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ABSTRACT 

Arsenic is one the most obnoxious impurities in the rnetallurgical industry, p ~ c i p a l l y  in 

copper srnelters. In the last few decades, environmental regdation of arsenic has been 

promulgated, which has forced the smelters to treat their gases through to sulfiuic acid plants 

in order to respect the national and intemationai 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 rnetallurgical industry, regarding the 

regdations and present solutions for management of S 0 2 ,  particdate matter and arsenic is 

particularly emphasized since ChiIe is the world's largest copper producer. The 

hydrornetallurgical and the pyrometallurgical processes for arsenic recovery fiom gold, cobalt 

and copper concentrates as well as kom copper smelter dusts, whether implemented or in 

research, are reviewed. In addition, this study considers the disposa1 of the arsenic emitted by 

rnetallurgical plants by precipitation under a variety of forms, for example, as femc arsenate, 

calcium arsenate or arsenic sulfide. 

Kostas Fytas 



L'arsenic est l'une des impuretés les plus nocives dans I'industrie métallurgique et surtout 

dans les fonderies de cuivre. Durant les dernières années, la réglementation environnementale 

sur l'arsenic a obligé les compagnies métallurgiques à traiter leurs gaz dans des usines d'acide 

sulfurique et ce a h  de pouvoir respecter les normes nationales et internationales en matière 

d'environnement. 

Ce mémoire a pour but de présenter les effets nocifs de l'arsenic chez les êtres 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 SOz, de la poussière et de l'arsenic dans l'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 à partir des concentrés 

d'or, de cobalt, et de cuivre ou à partir de la poussière des fonderies de cuivre. Finalement, 

cette thèse étudie la fixation de l'arsenic par précipitation sous forme d'arséniate ferrique, 

d'arséniate de calcium ou de sulfure d'arsenic. 
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CHAPTER I 

INTRODUCTION 

The last few decades have been a senous 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 sulfunc 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 fiom the refined product othenvise it will deleteriousiy 

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 muiing 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 rnetal arsenites, e-g., of ca2+, cu2+ and ~e~~ because of their low solubility. The formation 



of f e c  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 diEcult to realize a cornparison between the different arsenic 

treatment processes. A m e y  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 Indusûy, Arsenic Recovery 

WorIdwide and Arsenic Disposal from Metallurgical Processes. 

Chapter 2 entitled cc&senic and Its Compounds", a review is presented on the effects of 

arsenic on human health, its effect on the properties of copper, its solution cherni~try~ its 

production, consumption and uses worldwide, ambient standards and guidelines, and 

techniques for analysis and removal of arsenic f?om 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 rnining industry, regarding the replations and present 

solutions for management of SOz, particdate matter, and arsenic. Chapter 5 entitled "Arsenic 

Recovery Worldwide" analyses processes for arsenic recovery from gold, cobalt, and copper 

concentrates as well as fkom arsenic-containing copper smelter dusts. Arsenic disposal b y 

hydrometallurgical and pyrometallurgical processes is analyzed in Chapter 6. Chapter 7 

entitled "Summary of Arsenic Treatment Processes" summarizes the resuits of arsenic 

operations in Ïndustry (recovery or disposal) f?om copper, cobalt, and gold concentrates, and 

fiom 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 nurnber of publications which were not cited in the text, 

it was considered worth while to compile these as Appendix 1. 



CHAPTER II 

ARSENIC AND ITS COlMBOUNDS 

2.1 Physical and Chernical Nature 

EIemental arsenic is a metalloid that exists in a number of allotropie foms. Yellow arsenic, 

which volatilizes readily, is extremely poisonous. Gray arsenic, the ordinary stable form, 

exhibits low thermal conductivity and bnttle. The semi-metallic fonn 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, O, 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 wideIy in nature, rarely in the ekmental fonn, 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 Est some of the more cornmon minerals. 

horganic 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 silmrriary of the 

formulas and uses of the most commonly used arsenic compounds. 



Table 2.1. Physicd properties of elemental arsenic 

Property Value 
Atomic number 33 
Atomic weight 74.92 g 
Melting point (at 28 atm) 8 17°C 
Boiling point 613"Ca 
Specific gravity (36°C) 5,778 kg/m3 
Specific heat 24.6  mol.^)^ 
Latent heat of fiision 2 7,740 U(rno1K)" 
Latent heat of sublimation 3 1,974 ~/(rnolK)~ 
Linear coefficient of thermal expansion (20°C) 5 -6 pm/(m-"C) 
Electrical resistivity (0°C) 26pWcm 
Crystal system hexagonal (rhombohedral) 
Lattice constants (26°C: mm) a = 0.376 

e = 2.0548 
' Sublimes. 
bto convert to caU(mo1-K) divide by 4-184 

Table 2.2. Cornmon arsenic-bearing minerals 

Minerai Formula 
Arsenides Nickeline NiAs2 

Safflorite (Co,Fe,Ni)As-, 
Skutterudite CoAs3 

Sulfides and Arsenop yrite FeAsS 
Sulfosalts Arsenical pyrite Fe(As , S) 2 

Cobaltite CoAsS 
Enargite Cu3AsS4 
Orpiment As2S3 
Realgar As4S4 
Terinantite ((&Fe) 12As4S 1 3  

Oxides Arsenoli te As203 
Claudite As203 

Arsenates Oliverite Cu2(As04) OH 
Scorodite FeAs04'2H20 



TabIe 2.3. Formuias and uses of common arsenic compounds 

Arsenic metal As 

Arsenic disulfide k 2 s 2  

Arsenic pentasulfide As2S5 

Arsenic thiorsenate AS(Ass4) 

Arsenic trisulfide 

Arsenic tnoxide 

Arsenic acid 

Arsenic pentoxide 

Arsenic pentafluoride AsFs 

Arsenic trifluoride AsF3 

Arsenic hydride AsH3 
(mine) 

Arsenic tribromide AsBr, 

Arsenic trichloride AsC13 

Copper- and lead-based alloys, 
manufacture of crystalhe Ga& 

Leather industry, depilatory agent, paint 
pigment, shot manufacture, pyrotech.ï.ïcs, 
rodenticide, taxidermy- 

Paint pigments? light filtas, other arsenic 
cornpounds. 

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

Pigment, reducing agent, pyrotechnies, 
glass used for irhared lenses, 
semiconductors, hair removal fiom hides. 

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

Manufacture of arsenates, g l a s  ceramics, 
wood treating process. 

Arsenates, insecticides, weed killer, 
colored giass, rnetal adhesives. 

Doping agent in electroconductive 
polymers. 

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

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

medicine. 

Intermediate for organic 

Reese, Jr., 1998 

US EPA, 1998a 

US EPA, f 998a 

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 

- - 

Compound Formula Uses Reference 

(pharmaceuticals, insecticides), ceramics. 



2.2 Arsenic in the Environment 

Arsenic compounds are emitted naturaily fiorn many sources, e.g., volcanoes, forest fies, 

erosion fiom miner& deposits. However, the arsenic release originatïng Kom human 

activities, e g ,  metal smelthg, chemical production and use, cod combustion, waste disposal, 

pesticide application c m  cause substantial environmental contamination because of its 

toxicity. The greatest environmental concentrations of arsenic have been observed in air and 

soil around m ~ . g  and smelting operations, whereas coal combustion distributes arsenic to the 

air in much lower concentrations over a wider area. 

Arsenic released to air fiom natural and industrial sources exists in the f o m  of particulate 

matter less than 2 p in diameter and is usually a mixture of arsenite and arsenate. The 

residence tirne of arsenic bound particdate depends on particle size and meteorological 

conditions; however, a typical value is approximately 9 days (US EPA, 1998a). Levels of 

arsenic in air range fIom a few nanogams (ng) to a few tenths of a microgram per cubic meter 

( p d m 3 ,  however, concentrations may exceed 1 @m3 near stationary sources of emissions 

(Bencko, 1987). 

2.2.2 In Water 

Arsenic f o n d  in surface water, groundwater, and drinking water is mainZy arsenate generally 

between 1 and 2 pg/L (Health Canada, 1992). A few micrograrns per liter (p.&) of arsenic is 

noxmally found in drinking water. In some locations, however, concentrations may exceed 1 

milligrams per liter (mg&) (WHO, 1981). 

Arsenic is released to water in severd ways, including natural weathering processes, discharge 

corn industrial facilities, and leaching fiom 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 transfomations are the oxidation-reduction potential (Eh), pH, metal and sif ide 

ion concentrations, iron concentrations, temperature, salinity and distribution and composition 

of the biota. Aquatic microorganisms may reduce the arsenate to arsenite and a varïety of 

methylated arsenical compounds. Arsenic can also be adsorbed fkom water onto sediments and 

soils, particularly clays, iron oxides, aluminum hydroxides, manganese comp O unds, and 

organic material (US EPA, 1998a). 

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, 198 2). Organoarsenical pesticides (e-g., 

monosodium methanearsonate, disodium methanearsonate) applied to soils are metabolized by 

soil bacteria to form alkyI-arsine and arsenate. Arsenic will react with soil components 

predominantly by adsorption on hydrous iron and alurninum oxides. Heavier soils with a 

higher clay content and liydrous oxide content adsorb more arsenic than do Iighter sandier 

soils with low clay content. In addition, arsenic compounds react with ions in soIution, such as 

iron, alumïnum, calcium, magnesiun, manganese, and lead. The pH of the soil will affect the 

solubility of these cornpounds (US EPA, 1998a). 

There are two known types of oxidation that are responsible for transforming arsenic 

compounds environmentally. One type destro ys the carb odarsenic bond and is asso ciated 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 sedirrients or in 

fiooded anaerobic soil may be reduced as a fùnction of reductiodoxidation 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 ( d e r  Drever, 1997) 

2.3 Arsenic and Hurnan Health 

2.3-1 Toxicity 

ALI 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 arsenic&; by inhalation of arsenic-containing dust or volatile arsenicals; 

and by absorption through skin and mucous membranes d h g  the handling of arsenicals or 



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

compound, arsine (AsH3), is an occupational hazard. 

Ingested elemental arsenic is poorly absorbed and Iargely eliminated unchanged. Arsenic 

oxides are readily absorbed (~80%)  fiom the gastrointestinal tract and, to a lesser extent, 

through the lungs and skin. According to some basic expenments in humans the absorption of 

soluble As (III) and As (V) compounds is close to 95%. Arsenic @I) tends to accumulate in 

the tissues, whereas As (V) and organic arsenic are well absorbed but rapidly and almost 

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

FolIowing ingestion, inorganic arsenic appears rapidly in the circulation, where it binds 

primarily to haernoglobin; within 24 hows, it is found maidy 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 fivalent arsenic fiom the body. 

The first is the rapid urinary excretion (close to 90% of the total urinary arsenic over the fÏrst 

12-hour period). The second involves methylation of As (m) in the liver to 

monomethylarsenic acid (MM&l) and dimethylarsenic acid (DMAA), then excretion 

commences approxirnately five hours after ingestion but reaches its maximum level two to 

three days after. Less importmt routes of elimination of inorganic arsenic include skin, hair, 

nails and sweat (Health Canada, 2992). 

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 h g  (via inhalation) carcinogens in 

humans. Many cases of sküi cancer have been reported among people exposed to arsenic 

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

solution (LARC, 1 980). 



The most deceptive and dangerous aspect of the arsenic toxicosis is its very slow and insidious 

development. Afier several years of continued low level of arsenic exposure, many skin 

aiiments appear, Le., hypopigmentation (white spots), hyperpipentation (dark spots), 

collectively called melanosis, and keratosis (break up of the skin on han& and feet). After an 

exposure of about 10 years, skin cancers appear. After an exposure of 20-30 years, interna1 

cancers, particularly bladder and lung appear (Mizanur, 1999). Signs of arsenic toxicosis, 

including dermal lesions, penpheral neuropathy, skin cancer, peripherai vascular disease and 

possibly cancers of other organs, have been observed in populations ingesting arsenic- 

contaminated dnnking water in Taiwan, Chile, the United States, Mexico, and Canada. 

Dermal lesions, such as hyperpipentation, 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 eEects, parficularly among children, have been associated with the 

consumption of arsenic-contaminated water in Antofagasta (Borgono and Greiber, 197 1 ; 

Zaldivar, 1980). Effects on the skin (leukomelanoderma, hyperkeratosis), respiratory systern 

(chronic coryza, cou& bronchopulmonary diseases), cardiovascular system (myocardid 

infarction, peripheral vascular disorders such as ischaernia of the tongue, Raynaud's 

phenornenon, acrocyano sis) and digestive s ystem (ab dominal p ain, chronic diarrho ea) were 

observed in children under 16 years of age. Smith, et aI. (1 998) uivestigated cancer mortaliîy 

in a population of around 400,000 people in a region of Northern Chile (Region II) exposed to 

high arsenic levels in drinking water in past years. Arsenic levels reached 570 pgL between 

1955 to 1969, and decreased to less than 100 pg/L by 1980. The hdings provided evidence 

that ingestion of inorganic arsenic in drinking water is indeed a cause of bIadder 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 

b i t  set for dnnking water (0.05 mg/L), reaching to 0.8 m a  in Chiu Chiu (La Tercera, 

1999). 



Cancer mortdiw was examined in relation to arsenic concentration in drinking water in the 

villages of the contaminated area of Taiwan (O. 1 to 0.6 rng/L), which were sigificant dose- 

response relationships for age-adjusted rates ofcancers of the bladder, kidney, skin and lung in 

both sexes and cancers of the prostate and Iiver 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 fiom arsenic present in 

water drawn fiom about 4 million of wels installed to solve shortages of dnnking water. 

Arsenic has been reported to denve f?om 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 oxypy-rites (Lepkowski, 1998), but this explmation is not 

consistent with the observations made in Bangladesh by a group headed by geologist Ross 

Nickson of University CoUege, London. The authon 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 ddled (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 sedunentary geology. The reduced material, when exposed to aquifer water, 

Ieaches the arsenic into solution and thereby produces the contamination (Mckson, et al., 

1998). 

Measured arsenic concentrations reach up to 1 m@I, which is above the limit set for drinking 

water in Bangladesh (0.05 mgL) or that recommended by the World Health Organization 

(0.01 m@) (Nickson, et al., 1998). To date, 4,000 cases of arsenicosis patients have been 

identified (Hussain, 1999). The number of cancer expected in Bangladesh fiom the exposure 

already undergone can be roughly estimated by assuming that there are 20 to 70 million 

exposed perçons at levels between 0.05 mgL and 0.5 mgL. These estimates will Vary 

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

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

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



studies about arsenic poisoning of smelter workers have been reported in the literature 

mggins, et al., 1981; Lee-Feldstein, 1983, 1986; Lubin, et al., 2981; Weich, et al., 2982). 

Sulphur dioxide in the smelter environment also appeared to pIay a minor role, i f  any, in the 

development of lung cancer (Welch, et al., 1982). Other foms of cancer were considered, but 

their incidences were not found to be consistentiy 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 rend cancer and haematolymphatic rnalignancies (Enterline and Marsh, 1980, 1983). 

The observation in an earlier study of an increase in I~mg 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 (Enterlîne and Marsh, 1980; Pinto, et al., 1978), possibly indicating a Iate-stage 

effect of arsenic (Brown and Chu, 1983% 1983b). With regard to histological type of h g  

cancer, a signihcant, relative excess of adenocarcinornas and a slight excess of goat-ce11 

cancers were seen among smelter workers micks, et al., 1981). A multiplicative effect of 

arsenic exposure and smoking was observed amang Swedish smelter workers (Pershagen, et 

al., 1981). A slightly increased risk was dso indicated for exposure to sulphur dioxide in this 

study. Other studies have shown a Iesser influence of smoking (Higgins, et al., 198 1 ; 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 Yellowhife 

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 Minhg 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 (CB C News, 

1999b). During the Giant mine operation about 270,000 tons of arsenic trioxide and 800,000 

liters of waste petroleurn 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 



Company is banknipt (CBC News, 1999~). A report prepared for the temtorial and federal 

govemments estimates surface cleanup of Giant Mine will cost taxpayers at least 5 16.3 million 

(Northem News Services, 2000). 

2.4 Effects on Copper Properties 

The properties of the final copper product, such as castability and rollability, electncal 

conductivity and workability are affected by the irnpurities (e-,o., 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 rol l iq  the newly cast bar. 

Arsenic tends to lower the electncal conductivity of copper. Arsenic also adversely affects the 

properties of copper for a good workability, such as low annealing temperature, Zow hardness, 

low tensile strength, and a large elongation to failure. hpurities 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). 

2.5 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 a11 commonly 

found in solid arsenic wastes, often at the sarne tirne. The valency changes easily and 

reversibly with redox potential (Swash and Monhernius, 1 998). 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 AS@ and H~AsO, for arsenic (III) and &ho4 and H2As04 for 

arsenic 0. 

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 



hydrornetallurgïcal processes for oxidation of arsenic (III) to arsenic (V). Other oxidizing 

agents which have been used are Fe (III), NaC103, Mn&, KzCrz07, &Or or m03 (Robins, 

1988). 

As conditions become reducing, As Or) is reduced to As (ID)- arsenious acid and arsenite 

anions. The difEerence in solubility between AszOs and AszOs is the basis for reduction of 

anenic (V) to arsenic (III) in order to recover Asz03 in a number of industrial processes. For 

example, at 25 OC the solubility of As$& is 20.9 g/kg &O and of As205-4Hz0 it is 1,141.5 

@g H20 (Robins, 1985a). The reduction o f  arsenic OI) to arsenic (Ill) is possible using sulfur 

dioxide, which is used to grecipitate arsenic trioxide from arsenic acid solutions as a 

commercial commodity (To yab e, et al., 1 9 8 8). When sulfate reducti on occurs, arsenic 

precipitates as sulfide. Elemental arsenic is a stable species under highly reduciog conditions. 

Table 2.4 surnmarizes the inorganic speciation of arsenic according Eh/pH 

(Sracek, A., 1998). 

representation 

I 

Figure 2.2. Eh-pH equilïbrium diagram for the system arsenic - water at 25°C and at unit 

activity of al1 species (Robins, 1988). 



