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ABSTRACT

This document presents information on the derivation of proposed
standards of performance for new and hodified primary copper, zinc,
and lead smelters. The report describes the various extraction processes
available for copper, zinc, and lead, the various systems available for
controlling emissions of sulfur oxides and particulate matter from these
processes, the economic impact of the proposed standards, the environmental
and energy-consumption effects associated with the various processes and
control systems, and the general rationale for the proposed standards.

The standards developed require control at levels typical of
best demonstrated existing technology. These levels were determined
by extensive on-site investigations; consideration of process design
factors, maintenance practices, available test data, and characteristics
of plant emissions; comprehensive literature examination; and consultations
with the National Air Pollution Control Techniques Advisory Committee,

merhers of the academic community, and industry.
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1. SUMMARY
1.1 SUMMARY OF PROPOSED STANDARDS
Standards of performance are being proposed to 1imit atmospheric
emissions of sulfur dioxide and particulate matter from primary
copper, zinc and lead smelters. These standards apply not only to
new smelters constructed following the date of proposal of these

" standards in the Federal Register, but also to any existing smelters

which are modified following the date of proposal. The term
modification is defined in the 1970 Clean Air Act as "...any physical
change in, or change in the method of operation of, a stationary
source which increases the amount of any air pollutant emitted by
such source or which results in the emission of any air pollutant
not previously emitted." The standards themselves are defined in
the Act as "...a standard for emissions of air pollutants which
reflects the degree of emission limitation achievable through the
application of the best system of emission reduction which (taking
into account the cost of achieving such reduction) the Administrator
determines has been adequately demonstrated."

The proposed standards apply to the following process units
within a primary copper, zinc or lead smelter: Copper - dryer,
roaster, smelting furnace, and copper converter; zinc - roaster and
sintering machine; lead - sintering machine, sintering machine
discharge end, blast furnace, dross reverberatory furnace, electric
smelting furnace, and converter. These process units are termed
affected facilities.

The proposed standards are as follows:
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Primary Copper Smelters

Any gases discharged into the atmosphere from any dryer may not:

1. Contain particulate matter in excess of 50 milligrams
per normal cubic meter (0.022 grains per dry standard
cubic foot).

2. Exhibit 20 percent opacity or greater, except for two
minutes in any one hour.

Any gases discharged into the atmosphere from any roaster,

smelting furnace, or copper converter may not:

1. Contain sulfur dioxide in excess of 0.065 percent by
volume (650 ppm), except that gases discharged from
any existing reverberatory smelting furnace that is
altered to increase the sulfur dioxide emissions from
the furnace are exempted from this requirement when
the total sulfur dioxide emissions from all existing
and affected facilities at the smelter are not
increased.

2. Exhibit 20 percent opacity or greater, except for two
minutes in any one hour, if a sulfuric acid plant is
utilized to control sulfur dioxide emissions.

Primary Zinc Smelters

Any gases discharged into the atmosphere from any roaster
may not:
1. Contain sulfur dioxide in excess of 0.065 percent by

volume (650 ppm).



2. Exhibit 20 percent opacity or greater, except for two
minutes in any one hour, if a sulfuric acid plant is
utilized to control sulfur dioxide emissions.

Any gases discharged into the atmosphere from any sintering

machine may not:

1. Contain particulate matter in excess of 50 milligrams per
normal cubic meter (0.022 grains per dry standard cubic
foot).

2. Exhibit 20 percent opacity or greater, except for two
minutes in any one hour.

Primary Lead Smelters

Any gases discharged into the atmosphere from any sintering
machine, electric smelting furnace, or converter may not:

1. Contain sulfur dioxide in excess of 0.065 percent by

volume (650 ppm).

2. Exhibit 20 percent opacity or greater, except for two
minutes in any one hour, if a sulfuric acid plant is
utilized to control sulfur dioxide emissions.

