to market

Tailings to disposal

Figure 5.1. The Equity Silver leach plant (after Edwards, 1991).

5.1.2 Roasting

Roasting has been applied since 1981 at El Indio mine in Chile for As;O3 recovery as
mentioned earlier in chapter 4. The roasting plant using 3 multiple hearth fumnaces has a
throughput of 300 t/d and an As;O; production of 30 t/d (Buchingham, et al., 1999). In
Namibia, the copper concentrate produced at Tsumeb mine, having 6-7% arsenic, is also
treated prior to the smelter in an arsenic plant consisting of four roasters with condensing

chambers and a common bag house. The arsenic plant produces 99% pure arsenic trioxide. In
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1998, its production was 1,800 tons. The Tsumeb Copper Company however, was liquidated
in 1998 (Coakley, 1999). In Philippines, the copper concentrate produced at Lepanto plant is
treated at the PASAR smelter by means of fluidized bed roasting, producing 2,000 t/y of white
arsenic and a calcine having 1% As (Piret and Melin, 1989). However, the Lepanto Mining
Company closed its plant in 1997 due to the exhaustion of its ore (Lyday, 1998). Sweden was
a important producer of As;O3 from copper concentrates by means of fluidized bed roasting at
Boliden Rénnskir smelter (Lindkvist and Holmstrém, 1983). Production was 10,000 t/y but it
was eventually decreased to 2,500 t/y in 1991. Finally, production ceased at the end of 1991
due to environmental reasons (Loebenstein, 1992). In the United States, most arsenic was
recovered from copper concentrates for sale between 1910 and 1985, after which all domestic
production of arsenic ceased when ASARCO, the sole remaining producer, closed its copper
smelter and associated arsenic plant in Tacoma (Loebenstein, 1994). In this plant, the copper
concentrate, having 4% As, was roasted prior to smelting and arsenic was then captured using
electrostatic precipitators and condensing chambers. The final product was a crude As;Oj; of

minimum 95% purity (Edelstein, 1994).

5.2 From Gold Concentrates

Several gold mines produced and roasted a sulfide flotation concentrate in their gold

extraction processes to recover arsenic trioxide as it is shown in Table 5.1.

Table 5.1 Operating results in gold concentrate roasting plants

Operation Country Stages Feed Feed, % Calcine, % Extraction, %  As;Os Reference
(d) "TAs S As s As S vd

Cochenour Williams Canada 1 15 6.3 18.4 1.3 1.6 84 93 N.A. Piret and Melin, 1989
Dickenson Ltd Canada 1 12-16 8 20-36 N.A.  NA. NA. NA. NA. Gagan, 1979
Campbell Red Lake Canada 2 60 79  17-18 1.0 1.6 81 26 6.3  Frostiak and Haugrud, 1995
Giant Yellowknife Canada 2 130 7-9 202 1.0 25 89 88 N.A. Piret and Melin, 1989
Kerr Addison Ltd Canada i N.A. 1 42 N.A. N.A. N.A. N.A. N.A. Gagan, 1979
Lancefield Wastern Australia I 400 14 24 N.A. NA. NA  NA. NA. Brown,etal, 1990
New Consort Mine South Africa 2 96 2-3 32440 1.0 6.6 88 92 25 Penman, 198S; Femeira, et

al., 1989

N.A.: not available
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5.2.1 Canadian Operations

There was virtually no market for this product in Canada prior to 1977 and the arsenic trioxide
was stored underground in sealed stopes. Improved market conditions gave an incentive to the

companies for the production of a high arsenic trioxide, which was sold.
= Giant Yellowknife Mines Ltd

In this plant (Figure 5.2), the flotation concentrate was roasted in a two-stage fluosolid roaster
(More and Pawson, 1978). The hot gas was directed to two cyclones in series to remove the
coarse dust particles, which were added to the calcine, and then it was leached with cyanide
solution for residual gold recovery. The hot gas, along with the remaining dust, proceeds to the
electrostatic precipitators where the fine dust was removed. The cleaned gas was then cooled
to 110°C using air. Sublimation produced impure arsenic trioxide dust, which was removed by
a bag filter and pneumatically pumped to underground storage vaults or sold. Electrostatic
precipitator dust because of its high arsenic content and other impurities was treated in an

activated carbon batch process for gold absorption (Gagan, 1979).

Concentrate
‘

15" STAGE REACTOR
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v dust l off-gas
[ auencHTANK [ CYCLONE ]

v

To mill cyanide 2™ STAGE REACTOR
et

dust l

— CYCLONE |
v

ELECTROSTATIC Dust to activated
PRECIPITATOR carbon circuit

[ auencHaRrR |
* As20; to market or

| BAG FILTER  |—disposal
v

Gas to stack

Figure 5.2. Giant Yellowknife Mines Ltd. roasting plant (after Gagan, 1979)
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= Campbell Red Lake Mines Ltd

A 14-ft. roaster was installed at this mine in 1949. The reactor operated as a single stage
roaster until 1956 when a second roasting stage was added to improve gold recovery (95%)
(Maycock, et al.,, 1990). Flotation concentrate was then treated in a two stage fluid bed
roasting circuit, similar to the circuit of Giant Yellowknife mines. The first roaster was
operated at 540 to 565°C and most of the arsenic and sulfur were oxidized and volatilized in
this unit. The products from the first roaster, both solids and gases, were passed to the second
roaster which was operated at 520 to 525°C and which ensured the maximum elimination of
arsenic and sulfur from the calcine. Solids were recovered from the roaster gases by two
parallel sets of three stage cyclones, operated at 400°C, and by electrostatic precipitators,
consisting of two units in parallel, each with two chambers. These units operated under
conditions, which avoided arsenic trioxide condensation. The roaster gas was then mixed with
air to cool it to approximately 107°C and to condense out particulate arsenic trioxide. It was
then captured in a chamber bag house before the gas was discharged to the stack. The arsenic
trioxide was then sold or conveyed to an underground storage vault (Frostiak, et al., 1990).
However, in 1991, due to environmental reasons, the existing roaster operation was shut down
and a pressure oxidation plant was built. In the autoclave, arsenic was solubilized and then

precipitated as ferric arsenate (Frostiak and Haugrud, 1995).

* Dickenson Mines Ltd

A 6 ft single-stage fluid bed roaster was installed at the Dickenson Mines in 1951 (Figure 5.3)
(Maycock, et al., 1990). The concentrate was roasted at 705-760°C. The calcine, was
quenched, dewatered, conditioned with sodium cyanide and lime and finally pumped to the

cyanide circuit to recover the gold (Malloy and Tapper, 1978).

Off-gas was passed through cyclones to remove coarser dust. The gas was then cooled in a
heat exchanger to approximately 315°C. The cooled gas was passed through two hot fabric
filter bag houses in parallel to remove the remaining suspended particulate matter. These were

added to the dust recovered in the cyclones and the calcine from the roasting operation. The
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gas discharge from the filter bag houses was further cooled to 145°C with quenched air to
collect sublimed arsenic trioxide in two fabric bag houses and subsequently packaged for sale.
The filtered gas was then passed through an additional clean-up fabric filter bag house
operated at 123°C. The clean gas entered the heat exchanger, where it was reheated, and then

was discharged to the atmosphere through a stack (Gagan, 1979).

Cancentrate

Alr —
FLUID BED ROASTER

I dust 4  oftgas
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v v

To mill cyanide Lime HEAT EXCHANGER —% Gas to stack
ircuit —
Dust v 315°C

Y— HOTBAGFLTER |
v

[ ouencHar |
v 145°C
As,0; to market +—{  HOT BAG FILTER _ |
123°C
| CLEAN-UP BAG FlLTERH

To disposal

Figure 5.3. Dickenson Mines roasting plant (after Gagan, 1979)

A roasting plant also operated at Kerr Addison Mines for three months per year, during the
winter, The concentrate containing about 1% As, 42% S and 0.6 oz/t of gold was roasted at
370°C in a single-stage fluid bed reactor. Off-gas was cooled to about 290°C by passing it
through a waste heat boiler, then directed through two cyclones in series to capture the coarser
dust. The cyclone exhaust gas was discharged to the atmosphere through a stack. Calcine from
the roaster, boiler and cyclones was water quenched and pumped to the cyanide circuit for

residual gold recovery (Gagan, 1979).

In the early 1980°s, Cominco (operating in Yellowknife of the Northwest Territories of
Canada) built and operated a plant for a numbers of years at the Con gold mine, producing

arsenic trioxide crystals by roasting and recovering gold values. Metallurgical complexities
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and a collapse of the market for the As;03 crystals resulted in the plant closure in 1989

(MIRAMAR, 2000).

In South Africa, Eastern Transvaal Consolidated Mines (ETC) built a fluid bed roasting plant
in 1983 to treat gravity and flotation concentrates from Sheba and Agnes mine, and gravity
concentrates from New Consort mine. Throughput was 34 m/d and sulfur dioxide from the
combustion of sulfides discharged through a stack. To accommodate increasing production, a
new roasting plant similar to the Giant Yellowknife operation in Canada was built in 1988 to
treat 100 t/d mixed concentrates. To reduce atmospheric pollution, the roasters were coupled

to a sulfuric acid plant that produced 100 t/d (Ferreira, et al., 1989)

5.2.2 Aaustralian Operations

Either white arsenic or arsenic-bearing gold concentrate has been produced in each of the
Australian states with the exception of Tasmania and the Northern Territory (Minfact, 1995a).
Small quantities of arsenic trioxide were produced in South Australia and in New South Wales
(NSW) prior to 1912, however prices were low and no further production ensued until an
improvement in the market price and a strong demand in Queensland for arsenic, for prickly

pear poison, resulted in major production in several states within the period 1916-1936.

Almost two-thirds of the Australian arsenic production came from the Wiluna Gold Mine in
the Western Australia, where an arsenic plant was constructed in 1931 to treat the high
arsenopyrite-containing gold ores. The concentrate was roasted and arsenic was collected in
condensing chambers and finally, in an electrostatic precipitator, then the crude arsenic was
refined in a mechanical furnace. Production ceased in 1949 because the ore bodies were
exhausted, however dump material was retreated in the following two years. Other important
producers in Western Australia were the Transvaal (Jupiter) Mine and Ingliston Consols

Extended Gold Mine, but no refining of arsenic took place on site.

Arsenic deposits in South Australia were small representing only a minor proportion of the

total Australian production. The two sources of recorded production come from the Callington
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District and the Talisker Mine. All of the ore was treated outside the state as the output was
not sufficient to warrant installation of recovery plants. In Victoria, refractory arsenical ores
were treated at two metallurgical plants in Bendigo, Leggo amd Liddell, and also at a
metallurgical plant at Ballarat. These plants recovered arsenic from concentrates purchased
from Victoria gold mines, and also from interstate mines. None of the Victorian mines had a
large output of arsenical ore. In Queensland, the entire arsenic ocutput has come from the
Stanthorpe district. The largest mine was the Jibbinbar Mine, wihich was operated by the
Queensland State Government since 1919 for the sole purpose of producing cheap arsenic for
the manufacture of prickly pear poisons. A reverberatory furnace w-as in operation to treat the
ore that came directly from the mine. The flue product without refining contained an average

of about 90% of arsenic trioxide, and in this form it was marketed.