Table 2.4. horganic speciation of arsenic 

EhIpH Very acid Acid Basic Very basic 
Oxïdized, H2As0i H A S O ~ ~ -  As04' 
Arsenic as As (V) pH: 7.0 - I L.5 for pH > 8.3 

Precipitation of FeAsO;2H20 precipitation of CazAs04(0H) 
Scorodite, to pH zz 1.5 

Reduced, H3h03 H&03 H3As03 ~ 0 ~ ' -  
Arsenic as As (III) for pH > 12-1, 

&&O3-, for 
pH > 9.2 for pH > 8.3 

precipitation of CaAs02(OH) 
Strongly reduced, Precipitation of As2S3 Precipitation As&- 
Arsenic as As (III) of AszSj 

2.5.1 Solubility and Stability of Arsenic Compounds 

During pyrometaUu~gica1 processes of arsenic-containhg ores or concentrates some of the 

arsenic inevitably reports to the final effluents, which have to be stabilized pnor to disposal. 

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

and metal arsenites, e-g., of ~ a " ,  cutf and ~ e ' +  because of their low solubility. 

In 1956 Chukhlantsev was the k t  researcher to perform a comprehensive study on the 

solubility of metds arsenates. He showed that the solubility of the metal arsenates is 

considerably lower than that of the correspondin= 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 b&um 

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 

bariirm arsenate with COz, as a result the solubility re-detennined by Robins in 1985b. 



Fi,g.re 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: 

However, the stability of this compound has been questioned because under the idluence of 

CO2 in the air, calcium arsenate decomposes to calcium carbonate and Liberates arsenic oxide 

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

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 Fi,oure 2.4 

fkom which it c m  be seen that calcium arsenate reacts with CO2 to liberate arsenic in solution 

and this prevents the prcipitation of calcium arsenate (Terry, 1 992). 



Figure 2.4. The solubility of arsenates of calcium, barium, magnesiurn, and strontium. 
(Robins, 1988) 

For a long term stability, the formation of more stable foms has been studied (Le., Cu, Zn, Co, 

Ba, Hg, etc.) (Tozawa, et al., 1977, 1978; Robins, 1981, 1982. 1984; Tozawa and Nishimura, 

1984), but at present the uidustry has adopted the femc arsenate method h o w n  as scorodite. 

According to Eh-pH diagrarns of the Fe-As&O system (Figures 2.5 and 2.6), it is possible to 

form a femc arsenate (FeAs04'2HzO) kom arsenic (V) and iron Cm) foms. 

Figure 2.5. The Eh-pH diagram of the Fe-As-HzO system showing imn cornpounds at 2S°C 
and at unit activity for all species (Mirza, et al., 1988). 



Figure 2.6. The Eh-pH diagram of the Fe-As-H20 system showing arsenic 
compounds at 25°C and at unit activity for al1 species m a ,  et al., 1 98 8). 

Femc arsenate has been reported in the literature over many years (Robins, 1985a, 1988; 

Krause and Ettei, 1987, 1989). According to Droppert (1996), there are two kinds of ferric 

menate. The firçt kind is amorphous and it has the ernpirical formula F ~ A s O ~ ( O H ) ~ ~ , - ~ ~  

where x has to be 4 or more in order to have an insoluble compound. Al1 these precipitates are 

called "basic ferric precipitatesy'. The second ferric arsenate is the mineral FeAsO4-2HzOy 

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

On the other hand, ferrous arsenate has dso shown to be insoluble (Fi,gpre 22.) but due to the 

eventual oxidation of Fe (II) to Fe (III) by atmospheric Oz and the difficulty of producing it, 

do not seem to offer a particular advantage over ferrïc arsenate as a solid waste compound 

(Terry, 1992). 

The two sulfides As& and As& (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, 1 9 92). 



Figure 2.7. The solubility of various metal arsenates and arsenic (III) trisulnde taken fiom 

recent works. (Robins, 1988). 

Twidwell, et al. (1995) investigated the stability and solubility of Ca3(As0&. 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. Lunuence of solution pH on precipitate solubiiity 

(after Twidwell, et  al., 1995) 

-- - . . . . - 

S ystem Concentration, pglL 
- 

pH = 9.0 pH = 10.0 pH = 12.6 
Ca-As 70,075 10,800 19.0 

2.5.1.1 Ferric Arsenate 

As previously stated, the favored precipitate for arsenic removal is a femc 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 fiom this subject. 



Formation of amorphous ferric arsenate 

Direct neutralization o f  hydrometallurgical solutions containing Fe@) and As(V) leads to the 

production of amorphous precipitates or Fe(m),-Asa-OH, sludges. If the molar ration 

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

mg/L (Dernopoulos, et al., 1994). 

In 1956 Chukhlantsev prepared femc arsenate but measured only the iron concentrations in 

determining solubiïity in both sulfate and nitrate solutions. This introduced a large error, as 

was shown in 1978 by Nishunura and Tozawa, who detemiuied the solubility of femc 

arsenate by measuring iron (III) and arsenic (V) concentrations. They showed that the Fe:As 

ratio deviated fiom 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 wodd occur @roppert, 1996): 

From pH r 2 to pH = 6 this reaction will shift to: 



CHUKHLANTSEV 

\ 

~ 2 5 0  4 

\ 
HNO 3 

Figure 2.8. Solubility data for femc arsenate f?om Chukhlantsev and Nishimura and Tozawa 

(Robins, 1990). 

Figure 2.9. Solubility regions for femc arsenate and amorphous femc hydroxide showing the 

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

Later, Krause and Ettel (1985, 1987) fomd that the molar Fe:As ratio has an effect on the 

solubility of precipitated arsenic-containing ferric hydroxides (Fiawe 2-10) and that the 

presence of COa 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 femc 

arsenate of lower solubility (< 1 mgL in the pH range 3-7). The authors called these high 

Fe:As ratio precipitates "basic femc arsenates", in anaiogy to the basic femc sulfates, with the 



formula FeA~0~ '3Fe(oH)~  or F~@SO~)(OET)~. 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 o f  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 prcoblems: 

Larse amount of iron source and neutralizing agents 

The difficulty of liquid/soIid separation 

Construction of big taihgs pond for disposal 

Over the long term they are expected to undergo aa&g and conversion to crystalhe phases 

because that they are amorphous. 

10 g/L soüds a1 pH5 
100. and 25. C for 96 nwrs 

Solution As 
concenmlion 
men .  1 ° j  1 \ 

.1. 

\ 

Figure 2.10. Arsenic solubility as a function of molar Fe:As ratio in amorphous f e m c  arsenate 

(after Swash and Monhemius, 1998). 

Krause and Ettel (1989) have also established that crystalhe femc arsenate known in the 

nature as scorodite is approximately 100 times less soluble than amorphous ferrie arsenate 

reported in the literature (Figure 2.1 1). Robins (1 990) confixmed these results. 



Figure 2.11 Cornparison of As (V) solubility data for cryçtalline and amorphous femc 
arsenate at 23OC (Krause and Ettel, 1989). 

Formation of crystalline ferric arsenate 

Crystalline ferric arsenate, FeAsO4'2H2O, 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 hi& Fe/As molar ratio in the starting solution. 

3 -  It has a lower arsenic solubility (typically c 1 ppm As at pH = 5.0). 

- Autoclave conditions at 150°C 

Scorodite has been s ynthesized during jarosite precipitation at 1 50°C fiom sulfate solutions by 

Dutrizac, et al. (1987) obtainùig complete arsenic precipitation for solutions containkg 5 g/L 

As(V). Precipitation of scorodite in the Fe-As04-S04 system at pHcl was canied out in the 

temperature range 1 50-22S°C ranging Fe/As molar ratio between 1 : 1 t o  9: 1 and precipitating 



90% or of arsenic (Swash and Monhemius, 1994, 1998). The formation conditions in al1 these 

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

technology. 

- Ambient pressure at 95OC 

Immobilization of arsenic in As(m)-rich chloride and sulfate solution and flue dust as 

scorodite by arnbient aqueous oxidation (9j°C) using HzOl has been tested at McGill 

University by the HydmmetalIurgy Group (Dernopoulos et al., 2994, Droppert, 2 996; Filippou 

and Demopoulos, 1997). Aqueous oxidation of As(II1) with S02/02 gas mixture at a pH below 

1.5 and the precipitation of scorodite with goethite residues has been reported by Qiankun and 

Demopoulos (1 99 8). 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 ~ e ~ ' ,  where it 

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

5 to 10 g/L As(V). 

Ca(OH), -- N E ~ L I Z A T I O N  scomdite dudge 10-1 00 pprn As 

(polishing step) L.-r (Fe& > 4. s 10% of As) 
Seed recycle 

--- b Scorodite to disposa[ 

Scorodite I effluent 
to pofishing 

Figure 2.12. Schematic fiowsheet of treatment of arsenico-bearing effluents b y scorodite 
precipitation (&er Droppert, 1996). 



Moreover, Robins (1990) has proposed that the compound FeAs0a'2Hz0 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 particle size is an 

important factor in this case accordhg to the Gibbs-Thomson effect, where the size of the 

individual particles influences the solubility of srnall crystalline particles, principally in the 

range of 10-100 nm (Demopoulos, et al., 1994). 

Figure 2.13. Solid-liquid equilibria in the Fe (IU) - As (V) - Hz0 system @emopoulos, et al., 
L994) 

In surnrnary it has been established that crystalline fenic arsenate known as scorodite has 

lower solubility than the amorphous femc arsenate and high temperatures favor its 

precipitation. Different processes utilizing this material as an arsenic disposal carrier will be 

analyzed b y the author in the chap ter 6. 

Solubility is not necessarily an indicator of long term stability; one should also take into 

account the physical and chernical changes that the compounds can undergo with time. The 

disposal and long term stability of arsenical materials cm be examined indirectly by the study 

of naturally occurring arsenic materials and weathering products under naturd 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 



found, together with the wide varïety of geological eavironments, reflects its stability (Swash 

and Monhemius, 1998). 

2.6 Analytical Techniques for the Measurernent of Arsenic 

Atomic Absorption Spectroscopy (AAS) is comon ly  used for measuring total arsenic in 

samples (US EPA, l998b). Samples of other than drinking water must be acid-digested pBor 

to analysis. Three types of AAS methods for measuring totaI arsenic are direct aspiration 

(£lame), graphite fimace, and hydride-generation. The second rnost 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 anal yzing samp les using direct-aspiration (flame) 

AAS. The typical detection limit for arsenic using this method is 0.002 ( m a )  (US EPA, 

1998b). In this method, a sample is aspirated and atomized in an aidacetylene flame. A light 

beam fiom a hollow cathode Iamp, whose cathode is made of the element being measured, is 

directed through the fiame into a monochromator, and ont0 a detector that measures the 

amount of light adsorbed. Adsorption depends upon the presence of &ee, unexcited gound- 

state atoms in the flame. Because the wavelength of the light beam is characteristic of o d y  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 analfical 

conditions are not used, chernical and ionization interferences c m  occur, FIame 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 

fumace AAS (US EPA, 1998b). This method is an atornic absorption procedure approved for 



detennining the concentration of arsenic in wastes, mobility procedure extracts, soils, and 

ground water. The typical detection Iimit for water samples using this method is 1 p g L  This 

detection limit may not be achievable when analyzing waste samples. 

The principle of graphite fUmace AAS is essentidly the same as for direct-aspiration AM,  

except that a firniace rather than a flame is used to atomize the sampIe. In graphite furnace 

AAS, a representative aliquot of a sample is placed in a gaphite tube in the furnace, 

evaporated to dryness, charred, and atomized. The radiation from a given excited element is 

passed through the vapor containhg ground-state atoms of that element. The intensity of the 

transmitted radiation decreases in proportion to the arnount 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 f b a c e ,  thereby causing the injected sarnple to be volatilized. A 

monochromator isolates the characteristic radiation fiom 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, inte~erences can be a problem; hding the optimum combination of digestion, 

heating times, and temperatures, and matrix rnodifiers can be difficult for cornplex matrices. 

2.6.3 Inductively CoupIed Plasma Atomic Emission Spectroscopy (ICP) 

Method 7300 specifies the procedure for analyzing samples using ICP (NIOSH, 1994a). The 

typical detection Iimit for arsenic using this method is 0.035 mgK. 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 b y radio-£kequenc y inductively coupled plasma. The spectra are 

dispersed by a grating spectmmeter, and the intensities of the lines are monitored by 

photomultiplier tubes. The pho tocurrents fiom the photomultiplier tubes are processed and 

controlled by a cornputer. 



This method allows simultaneous or rapid sequential determination of many elements in a 

short tirne. The disadvantage is backgound radiation fiom other elernents and the plasma 

gases. Although all ICP instruments utilize hi&-resolution optics and background correction 

to muiimize these interferences, analysis for traces of metals in the presence of a large excess 

of a single metal is difficult. 

2.6.4 Eydride Generation Atomic Adsorption Spectroscopy (HGAA) 

Method 7061A specifies the procedure for analyzing samples for total arsenic using H G M  

(US EPA, 1998b). The typical detection lirnit for this method is 0.002 mg/L. It utilizes a 

chernical reduction to reduce and separate arsenic selectively fiom a digested sample along 

with standard AAS techniques. The advantage of this technique is that arsenic c m  be isolated 

and determined fkom cornplex samples. A disadvantage is that interferences will occur when 

easily reduced metals are present, andlor 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)/GF'AA 

NIOSH Method 5022 specifïes the procedure for analyzing air samples for total arsenic using 

an IC connected to GFAA. The working range is 0.005 to 10 mg/m3 (as As) for a 100-L air 

sample- The method is designed to determine particdate organo-arsenic compounds (NIOSH, 

1994b). It is a separation technique used for the analysis of ionic species. Separation of 

cornponents in a sample c m  be achieved with the use of a mobile phase (eluent), and a 

stationary phase (a specific type of polymenc resin bed inside a column). A sample is 

introduced into the fiowstream of the mobile phase (eluent) and is carried onto the stationary 

phase (column). The sample then undergoes a separation process based on its afriity for 

either of the mobile or stationary phases. With NIûSH Method 5022, the IC detector is 

bypassed, and the sample flows into an mine generator where gaseous arsines are fonned. A 

gas-liquid separator is then used to flow the smple into the GFAA where the sample is 

detenrrined. 



2.7 Production, Consumption and Utilisations of Arsenic 

2.7.1 Production 

Arsenic is recovered as a b y-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 hi&-arsenic ores may be penalized at the smelter and refhery 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 Pem, Chile and the 

PhiIippines and in copper-goId ores in Chile. In addition, world gold resources, particularly in 

Canada, contain substantid 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 pIants, consisting of retorts with condensation chambers, 

fkom an ore containing 15% As. However, the first smelter for native arsenic was set up at the 

bepinning of the 18" century in Germany by of J.V. Scharfenberg in Reichenstein, Silecia. 

Because the demand for Asz03 was relatively low, it was not until lgLh century that a second 

counlzy, Great Britain, began producing Thereafter, fiom the midde of the 19" century 

to 1901, Great Britain was the leading producer. When legislation was introduced in 

various corntries to avoid damage caused by release of As2O3 containing fumes, world 

production of As203 increased considerably. Also, the use of calcium arsenate to combat the 

bol1 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 beghnkg of the 2 0 ~  century, particularly in the United States and 

Mexico. The fmt arsenic production of the United States was a by-product of the smelting of 

gold and silver ores (USGS, 1999). The Iargest plant was operated between 1932 and 1991 by 

Boliden AB in Ronnskik, Sweden, which shut down pemanently, reportedly for 

environmental reasons (Loebenstein, 1 992). 



The world production of arsenic trioxide has been f a b g  steadily since 1974 (Figure 2-14), 

because it is a by-product, and production is detemiined not by the demand for arsenic but by 

the demand for copper, goid, lead, etc. However, despite environmental regulation that has led 

to the cessation of production in two historicdly large producing countnes, Sweden (Boliden 

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

production. 

Figure 2.14. Arsenic production in tons of &O3 content 

In the past years, arsenic trioxide has been recovered fiom 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, hTamibia, 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 trïoxide production at about 41,000 metric tons. China was the world's 

largest producer as well as the major source of US. imports (Reese, Ir., 1999). Chile could be 

in the near future the world's largest producer due to environmental regdations that limit the 

arsenic emitted to the atmosphere fiom 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). 



Table 2.6. WorId arsenic trioxide production (1,2,3) 
(Meûic tons) 

~ o k a  
Cmada d 
Chile 
China d 
France et 
Georgia e/ 
G m n y  4/ e/ 
Ghana 51 
Iran d 
Sirpan 19 
Kazakhstan e/ 
Mexico 
Namibia 6/ 
P m  7/ e/ 
Philippines ei 
Portugal e/ 
Russia e/ 
Sweden 81 
U-RS-R 91 7,800 7,000 XX 

Total 53,400 46,000 45,800 

e/ Estimated. XX Not appiicable. 
I /  lnciuding calculated arsenic trioxide equivalent of output of eiemental arsenic and arsenic cornpounds other than arsenic 
trioxide where inclusion of çuch 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 Korca, South Afnca, Spain, the 
United Kingdom, the former Yugoslavia, and Zimbabwe have produced arsenic and/or arsenic compounds in previous 
years. 
4/ Al1 production for Gerrnany in 1990 came fiom the former Western states- 
5/ Estimated commercial byproduct of gold ore roasung. Does not inchde additionaI byproduct production of 
noncornmercial 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 dosed in 1996, and the melter and al1 operations closed in April, 1998. 
71 Output of Ernpresa Minera del Centro del Peni (Centromin Perii) a s  reported by the h4inisterio de Energia y Minas. 
8/ Based on arsenic trioxide exported plus the arsenic trioxide equivalent of the output of metallic arsenic exported. 
9/ Dissoived in Dec. 199 L. 

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 al l  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, Sr., 1998). Table 2.7 

summarizes the principal world refiners of arsenic by country. 



