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ABSTRACT

The chemicals mineral, morphological and electronic properties 

of the particulate emissions from a copper reverberator/ furnace and 

from a group of copper converters were determined. Mechanisms of forma

tion of the various particle types were postulated from this data. 

Relationships between the particle properties and their collectability  

by single stage electrostatic precipitation were also determined.

Most of the reverberator/ furnace particulate emissions are be

lieved to have been formed by condensation of compounds of the volatile  

heavy metals in varying amounts onto solid or liquid particles which 

were torn from the slag. . A large portion of the converter particles 

were believed to have been formed by the same mechanism, although these 

particles contained a much larger amount of condensed material relative  

to the size of the particle onto which the heavy metal compounds con

dense .

Most o f the larger converter particulate emissions were believed 

to be formed by entrainment of slag, matte or molten metal. Large 

hollow spheres of copper, copper sulphide, magnetite or s ilica are pre

sumed to have formed as a result of entrainment in SO2  bubbling through 

the converter bath.

Electrical res is tiv ity  was found to be the most important char

acteristic governing ESP collectability . Particles composed chiefly of 

low res is tiv ity  compounds, such as magnetite, were found to have nil 

collectability  except in the very large sizes where the mechanism of

x iv
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their collection was presumed to be more aerodynamic than electrostatic. 

Particles composed of highly resistive compounds, such as quartz, were 

collected well in all size fractions, with very l i t t l e  of such compounds 

being found in the outlet samples from the ESPs. In the case; of rever- 

beratory furnace particulate emissions, and a portion of the converter 

particulate emissions, excessive concentrations of zinc in the very fine 

(-3 ym) fractions, as the sulphate, caused a decrease in collection 

efficiency for particles in this size range.



1. INTRODUCTION

Copper smelter particulate emissions have been a source of con

cern for smelter owners and operators, environmentalists and governmental 

regulators for many years. The cost of collection of such emissions now 

constitutes a substantial portion of the capital and operating expenses 

of a copper smelter, yet particulate collection and treatment systems 

have been designed with l i t t l e  regard to the physicochemical nature of 

the particles being treated. In addition, l i t t l e  thought has been given 

to the possibility of control of particulate emissions at their source 

through knowledge of particulate formation mechanisms. I t  was the pur

pose of this investigation to study the effect of the physicochemical 

properties of copper smelter particulate emissions on their collection 

by an electrostatic precipitator (ESP) and to postulate formation 

mechanisms for the various types of particles.



2. REVIEW OF THE LITERATURE AND THEORY

This chapter w ill provide the theoretical basis for discerning 

generation mechanisms, particle characteristics and ESP collectability  

of particulate emissions.

. 2.1 Particulate Generation Mechanisms

For purposes of investigation, particulate emissions are often 

classified according to size, as follows (Pehlke, ed., 1975; Ellis and 

Glover, 1971):

Particle Mean Diameter (urn) Classification

less than 5 fume

5 to 75 smoke

greater than 75 g r it  or shot

The mechanisms of particulate generation, particularly fume formation, 

have been extensively investigated with regard to steelmaking. Many of 

the mechanisms should also be applicable to particulate generation in 

copper smelters.

Fume formation is usually restricted to instances in which a 

phase is exposed to a temperature well in excess of i ts  melting point 

and/or a reactive atmosphere. On the other hand, the source of larger 

particles can involve all of the phases found in the reverberatory 

furnace or converter. Slag, charge or matte may contribute to the pro

duction of large particles in the reverberatory furnace o ff  gas streams.



In the converter, the source of large particles may be slag, matte, 

white metal (the non-slag product of the f irs t  blow), or the copper 

product. I t  should be noted that components of the refractories used 

in either process may enter the o ff  gas indirectly by dissolution in 

the slag.

2.1.1 Direct Evaporation

As a reacting gas comes in contact with a molten bath, tempera

tures well in excess of the melting temperatures of the components in 

the bath can be generated by reaction of the gas with one or more com

ponents of the bath. In steel making processes, this extreme temperature 

results from the reaction of oxygen with iron, carbon and silicon in the 

pig-iron bath. Several investigators (Kosmider, Neuhaus and Kratzen- 

steinj 1954; Naeser, Pepperhoff and Riedel, 1955; Rodicq and Maillot, 

1955; Von Bogdandy and Pantke, 1958; Urbain, 1962) have measured or cal

culated "hot spot" temperatures of from 1740 to 2200°C (3160 to 4000°F) 

for various types of oxygen steel making furnaces. These are extreme 

temperatures relative to the melting point of pure iron at 15350C 

(2800oF) (Weast, ed., 1977) and the bulk bath temperature of about 

1600°C (2910°F).

The CO gas bubble which forms from the carbon-oxygen reaction 

will contain iron at a vapor pressure corresponding to the extreme tem

perature of the "hot spot". As the bubble moves rapidly away from the 

"hot spot", i t  is cooled to the median bath temperature of about 1600°C 

(2910°F). The CO bubble becomes supersaturated with iron vapor due to 

the rapid drop in temperature. The supersaturation results in



homogeneous nucleation of iron droplets inside the bubble (Volmer, 1925; 

Kaischen and Stranski, 1934; Becker and Boring, 1935; Knacke, 1951; Von 

Bogdandy, 1965; Frurip and Bauer, 1977). I f  this bubble reaches the 

melt surface i t  may burst, ejecting the fine iron droplets, i . e . ,  fume, 

into the gases above the melt.

Adiabatic flame temperature calculations were performed for the 

second blow of copper converting, based on the reaction CugS + Og = 2Cu 

+ SOg (see Appendix I ) .  The calculations yielded a theoretical maximum 

temperature of 1700°C (3100°F) at the "hot spot". This is far in ex

cess of the melting point of pure copper, 1083°C (1981°F), indicating 

that the direct evaporation-homogeneous nucleation mechanism described 

above may very well operate in a conventional copper converter, result

ing in fume formation via the vaporization-condensation route.

According to Kellogg (1966), there are many elements and com

pounds present in the charge to a converter or reverberatory furnace 

that form species which have significant vapor pressures at the median 

operating temperatures of either vessel, about 1300°C (2370°F). These 

species can also form fume particles by nucleation from the vapor state.

2.1.2 Bubble Bursting

In modern steel making processes, bubbles of CO are formed during 

the oxygen blowing o f pig iron. These bubbles rise to the melt surface 

whereupon they burst (Morris, Riott and 111ig, 1966). In the process, 

they fling metal from the surface, forming fine droplets (fume) or large 

drops. The large drops may subsequently explode into fume (Ellis and 

Glover, 1971)^ Large drops.which do not explode w ill form particles in



the smoke or g r it  (shot) size range. Remnants of metal droplets, which 

remained such after entering the gas phase, have been found in Basic 

Oxygen Furnace off-gases (Meyer, et. a l . ,  196.8),. demonstrating that the 

bubble bursting mechanism does operate in industrial scale steelmaking 

processes.

Bubbles of SOg are generated during either blow of copper con

verting. These bubbles rise to the melt surface through either matte, 

slag or metallic copper. Fume size or larger droplets of any of the 

three phases may be ejected into the off-gases by the SOg bubbles.

2.1.3 Convection-enhanced Vaporization

This phenomenon was f irs t  observed during vapor pressure measure

ments on iron, when i t  was observed that the measured vapor pressure 

depended on the rate of gas flow over the test melt (Turkdogan and 

Leake, 1960). Convection-enhanced vaporization arises as follows . 

(Turkdogen, Grieveson and Darken, 1963; Rosner, 1972): Metal is vapor

ized from the surface of a molten bath. The metal vapor diffuses 

through the aerodynamic boundary layer over the bath and into the bulk 

gas phase. The vapor in the bulk gas phase is removed by convection.

The removal of the vapor formerly in the bulk gas phase creates a steep 

vapor concentration gradient between the melt surface and the bulk gas 

phase. This concentration gradient provides the driving force for fur

ther diffusion of metal vapor from the surface, across the aerodynamic 

boundary layer, and into the bulk gas phase. Metal vapor which is swept 

away by the motion of the gases may condense into fume as the tempera

ture decreases away from the bath surface.
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This mechanism of fume formation may operate during the second 

blow of copper converting. During this blow, molten copper is exposed 

to a highly turbulent condition which could supply the convection neces

sary for this mechanism to operate.

2.1.4 Oxidation-enhanced (Reactive) Vaporization

The phenomenon of oxidation-enhanced (reactive) vaporization was 

f i rs t  investigated by Turkdogan (1963) and has: received much further at

tention. (Morris, et a ! .,  1966; Distin and Whiteway, 1970; Ellis  and 

Glover, 1971; Rosner, 1972; Kor and Turkdogan, 1975). Oxidation-enhanced 

vaporization, as related to steel making, is a process involving a 

counterflux of oxygen (or COg) molecules and iron atoms through the 

aerodynamic boundary layer over a molten metal bath. The driving force 

for this counterflux is the formation of an FeO "fog" (very fine drop

lets) at a point within the aerodynamic boundary layer where the counter

fluxes are stoichiometrically compatible. Vaporization enhancement 

arises as.a result of the steep concentration gradient of iron vapor 

between the melt surface and the FeO "fog". The "fog" can be swept 

away by flowing gases and condense into fume particles.

Oxidation-enhanced vaporization has been demonstrated for 

copper on a laboratory scale (Turkdogen, 1963). In a copper converter, 

vaporization enhancement, and hence fume formation, may take place by 

oxidation, sulphidation or sulphation, depending on the ratio of SO2  to 

Og in the region Of vaporization.
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2.1.5 Entrainment

Due to the high gas velocities used in the blowing of converters, 

and the high combustion gas velocity encountered in the reverberator/ 

furnace, large amounts of material may be entrained from the bath sur

face in either process by the physical action o f the flowing gases.

This mechanism may generate a large portion of the particles in the 

smoke or g rit  (shot) size range.

2.2 Thermodynamics of Copper Smelting 

There are three thermodynamic systems which are of particular 

interest in this study. These are gas-particle equilibria, phase rela

tionships in individual particles and vaporization equilibria.

2.2,1 Gas-particle Equilibria

Gas-solid equilibria as applied to copper smelting are summarized 

by predominance area (Kellogg) diagrams, an example of which is shown in 

Figure 1 for copper. These diagrams are plots of oxygen partial 

pressure (p0 ) against sulphur dioxide partial pressure (pSQ ), both on 

a logarithmic scale, at a fixed temperature. The diagrams are divided 

into phase fie lds, regions of s tab ility  of a particular compound, which 

are calculated from free energy data. The number, shape, size and posi

tion of the fields vary, depending upon which metal is in the system and 

on the temperature for which the diagram was constructed. Kellogg dia

grams can provide the equilibrium phase of a metal-based particle 

exposed to known conditions of Pq , p<.Q and temperature.

Kellogg diagrams are apt to give correct phase predictions for 

very small particles, which are like ly  to reach equilibrium with the gas
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Phase throughout their volume. The diagrams can also be used to predict

the surface composition of large particles. They will be used in this

study as an aid in discerning particle formation mechanisms.

Kellogg diagrams were, constructed for the major metals known to 

be present in the system: copper, iron, zinc and lead. They were con

structed for the predicted range in temperature to which the emitted 

particulates would be exposed: from 1300QC (2400°F) at the converter

mouth or the reverberatory furnace stack entrance, to about 200°C (400°F) 

at the entrance to the ESPs. The diagrams for this work were based 

on data taken from several well-known sources (Gaskell, 1975; Rosen- 

qvist, 1974;. Stull and Prophet, eds.,  1971; Kubaschewski, 1967; Wicks 

and Block, 1963). The diagrams are presented in Figures 1.-16.

2.2.2 Phase Relationships in Individual Particles

The particulate emissions from the two copper smelting, processes 

could be of three types: entrained portions of the matte, entrained por

tions of the slag, and fume particles. The phase relationships in 

entrained matte particles are for the most part those of the system

Cu-Fe-S. The relationships in this system can be conveniently described

by the binary and ternary phase diagrams listed in Table 1. These will 

be-referred, to as necessary i.-n'later sections.

Entrained slag particles would consist of oxides of all of the 

elements charged as slag or flux, plus refractory elements, plus copper, 

some of which is inevitably dissolved from the matte. Thus for rever

beratory furnace emissions, particles would be of the system A^O^-CaO- 

CugO-SiOg-FegO -̂CrgOg-MgO. A^Og and CaO are added as fluxes during 

charging, SiOg and FegÔ  are added as recycled converter slag, and Cr̂ Og
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Table 1. References to matte particle phase diagrams

Bi nary

Fe-S 

Cu-S

Cu2 S-Fe1. xS

Ternary

Cu-Fe-S E llio t (1 975 ), f ig . 19

or

Nagamori and Mackey (1978), fig . 3

PDC*, p. 517, f ig . 1880 

E llio t (1975), f ig . 7 

Toguri, et al . (1964), f ig . 2

* Phase Diagrams for Ceramists (Levin, Robbins and McMurdie, 1964)



and MgO would arise from dissolution of the chrome-magnesite refractory 

brick in the slag. The CUgO, although hopefully present as a small over

all concentration in the slag, could be of a high concentration in an 

individual particle and is thus considered part of the "system" under 

consideration. This system can be interpreted with the aid of pertinent 

binary and ternary phase diagrams. Those that were available are listed  

in Table 2, to be referred to as needed in later sections.

Description of phase relationships in fume particles would 

d iffe r , depending upon the nature of the fume particle formation mechan

ism. For homogeneously nucleated fume particles, phase relationships 

among the phases that condensed need be considered. For heterogeneously 

nucleated fume particles, additional consideration must be given to the 

phase relationships between the material which condensed and the nucleus 

material. Phase diagrams applicable to these systems were few in number. 

Useful diagrams which were found are listed in Table 3, to be referred to 

as needed in later sections.

2.2.3 Vaporization Thermodynamics

Any element or compound found in copper smelting melts, which 

possess a high vapor pressure under smelting conditions, would contrib

ute to the particulate emissions from the process. Vapor pressures of 

many elements and compounds found in copper smelters were calculated 

based on the free energy of vaporization reactions, for both direct 

vaporization and dissociation of liquid compounds. These calculations 

indicate that several of the elements and compounds found in reverbera- 

tory furnace or converter melts do have significant vapor pressures, on
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Binary

Ternary

Quaternary

Quinary

CUgO-SiOg

CaO-C^Og

FegO^-MgO

CaO-MgO

CaO-AlgOg

CaO-SiOg

MgO-Al 203;

MgO-CrgOg

A12 ° 3 ’ Cr2°3  

AlgOg-SiOg

C r2^3"S i^2

Fe304™Cr2 °3 " S102 . 

FegO -̂MgO-SiOg

CaQ-MgO-Al gQg

CaO-MgO-Cr^Og

CaO-MgO-SiOg

CaO-AlgOg-CrgOg

CaO-CrgOg-SiOg

CaO-MgO-AlgOg-SiOg

CaO-MgQ-Al gOg-Ct' g^g-Si Og

PDC*, p. 8 6 , f ig . 164

" p. 48, f ig . 39

p. 56, f ig . 69 

p. 102, f ig . 229 

p. 102, f ig . 231 

p. 104, f ig . 237 

p. 110, f ig . 259 

p. I l l , f ig . 262 

" p. 1 2 1 , f ig . 309

p. 122, f ig . 313 

p. 130, f ig . 332 

" p. 259, f ig . 760

p. 78, f ig . 139 

p. 209, f ig . 596 

p. 209, f ig . 597 

" p. 210, f ig . 598

p. 218, f ig . 626 

p. 227, f ig . 653 

p. 291 , f ig . 882 

p. 316, figs. 987, 989

* Phase Diagrams for Ceramists (Levin, Robbins and McMurdie, 1964)
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Table 3. References to fume particle phase diagrams

For homogeneous nucleation

As2 03  PDC*, p. 83, f ig . 149

Cu-0 E llio t  (1975), f ig . 5

Pb-0 White & Roy (1964), fig . 7

Pb-PbO PDC, p. 40, f ig . 17

PbO-PbSÔ  Jacob and Toguri (1978)

CUgO-PbO PDC, p. 8 6 , f ig . 163

For heterogeneous nucleation onto slag

Cu2 0-Si0 2  PDC, p. 8 6 , f ig . 164

Pb0-Si02  " p. 116, f ig . 284

Zn0-Si02  " p. 120, f ig . 302

Pb0-Al2 03  " p. 115, f ig . 280

ZnO-Al2 03  " p. 119, f ig . 294

* Phase Diagrams for Ceramists (Levin, Robbins and McMurdie, T964)
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the order of several mm Hg, under smelting conditions. The calculated 

vapor pressures for the high vapor pressure elements and compounds are 

given in Table 4.

Many of the species listed in Table 4 are l ike ly  to polymerize 

to some extent in the vapor state. Thus PbO would be partia lly  polymer

ized to (PbO) , where n may be from 2 to 6  (Kellogg, 1966). PbS in the n,

vapor state will partia lly  polymerize to PbgSg (Kellogg, 1966). Elemen

tal arsenic in the vapor state will be predominantly in the form of the , 

polymer, As4 , with the species As^, ASg and As having almost negligible 

vapor pressures (Hultgren, et a l . ,  1973). The vapor pressures of 

relevant polymeric species are given in Table 5 . They were calculated' 

using free energy data (Kellogg, 1966), or obtained from the literature

in the case of As„ (Hultgren, et a l . ,  1973). 
n

The vapor pressures of other well-known vapor species (Porter, 

1967) were calculated from free energy data or obtained from the l i te r a 

ture and were found to be negligible under smelting conditions. These 

species were: Gu and Fe (Hultgren, et al.., 1973), A10 and AlgO (Gleiser,

1961), (FeOjg (S vo bo da and Geiger, 1969), SiO (Gleiser, 1961) and Zn 

over ZnO (Kellogg, 1966).

The vaporization of SiO and subsequent oxidation to SiOgfS) is 

an important particle formation mechanism in ferrosilicon furnaces; thus 

the possible vaporization of this species was further investigated. I t  

was considered that a bubble of product gas could rise through the slag 

in the converter, thus exposing the slag to an atmosphere much more re

ducing than the reactant gas. The product gas would be formed according 

to the reactions
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Table 4. Vaporization behavior of important species at copper smelting 
temperatures

Species Vapor Pressure, mm 
. 1100oC 1200°C

Hg
1300*0

Reference

As (sublimes at 613°C) Weast, edi, 1976

As2°3 (sublimes at 193°C) II

Pb 4.6 1.4x101 3.6X101
II

PbO 1.2 4.7 1.6X101 Kellogg, 1966

PbS S.SxlO1 1..9xT02 7 . 6 x1 0 2
II

Zn (boils at 907°C) Weast, ed., T976

Zn over 
Ps2= o . i o

ZnS 9.6x10“' S.SxlO- 1 5.7 Kellogg, 1966 .

Table 5 . Polymerization behavior of vapor species

Compound Vapor Pressure, mm 
n 00°C 1200°C

Hg
1300*0

Reference

PbO 1.1 4.5 15.2 Kellogg, 1966

Pb2o2 0.9 3.2 9.0

Pb3°3 4 . 3 x1 0 "̂ 0 . 6 1 . 6

Pb4°4 0.4 0.7 1.1

Pb5°5 7.3x10~ 3 1.4xl0 “ 2 2.5xl0 “ 2
ll

Pb6 ° 6
1  . 2 x l 0 " 2 1 . 8 x1 0 “ 2 2.3x1 O' 2

II

PbS 53.9 187 760

Pb2 S 2
13.3 45.6 760

As negligible Hul tgren, et a l . ,  1973

As 4 760 760 760 II
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CUgS + 02  = 2Cu + S02

FeS + Og = Fe + SOg

The two reactions will result in a final Pg of 10~5 -10 ~ 6  atm. which, in 

turn, gives a predicted p^.g of only 10"^°-10 " 1 1  atm. I t  is therefore 

concluded that conditions in the converter cannot be reducing enough to 

promote formation of Si0(g) vapor and subsequent Si02 (s) fume.

2.3 Measurement of Particle (Powder) Resistivity 

The bulk of the literature pertaining to measurement of particle  

(powder) resistiv ity  deals with four major particle groups. These are 

battery materials, semiconductor (SC) materials, powder metallurgy (PM) 

materials, and coal f ly  ash.

Measurement of coal f ly  ash res is tiv ity  has been done in the 

stack (Nevens, Culbertson and Tassick.er, 1977), and in the laboratory on 

a much smaller scale (Nichols, Spencer and Harris, 1975; Nichols and 

Sparks, T976). The resistiv ity  measured in either case was a particle 

layer res is tiv ity , measured while the particles were subjected to l i t t l e  

or no compaction. Resistivity thus measured is related to individual 

particle res is t iv it ies , and hence to particle composition, in a manner 

which is d if f ic u lt  to establish. The present work requires relation of 

particle composition to res is tiv ity ; thus uncompacted resistiv ity  

measurement techniques are not suited for this study and will not be 

discussed further.