Any gases discharged into the atmosphere from any blast furnace,
dross reverberatory furnace, or sintering machine discharge end may
not:

1. Contain particulate matter in excess of 50 milligrams

per normal cubic meter (0.022 grains per dry standard

cubic foot).
2. Exhibit 20 percent opacity or greater, except for two

minutes in any one hour.
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These standards apply at the point where emissions are discharged
from the air pollution control system or from the affected facility
if no air pollution control system is utilized. Compliance with the
sulfur dioxide emission 1imit applicable to copper smelters will be
determined by monitoring the concentration of sulfur dioxide in the
effluent gases discharged to the atmosphere over three six-hour
periods. The average sulfur dioxide emission concentration during
each of these three periods will be determined. An average sulfur
dioxide emission concentration based on the three six-hour average
sulfur dioxide emission concentrations will be calculated. It is
this average of the three six-hour average sulfur dioxide emission
concentrations which must be less than 0.065 percent. In the case
of zinc and lead smelters, compliance with the sulfur dioxide concen-
tration emission 1limits will be determined in the same manner, except
that three two-hour periods will be used rather than three six-hour
periods.

Although the particulate and sulfur dioxide standards are
in the form of emission concentrations, compliance cannot be achieved
by means of dilution with air or other gases. If dilution gases are
added following the air pollution control system, prior to the point
of emission measurement, the amount of dilution must be determined
and the emission concentration corrected to the undiluted basis.

Sulfur dioxide emission concentrations released to the atmosphere
must be continuously monitored. Continuous monitoring is defined to be

" ..at Teast one measurement of sulfur dioxide concentration...in each
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fifteen-minute period.” The performance characteristics of the monitoring

system installed must meet the following specifications:

Parameter Specification
Accuracy?® (Relative) <20% of reference mean value?
Calibration errord <6% of each (50%, 90%)

calibration gas mixture value
Zero drift? (2 hr) <2% of emission standardd
Zero drift? (24 hr) <4% of emission standard®
Calibration drift2 (2 hr) <2% of emission standard?

Calibration driftd (24 hr)  <5% of emission standard?
Response time 15 min maximum

Operational period® 168 hr minimum

aExpressed as the sum of the absolute mean value plus 95 percent
confidence interval of a series of tests.

Relative accuracy refers to the difference in concentration values
between the monitoring system and the EPA reference test method,
expressed as a percentage of the concentration value determined by
the EPA reference test method.

Six-hour average sulfur dioxide emission concentrations, as
indicated by the continuous monitor installed at primary copper
smelters, must be calculated and recorded daily, for four consecutive
six-hour periods of each operating day. Two-hour average sulfur
dioxide emission concentrations must be calculated and recorded
daily, for twelve consecutive two-hour periods of each operating

day, at primary zinc or lead smelters. A file of all measurements
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and calculations is to be maintained for a two-year period.

Compliance with the sulfur dioxide and particulate matter
standards will be determined by a performance test. The sulfur
dioxide emission concentrations will be determined by the continuous
monitoring system. Three runs will constitute a performance test.

One continuous six-hour sample is considered one run at a primary copper
smelter, and one continuous two-hour sample will be considered one

run at primary zinc or lead smelters. The particulate matter emission
concentrations will be determined by EPA Test Method 5, as published

in the December 23, 1971, Federal Register (36 FR 24876).

Compliance with the opacity standards will be determined by
EPA Test Method 9, as published in the December 23, 1971, Federal
Register (36 FR 24876).
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1.2 SUMMARY OF BACKGROUND INFORMATION

The purpose of this report is to document the information
and rationale used to develop the proposed new source performance
standards for newly constructed and modified primary copper, zinc
and lead smelters. Thus, this document reviews the various
smelting processes for the extraction of copper, zinc and lead;
the various emission reduction systems that are available for
controlling emissions of sulfur dioxide and particulate matter from
these processes; the smelting processes and emission reduction
systems currently in use within the domestic industry; the costs
and economic impact associated with the various smelting processes
and emission reduction systems that are available; the rationale
for the proposed new source performance standards; the environmental
effects associated with the possible neutralization of sulfuric
acid and the disposition of scrubbing system by-products; and
the impact of the standards on energy utilization.