Table 2.7. Principal world refiners of arsenic 

Country Coniniodit y Source Company Production Rcfercnce 

VY, c/ 
Uelgium As201 Uiiioti Miriierc S.A. 1,000 www.uni,bc 
Uolivia Asl01 Minc ouipul Emprcsa Mctnlurgica Vinio (subsidiaria dc la N A ,  Velasco. 1997a 

ASSI ~ o k o r n c i b n  ~i1icÏ-a de l3olivia) 
Cliilc As103 Cu-Au coiic. Darrick Gold Corp, 8,350 Velasco, 1997b 
China As203 Arscnic ore Shui Kou Shan Mining Bureau 41 NA, ~iii~://\nw.sks~+~oiidc~i~lislilii idc.u.hi~~ 

Arsenic mctal(99.9%) Zcping, 1999 . -. 
As103 (99.5%) Cu conc. Guixi Smcllcr, Jiangxi Coppcr Company 

Georgia Arscnic Mine outpiil 1.ukhumi dcnosil and Tsana dcnosit 2.000 Lcvinc. 1996a - 
Meials and coiiipounds Kacha niining and clicmical plihl NA, 

'km inining and cheniical plaiii NA. 
Germa11 y tligh punty arsciiic As101 Preussag AG 15 Edclstien, 1996 
Ghana As101 Gold orc Ashanti Goldficlds 5,500 Coakley, 1997 
firance As~OJ (99.9%) Cnide As20j  Sociétt? iiiiiiiCrc el métallurgie de NA. Edelsiien, 1996 

from Gliana l'cn al~oya 
Meialcurop SA 3,000 Edelsiicn, 1994 

Japan As201 (99.9%) Cu conc, Sumitonio Mcial Mining Co. 720 Ternyania, 1999 
Arsenic riieial As103 18 
I ligli-purity arsenic (99.9999%) Furukawa Elcciric Co. Lld. 30 IIdelsiicn, 1996 

Mitsuhislii Metal Corp. 
Rasa Industriçs Lld. 

Kankstan AsKh Cliinikent polymctallic cnierprisc 1,500 Lcvinc, 199Gh 
Morocco h 0 1  Co conc. Oniiiii~ni Nord A fricuin (ONA) 4,500 Priviiie Cornniunication froni 1. Aknlay IO F. 

1 labüslii datcd 20001211 1 
Mexico As203 Cu conc. Indusirial Miiicra Mexico SA (IMM) N A  Taires and Doaii, 1997 
Nnmibia II As203 (99%) Cu coiic. Tsunicb smclicr Corp. 1,800 Coakley, 1999 
Peru Asloi Cil-Pb-Zn orcs Iloe Run Resoiirccs Corp, 837 Ciiirniciidi, 1938 
Philippines Arsenic, white Cu conc. 1.cpaiilo Consalidaicd Miiiiiig Co. 21 2,000 Lyilny, 1998 

U. S. A. lligli-puriiy arsciiic, ASJSCJ As201 Asarco, Globe CO plant N A  ~\.\\d\\~.i~~arcu.co~ii/p~~(I~cts09/ 
AslOl, arsenic iiieial hiiierican Eleiiicnls w~\~~v.niiicricarielc1i~ciils.con3 

I-iickson Corp, \nvw.hicksoii.con] 
Arsenical waod preseivatiws Clieniical Spccialiiies Inc. Rccse, Jr., 1998 
Arscnic acid Osniosc Wood I'reserviiig \V\v\v.oS111oSC.c0111 
Arsenical herbicide ISK Bioscieiicc lkcse, Jr., 1998 

el Esliniated. N A 1  Nol availablc. 
11 ïsunieb Miiic closed in 1996, and tliç sriiclicr aiid al1 opcrations closcd in April, 1998. 
21 Lcpanto Consolidaîd Miriing Co, closcd its coppcr plant in 1997. 



2.7-1.1 Prices 

Pnce for arsenic trioxide is not available from world refiners- Although, some refiners as 

AUChem Industries gïves on internet an arsenic trioxide pnce of US$680/mt (A11Chem 

Industries, 2000). This price is some similar at the average prices for arsenic trioxide imported 

by the United States fkom Mexico in the last years (Table 2.8) (Edelstein, 1994, 1995, 1996; 

Resse, Jr., 1997). Nomally, refiners quote two prices, one for high-grade (minimum 99%) 

arsenic trioxide and one for low-grade (minirnurn 95%) arsenic trioxide. There is a spread of 

US$ 176 to 265 per metric ton between the prices of the two grades (Loebenstein, 1992). Also, 

a Chinese Company, SKS Mining bureau gives on intemet prices for arsenic (>99%) at about 

US$1,325/mt and As-Cu alloy (10,20, 30 %As) at about USJ3,855/mt (SKS, 1998). 

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

Figure 2.15 shows arsenic metal pnce in the last years Goebenstein, 1992; USGS, 1999). 

During the early 197OYs, it was increasing because of the growing demand fkom the lead-acid 

batteries industry. In the mid- 1 97OYs, the pnce stabilized, however, during the Iate 1970's the 

United States and other countries adopted readations 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 modemizing their plants or the elirnination of some capacity by 

producers unable to modemize their plants, principally ù1 the United States (Loebenstein, 

1994). After 1980, induced by an ample supply and a static or possibly declining demand, the 

arsenic metal pnce began a long decline. 



Note: 
1970-74, London pfices for 99.5%-pure metal 
1975-86. US. producer prices for 99% to 99.5%-pure metal 
1987-88, Not available 
1989-91. arsenic meta1 prices imported frorn China, US. Bureau of Mines 
1990: disruption in supply of arsenic metal Rom China caused a temporarily price raise 
1992-98, London prices for minimum 99Y~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., resultin; 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 AszOs and exports 

arsenic-containing pesticides and wood presenratives (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 al1 arsenic metal and compounds consumed 

in the United States were imported, principally fiom China. It is estimated that domestic 

arsenic consumption ranged between 20,000 and 40,000 tons annually. The value of arsenic 

metal and compounds consurned domestically was estimated at $25 million. The main import 



sources of arsenic in the United States (1994-97) are: arsenic metal (China, 86%; Hong Kong, 

5%; Japan, 3%; and other, 6%) and arsenic trïoxide (China, 50%; Chile, 22%; Mexico, 11%; 

and other, 27%). 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-pwity arsenic (99.9999%) is used in the manufacture of semiconductor material 

(Reese, Jr., 1998, 1999). 

2.7.3 Utilisations 

The end-use distriiution of arsenic in recent years in the United States has been about 87% in 

wood presematives, 5% in a&cultural chemical, 3% in giass manufacturuig, 3% as metallic 

arsenic in nonferrous alloys, and 2% in other uses @esse, Jr., 1 998). Table 2.9 shows US 

arsenic utilisation in recent years by compound (Edelstein, 1994, 1995, 1996; Resse, Jr., 1997, 

2998). 

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 (24 1 117 (20 
Arsenic metal 767 1,333 557 252 909 998 

Total 28,300 28,152 29,619 28,213 31,032 39,626 
2./ Lnss rhan 1/2 unit  

uiorganic arsenical compounds of varying fomulations have been used as wood preservatives 

in substantial quantities for over 40 years. horganic 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 hngus and insects on fkuit and vegetables. Today arsenical preparations 

are used as desiccants in cotton and in the control of weeds, grasses, prickJy pear and bms .  

Arsenic compounds are also used to control rodents, in insecticidal baits, and in termite 

treatment (Household, 2 997). 



Metaiiic 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 irnprove 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 tende strength. Arsenical copper is used in industrial plant piping, auto radiators, and 

admiralty brass. 

Arsenic trioxide is the source for 97% of al1 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; Chernical Specialties 

Inc., Harrisburg, NC; and Osmose Wood Preserving, Inc., b~Bâlo,  NY. Osmose also produces 

arsenic acid that is used by the glass industry as a finhg agent Io disperse air bubbles. Arsenic 

was used in some herbicides for weed control. ISK Bioscience, Mentor, OH, produced the 

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

Chromated copper arsenate (CCA), is a waterbome 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,, Oz, or HzOz, to f o m  arsenic acid. The arsenic 

acid is then reacted with copper oxide, chromïum 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 A W A  (Amencan Wood Preservers Institute) (Table 2.10). CCA 

type A provides excellent protection against decay fun$ and termites, but is only being used 

by a few treaters in California. CCA type B hm been commercially used in Sweden since 

1950. It was included in stake tests in the United States in 1949 and has been providing 

excelIent 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 b een tested and used in 

United Kingdom since 1954, then in Australia, New Zealand, Malaysia, and in various 

countries of Afnca and Central Europe; they are perfoming very well (Ibach, 1999). 



Table 2.10. Composition of the three types of chromated copper arsenate (Ibach, 1999) 

Chromated copper arsenate 
Component Type A Type B Type C 
Cbromium trioxide 65.5 35.3 47.5 
Copper oxide 18.1 19.6 18.5 
Arsenic peatoxide 16.4 45.1 34.0 

In the U.K. preservatives are usually prepared fiom sodium dichromate, copper sulfate, and 

arsenic p entoxide using a similar balance of copp er:chromium:arsenic as listed above for 

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

High retention levels (40 kg/m3) of the three types of CCA preservative will provide good 

resistance to Limnoi-ia and Teredo marine borer attack. In general, Douglas-£ïr heartwood is 

very resistant to treatment with CCA. Also, CCA must be used at low treating temperatures 

(3 8OC to 66OC) 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 penenate 

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 p r e d e t e e d  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 4g°C mach, 1999). 



Finally, the treated wood is either air dried or kiln dried, at which time the preservative 

undergoes fixation. During the kat ion 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 fiom various CCA formulations 

under conditions of leaching with water (Anderson, et al., 1991) (Leach, 1999). These works 

show that this fkation process occurs by ion exchange, absorption, and precipitation reactions 

and is dependent of t h e ,  temperature and pH. These studies have shown that formulations of 

the following composition have the greatest permanence: 

Sodium dichromate - 2H20 

Copper sulfate ' 5H20 

Arsenic pentoxide ' 2H20 

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-£k 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 tirnes the weight of copper oxide). A 

similar formulation, ammoniacal copper arsenate (ACA) is used in Canada. This preservative 

is used most comrnonly to treat refkactory 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 chernicals 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 firom 

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 (LI), 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, Iead arsenate, and potassium arsenite are used in various 

mediches, mostly veterinary. Fonnerly, 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 generdly acceptable for widespread use. 



Arsenic pentoxide, and arsenic ûioxide are used in the manufacture of low-melting glasses. 

H i g h - p m  arsenic metal is used in the electronics industry for semiconductor matenals. 

There is no present commercial use for potassium arsenate, although it has been used in fly 

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

Recently much attention is paid to the properties of gallium arsenide (GaAs) which is a 

serniconductor material similar to silicon with certain unique properties, such as hi& 

fkquency operation for microwave circuits and optical properties for fiber optic applications 

(ANADIGICS, 1998). Gallium arsenide is used in manufacturing optoelec~oonic devices (laser 

diodes, light-emitting diodes (LED), photodetectors, and solar cells) and anaIog integrated 

circuits. The growing use of cellular telephone technology has resulted to a boom for GaAs 

demand (GaAsNet, 1999). Many Ga& manufacturers continue to introduce new devices for 

this market and expand capacity to meet the growing demmd, mainly in the United States 

where in 1997,22.4 tons of gallium in the form of GaAs were consumed (Krarner, 1998). 

2.7.3.1 Arsenic TrioMde 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 

feu 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 

c o h e d  in Europe and USA. Cure rates in APL have increased fiom 30% to above 50%. 

More recently, Chinese investigators have reported a major activity of arsenic trioxide (AsZ03) 

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 A m .  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 



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 eeatment 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 trïoxide dust was the most widely used method of termite control until the 

organochlorines became available approximately forty years ago (Household, 1997). Mïxed 

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 Iong-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, 

Pennethrin, is preferable. 

2.8 Ambient Standards and Guideiines 

Ambient standards and guidelines for arsenic are aimed at protecting the population, livestock 

and other organisms fkom the exposure to ambient arsenic. Table 2.1 1 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 lunit at work of 

arsenic in air in the some countries (Grossman, et al., 1997). 



Table 2.1 1. Reference standards and guidelines for ambient levels of arsenic in water 

Value, pg/L EU, limit EU, guide US EPA Canada WHO, wde  
standard MAC3 

Drinking water 50 50 25 1 O 
Surface water uitended 50 ' IO' 
for d . g  1 002 50' 

' Before normal treatment, Before intensive ueatment 
' IMAC: Inrenm maximum acceptable concentration for arsenic in drinkng wam 

Table 2.12. Perrnissible exposure lirnit at worlc of arsenic in air 

Air (rn.g/Nma) US.  Gerrnany Japan Sweden 
Cdcium Arsenate 1 .O 0.2 
Arsine 0.2 0.05 ppm 0.2 0.05 
Mi other inorganic compounds 0.0 1 0.2 0.5 (Asz03) 
Organic compounds (as As) 0.5 1 .O 

Observations Maximum allowable All arsenic conqiounds 
workpIace air 

2.8.1 Regulations for Arsenic Effluents in the Metallurgical Industry 

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

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

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

Aqueous effluents, me/L Reference 
The United States 1 .O firet, 1999 
Germany 0.5 Piret, 1999 
Canada 0.5' Environment Canada, 1977 
Québec 0.5 Ministère de I' Environnement, 1 989 
Japan O. 1 Enviromnent Agency of Japan, 1999 

' Monthly arïthmetic 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 Enviromenta1 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 pubfished a 



List of industriai scurce categories that emit one or more of these hazardous air pollutants and 

listed categones 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 contaîning antimony, arsenic, beryllium, cadmium, chromium, cobalt, 

lead, manganese, rnercury, nickel, and selenium) fkom the seven primary copper smelters 

operating in the United States. EPA1s proposed rule would reduce emissions of hazardous 

metal compounds fiom 190 meûic 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, EP A's proposed action would also reduce O ccupational exposures. This action 

is consistent with the Pollution Prevention Act of 1990 (US EPA, 1998~). 

2-8.1.2 The Accelerated Reduction and Elimination of Toxic (ARET) Program in Canada 

ARET is a Canadian indusbylgoveniment voluntary emission reduction program that targets 

1 17 toxic substances (Environment Canada, 1992). In total, 303 facilities fi-om 162 companies 

and government organizations are participating. The ARET goal is to achieve a 90% reduction 

of persistent, bioaccmulative 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 f?om 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 34 1 tons, total ARET 

arsenic emissions have been reduced by 53% and it is expected reduction of 80% in the year 

2000 (EnWonrnent Canada, 1999). 

2.8.2 WorId Bank Emission Guidelines 

Emissions levels for the design and operation of each project must be established through the 

Environmental Assessrnent (EA) process, based on country legislation and the Pollution 

Prevention and Abatment 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 nomally acceptable to the World Bank 

Group in making decisions regarding provision of World Bank Group assistance; any 

deviations fkom these levels must be described in the World Bank group project 

documentation. AU 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 houn. For 

copper smelters air emissions levels shown in Table 2.14 should be achieved. The 

environmental assessrnent should address the build-up of heavy metals fiom particdate 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 

P arameter Maximum value, mg/Nm3 
SOT 1,000 - 
Arsenic 0.5 
Cadmium 0.05 
Copper 1 
Lead 0.2 
Mercuy 0.05 
Particulate rnatter- smelter 20 
Particulate matter - other sources 5 O 



TabIe 2.15. EMuents from copper smelting 

Parameter Maximum value, mg& 
P H  6-9 
Total suspended soli& 
Arsenic 
Cadmium 
Copper 
Iron 
Lead 
Mercury (total) 
zinc 
Total merais 
Termerature increase less than or eaual to 3 OC' 
'The effluent should result in a tempenture increase of no more than 3 
degrees Celsius at the edge of the zone where initiai rnixing and dilution 
take place. Where the zone is not defined, use 100 meters from the point of 
discharge. 

2.9 Arsenic Removal £rom Drinking Water 

2.9.1 Background 

In water, the most common valence States of arsenic are As 0, or arsenate, which is more 

prevalent in aerobic surface waters and As 0, or arsenite, which is more likely to occur in 

anaerobic ground waters @ainichi, 1998). In the pH range of 4 to 10, the predomùlant As (III) 

cornpound is neutral in charge, while the As (V) species are negatively charged. Removal 

efnciencies for As (m) are poor cornpared to removal As (V) by any of the technologies 

evaluated due to the negative charge. 

During removal of arsenic fiom water, As (Ill) 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, femc chloride, and potassium 

permanganate are effective in oxidizing As (III) to As (V). Pre-oxidation with chlorine may 

create undesirable concentrations of disinfection by-products. Ozone should oxidize As (III) to 

As 0, but no data are available on its performance. Bleaching powder is the cheapest and 

most acceptable oxidizing agent. 



2.9.2 Technologies 

Coagulation/Filtration (Cm is an effective treatment process for removal of As CV) 

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 CIF is 

significantly reduced. Liquid aluminum sulfate (ALUM) performance is sligbtly lower than 

femc sulfate, Fe2(S0&. Other coagulants, e-g., FeC13, are also less effective than femc 

suLfate. Disposal of the arsenic-contaminated coagulation sludge rnay be a concem. 

Lime Softening (LS), in which Ca0 is added when operating within the optimum pH range of 

greater than 10.5 it is likely to provide a hi& percentage of As removal for idluent 

concentrations of 50 p g L  However, it may be difficdt to reduce consistently as to 1 pg/L by 

LS aione. Systems using LS may require secocdary treatment to meet that goal. 

Activated Alumina (AA), in which &O3 is used, is effective in treating water with high total 

dissolved sorids (TDS). However, selenium, fl uoride, chioride, and sulfate, if present at high 

levels, rnay 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 wouId need to 

consider regeneration and replacement- 

Ion Exchange (IE), where different types of resin are used, c m  effectively remove arsenic. 

However, sulfate, TDS, selenium, fluoride, and nitrate compete with arsenic and c m  affect nin 

len,@h. Passage through a series of colurnns could improve removd and decrease regeneration 

fkequency. Suspended solids and precipitated iron can cause clogging of the E bed. Systems 

containing high levels of these constituents rnay 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 



influent stream (product watedinfluent stream). Discharge of reject water or brine rnay also be 

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

Electrodialysis Reversa1 @DR) is expected to achieve removal efficiencies of 80%. One 

study demonstrated arsenic removal to 3 pg/L fiom an influent concentration of 2 1 pg/L. 