In New South Wales, arsenic ores have been recovered at eight main plants. The New England
region was the most important area of the State, accounting for 85%% of total production. The
Ottery and Mole River mines were the State’s main arsenic prodwcers. These were the only
two mines in the State equipped with a plant capable of producing refined arsenic trioxide
(99.7%). The Mole River mine (Roberts Chemicals Ltd) operated furnaces and flues for the
production of white arsenic and arsenic pentoxide. The treatment plant was of considerably
different design to that at the Ottery mine (Figure 5.4), having mo series of condensation

chambers, simply one long flue leading to the stack.
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Figure 5.4. Arsenic plant at Ottery mine (from Minfact, 1995b).



53 From Copper Smelter Dusts

Arsenic may be recovered as refined arsenic trioxide from dusts that accumulate as an

intermediate product in the smelting of arsenic-bearing concentrates, principally from copper

smelters.

® Arsenic Trioxide Processes

Japan’s copper smelters have recovered arsenic from smelter dusts. In the 1980°s, the
Furukawa Company produced 300 t/y of As;O; at its Ashio copper smelter (Brewis, 1984).
However, Furukawa permanently closed its smelter in 1988 (Wu, 1999). The Sumitomo Metal
Mining Company also produced As;0Os at its Toyo copper smelter. The arsenic plant went into
operation in 1983 and it had the capacity to produce 720 t/y of 99.9% pure As,;O; (Terayama,

1999).

At the Toyo smelter, the arsenic contained in the concentrates fed to the smelter is volatilized
in the off-gas, and absorbed in the scrubbing liquor in the cooling tower ahead of the acid
plant. The scrubbing liquor is pumped to the gypsum plant, where the arsenic is fixed as
sulfide. This arsenic sulfide precipitate is the feed to the process (Figure 5.5).

Copper oxide obtained from the Niihama nickel refinery is converted to copper sulfate by
aeration leaching with sulfuric acid, and is recycled from the substitution and reducing
process. Arsenic sulfide filter cake is repulped and heated to 70°C in the CuSOy solution. At
this temperature As,S3 reacts with the copper sulfate to form copper sulfide, while the arsenic

is dissolved as arsenious acid according to:
As,S3 +3CuSO4 + 4H,0 — 2HAsSO, + 3CuS + 3H>S0,4 (5.15)

Arsenic trioxide is precipitated from arsenious acid solution by cooling at 25°C:

2HAsO; = As,0O; + H,O (5.16)
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The slurry is filtered, the filtrate recycling to the gypsum plant. The filter cake is next repulped
with copper sulfate solution, and is passed to the oxidizing leach stage. The slurry is then
heated once more by steam injection to 70°C in tanks equipped with high-powered agitators
and air injectors to oxidize As (III) to the more soluble As (V) form:

2HAsQO; + O, + 2H,0 — 2H3AsOq4 (5.17)
Offgas
Filtrate v

— |_GAs CLiANlNG HAC[E%LANﬂ——P H,SO,
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Figure 5.5. Production of As;Oj3 at Toyo smelter (after Terayama, 1999)

Total arsenic concentration in oxidized solution is controlled at 60 - 70 g/L of which As (IIT) is
held to less than 15 g/L. The accompanying copper sulfide, however, is not affected by this

oxidation process, and remains as a solid. The oxidized slurry is filtered and CusS filter cake is

washed and returned to the smelter.



87

The solution is then reduced by SO, to precipitate arsenic trioxide:
2H3As04 +2S0; = As;O; + 2H>S0O4+ H,O (5.18)

Sulfuric acid generated is recycled to the copper leaching step. Crystals of As,O; are
dehydrated in a centrifuge to a moisture content of 2 to 3%. Finally, they are packed and
shipped after drying with fully sealed rotary disc drier to a moisture content of 0.1% or less.
The dried crystals are automatically weighed and packed into steel drums, each holding 100
kg. Table 5.2 shows typical analysis of As,O; (Toyabe, et al., 1988).

Table 5.2. Typical analysis of As;O; (ppm)

As,O, Fe Cu Zn Se Sb Te Pb Bi Ca C
99.9% <1 7 1 <1 110 <1 <1 <2 <l <0.01%

The production cost of Sumitomo’s process is high because 2.6-3 tons of copper oxide are
required to produce one ton of arsenic trioxide. Arsenic recovery is very low, about 55%
because of recycling. Also, the operating conditions are complicated because of its high
temperature, high slurry and sulfuric acid concentrations, and their long reaction periods:

cementation time, 4 h; oxidation time, 10 h (Kaixi, et al., 1998).

In China, a smelter also uses the cementation flowsheet to treat arsenic sulfide residues

(Haibei, 2000). They have a small plant to produce CuSQO4 from CuO powder, which reacts

with As;S; according to:
As>Ss + 3Cu?" + 4H,0 — 2HAsO,; + 3CuS + 6H" (5.19)

To simplify the Sumitomo’s process, Beijing General Research Institute of Mining and
Metallurgy has developed an aqueous oxidation process (Figure 5.6) using oxygen at 150° C
and 550 kPa to leach arsenous sulfide residues from Guixi smelter. Experimental results show

satisfactory arsenic and copper extraction, 97.7 and 97.4%, respectively (Kaixi, et al., 1998).
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Figure 5.6. Production of As,O3 by aqueous oxidation process (after Kaixi, et al., 1998)

» Agueous oxidation reaction can be described as follows:

2As,S; + 50, + 6H,0 — 4H3As04 + 6S°
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The slurry is filtered and the residue containing sulfur can be recycled to the feed material

preparation of smelting. The filtrate is then reduced by SO to preduce crude arsenious acid:

H3;AsOs+ SO; > HAsO;> + H,SOy4

from which As,Os is obtained by further cooling and crystallization:

HAsO; = As;O5 + HO

Sulfuric acid generated is recycled to the aqueous oxidation stage and crude As;Oj3 is then

refined.
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«®* Arsenic Metal Processes

Sumitomo Metals Mining also developed in 1984 a purification technique to produce 18 t/y of
high purity arsenic metal from arsenic trioxide to fulfill the demand of semiconductor field
(Toyabe, et al., 1988). Figure 5.7 shows the process flowsheet. In this process As;Oj; is
dissolved in a mixture of HCI and conc. H,SQy4, which acts as a dehydrating agent. The
sulfuric acid is added more than 1.6 times as much as the arsenic trioxide:

As;0O3 + 6HCI — 2AsCl; + 3H,0 (5.23)
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Figure 5.7. Production of arsenic metal at Sumitomo Metal Mining Co. (Toyabe, et al., 1988)



90

AsCl; is then evaporated below 100°C using a reflux condenser. Refined AsCl; is then
obtained by fractional distillation to eliminate higher vapor pressure chlorides, such as Si and
Ge. It is then reduced with pure hydrogen to produce high purity arsenic metal by cooling the

arsenic vapor at 100°C.
2AsCl; + 3H; — 2As + 6HCI (5.24)

Industrial Minera Mexico Company in México also recovers arsenic trioxide from smelter
copper dusts. The arsenic-containing dusts are captured using condensing chambers then fed

in a sublimation furnace to obtain purified arsenic trioxide (Sandez, 2000).

e Copper Arsenate Processes

Development of copper arsenate processes has also been reported. Vircikova and Imri§ (1995)
reported a process consisting of selective leaching of arsenic from the flue dust in sodium
sulfide solution then precipitation using copper sulfate. Arsenic can be removed in the form of
a marketable product, e.g., copper arsenate for wood preservation. This process was developed
in a laboratory-scale study at the Technical University, KoS$ice in Slovakia for processing of
the flue dust from the Krompachy copper smelter. Sodium sulfide solution of 130 g/L, was
used as a leaching agent in a stirred reactor at 80 °C for three hours and solid/liquid radio, 1:6.
After solid/liquid separation the sulfo-salt solution containing As3Ss>” was treated by

precipitation method using copper sulfate:

3AsO; + 6S% + 6H,0 — As3Sg> + 120H (5.25)

The treatment of the sulfo-salt solution involves the following main step (Figure 5.8):

e Oxidation of As(III) to As(V) by hydrogen peroxide.
® Addition of the mixture of copper sulfate and sulfuric acid to adjust the Cu/As ratio at 1.3.

¢ Neutralization and pH adjustment by sodium hydroxide
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Figure 5.8. Recovery of copper arsenate from sulfo-salt solution.

Stewart, et al. (1995) leached a copper/arsenic sulfide precipitate with oxygen and sulfuric
acid at room temperature, producing a crude copper arsenate precipitate, elemental sulfur, and
a copper- and nickel-containing solution. The crude copper arsenate was then precipitated as
crystalline copper arsenate by the addition of sodium carbonate. Dissolved copper was
recovered using metallic nickel and elemental sulfur to produce a precipitate (low-arsenic)

suitable for standard nickel-copper processing (Figure 5.9)
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Figure 5.9. Inco’s copper arsenate process (after Stewart, et al., 1995)
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54 From Cobalt Concentrate

Recovery of arsenic from cobalt arsenide concentrate is practiced at Omnium Nord Africain
(ONA) in Morroco by roasting. Arsenic trioxide production is 4,500 t/y; however, more data

about this operation is not yet available.



CHAPTER VI

ARSENIC DISPOSAL FROM METALLURGICAL PROCESSES

When arsenic is not recovered it is removed from arsenic-bearing residues and stabilized in the

form of a solid compound prior to disposal as calcium arsenate, arsenic sulfide or ferric

arsenate.

6.1 From Copper Concentrates
6.1.1 Hydrometallurgical Processes
e Lepanto Mining Company

A process utilizing sodium sulfide leaching has been proposed by Nadkarni and Kusik (1988),
for treating an enargite concentrate at Lepanto Mining Company in Philippines. A typical
analysis of the concentrate is shown in Table 6.1. Leaching is accomplished by feeding an
excess of Na;S in 0.25 molar NaOH at 80-105°C. The resulting slurry is filtered to separate
the arsenic-free concentrate and recover the leach solution (Figure 6.1) from which sodium
thioarsenate is crystallized out by evaporation, cooling and then filtering. The crystals are then
treated with sulfuric acid to get arsenic pentasulfide for disposal (reaction 6.1). However,
Lepanto Mining Company closed its plant in 1997 due to the exhaustion of its copper
concentrate and a planned shift from copper to gold production (Lyday, 1998).