Each of the subsections in Sections 3, 4, 6 and 8 of this
document is preceded by summaries in which the major technical,
economic or environmental conclusions developed in each subsection
are presented. Rather than duplicate these summaries, a brief
description of each section follows to serve as a guide to this
document.

Various pyrometallurgical and hydrometallurgical extraction
processes are reviewed in Section 3. Considerable detail is developed
concerning the technology of pyrometallurgical processes as related

to the characteristics of the off-gas streams which are discharged by
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specific process units. Both those smelting processes in use within

the domestic industry and those in use at various foreign installations
are examined. In addition, a few of the more promising pyrometallurgical
and hydrometallurgical processes under development are reviewed.

Section 4 reviews various emission control systems that are
available to control emissions of sulfur dioxide and particulate
matter from those pyrometallurgical extraction processes reviewed
in Section 3. The Timitations and range of applicability associated
with each of these emission reduction systems are discussed in depth.
Demonstrated emission reduction with regard to emission concentrations
released to the atmosphere is identified for each emission control
system discussed.

Section 5 presents a survey of domestic and foreign copper,
zinc and lead smelters. Smelting processes and emission control
systems in use at each of these installations are reviewed. In
addition, the modifications currently underway within the domestic
industry as of mid-1973 to meet the national ambient air quality
standards are summarized.

The economics associated with the various smelting processes
reviewed in Section 3 and the various emission reduction systems
reviewed in Section 4 are presented in Section 6. The economic profile
of the domestic industry is reviewed, and the economic impact of the
proposed standards is identified.

Section 7 presents the rationale for the proposed standards.

The selection of the affected facilities covered by the standards and

1-3



the determination of the emission concentration limits specified in
the standards, which reflect best demonstrated technology taking into
account costs, are reviewed.

The potential environmental effects associated with the proposed
standards are reviewed in Section 8. Considerable detail is developed
concerning the neutralization of sulfuric acid and the disposition
of various by-products associated with off-gas scrubbing systems
discussed in Section 4. The impact of the proposed standards on
the energy requirements associated with the production of copper,
lead, and zinc is also reviewed. The energy requirements of both the
various emission control systems which can be utilized to comply
with the standards and the various smelting technologies which can

be employed are identified.






2. INTRODUCTION

The purpose of this document is to make available to the public
the information and rationale which the Administrator used to develop
standards of performance which are being proposed for new and modified
primary copper, lead, and zinc smelters. This report describes the
various extraction processes available for copper, lead and zinc,
the various emission reduction systems available for controlling
the emissions of sulfur oxides and particulate matter from these
processes, the costs and environmental effects associated with the
various processes and control systems, and the rationale for the

proposed standards.

Section 111 of the Clean Air Act, as amended, directs the
Administrator of the Environmental Protection Agency to establish
standards of performance for new stationary sources. The Administrator
was required to publish, within 90 days after the date of enactment
of the Act, a list of categories of sources which may contribute
significantly to air pollution which causes or contributes to the
endangerment of public health or welfare; revisions of the Tist are
to be published from time to time. The Administrator must propose
regulations within 120 days after the publication of a 1ist, or revision
of a 1ist, and afford interested persons an opportunity for written
comment on the proposed regulations. After considering these comments,
the Administrator is required to promulgate standards, incorporating
modifications as he deems appropriate, within 90 days after the date

of proposal.
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The initial set of Federal new source performance standards (NSPS's)
was promulgated on December 23, 1971. Emission standards were established
for large fossil-fuel-fired steam generating plants, portland cement
manufacturing plants, municipal incinerators, nitric acid manufacturing
plants, and sulfuric acid manufacturing plants. The Group II new source
performance standards promulgated March 8, 1974, apply to secondary
lead smelters, secondary brass and bronze ingot production
plants, asphalt concrete manufacturing plants, basic oxygen
process furnaces at iron and steel plants, sewage sludge incinerators,
storage vessels for petroleum liquids, and specified sources at
petroleum refineries.