2.9.3 Prospective Technologies 

Ion 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 pgL even with suifate levels as h i h  as 200 

m a .  Sulfate does impact nin length, however; the higher the sulfate concentration, the 

shorter the nrn length to arsenic breakthrough. The research also showed that the brine 

regeneration solution could be reused as rnany as 20 tirnes 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 IronManganese (Fe/Mn) Removal Processes. Iron coagulatiodfiltration and 

iron addition with direct filtration methods is effective for arsenic (V) removal. Source waters 

containkg naturally o c c ~ ~ ~ % ~ g  iron and/or manganese and arsenic can be treated for arsenic 

removal b y using conventional Fe/Mn removal processes. These processes can significantly 

reduce the arsenic by removing the iron and manganese fiom 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 irodmanganese is not sufficient to achieve 

the required arsenic removal level. 

2.9.4 Arsenic Disposa1 from Drinking Water Waste 

Disposal of the arsenic-contaminated coagulation sludge fiom the CoagulatiodFiltration and 

Lime Softening technologies may be a concem. For large treatment plant, a large body of 



water wouId likely be needed to discharge the contaminated brine stream fkom the Reverse 

OsmosisMano-Filtration technologies. Inland treatment plants would possibly need either 

some pre-treatment @or to discharge or would need to discharge to the sanitary sewer due to 

the increase in salinity. Discharge to sanitary sewers rnay require pre-treatment to remove high 

arsenic levels. The waste stream produced by Ion Exchange (IE)/Activated Alumina (AA) 

technologies is a highIy 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 @ainichi, 1998). 

water Table 2.16. AvailabIe technologies for arsenic removal from drinkin, 

Method Advantages Disadvantages 
Co-precipitation: No monitoring of a break throuçh is Serious short and long term probierns with toxic 

requ ired. sludge. 
Relatively low cost simple chemicais- Multiple chemicds required 
Low capital cost Operation requires training and discipline. 

Aium coagulation Durable powder chernicals n o m l l y  Effkient pre-oxidation is a rnust. 
available. 

Iron coagulation More efficient than alum on weigh basis. Medium removd of As (III) 
Lime softening Most cornmon chemicaIs. Re-adjusment of pH is required. 

Sorption techniques: No daily sludge problem Requires monitoring of break through or filrer use. 
Requires pen'odicai regeneration or medium shift. 

Activated aIurnina Relatively well known and cornmercially 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: WeIl defined performance High mnning costs. 

High removal effïciency High investment costs. 
No solid waste High tech operation and maintenance 
Low space requirement Toxic wastewater 
Capable of rcmoving other contaminants, Re-adjustment of water quality is required. 
if any 

Reverse Osmosis Membrane does not withstand oxidizing agents. 
Electrodialysis Membrane does not withstand oxidiang agents. 



CHAPTER III 

ARSENIC DISTRIBUTION IN COPPER SRlELTERS 

Arsenic is a common impurity in various feedstocks treated pyrometallurgicdly. Typical 

examples are: awiferous refiactory arsenical pyrites, copper, zinc, nickel, cobalt and Iead 

sulfide concentrates. Copper sulfide concentrates; fiequently contain the mùierals arsenopyrite 

(FeAsS), enargite (Cu3AsS4), realgar (AstS3), orpiment (As&), and tennantite 

(cu,F~)~~As&. 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 refïnery. During the smelting-converting process for copper, 

most of the arsenic is volarilised and reports in the flue dusts as a sulfide (A&) or oxide 

(&O3) while a minor fiaction goes to the sIag, 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). 



3.11 Behavior in Roasting 

To obtain a matte of a desired composition suitable for M e r  processing, it is sornetimes 

required to elimuiate a certain amount of sulfur and volatile impwities (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, 1980), or a fluidized bed fumace, eg. 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 Holmstrtim, 1983; Vircikova and Pal@, 

1998). Arsenic removal by volatilization depends upon temperature, residence tune, 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, As203, is formed 

which sublimes already at 2M°C and can be separated fkom the gas stream in the filtration 

units (Habashi, 1 9 8 6)  : 

AS& + 4%02 + &O3 + 3SO2 (3.1) 

In the presence of excess air, however, arsenic oxide, AszOs, is fomed which is nonvolatile 

and melts at 315°C: 

Usually this oxide combines with any ferric oxide in the ore to form femc arsenate: 

As a result, arsenical pyrite is usually oxidized in a Limited supply of air to volatilize As203. 

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

3.1.2 Behavior in Smelting 

The purpose of the smelting process is to separate the metal sulfides in the concentrate or 

calcine kom the gangue, and this is achieved by smelting in presence of fluxes at about 

1 XO°C. During smelting the raw materials fed into the fumace separate into two liquid layers- 



a slag layer containing the gangue and fluxing materials and beneath it a matte consisting of 

rnetalIic 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 Cu2S, 

FeS are the most stable sulndes 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 hi& grade mattes 

and (ii) the high solubility of arsenic in metallic copper (Biswas and Davenport, 1994). Five 

dif5erent schemes for various combinations of pyrometallurgical processes are shown in 

Figures 3.1 to 3.5: Reverberatory + converting, Teniente -+ converting, Noranda + convertkg, 

flash smelting + converting and Mitsubishi smelting and converthg. The arsenic balance nom 

the references indicated are shown. Table 3.1 and Figure 3.6 m a r i s e  arçenic distribution 

and elimination during srneking and converting of the five çmelting systems shown. 

Concentrate 
100% As 

1 31 -8% 

Slag f 
6.08% Copper blister 

6.72% 

GAS CLEANING 
SYÇTEM h 

I I 

Dust 1 
STACK 

-- 

Dust 

Figure 3.1. Reverberatory fumace and Peirce-Smith converter (Vircikova and ImriS, 1995; 

Wiertz and Rozas, 1996). 
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Figure 3.2. Teniente reactor (71.1% Cu white metal) and Peirce-Smith converter (Mendoza 

and Luraschi, 1993; Mendoza, et al., 1995). 
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Figure 3.3. Noranda reactor (70% Cu matte) and Peirce-Smith converter (Mackey, et al., 1979; 
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Figure 3.4. Outokumpu flash fumace (60% Cu matte) and Peirce-Smith converter (Mendoza, 

(L 

C I t t 

et al., 1995; Zeping, 1999). 
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Figure 3.5. Mitsubishi smelting (69% Cu marte) and converting fumace (Chenier, et a1.,1992). 

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

Distn-bution with respect to Reverberatory Teniente Noranda Outokumpu Mitsubishi 
Unput fumace t PSC reactor + PSC reactor + PSC fumace t P'SC fùmace 

Blister 6.7 3 -3 3 -5 11.4 4.6 
Slag fiom furnace 27.0 7.2 9.0 21.5 43 .O 
SIag from PSC G. 1 0.2 2-0 2.5 6.6 
Dust collected at 350°C 31.8 1.9 2.0 34.7 9.2 
Dust at 250°C 85.1 83.5 13.3 3G.G 
Dust to çtack 28.4 2.3 - 16.6 - 

Total 100.0 100.0 100.0 100.0 100.0 
PSCr Peirce-Smith converter 

Mitsubishi Noranda-PSC 

40 45 50 55 60 65 70\ 75 
Smelting Cu matte (%) Teniente-PSC 

Converting 

Figure 3.6. Arsenic elimination during smelting and converting in diEerent processes 



The differences of arsenic elimination processes (srnelting/converting) can be explained by the 

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

temperature, converting rate, oxygen e~chmen t ,  gas composition, the analysis and relative 

quantities of products, etc. Arsenic elimination, occurs p ~ c i p a l l y  during the srnelting stage 

b y volatilization and slagging: 

In reverberatory fumace, arsenic elimination OCCLUS b y volatilization because the 

atmosphere is slightly reducuig, and by slagghg 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 erimination in the Peirce-Smith converter increases with the 

extent of air blowing, thus it is high when low rnatte grades are treated (Mackey, et al., 

1979; Mendoza and Luraschi, 1993). Arsenic elirnination in these operations is similar. 

Both are operating at the same rnatte grade, about 70% Cu. The oxygen enrichment for the 

Teniente and Noranda reactor is 38 and 33% Oz, respectively, while the Peirce-Smith 

converters operate with unenriched air. 

In Outokumpu flash fumace and Peirce-Smith converter less arsenic is eliminated by 

volatilization because the atmosphere is strongly oxidizing and this favors the formation of 

As205 thus more arsenic is eliminated in the sIag. It c m  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 &action of arsenic reports to both the slag and 

dusts. In converting fumace, arsenic is split into approximately the same proportions 

among slag, d u t  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% Oz, respectively. 



3.1.3 Behavior in Gas Handling System 

Arsenic associated with metallurgical gases is present as the dimer AS& After cooluig the 

jases, 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, OC Arsenic (as As406) 
rn.flrn3 

70 0-9 

E 50 1 O0 150 200 250 300 

Gas temperature ( O C )  

Figure 3.7. Concentration of Asz03-vapour as a function of temperature 

(Expressed in Asz03 per m3 gas at 0°C and 11013 kPa) (Piret, 1999). 

In order to have sufficiently low levels of arsenic pnor to entering the acid plant, gases must 

. be cooled then submitted to a process step eliminating the buk  of arsenic as As2O3. 

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 

fiom SOz-bearing gases are described by Dalewski (1999). 



Arçenic content in the duçts 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 

fumace causes an increase of arsenic and other impurities in the circuit, ultimately increasing 

their concentrations in the anode copper destined for renning (Hofian,  1993). Therefore, th is 

practice should be mled out. Finally, arsenic can be recovered as pure arsenic trioxide fiom 

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 N TEïE CHILEAN COPPER INDUSTRY 

4.1 Copper Production 

Mïning 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 Iast years, ChiIe 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 cofllznhty 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 199ge 
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: Cornisidn Chilena del Cobre (Cochilco. 1999), Edelstein, 1998,2000 

Regarding, the Chilean copper concentrate production, COCHILCO (1996) reported that it 

will have an important increase in the next years because of the stamip of new copper mine 

projects and the increase of production in actual operations, e.g., La Candelaria, Escondida, 

ColIahuasi, Los Pelambres, which will generate a growing concentrate availability in Chile. 



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. 

RegardÏng the Chilean smelting production, it has been almost kept the same in the last years 

(Table 4.3). However, Noranda Chile S.A. (Altonorte saelter) will increase its copper 

smelting capacity fiom 160,000 to 290,000 mt/y and its sulfunc acid production fiom 250,000 

to 700,000 mtly. The cost of this expansion will be US$ 170 million, which is expected to be 

completed in 2003 (NORANDA, 1999). 

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

Company 
Codelco Chile 

Mine 
Chuquicarnata 

Codelco Chile 
Codelco Chile 
Codelco Chile 
Minera Candelaria 
Minera Dofia in& 
Minera El indio 
Minera Disputada 
.Minera Disputada 
Minera Escondida 
Min. Los Pelambres 
Min. Mantos Blancos 

EI ~alvador  
El Teniente 
Andina 
Candelaria 
Collahuasi 
El Indio 
Los Bronces 
El SoIdado 
Escondida 
Los Pelambres 
Mantos Blancos 

Others 16 1 1 69 171 20 8 205 292 
Total 2,088 2,336 2,337 2592 3,007 3,075 

Source: Cornision Chilena del Cobre (COCHLCO. 1996) 

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

Company Smelter 1996 1997 1998 1999 2000 
Codelco Chile Chuquicamata, Caletones, Potrenllos 913 935 964 967 953 
ENAMI Ventanas, Kemin Videla Lira (Paipote) 194 194 1 8 1 194 194 
Dimutada de las Condes Chames 92 1 05 I OS 105 105 
~ o k d a  Chile S.A. ~lt&orte(') 1 08 130 1 44 153 153 

TotaI 1.307 1,387 1,394 1,419 1,405 
")ex Refimet Smelter. 
Source: Comisidn Chilena del Cobre (Cochilco, 1996). 

La Corporacih 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 fiom small miners on a toll bais,  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 (PotrerÏllos 

smelter), and El Teniente (Caletones smelter) which processes not only its own concentrate 

and also kom 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. 

H Paipote, Hernh Videla Lira, ENAMI, Copiapo. 

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 Divisio~ Rancagua 

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

arsenic trioxide fiom its copper concentrate. 

CHUQUICAMATA (CODELCO) 

POTRERILLOS (CODELCO) 

ALTONORTE (NORANDA) 
EL INDI0 (BARRICK CHILE)' 

PAIPOTE (ENAMI) 
CHAGRES (DISPUTADA DE LAS 

VENTANAS (ENAMI) 
CALETONES (CODELCO) 

' Roasting plant 

CONDES) 

Figure 4.1. Copper smelters in Chile 



The technology utilized at the Chilean smelters is shown in Table 4.4. Schemes of Chilean 

smelters are sho wn in Figure 4.2 to 4.8. 

Table 4.4. Srnelting technologies in the Chilean smelters 

Smelter Technology Smelting Copper HiSO4 Sulfur 
Capacity production Production Captured Rcfercnce 

0ff.V (WY) Wd) (=A) 
C h u a u i m t a  1 Outokumu flash furnace 2200 500.000 5,500 87 

2 Teniente k c t o r  (5 K 22 rn) 1,350 each Queirolo, 1998 
5 Peirce Smith converter Muiloz 1996 
1 Teniente slag cleaning fumace 

Caletones 1 Reverbcratory furnace 400 355.000 1,500 37 
2 Teniente rcactor (5 x 22 m) 1.650 each (design) Mufioz 1996 
4 Peirce Smith cmvener Alvarado and Godoy, 1999 
3 Teniente slap cleaning f i a c e  

Pownllos 1 Reverberatory fumace 550 1 50,000 1.877 N.A. 
1 Teniente reactor (4 x 18 m) 950 (design) Muiïor 1996 
4 Peirce Smith converter Rojas. et al.. 1999 
1 Tenieme slag cleaninp furnace 

Ventanas 1 Teniente reactor (5 x 22 m) 1.150 1 15.000 900 90 G o d e z ,  et ai., 1995 
3 Peirce Smith converter Diaz et al.. 1997 
1 Eiectnc fhnace 

~ a i ~ o r e '  1 Teniente reactor (4 x 15 m) 850' 73,786$ 706 882 
2 Peirce Smith convertet Rojas, 2000 
1 Slap senlinp: fumace 

Chagres' 1 Outokumpu flash fumace 1320 I23.000 1200 95 
3 Peirce Smith convencr Duran, 1999 
2 Teniente slag cleaning furnace 

Al tonorte 1 Reveri~entory fumace 1,150~ 160,000 750 80 Mast, et al.. 1999 
3 Peirce ~mith~convener 

Total 14570 1.476.786 17,433 - 
N.A.: Not availabie 
' Results obtained in 1999. 'green concentnte + concentnte From slag flotarion plant. '73.786 = 72,762 anades + 1.024 blister. 
RtsuIts abnined in 1998,?0 Vd of copper c m m t  

. a- 
i t . . .  . . y&- 

Figure 4.2. Chuquicamata srnelter (after Queirolo, 1998) 



Figure 4.3. Caletones smelter (&er Muiïoz, 19%) 

Figure 4.4. Potrerillos smelter (after Muiloz, 1 996) 



Figure 4.5. Ventanas smelter (after Gorizalez: et al., 1995) 

Figure 4.6. Paipote smelter (after Rojas and Sanhueza, 1999) 

The çlag settling fumace iç an alternative slag treatment for the Teniente reactor, which 

permits to obtain a high g a d e  matte, having 74-75% Cu. The nnal 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 fumace to a cost of US$ 18.7 million, which is expected to be 

completed in 2001 (Minena Chilena, 2000). 



J 

P5C P X :  P X  

Figure 4.7. Chagres smelter (after Duran, 1999) 

Figure 4.8. Altonorte smelter (after Campos, et al., 1998) 



4.2 Environmental Situation 

The main environmental problems associated to the mining sector are: 

Air pollution due to Sot, particulate matter, and arsenic emissions. 

a Water pollution due to liquid effluents containing particdate matter, dissolved merals and 

acids. 

Soi1 contamination- 

* Risk posed by abandoned miriing sites and tailing dams. 

The rnetallurgical industry, principally copper smelters, is the main source of SOz ernissions in 

Chile. This industry generates 92% of total SO? emissions in the country due to the hïgh suLfur 

content of the copper ore. Chile is the tenth largest S 0 2  emitîer in the world (Environment 

Canada, 1996). 

In addition to emitting S 0 2 ,  the copper smelters also release signifÏcant amounts of arsenic and 

particulate matter into the atmosphere (Table 4.5). There have been reductions in the amounts 

of SOz, particulate matter and arsenic released into the aimosphere in recent years, but the 

problem remains serious. 

Table 4.5. Chilean copper smeiters - emissions into the atmosphere 

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

Chuquicamata 101,200 1,100 1,188~ Queirolo, 1998; Conarna, 2000 
potrerillos 150,000 NA. 1,534' Conarna, 1998 
Caietones 247,500 N.A. 1,440 Vega, 2000 
Ventanas 12,600 N.A. N.A. Conama, 1998 
paipote2 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 1ndio3 GA. NA .  N.A. 

Total 549,995 - 4,423 
N.A.: Not Available 
l Arsenic emissions in 1997, *~esults obtained in 1999, 3~oasting plant 



4.2.1 Regulations for SOz, Particulate Matter, and Arsenic 

- 
The Goverment 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 

[Cornision Nacional del Medio ambiente (CONAMA)] and 1 2 Regional Environment al 

Commissions [Cornisiones Regionales del Medioambiente (COREMA)] to coordinate 

environmental protection activities among govemmental agencies (Velasco, 2 996). 