2AsS,> + 6H" — 3H,S + As,Ss 6.1)
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Table 6.1. Typical chemical analysis of Lepanto’s high arsenic concentrate (dry basis)

Cu,% As,% Sb,% Ag, ozt Au,0z/t Fe,% SiO, % S, %
Typical analysis 27-30 11-13  0.8-1 5 1.6 9-12 4.5 35
Flotation
comel"!rate NaQH
LEACHING < NaQH
80-1058°C A8SSORPTION
r
SOLID/LIQUID Cu Caoncentrate
SEPARATION to smetter
v
CRYSTALLISATION
30-40°C H3S0.
A 4
SOLIDAIQUID NasAsSs > ACIDIFICATION/
SEPARATION Crystais VOLATILIZATION H2S
y
SOLIDILIQUID  [N2,SO,
SEPARATION |soktion to
regeneration
AsSs or recovery

Figure 6.1. Na,S-preleaching process of Lepanto Mining Company (after Nadkarni and Kusik,

1988)

6.1.2 Pyrometallurgical Processes

Pyrometallurgical processes that remove arsenic from sulfide concentrates have been practiced

for many years. Usually, they are based on fluid-bed roasting in a controlled atmosphere to

volatilize the arsenic as sulfide and trivalent oxide.

® Roasting

In the past the copper concentrate used to be roasted in multiple-bed furnaces. The process

was controlled in such a way that optimal conditions for removal of the arsenic prevailed in

the upper hearths, whereas in the lower hearths the sulfur content of the material being roasted
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was reduced to the level required for the subsequent smelting of low-grade matte, e.g., to 15-

20% Cu. Roasting is exothermic, and the temperature reaches 500-800 °C. (Grossman, et al.,
1997).

After the hot roasting gas had been cleaned in cyclones and dust-settling chambers, operating
at approximately 350°C, relatively small quantities of crude arsenic heavily contaminated by
flue dust and volatile substances were obtained by cooling the off-gas to below 80°C, in spray
coolers or heat exchangers. The As;O3 content of the product was generally between 10 and
50%. However, far higher contents can be obtained by using electric precipitators to remove
dust from the hot gas. The dust left after cleaning of the hot gas can be processed mn a

separated process if contains high metal contents.

The cleaned SO; - containing gas still contains traces of arsenic and other impurities that have
to be removed by washing with water or a circulating washing liquid containing sulfuric acid
and by final cleaning in a wet electric precipitator. The sulfur dioxide is used to produce
sulfuric acid. The arsenic-containing slurries that accumulate during wet cleaning and effluent

treatment are collected, neutralized, and filtered to dispose of arsenic and to recover metals

from solution.

In a process developed by Outokumpu, pre-treatment of concentrates is carried out in a rotary
kiln at 750 °C under a sulfur vapor atmosphere. Elimination of arsenic and antimony is
claimed to be 100% and 50-60%, respectively. Bismuth removal, however, is poor (20-30%)
(Piret, 1994).

¢ Roasting — Reduction

An integrated process is proposed by researchers at the Department of Metallurgical
Engineering University of Concepcion to treat high-arsenic copper concentrates such as the
concentrates from Codelco’s MM mine and El Indio mine (Padilla, et al., 1998). Arsenic is
present in these concentrates mainly as enargite (CuzAsS,) which decomposes readily at high
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temperatures forming volatile sulfides or oxides depending upon the composition of the

atmosphere. The reaction in neutral or reducing atmosphere can be represented by:
2Cu3AsS; — 3Cu;S + AspS3(g) + Sa(g) (6.2)
Cu3AsS; + 02— 3/2 CusS + 2 As,S;3 (g) + SO, (g) (6.3)

In this process, the concentrate is first fed to a fluidized bed reactor, operating between 550-
570 °C under neutral atmosphere. The arsenic is volatilized mainly as As»S;. The calcine
continuously overflows to a second fluidized bed reactor, operating between 800-950 °C and
under oxidizing atmosphere, where the remaining sulfur is oxidized, the metal sulfides are

oxidized to oxides, and copper ferrites are formed.

The calcine obtained is reduced in a flash-type reactor, where the calcine particles mixed with
coal are blown vertically. The partially reduced calcine is further reduced in a molten bath at
1250-1350 °C. Reducing conditions are maintained in the bath by blowing oil or coal directly
into the melt. The metallic phase will dissolve the precious metals. Therefore, the metallic
copper (black copper) obtained could be electrorefined. This technology could not be accepted

by industry because of the numerous steps involved that are not commonly adopted.

Another project which is being tested for Chilean copper concentrates from Chuquicamata,
MM and El Teniente mine, and copper — gold concentrates from El Indio mine considers a
first step of desarsenifying and dead roast of the concentrate, followed by a carbon reduction
of the oxidized calcines in a molten bath. All steps have been investigated in laboratory scale.

The neutral roast is being developed at small pilot scale in a double wall-fluid bed reactor
(Parada, et al., 1998).

In neutral or reducing conditions, enargite decomposes generating gaseous arsenic sulfide

above 500 °C:
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CusAsSs — 1.5 CusS + %% AsySs g+ %4 Sz (6.4)

Arsenopyrite, also decomposes above 500 — 550 °C generating gaseous As;S; and elemental
sulfur. When an inert atmosphere is used, desarsenification can be as high as 95% leaving a
calcine still high enough in sulfur to be smelted to matte, or could be dead — roasted followed
by carbon reduction in a molten phase. The neutral roasting of high arsenmic copper
concentrates shows that up to 98% of arsenic removal can be obtained at 650 °C in less than

15 minutes and up to 60% of antimony removal. Condensed product contains 28-46% arsenic.
6.2 From Gold Concentrates

6.2.1 Roasting

Roasting processes have been applied for many years for the treatment of refractory gold ores
(e.g., Giant Yellowknife Mines, Campbell Red Lake Mines) (Gagan, 1979). A two-stage
roasting process is normally used (Figure 6.2). Kanowna Belle gold mine in Wastern Australia
uses a two-stage roasting to remove arsenic from its flotation concentrate and gold recovery by

cyanide process (Net Resources Int., 2000).

In the first stage, arsenopyrite is roasted at lower temperature and oxygen deficiency to

produce arsenic and avoid the formation of FeAsO; (Prasad, et al., 1991):
FeAsS — FeS + As (g) (6.5)
As (g) + 3202 = As;05 (6.6)

The second stage roast is at a higher temperature with excess oxygen to produce Fe,O; and

complete conversion of the sulfides to oxides:

As;03+ Oz - As;05 6.7)
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Fe;Os + As;Os —» 2FeAsOq4 (6.8)
4FeS, + 110, — 2Fe304 + 8SO:> (6.9)
Oreor
carncentrate
st
Air | 17 STAGE Stream
ROASTING 4
GAS > SULFURICACID _ To atmosphere
v CLEANING PLANT
nd
Alr 2™ STAGE l
ROASTING As;05 H2S0,
Calcine to
gold extraction

Figure 6.2. Two-stage roasting process (after Kontopoulos and Adam, 1992)

From the environmental point of view, roasting is associated with a number of problems:

s Sulfuric acid production from SO, is feasible under special conditions where the
concentration of SO, in emissions is high. However, many of the refractory gold ores do

not meet this special condition.

* The removal of SO, is effected by use of lime scrubbing of effluent gases in which up to
95% of the SO, is removed. The major disadvantage of this process is the disposal of

gypsum

» However, in the case that As;O; produced cannot be marketed, a significant extra cost will
occur for its transformation to stable compounds (i.e., ferric arsenate), and a large volume

of solid residues will be produced and will have to be disposed of.

Alternative commercially viable methods of oxidation have been developed to eliminate the

problems associated with roasting, which are discussed below.
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6.2.2 Hydrometallurgical Processes

In refractory auriferous arsenical pyrite concentrates gold is locked within the sulfide minerals
and it does not respond to cyanide leaching. An oxidizing pre-treatment step is usually
required for an effective breakdown of the sulfide minerals and gold liberation. A number of
processes have been presented by Kontopoulos and Stefanakis (1990). Among the
hydrometallurgical routes, two processes have found industrial application:

e Bacterial Oxidation

The process is based on the aqueous oxidation of pyritic gold ores or concentrates by the
action of the bacteria Thiobacillus ferrooxidans and Thiobacillus thiooxidans under mild
conditions (pH 1-2, temperature 40-55 °C) in agitated reactors. The rate of reaction is low;
Complete oxidation of a 40% sulfide concentrate requires 5-7 days (Kontopoulos and Adam,
1992). Arsenic, in the feed is converted to ferric arsenate at the neutralization stage, resulting
in a large quantity of low bulk density solid residues that have to be disposed of. The process
is practiced commercially in various plants (Table 6.2). These plants, with the exception of
Youanmi, use Gencor’s BIOX process that employs mixed cultures of Thiobacillus and
Lepsospirillum at 40 - 45 °C. Youanmi employs BacTech (Australia) thermophile bacterial
culture that operates at 45 - 55°C (Brierley, 1995). The operation of Ashanti Goldfields at
Obuasi in Ghana is the world’s largest BIOX facility, and it has treated 2.67 million tons of
ore grading 5 g/t gold in 1996 (Coakley, 1997).

Table 6.2. Commercial refractory gold concentrate bacterial oxidation plants

(Brierley, 1995)
Plant Capacity Operating History
mt/d
Fairview, South Africa 35 1986 — present
Harbour Lights, Australia 40 1992 — 1994
Wiluna, Australia 115 1993 — present
Ashanti Goldfields, Ghana 720 1994 — present

Youanmi, Australia 120 1994 - present
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e Alkaline Leaching

Rossovsky (1993) proposed alkaline leaching for refractory gold concentrates containing
pyrite and arsenopyrite. The concentrate was ground to minus 40 pm and decomposed with
200 kg/t NaOH for three hours in a 1.5L flotation machine at 65°C. The pH after
decomposition ranged from 8.5-9.5. The leached pulp was then floated, then finely ground to
less than 10 um, and recycled to the leaching circuit together with fresh feed (Figure 6.3).
Flotation tailings were then treated with cyanided for three hours using 0.1% cyanide solution.

Gold and silver recoveries were 98% and 97%, respectively.

After decomposition, the solid phase contains 0.9-1.5% As and 0.8-2.0% S while the liquid
phase contains 10-15 g/L. As and 5-7 g/L S. Analysis of the liquid phase after decomposition
shows the presence of S,0;% and AsS;*. The following reactions are therefore presumed to

take place with subsequent oxidation of S,0:% and AsS3> to SO,* and AsO4® ", respectively.