New source performance standards apply to stationary sources the
construction or modification of which is commenced after the publication
of proposed regulations which will be applicable to that source category.
The Act requires that new source performance standards "... reflect{s)
the degree of emission limitation achievable through the application
of the best system of emission reduction which (taking into account
the cost of achieving such reduction) the Administrator determines
has been adequately demonstrated." The "system of emission reduction"
may include both the production and emission control equipment,
rather than being restricted to the latter alone. Further, it is
not necessary for the emission reduction system to have been commercially
demonstrated, or demonstrated at full scale.

The proposed standards, which this document describes, apply to
primary extraction facilities which use pyrometallurgical techniques
to produce copper, zinc, and lead from sulfide ore concentrates. Some

of these facilities simultaneously process lesser quantities of scrap
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materials, but are distinct from secondary copper, zinc, and lead smelters
which do not process ore concentrates.

In developing the proposed standards, EPA engineers surveyed
smelting process technology and emission control technology during
on-site visits to all domestic primary copper, zinc, and lead smelters.
Consultations with smelter operators were held during these visits and
in joint EPA/American Mining Congress meetings. The resulting
information base, together with that obtained by EPA review of the technical
and trade literature, indicated that some foreign smelters operate
processes more amenable to air pollution control and employ more
effective sulfur dioxide emission control devices than had been
demonstrated in the United States at that time. For example,
flash copper smelting furnaces have not yet been operated in the
United States, and metallurgical double-absorption sulfuric acid plants

had not been operated domestically prior to late 1972.

A limited EPA emission testing program was carried out in May and
June 1972 to quantify emissions from metallurgical single-absorption
sulfuric acid plants. In October 1972 a continuous monitor was installed
on a metallurgical single-absorption sulfuric acid plant to record emissions
of sulfur dioxide. This monitor operated from October through December
1972, and the data were analyzed to identify the effects of smelting
process fluctuations which are peculiar to metallurgical acid plant
operation. EPA recognized that these single-absorption plants would be
less effective than the double-absorption plants operated abroad, but
the need existed for establishing a quantitative data base directly

related to domestic smelting processes and methods of operation. A limited
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number of tests were also carried out to quantify the performance of
smelter particulate control devices.

The fact that control of weak sulfur dioxide emission streams
is the most difficult technical problem associated with smelter
emission control (for example, emissions from copper reverberatory
smelting furnaces and lead sintering machines) indicated that
smelting processes which do not generate such effluents should be
investigated in detail as one component of best systems of emission
reduction. Consequently, EPA engineers inspected smelters in Europe
and Japan during August and September 1972 to examine newer smelting
techniques. Double-absorption sulfuric acid plants were also inspected,
and consultations were held with foreign smelter operators concerning
the emission control performance of these plants.

The National Air Pollution Control Techniques Advisory Committee,
the Federal Agency Liaison Committee, and the American Mining Congress
have reviewed drafts of this document. Numerous comments were received

on the drafts, and revisions were made on the basis of these comments.

By the beginning of 1973, it was evident that a number of the
newer smelting technologies and emission control systems would be put
into operation in the United States in the near future. Information
had been released that one new flash copper smelting furnace and one new
large-scale electric copper smelting furnace would be constructed.
A double-absorption sulfuric acid plant for controlling a copper converter

effluent and a dimethylaniline (DMA) scrubbing system for controlling a

2-4



copper reverberatory smelting furnace effluent had undergone startup
in late 1972. EPA engineers inspected these two installations in
March 1973 and made plans to conduct emission tests during the summer.
In June 1973, an emission test was carried out by EPA on the double-
absorption sulfuric acid plant. This plant easily met the vendor
guarantee of 500 ppm SOZ' The DMA scrubbing system has experienced
numerous mechanical problems since initial startup in November 1972
and has not to date achieved long-term continuous operation.