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 

COREMAYs. Each COREMA is presided by a Regional Intendant (an appointed oBciaI 

approximately equivalent to a US. Governor) and includes representatives i?om regional 

governments, the private sector, and nongovemmental organizations (NGO). The COREMAts 

were put in charge of the implernentation 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 

irnplementing 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 Govemment promulgated two decrees intended to reduce 

fixed-source air pollution (including Decree Law 1 85 of 1 99 1, which regulated sulfur dioxide 

emissions) and implemented regulations pertaining to the disposal of waste water fiom mine 

tailings in coastal zones (Ministerio de Mineria de Chile, 199 1). Decree Law 1 85 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 particuIate matter. It makes it mandatory to present decontamination plans, 

determined dernands on information reporting and, in some smelters, it forces management to 

report plans for controlling high SOz concentration episodes. It also establishes primary 

standards to protect the human heaith and secondary standards to protect the human well being 



nom indirect causes, for example, agricultural, natural flora and fauna damages. The primary 

standards are described as follows: 

Particdate matter (size about 1 0 ~ ) :  150 pg/Nm3, annual anthmetic mean concentration, 

and 80 pg/Nm3, daily arithmetic mean concentration. 

Sulfur dioxide, S 9 :  80 &Nm3, annual arithmetic mean concentration, and 365 pgNm3, 

daily ânthmetic mean concentration. 

Decree Law 185 for the secondary standards applications divided Chile into two zones-the 

minuig district (Zone 1, which covers more than half of the country, fiom Rancagua, site of 

the El Teniente smelter, to the border with Peru) for establishing the maxifxlum ernissions of 

sulfur dioxide and the agriculturaVindustrial part of the country (Zone 2, fkom the area south 

of Rancagua to Tierra del Fuego). The secondary standards for SOz are described as follows: 

Zone 1 : 80 pg/Nm3, annual arithmetic mean concentration; 363 &Nrn3,  daily arithmetic 

mean concentration; and 1,000 pgfNm3, maximum concentrationhour. 

Zone 2: 60 pgNm3, annual arithmetic mean concentration; 260 p ~ r n 3 ,  daily arithmetic 

mean concentration; and 700 p@Nm3, maximum concentration/ hour. 

Decree Law 165 (Regdation of arsenic ernitted to the atmosphere) to be complied by the 

Chilean smelters, starting fiom 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 

ernissions allowed into the atmosphere (Table 4.6) should not exceed the standards according 

to the types of sources and decontamination plans of each smelter (CON-, 1999). 



Table 4.6. Maximum arsenic allowed in the atmosphere #/y) 

-- - 

Location Smelter ~ o G e r  concentrate Year 
province, region smel ting, t/y 2000 2001 2002 

Antofagasta, II Chuquicamata 2 1,400,000 1,100 800 400 
Altonorte 2 350,000 126 126 126 

Copiaph, ïII Paipote 2 200,000 42 42 34 
ChaÏiaraI, III PotreriIIos 1 500,000 1,450 800 150 
Elqui, IV El Indio ' r 80,000 200 200 200 
San Felipe de Aconcagua, V Chagres 2 350,000 95 95 95 
Valparaiso, V Ventanas r 400,000 120 120 120 
Cachapoal, Vi CaIetones r 1.100,000 1,880 375 375 

TotaI ernissions 5,013 2,558 1,500 
' ~ o a s t i n ~  PIant 

4.3 Sulfur Dioxide and Particulate Matter Management 

The plans for reducing emissions of S 0 2  and particulate matter in order to comply with the air 

quality rules as presented by the Chilean smelters are shown in Table 4.7 and 4.8, respectively 

(COCHILCO, 1998; CONAMA, 2000). 

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

Srnelter Sulfur dioxide emissions, t/y 

1 ~oaerillos - - 352,000 100,000 IO0,OOO 100,000 - 
1 

Caletones - - 494,000 494,000 230,000 230,000 
Ventanas 62.000 45.000 1 

Paipote 391900 30;000 19.992 I 

'~chievement of the regulation, 

Table 4.8. Plans for reducing emissions of particuïate matter by the ChiIean smelters 

Smelter Particulate matter emissions, t/y 
1997 1998 1999 2000 2001 2002 2003 

Chuquicamata 3,240 3,240 3,240 1,850' 
~otrerïllos 

1 - 6,300 5,500 5,500 5,500 
Caletones 3,017 1,987 1,987 1 

Ventanas 3,400 2,000 1,000 I 

Paipote 1,500 1.000 600 1 

'~chievcment of the regulation, 

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

plants. For example, a decontamination plan has been irnplernented at Codelco's smelters as 



In Chuquicamata, four sulfunc acid plants began to operate fkom 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. Additionaliy, a new plan that involves a second gas hancihg system 

fiom 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 (Fi-pre 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. 

EI Teniente Division announced a two-stage plan that wilI involve the construction of two 

sulfunc 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 wiîh 

a capacity of 2,350 t/d is expected to be comrnissioned 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 tld 950 tld 

1 4  1200'C 490°C 

GAS COOLER 

FURNACE 
Off-gas 

Ta deaning fumace or RF 

1200°C + 
WASTE HEAT PEIRCE-SMITH Offgas OUST GAS COOLER - 

Dust BOILER CONVERTER COLLECTOR (RADIAmON) 

4 + 
S02 to stack Copper blister 

(containhg As2&) 

RF: Reverberatory fumace 

ELECTROSTATIC 

f 
AgOflntaining dust 

to disposa1 

S02 to 

acid plant 

Figure 4.9. Actual gas handling system at the Potrerillos smelter 

(Redrawn fkom Contreras, et al., 1999) 



O S  capture (%) A s  Capture (%) +H2S04 Production (ffd) 

. 1 .- Acid plant # 1, Chuquicamata Division 5.- Acid plant # 1, Teniente Division 

2.- Acid p!ant # 2, Chuquicamata Division 6.-Acid plant # 1, Salvador Division 

3.- Acid plant # 3, Chuquicamata Division 7.- Acid plant # 2, Teniente Division 

4.- Acid plant # 4, Chuquicamata Division 8.-Acid plant # 3, Teniente Division 

Figure 4.10. Sulfur and arsenic capture / sulfunc acid production in CODELCO-Chile srnelters 

( d e r  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 chernical 

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 
Enareite Cu3AsS4 Chuquicamata, El Indio 
~ ~ e i o ~ y r i t e  F&S El hdio 
Tennantite (CyFe) 12A~4S i3 El Teniente, El Indio 
Realgar As& El Indio 
Orpiment h 4 s 4  El Indio 
Famathite Cu3(Sb,As)S4 El Indio 



Table 4.10. Chernical analysis of Chilean concentrates ( O h )  

Operation Cu Fe s As Sb Au Ag Bi Reference 
gt g/t ppm 

Chuquicamata mine 28-33 2 8 4  30.5 0.3-1 .O 0.1-0-3 - - 30-60 Mendoza, et al., 1995 
EI Indio mine 23-25 18-20 32-36 8.0-8.5 0.8-0.9 15-20 250-300 - Buckingham, et ai., 1999 
MM mine 35.6 17.3 33.1 4.1 0.27 - - - Fan, et ai., 1996 
Enargite mineral' 41.65 8.0 32.2 12. I - - - - Fan, et al., 1996 
ventanas smelte? 24-27 20-28 25-30 O. 14-0.1 8 0-0 1 - 10 Di= et ai.. 1997 
Caletones smelte? 3 1-33 21-25 19-32 0.23-0.35 0.0 12-0.02 - - N.A- Achurra, 1999; Vega, 2000 

Obtained from CODELCO's MM mine. ' Concentrate blend to the Teniente reactor, ' ~ v e n ~ e  between Jan. 99- Apr. 2000 
NA.: Not availabIe 

The MM mine, otherwise known as Mansa Mina ("MM), is a copper orebody located 

between Chuquicamata ruine and Calama City, with geological resources between 650 and 

900 million tons averaging 1.3% copper, but high arsenic content obstmcts its exploitation by 

p yrometallurgical route (Mining Magazine, 1 992). 

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 

femc arsenate. Also, al1 the smelters have effluents treatment plants for the arsenic disposal 

either as ferric arsenate or calcium arsenate/arsenite. 

El Indio Recovery PIant 

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 (Fia;ure 4.1 1). The 3 roasters 

are 14 hearth, 6.5 m diarneter 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 oxidizhg conditions, resulting in an exothermic 

reaction between the contained arsenic and s u m .  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 A& and Sb&, and elemental 



sulfür. The calcine, is discharged through a grizzly screen, cooled in water-jacketed screw 

conveyors, wetted for handlïng and stored in a covered shed for shipment by truck to local 

smelters or to the port en route to smelters. 

300 Vd concentrate 
(24% Cu, 8% As) 

Air t C 
Oil bumers 

ROASTERS 
off-gas (650°C) 

ciust 220 t/d calcine to market CYCLONES 
(33% Cu. 0.07% As) 

15 ffd dust to market 
(23% Cu, 11 % As) 

7 
QUENCH AIR 

Ca(OH)z SCRUBBER To disposal 
4 

Gas to stack 

Fi,ve 4.1 1. El Indio roashng 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 s u b  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 

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 



elernental 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, containhg AsZ03 and Sbz03 is removed 

in an electrostatic precipitator. The captured dust is mechanically conveyed fkom the bottom of 

the electrostatic precipitator to storage silos prior to wetting and truck transport to market 

@uckingham, et al., 1999). The gas discharge fiom 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 hi11 fiom the 

plant (JefEey, 1996). 

In 1997, the plant installed a wet lime scrubber to remove trace amounts of AstOj and 

particdate matter fiom the stack gases before disposal. Isocinetic studies in the stack showed 

that arsenic recovery efficiency, increased £tom 95%, depending on bag house efficiency, 

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

EI Teniente Disposa1 Plant 

This plant processes dust colIected by the electrostatic precipitators of gas handling system at 

the Caletones smelter (Table 4.12). The dust is slurried with solution rich in obtained 

fiom El Teniente solvent extraction plant and transported by special truck to the plant 

(Vuskovic, 1996). 

Table 4.12. Dust chemical composition (Araya, 1999) 

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. 



2. Bismuth leaching: The solids firom the first stage are leached with HzS04 (40 g/L) 

containing NaCl (150 g/L) for 60 minutes, and a liquidlsolid ratio of 1.M. The slurry is 

then transferred to a thickener, the overflow contains bismuth, copper, arsenic, and other 

metds, and the solids are washed in another thickener with sulfunc acid and solution fiom 

SX plant, then recycled to the smelter. If the economic situation pennits, bismuth can be 

recovered fiom solution. If not, it is nzixed with the first solution and treated M e r  as 

shown below (Araya, 1999). 

3. Arsenic precipitation: When bismuth is not recovered, the overflow of both thickeners, is 

mked and treated with a 30% solution of H202 (12 L+/rn3) to oxidize A s 0  to As(V), 

NaOH is added to adjust pH to 3, then ferric sulfate is added to precipitate femc arsenate. 

Finally, the precipitate is thickened. The overflow is sent to the solvent extraction plant for 

copper extraction, and the solids, containing femc arsenate and bismuth, are disposed of 

into the land.fX. 

Bi LEACHING 

MIXER 

Solution from SX plant SOLID WASHING 

To copper smelter 

Solution to SX plant 

Bismuth recovery depending FeAsO, to disposa! 

on economic conditions 

Figure 4.12. El Teniente plant for treatrnent of smelter dust (after Vuskovic, 1 996) 

Also, arsenic-containing effluents generated by the sulfunc acid plant are treated in a efnuent 

treatrnent plant, where the solution is neutralized and arsenic is precipitated as calcium 



arsenite, CaAsOzOH, and arsenate, Ca2As04(0H), followed b y calcination to produce a stable 

product, Ca3(As04)2, (Vega, 2000). 

Chuquicamata Disposal PIant 

Chuquicamata Division also treats smelter dusts in a hydrometallurgical plant (Fi-gure 4.13) 

r e c o v e ~ g  copper and disposing of the arsenic in the residues of the leaching operations where 

it will precipitate in situ as femc arsenate (Farias, et al., 1996). 
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Fi,we 4-13. Chuquicamata plant for treatment of smelter dust ( d e r  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 menite, CaAs02(0H). The slurry 

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 

containing 3 to 6% As and 30 to 45% &O, 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 mojas, 2000). 



PotrerïlIos Effluent Treatment Plant 

The effluent (30 m3b) of the sulfunc acid plant containing 26 g/L W and 10 g/L As is 

neutralized with mik of lime to pH I l  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% HzO is sent to disposal. The overflow containing 100 ppm As is neubaIized 

M e r  to pH 8 and arsenic is precipitated as femc arsenate. The slurry is then transferred to 

another thickener where the underflow is fïitered and the overflow is passed by a sand filter to 

obtain finally a treated effluent containing < 1 m5/L As (Rojas, et al-, 1999). 
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- 
SOLlDklQUlD 
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Figure 4.14. Potrerillos plant for treatment of  effluents (after Lange, 1999) 
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CEAPTER V 

ARSENIC RECOVERY WORLDWIDE 

As it was shown in Table 2.6 (Chapter Ii), there are several countries recovering arsenic fiom 

gold ores, copper and cobalt concentrates or arsenic-bearing copper smelter dusts. However, 

uiformation 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 

51.1 Sodium Suifide Leaching 

Sodium sulfide leaching has been successfül in selectively recovering arsenic fiom 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 notation 

concentrate were leached and recovered as by-products (Figure 5.1). Flotation concentrate (90 

t/d) was slunied with hot alkaline sodium sulfide solution and leached for 8 hours in heated 

tanks at about the boiling point: 



HS- + OH -+ s2- + &O 

3Cu2S -Sb& + 3s2-+ 3Cu2S (insoluble) + 2 ~ b ~ ~ ~ - ( s o l u b l e )  

3Cu2S - As2& + 3s2- + 3Cu2S (insoluble) + ~ASS?- (soluble) 

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

kPa and 145°C: 

+ 702 t 2 0 K  + 5H20 + ZSb(OH)6-+ 3~203'- 

~ASS?- + 702 + 6 0 K  + 2 ~ ~ 0 4 ~ -  (soluble) + 3 ~ 2 0 3 ~ - +  3&0 

2s'- + 202  + H20 + ~ 2 0 3 b  + 2 0 ~  

2sbs3'- + 1302 + 80K + 2H20 + 2Sb(OH)6- + 6 ~ 0 4 ~ -  

2 ~ ~ ~ 2 -  + 1302 + 120H- -t 2 ~ ~ 0 2 '  (soluble) + 6~04'-+ 6Hz0 

s2- t 202 + sot- 

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

Sb 47% Minimum 
Cu 50 ppm maximum 
As 500 pp.m maximum 

Moisture Content 12.5% maximum 

Initially, arsenic in solution was disposed of as calcium arsenate by autoclave oxidation at 

1400 kPa and 150°C followed by precipitation with lime. A marketable, high-purity copper 

arsenate was later produced by treating the solution with CuS04 (Figure 5.1). Arsenic 

autoclaving proceeded according to these simplified equations: 

2 ~ ~ 0 ~ ~ -  + 3Ca(OH)z + Ca3(As04)2 (insoluble) + 6 0 E  

SiO2 + 2Ca(OH)z + Ca2Si04 (insoluble) + 2H20 



Development of the copper arsenate circuit was cut off by the econornically driven cessation 

of the leaching operation in 1984 (Edwards, 1991). The £inal liquor was a high-purity caustic 

solution of sodium sulfate fiom which the saltcake was removed in a continuous crystdlizer- 

centrifuge-dryer train. 

Flotation concentrate 

NaOH 

LEACH 1 
& Concentrate 

I to smelter 

OXlDATlON 

Ca0 + 0x1 DATION OXlDATlON to market 

Calcium arsenate 
to disposal SODIUM SULFATE 

CYSTALLIZATl O N 

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 As203 recovery as 

mentioned earlier in chapter 4. The roasting plant ushg 3 multiple hearth fumaces has a 

throughput of 300 t/d and an As203 production of 30 t/d @uchin&am, et al., 1999). In 

Namibia, the copper concentrate produced at Tsumeb mine, having 6-7% arsenic, is also 

treated pnor 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 



1998, its production was 1,800 tons. The Tsurneb 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 &O3 fkom copper concentrates by means of fluidized bed roasting at 

Boliden Romskiir smelter (Lindkvist and Holmstrom, 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 199 1 

due to environmental reasons (Loebenstein, 1992). In the United States, most arsenic was 

recovered fkom copper concentrates for sale between 1910 and 1985, after which al1 domestic 

production of arsenic ceased when ASARCO, the sole remaùiing producer, closed its copper 

smelter and associated arsenic plant in Tacoma &oebensteui, 1994). In this plant, the copper 

concentrate, having 4% As, was roasted prior to s m e l ~ g  and arsenic was then captured using 

electrostatic precipitators and condensing chambers. The final product was a crude &O3 of 

minimum 95% purity (Edelstein, t 994). 

5.2 From Gold Concentrates 

Several gold mines produced and roasted a sulfide notation 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 

Operahon Country Stages Feed Feed, % Calcine, % Eutnction, % As203 Reference 

(W & s As S As S f/d 

Cochenour Williams Canada 1 15 6.3 18.4 1 . 3  1.6 84 93 NA. Piret and Melin. 1989 

Dickenson Ud Canada 1 12-16 8 20-36 N.A. N.A. N.A. NA.  N A .  Gagan, 1979 

Campbell Red Lake Canada 2 60 7-9 17-18 1 .O 1.6 81 96 6.3 Frostïak and Haugnid, 1995 

Giant Yellowknife Canada 2 130 7-9 20.2 1 .O 2.5 89 88 N A .  Piret and Melin, 1989 

Kerr Addison Ltd Canada 1 NA.  1 42 NA. N.A- N.A. N A .  N A .  Gaga., 1979 

Lancefield Wastern Ausmlia 1 400 1.4 23 N A .  N.A. NA. N.A. NA.  Brown, et al., 1990 

New Consort Mine South Afnca 2 96 2-3 3230 1.0 0.6 88 92 2 5  Penman, 1985; Ferreira, et 

al., 1989 

N.A.: not available 



5.2.1 Canadian Operations 

There was virtually no market for thk product in Canada prior to 1977 and the arsenic trioxidr 

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 (FiFigpre 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 

soluîion for residual gold recovery. The hot gas, dong 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 tilter and pneurnatically 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). 