Resistivities of PM materials are usually measured on a com

pacted and sintered disc. Resistivity measurements have been developed
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into a tool for characterization of PM processes; thus reports of such 

measurements are numerous (Goldin and Juretschke, 1958; Litvinenko,

1966; Aksenov and Zabharov, 1970; Ministr and Cvrcek, 1972; Meyer, 1972; 

Ramert, 1973; Besterci, 1974; Martynova, Skorokhod and Solinin, 1975; 

Zorin and Kotosonov,:.1977; Weissler, 1978).

The res is tiv ity  of compacted and sintered metal particles is 

usually dependent for the most part on pore volume, although some effect 

of in ter-parti cle contact resistance is always present (Goldin and Jur

etschke, 1958). The dependence of compact res is tiv ity  on pore volume 

has been investigated extensively, with various investigators reporting 

similar mathematical expressions of this relationship. The expressions 

all ignore any contact resistance contribution to res is t iv ity , but are 

l ike ly  to give good results for pore volumes of 0 . 2  or less, when con

tact resistance becomes negligible.

Goldin and Juretschke (1958) used the expression

pe ff  = p0o + p/2 ) (i - p) " 1 ( i )

for spherical pores and

Pe f f  = P0 ( l  + P/3)(1 - P) - 1  (1 - P/3 ) ' 1  . (2)

for cylindrical pores in relating compact resistiv ity  to pore volume for 

sintered copper compacts. In the expressions, p0  = res is tiv ity  of fu lly  

dense material (ohm-cm), pg^  = res is tiv ity  of porous material (ohm-cm), 

and P = porosi ty (a fraction of one). Litvinenko (1966) obtained the 

empirical expression
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: 6 f f  = - 0 f  -  1 . 5 P ) " 1 ( 3 )

from his data, also measured on sintered copper compacts. This expres

sion is similar in form to both ( i )  and ( 2 ); ( 3 ) agrees with ( 2 ) to 

within less than 1% at P = 0.1, and the two expressions agree exactly 

at P = 0 . 2 .

Meyer (1972) gives an equation, derived from the Maxwell theory, 

which i s :

Pe f f  = P0 (l - 0.5P)(1 - P) " 1  (4)

and which was validated for the data measured on sintered nickel compacts. 

This expression gives values of Pe^  in good agreement with the expres

sions used by Goldin and Juretschke (1958) and Litvinenko (1966) for 

values of P from 0 to 0.2. In contrast to the two earlier investigators, 

Meyer (1972) noted a. particle size dependence of res is tiv ity , but this 

only became critica l at high porosities (P > 0 .3 ).

The most recent statement on the question of res istiv ity  of 

porous compacts, and purportedly the most general mathematical expres

sion of the porosity-resistivity relationship, was put forth by Zorin 

and Kotosonov (1977). They calculated, from basic principles, that

pe ff  * po ( 1  " ?!' n (5)

where n is a constant which increases with increased irregularity of 

pore shape, and n = 3/2 for spherical pores and 5/3 for cylindrical

pores. This expression agrees in form and in value with the expressions

of the f irs t  three investigators. A comparison of the values for p f f / pSTT o
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obtained from the various expressions at different porosities is given

in Table 6 .

Table 6 . The effect of porosity on the res is tiv ity  of a sintered metal 
powder compact as determined by the expressions used by var
ious investigators

Porosity ' ( 1 ) 
1

( 2 )
Equation 

(3) (4) (5)
n=3/2

P = 0.05 1.079 1  .088 1.081 1.079 . 1.089 1.080

0 . 1 0 1.167 1 . 1 8 8 1.176 1  .167 1 .192 1.171

0.15 ' . 1  .265 1.300 1 .290 1 .265 1.311 1.276

0 . 2 0 1 1 .438 1 .429 1.429 1.375 1.450 1 .398

I t  is evident from Table 6  that any of the correlations given by Equa

tions ( 1  ) - ( 5 ) could be used to calculate the full-density (bulk) resis

t iv i ty  of a compacted powder i f  the pore volume of the sample were known 

or could be measured.

In the treatment of non-metal l ie  particles, the effects of con

tact resistance will be dominant over the effects of porosity on the 

measured res is tiv ity . Very high compacting pressures could yield a 

simultaneous condition of low contact resistance and low porosity, the 

very circumstances under which Equations (1 )-(5 ) would be applicable.

The a b ility  to apply any one of these equations thus depends upon the 

design and construction of a device capable of measuring the resistiv ity  

of particulate material , while the material is subjected to very high 

pressures.
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Resistivity measurements on smelter particulate material must 

be conducted without sintering. Individual compounds in the particulate 

samples could undergo phase changes upon heating which would a lte r  their  

res is tiv ity . In addition, there exists the possibility of reactions 

between the various compounds in the samples, which would be promoted 

by any elevation of temperature.

Resistivity measurement techniques used for battery materials 

and semiconducting powders would lend themselves well to resistiv ity  

measurements on smelter particulate materials. The devices used for 

these techniques are generally capable of the high compacting pressures 

required to minimize inter-partic le  contact resistance and pore volume 

(Euler, 1978; Lidorenko, et a l . ,  1970; Snowden and Saltisburg, I960). 

Heating of the compacted powder is optional in most cases. The resis

t iv i ty  cells are usually designed such that the: electrical contact to 

the sample is pressed against the sample by the overall compacting 

pressure. This aids in minimizing the contact resistance between the 

metallic electrical contact and the semiconducting or insulating sample.

A few of the more common cell designs were excerpted from the excellent 

review artic le  by Euler (1978) and are shown in Figure 17.

The devices pictured in Figure 17 all allow simultaneous measure

ment of pressure and res is tiv ity . This is a distinct advantage over 

constant load techniques, such as that used by Sato, Nishimura and Yoshi- 

zawa (1973), as the pressure-resistivity behavior of powders can give an 

indication of their internal structure (Euler, 1978). A log-log plot of 

resistiv ity  against compacting pressure will often appear as the schem

atic in Figure 18. The linear portion of such a plot, according to
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Fig. 17. Schematic illustrations of some devices conventionally used 
for powder resistiv ity  measurements.
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The hypothetical relationship between the resistiv ity  of a 
powder compact and the compacting pressure.

The slope of this logpvs. logP plot gives the structure- 
sensitive pressure exponent, y. (Euler, 1978)
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Euler (1978), is then described by the relation

p = kp"Y ( 6 )

where p is the compacting pressure, and k and y  are constants. The 

constant y  is often referred to as the pressure exponent. I t  is the 

value of the pressure exponent which can provide structural information 

about the particles whose res is tiv ity  is being measured. Euler (1978) 

l is ts  several possibilities. For spherical single phase particles, 

y  = 2 / 3 .  Particles coated with a phase of res istiv ity  different from 

the interior would give exponents between - 1 / 3  and 5 / 3 ,  depending upon 

the relative resistiv ities and strengths of the bulk and surface mater

ia l .  Pressure exponents as high as 8  have been observed for conducting 

particles with th in , b r itt le  surface coatings of highly resistive 

material.

Nanba (1978)- used a van der Pauw technique with a four point 

probe (van der Pauw, 1958) for constant pressure res is tiv ity  measurements 

on heated powder compacts. The four probes were mounted directly in 

a pressed powder compact, so that resistiv ity  measurements performed 

at varying pressures should not prove d if f ic u lt .  A sketch of the appa

ratus used by Nanba (1978) is given in Figure 19.  For resistiv ity  

measurement, a current I^g is passed between probes A and B, as shown in 

Figure 19. A voltage Vgg is induced across probes C and D by the passage 

of IAg. The ratio of VCD to is proportional to the resistivity, of 

the sample. This measurement technique has an advantage over the more 

conventional techniques, as illustrated in Figure 17 ,  in that the method 

of measurement tends to correct for uneven pressure distributions within
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Fig. 19. The device used by Nanba (1978) to prepare compacts for resis
t iv i ty  measurements on powders.

a) mold; b) a fabricated compact with embedded probes.

1) stripper die; 2) Pt wire; 3) upper punch; 4) junction 
point; 5) Pt-13%Rh wire; 6 ) die body; 7) eyelet; 8 ) powder;
9) lower punch.

Dimensions (larger numbers) are in mm.
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the compacted powder. The amount of sample required can also be very 

smal 1 .

The apparatus of Nanba (1978) is the simplest to construct. As 

is commonly the case, the most d i f f ic u lt  task is to select a suitable 

mold material (Eul er, 1978). Wi th this apparatus, smel ter particulate  

res is tiv it ies  can be measured at various compacting pressures to obtain 

any possible structural information from the resistivity-compacting 

pressure relationship. Resistivity should be measured at room tempera

ture to avoid any phase changes or reactions which may be stimulated by 

heating or sintering. Measurements should be carried out at the highest 

possible compacting pressures to insure low contact resistance between 

particles, and to produce a small pore volume such that the porous body

resis tiv ity  equations (Goldin and Juretschke, 1958; Litvinenko, 1966;

Meyer, 1972; Zorin and Kotosonov, 1977) will be applicable..

2.4 Defect Reactions and Conduction in Solids 

Defect reactions are the mechanism by which many solids (sul

phides and oxides , in particular) may become semiconducting, although 

on f i r s t  examination they would be thought to be insulators. The nota

tion most commonly used for description of la tt ic e  defects in solids, 

taken from Kroger (1974), is shown below:

■;

where .
M = metal atom

X = species ' A = sulphur or oxygen atom

V = vacancy
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m = metal site 

y = position in la tt ice  a = oxygen or sulphur site

i = in te rs t it ia l  site '

• = one positive charge

z = charge on species 1 = one negative charge

x = neutral

II

Example: V = doubly positive charged vacancy on an oxygen or
sulphur site

Defect reactions which may occur in compounds present in smelter 

off-gas particles are shown in Table 7. I t  is evident from examining 

these reactions that nonstoichiometries (cation or anion deficiencies) 

in these compounds result in the donation of charge carriers to the 

la tt ic e . At elevated temperatures, these charge carriers will become 

delocalized and will take part in electrical conduction processes. The 

materials thus become semiconductors. The result of these reactions is 

that many of the copper and iron sulphides and oxides, and other mineral 

species which may be found in smelter particulate emissions, will have 

res istiv ities  which decrease with increasing temperature. Some typical 

values for electronic properties of possible smelter particulate com

pounds, at room temperature, are given in Table 8 . Notice that:

1. Some of the materials have extremely low res is tiv it ies .

2. Few of the materials are electronically classified as insu

lators.
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Table 7. Defect reactions which may occur in compounds present in 
smelter off-gas particles

I .  Anton deficient compound - N-type

A„ Deficiency due to anion vacancies

1. Low T; electrons localized
I

2. High T; electrons delocalized (excited)

B. Deficiency due to metal excess

1. Low T; electrons localized

m + ^A2

2. High T; electrons delocalized (excited)

m. + e

I I .  Metal deficient compound - p-type

A. Low T; holes localized

2

8 . High T; holes delocalized (excited)



Table 7 (continued)

vm —x V +m m
1 u

vm V +m m
ii

A. .+* 2 i

I I I . Impurity Reactions

A. Higher valence impurity instoichiometric la tt ice  - n-type 

example: Aŝ Og in ZnO la tt ice

As2 ^ 2  2ASzn + + 20q +

B. Lower valence impurity instoichiometric la tt ice  - p-type 

example: CugS in ZnS la tt ice

Cu2S + hS2 2 CuZn + 2 h + 2 Sg

C. Higher valence impurity in nonstoichiometric la tt ice  - 
compensation, no charge carriers produced

example: ASgOg in oxygen deficient ZnO la tt ice



Table 8 . Room temperature resistivities of possible smelter particulate materials

Compound Form Electronic 
Classi fication 

and Type*

Room Temp. 
Resistivity 

Range (ohm-cm)
References

As2°3 

A! 2° 3 
CaO

Cr2°3
Cu

CuFeSr

CuS

CugO

Cu2S

FeS

FeSr

Fe2°3

P

S

S

S

S

N

N

S

I

n,SC

I

n.Me

n,SC

p,Me

P,SC

p.SC

p,Me

n,SC

n.Me

1015

3x101 2 -3x101 6

2 x1 0

1 0 8

13

1.673-1.74x10 

5x10"3 - 7x101

Ix l 0 ' 5 - l x l 0 " 2  

3x10 4 - l x l 0 1 3

2 x1 0 ~2 - l x l 0 2

- 4  -?3x10 - 1 x1 0  c.

1 x1 0 "4 - 2 x1 0 ' 1

1 x lO 1 -1 xlO1

-6

Porie & Lindquist, 1979 

Est. from Wachtman, et al 

Mee, 1961

Est. from Tomashov, 1973

Weast, ed., 1976

Pridmore & Shuey, 1976 
Teranishi, 1965

Shuey, 1975

Welchman & Kuzel, 1970 
Zielinger, et a l . ,  1970

Rastogi, et a l . ,  1978 
Okamoto & Kawai, 1973

Shuey, 1975 
Theodossiou, 1965

Shuey, 1975
Echarri & Sanchez, 1974

Shuey, 1975
Chang & Wagner, 1972

1957



Table 8 (continued)

Compound 1Form Electronic 
Classification 

and Type*

Room Temp. 
Resistivity 

Range (ohm-cm)
References

Fe3°4 N p,Me - 4  - 3  
1 x1 0  - 6 x1 0  13 Parker & Tinsley, 1976 

Shuey, 1975

MgO S I , 0 1 2 Est. from Tomashov, 1973

MoS2 N P,SC X 0
1

1 ŝj Wieting, 1970

NiO S I 1 0 9 Est. from Tomashov, 1973

PbO S n.SC 7x108- 1 x 1010 Brody, et a l . ,  1970

PbS N n,SC 1 x1 0 - 3 - 1 x1 0 1 Pridmore & Shuey, 1976

PbS04 P I 1 x1 0 8 Euler, 1978

Si02 F I 1 xlO1 3 Est. from Tomashov, 1973

ZnO S n,SC ZxlO'^ZxTO1 Sakagama & Wada, 1977

ZnS S n,SC Ix l 0 6 - l x l 0 9 Blount, et a l . ,  1967

S = a r t i f ic ia l ly  grown single crystal; F = film; N = natural mineral; P = powder
*

SC = p-type semiconductor; n,SC = n-type semiconductor; p,Me 
I = insulator

- p-type metal; n,Me = n-type metal;
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The resistiv ity  of semiconducting oxides and sulphides, in 

addition to being a function of temperature, is also a function of at

mosphere. The partial pressures of oxygen and sulphur (or, similarly, 

sulphur dioxide) will determine the extent of nonstoichiometry of an 

oxide or sulphide compound, the concentration of charge carriers, and 

hence the res is tiv ity .

The relationship between gas partial pressure and resistiv ity  

is usually of the form: ,

P = KpX1/ 0  (7)

where Xg is oxygen (C^) or sulphur (Sg), and n and K are constants. The 

constant "n" is a positive or negative integer, the value of which de

pends on the semiconducting type of the material and the valence of the 

metal ion involved. Consider, as an example, the compound CugO. This

compound is typically metal deficient. I f  pn is increased, i t  will
2

become more so. An increase in pn should cause a decrease in resis-
2

t iv i ty .  The previous statement is experimentally verifiable , as the 

equivalent of Equation (7) for CUgO is

p = K pO ^6 (8)

The resistiv ity  of possible copper smelter particulate materials 

at ESP in le t conditions (T = 200°C (400°.F), Pq  ̂ = 0.18, p^g  ̂ = 0.01) are 

given in Table 9. Materials whose high temperature res is tiv ity  was re

ported as being measured under an atmosphere other than air (which is 

very similar to ESP in let gas) were corrected to ESP in let gas conditions 

using expressions of the form shown by Equation (7). In the case of



Table 9. Resistivities of possible smelter particulate materials at ESP inlet conditions

Compound Resistivity Range at ESP 
Inlet Conditions (ohm-cm)

References

A1 2°3 3xl01 0 - lx l0 1 5 Wachtman, et a l . ,  1957 Ext

As 2°3
1 0 1 3 Powder

CaO IxlO 8 Mee, 1961 Ext

Cu 4.0-4.1x1 O' 6 Weast, ed., 1976

CU2 ° 2 x 1 0 3 - 8 x 1 0 5 Welchman & Kuzel, 1970 
Zielinger, et a l . ,  1970 Calc

CuS 1 x 1 0 “ 5 - 1 x 1 0 " 2 Shuey, 1975 Me

Cu2S Rastogi, et a l . ,  1978

CuFeSg 5x 10“ 2- 5 x 1 0 " 1 Teranishi, 1965

FeS 3x 10"4 - 1 x 10“ 3 Theodossiou, 1965 Calc

Fe2°3 X 0
1

1 Shuey, 1975 Me

Fe3°4 1 x 1 0 “ 3 - 6 x 1 0 " 3 Parker & Tinsley, 1976 Me

FeS 2 2x 1 0 " 2- 9 x 1 0 " 1 Echarri & Sanchez, 1974

MoS2 1 . 7max Wei ting, 1970 Max

PbO X 0
 o 1 X Brody, et a l . ,  1970 Max



Table 9 (continued)

Compound Resistivity Range at ESP 
Inlet Conditions (ohm-cm)

References

PbS 1 x1 0  ̂max Pridmore & Shuey, 1976 Max

PbS04 IxlO 7 Euler, 1978 Est

sio2 IxlO 1 2 Tomashov, 1973 Est

ZnO 2 xl 0 ^max Mohanty, et a l . ,  1961 Max

ZnS
_4

1 x1 0  ' - 1 x1 0 . Blount, et a l . ,  1967 Calc

Key to Notation:

Calc - indicates original data obtained in atmosphere other than air and p“pn correction 
applied. 2

Est - resistiv ity  of the material estimated assuming behavior similar to other materials, e.g. 
AlgOg, SiOg and PbSÔ .

Ext - value extrapolated from higher temperature data.

Max - used for semiconducting materials where no high temperature data available. I t  was assumed
in these cases that such materials would have 200°C resistivity less than room temperature re
s is tiv ity , with typical semiconductor coefficient of temperature.

Mê - indicates that compound behaves electronically as a metal; thus would have 200°C resistivity
not much different from that at room temperature.
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metallic materials.for which no high temperature data were available, i t  

was assumed that the resistiv ity  of such materials at 200°C (400°F) would 

be l i t t l e  different from that at 25°C.(77°F). For semiconductors with no 

available high temperature data, the room temperature resistiv ity  was 

listed as the maximum res istiv ity  at 200°C, since the resistiv ity  of such 

materials should decrease with temperature. The only data for insulating 

materials available from the literature was reported for very high tem

peratures. The res is tiv ity  of these materials at 200°C was extrapolated 

from the higher temperature data. For a few, the res is tiv ity  of a 

material was available from the literature only at one very high tem

perature. The resistiv ity  at 200°C in this case was extrapolated from 

the high temperature value assuming similar resistivity-temperature 

behavior of materials of similar electronic character.

2.5 The Theory, Construction and Operation 
. of Single Stage Electrostatic Precipitators

I f  two metallic plates, separated by an insulator, are held at

sufficiently large difference in potential, ions will be created and 

mobilized in the insulator. Positive ions will move toward the low 

potential plate, negative ions toward the higher potential plate. In 

an electrostatic precipitator, one of the plates is held at ground 

potential. The other "plate" is a series of fine wires held at a large 

negative potential. The insulator between the "plates" is a ir .  The 

large potential gradient between any wire and the grounded plate results 

in the formation of 0  ̂ ions, which migrate from the wires to the grounded 

plate. Any particle passing through the a ir  space between the wires and

the grounded plate will be bombarded by 0  ̂ ions. The particle w ill
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develop a negative charge and migrate toward the grounded plate. I f  

the negatively charge particle adheres to the grounded plate, i t  has 

been electrostatically collected. In practice, the grounded plate is 

referred to as a collecting plate or collecting electrode. The fine 

wires, held at a large negative potential, supply the electrons which 

are required to form 0  ̂ ions and are thus called charging electrodes.

In a commercial single stage ESP, many collecting plates are 

arranged parallel to each other and are connected directly to the metal 

box which makes up the external structure of the ESP. The charging 

electrodes (wires) are suspended from insulators between the plates 

(see Figure 20) . * Particle-laden gases pass through a distribution grid 

into the collection chamber containing the electrodes. Particulate 

material is deposited on the collection plates and the "clean" gases 

leave the collection chamber. Periodically, the collecting plates are 

mechanically jolted or "rapped" to remove the collected dust. The dust 

which fa lls  from the collection plates during rapping enters a hopper 

or collection bin, which is attached directly below the collection 

chamber, to complete the collection process. Some typical characteris

tics of industrial single stage ESPs are given in Table 10. The terms 

used in the table should be self-explanatory.