3FeAsS + 90H™ + 40; — AsS3> + 2As04” + 3Fe(OH)3 (6.10)
FeAsS + FeS, + 30H + %0, + 1.5H,0 — AsS;> + 2Fe(OH); (6.11)
FeS,; + 20H + 1.50, — $;0+> + Fe(OH), (6.12)

This process has many potential advantages compared with existing ones, e.g., only a small
fraction of the concentrate needs to be reground, low consumption of alkali compared with
pressure leaching, and that the process does not allow undecomposed sulfides to pass to

cyanidation. Preliminary studies indicate that the treatment cost will be about 80% of that of

the roasting-cyanidation process.
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Figure 6.3. Alkaline leaching for refractory gold concentrate

¢ High-pressure Aqueous Oxidation

This process is used at Placer Dome Canada’s (PDC) Campbell Gold Mine (Frostiak, et al.,
1990), Homestake’s MacLaughlin plant, California, Sdo Bento Mineracao, Brazil, The
Olimpias Mine in Northern Greece, and the Porgera Complex, Papua, New Guinea
(Kontopoulos and Stefanakis, 1989). Leaching is carried out at 170-225°C with total pressures
of 1,100-3,200 kPa and oxygen partial pressures of 350-700 kPa and achieves essentially
complete oxidation of the sulfides and liberation of the gold within one to three hours. The
pressure oxidation can be carried out in either an acid or alkaline medium; the acid medium is
preferable because of its lower cost (Berezowsky, et al,, 1991). The major reactions are

(Kontopoulos and Adam, 1992):

2FeS; + 70, + 2H,0 — 2Fe*" + 4H" + 450,% (6.13)
4FeAsS + 130, + 6H,0 — 4H3As0, + 4Fe*t + 4S0,%" (6.14)
2Fe?* +0.50, + 2H" — 2Fe** + H,0 (6.15)

Other reactions involve oxidation by the Fe**:



FeS; + 2Fe** — 3Fe?* +28° (6.16)
2FeAsS + 2Fe* + 4H,0 + 60, — 2H3As0, + 4Fe*™ +2S0,% + 2H" (6.17)

Hydrolysis and precipitation reactions occur in parallel:

2H3As0, + 2Fe*" — 2FeAsO,4 + 6H' (6.18)
2Fe*™ + 280, + 2H,0 — 2Fe(OH)SO, + 2H" (6.19)
6Fe’" + 4S04% + 11H,0 — 2(H30)Fes(SO4)2(OH)s + 10H" (6.20)

The degree of arsenic and iron precipitation and the nature and composition of the precipitated
species depend on temperature, acid concentration, sulfate concentration, pulp density,
composition and grade of the sulfides, and the nature and quantity of gangue components.
Generally, 80 to 98% of the arsenic and 60 to 95% of the iron are precipitated during
autoclaving. The solid residue contains the liberated gold, and is treated by conventional
cyanidation. The sulfur and arsenic in the feed are ultimately converted to gypsum and ferric
arsenate, respectively, requiring high limestone consumption and resulting in a voluminous
low bulk-density material that has to be disposed of (Berozowsky, et al., 1991). The residue is
characterized as non-toxic and if proper precautions are taken for its safe disposal, it should be

of no environmental concemn.

The bacterial oxidation is designed to operate as a pre-oxidation step for a portion of the
concentrate prior to its introduction into the autoclave. A target of 20% of the concentrate is
fed to the bacterial circuit, which accomplishes roughly 50% oxidation of the material with a
1.8 day retention time, facilitating the oxidation of the “easy to oxidize” portion of the
concentrate, such as arsenopyrite and carbonaceous minerals. Acid generation of the
biological system maintains solution pH, with little need for adjustment, in the range of pH

0.5-1.5 depending on the dominant mineral in the concentrate at the time.



103

The process flowsheet for Eldorado’s Sdo Bento for both oxide and sulfide ore is shown in

Figure 6.4.

Sulfide ore

GRINDING

v

" ) . Tail
Tails to back-fill mine FLOTATION ails

‘

80% concentrate FEED
PREPARATION
20% sol. Oxde are

v
Air+ COy BACTERIAL Lime

GRINDING

’ OXIDATION Limestone

! , !

St fﬁ: :::‘20"" | MU NeuTRALISATION [¢H2EE 51 SEPARATION

Oxygen Solids TEﬁngs dam l
A 4 recycle

PRESSURE .| COUNTER-CURRENT
Water -——¥ OXIDATION WASHING

v

Steam

.

— Gold recovery

Figure 6.4. Simplified Sio Bento gold plant process flowsheet (after Shuey, 1998)

The bacterial oxidation stream, after thickening and washing, is recombined with the
remaining untreated 80% of the concentrate stream prior to autoclave oxidation at 1,700 kPa,
which has a capacity of 150 mt/d, obtaining a sulfur oxidation capacity of 2.5 mt/hr. Following
complete oxidation in the autoclave, the concentrate is treated conventionally via CIL, and

electrowinning (Shuey, 1998).

6.3 From Copper Smelter Dusts

Several investigations have been carried out to develop a process for disposal of arsenic-

containing copper smelter dusts. However, few processes have been applied on a large scale.



104
@ Selective Leaching with Sodium Sulfide Solution then Precipitation

Vircikova and Imri$ (1995) proposed a selective leaching of high arsenic-containing converter
dust using sodium sulfide solution then precipitation using various agents: zinc sulfate,
mixture of phosphoric acid with calcium hydroxide, calcium oxide and ferrous or ferric
sulfate. In principle, arsenic can be removed as stable precipitate suitable for safe landfill
disposal. This process was studied on a laboratory-scale at the Technical University of KoSice
in Slovakia for the processing of flue dust from the Krompachy copper smelter. Table 6.3
shows an average composition of the dust. Arsenic in dust is present in the form of arsenates

(70.6%) and about 15% is in the form of oxides, probably as As,O; (Vircikova and Havlik,
1999).

Table 6.3. The average composition of the flue dust

%

As 2.38
Bi1 2.79
Zn 8.89
Pb 28.0
Sn 12.04
Fe 1.20
Cu 5.27
Sb 3.08

S 6.09

A sodium sulfide solution of 130 g/L, was used as a leaching agent in a stirred reactor at 80 °C

for three hours and solid/liquid ratio of 1:6, producing a solution containing As;S¢> and AsS*:

3As0, + 658% + 6H,0 — As;S¢ + 120H” (6.21)

Under these conditions, 99.9% arsenic, 4.7% tin, and 6.6% antimony are solubilized while
bismuth, zinc, lead, and copper remain in the residue (Vircikova and Imri§, 1995; Vircikova

and Havlik, 1999). Three products can be obtained:
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A mixture of arsenic and zinc sulfide, by using a zinc sulfate solution which is a by-

product of the smelter (Fig 6.5). The authors suppose the following reaction:

2As:S¢> + 4Zn?" + 20H — 3As,S; + 3ZnS + Zn(OH), (6.22)

This process appears to be feasible, however it uses zinc, which is an expensive reagent

and also generates several unstable compounds.

An insoluble mixture of hydroxyapatite and calcium arsenate, by the addition of calcium

hydroxide in the presence of phosphate ions. The reason for the formation of the arsenate

is oxidation of As (IIT) to As (V) by H,0..

A calcium arsenate precipitate, by the addition of calcium oxide after the oxidation of
Arsenic (IIT) and neutralization by sulfuric acid to the pH 2. The efficiency of arsenic
removal is over 99%. However, to remove the residual level to ppm, precipitation by Fe

(I1) or Fe (III) — ions had to be carried out.

Sulfo-salt solution

(As: 2.5 g/L)
Solution ZnSO4 PRECIPITATION Temp: 18 -20 °C
pH 6.2
Fitrate] SOLID/LiQUID
' SEPARATION l
Fe**——» PRECIPITATION Asenic and zinc suffides and
of TRACES of As zinc hydroxide precipitate
Fe(lil) arsenate - To disposal

Figure 6.5. Treatment of the sulfo-salt solution by zinc sulfate (Vircikova and Imri$§, 1995)

Harris and Monette (1985) also proposed the leaching of Cottrell dust collected at the Horne

Copper Smelter by the spent electrolyte from the zinc plant. After the recovery of Zn, Pb, Cd,

and Ag, arsenic is disposed in the form of a ferric arsenate/gypsum sludge.
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® The Cashman Process

The Cashman process was developed for the high-arsenic ore from the Apex mine in the
Cascade mountains east of Seattle (Kunter, 1993). In this process (Figure 6.6), a mixture of
finely ground arsenic-bearing ore, concentrate, or flue dust slurry is aerated with recycle
calcium chloride brine, sulfuric acid, and a source of iron (if sufficient iron is not contained in
the waste) under pressure of 280 to 350 kPa at 120 °C in a titanium reactor. Calcium chloride
is used so that the base metals are dissolved as chlorine complexes. The reaction requires from
15 min to 2 hr, depending on the complexity of the material. Arsenic for disposal is
precipitated as ferric or calcium arsenate. The installed capital cost for a 100 tons per day
pressure autoclave assuming a typical oxidized flue dust containing 6% arsenic and less than

1% sulfides would be $1.6 million (Kunter and Bedal, 1992).

Dust
CaCl, —»] «——H,SO
" ~”| FEED PREPARATION 250
Oxygen — | PRESSURE LEACHING
120°C
FILTRATION Nonhazardous
residue
CaOH:z —>  precIPITATION
Metal oxides le
FILTRATION [~ o0 OXIdes reaye
to smeflter
Chloride solution recycle

to feed preparation

Figure 6.6. The Cashman process flowsheet for an operating smelter (after Kunter, 1993)

Dust leaching under pressure with sulfuric acid and precipitation of arsenic as ferric arsenate

has also been investigated by Kennecott (Prater, et al., 1981).
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» Alkaline Dissolution

Grossman, et al. (1997) described a method for arsenic removal from copper smelter dusts by
leaching under pressure at 900 kPa in copper sulfate electrolyte with an additional alkaline
leaching step where arsenic is dissolved as NazAsO; and then crystallized In the case of dusts
containing 13.9% Cu, 2.05% Zn, 5.6% Fe, and 9.51% As, about 87% of As stays in the iron-

containing residue. All the valuable metals pass into solution.

Figure 6.7 shows a multistage process in which Cu, Cd and Zn are separated off in solution
after a neutralization step. Arsenic is precipitated together with lead and the precious metals
are dissolved in a further chloride-sulfate leaching step. During a subsequent alkaline leaching
step, arsenic is dissolved as Na3;AsO; and then crystallized out. By adding iron (III) sulfates,
the soluble arsenic constituents are precipitated. An iron arsenate residue suitable for disposal

is obtained.