As203 to market or 
disposal 

Gas to stack 

Air 7 

Figure 5.2. Gant  YellowMe Mines Ltd. roasting plant ( d e r  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, s M a r  to the circuit of Gant YellowWe mines. The f i s t  roaster was 

operated at 540 to 565OC and most of the arsenic and sulfur were oxidized and volatilized in 

this unit. The products fiom the k s t  roaster, both solids and gases, were passed to the second 

roaster which was operated at 520 to 52S°C and which ensured the maximum elimination of 

arsenic and sulfbr fiom the calcine. Solids were recovered fiom the roaster sases 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 vauIt (Frostiak, et al., 1990). 

However, in 199 1, due to environmental reasons, the existing roaster operation was shut down 

and a pressure oxidation plant was built. In the autocIave, 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 (Fiame 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 purnped to the 

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

Off-gas was passed through cyclones to remove coarser dust. The gas was then cooled in a 

heat exchanger to approxhately 315°C. The cooled gas was passed tbrough two hot fabnc 

filter bag houses in parallel to remove the remabhg suspended particulate matter. These were 

added to the dust recovered in the cyclones and the calcine fiom the roasting operation. The 



gas discharge fiom the filter bag houses was m e r  cooled to 145OC with quenched air to 

coUect 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 123OC. The clean gas entered the heat exchanger, where it was reheated, and then 

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

4 dust off-gas 
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1 t 1 
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Dusl 315°C 

HOT BAG FILTER 

4 
1 QUENCH AIR 1 

4 145'C 
lo market HOT BAG FILTER 

To disposal 

Air 

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

RUlD BED ROASTER 

A roasting plant also operated at Kerr Addison Mines for three months per year, during the 

winter. The concentrate containhg about 1% As, 42% S and 0.6 odt 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 senes to capture the coarier 

dust. The cyclone exhaust gas was discharged to the atmosphere through a stack. Calcine fkom 

the roaster, boiler and cyclones was water quenched and pumped to the cyanide circuit for 

residual gold recovery (Gagan, 1 979). 

r 

In the early 19803, Cominco (operathg 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 



and a coilapse of the market for the hz03 crystals resulted in the plant closure in 1989 

(MIRAMAR, 2000). 

In South M c a ,  Eastern Transvaal Consolidated Mines (ETC) b d t  a fluid bed roasting plant 

in 1983 to treat gravity and flotation concenQates fiom Sheba and Agnes mine, and gravity 

concentrates fiom New Consort mine. Throughput was 34 mld and s u l f i ~  dioxide fiom the 

combustion of sulndes discharged through a stack. To accommodate increasing production, a 

new roasting plant similar to the Gant YellowkrSe operation in Canada was built in 1988 to 

treat 100 t/d mixed concentrates. To reduce atrnospherïc pozlution, the roasters were coupled 

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

5.2.2 AustraIian 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, 1 995a). 

Small quantities of arsenic trïoxide were produced in South Austrdia and in New South Wales 

(NSW) prior to 1912, however prices were low and no further production ensued until an 

improvement in the market p ~ c e  and a strong demand in Queensland for arsenic, for prickly 

pear poison, resulted in major production in several states within the period 191 6- 1936. 

Almost two-thirds of the Austdian arsenic production came fi-om the Wiluna Gold Mine in 

the Western Australia, where an arsenic plant was constructed in 1931 to treat the hi& 

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 M a c e .  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 o d y  a minor proportion of the 

total Australian production. The two sources of recorded production corne from the Callington 



District and the Talisker Mine. All of  the ore was treated outside the state as the output was 

not d c i e n t  to warrant installation of recovery plants. In Victoria, refiactory arsenical ores 

were treated at two metallurgical plants in Bendigo, Leggo and Liddell, and also at a 

metdurgical plant at Ballarat. These plants recovered arsenic f b m  concentrates purchased 

fiom Victoria gold mines, and dso  fkom interstate mines. None of the Victorian mines had a 

large output of arsenical ore. In Queensland, the entire arsenic output has corne fkom the 

Stanthorpe district. The largest mine was the Iibbinbar Mine, wihich was operated by the 

Queensland State Govemment since 1919 for the sole purpose of pxoducing cheap arsenic for 

the manufacture of prickly pear poisons. A reverberatory fumace was in operation to treat the 

ore that came directty fkom the mine. The flue product without re-g 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 prodi~cers. These were the only 

two mines in the State equipped with a plant capable of producing r e h e d  arsenic trioxide 

(99.7%). The Mole River mine (Roberts Chernicals Ltd) operated fumaces and flues for the 

production of white arsenic and arsenic pentoxide. The treatrnent plant was of considerably 

different design to that at the Ottery mine (Figure 5.41, having n o  senes of condensation 

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



5.3 From Copper SmeIter Dusts 

Arsenic may be recovered as r e h e d  arsenic trioxide fiom dusts that accumulate as an 

intermediate product in the smelting of arsenic-bearïng concentrates, prïncipally fiom copper 

smelters. 

Arsenic Trioxide Processes 

Japan's copper smelters have recovered arsenic fiom smeher dusts. In the 19807s, the 

Furukawa Company produced 300 of Asz03 at its Ashio copper smelter (Ekewis, 1984). 

However, Furukawa permanently closed its smelter in 1988 (Wu, 1999). The Sumitorno Meta1 

Mining Company also produced h203 at its Toyo copper smelter. The arsenic plant went into 

operation in 1983 and it had the capacity to produce 720 tly of 99.9% pure Asz03 (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 scnibbing 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 suEde precipitate is the feed to the process (Figure 5.5). 

Copper oxide obtained fkom the Niihama nickel refinery is converted to copper sulfate by 

aeration leaching with sulfuric acid, and is recycled fiom the substitution and reducing 

process. Arsenic sulfide filter cake is repulped and heated to 70°C in the CuS04 solution. At 

this temperature As2Sp reacts with the copper sulfate to fom copper sulfide, while the arsenic 

is dissolved as arsenious acid according to: 

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



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 hi&-powered agitators 

and air injectors to oxidize As (III) to the more soluble As CV) form: 

I 

Copper oxide 

Air 

r FILTRATION 1 b cus precipitate to smelter 

Anenate solution 4 
I REDUCTION S02  gas 

I 

CRYSTALLEATION 

Fi,we 5-5. Production of &O3 at Toyo smelter (after Terayama, 1999) 

Total arsenic concentration in oxidized solution is controlled at 60 - 70 g/L of which As (III) is 

held to less than 15 glL. The accompanying copper sulnde, however, is not affected by this 

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

washed and returned to the srnelter. 



The solution is then reduced by SOz to precipitate arsenic ûioxide: 

Sulfunc acid generated is recycled to the copper leaching step. Crystals of AszOs are 

dehydrated in a centrifuge to a moisture content of 2 to 3%. Finally, they are packed and 

shipped afker drying with M y  sealed rotary disc drier to a moisture content of 0.1% or less. 

The dried crystals are automaticdy weighed and packed into steel drums, each holding 100 

kg. Table 5.2 shows typical analysis of Asz03 (Toyabe, et al., 1988). 

Table 5.2. Typical analysis of (ppm) 

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 recycluig. Also, the operating conditions are complicated because of its hi& 

temperature, high slurry and sdfuric acid concentrations, and their long reaction penods: 

cernentation time, 4 h; oxidation time, 10 h (Kaki, et al., 1998). 

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

(Haibei, 2000). They have a small plant to produce CuS04 fiom Cu0 powder, which reacts 

with As2& according to: 

To simple the Sumitomo's process, Beijing General Research 'Institute of Mining and 

Metallurgy has developed an aqueous oxidation process (Figure 5.6) ushg oxygen at 150° C 

and 550 Wa 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 As203 by aqueous oxidation process (after Kaki,  et al., 1998) 

Aqueous oxidation reaction can be described as follows: 

The slurry is filtered and the residue containhg sulfur c m  be recycled to the feed matenal 

preparation of smelting. The filtrate is then reduced by S 0 2  to produce crude arsenious acid: 

fkom which As203 is obtained by M e r  cooling and crystallization: 

Sulfunc acid generated is recycled to the aqueous oxidation stage and crude Asz03 is then 

rehed.  



Arsenic Meta1 Processes 

Sumitomo Metals Mining also developed in 1984 a pudcation technique to produce 18 t /y of 

high punty arsenic metal fiom arsenic trioxide to fulnll the demand of semiconductor field 

(Toyabe, et al., 1988). Figure 5.7 shows the process fiowsheet. In this process AszOJ is 

dissolved in a mixture of HCl and conc. HzS04, which acts as a dehydrating agent. The 

sulfuric acid is added more than 1.6 times as much as the arsenic ûioxide: 
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Figure 5.7. Production of arsenic rnetal at Sumitomo Metal Mining Co. (Toyzbe, et al., 1988) 



AsC13 is then evaporated below 100°C using a reflux condenser. Refined AsCIl is then 

obtained by fkactional distillation to eliminate higher vapor pressure chlorides, such as Si and 

Ge. It is then reduced with pure hydrogen to produce hi& purity arsenic metal by coohg  the 

arsenic vapor at 100°C. 

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 b a c e  to obtain purined arsenic trioxide (Shndez, 2000). 

Copper Arsenate Processes 

Development of copper arsenate processes has also been reported. Vircikova and ImnS (1995) 

reported a process consisting of selective leaching of arsenic nom the flue dust in sodium 

sulfide solution then precipitation using copper sulfate. Arsenic c m  be removed in the forrn of 

a marketable product, e-g., copper arsenate for wood preservation. This process was developed 

in a laboratory-scale study at the Technical University, KoSice in Slovakia for processing of 

the flue dust kom the Krompachy copper smelter. Sodium sulfide solution of 130 glL, was 

used as a leaching agent in a stirred reactor at 80 OC for three hours and solid/liquid radio, 1 :6. 

After solidliquid separation the sulfo-salt solution containuig AS&- was treated by 

precipitation method using copper sulfate: 

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

Oxidation of A s 0  to A s 0  by hydrogen p eroxide. 

Addition of the mixture of copper sulfate and sulfunc acid to adjust the CuiAs ratio at 1.3. 

Neutralization and pH adjustment by sodium hydroxide 
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Figure 5.8. Recovery of copper arsenate fiom 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 sulfûr, and 

a copper- and nickel-containhg 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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Fi,gure 55.. Inco's copper arsenate process (after Stewart, et al., 1995) 



5.4 From Cobalt Concentrate 

Recovery of arsenic fiom cobalt arsenide concentrate is practiced at 0111111:~~~ Nord Afkicain 

(ONA) in Morroco by roasting. Arsenic trioxide production is 4,500 t/y; however, more data 

about this operation is not yet available. 



ARSENIC DISPOSAL FROM METALLURGICAL PROCESSES 

When arsenic is not recovered it is removed f?om arsenic-bearing residues and stabilized in the 

form of a solid compound pnor to disposal as calcium arsenate, arsenic s a d e  or femc 

arsenate. 

6.1 From Copper Concentrates 

6.1.1 Eydrometallurgical Processes 

Lepanto Mining Company 

A process utilizing sodium sulfide leaching has been proposed by Nadkami 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 Na2S in 0.25 rnolar NaOH at 80-105°C. The resdting slurry is filtered to separate 

the arsenic-fkee concentrate and recover the Leach solution Figure 6.1) fkom which sodium 

thioarsenate is crystallized out by evaporation, cooling and then filtering. The crystals are then 

treated with s u l f i c  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 sbift fiom copper to gold production (Lyday, 1998). 



Table 6.1. Typical chernical analysis of Lepanto's high arsenic concentrate (dry basis) 

Cu, O/o As, % Sb, % Ag, o d t  AU, odt  Fe, % SiOs % S, % 

Typical anaiysis 27-30 1 1-13 0.8-1 5 L -6 9-12 4-5 35 

NaOH 
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SEPARATION io srnelter 
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SEPARATION 

Fi,gure 6.1. Na2S-preleaching process of Lepanto Mining Company (after Nadkami and Kusik, 

1988) 

6.1.2 Pyrometallurgical Processes 

Pyrometallurgical processes that remove arsenic fiom 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 fumaces. 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 



was reduced to the level required for the subsequent srnelthg of low-grade matte, e.g, to 15- 

20% Cu. Roasting is exothemiic, and the temperature reaches 500-800 OC. (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 As203 content of the product was generally between 2 0 and 

50%. However, fx higher contents c m  be obtained by using electrk precipitators to remove 

dust f?om the hot gas. The dust lefi after cIeaning of the hot gas can be processed in a 

separated process if contains high metal contents. 

The cleaned S02  - containing gas still contains traces of arsenic and other impurities that have 

to be removed by washing with water or a circulatin,o washing Iiquid containing sulfûric acid 

and by final cleanùig in a wet electric precipitator. The su& dioxide is used to produce 

sdfbric acid. The arsenic-containing slurries that accumulate during wet cleaning and effluent 

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

from solution. 

In a process developed by Outokumpu, pre-treatment of concentrates is carrïed out in a rotary 

kih at 750 OC under a su1fÛ.r vapor atrnosphere. Elimination of arsenic and antimony is 

claimed to be 100% and 50-60%, respectively. Bismuth removal, however, is poor (20-30%) 

(E'iret, 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 fkom Codelco's MM mine and El Indio mine (Padilla, et al., 1998). Arsenic is 

present in these concentrates mainly as enargite (Cu3AsS4) which decomposes readily at high 



temperatures fomiing volatile sulfides or oxides depending upon the composition of the 

atmosphere. The reaction in neutral or reducing atmosphere c m  be represented by: 

In this process, the concentrate is fkst fed to a fluidized bed reactor, operating between 550- 

570 OC under neutrd atmosphere. The arsenic is volatilized mainly as As2Ss. The calcine 

continuously overflows to a second fluidized bed reactor, operating between 800-950 OC 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 mked with 

coal are blown vertically. The partially reduced calcine is m e r  reduced in a molten bath at 

1250-1350 OC. 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 fkom El Indio mine considers a 

bt step of desarsenif)4ng and dead roast of the concentrate, followed by a carbon reduction 

of the oxidized calcines in a molten bath. Al1 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 OC: 



Arsenopyrite, also decomposes above 500 - 550 OC generating gaseous As& and elemental 

sulfur. When an inert atmosphere is used, desarsenification can be as high as 95% leaving a 

calcine stiil hi& enough in sulfi ir  to be smelted to matte, or codd be dead - roasted foliowed 

by carbon reduction in a molten phase. The neutral roasting of hi& arsenic copper 

concentrates shows that up to 98% of arsenic removal can be obtained at 650 OC 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 appIied for many years for the treatment of rekactory 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 fiom its notation concentrate and gold recovery by 

cyanide process (Net Resources Int., 3000). 

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

produce arsenic and avoid the formation of FeAs04 (Prasad, et al., 199 1): 

FeAsS + FeS + As (g) (6-5) 

The second stage roast is at a higher temperature with excess oxygen to produce Fe203 and 

complete conversion of the suifides to oxides: 
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Figure 6.2. Two-stage roasting process (afier Kontopoulos and Adam, 1992) 

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

Sul func acid production fiom S 0 2  is feasible under special conditions where the 

concentration of SOz in emissions is hi&. However, many of the refkactory pold ores do 

not meet this special condition. 

The removal of SOz is effected by use of lime scmbbing of effluent gases in which up to 

95% of the SOz is removed. The major disadvantage of this process is the disposal of 

m s -  

However, in the case that As203 produced cannot be marketed, a significant extra cost will 

occur for its transformation to stable compounds (Le., 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 eluninate the 

problerns associated with roasting, which are discussed below. 



6.2.2 Hydrometallurgical Processes 

In refiactory auriferous arsenical pyrite concentrates gold is locked within the sulfide mùierals 

and it does not respond to cyanide leachuig. An oxidizing pre-treatment step is usually 

required for an effective breakdown of the suEde minerds 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: 

Bacterial Oxidation 

The process is based on the aqueous oxidation of py~?tic gold ores or concentrates by the 

action of the bactena Thiobacillus ferrooxidans and Thiobacillus thiooxidans under mild 

conditions (pH 1-2, temperature 40-55 OC) in agitated reactors. The rate of reaction is low; 

Complete oxidation of a 40% sulnde concentrate requires 5-7 days (Kontopoulos and Adam, 

1992). Arsenic, in the feed is converted to femc arsenate at the neutralization stage, resulting 

in a large quantity of iow bulk density solid residues that have to be disposed o f  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 ThiobaciIhs and 

Lepsospi~lZum at 40 - 45 OC. Youanmi employs BacTech (Australia) thennophile bacterial 

culture that operates at 45 - 55°C (Brierley, 1995). The operation of Ashanti Goldfields at 

Obuasi in Ghana is the world7s Iargest BIOX facility, and it has treated 2.67 million tons of 

ore gradins 5 g/t gold in 1996 (Coakley, 1997). 

Table 6.2. Commercial refractory gold concentrate bacterial oxidation plants 

(Brierley, 1995) 

Plant Capacity Operating History 
mî/d 

Fairview, South Africa 35 1986 - present 
Harbour Lights, Austraiia 40 1992 - 1994 
Wiluna, Ausmdia 115 1993 - present 
Ashanti Goldfields, Ghana 720 1994 - present 
Youanmi, Australia 120 1994 - present 



R o s s o v s ~  (1993) proposed alkaline leaching for rekactory 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 notation machine at 65OC. The pH after 

decomposition ranged fiom 8.5-9.5. The leached pulp was then floated, then finely gromd to 

less than 10 p, and recycled to the Ieaching circuit together with fkesh feed (Figure 6.3). 

Flotation tailings were then treated with cyanided for three hours using 0.1 % cyanide solution. 

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

M e r  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 szos2- and A S S ~ ~ - .  The following reactions are therefore presumed to 

take place with subsequent oxidation of s ~ o ~ ~ -  and A S S ~ ~ '  to ~ 0 ~ ~ -  and A S O ~ ~ - ,  respectively. 