There are two mechanisms by which particles can acquire a charge 

in an ESP (Bethea, ed., 1978; Fogiel, ed ., 1978; Masuda, 1975). Field 

bombardment is bombardment of a particle by 0  ̂ ions which are driven 

toward the particle surface by the external f ie ld . Thermal bombardment 

is the second charging mechanism and involves thermal diffusion of 0  ̂

ions to the particle surface. Masuda (1975) reports that, according to
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Table 1 0 . Typical single stage ESP characteristics

Parameter Units Typical Range 
of Parameter

Maximum Range 
of Parameter

Ref.*

Plate spacing in(m) 8-10(0.20-0.28) 6-15(0.15-0.38) 1 , 2

Gas velocity ft/sec(m/sec) 4-5(1 .22-1.53) 2-8(0.61-2.44) 1 , 2

Plate height ft(m) 12-24(3.7-7.3) same 1

Plate length 0.5-1 .0 x height 0.5-1.5 x height 1 , 2

Applied voltage kV 40-75 . 30-100+ 1 , 2

Particle d r i f t  
velocity

ft/sec(m/sec) 0.1-0.7(0.03-0.21) same 1

Gas temperature °F (°C) 200-700(93-370) to 1750(950) 1 , 2

Treatment time sec 5-10 2 - 1 0 1,3

Draft loss in H2 0(N/m2) 0.1-1.5(25-375) to 2.5(625) 1 , 2

Efficiency (%) 90-98 to 99.9+ 1

Corona current mA/ft wi re 
A/m wire

0 . 0 1 - 1  . 0  

0.03-3.3
same
same

1

Field strength kV/in(V/m) 7-15(2.8x105-5 .9x105) same 1,3

Discharge wire 
outside diam.

in(mm) 0.1(2.5) same 2

Baffle spacing in(cm) 18(4.6) same 2

2

Operating pressure psig(N/m ) 0.06(6250) to 600(4.IxlO5) 2

Aspect ratio f t 2 /abs. f t 2/min 
m2 /abs.m^/sec

0.4-0.5  
80-100

0 . 1 - 0 . 8  

20-160
2

Corona power W/abs .ft3/min 
W/abs.m3/sec

0.05-0.5
1 1 0 - 1 1 0 0

same
same

2

Current density uA/ft 2 (uA/m2) 25-40(2-3) 5-100(.54-7.5) 2,3

*References: 1 
2  

3

. Fogiel, ed., 

. Bethea, ed ., 

. Masuda, 1975

1978
1978
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Fig. 20. Schematic illustration of a typical single stage ESP.
A) housing; B) collecting plates; C) charging electrodes (wires);
D) distribution grid; E) gas flow direction.

theory, f ie ld  bombardment should be dominant for particles of greater 

than 2  ym diameter, while thermal bombardment should dominate for 

particles with diameters of less than 0.2 ym diameter. The charging 

rate by either mechanism is a strong function of the electrical proper

ties of the particle being charged. Particles of high resistiv ity  have 

long charging time and also discharge very slowly at the collection 

plate. Particles of low resistiv ity  attain very large charges in a 

short charging time, but will lose this charge very rapidly in the 

vicinity of the collection plate. I t  should be evident from the two 

previous statements that ESP efficiency is highly dependent on the 

resistiv ity  of the particles to be collected.

Authors d iffer on the dust layer resistiv ity  range which allows 

optimum ESP performance. Bethea (ed ., 1978) gives a theoretical range 

of ic /  to 1 0 1 1  ohm-cm for effic ient collection, but notes that this
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range is reduced to about 10® to 10^ ohm-cm in practice. Masuda (1975) 

and Fogiel (ed., 1978) give a theoretical range o f-10  ̂ to 10^ ohm-cm 

for optimum collectability . I t  is most important to note that ESP 

efficiency will be reduced i f  particle res istiv ity  is either extremely 

high or moderately low.

Back corona or back discharge occurs with particles of extremely

high resistiv ity  (Masuda, 1975; Bethea, ed., 1978; Fogiel, ed., 1978)

and is of two types (Masuda, 1975) . The f i rs t  type is characterized by

excessive sparking which occurs for dust layer resistiv ities  in the

range of 5x10^ to 10^ ohm-cm. The sparks produce a decrease in

efficiency by disturbance of the collected dust layer. The second type
12of back corona occurs when dust layer res is tiv ity  exceeds about 1 0  

ohm-cm. This involves an increase in the collecting current when the • 

dielectric breakdown voltage of the dust layer is exceeded. The in

crease in current occurs without equivalent increase in the number of 

Og ions produced, and thus represents a decrease in efficiency.

High res is tiv ity  particles can reduce ESP efficiency without 

producing back corona. I f  a thick layer of high res is tiv ity  dust 

builds up on the collection plate, a large voltage drop is produced 

across this layer. The voltage drop across the dust layer subtracts 

from the voltage drop between the electrodes; thus the voltage drop 

across the a ir  gap is reduced. The ESP efficiency would be reduced due 

to the reduction in the voltage drop across the a ir  space.

Particles of low intrinsic electrical res is tiv ity  attain a large 

charge quickly when they enter an ESP (Masuda, 1975; Fogiel, ed., 1978). 

For the same reasons that charging occurs quickly, however, such
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particles discharge quickly when they contact the collecting plate 

(Masuda, 1975; Fogiel, ed.» 1978; Bethea, ed., 1978). Particles thus 

discharged are easily re-entrained by gases flowing through the ESP 

and can be expected to be collected with low efficiency. Particles 

of extraordinarily low resistiv ity  can lose their charge before actually 

contacting the collecting plate. This means that the particles can be 

moving after they are completely discharged, and thus may bounce o ff  

the collecting plate and avoid collection altogether.

2.6 Microbeam Analysis of Particles

A general discussion of microbeam analysis using both wavelength- 

dispersive and energy-dispersive (non-dispersive) spectroscopy is 

presented in Appendix I I I .  There are two major sources of error in 

microbeam analysis of particles which are absent in microbeam analysis 

of traditional bulk samples (the so-called "thick f la t"  samples). Dis

cussion of these follows.

An electron beam striking the surface of any sample will excite 

X-rays from a small volume immediately beneath the surface of the 

sample (Goldstein and Yakowitz, eds., 1975). The diameter of this 

roughly hemispherical "excitation volume" depends on the atomic number 

of the element whose characteristic X-rays'are being excited. Light 

elements (low atomic number) give the largest excitation volume, with 

depth of penetration exceeding 4 microns for the lightest elements 

(Hoffman, Weihrauch and Feehtig, 1968). Thus , an electron beam striking  

a 1 ym particle could excite characteristic X-rays of most elements from 

a volume which is larger than the particle. Any element contained in
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the particle will give a characteristic X-ray intensity which is a r t i 

f ic ia l ly  low relative to the intensity given by a thick f la t  standard 

of the same material.

All quantitative wavelength-dispersive and energy-dispersive 

microbeam analysis systems are designed for use with samples which are 

ground f la t  and polished to a mirror finish. The shape of a particle  

can either enhance or detract from the characteristic X-ray intensity 

relati ve to a f la t  specimen of equal thickness. This is shown in Figure 

21. The particle of Figure 21a will absorb a greater portion of the 

characteristic X-rays generated in its  interior than a f la t  specimen 

of equal thickness (at the point of beam contact). The particle of 

Figure 21b will absorb a smaller portion of the characteristic X-rays 

than a f la t  specimen of thickness equal to the diameter of the particle.

Particle shape can also affect the relative X-ray intensities 

due to scattering which may occur as the electron beam strikes an irreg

ular surface. This consideration becomes more important as particle 

size decreases. I t  can become critica l for particles whose volume is 

very much smaller than the excitation volume of any of the elements 

contained in i t .

2.7 Particle Size Analysis 

The instruments and techniques available for particle size 

analysis are many and varied. Particle size measurement techniques are 

conveniently grouped according to the physical principle employed in 

the measurement, i . e . ,  the type of diameter measured. Most of the in

formation in this section is gleaned from Stanley-Wood (1977a,b,c).
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e-beam

(a)

e-beam

(b)

Fig. 21. Illustration of the effect of particle shape on microbeam 
analysis of a particle.

Consider the much greater matrix absorption and secondary 
fluorescence expected for the particle in (a) over the particle  
in (b ).



- . 49

2.7.1 Image Diameter

The image diameter is the projected diameter of a particle ob

tained from its image, as viewed with any one of a number of. instruments. 

The image diameter of large particles may be measured quite effectively  

with an optical microscope. For smaller particles, less than about 25 

microns, a scanning electron microscope (SEM) may be required. For the 

finest size particles, about one micron or less, use of a transmission 

electron microscope (TEM) may be necessary. Use of image-forming instru

ments is common for particles of very unusual shape* e.g. asbestos, 

whose size could not be usefully characterized by any other technique.

There are two major disadvantages to acquiring particle size 

distributions by image diameter measurement. The image diameter of an . 

irregularly shaped particle will depend to a large extend on how the 

particle is mounted. In addition, image diameter techniques, when 

performed manually, are extraordinarily time consuming. Automation of 

image diameter measurement is possible for optical microscopes and SEMs, 

but the atuomation techniques require expensive computer-based accesso

ries (Liebiedzik, et a l . ,  1973; Barbi and Skinner, 1976; Lee, et a l .,  

1979). In short, there are faster and less expensive ways to measure 

particle size with accuracy sufficient for the purposes of all but the 

most demanding investigations.

2.7.2 Mechanical Diameter

The mechanical diameter of a particle is assigned based on its  . 

passage through or retention by a sieve, screen or f i l t e r  of known 

opening size. A size distribution based on mechanical diameter is
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obtained by weighing the portions of a sample which are retained by 

each of the different sizes of sieves, screens or f i l te rs  in a set. 

Sieves and screens are available in a wide range of opening sizes.

The familiar Tyler or U.S. Standard screens are available in opening 

sizes of 38 urn to opening sizes on the order of millimeters.

Precision wire woven sieves are available from Steinhaus GmbH 

(Germany), in opening sizes down to 15 ym (Daeshner, Seibert and Peters, 

1957). Electroformed sieves are available from Buckbee-Meers Corpora

tion, with opening sizes as small as 1 0  ym; opening sizes down to 3  ym 

are available on special order. Size distributions of particulate 

samples, a large portion of which are less than 3 ym in size, must be 

obtained by more exotic means.

For size-fractioning of particles of sizes in the range below

1 0  ym, where small samples are involved, membrane type f i l te rs  can be
Rused. These are available from Nuclepore , for example, in sizes from 

12 ym down to 0,01 ym. Size fractioning of particulate samples with 

membrane f i l te rs  is advantageous, as a size fraction obtained on a 

membrane f i l t e r  is easily prepared into a sample for X-ray diffraction  

or scanning electron microscopy.

2.7.3 Dynamic Diameter

Particle size distributions obtained according to dynamic diam

eter are based on the transport phenomenon of a particle moving through 

a fluid under the action of a force. The fluid used may be a ir  or a 

liquid. The force referred to may be gravity or some applied force.
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Gravity sedimentation is a simple technique in which particles 

are allowed to settle from a suspension. The time of settling of a 

particle is inversely proportional to its diameter. Size distributions 

are obtained by recording the amount of material settled in a given 

amount of time. Various methods of gravity sedimentation are available, 

the only difference between which is the means by which the amount of 

settled material is determined. The simplest method consists of pi pet- . 

ting of samples from a settling column of suspension. More elaborate 

techniques u t i l ize  manual or automatic recording balances, the pans of 

which are mounted directly in the settling column.

Gravity elutriation can be regarded as the reverse of gravity 

sedimentation (Stanley-Wood, 1977a). Particles are separated by size, 

based on their response to a rising column of f lu id . These methods rely 

on a laminar flow of fluid rising through a vertical pipe, to which the

particles are added. Stoke1s Law is used to establish the diameter of

the particles based on the velocity required to e lutriate  them. Gravity 

elutriatidn techniques cannot provide "clean" size separations for two 

reasons. Even with laminar flow in the pipe, the velocity of the flu id  

is greatest at the center of the pipe and decreases to zero at the

walls. In addition, pure laminar flow is d if f ic u lt  to maintain in a

vertical pipe.

Dynamic diameter separations of particles can also be obtained 

through the use of centrifugal force. Centrifugal sedimentation provides 

a radial separation of particles based on size in a flu id centrifuge. 

Separation is achieved due to variation of centrifugal force with radial 

distance from the center of the centrifuge. The centrifugal forces
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generated in commercially available instruments can far exceed the 

magnitude of the force of gravity. Separation and classification of 

particles as small as 0 . 1  ym can be achieved, owing to these large 

forces.

2.7.4 Attenuation Diameter

The measurement of attenuation diameter is derived from the 

Lambert^Beer law, which relates the attenuation or reduction in intensi

ty of monochromatic radiation passing through a suspension of particles 

to the size characteristics of the particles. The attenuation produced 

by a suspension is characterized most simply by the attenuation or ex

tinction coefficient, k. This coefficient is a function of particle 

size, the wavelength of the radiation used and its  proximity to the 

particle diameter, the shape and orientation of the radiation beam and 

the refractive index and absorptivity of the suspended material (Stanley 

Wood, 1977b). Commercial instruments rely on measurement of k and 

application of appropriate corrections and/or correlations to measure 

particle size. Techniques which measure attenuation diameter are re

garded as being the fastest and most cost effective of the particle 

size measurement techniques.

A semi-empirical extinction curve derived by French and Rose 

(1948) is believed applicable to most industrial dusts and is the basis 

for a commercial instrument (Evans Electroselenium Ltd.). Allen (1968) 

developed calibration curves for non-absorbing (reflective) particles 

in the 3-57 micrometer range using a wide angle source, and these were 

used to develop a wide angle photodensitometer (WAP) and a more
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sophisticated wide angle scanning photodensitometer (WASP) for particle  

sizing (Microscal , Ltd., 20 Matok Lane, London WS 5BH, England). The 

Micromentics sedigraph 5000 PSA uses X-ray extinction to measure parti

cle sizes in the range of 0.2 to 100 pm (Orr, Hendrix and Smithwick, 

1970). A minor variation of that technique is used in the HIAC 55 

particle counter (HIAC). In this instrument, the size of one particle 

at a time is measured as i t  flows between a light source and a photo- 

detector. A variation on the HIAC 55, the HIAC PA- 520, is available 

in the Department of Metallurgical Engineering at the University of 

Arizona.

2.7.5 Scattering Diameter

According the Mie Theory of light scattering, a particle 

passing through a beam, of light emits a flash of l igh t which is propor

tional to the scattering diameter (volume diameter) of the particle.

The scattered light intensity depends somewhat on the scattering angle, 

the polarization angle and wavelength of the light in the beam and the 

refractive index of the system. These four variables are held constant 

in commercially available instrumentsv Light pulses from particles are 

scaled and counted electronically. Size distributions are obtained 

from the data either by applying mathematical corrections for scattering 

angle, e tc ., or by reference to calibration plots prepared with a sub

stance of known particle size. Scattering diameter techniques have an 

advantage over other particle size analysis techniques in the measure

ments can be made on airborn particles in a gas stream.
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2.7.6 Electrical Properties Diameter

The f irs t  variety of electrical property diameter is that de

rived from the change in the resistance of the electrolyte in an 

aperture when a particles passes through the aperture. In theory a 

particle passing through an aperture f i l le d  with electrolyte should 

generate a voltage pulse proportional to the particle size. Most 

commercial instruments are based on correcting voltage pulse data for 

particle shape and for errors caused by two particles simultaneously 

passing th aperture. A second variety of electrical property diameter 

can be measured by electrostatically charging a group of airborn parti

cles and then separating them on the basis of the charge to mass ratio .

2.7.7 Surface Area Diameter

An important branch of particle size analysis is the determina

tion of particle surface area, which can, in turn, yield a particle 

diameter. Surface area measurements are conventionally made on compacts 

of relatively: large numbers of particles rather than on single particles. 

Permeability measurements of surface area give the total surface area 

of the particles based on the pressure drop across a bed of particles. 

Liquid permeametry is used for large particles (75 ym), while gas perme- 

ametry is used for smaller particles. Surface areas are also measured 

by gas adsorption onto a pellet of particles. A gas is allowed to ad

sorb onto a sample at monolayer thickness. The amount of gas adsorbed 

is determined to give the surface area.
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2.8 Scanning Electron Microscopy in 
Particulate Characterization

The use of the scanning electron microscope (SEM) in studies of 

particulate pollution is not new (McCrone and Delly, 1973). The instru

ment has been used extensively in the study of particulate emissions in 

the iron and steel industry (Hopkins, Johnson and Davies, 1975; Cookman 

and Johari, 1974; Rossi and Perin, 1959; Orban, Hummel 1 and Engdahl, 

1960). Recently, SEM techniques have been applied to other forms of par

ticulate pollution, including coal mine dust (DeNee, 1971) and coal f ly  

ash (Fisher, Chang and Brummer, 1976). Only one instance in the l i te ra 

ture was found where the SEM was used to study particulates from any ;■ 

pyrometallurgical process in the primary copper industry (KurUsawa, et 

a l . ,  1973).

Until recently, the SEM was used primarily to assess particle 

morphology. Manual particle sizing was and is done, but this procedure 

is being replaced to a large extent by other, simpler techniques. A 

variety of extremely sophisticated procedures for automated SEM particu

late characterization (size, thickness, shape and chemical analysis) are 

available, but these require availab ility  of computer storage, computer 

hardware and software, and instrument automation (Lee, et a l . ,  1979;

Barbi and Skinner, 1976; Lebiedzik, et a l . ,  1975; White et a l . ,  1970). 

Thus the SEM was used solely for morphological characterization in this 

study.'

Mounting of particles for SEM and electron microprobe (EMP) anal

ysis has been developed and refined in recent years. Mounting of either 

loaded membrane f i l te rs  or free particles has been practiced. Double
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stick adhesive tape (DST) mounting of free particles is a common practice. 

Membrane f i l te rs  are usually also mounted on DST. All DST mounting is 

done on a conducting stub, usually aluminum. The DST is grounded to the 

aluminum stub with silver or carbon paint. The entire assembly is then 

given a thin (about 200 A) conducting coating, either carbon or gold.

The mounting techniques are reviewed and described in detail by Brown 

and Teetsov (1976).



3. GOALS-OF THE STUDY

The goals of this study were many and varied. They were:

1) To obtain as complete as possible a characterization of 

copper smelter particulate emissions both on a bulk and individual 

basis. .

2) To postulate, based on particle characteristics, the parti

culate formation mechanisms which operate in copper reverberatory smelt

ing and. converting.

3) To assess the effect of particle nature on ESP co llectabili

ty through knowledge of particle characteristics and ESP operating 

characteristics.

4) To develop recommendations for alternative methods of par

ticulate collection and/or treatment of collected materials, which 

reflect the attainment of the f i r s t  three goals.
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4. SAMPLE PREPARATION

The primary objective of the sampling processes used in this 

study was to obtain representative samples of the in le t ,  collected and . 

outlet material from large scale operating ESPs treating the off-gases 

of two different copper smelting operations. Relatively large samples 

(at least a few grams) were required for some of the characterization 

techniques. Sample preparation techniques were designed so as to 

minimize the agglomeration to which the smelter particulate emissions 

were prone, and to prevent contamination of the samples by atmospheric 

particles.

4.1 Sampling Conditions and Procedures 

Samples were collected from the particulate collection system 

of the Phelps-Dodge Corporation copper smelter at Douglas, Arizona. 

Samples were taken from two of the ESPs operating at the s ite . One 

services a conventional reverberator/ furnace, the other a converter 

aisle containing two converters.,

The reverberatory furnace at Douglas treats 900-1000 tons per 

day of concentrate with the approximate composition of 20-21%Cu, 22%Fe, 

2 0 %Si0 2 , 3%CaO, 2 %Al2 0 .g, 0.1 %As, and the remainder F^O, Zn, Pb, Au, Ag, 

etc. The molten matte product of the reverberatory furnace most 

typically consists of 48%Cu, 23%Fe and 26%S, plus slag-making materials. 

This molten matte is fed to two Pierce-Smith converters which together 

process 700-800 tons per day. The blis ter copper product of the
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converting operation contains 1-2% dissolved oxygen and traces of Au,

Ag, Fe and S. The median operating, temperature of the reverberator/ 

furnace and the converters is usually about T300°C (2372°F).

The ESP associated with the reverberator/ furnace has a design 

gas handling capacity of 1.67x10^ absolute ft^/min (ACFM; 1 ACFM = 

4.72x10  ̂ absolute m^/sec) at 450°F (232°C), but actually treats only 

0 .9 -1 .OxlO5  ACFM at 380-430°F (193-231°C). Typical in le t  dust loadings 

were near 1 grain per dry standard f t 3  (gr/dscf; 1 gr/dscf = 2 . 3  g/m3) .

The second ESP chosen for this study serves the two converters. 

This ESP has a design capacity of 1 ,88xl03  ACFM at 650°F. Actual 

throughput is somewhat less than this , as the actual operating tempera

tures are only about 400°F (204°C). Dust loadings at the in le t to this 

ESP were similar to those of the reverberator/ furnace ESP in le t .

The performance, of the particular ESPs chosen for this study is 

not well characterized. The characteristics of several reverberator/ 

furnace ESPs similar to the ones to be investigated here have been well 

established. Two typical plots of ESP efficiency versus particle size 

are given in Figures 22 and. 23. Table 11 gives the results of two 

tests which served to characterize the efficiency of these ESPs by 

elements. The efficiency of an ESP serving a converter aisle is of 

l i t t l e  interest to a smelter operator, since converter off-gases are 

usually cleaned a second time after leaving the ESP, by a wet scrubber, 

prior to entering an acid plant. Thus no data of converter ESP e f f i 

ciency were available.