In June 1973, EPA installed a continuous monitor on the
double-absorption sulfuric acid plant mentioned above. Emissions
were recorded through December 1973. The sulfur dioxide emission
limit of the proposed standards is based primarily on the results
of this test.

Emission control costs were calculated for "model" copper, zinc,
and lead smelters which employ a variety of different smelting processes
which the Administrator has judged to be adequately demonstrated.
Alternative emission control systems, which produce a range of smelter
sulfur dioxide emission control levels, were applied to the "model"
smelters to provide a basis for taking costs into account in arriving at
the proposed emission limitations. Both the cases of sale of sulfur-
containing byproducts by smelters and ultimate disposal of these materials
by smelters were included as possible occurrences in calculating control
costs.

The Administrator recognizes that the environmental effects of
preventing large quantities of sulfur-bearing materials from being

emitted into the atmosphere by primary copper, zinc, and lead smelters
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must be evaluated. Consequently, EPA engineers have estimated the
quantities of solid and sludge waste that may result from application
of the proposed standards. The properties of these wastes and the
effectiveness of available ultimate disposal methods or byproduct

use methods in limiting secondary water and air pollution have been
investigated. In addition, EPA engineers have estimated the energy
requirements associated with the various emission control systems that
could be utilized to comply with the proposed standards, and analyzed
the impact of the proposed standards on the energy requirements

associated with the smelting of copper, lead and zinc.



3. PRIMARY EXTRACTION PROCESSES FOR COPPER, ZINC AND LEAD

3.1 PYROMETALLURGICAL PROCESSES
3.1.1 Copper Smelting

Conventional practice for the production of blister copper
(approximately 99 percent pure copper) from copper sulfide ore
concentrates includes three operations:

1. Roasting to remove a portion of the concentrate sulfur

content.

2. Smelting of the concentrate and fluxes in a furnace to

form slag and copper-bearing matte.

3. Oxidizing of the matte in a converter to form blister

copper.
A pictorial representation of a copper smelter is presented in
Figure 3-1, and a general summary of the copper smelting technology
currently in use within the United States identifying the contribution
of each type of smelting unit operation to total SO2 emissions is
presented in Figure 3-2, Of the fifteen existing domestic primary
copper smelters, seven perform the above three operations, while the
remaining eight feed concentrates (green-feed) directly to the
reverbefatory furnaces without a prior roasting step.

Both multiple-hearth roasters and the more recently developed
fluid-bed roasters (1961) (Figure 3-3) are in use at domestic copper
smelters. Roasting, at those smelting facilities which employ
this process, normally contributes from 20 to 50 percent of the

total quantity of SO, generated by such smelters.l Effluent
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With Roasting Without Roasting

(Seven Smelters) {Eight Smelters)
Concentrates Concentrates
Roasting ~»  20-50%
4
20-40% @ Smelting
Smelting > 18-30%
60-80% @ Converting
Converting —> 40-50%
Copper Copper

Figure 3-2  pomestic copper smelting technology
-sultur dioxide emissions breakdown-

3-3



10nacddd

/

J93se0u pag-pLnt4

SY9-440

4

*S483SeOJ JO SadA] ‘g-¢ aunbly

dIv

SAvdH
Jd3ARL

N 1334
AQYNTIS

4931804 ylhesy-L3NW

INIJIYI ..sttt“
ok ]
dly = SN Vigs o

—

o

g
---.,--\‘\

e T
e

dIv ay R >

L1SAVHX3 0L
IV 1OH

NI

T~

iayd
3799V

WY
3198w

3-4



streams from multiple-hearth roasters typically contain 5 to 10
percent SO» prior to air dilution to effect cooling, whereas fluid-
bed roasters typically produce effluents with 12 to 14 percent 502.3