This process has many potential advantages compared with existing ones, e-g., only a small 

fkaction of the concentrate needs to be reground, low consumption of alkali compared with 

pressure leaching, and that the process does not allow undecomposed sufides to pass to 

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

the roasting-cyanidation process. 
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Figure 6.3. Allcaline leaching for refiactory gold concentrate 

High-pressure Aqueous Oxidation 

This process is used at Placer Dome Canada's (PDC) Campbell Gold Mine (Frostiak, et al., 

1 WO), Homestake' s MacLaughlin plant, CaMomia, S5o Bento Mineracao, B r a d ,  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 Wa 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 Iower cost (Berezowsky, et al., 1991). The major reactions are 

(Kontopoulos and Adam, 1992): 

Other reactions involve oxidation b y the ~ d + :  



FeS2 + + 3 ~ e ~ +  + 2S0  

2FeAsS + 2 ~ e ~ + +  4H20 + 6 0 2  + 2H3As04 + 4 ~ e ~ ~  + 2 ~ 0 4 ~ -  + 2fIf 

HydroIysis and p&pitation reactions occur in parallel: 

2H3AsOa + + 2FeAs04 + 6H? 

2 ~ e ~ +  + 2 ~ 0 4 ~ -  + 2H20 ++ 2Fe(OH)S04 + 2@ 

Ge3+ + 4 ~ 0 4 ~ -  + 1 1H20 + 2(H30)*Fe3(S04)2(OH)6 + 1 OHt 

The degree of arsenic and iron precipitation and the nature and composition of the precipitated 

specîes 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 go14 and is treated by conventional 

cyanidation. The sulfur and arsenic in the feed are ultimately converted to gypsum and femc 

menate, respectively, requiring high limestone consumption and resulting in a voluminous 

low buk-density material that has to be disposed of (Berozowsky, et al., 199 1). The residue is 

characterized as non-toxic and if proper precautions are taken for its safe disposal, it should be 

of no environmental concem. 

The bacterial oxidation is designed to operate as a pre-oxidation step for a portion of the 

concentrate pnor 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 rninerals. Acid generation of the 

biotogical 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 concenmte at the time. 



The process flowsheet for Eldorado's Silo Bento for both oxide and sulnde ore is shown in 

Figure 6.4. 
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FiDrne 6.4. Simplified SZio Bento gold plant process flowsheet (after Shuey, 19%) 

The bacterial oxidation stream, d e r  thickening and washing, is recombhed with the 

remaining untreated 80% of the concentrate stream pnor to autoclave oxidation at 1,700 kPa, 

which has a capacity of 150 mt/d, obtaining a sulfûr oxidation capacity of 2.5 mt/hr. Following 

cornplete oxidation in the autoclave, the concentrate is treated conventionally via CIL, and 

eIectrowinnin,o (Shuey, 1998)- 

6.3 From Copper SmeIter Dusts 

Several investigations have been c d e d  out to develop a process for disposal of arsenic- 

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



Selective Leaching with Sodium Sulfide Solution then Precipitation 

Vircikova and ImriS (1995) proposed a selective leaching of high arsenic-containing converter 

dust using sodium sulflde solution then precipitation using various agents: zinc sulfate, 

mumire 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 landnll 

disposal. This process was studied on a laboratory-scale at the Technical University of KoSice 

in Slovakia for the processing of flue dust £kom the Krompachy copper smelter. Table 6.3 

shows an average composition of the dust Arsenic in dust is present in the form of menates 

(70.6%) and about 15% is in the form of oxides, probably as As203 (Vircikova and Havlik, 

1999). 

Table 6.3. The average composition of the Bue dust 

A sodium sufide solution of 130 g L ,  was used as a leaching agent in a stirred reactor at 80 OC 

for three hours and solid/liquid ratio of 1 :6, producing a solution containhg  AS&^- and ASS": 

Under these conditions, 99.9% arsenic, 4.7% tin, and 6.6% antimony are solubilized while 

bismuth, Unc, lead, and copper remain in the residue (Vircikova and 1-S, 1995; Vircikova 

and Haviik, 1999). Three products can be obtained: 



1. A mixture of arsenic and zinc s a d e ,  by using a zinc sulfate solution which is a by- 

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

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

and also generates several unstable compounds. 

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

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

is oxidation of As to As (V) by H202- 

3. A calcium arsenate precipitate, by the addition of calcium oxide after the oxidation of 

Arsenic (m) and neutralization by sulfunc acid to the pH 2. The efficiency of arsenic 

removal is over 99%. However, to remove the residual level to ppm, precipitation by Fe 

(TI) or Fe (III) - ions had to be carried out. 

Suffo-sait solution 
(As: 2.5 g L )  

~ e -  Asenic and zinc suifides and 
[ of TRACES of  As 1 zinc hydroxide precipitate 

Fe(ll1) arsenate ) To disposal 

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

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

Copper Smelter by the spent electrolyte fiom the zinc plant. M e r  the recovery of Zn, Pb, Cd, 

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



The Cashman Process 

The Cashman process was developed for the high-arsenic ore fkom the Apex mine in the 

Cascade mountains east of Seattle (Kunter, 1993). In this process (Figure 6.6), a mixture of 

fïnely ground arsenic-bearing ore, concentrate, or flue dust slurry is aerated with recycle 

calcium chloride brine, sulfunc acid, and a source of iron (if sufficient iron is not contained in 

the waste) under pressure of 280 to 350 kPa at 120 OC in a titanium reactor. Calcium chloride 

is used so that the base metaIs are dissolved as chlorine complexes. The reaction requires fiom 

15 min to 2 hr, depending on the complexity of the matenal. Arsenic for disposal is 

precipitated as femc or calcium arsenate. The installed capital cost for a 100 tons per day 

pressure autoclave assuming a typicd oxidized flue dust containing 6% arsenic and less than 

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

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

Dust leaching under pressure with sulfûric acid and precipitation of arsenic as femc arsenate 

has also been investigated by Kennecott (Prater, et al., 198 1). 



AIkaline Dissolution 

Grossman, et al. (1 997) described a method for arsenic removal fiom 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 Na3As04 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 neutlalization 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 Na3As04 and then crystallized out. By adding iron (m) sulfates, 

the soluble arsenic constituents are precipitated. An iron arsenate residue suitable for disposal 

is obtained. 
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Figure 6.7. Process for recovering metal values fiom arsenic-containing dusts 

(after Grossman, et al., 1997). 



Sanchez, et al., (1995) also reported results for arsenic removal fkom Mexicana de Cobre 

smelter flue dust by alkaline leaching. However, the high concentrations and excessive 

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

Stabilizing Arsenic Trioxide Flue Dust by Using SMITE 

White and Toor (1996) proposed a process known as SMITE (Synthetic mineral 

immobiIization technology) for arsenic disposal as an apatite-type compound (known as 

svabite), which is a mineral currently recognjzed for incorporating arsenic at high 

concentrations, having the ideal stoichiometry Ca5(As04)iF. 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 fluonde are added in 

slight excess to accommodate fluctuations in dust composition. Slacked lime and calcium 

fluoride are slurried together with the &O3 (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 diEaction. During this reaction, a compound (containing water of 

crystallization) precipitages according to: 

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

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

1,000-1,l O0 OC: 

The final product approaches theoretical density (3.5 &m3) and contains = 22 % arsenic, 

which may be disposed of directly or used as aggregate to produce a SMITE concrete. The 

cernent acts as a secondary barrier to dissolution and can be used to pump the waste into 

landfills. 
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Fi,we 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 

mumire of 2 M nitric acid containing femc nitrate, and oxidized at 160°C to the pentavalent 

state precipitating femc arsenate known as scorodite: 

overall reaction 

Pentavalent arsenic then reacts with ~e~~ to precipitate scorodite: 



The resulting NO gas is reconverted to nitric acid in a conventional HN03 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 nitnc gas absorption plant. 

Wash water 

1 Air 

Figure 6.9. Schematic flowsheet for the processing of As203 to scorodite (FeAs04 - 2H20). 

( d e r  Van Weert and Droppert, 1994) 

Japanese Smelters 

Hydrometallugical processes have been imp lemented at the S aganoseki and Kosaka smelters 

in Japan to treat the dust generated in their copper srnelting operations. The Saganoseki plant 

was constructed in 1982 and has been operating satisfactorily to remove minor elements fkom 

copper srnelting (Figure 6.10). 500 t/month of converter dust can be treated in this dust 

treatment plant where arsenic is k e d  as arsenic sulfide, then polymenzed and stored in the 

smelter (Hino, et al., 1995). The hydrometallurgical plant at Kosaka smelter started its 

operation in 1975 (Mohn and Yamada, 1976). The basic step in the process (Figure 6.1 1) are 

leaching of the dust to recover Lead sulfate in the residue, copper recovery fiom the solution, 

ferric arsenate precipitation as the most stable form for arsenic disposal, cadmium recovery as 

sponge cadmium and hal ly zinc recovery as zinc hydroxide ~ o m  the solution. 
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Figure 6.10. Dust treatment plant at Saganoseki smelter ( d e r  Hino, et al., 1995) 
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Figure 6.11. Dust treatment plant at Kosaka smelter ( d e r  Minoura and Maeda, 1984) 



Kennecott ~drometallurgical Process 

The flowsheet of this process is shown in Figure 6.12 (Gabb, et al., 1995). The flash funiace 

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 fi. Thickener underflow is pumped to 

the acid leaching stage where a sufncient concentration of sulfunc 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 

typicd extractions of elements in water and in HzS04. A thickener is used for liquid/solid 

separation d e r  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) 



Table 6.4. Composition of flash furnace dust (wt%) 

Element Average Range 
Content 

Cu 26 15-3 0 

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

(Cumulative basis) 

Element Water leaching Acid leaching Residue 
% ~xtracted' % ~ x t r a c t e d ~  % Remaining 

Cu 66 8 26 

Cd 71 7 22 
Water leaching extraction at 3z0C for 15 minutes. 
' Acid Ieaching extraction at 80°C for 30 minutes at initial 150 g L  sulfunc 

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

Partial ne&alization of the acid solution with CaC03 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: 

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



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

smelter. 

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 fi.ee sulfunc acid and the plant can precipitate al1 the arsenic kom solutions at this full 

acid stren,gth. 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). 

M e r  the preceding stages, a fiee acid solution remains containing reduced iron and zinc 

tojether 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 femc oxide and femc arsenate. Finally, 

slurry at pH of 10 fkom iron precipitation stage is discharged to the tailings dam. 



Another process is also described by Godbehere, et al. (1995) to treat an arsenic-bea~g weak 

acid effluent and precipitator dust fkom 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, 198 1). 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 f?om a suLfarsenide ore. Leaching is carried out at 200°C, and under oxygen pressure of 

about 1200 P a  (Habashi, 1999). 
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Figure 6.1 3. Calera process for pressure leaching of arsenical ores (Habashi, 1 999) 



Alkaline Leaching 

Oxidation in presence of NaOH results in solubiliung both arsenic and sulfûr and sulfate 

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

Treatment is carried out at 115°C and 840 kPa oxygen pressure. Arsenic c m  be removed fÏom 

the leach solution by precipitation with lime to give calcium arsenate, or with HrS to give 

arsenic sulflde. When lime is used, sodium hydroxide is regenerated: 
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Figure 6.14. Leaching of arsenide ore with sodium hydroxide (Habashi, 1 999) 



6.5 From Arsenic-containing Solutions 

The removal of arsenic fiom process solutions and effluents has been practiced by the 

metallurgical industry for many years by the formation of metal menites and arsenates as it 

was shown in section 2.5, although other methods have been investigated and/or used (Hamis, 

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

Neutralization with lime to precipitate calcium arsenitehrsenate (Laguitton, 1976; Robins 

and Tozawa, 1982) followed by calcination to produce a stable product, Ca3(AsO&, 

(Nishimura and Tozawa, 1985). Variations of this process are cunently operating in 

Chilean copper smelters as mentioned in section 4.4.1. A flowsheet of this route is shown 

in Figure 6-15. 
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Figure 6.15. Two-stage lime precipitation (after Donnelly and Evans, 2000) 

NeutraIization and precipitation as arsenic sulnde, which is either M e r  processed or 

returned to the smelting process @onneUy and Evans, 2000). In Japan, at Saganoseki 

smelter, arsenic is precipitated as arsenic sulfide and then polymenzed by an autoclave and 

stored (Huio, 1995). 



Neutralization and precipitation as femc arsenite (Stefanakis and Kontopoulos, 1988) and 

amorphous femc 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-containhg effluent. However for the fixation of arsenic in 

arsenic-nch solution or flue dust, the application of this method wodd 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. 

Neutralization and precipitation as crystalline femc arsenate, known in the nature as 

scorodite, at high temperature (Dutrizac, et al., 1987; Krause and EtteI, 1989; Robins, 

1990; Dernopoulos 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 metai arsenates, e-g., of sa2+, cu2+ and pb2+, which are less soluble and 

more stable in the neutral pH region than the calcium or femc arsenates, but these have not 

been seriously considered as disposal foms (Nishimura, et al., 2000). The uisolubility of 

barium arsenate, Bq(AsO&, was the basis of a patent for arsenic removal, but this was 

shown to be incorrect (Robins, 198%). 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 mùnetite, Pb5(As04)3C1, under conditions of arnbient temperature and 

pressure, and found it to be one of the most insoIub1e arsenic compounds. 

Also, a number of other arsenic rernoval 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. 



Table 6.6. Several inetliods for arseiiic renioval from solutions 

Separation process Applicalion Sclected refcrcnces 
Adsorption - Arsenic (V) adsorption on ferric liydroxide - Gupta and Clicn, 1978; Pierce and Moore, 1982; Leckie, et al., 1985; 

~ o b i n s ,  et al., 1988 
- Adsorption of As(II1) onlo ferric Iiydroxide Nisliiniura and Robins, 2000 
- Alumiiium liydroxide and carbon - Nishirniira and Unietsu, 2000 

- Anderson, et al,, 1976; Huang and Fu, 1984; Eguez and Cho, 1987 
- Otlier adsorbents have been investigated Accnrdo, et al., 1995 
- Coprecipitation - Prost and Griffin; Madsen and Martin, 1983; Xuewen, et al., 1998 

- Liao, 1980; Castro and Mufioz, 2000; Taliija and Huang, 2000 
. . 

Electrolysis - Liberaior tanks for copper rcfinery soliitions - Dewalens, et al., 1975; Shibata, et al,, 1987; Toyabe, et al,, 1987; 
Baradel, et al,, 1986 

- Alkaline electrolysisl Productioii of arsenic metal - Kozmiii, et al., 1970; Takagi and Yabc, 1956; Menzies and Owen, 1966 
Ion excliange - Anion excliange iiivestigatcd and used for As(II1) - Nelson and Kraus, 1955; Danielsson, 1965; Kholnia~iskikh, 1971; 

and As(V) Egawa, et al., 1985; Nenov, et al., 1997 
Solvent extraction - Many laboratory investigations - Gavrichev, et al,, 1969; Tserekova, et al,, 1970; Totsuka, et al., 1986; 

Baradel, et al., 1986; Szilassy and Vaclasdi, 1990 
- Several plant processes - Takaliashi, et al., 1980; Royston and Hunter, 1983; De Scliepper, 1985; 

O'kaiie, 1985; Jiaoyong, et al., 1990; Rondas, et al,, 1995 
Membrane separations - Precipitate menibraries used in laboratory - Lefebvre and Robiris, 1985; Jian, 1998 
Precipitate flotatio~i - Effective for As(V) adsorbed on ferric hydroxide - Schliclicr and Gliosh, 1985 
Ion flotation - Anion flotation - Clarke arid Wilson, 1983; Matis, et al., 1997 
Biological processes - Algae and aquatic plants reported to remove As - Maeda, et al,, 1985; Solozlicnkiii, et al., 1999 

- Arsenic resistant organisms - Brown, et al,, 1983; Danlbies, et al., 1999 



S-Y OF ARSEMC TREATMENT PROCESSES 

7.1 Arsenic Recovery 

Arsenic trioxide, 99.9% As203, is the main commercial arsenic compound recovered, either by 

roasting or leaching fiom gold, copper and cobalt concentrates or copper smelter dusts (Table 

7.1 to 7.3): 

Roastkg 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%. 

Roasting of gold concentrate has been applied to recover arsenic trioxide, prïncipally in 

Canada. However, due to environmental reasons and to the collapse of the market of 

Asz03 resulted in the shut down of roaster operations and the application of a pressure 

oxidation process as at Carnbell Red Lake Mines Ltd. 

Roasting of cobalt arsenide concentrate is practiced at Omnium Nord m c a i n  (ONA) in 

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

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

operation. But, new industrial operations have not been reported in the literature. 



Production of arsenic trioxide and arsenic metal at Sumitorno Metal Mining Company in 

Japan have well performed for many years. However, these operations are not preferable 

nom 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 Leachïng 

Commodity Asc03 Asz03 Copper arsenate 
- - 

Production, tfy 12,500 4,500 S topped 
As, % 96-97.5 high purity 

Parameters 

Capaciq, tfy 1 10,000 
Minerals in the feed Cu3AsS4 

1&4S 13 

(CuFe) 12Sb4~ 13 

Cu3(Sb,As)S4 
As in the feed, % 8 .O-8.5 
S in the feed, % 3 2-3 6 

N.A. 
CoAsS 

- 
NA. 
N.A. 

Cu in the feed, % 23-25 - 17 
Reagent for oxidation Air, hel oil Air, fueI oil NaHS 

Consumption NA. 
Temperature, OC 550-750 

Reagent for precipitation - 
Consumption - 
Temperature, OC - 

NA. 
NA.  

- 
- 

NA. 
1 O7 

03 c u s o 4  
NA. 
150 

pressure, kPa - - 1,400 
Concentrate Calcined CaIcined Leached 

Production 
Cu, % 
As, % 
S. % 

hT.A, 
NA.  
N.A. 
N.A. 

N.A. 
20-22 
c 1.5 
NA. 