Dust

Oz -—l l l——ReCYde Cuanolyte

PRESSURE
LEACHING

Caco, -—l J

[ neutrauzaTioN |
Solution 1. Cu (Electolysis)
{ FILTRATION ___[— 2. Cd (Cementation with Zn)

3. ZnSO, (Evaporation)
NaCios HZSO0,
_1 v [—
| BRINELEACK  [*—Recycle brine soltion

Jr Soution 1. Pb (PbCk Crystaiization and
FILTRATION |———» pyroreduction)
NaOH _l L 2. Ag, Au, Bi (Cementation with Pb)
A

[ CAUSTIC LEACH _Jé——— Recycle caustic soition
-

I FILTRATION '_—" NazAsO, (Evaporative/
[ ._l cooling crystalization)
y

[ arsENiC FIXATION |
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Figure 6.7. Process for recovering metal values from arsenic-containing dusts

(after Grossman, et al., 1997).
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Sanchez, et al., (1995) also reported results for arsenic removal from Mexicana de Cobre
smelter flue dust by alkaline leaching. However, the high concentrations and excessive

consumption of NaOH in leaching was restrictive for application of the process.

e Stabilizing Arsenic Trioxide Flue Dust by Using SMITE

White and Toor (1996) proposed a process known as SMITE (Synthetic mineral
immobilization technology) for arsenic disposal as an apatite-type compound (known as
svabite), which is a mineral currently recognized for incorporating arsenic at high
concentrations, having the ideal stoichiometry Cas(AsOs);F. A basic process for stabilizing
arsenic is shown in Figure 6.8. Arsenic must be oxidized to the pentavalent state as the
trivalent form is more soluble and toxic. Then, either lime or calcium fluoride are added in
slight excess to accommodate fluctuations in dust composition. Slacked lime and calcium
fluoride are slurried together with the As,O; (arsenolite) at room temperature for periods of 30
minutes to several hours. The reaction is regarded as complete when arsenolite can no longer
be detected by X-ray diffraction. During this reaction, a compound (containing water of

crystallization) precipitates according to:
3As;03 +9Ca0 — 2Caq 5(AsOs)3 (6.23)

The precipitate is separated by vacuum filtration and the solid containing < 10 % water (the

filtrate containing < 5 ppm arsenic is recycled) is dried, then fired in air for 30-60 minutes at

1,000-1,100 °C:
2Cay5(AsOs3); + CaF; + 30, —> 2Cas(AsO4)sF (6.24)

The final product approaches theoretical density (3.5 g/cm’) and contains =~ 22 % arsenic,
which may be disposed of directly or used as aggregate to produce a SMITE concrete. The
cement acts as a secondary barrier to dissolution and can be used to pump the waste into

landfills.
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Figure 6.8. Flowsheet of SMITE stabilization of arsenical flue dust
(after White and Toor, 1996).

¢ Aqueous Processing of Arsenic Trioxide to Scorodite

Van Weert and Droppert (1994) described a process where arsenic trioxide was added to a
mixture of 2 M nitric acid containing ferric nitrate, and oxidized at 160°C to the pentavalent

state precipitating ferric arsenate known as scorodite:

As™ + 4H,0 5 AsO, + 8H' + 2¢
2NO;™+8H' + 6e”— 2NO + 4H,0

overall reaction As** +2NOs + 8H" — AsO4> + 2NO + 4H,0 (6.25)

Pentavalent arsenic then reacts with Fe®" to precipitate scorodite:

Fe’" + AsO,> + 2H,0 — FeAsO42H,0 (6.26)
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The resulting NO gas is reconverted to nitric acid in a conventional HNQO; absorption tower.
The mother liquor, with the nitrates, recycles to the absorption tower (Figure 6.9). The process

appears to be feasible, but requires an autoclave and a nitric gas absorption plant.

l——->T0 stack

[— Wash water

ABSORPTION
Asz04 TOWER
l 20% HNO; 25-40°C

; ¢ Air
MIXER |—0 %

135°C NO (g)

Fe(NOs3)3 ~ l
v

AUTOCLAVE
135°C

v

FILTER

v

FeAsO2H0

Figure 6.9. Schematic flowsheet for the processing of As;O3 to scorodite (FeAsO,4 - 2H,0).
(after Van Weert and Droppert, 1594)

* Japanese Smelters

Hydrometallugical processes have been implemented at the Saganoseki and Kosaka smelters
in Japan to treat the dust generated in their copper smelting operations. The Saganoseki plant
was constructed in 1982 and has been operating satisfactorily to remove minor elements from
copper smelting (Figure 6.10). 500 t/month of converter dust can be treated in this dust
treatment plant where arsenic is fixed as arsenic sulfide, then polymerized and stored in the
smelter (Hino, et al., 1995). The hydrometallurgical plant at Kosaka smelter started its
operation in 1975 (Mohri and Yamada, 1976). The basic step in the process (Figure 6.11) are
leaching of the dust to recover lead sulfate in the residue, copper recovery from the solution,
ferric arsenate precipitation as the most stable form for arsenic disposal, cadmium recovery as

sponge cadmium and finally zinc recovery as zinc hydroxide from the solution.
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Figure 6.10. Dust treatment plant at Saganoseki smelter (after Hino, et al., 1995)
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Figure 6.11. Dust treatment plant at Kosaka smelter (after Minoura and Maeda, 1984)
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¢ Kennecott Hydrometallurgical Process

The flowsheet of this process is shown in Figure 6.12 (Gabb, et al., 1995). The flash furnace
electrostatic precipitator dust (Table 6.4) is water leached and the slurry is pumped to a
thickener. The overflow is returned for dust wetting and a bleed is pumped to the copper
precipitation stage to maintain solubilised copper at 35 g/L. Thickener underflow is pumped to
the acid leaching stage where a sufficient concentration of sulfuric acid is maintained to
dissolve the bismuth. It was also determined that chloride ion gave higher extraction rates
presumably through the formation of soluble bismuth chloride compounds. Table 6.5 shows
typical extractions of elements in water and in H,SO4. A thickener is used for liquid/solid
separation after acid leaching where overflow is pumped to bismuth precipitation and the

underflow is pumped to copper precipitation.
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Figure 6.12. Kennecott hydrometallurgical process (after Gabb, et al., 1995)
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Table 6.4. Composition of flash furnace dust (wt%)

Element Average Range
Content

Cu 26 15-30
Pb 1.3 0.50-2.0
As 2.2 0.90-4.2
Sb 0.05 0.03-0.09
Bi 0.20 0.11-0.60
Mo 1.5 0.70-0.30
Zn 1.6 0.80-3.20
Cd 0.05 0.02-0.20

Table 6.5. Water and acid leaching extractions of flash furnace dust

(Cumulative basis)

Element Water leaching  Acid leaching Residue
% Extracted' % Extracted” % Remaining
Cu 66 8 26
Fe 8 14 78
As 8 75 17
Bi 2 80 18
Zn 45 10 45
Cd 71 7 22

' Water leaching extraction at 32°C for 15 minutes.
2 Acid leaching extraction at 80°C for 30 minutes at initial 150 g/L sulfuric

acid, 4 g/L chloride ion and 4 g/L fluoride ion.

Partial neutralization of the acid solution with CaCOs5 to a pH of 2.2 is optimum to precipitate
the bismuth, but is too high to get a clean separation of iron which also partially precipitates as

iron arsenate. The main precipitation reactions are:
Biy(804); + 2CaC0O3 + 6H,0 — Biz(OH)4SO4 + 2CaS0O42H,0 + 2C0O, (6.27)
2FeSQO4 + 2CaCO0; + 3H,0 — FeCO3Fe(OH); + 2CaS0O42H,0 + CO, (6.28)

Sulfite ion is also used to reduce iron and arsenic oxides. The degree of reduction is controlled

at 180 to 200 mV.
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2Fe;(S04); + 2NaHSO; + 2H,0 — 4FeSO4 + Na;SO4 + 3H,SO4 (6.29)

2H3As04 + 2NaHSO3; — 2HAsO; + NaySO;4 + H>SO4+ 2H,0 (6.30)

Copper is then precipitated at pH 2.2 by sodium hydrosulfide (NaHS) and recycled to the

smelter.

2CuSO; + 2HS™ — 2CuS + H,SO4+ SO4> (6.31)
Arsenic and cadmium are also precipitated using NaHS. The pH for the arsenic stage is
dependent on how much smelter weak acid is added to the stage. Weak acid contains around
100 g/L free sulfuric acid and the plant can precipitate all the arsenic from solutions at this full
acid strength. However, if a good cadmium precipitation is required with arsenic, it is

necessary to restrict the acid strength passing to the arsenic stage. The lower the acid strength,

the better the cadmium precipitation (Gabb and Davies, 1999).

2CdSO4 + 2NaHS — 2CdS + H,SO4 + Na; SO, (6.32)
4HAsO; + 6NaHS + 6H — 2As,S3 + 6Na” + 8H,0 (6.33)

After the preceding stages, a free acid solution remains containing reduced iron and zinc
together with minor quantities of cadmium and arsenic. Oxidation of the iron with oxygen and
neutralizing to a pH of 2.5 will precipitate a hydrated ferric oxide and ferric arsenate. Finally,
slurry at pH of 10 from iron precipitation stage is discharged to the tailings dam.

2FeSO4 + 0.50; + H,SO4 — Fex(SO04)3 + H2O (6.34)

F62(SO4)3 + 3C&(OH)2 +2H,0 —» 2Fe(OH)3 + CaS042H,0 (6.3 5)

2HAsO; + Fey(SO4); + 3Ca(OH), + 4H,0 — 2FeAsO,2H,0 + 3CaS042H;0  (6.36)
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Another process is also described by Godbehere, et al. (1995) to treat an arsenic-bearing weak
acid effluent and precipitator dust from the Home Copper Smelter using iron and zinc derived

from acid mine drainage and precipitate arsenic as iron and zinc arsenite-arsenates.
6.4  From Cobalt Ores and Concentrates

Considerable research has been performed on arsenical ores and concentrates containing
cobalt, resulting in several patents (Ritcey and Ashbrook, 1981). Acid or alkaline leaching in

presence of an oxidizing agent has usually been used to treat these ores.

= Acid Leaching

This process, known as the Calera process (Figure 6.13), has been applied for the recovery of
cobalt from a sulfarsenide ore. Leaching is carried out at 200°C, and under oxygen pressure of

about 1200 kPa (Habashi, 1999).

CoASS + 7/20; + H,0 — Co® + S0,> + AsO,> + 2H" (6.37)

AsO,* + Fe *" — FeAsO, (6.38)

Arsenic ore

sto4—l l l__—Air

LEACHING
1200 kPa, 200°C

| FILTRATION l—> CaSQ0s, FeAsOy
NH;‘j
AMMINE

FORMATION

S

COBALT
PRECIPITATION

FILTRATION

Cobatt

Figure 6.13. Calera process for pressure leaching of arsenical ores (Habashi, 1999)
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* Alkaline Leaching

Oxidation in presence of NaOH results in solubilizing both arsenic and sulfur and sulfate

respectively, while the metal values remain undissolved (Figure 6.14).