In let and outlet samples of both ESPs were.collected with 

ceramic thimbles over a period of 24 hours. Very large samples, a few .
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Table 11. Collection efficiency, by element, for an ESP treating copper 
reverberatory furnace off-gases

Test No. Element In let Cone, 
(gr/dscf)

Outlet Cone, 
(gr/dscf)

Collection 
Efficiency (%)

1 Cu 0.192 0.035 81.8

Fe 0 . 1 2 1 0.008 93.4

Zn 0.141 0.055 61 . 0

As 0 . 0 1 0 0.005 50.0

Ni 0.003 0.00017 94.3

Pb 0 . 0 2 1 0.008 61 .9

Cr 0.005 0.00006 98.8

Sb 0.005 0 . 0 0 1 80.0

Mo 0.009 0 . 0 0 2 77.8

Cd 0.003 0 . 0 0 1 66.7

2 Cu 0.152 0.018 8 8 . 2

Fe 0.090 0.005 94.4

Zn 0.171 0.047 72.5

As 0 . 0 1 0 0.008 2 0 . 0

Ni 0.00045 0.00009 80.0 „

Pb 0 . 0 2 1 0.007 66.7

Cr 0 . 0 0 1 0.00004 96.0

Sb 0.003 0.0008 73.3

Mo 0.009 0 . 0 0 2  . 77.8

Cd 0.003 0 . 0 0 1 66.7

—Data supplied by Phelps-Dodge Corp., 
Engineering and Research.

Division of Environmental
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pounds, were removed from each ESP bin with a shovel. Gas conditions 

at the ESP inlets during the sampling are given in Table 12. All 

sampling was done by Phelps-Dodge personnel.

Table 12. ESP in le t gas conditions at the time of dust sampling

Parameter Reverberatory. Furnace 
ESP In let

Converter 
ESP Inlet

*S0 2 0.97 1 . 2 0

K 0 , 2 . 1 0 0.30

5S O ro 16.4 18.7

%N2 bal bal

6 . 6 2.4

Temperature, °F (°C) 365(185) 380(193)

—Gas concentrations determined by Orsat analysis 
determined by difference. Concentrations of SOp, 
on a dry basis.

, with nitrogen 
COg, and Ng given

4.2 Size Fractioninq 

The bulk samples were received in clear plastic sample bags 

with zip-1ock tops. The samples were in i t ia l ly  ultrasonicated in 

reagent grade normal heptane or heptane-acetone mixtures of not more 

than 30 volume per cent acetone. I t  had been found that some of the 

salts found in copper smelter dusts, particularly sulphate species, 

were soluble in water and, to a lesser degree, in acetone. Because of 

this, pure heptane was used as the ultrasonication medium unless
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excessive agglomeration necessitated the addition of a fraction of the 

more polar acetone to the mixture.

Samples from the reverberatory furnace ESP could be fractioned
R

into sizes of +30, +20, +10 and -10 micron using nylon Micromesh sieves 

available from Buckbee -̂Meers Corporation. These sieves consisted of

nylon electroformed sieve material supported by a copper wire grid
. ' : 

mounted in a stainless steel frame. The sieves had a normal variation

in opening size of + 2  microns.

The -10 micron fraction of the dust, s t i l l  suspended in heptane,

was filtered  successively through any or all of the following sizes of

Nuclepore^ polycarbonate membrane f i l te rs :  8 , 5, 3 and 0.45 micron.
RNuclepore membrane f i l te rs  were chosen over other f i l t e r  types because 

their smooth surface would allow easy viewing of size fractioned samples 

in the scanning electron microscope (SEM) or electron microprobe (EMP). 

I t  should be noted that the polycarbonate material which makes up these 

membrane f i l te rs  was severely swelled by acetone; thus, filtra tions  

were performed with pure heptane as the carrier medium. I t  was antic i

pated that all agglomerates would be broken up during the ultrasonica

tion and sieving operations.

Ultrasonication of the converter samples in heptane results in 

their separation into two distinct fractions, one of which was easily 

suspended, the other of which would not become suspended even with com

bined manual stirring and ultrasonication. The difference in suspenda- 

b i l i ty  of the two fractions indicated a vast difference in particle size 

or density .. The finer or "suspendable" fraction was a light gray in 

color, in contrast to the coarser or "nonsuspendable" fraction, which
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was a dark brown in color. The color difference indicated that the 

chemical make-up of the two fractions might be as different as the 

particle size distributions. Each fraction of the three converter 

samples was subjected to the same size fractioning treatment as were 

the three reverberatory furnace samples. A schematic separation of 

the sample is shown in Figure 24.

Filtrations were performed with a Clayton 50cc, graduated
Rhypodermic syringe with Luer-lok t ip . To the syringe was attached 

Ra Nuclepore f i l t e r  holder specified for pressure f i l t ra t io n  with Nude- 
Rpore membrane f i l te rs .  The f i l t e r  holder consisted of four pieces.

The f i l t e r  was held in place between two plastic grids by a rubber 

gasket. This assembly was held together by a screw-on plastic cap.

The holder assembly was attached to the Luer-lok** tip  of the syringe 

by a screw coupling. Holders and membrane f i l te rs  were available in
D

three sizes from Nuclepore . The 25mm diameter size was used in this 

study as this was the most convenient size for microscope slide mounting 

for X-ray diffraction investigations.

SEN or SEMQ f i l t e r  samples required a very light loading (small 

number of particles per unit area), so that an even deposition of 

material on the f i l t e r  was not c r i t ic a l .  For X-ray diffraction work, 

very heavy and uniform deposits (many particle layers thick) were re

quired, as irregularities in the deposit would have affected the results 

obtained. The most important source of non-uniformity in f i l t e r  deposits 

was found to be formation of a ir  bubbles on the f i l t e r  ^surface, which 

prevented deposition of material directly under them. Failure to main

tain the syringe in an upright position was another source of
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non-uniformity of deposits. The f il te r in g  procedure which gave,the 

most uniform deposits is outlined in the following paragraph (McLean 

and Demer, 1976).

Prior to assembly of the f i l t e r  holder, the two plastic grids 

which would sandwich the f i l t e r  were moistened with heptane. When the 

f i l t e r  was then placed on one of the grids, i t  was held f la t  against 

the grid by the surface tension of the heptane. This procedure insured 

that the f i l t e r  would l ie  f la t  after the f i l t e r  holder was assembled.

The holder was assembled per instructions. The f i l t e r  holder was then
D

attached to the Luer-lok tip  of the syringe.

After assembly, not more than about 20 ml of particle suspension 

was added to the barrel of the syringe. The syringe was held upright 

while about 5 ml of suspension was f i l te red . At this point, the syringe 

was t il te d  to an angle of about 45 degrees with the vertical. The 

pressure on the plunger was released, and the plunger was withdrawn 

slightly and rotated. This allowed any a ir  trapped as bubbles on the 

f i l t e r  surface to escape between the plunger and the barrel of the 

syringe. After bubble removal, the remainder of the suspension was 

f iltered  with the syringe restored to the vertical position.

After f i l t ra t io n  was completed, the f i l t e r  holder was slowly 

removed from the syringe. This was done before removing the plunger 

in order to avoid sucking particles from the surface of the still-m oist  

f i l t e r .  I t  was found important to release the pressure on the plunger 

slowly while removing the f i l t e r  holder to avoid disturbing the deposit.

Multiple f iltra tions were made with the same f i l t e r  to achieve
o

the heavy loading required for X-ray diffraction investigations. All
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X-ray diffraction samples were performed on f i l te rs  loaded to the maxi

mum; i . e . ,  loaded to the point where further f il t ra t io n  became 

physically impossible.

4.3 Preparation of Specimens from 
Loaded Nuclepore^ Filters

Loaded Nuclepore^ membrane f i l te rs  were handled by their edges 

with pointed electron microscope forceps. Particle losses were minimized 

not because a quantification of the amount of material on the f i l t e r  

was desired, but because i t  was feared that low density particles would 

be lost preferentially, thus destroying the accuracy of any data obtained 

from future analyses of the sample; Loaded f i l te rs ,  and all samples pre

pared from them, were transported in covered containers to reduce

contamination by atmospheric particles.
RLightly loaded Nuclepore membrane f i l te rs  were examined in both 

an SEN and an EMP. Preparation of the samples followed the most common

ly practiced technique (Brown and Teetsov, 1976). A small section of a 

f i l t e r  was mounted on a piece of double-stick tape (DST) on an aluminum 

base. A carbon coating was applied to the whole assembly at two to

three times the usual thickness, i . e . ,  400 to 600 A0, by evaporation of
Ra 1/4 to 3/8 by 1/16 inch rod in a VE-10 vacuum evaporator. Grounding 

of the samples proved to be d if f ic u lt  because of the irregularity of the 

surface onto which the carbon was deposited. The extra carbon thickness 

was found necessary to provide a continuous path between the particles 

and the aluminum base.

Based on experience, a sample was considered sufficiently  

grounded i f  the resistance between the center of the f i l t e r  section and
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the aluminum base did not exceed 1 k-ohm, as measured by a two point 

VOM. After carbon coating, the f i l t e r  often was not sufficiently  

grounded to the aluminum base, due to breaks in the carbon coating on 

the DST. In such cases, an additional conducting path was provided 

across the DST in the form of carbon or s ilver paint.

The sample chamber in the EMP that was used was very large. As 

many as six samples were mounted for simultaneous viewing on the two inch 

square, 2 mm (0.08 in) thick aluminum base. The base was held to the 

brass sample block of the EMP by copper tape with a conducting adhesive. 

The tape served both to immobilize the aluminum base and to ground the 

base to the brass sample block.

The aluminum base used for the SEM sample mount was a circular 

aluminum stub measuring 1/4 inch (6.4 mm) in diameter, with a 1/16 inch 

(1.6 mm) diameter rod protruding from its  base. The stub was screw- 

clamped into the cylindrical SEM sample holder. A 1/8 inch (3.2 mm) hole 

drilled in another aluminum block was used to accomodate the rod, which 

protruded from the base of the aluminum stub, during carbon coating.

All X-ray diffraction sample f i l te rs  were mounted on glass micro

scope slides. The glass slides, being non-crystalline, added a minimum
Rof background to the diffraction patterns. Heavily loaded Nuclepore 

f i l te rs  were mounted on the slides with silicone stopcock grease (SSG), 

which is also amorphous. The mounting technique which was used was taken, 

from McLean and Demer (1976), A thin layer o f SSG, the thinnest layer 

which would completely cover the area of application, was applied over an 

area slightly larger than the 25 mm diameter Nuclepore^ f i l t e r .  The . 

f i l t e r  was loaded onto the grease-coated slide with pointed forceps. One
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edge of the f i l t e r  was touched to one end of the greased area of the 

slide. The f i l t e r  was then contacted with the rest of the greased area 

with a slow, rolling motion to avoid trapping a ir  under the f i l t e r .  The 

surface tension Of the grease aided in pulling the f i l t e r  to the slide.

I f  the f i l t e r  was not flexib le , due to the nature of its  dust load, the 

contact process was aided by touching the perimeter of the f i l t e r  with 

the forceps.

4.4 Preparation of Samples from Loose Particles -
RLoose particles are any which were not deposited on Nuclepore 

f i l te rs .  These consisted of bulk samples (thimble and shovel samples) 

and any products of the sieving operations which were not f ilte red .  

Examples include the +10, +20 and +30 micron fractions which were le f t  

as free powders on the sieves.

Free particle samples for X-ray diffraction analysis were 

attached as a thin layer on glass microscope slides with either SSG or 

double-stick tape (DST). ’ Silicone stopcock grease provides for thicker, 

less planar deposits than DST, and is useful for materials which will 

not adhere to DST.

A small conical pile of powder was deposited onto the mounting 

material on the slide. A second glass slide was used to spread the 

powder and compact i t  onto the slide. The second slide was pressed onto 

the pile of powder with combined pressing and rotating motion. The 

powder was compacted as much as possible without the compacting slide 

coming in contact with the mounting material. The result was a planar, 

circular deposit ideal for X-ray diffraction scanning.
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Many of the particles in the non-suspendable friction of the 

converter ESP dust were large enough to be examined by ligh t optical 

metallography (LOM).- These particles were mounted in an acrylic resin 

and then sectioned by grinding. A standard meta11ographic polishing 

sequence completed the sample preparation.

A representative portion of the particles were spread out on
Ra smooth steel plate. A hollow cylindrical Bakelite specimen mount

Rwas placed over the particles. The Bakelite cylinder was f i l le d  with 

acrylic resin and one drop of setting compound. The resin hardened in 

about three hours.

After the resin had hardened, a pass on a belt grinder was used 

to section the particles. The particle cross-sections were ground with 

240, 320, 400 and 600 grit sandpaper, and polished with Linde Â  and 

Linde B̂  polishing compounds.

Resistivity measurements required relatively large amounts of 

material, and thus could only be performed on bulk samples. The only 

preparation needed for res is tiv ity  measurement samples was a grinding 

of the non-suspendable converter fraction to -400M. This was necessary 

to ensure good contact with the resistiv ity  probes at low compacting 

pressures.



5. INVESTIGATIVE PROCEDURES

The investigative procedures chosen for this study were selected 

from those discussed in the Review of the Literature, based on a com

bination of performance, cost and ava ilab ility .

5.1 X-Ray Piffraction  

All X-ray diffraction (XRD) investigations were conducted with 

a General Electric XRD-5 Diffractometer. Copper target X-ray tubes 

were used exclusively. In it ia l  patterns were obtained with a GE CA-7 

low intensity tube, with a maximum current capability of 16 mA. Later 

patterns were obtained with a GE CA-7 high intensity tube rated at 24 mA 

maximum current. The most recent patterns were obtained with a Diano 

Corporation CA-8L tube rated at 32 mA maximum current. A nickel f i l t e r  

was used to f i l t e r  the copper radiation.

A GE SPG-6 proportional counter detector was used for most of 

the work, although the most recent patterns were obtained with a new 

GE SPG-10 proportional, counter detector. Beam s lits  with divergences 

of 3, 1 and 0.4 degrees, all with medium resolution (MR), were available 

for use with the instrument. Detector soller s lits  were available with 

either medium or high resolution capability (MR or HR). Detector s lits  

with divergences of 0.2, 0.1, 0.05 and 0.02 degrees were available.

The various s lits  available for use with the diffractometer were 

interchanged to suit the requirements of individual specimens. For thin 

deposits of powder on DST or SSG, s lits  were used "wide open", i . e . ,

71
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3 degree MR beam s l i t ,  MR detector seller s l i t  and 0.2 degree detector 

s l i t .  For thick deposits on DST or SSG, some peak intensity was sacri

ficed for the increased resolution provided by the HR detector soller

s l i t  and 0.1 degree detector s l i t .  The 1 degree MR beam s l i t  was used 
Rwith Nuclepore f i l t e r  samples to confine the incident X-ray beam to the 

area occupied by the f i l t e r .  A summary of s l i t  selection is given by 

Table 13.

Table 13. Summary of s l i t  selections used in XRD investigations

Specimen
Configuration

Beam Detector 
S li t  Soller S l i t

Detector
S li t

Thin deposit on 
SSG or DST

3 MR MR 0.2

Thick deposit on 
SSG or DST

3 MR MR or HR 0.1

Nuclepore f i l t e r  
on SSG

1 MR MR 0.2

—Si its characterized by angle of divergence in degree and/or by 
resolving capability: MR = medium resolution, HR = high resolution.

Mounting materials: 
tape.

SSG = silicone stopcock grease, DST = double-stick

All XRD samples were scanned from 26 =10 degrees to 20 = 120 

degrees at a scan speed of 2 degrees/min. This scan speed, coupled with 

a chart speed of 1 inch per minute, provided a resolution of about j%03°, 

corresponding to a possible d-spacing error of + 0.004A0 for the major 

peak of alpha quartz (29 = 26.64 degrees). This scan rate provided this 

resolution with an analysis time of about 1 hour per sample.
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The 2e angles of the peaks in a pattern were obtained by direct

ly reading the position of the peak maximum off the chart. For peaks 

of unusual shape, a smooth curve was sketched over the irregularities  

and the peak position was read from the sketched curve. Peak intensi

ties were computed as peak height above background using the enveloping 

technique described by McLean and Demer (1976) (see Appendix I I I ) .

Samples from the reverberatory furnace ESP were examined in 

bulk and as a -TO ym fraction. In le t , outlet and bin samples were each 

examined in this way. On the converter side, both suspendable and non- 

suspendable fractions were obtained from in le t ,  bin and outlet samples. 

The non-suspendable fractions were separated into +30 and -30 ym por

tions and each portion was examined separately. The suspendable 

converter fractions, which were found to be mostly - 1 0  urn, were examined 

in bulk.

5.2 Microbeam Analysis

The microbeam analyses in this study were performed on an 

Applied Research Laboratories Scanning Electron Microscope Quantometer 

(ARL-SEMQ), at the Lunar and Planetary Laboratory of the Department of 

Lunar and Planetary Sciences at the University of Arizona. This instru

ment is equipped for both wavelength dispersive spectroscopy (WDS) and 

energy dispersive spectroscopy (EDS). The.EDS system, which was used 

exclusively for this study, consisted of a lithium drifted silicon 

("s il ly " )  detector interfaced with Tracor-Northern software. The Tracor 

Northern system provided data output in the form of the standard CRT 

plot of X-ray intensity versus X-ray energy.
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The analyses performed in this study employed the method of 

Barbi and Skinner (1976). The method was based on the assumption that 

the matrix absorption and secondary fluorescence corrections normally 

applied to the intensities obtained for EDS analyses are unnecessary 

when sufficiently small particles (a few microns in diameter) are ana

lyzed. The only correction that is necessary to obtain quantitative 

data from EDS patterns is one to account for the variation of pure 

element intensity with atomic number.

The atomic number correction was achieved by preparing plots of 

pure element intensity, versus atomic number by analysis of pure element 

standards. The plots were prepared at a fixed acceleration voltage 

(kilovpltage) and beam current to insure reproduceability. Plots were 

prepared for both K and L characteristic lines. The plots are shown in 

Figures 25 and 26.

Correction of the intensities obtained in an EDS pattern of a 

particle was accomplished through the use of efficiency factors. The 

efficiency factors were calculated with the K line of atomic number 14 

(SiK) as the basis; i . e . ,  the efficiency factor for SiK was defined to 

be 1.00. Then

Ej = ^U< (9)
EJ

where

Ej = efficiency factor for the j  line of the element E

*SiK = intensity of SiK line

I^j = intensity of the j  line of the element E
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200

ATOMIC NUMBER (Z)

Fig. 25. Atomic number calibration plot for ARL-SEMQ EDS system 
K-li nes.

Ig = intensity of pure element standard in counts per 
second (cps)

Operating parameters:
accelerating voltage = 15 kV
beam current = 140 cps
detector take-off angle = 52°
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1 0 0 -

4 0  50 60

ATOMIC NUMBER (Z)

Fig. 26. Atomic number calibration plot for ARL-SEMQ EDS system 
L-lines.

I s = intensity of pure element standard in counts per 
second (cps)

Operating parameters:
accelerating voltage = 15 kV
beam current = 140 cps
detector take-off angle = 52°
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Efficiency factors for the most important element lines, calcu

lated in this manner, are given in Tables 14 and 15. When the intensity 

of a particular element line in an EDS spectrum of an unknown particle 

is multiplied by the efficiency factor of the line, corrected intensi

ties obtained in this manner will be proportional to element concentra

tions. The accuracy of analyses obtained by this technique was verified  

by the analysis of some reagent grade ZnS particles. The results of 

these tr ia l  analyses (see Table 16) show an average of less than 10% 

relative error for both Zn and S in ZnS for particles up to 4 ym in 

diameter.

5.3 Particle Resistivity Measurements 

Particle resistiv ity  was measured under high compacting pressure 

using a four probe device, based on the theory of van der Pauw (1958). 

The device was tested on particulate substances of known res is tiv ity ,  

prior to use on the industrial particulate samples, and yielded accurate 

resul ts .

5.3.1 Design and Use of the Resistivity Cell

The van der Pauw res is tiv ity  cell used in this study is pictured 

schematically in Figure 27. The device is based on four probes arranged 

on a circle concentric with the edges of a circular compact. This probe 

arrangement was f irs t  used by Nanba (1978), and the method of compaction 

is similar to many of the techniques reviewed by Euler (1978).