Reference Buckingham, et al., Private Communication from 1. Akalay to Edwards, 1985, 1991 
1999 F. Habashi dated 2000/2/11 

NA: Not avaitable 



Table 7.2 Arsenic recovery operations from gold concentrates 

Operation Cochenour Dickenson Campbell Giant Kerr Lancefield New 
Williams Red Lake YclIowknife Addison Wastern Consort 
Canada Canada Canada Canada Canada Australia South Africa 

Subject Roasting 

Commodity ho3 &-O3 AS203 As203 A-03 As203 As=O3 
Production, t/d N.A. N. A- 6 -3 N.A. N.A. N.A. 3-0 
Aç, % N A  N.k N.A. N.A. N. A- N.A. 94-97 
Extraction 
As, % 84 N.A. 8 1 89 N. A. N.A. 8 8 
S, % 93 N.A. 93 88 N.A. N.,4. 92 

Parameters 

Capacity, t/d 20 12-1 6 GO 130 N.A. 400 1 O0 
Stages 1 1 2 2 1 1 2 

Minerais in the feed FeAsS FeAsS FeAsS, FeS: FeAsS FeAsS FeAsS Fe AsS 
FeS2 FeS2 Stibinite FeS2 FeSl FcSl FeSz 

- Pyrrhotite Stibinite - Pyrrhotite Pyrrhotite 
As in the feed, % 6.3 8 7-9 7-9 1 1.4 2-3 
S in the feed. % 18.3 20-36 17-1 8 202 42 24 32-40 

- - -  - 

AU in the feed, N.A. 1 -2 O.GG 3.S2 0.45-0.6 1.73 4.8-7.4 
Reagent for oxidation Air Air Air Air Air Air Air - 

Consurnption. m3/hr N A  N . k  N. A. N. A. N. A. 14,000 6,000 
~ernpe i tu re ,  -OC 550-750 705-750 590-620 N.A. 3 70 630-650 640-790 

Calcine 
Production, t/d N.A. N.A. N.A. N.A. N.A. N. A. 72 
As, % 1.3 N. A. 1-0 1 .O N.A. N.A. 0.3-1 5 
S, % 1.6 N A  1.6 2-5 N.A. N-A. 0.4-0.8 

Reference Piret and Melin. Gagan, 1979 Frosnak and Piret and Gagan, Brown. et Penman, 1985; 
1989; Maycock, Haugmd, 1995 Melin, 1989 1979 al.. 1990 Ferrein, et ai.. 
et al., 1990 1989 

NA.: Not available 



Table 7.3 Present arsenic recovery operations from copper smelter dust 

Operation Sumitorno Metal Mining, Japan 

Sub ject Leac hing Leaching 
Commodity As203 Arsenic meta1 
Production, t/y 720 18 
As, % 99.9 99.9999 

Parameters 

Capacity, t /y 
Minerals in the feed 
As in the feed, % 
S in the feed, % 

NA. 
As2& 
NA. 
NA. 

NA. 
As203 
99.9 

17 PPm 
Cu in the feed, % NA. - 
Reagent for oxidation Air, CuS04 HCI - 

C o n s q t i o n  NA. hT.A. 
Temperature, OC 70 < 100 

Reagent for precipitation SOz gas (reduction) H I  gas (reduction) 
Consum~tion NA. NA. 
~em~e&ture ,  OC N.A. 800-850 

Concentrate CuS Residual &CI3 
Production 
Cq % 

N.A. 
N.A. 

NA- 
< 0.05 mg/L 

S, % NA, c 0.05 mg/L 
Reference Terayama, 1999 Toyabe, et al., 1988 

N A :  Not avriilabie 

7.2 Arsenic Disposa1 

Arsenic is removed fi-orn refi-actory gold concentrates or copper smelter dusts by leaching and 

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

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

its refiactory 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 

femc arsenate. Effluent contains < 0.3 m g L  of arsenic. 

Hydrometallurgkal processes have been implemented in several copper smelters to keat 

the dust generated in the process. The basic step is leaching of the dust with &S04 at 25- 

130°C to recover Cu, Zn or Pb fiom the solution, then precipitation of arsenic as ferric 



arsenate or arsenic -de for disposal. Ai., &O2, or Kh4kû4 are used for oxidation of  As 

0 to As (V) at room temperature. At Kennecott Copper Company in USA, arsenic is 

reduced to HAsOz using NaHSOa. In the precipitation stage, arsenic is precipitated with 

Table 7.4 Present arsenic disposa1 operations from goId concentrates 

Operation Campbell Red Lake Slo Bento Mineraciio 
Canada Brazil 

Sub'ect a 
Commodity Go Id GoId 

Production, o d y  250,000 60,000 
Extraction, % 

Direct -= 74 c 40 
Oxidized > 99 > 95 

Arsenic compound FeAsO, FeAsOI 
Extraction, % N.A. N.A. 
EffIuent, rnfl c 0.3 0.34 

Parameters 
Feed 

Capacity, t/d 
Mineralogy 

Au, fqt 
Fe, % 
As, % 
S, % 

55-60 
FeAsS 

- FeS2 
Pyrrhotite 

700 
FeAsS 
FeS2 

Pyrrhorite 

Cu, % * - 
Reagen t O2 O:! 
Consurnption, t/t conc- 0.5-0.6 N.A. 
Temperature, O C  195 190 
Pressure, kPa 3,100 1,600 

Precipitation 
Reagent Lime Lime, limestone 
~onkurn~tion.  th conc. 0.8 N. A. 

Reference Bolton and Weir, 1994 Bolton and Weir, 1994 
Froasn'ak and Haugrud. 1995 Da Silva, et al., 1989 

Berezowsky. et ai., 1988 



Table 7.5 Present arsenic disposai operations from copper smelter dust 

Operation Saganoseki Kosaka Kennecott El Teniente1 ~hu~uicarnata '  
Japan Japan USA Chile Chile 

Subject Leaching 
Commodity Lead sulfate; CuS; cernent Cu CuS CuS Solution to SX 

Production, t/y Zinc hydroxide 4,200; 900 N. A- 42 NA. 
2520; 1980 

Cu, % 1 -2; 9.9 50.4 N.A. 54.4 40-60 g/L 
As, % 2.5; 2 2  1;  4.9 N.A. 0.42 8- 14 @ 

Compound A%s3 FeAs04 As& FeAs04 FeAsOJ 
Extraction, % 61% 85 (leachïng) 87 99.65 95.1 
Effluent, 41% 0-001 g L  3-23 g/L 18.3% 7. G ppm 

Parameters 
Feed 
Capacity, t/d 
Mineralogy 

17 2,600 
BiAs04, FeAsO, N.A. 
CUSO~-H~O - 

N.A. 

ZnS0,-H20, 

Au, g/t PbS04 
Fe, % 23 (Pb) 12 N.A. 3.8 (totd) 11.1 
As, % 6 1.3 0.942 5.7 (total) 5.1 

S, % 13 (Zn) N.A. NA.  N.A. NA. 
Cu, % 5 11.3 15-30 22.4 273 

Reagent H2S04 H2S04 H2S04 H2S04 ~2SO.4 
Consumption. 40 !Zk 90 p/L 150 g/L 30 0.5-0-6 tlt conc. 
Temperature, OC Roorn 70-90 80 Room 40-1 30 

Precipitation 
Reagent Irz situ 

Oxidation KMnO, Air NaHS03 &oz 
Consurnption 175,7.5 kg/t d u t  (reduction) 12 um3 
Precipitation NaHS - NaHS Ferric sulfate Fe 
~ o n s u m  p tion, trt conc. 83 kg/ t dust - N.A. hr.A. - 

Referencc Tomita, et al., 1991 Mohn and Yamada, Gabb. et al., 1995 Vuskovic, 1996 Fanas, et al.. 1693 - - . - - - - - 

Hino, et al., 1595 1976; Minoura and Araya, 1999 
Maeda. 1984 

' Results January-June 1998 ( )' Dust processed in 1993 ' Dust fmm Outokumpu fi ash fimace 



CONCLUSIONS AND Rl3COMMENDATIONS 

CONCLUSIONS : 

Arsenic is a major toxic impurity in the rnetallurgical industry that is usually found in s a d e  

ores containhg 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. Al3 arsenic compounds are considerably toxic, 

especially the inorganic ones, and trivalent compounds are more toxic than pentavdent 

compounds. Due to the toxicity of arsenic and its compounds, environmental regulators have 

set very low permissible Ievels 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 s k b  and lung (via inhalation) carcinogens in 

humans. Occuptional exposure to inorganic arsenic, especially in mining and copper 

smelting, has quite consistently been associated with an increased nsk of cancer. A number of 

studies about arsenic poisoning of smelter workers have been reported in the literature. SulfÙr 

dioxide in the smelter environment dso seems to play a minor role, if any, in the development 

of lung cancer. 



Regarding the environmentd 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 Iiters 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 Mirarnar Mining Corporation, a Canadian 

Company. 

Arsenic also adversely affects the copper properties such as castability and rollability, 

electrical conductivity and workability, such as amealing temperature, hardness, tensile 

strength, and elongation to failure. 

The prionSr of smelters has been the reduction of  impurities emissions into the atmosphere. 

Su& dioxide has been used for suLfunc acid production and arsenic has been mainly 

recovered as arsenic trioxide, which is eliminated fkom the copper concentrates principally 

during the smelting stage b y volatilization and slagging. The differences of arsenic elimiriation 

processes (smeltingkonverting) can be explained by the variations in operating conditions at 

the various smelters, such as feed composition, smelting temperature? converthg 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 ~ 4 . ~ ~ 0 ~ -  M e r  

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 fiom copper, gold, or cobalt concentrates and fiom arsenic-containing copper 

smelter dusts or solutions. 

Arsenic trioxide, 99.9% &O3, is tile main commercid arsenic cornpouad recovered, either by 

roasting or leaching fkom 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- 



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 hi& degree of 

uncertainty. Tn 1998, U.S. Geologicd 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$68O/mt. The end-use of arsenic in the United States has been about 87% in wood 

preservatives, 5% in agricultural chemical, 3% in glas  manufacturing, 3% as rnetallic 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. Rowever, 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 hi& 

Eequency 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 hi&- 

purity arsenic, 99.9999% or greater have been produced. 

Roasting operations present an excellent opportunity for recovery of arsenic fiom 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, sulfunc acid production h m  S02 is 

not feasible because of its Iow concentration in the gas. Clean pyrometalIurgicaI processes 

with an efficient control of atmospheric emissions and efficient removal and disposal 

processes for the residues could help to solve the problem. 



Roastuig of copper concentrate at the El Indio mine in Chile results in a concentrate 

having c 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 appiied to recover arsenic trioxide, principally in 

Canada- However, due to environmental reasons and to the collapse of the market of 

As203 resulted in the shut down of roaster operations and the application of a pressure 

oxidation process as at Cambell Red Lake Mines. 

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

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

In hydrornetallurgical processes arsenic should be removed from the leaching solution, 

precipitated and recovered before final disposa1 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 

tnoxide and arsenic metal from copper smelter dusts at Sunitorno Metal Mining Company in 

Japan have well perfomed for many years. However, these operations are not preferable korn 

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 gmwn, 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 kom the arsenic-bearing 

residues and stabilized in the fonn of a solid compound prior to disposal. Arsenic chemistry is 

cornplex, involving a variety of oxidation states, anionic and cationic species. Arsenic occurs 

as both inorganic and organic compounds and there are al1 commonly found in arsenic wastes, 

often at the same time. Oxidizing agents such as oxygen, Fe (El), NaC103, MnOz, KQ07, 

Hz02 or HN03 can be used in hydrornetallurgical processes for oxidation of arsenic (III) to 

arsenic (v). 



Arsenic is precipitated by adding lime to the solution, which is relatively cheap, obtaining a 

calcium arsenitehrsenate compound. However, the stability of this compound has been 

quedoned because under the influence of atmosphenc COz, calcium arsenate decomposes to 

calcium carbonate and lib erates arsenic oxide in solution. Calcination of the hydroxy arsenate 

to produce a stable product, Ca3(AsQ&, are currently operating in Chilean copper smelters as 

mentioned in section 4.4.1. 

For a long-temi stability, the formation of more stable foms has been studied (Le., arsenates 

of Cu, Zn, Co, Ba, Hg, etc.), but at present the industry has adopted the femc arsenate method 

known as scorodite (FeAs04'2H20). It was found that the moIar Fe:As ratio has an effect on 

the solubility of precipitated arsenic-containing ferric hydroxides and that the presence of COz 

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 femc arsenate of Iower solubility (c 1 mg& in the pH 

range 3-7) at arnbient 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 Iead to the generation of a large volume of amorphous arsenic-bearing 

fe r r ihydro~ide /~~sum sludge. 

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

As at pH = 5.0) than amorphous f e c  arsenate and high temperatures favor its precipitation. 

Two alternatives have been proposed: 

At 150-225°C for sulfate safutions at pH-4, > 90% of arsenic precipitates using a Fe/As 

moIar ratio between 1:l to 9:l- However, the fonnation conditions in aIl these cases 

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

Atmospheric pressure at 95°C for sulfate solutions induced by the addition of scorodite 

seed, and a controlled addition of ~ e ' + .  Thus, = 90% of arsenic precipitates fiom solutions 

containing between 5 to 1 0 g/L A s o .  



The two sulfïdes h 2 S 3  and As& (conesponding to the minerais orpiment and redgar, 

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 ~ a ~ ~ ,  cu2' and ~ b >  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 appropnate stability for disposal over the range of pH 9-12.6. 

Mimetite, Pbs(As04)3CI, was found to be one of the most insoluble arsenic compounds. Also, 

a number of other arsenic removal techniques, e.3., ion exchange, solvent extraction, 

membrane separations, have been investigated andor actually are in use. 

As it was shown above, several investigations have been cmïed out to develop a process for 

disposal to arsenic. However, the complex composition of these makes it difficult to attâin 

economical feasibility, and very few processes have been applied on a large scale. h practice, 

arsenic has been rernoved fiom refiactory gold concentrates, cobalt concentrates or copper 

smelter dusts by Ieaching and then precipitated as arsenic suJiEde or femc arsenate prior to 

disposal: 

Hi&-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 Iiberating gold fiom its refkactory 

ores. Arsenic forms femc arsenate and the effluent contains < 0.3 mg/L of arsenic. This 

process is used at Placer Dome Canada's Campbell GoId Mine; Homestake's 

MacLaughlïn plant, California; Sao Bento Mineraçao, Brazil; the O h p i a s  Muze in 

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

Hydrometallurgical processes in several copper smelters treat the dust generated in the 

process by Ieaching of the dust with H2S04 at 25-130°C to recover Cu, Zn or Pb fiom the 

solution, then precipitation of arsenic as femc arsenate or arsenic sulfide for disposal. Air, 

H20z, or KMn04 are used for oxidation of As (m) to As (V) at room temperature. At 



Kennecott Copper Company in USA, arsenic is reduced to HAs02 using -O3 then 

precipitated with NaHS or FeS04. 

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

ores or concentrates: 

o Acid leaching at 200°C and 1200 kPa oxygen pressure, b o w n  as the Calera process 

has been applïed for the recovery of cobalt fkom a sulfarsenicle ore. While arsenic is 

precipitated as femc arsenate. 

n Oxidation in presence of NaOH results in solubilizing bot31 arsenic and sulfur, while 

the metd values rem& undissolved. Treatrnent is carried out at 115°C and 840 kPa 

oxygen pressure. Arsenic can be removed fiom the leach solution by precipitation with 

lime to give calcium arsenate, or with H2S to give arsenic srnifide. 

The Chilean rnining industry is associated with several environmentai problems: air pollution 

due to SOz, particulate matter, and arsenic emissions, water polluition due to liquid effluents 

containing particulate matter, dissolved metals and acids, soi1 contamination and nsk posed by  

abandoned miriing sites and tailing dams. The copper smelters are the main source of SOz, 

arsenic and particulate matter emissions. There have been redluctions in these amounts 

released into the atmosphere in recent years, but the probleln remains serious. The 

Govemment of Chile has promulgated the following laws: 

Decree Law 185 to regdate îhe smelter operations that emit t o  the atmosphere quantities 

higher or equal to 3 t/d of sulfùr dioxide, or 1 tld of particulate matter. It makes it 

mandatory to present decontamination plans, determineci demands on information 

reporting and, in some smeIters, it forces management to report plans for controlhg high 

S 0 2  concentration episodes. 

Decree Law 165 regulates arsenic emitted to the atmosphere h m  copper smelters. 



A decontamination plan has been implemented on smelters for reducing emissions of S 0 2 ,  

particulate matter and arsenic. The project under development will incorporate gas 

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

Four sulfunc acid plants began to operate in Chuquicamata smelter fÎom 1985 to 

1998, with a total capacity around 5,600 t/d, which have allowed capturing 

around 87% of the s u k  and 90% of the arsenic. 

o At Caletones smelter, a suIfûric acid plant with a capacity of 1,500 t/d has been 

operating since August 1998, h a h g  the capability to capture 37% of the sulfur 

and 50% of the arsenic. 

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

at the end of 1999. 

o AU the smelters have effluents treatment plants for the arsenic disposa1 either as 

femc arsenate or calcium menateksenite. 

O El Teniente and Chuquicamata smelters have arsenic-containing dusts treatrnent 

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

o There is arsenic trioxide production as a b y-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: 



New technology available: the size, capital cost and operating life of the arsenic treatment 

plant. 

The relative cost of reagents such as lime or femc suMate as well as other operating cost. 

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

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

Such an economic study was impossible to carry out in this thesis because of the secrecy 

that characterizes the metaUurgica1 industry around the world regarding costs. Although 

many contacts and demands were made by the author, very few cost figures were provided 

fkom the metallurgical industry. 

It is interesting to note that there has not been signîfÏcant and innovative improvements in the 

methods for removing arsenic from process and effients 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 c m  be 

appreciably reduced. 

Also, another important problem facing copper smelters today is the generation of S 0 2  

emissions containing variable concentrations of arsenic trioxide. Although most smelters have 

been successful in preventing environmental pollution b y developing various pollution control 

technologies, yet the problem rernahs serious. It is, therefore, necessary to M e r  reduce the 

quantity of S 0 2  discharged and new uses of sulfur must be developed because demand for 

sulfunc 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 

regdations that limit the arsenic emitted fiom smelters. Therefore, a good laiowledge of 



arsenic trioxide and arsenic metal production economics should be a guide for investing in the 

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



Accard O, S., Sweene: 
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