A1l currently opefatingvu. S. copper smelters, with the exception
of one which has recently installed an electric furnace, use fossil-
fuel-fired reverberatory furnaces (Figure 3-4) to smelt the copper
concentrate, fluxes, and copper-bearing slag .ecycled from the
converter. The molten copper sulfides and iron sulfides settle to
the bottom of the furnace to form matte which contains from 25 to
50 percent copper and 40 to 20 percent iron; this matte is periodically
tapped from the furnace and charged into a converter. Iron oxides
combine with the fluxes to form a slag which floats on top of the
furnace matte and which is also periodically extracted from the
furnace. The effluent from the reverberatory furnace normally
contributes from 10 to 40 percent of the total quantity of 502
emissions generated by individual domestic copper smelters; the
larger percentages correspond to smelters which omit the roasting
operation prior to sme]ting.] The concentration of SO02 in
reverberatory furnace off-gases typically ranges from 1/2 to
2-1/2 percent.4

Batches of reverberatory furnace matte are charged into Pierce-
Smith converters, which are currently the only type of converter
in use at domestic copper smelters. Air, which is blown into
tuyeres located at the side of the converter, passes upward through
the matte and flux to convert iron sulfides into iron oxides and

release SO2. The iron oxides combine with the silica fluxes to form
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slag, and the 302 is contained in the effluent collected by the converter
hooding system. Periodically, the air blowing is interrupted to permit
slag to be poured from the converter and additional fluxes and matte to

be charged. The initial operation of the converter, which transforms

iron sulfides to iron oxides, yielding a charae of copper sulfide, is
termed the "first stage blow" or "slag blow." The second stage "white
metal blow," or "copper blow," of the converter transforms copper sulfides
into blister copper and releases 502' Figure 3-5 illustrates the sequence
of converting operations which typically require 8 to 10 hours for a

complete cycle to produce blister copper from copper matte.

Copper converting normally accounts for 40 to 80 percent of
total SO, emissions at individual domestic copper smelters.] The
concentration of SO2 in converter off-gases varies greatly during
the cycle of converter operation. Fugitive quantities of SN2 are
emitted during converter charging and slagging and during copper
pouring. Theoretically, 15 percent S0, is attained at the converter
mouth duiing "slag blowing" and 21 percent S02 during "copper blowing."
However, the infiltration of large volumes of air into the hooding
at the converter mouth and into flues 1imits the concentrations of
S02 which can practically be attained in converter effluents. Conse-
quently, converter off-gases are normally in the range of 3 to 10
percent SO02 during various blowing stages and average 3 to 7 percent

S02 depending on the amount of air infi]tration.s
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In addition to the installation of sulfuric acid plants,
elemental sulfur plants,or possibly the use of various off-gas
scrubbing systems to either recover sulfur dioxide for further
processing or to produce a sulfur compound to be sold or discarded,
there are a number of process alternatives that can be used to make
the basic pyrometallurgical copper smelting process more amenable
to air pollution control. The intent of the following discussions
will be to highlight several of these major alternatives, including:

1. The use of fluid-bed roasters before reverberatory
smelting furnaces,

2. The use of oxygen-enriched air in "green charge"

(no pre-roasting) reverberatory smelting furnaces,

3. The use of electric smelting furnaces rather than
reverberatory smelting furnaces,

4. The use of flash smelting furnaces rather than
reverberatory smelting furnaces,

5. The use of Hoboken copper converters rather than Pierce-
Smith copper converters or the use of tight-fitting hood
systems on Pierce-Smith converters,

and, in the near future,

6. The use of continuous copper smelting technology
presently under development.

Further, the requirements for blending of effluents from roasters,
reverberatory smelting furnaces, and converters to produce a combined

strong sulfur dioxide stream are discussed.
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3.1.1.1 Roasting

Summary —
Roasting can be used to remove a major portion of the sulfur

in copper concentrates. Currently within the domestic copper smeiting
industry, roasters eliminate from 20-50% of the sulfur contained

in the concentrates. Roasters discharge off-gas streams of uniform,
steady flow rate, containing high concentrations of sulfur dioxide.
Multi-hearth roasters discharge off-gases containing 5-10% sulfur
dioxide, and fluid-bed roasters discharge off-gases containing 12-13%
sulfur dioxide.