To perform a measurement, sample powder was loaded into the 

sample chamber and Compacted with an aluminum rod plunger on a 15-ton 

capacity Carver laboratory press. The plunger was removed during
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Table T4. Efficiency factors for K X-ray lines of various elements

Element Atomic No. Efficiency Factor

Na 1 1 2.78

Mg 1 2 1 .58

A1 13 1.17

Si 14 :: 1 . 0 0

P 15 1 . 0 1

S 16 1 .04

Cl 17 1  . 1 0

K 19 1  .26

Ca 2 0 1 .37

Ti 2 2 1.74

V 23 1 .98

Cr 24 2.27

Mn 25 2.65

Fe 26 3.19

Co 27 3.92

Ni 28 5.51

Cu 29 6.58

Zn 30 8.16

Ge 32 17.00
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Table 15. Efficiency factors for L X-ray lines of various elements

Element Atomic No. Efficiency Factor

30 6.38

Ge 32 3.29

As 33 2.62

Zr 40 2.06

Mo 42 2 . 0 0

. Sn 50 2.83

Ga 51 2.87

Te 52 3.24

Ta 73 12.75

w 74 14.57

Re 75 15.69
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Table 16. Calibration check on 
SK and ZnK lines

ZnS (67.1 w/o Zn, 32.9 w/o S) using

Particle # Size ( m) % Zn % S EZn W Es (%)

1 3(2.5x3.5) 67.5 32.5 +0 . 6 - 1 . 2

2 4 x 4 71 .7 28.3 +6.9 -14

3 3.25 x 3.25 72.4 27,6 +7.9 -16

4 3.8 x 3.8 72.3 27.7 +7.7 -16

5 3.0 72.0 28.0 +7.3 -15

6 2 . 8 71.8 28.2 +7.0 -14

7 3.5 6 6 . 8 33.2 -0.4 +0.9

Average 70.6 29.4 +5.3 - 1 1
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& n

CROSS-SECTIONAL VIEW AA 

 1 ® ---------------------

5 ®

TOP VIEW

Fig. 27. Schematic drawings of the new van der Pauw-type powder 
res is tiv ity  measurement ce ll.

1) 0.052in copper wire probes, sharpened into 45° cones 
on contact end; 2 ) cloth based phenolic insulating sample 
chamber support block; 1) polyvinyl chloride (PVC) insu
lating and support block; 4) countersunk flathead 
clamping screws; 5) sample chamber; 6 ) hexagonal nuts.
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electrical measurements. Samples were compacted successively at pres

sures of from 5,000 to 75,000 psi (35 to 530 MPa) in 5,000-psi (35-MPa) 

intervals. Since i t  is known that the rate of compaction can affect 

the resistiv ity  of a powder compact, and that values closer to bulk 

values are obtained with small rates of compaction (Euler, 1978), each 

incremental pressure increase was performed over a time span of about 

30 seconds. Resistivities were measured a fter each pressure increment, 

and their measurement was based on the theory given in the following 

paragraphs (van der Pauw, 1958).

I f  a current I  ̂ is passed through the two adjacent probes a 

and b in Figure 27, a voltage drop will be induced between probes 

c and d. A resistance is defined as the voltage drop between

probes c and d, per unit of current through probes a and b. Thus:

Rab,cd = W  (1Q>

A resistance R̂ _ ^  is defined in a similar manner. The resistiv ity  of 

the compact is then given by

P = f £ (Rab,cd + Rb c ,d a > -F <11>

where

D = height of compact, varied from 3/32 to 1/4 inch (0.24 to 
0.64 cm)

c - 4(r2 + r \ )*nv \ + r* + r̂ )2 (12)
and r̂  = radius of compact, 1/4 inch (0.64 cm)

r? = distance from any probe to the center of the com
pact, 3/16 inch (0.48 cm)
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For the device used in this study,

. Rcompact= 3 -6 1 d(Ra b , c d / Rbc,da>-F <13>

The factor F depends on the ratio of the two resistance, and is given 

by the plot in Figure 28 (van der Pauw, T958).

5.3.2 Resistivity. Measurements on Standard Substances

■ Reagent grade powders of ZnO, Cû S and PbO (yellow) were used as 

calibrating substances for the van der Pauw res is tiv ity  ce ll. The im

purity content of the powders is given in Table 17. The bulk res is tiv i

ties of these materials was found from the literature , for comparison 

with the planned powder res is tiv ity  measurements.

Log-1og plots of res is tiv ity  against compacting pressure for 

the reagent grade powders of CugS, PbO (yellow) and ZnO are shown in 

Figures 29, 30 and 31, respectively. The plots all show an in it ia l  

linear region, then becoming assymptotic to a resistiv ity  value which 

was taken as the absolute resistiv ity  of the sample. The measured re

s is tiv it ies  are compared with published values for minerals and single 

crystals in Table 18. The measured values are in good agreement with 

published values, with the exception of ZnO, the res is tiv ity  of which is 

notoriously d if f ic u lt  to measure in the powdered form without the aid 

of lubricants (Euler, 1978). The fact that an uneven pressure distribu

tion was probably responsible for'the poor results for ZnO is evidenced 

by the fact that the resistiv ity  ratio , R^ ccj/R^c ^  which was close 

to one for PbO and CugS, was very large for ZnO, as shown in Table 19.

I t  should be noted that res istiv ity  measurements on uncompacted samples
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Table 17. Maximum impurity content of reagent grade powders used for 
calibration of the new van der Pauw-type res istiv ity  cell

Powder —  
Impurity*

Zinc Oxide 
ZnO (Malincrodt)

Cuprous Sulphide 
Cu9S (Baker)

Lead Oxide
PbO, yellow (Baker)

Alkali
salts

IPX* 1 . 0 0 % --  ;

As 0 . 0 0 2 % ■ - - - -
Cl 0 . 0 0 1 0 . 0 1 0 . 0 0 1 %
Fe 0 . 0 0 1 0 . 1 0

Pb 0.005 ' —
Mn 0.0005 — — - -
no3 0.003 -  “ —

Substances not 0.100 
ppted by (NHj S 
as sulphates 2

— *

Sulphur com
pounds, as
so4

- - -  - 0.005

Insoluble 0 . 0 1 trace

* to pass test
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Fig. 28. The geometric factor, F, used in powder res is tiv ity  determina
tions, plotted against the res is tiv ity  ratio.

Taken from van der Pauw (1958).
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LOG p (psi)

Fig. 29. Reagent grade Cû S powder res is tiv ity  (p) vs. compacting 
pressure (P) measured with the new van der Pauw-type 
resistiv ity  ce ll.
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Fig. 30. Reagent grade PbO powder resistiv ity  (p) vs. compacting pressure 
(P) measured with the new van der Pauw-type resistiv ity  ce ll.
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Fig. 31. Reagent grade ZnO powder res is tiv ity  (p) vs. compacting
pressure (P) measured with the new van der Pauw-type res is tiv i
ty cel 1 .
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Table 18. Comparison of room temperature res istiv ities  of the standard 
materials, measured on reagent grade powders with the new van 
der Pauw-type resistiv ity  c e l l , to those reported in the 
literature for bulk natural minerals and single crystals

Calibrating
Substance

Measured
Resistivity

Q-CU!

Reported 
Resistivity Range 

fi_cm
Reference.

Cu2S 9x10" 4

CXI0i
1o"x Shuey, 1975

ZnO 5x10 8

o1
00oX Sakagama & Wada. 

1977

PbO
(yellow)

C
Jl X o
00 o

i
00oX Mohanty, et al . 

1961
Brody, et al . , 
1970



90

Table 19. Resistivity ratio , CD^BC DA 9 ôr t *ie three calibrating 
substances at the two highest compacting pressures applied to 
each substance

Compound Compacting Pressure R , ,/R. ,,
psi (MPa) ab9Cd be,da

ZnO _ 7.5x104  (530) 2.32

5.0x104  (350) 4.83

Cu„S 7.5x104  (530) 1.52"
5.0x10 4  (350) 1.2

PbO 7.5x104  (530) 1.1

5.0x104  (350) 1:2
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gave very erratic results and are not reported. Only resistiv ities  

measured on powders under pressures equal to or greater than 5,000 psi 

(35 MPa) are reported.

The values of the pressure exponent, y, for the three calibrating 

substances are given in Table 2 0 . The exponents for ZnO and PbO are 

within the range which would be expected for multicomponent particles. 

Since these reagent grade powders are not multicomponent, i t  was con

cluded that their pressure exponents differed from 0 . 6 6  due to non- 

spherical particle shape. The value of y for CUgS was far greater 

than would be expected for typical single or multicomponent spherical 

particles. This extraordinarily large pressure exponent may be explained 

i f  the CugS was coated with a thin layer of highly insulating CugO 

(Euler, 1978).

5.4 Scanning Electron Microscopy 

A ll  of the SEM work performed in this study was done on one of 

two instruments. The f irs t  was the ARL-SEMQ discussed earlier. The 

second was the IS I - I I IA  in the Department of Metallurgical Engineering 

at the University of Arizona. This instrument is equipped for accelera

ting voltage settings of 15 and 30 kV. The instrument is equipped also 

with a t i l t  stage and a vast array of image control and processing con

tro ls , which provide an advertised resolution of 70 A°.

The SEMQ was used mainly for qualitative observations of particle  

size and shape. All SEM photographs contained in this report were taken 

with the IS I- I I IA .
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Table 20. Comparison of pressure exponents (y) obtained from room 
temperature res is tiv ity  measurements made on the various 
reagent grade calibrating substances with the new van der 
Pauw-type res is tiv ity  cell

Calibrating Substance Measured Resistivity 
Q-cm

Y = dLog.p/dLogP

Cu2S 9x1 O' 4 1 0 . 0

ZnO 2 x1 0 4 1 . 8

PbO

COoXL
O

1 . 1

(yellow)
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5.5 Particle Size Analyses 

Particle size analyses of bulk reverberatary furnace and converter 

suspendable particulate samples were performed on the HIAC PA-520 men

tioned previously. Samples were suspended in heptane for these analyses. 

The instrument provided the particle size distribution in a choice of 

presentation modes. The results obtained from the instrument were 

reasonable, compared to the sieving and f i lte r in g  behavior of the samples 

and SEN observations. The instrument could provide quick analyses, but 

proved to be very sensitive to plugging from minor overloads.



6 . THE NATURE OF COPPER SMELTER PARTICULATE EMISSIONS

The copper smelter particulate emissions examined in this study 

displayed extreme.variety in particle size, shape, composition and elec

trica l res is tiv ity . Particle sizes ranged from sub-micron to one-half 

millimeter. Particle shapes ranged from nearly flawless spheres to thin 

platelets or flakes. Every element which was charged to either smelting 

operation was found in the particulate emissions. Resistivities of

particles ranged from a value of <1 0 -  ̂Q-cm for copper particles found in
IQconverter samples to 1 0  o-cm measured on the sample from the bin of 

the reverberatory furnace ESP.

Of the two sources of particles studied, the reverberatory. 

furnace particulate emissions had the narrower in le t size distribution. 

The size distribution of a particulate sample taken at the ESP in let is 

shown i n  F i g u r e  32. This showed the sample to be fu lly  90%-10ym, with 

a median size of about 3 ym. The size distribution of a sample taken 

at the ESP outlet is shown in Figure 33. This sample was found to be 

much finer in size: about 99%-10ym, 70%-2ym and with a median size of

about 1.3 ym. The size distribution of a reverberatory furnace ESP bin 

sample is shown in Figure 34. The frequency distribution of this sample 

is similar in shape to that of the in le t sample. Samples from all three 

Sampling points exhibited an obvious bimodal distribution. In the bin 

and in le t samples, the two modes were of nearly equal height whereas in 

the outlet sample, the mode in the very fine size range was much larger 

than the mode in the coarser size range. This demonstrated an extreme

' 94 :
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Fig. 32. Particle size distribution of copper reverberatory furnace ESP 
in let sample.
Distributions obtained with a HIAC PA-520. Both % less than 
and frequency distributions are shown.
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Fig. 33. Particle size distribution of copper reverberatory furnace ESP 
outlet sample.

Distributions obtained with a HIAC PA-520. Both % less than 
and frequency distributions are shown.
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concentration of sub- 2  micron particles in the outlet sample relative  

to the other two samples.

The reverberatory furnace particulate emissions showed tremen

dous variety in chemical and mineral composition.. The solution to a 

typical XRD pattern of a reverberatory furnace in le t sample is shown 

in Table 21. The compounds identified were, in approximate order of 

decreasing amount: ZnSÔ -Ĥ O (zinc sulphate monohydrate) , . PbSÔ

(angles!te), SiOg (a-quartz), Cû O (cuprite), and Fê Ô  (magnetite).

The sample composition, as evidenced by the relative heights of the 

major peaks of the compounds in the sample, depended on the sample 

source. The relative heights of the major peaks of the compounds in 

in le t , outlet and bin samples are shown in Table 22.

Microbeam analysis results were combined with XRD results to 

give approximate compound analyses of individual particles. The oxygen 

content of the particles was determined by the stoichiometry indicated 

by XRD analyses (see Appendix V). The particles of in le t ,  outlet and 

bin samples ranged from all oxides to all sulphates to any combination 

of the two. For convenience of discussion, the particle types were 

classified as shown in Figure 35. Typical analyses of each type of 

particle from each of the three sources are given in Tables 23, 24 and 

25. Due to the small number of particles examined, the microbeam analy

ses were not used specifically to support any statements concerning the 

relationship between particle nature and ESP efficiency (XRD results 

and res is tiv ity  measurements will be used specifically for this purpose). 

The microbeam analysis results were used to determine the association of



Table 21. Solution of a typical XRD pattern of reverberator/ furnace ESP inlet particles

W V " p b ' W V V c u C p )

4.848 

4.747 

4.200 

3.594 

3.560 

3.491 

3.475 

3.420 

3.334 

3.251 

3.207 

3,115 

3.044 

3.001 

2.96.9

4.83/40(40)

4.77/55(55)

3.070/45(57)

4.26/87(75)

3.622/23(23)

3.479/33(33)

3.42/100(100)

3.37/25(25) 3.333/86(86) 3.343/100(100)

3.220/71(71)

3.001/100(100)

2.967/30(30)



Table 21 (continued)

wy vwy
2.806 

2.785 

2.630 

2.611 

2.529 

2.463 

2.420 

2.311 

2.126 

2.095 

2.067 

2.033 

1.965 

1.674 

1  .618

2.525/40(40) 2.532/100(100)

2.458/12(12) 2.465/100(100)

2.0993/20(29)

2.135/37(29)

1.616/30(35)



Table 21 (continued)

dP wv-  vvy ysî y - ŵpeCp) ŵcûp)
1.581

1.483 1.4845/40(32)

1.286 1 .283/7(7) 1 .287/17(24)

1.280

--Diffraction data obtained from the Powder Diffraction File Joint Committee on Powder Diffraction 
Standards (JCPDS), 1978

Subscripts:

Z = ZnSÔ -HgO p = pattern

Pb = PbSÔ  I = relative intensity, i . e . ,  most intense peak in the pattern of
an individual compound

Si = Si02  

Fe = Fe3 0 4  

Cu — CUgO
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Table 22. Comparison of XRD patterns for in le t , outlet and bin samples 
of the reverberatory furnace ESP

(Numbers indicate relative heights of the 100% relative  
intensity peaks of the compounds)

Compound In let Bin (collected) Outlet (not collected)

ZnS04 -H20 100 83 . 17

PbS04  49 40 26

Si02  0 48 35

Fe3 04  40 100 100

Cu20 44 48 19
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'PURE'
OXIDE

SILICA
BASED

CALCIA
BASED

PURE
SULPHATE

MAGNETITE
BASED

SULPHATE
ON

OXIDE

LEAD
SULPHATE

BASED

ZINC
SULPHATE

BASED

REVERBERATORY
FURNACE

PARTICLES

Fig. 35. Arbitrary classification of reverberatory furnace particulate 
emissions according to compound composition.

A particle is "based" on the compound comprising the greatest 
amount of the particle by weight.
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Table 23. Reverberatory furnace ESP in le t  p a rt ic le  compositions (wt%)

Pure Oxi de Type

Magnetite based—5 particles

de
A/D A1 2°3 Si02 Cr2°3 Fe3°4 NiO Cu20

Average 3.25 1.9 1 . 2 2.5 15.8 64.0 6 . 6 9.8

±  cr 1 .32 0 . 8 1.5 2.4 8.9 9.9 3.7 2 2 . 0

Hi gh 4.40 3.2 3.5 5.0 20.4 70.6 9.0 49.2

Low . 1.47 1 . 0 0 0 0 46.7 0 0

Number 
containi ng

2 3 4 5 4 1

Silica based-—5 particles

de
A/D A1 2 ° 3 Si02 k2° CaO Fe3°4

Average 2.87 1.4 30.7 63.4 1 . 0 2.4 2.4

±  a 0.79 0.4 1 0 . 6 1 0 . 0 0.9 4.7 4.2

Hi gh 3.80 2 . 1 44.5 73.2 2.4 10.7 9.5

Low 1.75 1 . 0 21.4 49.8 0 0 0

Number
containing

5 5 3 2 2

Al uminum based—1 |particle

de A/D A1203 Si02 Fe3°4
Average 2.3 1 . 0 93.2 4.8 1 .9

+ o 0 0 0 0 0

High; 2.3 1 . 0 93.2 4.8 1.9

Low 2.3 1 . 0 93.2 4.8 1.9

Number
containing

1 1 1
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Table 23 (continued)

No calcia based oxide particles examined

Sulphate on Oxide Type— 6  particles

De VD A12 0 3  Si02  CaO C r ^  F e ^  NiO Cu20 ZnS04  PbS04  ZnO

Average 2.19 1.4 8 . 2  37.3 2.5 4.0 23.0 1.7 7.3 3.3 8 . 6  3.9

+ a 0.82 0.4 8 . 8  35.6 3.3 7.5 25.8 2.8 8.5 3.9 11.9 8.3

High 3.50 2.0 20.1 93.4 8.4 18.7 63.1 6.7 22.8 9.9 30.5 20.7

Low 1.22 1.0 0 2.0 0 0 1.3 0 0 0 0 0

Number — — 4 6  4 2 6  2 5 4 3 2
containing

Trace: MgO, KgO, Sn02

"Pure" Sulphate Type—9 particles

de i/D A1 2°3 Si02 CaO Fe3°4 Cu2 0 Sn02 PbS04 ZnS04

Average 1 . 8 8 1 . 2 1 .3 6 . 6 1.3 3.6 9.4 1 . 2 66.5 1 0 . 2

±  o 0,60 0.3 1 .5 2.9 0.9 2.9 7.6 1 .7 1 2 . 8 7.1

Hi gh 3.00 2 . 0 4.1 12.7 2.7 6.3 19.7 4.9 86.9 24.7

Low 1 . 0 2 1 . 0 0 3.8 0 0 0 0 49.4 0

Number
containing

- -  , - - 2 6 3 5 5 3 9 7

Dg = diameter of sphere with volume equivalent to that of the particle 

i / 0  = length to diameter ratio
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Table 24. Reverberatory furnace ESP bin pa rt ic le  compositions (wt%)

Pure Oxide Type

Magnetite based— 6  particles

°E £ / 0 A1 2°3 Si02 Cr2°3 Fe3°4 ; NiO

Average 2.94 1.2 2,4 6 . 1 13.0 72.2 6 . 2

±  o 0.47 0.4 5.3 9.5 7.9 12.5 3.2

Hi gh 3.25 2 . 1 14.1 25.0 19.3 96.2 9.9

Low 2.18 1.0 0 1 . 1 2.5 59.2 0

Number
containing

”  ” . -  — 1 6 6 6  . 5

No s i l ic a , alumina or calcia based oxide particles examined

Sulphate on Oxide Type—12 particles

°E l / d A1 2°3 Si02 Cr203 Fe3°4 NiO GUgO ZnS04 PbSO

Average 3, 36 1 . 1 9.6 1 0 . 8 6.3 50.9 4.2 3.9 6.9 7.4

±  & 0.60 0 . 6 1 0 . 2 14.6 3.1 21.5 2 . 8 1.9 8.9 6.7

Hi gh 4.50 1 . 8 31.9 41.6 10.5 75.3 12.5 6 . 6 23.0 16.9

Low 2.50 1 . 0 0 1 . 6 0 11 .7 0 0 0 0

Number —> - -  10 12 11 12 10 10 7 9
containing

Trace: KgO, CaO, ASgOg, CuSÔ , ZnO, SnQg
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Table 24 (continued)

"Pure Sulphate Type— 6  particles

de £/D Si02 Fe3°4 Cu2 0 ZnO ZnS04 PbS04

Average 2/36 1 . 2 1 . 2 1 2 . 8 2 0 . 1 1.9 20.9 40.4

±  a 1 . 0 0 0.3 0.3 3.1 1 2 . 0 1.4 3.4 1 1  . 8

High 3.30 1 .7 3.0 16.6 38.0 1 1 .5 61 . 1 75.6

Low 1 .30 1 . 0 0 9.6 0 . 0 0 0

Number
containing

-- 3 5

Trace:

5

K2 0, CaO

1

’ Cr203

3

, NiO,

5

CdO, Sn<

Dg, 5,/D defined in Table 23
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Table 25. Reverberatory furnace ESP o u t le t  pa rt ic le  compositions (wt%)