CoAsS + 7/20, + SOH™ — Co(OH); + SO4* + AsO;> + H,O (6.39)
Treatment is carried out at 115°C and 840 kPa oxygen pressure. Arsenic can be removed from
the leach solution by precipitation with lime to give calcium arsenate, or with H,S to give
arsenic sulfide. When lime is used, sodium hydroxide is regenerated:

2As04 " + 3Ca(OH); — Ca3(AsOq), + 60H" (6.40)

Arsenic ore
NaOH

Air

LEACHING
800 kPa, 115°C
l Solution

| FILTRATION }——1 ARSENIC > CRYSTALLIZATION % Na,SO,
P

RECIPITATION
v v 0.1%As ¢

[ LEAcHING | Calcium
< arsenate

Residue <—r FILTRATION ]
v

(gange, Ag)

HzSO,

| PuriFICATION |

v

[ PrRECIPITATION |

Co(OH);

Figure 6.14. Leaching of arsenide ore with sodium hydroxide (Habashi, 1999)
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6.5 From Arsenic-containing Solutions

The removal of arsenic from process solutions and effluents has been practiced by the
metallurgical industry for many years by the formation of metal arsenites and arsenates as it
was shown in section 2.5, although other methods have been investigated and/or used (Harris,

2000; Nishimura, et al., 2000). These include:

@ Neutralization with lime to precipitate calcium arsenite/arsenate (Laguitton, 1976; Robins
and Tozawa, 1982) followed by calcination to produce a stable product, Caz(AsQOa)z,
(Nishimura and Tozawa, 1985). Variations of this process are currently operating in
Chilean copper smelters as mentioned in section 4.4.1. A flowsheet of this route is shown

in Figure 6.15.

Weak acid effluent

Milk of lime —p 1°' STAGE
NEUTRALIZATION Milk of lime
SoLID/LIQUID | 2™ STAGE
SEPARATION "I NEUTRALIZATION
v . 2 v
CALCINATION SOLID/AIQUID
SEPARATION

v v

Cay(AsO,), todisposal | SANDFILTER |

v

Treated effluent
(< 1 mg/L As)

Figure 6.15. Two-stage lime precipitation (after Donnelly and Evans, 2000)

@ Neutralization and precipitation as arsenic sulfide, which is either further processed or
returned to the smelting process (Donnelly and Evans, 2000). In Japan, at Saganoseki
smelter, arsenic is precipitated as arsenic sulfide and then polymerized by an autoclave and

stored (Hino, 1995).
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& Neutralization and precipitation as ferric arsenite (Stefanakis and Kontopoulos, 1988) and
amorphous ferric arsenate at low temperature (Harris and Monette, 1988; Krause and Ettel,
1985; Papassiopi, et al., 1988), which have a molar Fe:As ratio > 4. This process is
effective for low arsenic-containing efflnent. However for the fixation of arsenic in
arsenic-rich solution or flue dust, the application of this method would lead to the
generation of a large volume of amorphous arsenic-bearing ferrihydrite/gypsum sludge

because of the necessity to attain Fe/As molar ratio > 4 for sale disposal ofit.

¢ Neutralization and precipitation as crystalline ferric arsenate, known in the nature as
scorodite, at high temperature (Dutrizac, et al., 1987; Krause and Ettel, 1989; Robins,
1990; Demopoulos et al., 1994; Swash and Monhemius, 1994, 1998; Droppert, 1996;
Monhemius and Swash, 1999). This compound does not require a high Fe/As molar ratio
in the starting solution and it also has a lower arsenic solubility (typically < 1 ppm As at
pH=5.0).

@ There are other metal arsenates, e.g., of Ba?*, Cu?" and Pb**, which are less soluble and
more stable in the neutral pH region than the calcium or ferric arsenates, but these have not
been seriously considered as disposal forms (Nishimura, et al., 2000). The insolubility of
barium arsenate, Ba3(AsQO;),, was the basis of a patent for arsenic removal, but this was
shown to be incorrect (Robins, 1985b). Twidwell, et al. (1995) have demonstrated that
calcium phosphate arsenate with apatite structure presents low solubility and appropriate
stability for disposal. Comba, et al. (1988) have studied in detail the synthesis of the
mineral compound mimetite, Pbs(AsQO4);Cl, under conditions of ambient temperature and

pressure, and found it to be one of the most insoluble arsenic compounds.

Also, 2 number of other arsenic removal techniques, e.g., ion exchange, solvent extraction,
membrane separations, have been investigated and/or actually are in use. Table 6.6

summarizes some of these processes together with some selected references.
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Table 6.6. Several methods for arsenic removal from solutions

Separation process Application

Sclected references

Adsorption - Arsenic (V) adsorption on ferric hydroxide

- Adsorption of As(Ill) onto ferric hydroxide
- Aluminum hydroxide and carbon

- Other adsorbents have been investigated
- Coprecipitation

- Gupta and Chen, 1978; Pierce and Moore, 1982; Leckie, etal., 1985;
Robins, et al,, 1988
Nishimura and Robins, 2000

- Nishimura and Umetsu, 2000

- Anderson, et al., 1976; Huang and Fu, 1984; Eguez and Cho, 1987
Accardo, et al., 1995

- Frost and Griffin; Madsen and Martin, 1983; Xuewen, et al., 1998
- Liao, 1980; Castro and Muiloz, 2000; Tahija and Huang, 2000

Electrolysis - Liberator tanks for copper refinery solutions

- Alkaline electrolysis/ Production of arsenic metal

- Dewalens, et al., 1975; Shibata, et al,, 1987; Toyabe, et al., 1987,
Baradel, et al., 1986

- Kozmin, et al,, 1970; Takagi and Yabe, 1956; Menzies and Owen, 1966

Ion exchange - Anion exchange investigated and used for As(11I)
and As(V)
Solvent extraction - Many laboratory investigations

- Nelson and Kraus, 1955; Danielsson, 1965; Kholmanskikh, 1971;
Egawa, et al., 1985; Nenov, et al., 1997

- Several plant processes

- Gavricheyv, et al,, 1969; Tserckova, et al., 1970; Totsuka, et al., 1986;
Baradel, et al., 1986; Szilassy and Vadasdi, 1990

- Takahashi, et al., 1980; Royston and Hunter, 1983; De Schepper, 1985;
O’kane, 1985, Jiaoyong, ct al., 1990; Rondas, et al., 1995

Membrane separations - Precipitate membranes used in laboratory

- Lefebvre and Robins, 1985; Jian, 1998

Precipitate flotation - Effective for As(V) adsorbed on ferric hydroxide - Schlicher and Ghosh, 1985
Ton flotation - Anion flotation - Clarke and Wilson, 1983; Maltis, et al., 1997
Biological processes - Algae and aquatic plants reported to remove As - Maeda, et al,, 1985; Solozhenkin, et al., 1999

- Arsenic resistant organisms

- Brown, et al,, 1983; Dambies, et al., 1999




CHATER VII

SUMMARY OF ARSENIC TREATMENT PROCESSES

7.1 Arsenic Recovery

Arsenic trioxide, 99.9% As;03, is the main commercial arsenic compound recovered, either by
roasting or leaching from gold, copper and cobalt concentrates or copper smelter dusts (Table

7.1 to 7.3):

» Roasting of copper concentrate at the El Indio mine in Chile results to a concentrate
having < 0.1% As, rendering the concentrate more acceptable as smelter feed. Arsenic

recovery in the bag house ranges between 80% to 98%.

e Roasting of gold concentrate has been applied to recover arsenic trioxide, principally n
Canada. However, due to environmental reasons and to the collapse of the market of
As,0; resulted in the shut down of roaster operations and the application of a pressure

oxidation process as at Cambell Red Lake Mines Ltd.

e Roasting of cobalt arsenide concentrate is practiced at Omnium Nord Africain (ONA) in

Morocco; however, more data about this operation is not yet available.

e The copper arsenate circuit at Equity Silver Mines Limited had good results during its

operation. But, new industrial operations have not been reported in the literature.
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e Production of arsenic trioxide and arsenic metal at Sumitomo Metal Mining Company in
Japan have well performed for many years. However, these operations are not preferable
from economical standpoint because the complex composition of the dusts. Also, in the
past years, the market for arsenic compounds like arsenic trioxide and arsenic metal have
not grown, thus creating a surplus of arsenic production, however they are essential to the

copper smelting going on.

Table 7.1 Present arsenic recovery operations from copper and cobalt concentrates
Operation Copper concentrate Cobalt concentrate Copper concentrate
El Indio mine Omnium Nord Africain (ONA) Equity Silver mine
Chile Morocco Canada
Subject Roasting Roasting Leaching
Commodity As,O5 AsyO; Copper arsenate
Production, t/y 12,500 4,500 Stopped
As, % 96-97.5 high purity
Parameters
Capacity, t/y 110,000 N.A. 33,000
Minerals in the feed CuzAsS, CoAsS CuFe);2As4S)3
(CuFe)12As,S,3 ~ (CuFe)2Sb,sSy3
(CuFe) le'b.;S 13 - FeAsS
CU3(Sb,AS)S4 - ZHS, ZnS
As in the feed, % 8.0-8.5 N.A. 4
S in the feed, % 32-36 N.A. N.A.
Cu in the feed, % 23-25 - 17
Reagent for oxidation Alir, fuel oil Alr, fuel oil NaHS
Consumption N.A. N.A. N.A.
Temperature, °C 550-750 NA. 107
Reagent for precipitation - - 03, CuSOy4
Consumption - - NA.
Temperature, °C - - 150
Pressure, kPa - - 1,400
Concentrate Calcined Calcined Leached
Production 220 N.A. N.A.
Cu, % 32-34 N.A. 20-22
As, % 0.05-0.1 N.A. <1.5
S, % 23.26 N.A. N.A.
Reference Buckingham, et ai., Private Communication from I. Akalay to Edwards, 1985, 1991
1999 F. Habashi dated 2000/2/11

N.A.: Not available
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Table 7.2 Arsenic recovery operations from gold concentrates
Operation Cochenour  Dickenson  Campbell Giant Kerr Lancefield New
Williams Red Lake  Yecllowknife Addison Wastern Cousort
Canada Canada Canada Canada Canada  Australia __ South Africa
Subject Roasting
Commodity ASzo_; AS:O] AS:O; ASzO; A5203 AS:O} ASZO3
Production, t/d N.A. N.A. 6.3 N.A. N.A. N.A. 2.0
As, % N.A. N.A. N.A. N.A. N.A. N.A. 94-97
Extraction
As, % 84 N.A. 81 89 N.A. N.A. 88
S, % 93 N.A. 93 88 N.A. N.A. 92
Parameters
Capacity, t/d 20 12-16 60 130 N.A. 400 100
Stages I 1 2 2 1 i 2
Minerals in the feed FeAsS FeAsS FeAsS, FeS. FeAsS FeAsS FeAsS FeAsS
FeS, FeS, Stibinite FeS, FeS, FeS. FeSa
- Pyrrhotite Stibinite - Pyrrhotite Pyrrhotite
As in the feed, % 6.3 8 7-9 7-9 1 1.4 23
S in the feed, % 18.3 20-36 17-18 202 42 24 32-40
Au in the feed, oz/t N.A. 1-2 0.66 3.82 0.45-0.6 1.73 4.8-74
Reagent for oxidation Air Air Alr Air Air Air Air
Consumption, m3/hr N.A. N.AL N.A. N.A. N.A. 14,000 6,000
Temperature, °C 550-750 705-750 590-620 N.A. 370 630-650 640-790
Calcine
Production, vd N.A. N.A. N.A. N.A. N.A. N.A. 72
As, % 1.3 N.A. 1.0 1.0 N.A. N.A. 0.3-1.5
S, % 1.6 N.A. 1.6 235 N.A. N.A. 0.4-0.8
Reference Piret and Melin, Gagan, 1979 Frostiak and Piret and Gagan, Brown, et Penman, 1985;
1989; Maycock, Haugrud, 1995 Melin, 1989 1979 al., 1990 Ferreira, et al.,
et al., 1990 1989