Pure Oxide Type

Magnetite based—7 particles

de ' A/D
5 1  ° 2 Cr2°3 Fe3°4 NiO

Average 1.74 1.4 3.3 1 2 . 6 77.5 6.5

±  o 1.30 0 . 6  ■ 1.2 9.1 13.4 5.0

High 4.25 2.4 5.3 20.3 96.5 13.1

Low 0.60 1 . 0 2 . 0 0 63.6 0

Number
containing

7 5 7 5

Trace: A12 0g9 TiOg

Alumina based—2 particles

°E A / D A1 2°3 Si02 Cr2°3 F e 3 ° 4 NiO Cu20

Average 2.50 1 . 1 82.3 2 . 8 1 .5 9.8 1 . 0 2.7

±  c r 0.70 0 . 1 25.0 4.0 2 . 1 13.9 1.4 3.8

High 3.00 1 . 2 1 0 0 . 0 5.5 3.0 19.5 2 . 0 5.4

Low 2 . 0 0 1 . 0 64.6 0 0 0 0 0

Number 
containing

----- 2 1 1 1 1 1
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Table 25 (continued)

Calcia based--2 particles

de A/D . A1 2 0 3 Si02 CaO

Average 1.30 2 . 0 1 .5 4.0 94.6

±  a 0.40 0.4 2 . 1 0.5 2 . 6

High 1.55 2 . 2 3.0 4.3 96.4

Low 1.05 1 . 0 0 3.6 92.7

Number
containing

1 2 2

Silica based—2 particles

0E %/D Si02

Average 3.00 1.0 100

+ a 1.27 0.1 0

Hi gh 3.89 1.2 100

Low 2.10 1.0 100

Number ■— — 2
containing

Sulphate on Oxide Type--!2 particles

de
A/D a i 2 o3

Si02 Cr2°3 Fe3°4 NiO CUgQ ZnS04 PbS04

Average 22.4 1 . 2 1.7 2.7 2.5 55.7 1 . 8 16.4 2 . 2 16.8

±  o 0.83 0.4 1.7 2.3 3.4 20.7 2.3 13.1 3.4 17.0

High 3.50 2.3 4.7 8.5 9.0 82.5 6.4 42.1 8 . 6 49.2

Low 0.80 1 . 0 0 0 0 15.9 0 O' 0 0

Number 8 TO 5 1 2 6 1 1 4 8

containing
Trace: CaO, ZnO, ASgÔ



Table 25 (continued)

n o

"Pure" Sulphate Type—20 particles

. de
2/D A1 2°3 Si02 CaO Fe3°4 Cu2 0 ZnO ZnSÔ PbS04

Average 2.14 1 . 1 1.2 3.4 1.4 6 . 6 22.4 1.5 19.3 44.0

+ a 0.80 0.3 1 . 8

u
o

C
O 5.5 4.9 13.2 4.7 2 1 . 2 29.6

Hi gh 4.00 2 . 0 6.5 16.5 24.4 13.8 41.5 17.1 74.1 98.5

Low 1 . 0 0 1 . 0 0 0 0 0  . 0 0 0 0

Number 8 16 3 15 16 2 16 17
containing

Trace: Na2 0, MgO, KgO, CrgO ,̂ NiO

and 2 / 0  defined in Table 23
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the various compounds in individual particles, and as an aid in discern

ing particle formation mechanisms.

Bulk res is tiv ity  measurements on the reverberatory particles 

showed a marked difference in particle res is tiv ity , depending upon the 

sample source. In particular, the res is tiv ity  of the bin sample was 

found to be much higher than that of the outlet sample. A plot of re

s is tiv ity  versus compacting pressure for the two samples is shown in 

Figure 36. The res is tiv ity  of the bin sample was extraordinarily high

at almost 10^ ft-cm. The res is tiv ity  of the outlet sample was consider-
-  7 ■ably lower, a t just over . 1 0  ft-cm.

Converter particulate emissions could be physically separated 

into one fraction of very fine size and another of relatively large 

particulate size. The suspendable fraction, that which was fine enough 

to be easily suspended in a liquid medium, made up about 65 weight per

cent of the converter ESP bin sample and about 90 weight percent of the ■ 

converter ESP outlet sample.

The suspendable fraction of the converter particulate samples 

resembled, in many respects, the "pure sulphate" type particles found in 

the reverberatory furnace particulate samples. The size distribution of 

the suspendable converter particles is shown as a function of the source 

by the plots in Figure 37, 38 and 39. The in let material was fully  99% 

-10 urn. The in le t material showed a bimodal frequency distribution, as 

was found for the reverberatory furnace particulate samples. The larger 

of the two modes is the one in the finer size range, at a particle size 

of about 1.5 urn. Comparing Figures 37 and 38, i t  is seen that the un

collected outlet sample had essentially the same size distribution as
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bin (collected) 
outlet (not collected)

(0.00

p =8.lx I090cm

9.00

8.00

7.00
3.00 5.00400

LOG p ( psi )

Fig. 36. Plots of bulk res is tiv ity  (p) against compacting pressure 
(P) from measurements on samples of bin (collected) and 
outlet (not collected) material from the reverberator/ 
furnace ESP.

Measurements performed with the modified van der Pauw 
resistiv ity  cell described in the text.
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Fig. 37. Particle size distribution of the suspendable fraction of the 
copper converter ESP in le t sample.
Distributions obtained with a HIAC PA-520. Both % less than 
and frequency distributions are shown.
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Fig. 38. Particle size distribution of the suspendable fraction of the 
copper converter ESP outlet sample.
Distribution obtained with a HIAC PA-520. Both % less than 
and frequency distributions are shown.
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irtic le  size distribution of the suspendable fraction of the 
jpper converter ESP bin sample.
istribution obtained with a HIAC PA-520. Both % less than 
id frequency distributions are shown.
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the inlet, sample. The bin (collected) sample of the suspendable parti

cles, however, possessed a significantly coarser size distribution 

compared to samples from the other two sources. The bin (collected) 

sample was only 95% -10 ym. The distribution was again bimodal, with 

the larger of the two modes in the coarser size range at 2.5 ym.

The X-ray diffraction pattern for the finer portion (suspendable) 

converter dust from the outlet sample, and its solution, are shown in 

Table 26. Suspendable fractions from in le t ,  bin and outlet converter 

samples all showed two. major compounds, PbSÔ  and ZnSO '̂H^O, although the 

relative amounts of the two phases were different depending on the sample 

source. The ratio of the relative intensities of the major diffraction  

peaks for PbSÔ  and ZnSÔ -Ĥ O is given in Table 27. This showed that 

the ratio of PbSÔ  to ZnSÔ  was much higher for the collected (bin) 

sample than for the uncollected (outlet) sample.

Microbeam analyses of the suspendable fraction of the converter 

bin sample provided good support for the observations made with the XRD 

data, in addition to providing some new information. The approximate 

compound analyses, calculated as with the reverberatory furnace samples, 

are given in Table 23. The average particle contained much more lead 

sulphate than zinc sulphate, an observation which is in good agreement 

with the XRD data. Only, eighteen of the 52 particles examined showed no 

trace of the slagmaking compounds, SiO  ̂ and Al^Oj. Of these eighteen, 

six contained ho CUgO* There were only.two particles in which lead sul

phate appeared in the absence of zinc sulphate. One of these was a pure 

lead sulphate particle; the other contained some SiOg.
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Table 26. Solution of the XRD pattern of the suspendable fraction of 
the converter ESP bin sample

dP (ao) wwy vizdp)
4.786 4.83/40(47)

4.760 4.77/55(51)

4.242 4.26/87(82)

3.940

3.798 3.813/57(49)

3.601 3.622/23(20)

3.457 ; 3.479/33(33)

3.398 3.42/100(100)

3.328 3.333/86(86) 3.34/50(33)

3.210 3.220/71(69)

3.047 3.07/45(35)

3.001 3.001/100(100)

2.759 2.773/35(38)

2.704 2.691/46(45)

2.609 2.618/8(6)

2.551 2.561/16(14)

2.513 2.525/40(30)

2.401 2.406/17(17)

2.274 2.276/20(16)

2.233 2.235/5(4)

2.185 2.193/7(7) 2.193/16(6)

2.159 . , 2.164/26(26)



Table 26 (continued)

dp (A°) ' dPb/ - W I p'-?

2.129 2.133/5(7)

2 . 1 0 0 2 . 1 1 1 / 1 0 ( 6 )

2.065 2.067/76(76)

2.025 2.030/82(58)

1.967 1 .973/21 (21 ) 1 .972/12(11 )

1.901 1.905/3(3)

1 .878 1.879/6(8)

4̂
0

0
0

0 1.793/15(17)

1.738 1.741/8(7).

1.699 1 .703/16(16)

1.669 1 .678/10(5)

1.650 1.656/7(7)

1.617 1 .621/19(19)

1.584

1.571 1.571/6(8)

1.538 1 .542/2(5)

1.491 1.493/15(15)

1.463 1 .467/7(10)

. 1.437 1.441/8(8)

1.420 1.429/4(4)

.1,401 v 1.406/3(3)

—Diffraction data taken from the powder diffraction f i le  (JCPDS), 1978

Subscripts: p = pattern ; Pb = PbS04 ; Z = ZnSÔ
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Table 27. 100% peak height ratios of lead sulphate to zinc sulphate for 
the suspendable (fine) fraction of the three converter 
samples

(Ratios are the average of three XRD patterns)

SoUrCe I PbS04 / I ZnS04 ’H20

In le t  

Bin

Out!et

2.5

3.6 

1.2
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Table 28. Summary of microbeam analyses of 52 "pure" sulphate type
particles from the suspendable fraction of the converter ESP 
bin sample

(Compositions are in weight percent)

de £/D Si02 Cu2 0 ZnS04 PbS04

Average 1.40 1  . 1 3.7 1.4 14.5 30.4

+ a 0.30 0 . 6 4.0 1  .3 8 . 2 12.3

High 2.30 5.3 14.6 7.1 46.4 1 0 0

Low 0.55 1 . 0 0 0 0 32.7

Number
containing

— ■ " 33 28 50 • 52

Trace: A12 03, CdO, Sn02

- diameter of a sphere having the same volume as the particle 

&/D = length to diameter ratio
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Plots of res is tiv ity  against compacting pressure for bin and

outlet samples of the suspendable converter fraction are given in Figure
"  ' ' 540. The bin sample gave an absolute resistiv ity  of 1.1x10 ft-cm. The

4
outlet samples gave a somewhat lower absolute res is tiv ity  at 1.7x10 

'ft-cm. The pressure exponents were similar at y = 1.1 for the bin sample 

and y = 1 . 2  for the outlet sample.

An SEM photomicrograph of a typical suspendable converter parti

cle, this one about 6  urn in diameter, is shown in Figure 41. Note the 

somewhat "flaky" nature, which probably aids in the suspendability of 

these particles. The results of the particle size analyses were substan

tiated by the SEM examinations, which revealed no particles in either 

outlet or bin suspendable material which were greater than 1 0  wm in 

diameter.

The nonsuspendable (heavier) fraction of the converter particu

late samples proved to have by far the coarsest size distribution of any 

particles discussed thus far. Both the in le t and collected (bin) non

suspendable fractions were fu lly  90wt% plus 30 ym, with individuals as 

large as 500 ym! The outlet nonsuspendable fraction (about 10wt% of the 

total outlet sample) was by far finer than the in le t and bin counter

parts. This material was substantially all minus 30 ym.

An XRD pattern of the nonsuspendable portion of a converter bin 

sample, and its  solution, is given in Table 29. This data revealed the 

five major compounds in the fraction to be SiO^, Cû O, Cu, Fê Ô  and 

Cu-| ggS (a nonstoichiometric variety o f cuprous sulphide). The nonsus

pendable fraction in all three locations contained these five compounds, 

but in varying proportions depending upon the location. The relative
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Fig. 40. Plots of bulk resistiv ity  (p) against compacting pressure 
(P) from measurements on suspendable fractions of the 
bin (collected) and outlet (not collected) samples from 
the copper converter ESP.

Measurements performed with the modified van der Pauw 
resistiv ity  cell described in the text.



Fig. 41. SEN photomicrograph of a typical particle from the suspendable
fraction of the copper converter ESP bin sample.

(The longest dimension of this particle is about 6  pm)



Table 29. Solution of the XRD pattern of the nonsuspendable fraction of the converter ESP bin sample

dp (A°) dSi02 / I Si02 ( I p) dCu2 0/ I Cu2 0( I p) dCu/ I Cu( I p) ggS^C^ 9 6 S( l p) dFe3 04 / I Fe3 04 ( I p)

4.250

3.343

3.264

3.031

2.962

2.812

2.741

2.522

2.464

2.399

2.303

2.354

2.205

2.134

2.087

4.26/35(35)

3.343/100(100)

2.128/9(9)

3.020/9(13)

2.458/12(12) 2.465/100(100)

2.282/12(12)

2.237/6(6)

2.135/37(27)

3.27/16(20)

2.827/30(28)

2.74/100(100)

2.302/80(54)

2.259/30(18)

2.967/30(20)

2.532/100(100)

2.088/100(100)



Table 29 (continued)

dp (A°) dSi0 2 / I Si0 2 Î p̂ dCu2 0/ I Cu2 0( I p) W W W Cu1.96Ŝ  Cu1.96S  ̂ Fe3°4  ̂ Fe3°4^Ip

1.995 

1.973

1 :4 9 4 / #  70(64)- 

1 : 9 5 9 / 2 0  50(58)
1.931

1.879 1.883/35(33)

1.807 1.817/17(17) 1.808/46(32)

1.702

1.662

1.613 1.616/30(20)

1.541 1 .541/15(11)

1.508 1.510/27(30)

1.286 1.287/17(17)

1.277 1.278/20(20)

1.198

1.089 1 .090/17(22)

1.043 1.043/5(9)
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heights of the major peaks in the outlet nonsuspendable sample compared 

to a bin nonsuspendable sample of comparable size range are shown in 

Table 30.

I t  is clear that SiOg reported preferentially to the bin and 

Fê Ô  reported preferentially to the outlet. Note that Cu and Cû O 

reported to both locations. Also note that no Cû  ĝ S was found in the 

-38 ym size range at a l l .

The nonsuspendable bin sample, which was for the most part plus 

30 ym, was compared to the plus 30 ym fraction of the in le t nonsuspenda

ble particles. A comparison of the ratios of the relative intensities 

of the major peaks of the compounds in the two samples is given in Table 

31. Note the absence of any effect of sample location except in the case 

of magnetite, which reports preferentially to the outlet.

Optical metallography of mechanically cross-sectioned nonsuspend

able bin samples revealed a large variety of particles. In addition to 

the five major components identified by X-ray diffraction, other copper 

and iron compounds were detected in small amounts, either as individual 

particles or as inclusions in particles of the major constituents. A 

complete lis ting and description of the different particle types follows. 

An approximate composition by number of each type of particle, based on

the examination of 150 particles, is given in Table 32.

Copper particles were particles of nearly pure metallic copper 

in the form of near-perfect solid spheres or hollow particles of irregu

lar to near-spherical shape. The solid spheres contained inclusions of 

Cu-j ggS and/or Cu-j ggS dendrites growing inward from a Cu-j ggS she ll.

A photomicrograph of a hollow copper sphere is shown in Figure 42. An
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Table 30. Comparison of XRD patterns of the fine fraction of the non-
suspendable particles from the bin and outlet of the converter 
ESP .

(Numbers indicate the relative height of the 100% relative  
intensity peaks of the compounds in a sample)

Compound . Bin (collected) 
(-38+10 urn)

Outlet (uncollected) 
(-30 urn)

Si02 40 0

Cu2 ° 1 0 0 63

Fe3°4 0 1 0 0

Cu 70 50
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Table 31. Comparison of XRD patterns of the coarse fraction of the 
nonsuspendable particles from the in let and bin of the 
converter ESP

(Numbers indicate the relative height of the 100% relative  
intensity peaks of the compounds in a sample)

Compound Inlet  
(+30 urn)

Bin (collected) 
(+30 ym)

Si02 1 0 0 1 0 0

Cu2 0 1 0 6

Cu 2 0

•
2 0

Cul.96S . 2 0 17

Fe3°4 50 : - 23
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Table 32. Summary of particle types and their frequency of occurrence 
in a random sample of 150 particles of the nonsuspendable 
fraction of converter ESP bin particles

Particle Type Number Found in 150 Number Percentage

Pure Copper
sphere 6  4
hollow sphere 2  1

TOTAL [ 8 ] ; . [5]

Copper Sulphide
single phase 50 34
single Cu core 18 12
double Cu core 2 1

' TOTAL [70] [47]

Matte
chalcopyrite 5 3
bornite 5 3
borni te/chalcopyri te 1  1

TOTAL [11] [7]

Slag
silica  23 15
hemati te 4 3
magnetite 3 2
TOTAL [30] [20]

"Geode" . 30 20

"Dumbel 1 " V 1 : 1

GRAND TOTAL 150 100
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Fig. 42. Light photomicrograph of a hollow copper sphere from the non- 
suspendable fraction of the copper converter ESP bin sample.

(The diameter of this particle is roughly 140 ym)
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example of a copper solid sphere with a Cu-j gg shell and dendritic in

clusions is shown in Figure 43.

"Chalcocite" particles were the light gray color of chalcocite 

(Cu^S) when observed on the metal!ograph, but the majority were probably 

Cu.j ggS, as indicated by XRD. Particles of this type were nearly per

fectly spherical in all cases. Although the particles in this group 

were primarily single phase (see Figure 44), many individuals possessed 

a spherical core of pure (see Figure 45), and on rare occasions 

two such cores were observed (see Figure 46). The fact that these gray 

particles were Cû  ggS was verified by taking an XRD pattern of one of 

them with a Gando!fi camera; the resultant pattern and its  solution are 

shown in Table 33. Many of the single phase variety were obviously den

dr it ic  in structure, as can be plainly seen in Figure 44. The mineral 

covenite (CuS) was found in one case as what appeared to be the result 

of interdendritic rejection of copper by the solidifying copper sulphide. 

The CuS was observed, in cross section, as small rings of material sur

rounding dendrites of Cu-j ggS. A two phase, dumbell-shaped associate of 

two different copper sulphides (deduced from two shades of gray) was also 

found in one case and is shown in Figure 47. The term "matte" was chosen 

to describe irregularly shaped particles of CuFeŜ  (chalcopyrite),

CUgFeŜ  (bornite), or combinations of the two. Particles of this type 

were scarce.

Particles of slag materials consisted of individual jagged parti

cles of SiOg, Fê Ô  and Fê Ô  (hematite). The term "geode" was applied 

to hollow spheres composed of agglomerated small particles of magnetite 

and/or quartz. A sketch of such a particle is given in Figure 48. A
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Fig. 43. Light photomicrograph of a two-phase (Cu and Cug^S) particle 
from the nonsuspendable fraction of the copper converter ESP 
bin sample.

The particle shows what appear to be copper sulphide dendrites 
growing in a matrix of pure copper. The diameter of this 
particle is about 150 pm.
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Table 33. Solution of an X-ray Gando!fi camera pattern of a 100 ym
copper sulphide type particle from the nonsuspendable frac
tion of the converter ESP bin sample

dp (A°) I
X s Z ”’ S . e e S 141 dFe304<A° ) lFe304 (X)

3.794 very weak 3.77 10

3.282 weak 3.27 16

3.163 very weak

2.969 very weak 2.967 30

2.830 weak 2.827 20

2.740 very strong 2.740 100

2.523 weak 2.532 100

2.294 strong 2.302 80

2.264 

2.002 

1 .972

weak

moderate

weak

2.259
1.998
1.994
1.967

30

40 70
30

1.937 moderate

1.888 weak 1.883 35

1.769 , very weak 1.761 30

1.710 weak

1.569 very, very weak

1.623 very weak 1.616 30

1 .489 very weak 1.485 40

1.407 very weak 1.401 30

1.331 very weak 1.328 4

--Diffraction data taken from the powder diffraction f i le  (JCPDS), 1978
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Fig. 44. Light photomicrograph of a single phase copper sulphide parti
cle from the nonsuspendable fraction of the copper converter 
ESP bin sample.

(The particle diameter is about 90 pm)
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Fig. 45. Light photomicrograph of a copper sulphide particle with a core 
of pure copper, taken from the nonsuspendable fraction of the 
copper converter ESP bin sample.

(The diameter of the particle is roughly 280 pm)
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Fig. 46. Light photomicrograph of a copper sulphide particle, with two 
copper cores, from the nonsuspendable fraction of the copper 
converter ESP bin sample.

(The diameter of this particle is roughly 170 pm)
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Fig. 47. Light photomicrograph of a two-phase dumbbell-shaped particle 
from the nonsuspendable fraction of the copper converter ESP 
bin sample.

The phases are probably two varieties of cuprous sulphide 
(Cu2_xS). The longest dimension of the particle is about
45 pm.
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Fig. 48. A sketch of the lower hemisphere of a typical "geode" type
agglomerate of quartz and magnetite found in the nonsuspendable 
fraction of the copper converter ESP bin sample.

The dark areas represent magnetite (Fe_0.) crystals. The white 
areas represent quartz (SiOp) crystals. This type of particle 
was found in sizes up to 500 urn.
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"geode" type particle, which was entirely black on optical examination, 

was examined with the Gandolfi camera. The resulting XRO pattern and 

its solution are shown in Table 34. The identity of the particle as 

pure magnetite was confirmed.
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Table 34. Solution of an X-ray Gandolfi camera pattern of a 300 ym 
slag particle from the nonsuspendable fraction of the con
verter ESP bin sample

( Diffraction data for Fe~0A taken from the powder diffraction  
f i le  (JCPDS), 1978) d 4

d,A° ) 1 'A° ) rFe3°4

4.829 very weak . 4.852 8

2.988 weak 2.967 30

2.532 very strong 2.532 100

2.114 very weak 2.0993 20

1.721 very, very weak 1.7146 10

1.619 weak 1 .6158 30

1.487 moderate 1.4845 40

1.284 very, very weak 1.2807 10



7. THE SOURCE OF COPPER SMELTER PARTICULATE EMISSIONS

There are two major differences between particulate formation in 

the reverberatory furnace and in the converter. In the reverberator/ 

furnace, the charge is basically flowing very slowly toward the tapping 

end. Reverberatory furnace particles were thus observed to originate 

largely from the slag which floats on and completely covers the matte.

In the converter, where agitation is severe, all of the phases present 

in the vessel were detected in the particulate emissions.

Reverberatory furnace particulate emissions originated from the 

slag and from the high vapor pressure .elements in the matte. The largest 

single components were thus magnetite (Fe^O^) and cuprite (CUgO) from 

the slag, and ZnSO^HgO (zinc sulphate hydrate) and anglesite (PbSÔ ) 

which formed by vaporization of Pb or Zn in some form.

The vapor pressure data given in Table 4 show that the most

like ly  vaporization mechanisms for Pb and Zn would be direct vaporiza

tion of PbS and Zn. The PbS would probably polymerize to some extent 

to PbgSg) according to Table 5. These two compounds would then condense 

as they travelled down the flue. The atmosphere in the flue is plotted 

on the Zn-S-0 and Pb-S-0 Kellogg diagrams shown in Figures 9-12 and 13- 

16, respectively. By following the Kellogg diagrams, a mechanism for 

the formation of zinc-lead sulphate fume was postulated.

The PbS or PbgSg vapor which evaporated from the matte condenses 

at about 1250°C (see Table 4). Lead oxide (PbO) is the stable phase at

this temperature, in the atmosphere of the flue, as shown by Figure 16.

141
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Two routes are possible for the conversion of PbS (or PbgSg) vapor to 

condensed PbO. Vapor phase oxidation of the PbS (PbgSg) to PbO (PbgOg) 

would cause some immediate condensation due to the lower vapor pressure 

of PbO relative to PbS (see Table 4). The remainder of the PbO vapor 

would condense as gas temperatures decreased along the flue. A second 

possible mechanism is for PbS (Pb^S^) to. condense directly, then oxidize 

to PbO. Both mechanisms would result in very fine liquid droplets of 

PbO. Condensation in either mechanism may be homogeneous or heterogen

eous, as will be discussed in detail la ter.

The PbO would be the stable phase until the droplet had proceed

ed far enough along the flue to reach a temperature of about 870°C.

The PbO would now be a fine solid particle, having solid ified at about 

890°C. At 870°C, the lead sulphate (PbSO )̂ becomes the stable phase in 

the flue gas atmosphere (Rosenqvist, 1974). Due to the small size of 

the PbO partic le, the conversion to PbSÔ  probably proceeds to comple

tion very rapidly. The result would be a very fine solid particle of

pbso4- :
Zinc sulphate (ZnSO )̂ becomes the stable phase for zinc at about 

940°C (Rosenqvist, 1974)9 a temperature at which zinc metal would s t i l l  

be a vapor. This would indicate a simultaneous sulphation/condensation 

of ZnSÔ . At the stated temperature, the lead in the system, according 

to the previously postulated mechanisms, would be in the form of fine 

PbO droplets. The ZnSÔ  probably nucleated onto these droplets. Since 

XRD showed substantially all of the lead to be in the form of the sul

phate, i t  was reasoned that:
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1) the ZnSÔ  coating on the PbO droplet was porous enough or 

thin enough to allow easy sulphation of the PbO at 870oC; or

2) the two liquids, PbO and ZnSO ,̂ were well mixed in the fine 

droplet, but segregated when solid PbSÔ  was formed.

Both PbSÔ  and ZnSÔ  become thermodynamically unstable below 

about 530°C (Rosenqvist, 1974). Both sulphates are the only compounds 

of their respective metals detected by XRD in the reverberatory furnace 

particulate samples. I t  is therefore probable that, at temperatures 

below 530oC, the kinetics of. the sulphate decomposition reactions are 

so slow that the extent of decomposition is negligible and the sulphate 

phases predominate.

Many of the reverberatory furnace particles showed a combination 

of slag-making compounds and 1 ead-zinc sulphates,, according to microbeam 

analyses. Even those particles classified as "pure" sulphate type ac

tually contained small amounts of slag-making compounds. This suggests 

a heterogeneous nucTeation of lead-zinc sulphates onto the slag parti

cles.

I f  i t  is assumed that the vapor pressures of lead and zinc are 

uniform throughout the flue just prior to nucTeation, then the thickness 

to which the sulphates condense on the slag particles should be the same 

regardless of particle size. I f  this is so, then the percentage of 

sulphates .in the particles should increase with decreasing particle 

size. Note that this trend could also be expected i f  the lead and zinc 

vapor pressures were distributed about an average. In this case, the 

average percentage of sulphates, would increase with decreasing particle  

size. The predicted trend was demonstrated by the plot in Figure 49,
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Fig. 49. Effect of decreasing particle size (D̂ .) on the ratio of fume 
compounds to slag compounds (F/S) for particles taken from 
the bin, in le t and outlet samples of the copper reverberatory 
furnace ESP.

Dr- = diameter of a sphere of volume equivalent to that of 
the particle.

Numbers given parenthetically in key give number of particle 
analyses used for each plot.
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where three plots of .particle size against the sulphate to slag ratio 

are shown. The three plots, prepared using data from ESP bin, in let and 

outlet samples, all show increasing sulphate content with decreasing 

particle size, as expected. The increase is most severe in the outlet 

sample, barely noticeable in the bin sample, and of an intermediate 

severity in the in le t sample.

All of the reverberatory furnace particulate emissions contained 

one or more of the slag-making compounds: FegO ,̂ CrgOg, SiOg, AlgOg,

CaO, NiO or CugO. Of these compounds, SiO^, A 1 a n d  CaO were added 

directly for siagmaking purposes (see section 3). Most of the Fê Ô  

and some SiOg and Cû O are charged to the reverberatory furnace as con

verter slag. Some small amounts of CUgO and Fê Ô  probably report to 

the slag from oxidation of the matte. The other two compounds, C^Og 

and NiO, most like ly  enter the slag by dissolution of the refractory 

walls of the furnace.

Since all of the slag compounds have extraordinarily low vapor 

pressures under reverberatory furnace conditions, i t  was concluded that 

physical removal and entrainment by flowing gases was the only s ig n ifi

cant mechanism of particle generation applicable to slag particles. The 

particles should leave the slag as molten droplets and solidify as they 

reach cooler regions down the flue. Some of the high chromium particles 

probably had liquidus temperatures as high as 1700°C (see Table 2 for 

appropriate phase diagrams), but this temperature is probably exceeded 

in regions of the furnace near the tips of the burner flames.

The entrained droplets should have a tendency to assume a 

spherical shape due to surface tension forces acting in the absence of
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other physical restrictions on the particle shape. Spherical particles 

were rarely found among particles containing exclusively slag-making 

compounds. I t  was realized that a high viscosity could prevent these 

particles from assuming a spherical shape prior to solid ification.

Using data from the literature and a few reasonable assumptions, 

a factor was developed which could serve as a semi-quantitative indica

tor of viscosity and could hence be related to the nonspherical nature 

of the particles by way of the length to width (&/D) ratio . The factor 

is based on a similar factor derived in earlier work by Higgins and 

Jones (1963). This factor was empirically derived from actual viscosity 

measurements on copper furnace slags and is given as

Viscosity Ratio  -----------0 +'— - 1 -- l ~ -■ —-8 3 | ------------------ =—
0.87[Fe ] + 0.83[Mn ] + 0.7[Ca ] + 0.95[Mg ]

(14)

The in it ia l  modifications for this study included inverting the 
2+ratio, eliminating the Mn term (since no Mn was detected in the parti

cles examined), and putting the ratio in terms of the respective oxides 

of the ions. These modifications were coupled with the following

assumptions, which relate to compounds found in the particles but not

specified in the original ratio . The assumptions were:

T) Each Fe^+ ion in Fê Ô  has three-halves the effect on vis-
2+cosity as the single Fe ion.
2+2) A single Ni ion has the same viscosity effect as a single

- 2+ .Ca ion.
4 -  O  1

3) Two Cu ions have the same viscosity effect as a single Ca

ion.
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4) Two K+ ions have the same viscosity effect as two Cu+ ions 
2+or a single Ca ion.

With these assumptions incorporated and the Ni^+,C u + and K+ 

ion concentrations converted to equivalent oxide weight, we obtain:

Modified 1.8CFe304]+[Ca0]+l.6[Mg0]+0.9[Ni0]+0.8[Cu20]+G.8[K20]

Viscosity Ratio = '  ! i  . 8 [ A 1 jO j ]  + 6 .i[S iO j] ' ™

(15)

The last modification made was to correct for the considerable 

effect of chromic oxide (CrgO^) on viscosity. The data of Higgins and 

Jones (1963) indicate that the effect of OgOg on viscosity is roughly 

90 times that of an equimolar addition of A1203. Incorporating this 

data into (15), the final viscosity ratio , hereafter to be called the 

J Ratio (in honor of the author), becomes:

1 .8 [Fe-0^]+[Ca 0]+1.6[M gO]+0.9[N i 0]+0.8[C u 9 0] +0.8[ K, 0]
J = ----------2 -i------------- — ------------:------------   !=----— — (16)

1 .8[A1 203]+6 .1 [Si02]+n0[Cr203]

This ratio was calculated for all in le t ,  outlet and bin particles con

taining only slag-making compounds, since those particles onto which any 

high vapor pressure material had condensed could not be expected to have 

the same shape as those with no condensates. The result of this exercise 

is summarized by the plot in Figure 30. This clearly shows that the &/D 

ratio decreases (particles tend toward spheres) as the J ratio increases 

(viscosity decreases). This relationship is what was expected.

In addition to Cu, Fe, Zn, Ni, Pb and Cr, other heavy metals were 

found in the reverb particulate samples in small concentrations. These 

were As, Sb, Sn and Cd. Because of the very small concentrations of .
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50. Correlation of dimensionless viscosity factor, J (defined 
in text) with length-to-diameter ratio (£/D) for copper 
reverberatory furnace particulate emissions.

ESP in le t ,  outlet and bin particles considered together. 
Numbers in parentheses give number of particles to give a 
particular point on the plot.



these elements, the form in which they were present could only be in

ferred. One author (Kurasawa, et a l . ,  1973) had found As as the trioxide  

(ASgOg) in copper converter off-gas particulates, and i t  is presumed that 

As takes that form in the reverberatory furnace particles under study.

Due to the oxidizing conditions present in the furnace, i t  was assumed 

that the other three heavy metals were also present as their oxides: Sb

as SbgOg, Sn as SnOg and Cd as CdO. Of the nearly 100 particles examined 

from the in le t, outlet and bin samples, only four contained measurable 

amounts of arsenic, amounting to Z^As^Og in the single particle with 

the highest concentration. Only one particle contained cadmium, in the 

amount of T.7%CdO. Tin was the most prevalent of the trace heavy metals, 

being found in seven particles, with a maximum of 4.9%Sn02. All of 

these heavy metal oxides decompose, sublime or evaporate at temperatures 

well below those encountered in the reverberatory furnace. I t  is not 

surprising, then, that the trace heavy metals were always associated 

with the lead/zinc sulphate condensates.

Converter particulates arise from all of the phases present in 

the vessel. The magnetite and hematite particles arise from the slag 

created during the f irs t  blow of converting, when iron sulphides are 

oxidized to iron oxides. These particles are most like ly  produced by 

physical removal from the slag and entrainment, as the vapor pressure of 

iron in the converter atmosphere is negligible. Silica particles are 

probably produced by the same mechanism as the iron oxide particles. . The 

silica arises from the s ilica  which is added as a flux to aid in removal 

of the iron oxide slag obtained from the f irs t  blow. The cop per-iron
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sulphide particles are most like ly  entrained from unaltered matte during 

the in it ia l  stages of the f irs t  blow. '

The large solid spheres of Cu, Cu-j ĝ S or a combination of the 

two arise from a removal/entrainment mechanism as discussed earlier.

The low melting point and low viscosity of these materials, relative to 

SiOg, Fê Ô  and FegO ,̂ is reflected in the perfectly spherical nature of 

the particles. The combination of pure Cu and Cû  ggS in a single 

particle can be attributed to two different mechanisms. Those particles 

which were nearly all Cu with a thin coating of Cû  ggS most like ly  arise 

from droplets of Cu which pass through unreacted white metal (CugS) to 

obtain the coating. I t  is highly unlikely that the coating is a result 

of reaction of the Cu with the converter flue atmosphere. The Kellogg 

diagrams, although not applicable to the whole of the particle, could be 

expected to predict the composition on the surface of the particle. Due 

to the relatively low sulphur pressure in the converter atmosphere, the 

expected surface phase would be a copper oxide or sulphate and not a 

copper sulphide. I t  is possible, however, that the copper sulphide on 

the copper particle surface becomes nonstoichiometric due to removal of 

sulphur by oxidation.

Those particles which consist of a small Cu core surrounded by 

Cuy ggS (see Figure 45) could probably arise due to rejection of copper 

during plane front solidification of the copper sulphide. Since the 

particle is like ly  to have solidified from the outside inward, the.last 

bit of material to freeze (that which is richest in copper and is , in 

this case, nearly pure copper) would be the center of the particle. The 

solidification rejection of copper by copper sulphide was verified by a
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Cu.| gg particle which had inclusions of covellite (CuS) surrounding 

several dendrites in the particle. The plane front rejection of copper 

is an alternative explanation for the presence of Cu-j ggS (rather than 

CUgS) as a coating on copper particles.

The hollow spheres of Cu or Cu-j ggS found in the nonsuspendable 

converter fraction indicated that the bubble bursting mechanism of fume 

formation was operating in the converter. This was not surprising, con

sidering that large quantities of SOg are generated during both blows.

The agitation during the blowing of a converter is extreme, but since the 

melt is confined to the vessel, there must be times and places when gas 

bubbles through portions of the melt. This is believed to result in 

formation of the hollow copper and copper sulphide spheres which were 

observed. Other modes of fume formation are probably responsible for 

formation of some of the very finest copper and copper oxide particles 

observed in the nonsuspendable.fraction of the converter dust, such as 

the particle shown in Figure 51. Which mechanisms would be applicable 

is a matter of speculation, since most of the mechanisms have the same 

end result. The most like ly  would be:

1) direct evaporation—at the "hot spot" where the air blast 

contacts the melt.

2) oxidation-enhanced vaporization—interaction of molten copper 

with oxygen in the a ir  blast.

3) convection-enhanced vaporization—any material which is 

■vaporized in the converter would be immediately swept out of the vessel 

by the rapid exit of hot gases.



Fig. 51. SEM photomicrograph of a very fine (~4 pm) copper converter 
nonsuspendable partic le .

The particle is believed to be composed of Ci^O.
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The "geode" type particles found in the nonsuspendable converter 

particles were by far the most unusual and unexpected variety. These 

particles were hollow, indicating some sort of bubble was involved in 

their formation. The fact that the magnetite and s ilica  particles re

main as distinct particles within the geode shells indicates that the 

two minerals were probably not fused prior to creation of this particle, 

except at the point where the particles making up a geode. are attached 

to each other. I f  the s ilica and magnetite had been fused, the integrity  

of the individual particles would have been destroyed, and the result 

would have been a fused mass, probably containing some fay a!i te 

(FegSigO^). The geode particles thus probably arise when solid silica  

is charged to the vessel.

The suspendable converter particles were probably formed by a 

mechanism very similar to that which was described for the "pure" sul

phate particles in the reverberatory furnace particulate samples. 

Microbeam analyses indicated that, in this case, the nuclei for hetero

geneous nucleation were A^Og, S i a n d  CUgO or any combination thereof. 

There was also evidence of homogeneous nucleation, in that eight of 52 

suspendable converter particles examined showed no presence of SiOg, 

AlgOg, or CUgO.

There is cause to believe that the CugO in these particles could 

also be the result of an evaporation/conderisation/oxidation mechanism.

I f  this is assumed, and only SiOg and Al^O  ̂ are considered as nuclei for 

heterogeneous nucleation, then the formation of ten of the 52 particles 

began with homogeneous nucleation of either CUgO or copper with subse

quent oxidation. Note that the presence of CUgO (rather than CuSÔ ) is
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in "violation" of the Kellogg diagram, but that this "violation" was also 

observed in the case of the surface of the large copper spheres in the 

nonsuspendable fraction of the converter particles.

Whether the nucleation is homogeneous or heterogeneous, the con

densation sequence of the compounds would be C^O, then PbSÔ , then 

ZnSÔ . The hydration of ZnSÔ  follows and is expected due to the 

present in the gas at the converter ESP in le t .  I f  i t  is assumed that 

layer thickness of each condensate is the same regardless of size of 

particle created, then the percentage of ZnSÔ 'Ĥ O should increase with 

decreasing particle size. Two observations were combined to show that 

this is so. First, the outlet sample of the suspendable converter 

particles was found to be higher in ZnSO. content than those found in 

the bin sample. Secondly, particle size analyses of the bin and outlet 

suspendable converter particles (Figures 39 and 38,respectively) showed 

the high ZnSÔ  outlet material to be considerably finer in size range 

than the low ZnSÔ  bin particles.



8 . THE EFFECT OF THE NATURE OF COPPER SMELTER 
PARTICULATE EMISSIONS ON THEIR ESP COLLECTABILITY

Particle resistivity.,, not particle size, is the primary factor 

affecting ESP efficiency. For the reverberatdry furnace particulates, 

this is best demonstrated by the fact that the res is tiv ity  of escaping 

material was measured to be about 230 times more conducting than the 

material which was collected (see Figure 36) .  X-ray diffraction results 

support these measurements. Consider the data in Table 22, which deals 

with bulk samples of ESP, outlet and bin particles from the reverberatory 

furnace. Of the materials detected in the samples, PbSÔ  and SiOg can 

be considered insulators, owing to .the ir  resistiv ities of about 1 0  ̂ and
*1 p

10 fi-cm respectively, under collection conditions. Magnetite (FegO^), 

with a predicted res is tiv ity  of about 1 0 " ft-cm, can be considered a good 

conductor. Zinc sulphate (ZnSO )̂ and CugO have intermediate res is tiv i

ties of about 1 0 4  n-cm.

I f  the ratio of conductors to insulators (based on relative  

heights of major peaks) is calculated, i t  is found that this value is 

higher for the non-collected material than for the collected material 

(1.64 vs. 1.14 for the bin material). This indicates that conducting 

materials report preferentially to the outlet, i . e . ,  are collected 

poorly.

The discovery of preferential non-collection of good conductors 

must be interpreted in light of the complexity of the particles as deter

mined by microbeam analysis. In many cases, i t  can be expected that all

155
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of the compounds in Table 22 were present in a single particle. The 

small differences in the conductor/insulator ratio between the bin and 

the outlet particles is probably due to the behavior o f the small number 

of particles of nearly pure magnetite and nearly pure s il ic a .

I t  was also noted from the data in Table 22 that, although of 

reasonably low resistiv ity  (104  o-cm), ZnSÔ  is collected with high 

efficiency. This is probably because i t  is always associated with lead 

sulphate and a slag material core, except at extremely small particle 

sizes. The slag material core, although in many cases magnetite-based, 

could be expected to be of rather high overall res is tiv ity  due to ad

mixed SiC> 2  (p=10^O-cm), AT 2 ^ 3  (p=10̂  ^fi-cm), C^Og (p-1 O^fi-cm), NiO 

(p=10^fi-cm), MgO (p =10^fi-cm), and CaO (p>10^o-cm). Thus at large 

particle sizes where the lead/zinc sulphate constitutes only a small 

fraction of the particle volume, the lead/zinc sulphate was probably 

collected simply by its association with the high res is tiv ity  slag 

material core. As the particle size decreases below 2 ym, the percentage 

of lead/zinc sulphate per particle of in le t particles increases dramati

cally, as is shown in Figure 49. The other two lines plotted in Figure 

49 show that this high lead/zinc sulphate material reports preferentially  

to the outlet. The lead sulphate/zinc sulphate peak height ratio in the 

reverberatory furnace in le t particles was about 1:2. Actual resistiv ity

measurements on some nearly pure lead sulphate/zinc sulphate material
4found in the converter samples gave a resistiv ity  of about 1 0  ft-cm for 

particles with a lead sulphate/zinc sulphate ratio of 1:1. Measurements 

on other similar converter materials showed that the resistiv ity  of such 

particles decreased with increasing zinc sulphate content. I t  can be
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concluded that the lead/zinc sulphate material in the reverberator/
A

furnace particles had a resistiv ity  of certainly not more than 10 n-cm.