N.A.: Not available
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Table 7.3 Present arsenic recovery operations from copper smelter dust
Operation Sumitomoe Metal Mining, Japan
Subject Leaching Leaching
Commodity As;04 Arsenic metal
Production, t/y 720 18
As, % 99.9 99.9999
Parameters
Capacity, t'y N.A. NA.
Minerals in the feed As2S; As,03
As in the feed, % N.A. 99.9
S in the feed, % N.A. 17 ppm
Cu in the feed, % N.A. -
Reagent for oxidation Air, CuSO, HCl
Consumption N.A. N.A.
Temperature, °C 70 <100
Reagent for precipitation SO, gas (reduction) H, gas (reduction)
Consumption NA. N.A.
Temperature, °C N.A. 800-850
Concentrate CuS Residual AsCl;
Production N.A. N.A.
Cu, % N.A. < 0.05 mg/L
S, % N.A. <0.05 mg/L
Reference Terayama, 1999 Toyabe, et al., 1988

N.A.: Not available

7.2 Arsenic Disposal

Arsenic is removed from refractory gold concentrates or copper smelter dusts by leaching and

then precipitated as arsenic sulfide or ferric arsenate prior to disposal (Table 7.4 and 7.5):

e High-pressure aqueous oxidation proved to be an effective method for liberating gold from

its refractory ores. Leaching is conduced in autoclaves in acid medium at about 190°C

with total pressure of 1,600-2,100 kPa. Arsenic is solubilized and then precipitated as

ferric arsenate. Effluent contains < 0.3 mg/L of arsenic.

e Hydrometallurgical processes have been implemented in several copper smelters to treat

the dust generated in the process. The basic step is leaching of the dust with H,SOj4 at 25~

130°C to recover Cu, Zn or Pb from the solution, then precipitation of arsenic as ferric
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arsenate or arsenic sulfide for disposal. Air, H,O,, or KMnO; are used for oxidation of As
(1) to As (V) at room temperature. At Kennecott Copper Company in USA, arsenic is
reduced to HAsO, using NaHSQO;. In the precipitation stage, arsenic is precipitated with
NaHS or FeSOs.

Table 7.4 Present arsenic disposal operations from gold concentrates
Operation Campbell Red Lake Sio Bento Mineracio
Canada Brazil
Subject Leaching Leaching
Commodity Gold Gold
Production, oz/y 250,000 60,000
Extraction, %
Direct <74 <40
Oxidized >99 >95
Arsenic compound FeAsQO, FeAsO,
Extraction, % N.A. N.A.
Effluent, mg/]'_, <03 0.24
Parameters
Feed
Capacity, v/d 55-60 700
Mineralogy FeAsS FeAsS
FeS, FeS,
Pyrrhotite Pyrrhotite
Au, g/t 200-300 25
Fe, % 20 34
As, % 10 9.9
S, % 17-19 18.7
Cu, % - -
Reagent 0. 02
Consumption, t/t conc. 0.5-0.6 N.A.
Temperature, °C 195 190
Pressure, kPa 2,100 1,600
Precipitation
Reagent Lime Lime, limestone
Consumption, t/t conc. 0.8 N.A.

Reference

Bolton and Weir, 1994

Froastiak and Haugrud, 1995

Bolton and Weir, 1994
Da Silva, etal., 1989
Berezowsky, et al., 1988
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Present arsenic disposal operations from copper smelter dust

Table 7.5
Operation Saganoseki Kosaka Kennecott El Teniente’ Chuquicamata’
Japan Japan USA Chile Chile
Subject Leaching
Commodity Lead sulfate; CusS; cement Cu CuS CuS Solution to SX
Production, ty Zinc hydroxide 4,200; 900 N.A. 42 N.A.
2,520; 1980
Cu, % 1.2;9.9 50.4 N.A. 54.4 40-60 g/L
As, % 2.5;22 1; 4.9 N.A. 0.42 8-14 g/
Compound As,S; FeAsO, As;S, FeAsQ, FeAsQ,
Extraction, % 61% 85 (leaching) 87 99.65 95.1
Effluent, 41% 0.00% g/L 223 gL 18.3% 7.6 ppm
Parameters
Feed
Capacity, vd 17 2,600 N.A. 8 (207 100
Mineralogy BiAsQ;, FeAsO, N.A. - As,0; As;0,
CUSOq'Hzo - - - -
ZnSO.H,0, - - - -
Au’ yt pbso4 - - - -
Fe, % 23 (Pb) 12 N.A. 3.8 (total) il.1
As, % 6 1.3 094.2 5.7 (toral) 5.1
S, % 13 (Zn) N.A. N.A. N.A NA.
Cu, % 5 112 15-30 224 273
Reagent H>SO, H,SO, H,SO, H,SO, H,S0,
Congumption. 40 g/L 90 L 150 g/L 30g/L 0.5-0-6 t/t conc.
Temperature, °C Room 70-90 80 Room 40-130
Precipitation
Reagent Im situ
Oxidation KMnQ, Air NaHSO, H.O, -
Consumption 175, 7.5 kg/t dust - (reduction) 12 L/m? -
Precipitation NaHS - NaHS Ferric sulfate Fe
Consumption, t/'t conc. 83 kg/ t dust - N.A. N.A. -
Reference Tomita, etal., 1991 Mohri and Yamada,  Gabb, etal., 1995 Vuskovic, 1996 Farias, etal., 1993
Hino, et al., 1995 1976; Minoura and Araya, 1999
Maeda, 1984

! Results January-June 1998

()" Dust processed in 1993

* Dust from Qutokumpu flash furnace



CHAPTER V1

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS:

Arsenic is a major toxic impurity in the metallurgical industry that is usually found in sulfide
ores containing gold, silver, cobalt, nickel, iron, copper, lead and antimony. Release of arsenic
compounds originating from human activity can cause substantial environmental
contamination because of their toxicity. All arsenic compounds are considerably toxic,
especially the inorganic ones, and trivalent compounds are more toxic than pentavalent
compounds. Due to the toxicity of arsenic and its compounds, environmental regulators have

set very low permissible levels for arsenic in aqueous effluents for the metallurgical industry

(0.5-1 mg/L).

Regarding the effects on humans, the International Agency for Research on Cancer
determined in 1980 that inorganic compounds are skin and lung (via inhalation) carcinogens in
humans. Occupational exposure to inorganic arsenic, especially in mining and copper
smelting, has quite consistently been associated with an increased risk of cancer. A number of
studies about arsenic poisoning of smelter workers have been reported in the literature. Sulfur
dioxide in the smelter environment also seems to play a minor role, if any, in the development

of lung cancer.
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Regarding the environmental pollution in Canada caused by arsenic in the metallurgical
industry, heavy arsenic contamination in three lakes and in a nearby tailing pond have been
found near Yellowknife, where about 270,000 tons of arsenic trioxide and 800,000 liters of
waste petroleum products were stored underground at an abandoned gold mine during the
operation of the Giant mine. The Giant mine was operated by Royal Oak Mines, an American

company which was purchased in 1999 by Miramar Mining Corporation, a2 Canadian

company.

Arsenic also adversely affects the copper properties such as castability and rollability,
electrical conductivity and workability, such as annealing temperature, hardness, tensile

strength, and elongation to failure.

The priority of smelters has been the reduction of impurities emissions into the atmosphere.
Sulfur dioxide has been used for sulfuric acid production and arsenic has been mainly
recovered as arsenic trioxide, which is eliminated from the copper concentrates principally
during the smelting stage by volatilization and slagging. The differences of arsenic elimination
processes (smelting/converting) can be explained by the variations in operating conditions at
the various smelters, such as feed composition, smelting temperature, converting rate, oxygen
enrichment, gas composition, the analysis and relative quantities of products, etc. Trivalent
arsenic associated with metallurgical gases is present in vapor form as the dimer As4Og. After
cooling the gases, arsenic condensation takes place and depending on the arsenic content,

condensation starts at a gas temperature of 200°C and is completed at 40-80°C.

The present work has provided an overview of the different processes for recovery or disposal

of arsenic from copper, gold, or cobalt concentrates and from arsenic-containing copper

smelter dusts or solutions.

Arsenic trioxide, 99.9% As;0s, is the main commercial arsenic compound recovered, either by
roasting or leaching from gold, copper and cobalt concentrates or copper smelter dusts. The

world production of arsenic trioxide has been falling steadily since 1974 because it is a by-
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product, and production is determined not by the demand for arsenic but by the demand for
copper, gold, lead, etc. However, despite environmental regulation that has led to the cessation
of production in two large producers: Boliden in Sweden and ASARCO in the United States,
new suppliers have emerged to keep the world production, namely China, France, Chile,
Ghana, Mexico, Morocco, Namibia, Philippines, and Belgium. However, most countries do
not report their arsenic production and world production values have a high degree of
uncertainty. In 1998, U.S. Geological Survey estimated the arsenic trioxide production at
about 41,000 metric tons. This product is principally used for the production of wood
preservatives, where the United States continues to be the world’s largest consumer (between
20,000 and 30,000 tons annually). The price for arsenic trioxide imported by the United States
is about US$680/mt. The end-use of arsenic in the United States has been about 87% in wood
preservatives, 5% in agricultural chemical, 3% in glass manufacturing, 3% as metallic arsenic

in nonferrous alloys, and 2% in other uses.

In the past years, the market for arsenical compounds has not grown due to the restrictions of
the utilization of arsenic bearing products by environmental regulation. However, the growing
use of cellular telephone technology has resulted in a boom for gallium arsenide, a
semiconductor material similar to silicon with certain unique properties, such as high
frequency operation for microwave circuits and optical properties for fiber optic applications.
Many GaAs manufacturers continue to introduce new devices for this market and expand
capacity to meet the growing demand, mainly in the United States where in 1997, 22.4 tons of
gallium in the form of GaAs were consumed. Commercial-grade arsenic (99% pure) and high-

purity arsenic, 99.9999% or greater have been produced.