As the reverberator/ furnace particle size decreased and the 

particles approached pure lead/zinc sulphate, the particle resistiv ity  

could be expected to decrease appreciably. I t  could be expected, then, 

that the collection efficiency for the very fine lead/zinc sulphate 

would be small. This is borne out by the data of Figure 49, as dis

cussed earlier, and by the particle size analyses (Figure 34), which 

showed a large peak in particle size frequency at about 1.5 urn, almost 

the same particle size where the lead/zinc sulphate content of the in le t  

particles begins its  dramatic increase.

The relationship between particle resistiv ity  and ESP collecta

b i l i ty  was more readily apparent when converter particles were considered. 

The suspended!e fraction of the converter particles from either in le t ,  

outlet or bin consisted of essentially lead sulphate and zinc sulphate.

The ratio of the two sulphates was, however, a strong function of the 

sample source. This was shown by the comparison of the lead sulphate to 

zinc sulphate height ratios in Table 27. This comparison showed that the 

zinc sulphate content of the material which was not collected was far in 

excess of the zinc sulphate content of the material which was collected.

I f  res istiv ity  is the particle property which governs collection, t^en 

the resistiv ity  of the material which exits the ESP should be lower than 

that of the material which reports to the ESP bin. This is shown to be 

the case by-Figure 40, which shows the bin material to have a measured 

bulk resistiv ity  about 10 times that of the outlet material .
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The XRD and resistiv ity  measurements on the nonsuspendable con

verter particles provided further support for the resistivity-ESP . 

efficiency relationships observed for other particles. The preferential 

collection or non-collection of certain compounds is weakly apparent 

for large particles (>30 %m), but becomes clearly evident for finer sized 

particles (<30 urn).

Referring to Table 31, the relative intensities of the major 

peaks of the major compounds are shown for +30 ym in le t and bin nonsus

pendabl e particles. (Recall that comparison of these to a similar size 

range of outlet material was impossible because there was essentially 

no outlet material greater than 30 ym). For purposes of comparison, a 

conductor-to-insulator.ratio was defined with Si0  ̂ as the only insulator 

and Cu, Cu-j g^S, and FegÔ  as conductors. The CugO possesses an inter

mediate resistiv ity  and was thus not considered in the conductor-to- 

insulator ratio. The ratio , calculated based on relative heights of 

major peaks, was found to be 0.9 for the in le t particles and 0.6 for the 

bin particles. These ratios indicate a preference among insulators to 

report to the bin.

A more striking indication of preferential collection is found 

by examining the finer fractions of the nonsuspendable converter dust. 

Table 30 shows the relative intensities of the major peaks of the com

pounds in bin and outlet particles of about -30 ym in size. (Recall 

that the -30 ym fraction of the outlet sample was essentially the entire 

sample.) The conductor-to-insulator ratio as defined earlier becomes 

undefined for the outlet sample because none of the insulating compound 

(SiOg) was found in the outlet. The Fê Ô  is not collected at al l .
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I t  would seem that Cu, by far the best conductor of any compound 

in any of the smelter samples, should proceed through the converter ESP 

unaffected. This is not the case, as can be seen by the data in Table 

30. To understand th is , ‘one must recall that most of the copper parti

cles observed, regardless of size, were coated with a layer of GugO.

Since particle charging in the ESP is largely a surface phenomenon 

(Masuda, 1975), the CugO-coated copper particles would behave as though . 

they possessed the res is tiv ity  of GugO. The Cû O has a moderate rests- 

t iv i ty  under collection conditions (-10 fi-cm); thus these particles 

should be collected with moderate efficiency, which is what is observed. 

Note that the CUgO/Cu major peak intensity ratio is slightly smaller in 

the outlet (1.26 vs. 1.43 for the bin particles), possibly indicating 

that particles with thinner Cû O coatings pass through the ESP in 

greater quantity. This would make sense, since the thinner the Cû O 

coating, the more the particle would "look" to the ESP like a pure Cu 

particle.



9. CONCLUSIONS

1) The two major sources of particulate emissions from the 

copper reverberatory furnace are slag entrainment and evaporation/con

densation of volatile  species. .

2) Reverberatory furnace emissions consist of very complex 

particles which consist of a slag particle onto which various amounts of 

fume materials have condensed.

3) In the reverberatory furnace, the matte rarely is a source 

of particulate emissions.

4) Slag particles from the reverberatory furnace enter the gas 

phase as liquid droplets and solidify in a shape which is governed by 

the viscosity of the liquid which makes up the particle.

5) Heavy metal trace elements such as Sn, Cd, As and Sb are 

found exclusively with the two major condensates, lead and zinc sul

phates .

6) The three major sources of particulate emissions from the 

copper converter are: entrainment of slag, matte or copper; evaporation/

condensation of volatile  species; and ejection of material by bubbles.

7) Individual converter particles are less complex than rever

beratory furnace particulates, consisting mostly of single phase copper, 

copper sulphide, or slag materials, with a few instances of two-phase 

particles.

8) Particle res is tiv ity  is a primary factor governing the 

collectability  of particles by the electrostatic precipitator. This was

' 1 6 0
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shown by a lower bulk res is tiv ity  of outlet samples versus in let or bin 

samples of both reverberatqry furnace and converter emissions.

9) In the reverberatory furnace, low res is tiv ity  particles, 

consisting largely of magnetite or the fume condensate (lead and zinc 

sulphate) demonstrate a low collectab ility , as evidenced by their pre

dominance in the finer sizes in ESP outlet samples.

10) In the converter, low res is tiv ity  particles produced by 

entrainment, such as magnetite, copper and copper sulphides, proved to 

be collectable only-at extremely large (+30 urn) particle sizes, at which 

their collection was presumed to be more an aerodynamic than an electro

static phenomenon.

11) Collectability of the fume condensate portion of the con-
- - _ - - - - ; . . 

verter emissions was governed by the fraction of zinc sulphate, as zinc

sulphate was found to decrease the res is tiv ity  of the lead/zinc sulphate

condensates.



10. RECOMMENDATIONS

10.1 An Alternative to Electrostatic Precipitation?

I t  is evident from the conclusions drawn from this study that the 

ab il ity  of a single stage ESP to collect low resistiv ity  particles is 

limited. Thankfully, i t  appears that the percentage of low resistiv ity  

particles in reverberatory furnace particulate emissions is small. How

ever, as restrictions on particulate emissions become more s tr ic t ,  a 

point will be reached where a single ESP may not provide the required 

collection efficiency. At this juncture, i t  may become necessary to 

consider other devices to be used in conjunction with or in place of 

ESPs, such as baghouses, cyclones or wet ESPs.

10.2 Alternative Treatments of 
Copper Converter Particulate Emissions

I t  was found from this study that copper converter particulate 

emissions can be divided (both characteristically and physically) into 

two fractions with vastly different physical and chemical properties.

I t  would make both economic and practical sense to treat the two frac

tions separately.

Current practice is to process all converter and reverberatory 

furnace dust together by using them as roaster feed. Recycling of dust 

in this manner results also in recycling of lead and zinc, which should 

more practically be removed from the system altogether. In the case of 

converter particulate emissions, the separation of lead/zinc bearing 

material from valuable copper rich material is greatly simplified by the

162 .
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vastly different physical characteristics of the two fractions. The 

current installation at Douglas consists of a large balloon flue which 

is fed by the converter aisle and hence probably accomplishes at least 

a partial separation of the two fractions. I t  is suggested that the 

material collected in the balloon flue, which should be high in copper 

but low in lead and zinc, be recycled directly to the roaster or rever

berator y furnace.

lead and zinc and should not be recycled directly to any other point in 

the process. A Japanese firm has successfully treated similar lead 

sulphate residues for recovery of lead (Suzuki, et a l . ,  1979). Such 

processing may be applicable to the material collected in the copper 

converter ESP bins and perhaps even to reverberatory furnace ESP bin 

material. I f  direct treatment of converter ESP bin dust proves imprac

t ic a l ,  i t  may either be discarded (to prevent recycle of lead and zinc) 

or some means must be found to separate this dust into its suspendable 

(lead/zinc sulphate) and nonsuspendable (high copper) fractions.

further separate the two fractions of the converter dust such that essen

t ia l ly  pure lead/zinc sulphate entered the ESPs and all of the high 

copper material was collected by the cyclone. According to established 

cyclone theory and practice, the "cut size" or "critical diameter"

(dCr i t )  ° f  a cyclone, the particle size of which 50% is collected, is

Material collected from the converter ESP bins is very high in

A cyclone placed in the duct between the balloon flue could

given by

s
(30)
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where

P

A

Q

L

n

s

gas viscosity, Lbm/h r f t  

area of duct (ft^)

density of material to be collected .(Lb / f t  ') 

vertical dimension of duct ( f t )  

absolute gas flow rate ( f t  /hr)

Geiger and Poirier (1973) give the viscosity of a ir  (which approximates 

the flue gas composition) as 0.06Lb^/hrft at the ESP in let temperature 

of 400°F (200°C). I t  is desired to collect the copper sulphides and 

copper from the other converter off-gas particles; thus the minimum 

density material which i t  is desired to collect would be that Of Cû  ^S. 

The specific gravity of chalcocite, the most common natural variety of 

^U2-X^5 ^5 about 7.2 (Pough, I960), which gives a density of about 

450Lbm/f t^  (7.2g/cm^). The ducts leading into the ESPs at Douglas 

measure lO'xlO1 and, as given earlie r , the volume flow rate through the

ducts is about 1 .8xlOJACFM (85abs.m^/sec). Thus, according to (30), a

cyclone with an in le t equal in size to the present duct would have a 

cut-off size of about 60 urn. This cyclone would collect a substantial 

portion of the high copper material. A better result could be obtained 

i f  the duct could be necked down to 7 'x71 without extreme d iff icu lty .

A cyclone with 7'x7' in le t ,  processing gas at the same flow rate as

before, would have a cut-off size of about 30 urn, which means that fu lly

90wt% of the desirable in le t material would then be larger than the cut

o ff size. A very high recovery of the high copper (nonsuspendable) 

material would result from installation of such a cyclone. The cyclone
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would reduce the dust load on the ESP (leaving i t  free to treat only 

lead/zinc sulphate particles) and would-recover the valuable high copper 

material before i t  could combine with the lead/zinc sulphates in the ESP 

bin.

I f  the cyclone approach is deemed economically or practically 

unattractive, the high copper (nonsuspendable) and lead/zinc sulphate 

(suspendable) fractions could be separated quite easily through the use 

of a small thickener, taking advantage of the ease of suspension of the 

lead/zinc sulphate fraction. This method would have the disadvantage 

of providing both the Tead/zinc sulphate and high copper fractions in 

the form of slurries which would have to be filtered  and dried prior to 

further processing.



APPENDIX I

CALCULATION OF THE THEORETICAL MAXIMUM TEMPERATURE 
IN A CONVENTIONAL COPPER CONVERTER

This maximum was calculated as the temperature which the products

of the reaction

Cu2S + 02 = 2Cu + S02 (17)

would achieve assuming an adiabatic reaction (no heat loss). The 

sequence of calculations follows the mass/energy balance diagram shown 

in Figure 52, from le f t  to right. The energy balance equation 

aH-j + aH2 + AHg + aĤ  + AHg = 0 serves as the basis for further calcula-

associated with temperature changes. These were calculated using con

stant pressure heat capacity data via equations of the form

The term AH2 is the standard enthalpy for the reaction given in Equation 

(17) at 298°K ( room temperature), also frequently written as AH2gg.

For the term A H ,  equation (18) gives a numerical value. For A H g  

and aH ,̂ this equation gives an expression which contains the variable

whose value i t  is desired to determine, T v .max

tions. The terms A H , ,  a H ~ ,  a H .  and AH n  are the enthalpy changes

T

(18)

T
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The thermodynamic data used in subsequent calculations were 

taken largely from Making, Shaping and Treating of Steel (McGannon, ed., 

1971), and are listed in Table 35.

Table 35. Thermodynamic data required for adiabatic flame temperature 
(AFT) calculation for copper converting

Datum Units of Measure Equation or Numerical Value

A^298 (SOg) cal/gmol S02 -70,950

AH298 (Cu2S) cal/gmol Cu2S -19,600

c_
PCu(Jl)

cal/gmol - °K 7.50

cD
PCu2S(jl)

cal/gmol - °K 20.0

PS02(g)
cal/gmol - °K 11.04+1.88xlO“3T (T in °K)

c
pN2(g)

cal/gmol - °K 6.83+0.9x1 O'3T (T in °K)

The heat balance on the system is expressed as 

z  298

j  Pcu2S(
1573

/  max
dT+AH° (S0j-AH°q (Cu S)+([2C +C +2C ]dT = 0

t )  ; 298 2 298 2 J pCu(t) pS02(g) pN2(g)

298 (19)

Inputting the data gives
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2-98 max
ZO.OdT + (-70,950) - (-19,600) + J  {39.7 + 3.68xlO'3T)dT = 0 (20)

1573 293

Continuing.
298 I

20.0T I - 51 ,350 + (30.7T + 1.84xlO"3T2) 

1573 298

max 
= 0 ( 21 )

This gives a quadratic equation in T . viz:

' M a o ~3 jL  + 39-7Tmax " 88-800 = 0 (22)

Using the quadratic equation and ignoring the negative root, the final 

result i s :

T = 2000°K = 1700°C



APPENDIX I I

THE EFFECT OF OXYGEN PARTIAL PRESSURE 
ON THE ELECTRICAL RESISTIVITY OF CUgO

The defect reaction governing the formation of charge carriers 

in CUgO can be written as:

^ 2  2̂̂  CUgO + 2Vqu + 2h , (23)

|
that is ,  two Cu ions diffuse out of the la tt ice  to react with Ôg to

l
form CUgO, leaving behind two vacancies (V^u) and two electron holes (h*) 

to preserve the charge balance. The production of electron holes lends 

to the p-type semiconductivity which is observed in CUgO.

The equilibrium constant for the reaction given by (23) is:

k = (24 )
' “  ^  '

po2 z

assuming pure CUgO to be of unit activ ity . Electroneutrality requires 

that [Vqu] = [h’ ] s and this gives

k = ^  (25 )
P02 v

or, '

Ch*] = k^po^ ' (26)

Since Pqu^q [h"] ^  i t  is seen that
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pCu20 *  p02"’f  (27)

Experimental measurements give:

pCu20 " p02 7 (28)

For correction of res is tiv ity  data to ESP in let conditions, experimental 

exponents were used where they differed from derived exponents.



APPENDIX I I I

MICROBEAM ANALYSIS

Elemental microbeam analysis of materials is of two distinct 

types. Energy dispersive spectroscopy (EDS) is that form of microbeam 

analysis involving separation of X-rays emitted by the sample according 

to their relative energies. A lithium-drifted silicon detector produces 

a current pulse proportional to the energy of an incoming quanta of 

X-rays. The output of the detector (after appropriate signal processing) 

is a plot of X-ray energy versus intensity. Elements are. identified by 

the characteristic peaks which they produce in such a pattern.

EDS is often used as a means of rapid qualitative identification  

of the various elements in a sample. The d iff icu lty  and computer storage 

space requirements of data reduction prevented the gleaning of quantita

tive data from EDS plots. Recently, however, computer software has been 

developed which enables the generation of quantitative data from EDS 

plots with total analysis times comparable to traditional wavelength 

dispersive spectroscopy (WDS), and accuracies to within ±1% relative 

error.

Wavelength dispersive spectroscopy involves identification and

quantification of elements in a sample by measuring intensities of X-ray

emissions at their characteristic wavelength. X-rays of various wave

lengths leaving a sample are diffracted by a curved crystal to various

angles, according to Bragg's Law:

1 72
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NX = 2d sin 0 (29)

An X-ray detector moves through a range of.angles, receiving X-ray 

signals from the curved crystal as i t  progresses. The data from the 

detector, in the form of intensities at various wavelengths, is stored 

in a suitable minicomputer for use in data reduction programs. The data 

reduction programs correct for variation of intensity with atomic 

number, matrix absorption and secondary fluorescence, and yield data 

accurate to as l i t t l e  as +fe% relative error.



APPENDIX IV

INTERPRETATION OF DIFFRACTION RESULTS,
FROM McLEAN AND DEMER (1976)

An envelope of the diffraction tracing in the region of the sig

nificant peaks was drawn using a ruler or French curve, depending upon 

the slope of the background. Diffraction peaks were le f t  outside the 

envelope, but background fluctuation was to ta lly  included. A third Tine 

drawn halfway between the two enveloping lines served as the baseline for 

the peak height measurements. Peak heights were expressed simply in 

terms of the number of units on the chart paper. In the case of peaks 

of unusual shape, a smooth curve was drawn through the top of the peak. 

The smooth curve was then used to measure both peak height and peak 

position.
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APPENDIX V

SAMPLES OF CALCULATION OF PHASE COMPOSITIONS

1) Particle containing slag materials only

Consider the elemental analysis of a typical magnetite based 

slag particle:

(Grams in 100 g of material)

A1 Si Cr Fe Ni

- 5 10 15 60 10

Each element must be multiplied by the gravimetric factor for its  

oxide. Consider, as an example, AT in AlgOg. In each gram mole of 

AlgO  ̂ there are two gram moles of A1. Thus, to convert from grams of 

A1 to grams of Al^Og, the weight of A1 must be multiplied by the molar 

mass of AlgOg and divided by twice the molar mass of Al.

n 1 0 ?wt AloO-, = wt Al x 2 3 = wt Al x = 1.9 x wt Al
2 3  ' w

The gravimetric factor for Al is thus 1.0. Similarly, the gravimetric

factors for the other oxides were found to be:

Si02 2.14

NiO 1.27

Cr203 1.46

Fe304 1.38
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Multiplying all the elements by their gravimetric factors gives

A12°3 9,5
Si02 21.4

NiO 12.7

Cr203 21.9

Fe3°4 8 2 .8

I f  we then correct the weights back to a basis of 100 g, we get an 

approximate compound analysis in weight percent:

6.4% A1203 

14.4% Si02 

8.6% NiO 

14.8% Cr203 

55.8% Fe304

2) Particle containing lead and zinc

A typical particle of this type would have an analysis such as:

(Grams in 100 g of material)

AT Si S Cr Fe Cu Zn

2 1 20 2 25 40 10

Note that no lead (Pb) is present in this analysis. At the beam 

currents used for these analyses, lead characteristic X-rays cannot be 

excited to an intensity sufficient to allow their detection. The lead 

content of a particle was calculated by assuming that a particle could
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contain only those phases which were detected by XRD. Certainly indivi

dual particles may violate this stipulation, but in a large sample, most 

particles will not.

In the in let and outlet samples of the reverberator/ furnace and 

in all converter samples, the lead is assumed to be present as the sul

phate (PbSO^). The lead sulphate content (and hence the lead content) 

of a particle was determined as follows: XRD examination of all of the

samples used in this study showed no trace of any zinc compound other 

than zinc sulphate (ZnSO^)» which was found in the hydrated form in the 

samples (ZnSO^'H^O), although i t  probably did not form as such. Assuming 

the zinc to be in this form, the amount of sulphur required to form the 

zinc sulphate in the sample was calculated v ia :

wt S i n i  mole ZnSOV 
wt S for ZnS04 = wt Zn in sample x (wt Zn 1n , Znso;1

32 1= wt Zn in sample x 65‘4

= 0.49 (wt Zn)

Thus the sulphur required to form the ZnSÔ  in this sample particle 

would be 4.9 grams. This leaves 15.1 grams of sulphur which must be in 

another compound. Referring again to the XRD results, the only copper 

compound present in more than trace quantities in any of the analyses 

was the cuprous oxide (CUgO, cuprite). Assuming this to be the form of \ 

the copper in our sample particle, the sulphur must be contained in the 

only other sulphur bearing compound which was identified in the numerous 

XRD patterns, namely lead sulphate. We thus calculate the weight of 

1ead sulphate, viz:



178

wt of 1 mole PbSCL 
wt.PbS04 = (wt S not in Zr,S04 ) (;^ 3 n ? rT 1 O T rpE55- )

= wt S not in ZnS04 ( ^ 'p  = 9.4 wt excess S

The weights of the other oxides and the zinc sulphate are determined as 

described earlier, giving:

A12°3 3.8

Si02 2.1

Cr2°3 2.9

Fe3°4 34.5

Cu20 79.1

ZnS04 24.7

PbS04 141.9

i g, we get fin;

1.3% A1 2°3
0.7% Si02

. 1.0% Cr2°3
11.9% Fe3°4
27.4% Cu20

8.5% ZnS04

. 49.1% PbS04
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