Roasting operations present an excellent opportunity for recovery of arsenic from copper,
cobalt or gold concentrates. However, the selection of operating conditions is critical. The
design of the gas cleaning system must provide for collecting the dust carry-over and the
volatilized arsenic separately. In some cases, however, sulfuric acid production from SO, is
not feasible because of its low concentration in the gas. Clean pyrometallurgical processes
with an efficient control of atmospheric emissions and efficient removal and disposal

processes for the residues could help to solve the problem.
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e Roasting of copper concentrate at the El Indio mine in Chile results in a concentrate
having < 0.1% As, rendering the concentrate more acceptable as smelter feed. Arsenic

recovery in the bag house ranges between 80% to 98%.

¢ Roasting of gold concentrate has been applied to recover arsenic trioxide, principally in
Canada. However, due to environmental reasons and to the collapse of the market of
As;0O; resulted in the shut down of roaster operations and the application of a pressure

oxidation process as at Cambell Red Lake Mines.

e Roasting of cobalt arsenide concentrate is practiced at Omnium Nord Africain (ONA) in

Morocco; however, more data about this operation is not available yet.

In hydrometallurgical processes arsenic should be removed from the leaching solution,
precipitated and recovered before final disposal of effluents. Arsenic recovery from
concentrate by leaching has not been reported in recent years, with the exception of the copper
arsenate circuit at Equity Silver mine, which is no longer in operation. Production of arsenic
trioxide and arsenic metal from copper smelter dusts at Sumitomo Metal Mining Company in
Japan have well performed for many years. However, these operations are not preferable from
ecoggnﬁcal standpoint because the complex composition of the dusts. Also, in the past years,
the market for arsenic compounds like arsenic trioxide and arsenic metal have not grown, thus
creating a surplus of arsenic production, however these operations are essential to the copper

smelting.

On the other hand, when arsenic is not recovered, it is removed from the arsenic-bearing
residues and stabilized in the form of a solid compound prior to disposal. Arsenic chemistry is
complex, involving a variety of oxidation states, anionic and cationic species. Arsenic occurs
as both inorganic and organic compounds and there are all commonly found in arsenic wastes,
often at the same time. Oxidizing agents such as oxygen, Fe (IIT), NaClO3;, MnO,, K,Cr;0O-,
H>0, or HNO; can be used in hydrometallurgical processes for oxidation of arsenic (III) to

arsenic (V).
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Arsenic is precipitated by adding lime to the solution, which is relatively cheap, obtaining a
calcium arsenite/arsenate compound. However, the stability of this compound has been
questioned because under the influence of atmospheric CO;, calcium arsenate decomposes to
calcium carbonate and liberates arsenic oxide in solution. Calcination of the hydroxy arsenate
to produce a stable product, Ca3;(AsQ,)2, are currently operating in Chilean copper smelters as

mentioned in section 4.4.1.

For a long-term stability, the formation of more stable forms has been studied (i.e., arsenates
of Cu, Zn, Co, Ba, Hg, etc.), but at present the industry has adopted the ferric arsenate method
known as scorodite (FeAsQ42H,0). It was found that the molar Fe:As ratio has an effect on
the solubility of precipitated arsenic-containing ferric hydroxides and that the presence of CO;
does not increase its solubility. A minimum molar Fe:As ratio of 4 is required in the solution
to favor the formation of an amorphous ferric arsenate of lower solubility (< 1 mg/L in the pH
range 3—7) at ambient temperature. This process is effective for low arsenic-containing
effluent. However for the fixation of arsenic in arsenic-rich solution, the application of this

method would lead to the generation of a large volume of amorphous arsenic-bearing

ferrihydroxide/gypsum sludge.

However, crystalline ferric arsenate (Fe/As molar ratio = 1) is less soluble (typically <1 ppm

As at pH = 5.0) than amorphous ferric arsenate and high temperatures favor its precipitation.
Two alternatives have been proposed:

e At 150-225°C for sulfate solutions at pH<1, > 90% of arsenic precipitates using a Fe/As
molar ratio between 1:1 to 9:1. However, the formation conditions in all these cases

require the use of autoclaves, which are considered to be a capital-intensive technology.

e Atmospheric pressure at 95°C for sulfate solutions induced by the addition of scorodite
seed, and a controlled addition of Fe**. Thus, ~ 90% of arsenic precipitates from solutions

containing between 5 to 10 g/L. As(V).
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The two sulfides As;S3 and As;S4 (corresponding to the minerals orpiment and realgar,
respectively) have low solubility in acidic solutions. However, their use is not favored because

of the possibility of atmospheric and bacterial oxidation liberating arsenic.

There are other metal arsenates, e.g., of Ba**, Cu®" and Pb**, which are less soluble and more
stable in the neutral pH region than the calcium or ferric arsenates, but these have not been
seriously considered as disposal forms. Calcium phosphate arsenate with apatite structure
presents low solubility and appropriate stability for disposal over the range of pH 9-12.6.
Mimetite, Pbs(AsOs);Cl, was found to be one of the most insoluble arsenic compounds. Also,
a number of other arsenic removal techniques, e.g., ion exchange, solvent extraction,

membrane separations, have been investigated and/or actually are in use.

As it was shown above, several investigations have been carried out to develop a process for
disposal to arsenic. However, the complex composition of these makes it difficult to attain
economical feasibility, and very few processes have been applied on a large scale. In practice,
arsenic has been removed from refractory gold concentrates, cobalt concentrates or copper

smelter dusts by leaching and then precipitated as arsenic sulfide or ferric arsenate prior to

disposal:

e High-pressure aqueous oxidation conduced in autoclaves in acid medium at 190°C and
1,600-2,100 kPa proved to be an effective method for liberating gold from its refractory
ores. Arsenic forms ferric arsenate and the effluent contains < 0.3 mg/L of arsenic. This
process is used at Placer Dome Canada’s Campbell Gold Mine; Homestake’s
MacLaughlin plant, California; Sao Bento Mineracao, Brazil; the Olimpias Mine in

Northern Greece; and the Porgera Complex, Papua, New Guinea.

e Hydrometallurgical processes in several copper smelters treat the dust generated in the
process by leaching of the dust with H,SO, at 25-130°C to recover Cu, Zn or Pb from the
solution, then precipitation of arsenic as ferric arsenate or arsenic sulfide for disposal. Air,

H,0,, or KMnO, are used for oxidation of As (III) to As (V) at room temperature. At
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Kennecott Copper Company in USA, arsenic is reduced to HAsO; using NaHSO; then
precipitated with NaHS or FeSOj,.

e Acid or alkaline leaching in presence of an oxidizing agent has been used to treat cobalt

ores or concentrates:

a Acid leaching at 200°C and 1200 kPa oxygen pressure, krnown as the Calera process
has been applied for the recovery of cobalt from a sulfarsenide ore. While arsenic is

precipitated as ferric arsenate.

a Oxidation in presence of NaOH results in solubilizing both arsenic and sulfur, while
the metal values remain undissolved. Treatment is carried out at 115°C and 840 kPa
oxygen pressure. Arsenic can be removed from the leach soJution by precipitation with

lime to give calcium arsenate, or with H,S to give arsenic sulfide.

The Chilean mining industry is associated with several environmental problems: air pollutionn
due to SO,, particulate matter, and arsenic emissions, water pollution due to liquid effluents
containing particulate matter, dissolved metals and acids, soil contamination and risk posed by
abandoned mining sites and tailing dams. The copper smelters are the main source of SOa,
arsenic and particulate matter emissions. There have been redluctions in these amounts
released into the atmosphere in recent years, but the problem remains serious. The

Government of Chile has promulgated the following laws:

e Decree Law 185 to regulate the smelter operations that emit to the atmosphere quantities
higher or equal to 3 t/d of sulfur dioxide, or 1 /d of particulate matter. It makes it
mandatory to present decontamination plans, determined demands on information
reporting and, in some smelters, it forces management to report plans for controlling high

SO, concentration episodes.

e Decree Law 165 regulates arsenic emitted to the atmosphere froom copper smelters.
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e A decontamination plan has been implemented on smelters for reducing emissions of SO,,
particulate matter and arsenic. The project under development will incorporate gas

handling systems and sulfuric acid plants. For example in Codelco’s smelters:

o Four sulfuric acid plants began to operate in Chuquicamata smelter from 1985 to
1998, with a total capacity around 5,600 t/d, which have allowed capturing
around 87% of the sulfur and 90% of the arsenic.

a At Caletones smelter, a sulfuric acid plant with a capacity of 1,500 t/d has been
operating since August 1998, having the capability to capture 37% of the sulfur

and 50% of the arsenic.

@ A new acid plant for Potrerillos smelter with a 1,500 t/d capacity began operation

at the end of 1999.

a All the smelters have effluents treatment plants for the arsenic disposal either as

ferric arsenate or calcium arsenate/arsenite.

a El Teniente and Chuquicamata smelters have arsenic-containing dusts treatment

plants, where arsenic is disposed of in the form of ferric arsenate.

a There is arsenic trioxide production as a by-product of the copper concentrate

produced at the El Indio mine.

RECOMMENDATIONS FOR FURTHER WORK:

Arsenic should be incorporated as an important parameter in the mine design for ore
extraction. The production of concentrates with variable arsenic concentrations requires the
design and development of new processes for the treatment of the concentrates with high

arsenic concentrations. Therefore, the study of the following variables should be analyzed:
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e New technology available: the size, capital cost and operating life of the arsenic treatment

plant.

e The relative cost of reagents such as lime or ferric sulfate as well as other operating cost.

o The cost for disposal of residues from the process. In some instances a portion of the

residues produced may be sold or recycled to the smelting process.

e Such an economic study was impossibie to carry out in this thesis because of the secrecy
that characterizes the metallurgical industry around the world regarding costs. Although
many contacts and demands were made by the author, very few cost figures were provided

from the metallurgical industry.

It is interesting to note that there has not been significant and innovative improvements in the
methods for removing arsenic from process and effluents solutions in the last years. However,
it will be interesting to test on industrial effluents the scorodite precipitation technique
developed by the Hydrometallurgy Group of McGill University, possibly on a continuous pilot

plant scale. This method does not require an autoclave, therefore, the capital investment can be

appreciably reduced.

Also, another important problem facing copper smelters today is the generation of SO,
emissions containing variable concentrations of arsenic trioxide. Although most smelters have
been successful in preventing environmental pollution by developing various pollution control
technologies, yet the problem remains serious. It is, therefore, necessary to further reduce the
quantity of SO, discharged and new uses of sulfur must be developed because demand for

sulfuric acid and sulfur in the world is sluggish.

Chile could be in the near future the world’s largest producer of arsenic, due to environmental

regulations that limit the arsenic emitted from smelters. Therefore, a good kmowledge of
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arsenic trioxide and arsenic metal production economics should be a guide for investing in the

construction of arsenic treatment plants, and new utilisations for arsenic must be developed.
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