"Deep-roasting” to remove 50.70% of the sulfur contained in the
concentrates would involve major operational changes in conventional
domestic smelting practice. Although technically feasible with some
concentrates, the operational changes required may be such that "deep-
roasting" would be economically feasible only in certain specific cases.

"Dead-roasting” to eliminate all the sulfur contained in the
concentrates is dis¢ussed in Section 3.1.1.2 - Electric Smelting.

"Sulfate-roasting" to produce copper by the Roast-Leach-Electrowin
(RLE) process can be utilized to extract copper from copper sulfide
concentrates. Emissions of sulfur oxides are confined to the roasting
operation and are discharged in an off-gas stream containing 4-8% sulfur
dioxide. The RLE process, however, does have certain limitations and may

not be economically feasible for treatment of all copper sulfide
concentrates, particularly those containing high levels of precious metals

or high levels of various metallic impurities.
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General discussion --

The roasting of copper sulfide ore concentrates is basically a
process in which the concentrates are heated in air, which may be
oxygen enriched, to the temperature necessary for some of the sulfide
sulfur to combine with oxyaen to form sulfur oxides and for some of the
sulfide metals to form metal oxides. The degree of sulfur removal from
the concentrates depends on the volume of air supplied to the roaster
per unit of concentrates charged. Consequently, essentially all
(dead roasting) or only a portion (partial roasting) of the sulfur
contained in the ore concentrates can be removed as sulfur oxides.3
However, domestic copper smelting techniques are based on the ability
of molten silica fluxes to combine with metal oxides, but not metal
sulfides, forming a slag. Thus sufficient sulfur must remain in the
concentrates after roasting to insure that the copper present will
form a copper sulfide matte in subsequent processing operations. Since
the conversion of iron sulfides to iron oxides occurs preferentially
to the conversion of copper sulfides to copper oxides, it is possible

to recover copper from copper/iron sulfide ore concentrates.

This is not to imply, however, that "dead roasting" of copper
concentrates cannot be used to produce copper. The Montanwerke
Brixlegg copper smelter in Austria practices "dead roasting” of
copper concentrates followed by the production of "black copper,”
through the use of coke as a reductant in an electric furnace.®
A copper smelter in Northern Rhodesia is reported to practice "dead
roasting" of copper concentrates followed by production of copper

sulfide matte in an electric furnace. This is accomplished through the
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addition of virgin unroasted sulfide concentrates to the electric
furnace, thus providing sulfide sulfur to reduce the copper oxides
to copper sulfides.”

Copper concentrates can be roasted either in multi-hearth or
fluid-bed roasting furnaces (Figure 3-6). The basic design of a multi-hearth
roaster results in a relatively i1ong contact time for roasting a
unit of concentrates thus multi-hearth units generally have Tow
throughput rates compared with fluid-bed units. The turbulent bed
in a fluid-bed roaster, however, results in extremely intimate contact
between the concentrates and the oxidizing environment, as compared
with a multi-hearth roaster. As a result, fluid-bed roasters tend
to produce roasted concentrates (calcines) of higher magnetite content
than multi-hearth roasters. Magnetite (Fe304) is much less desirable
than ferric oxide (Fe203) and can lead to problems in smelting furnaces,
such as slags of high copper content, reduced smelting rate and
furnace bottom build-up.

The off-gases from multi-hearth roasters contain in the range
of 5-10% sulfur dioxide depending mainly on the degree of oxygen
utilization and air infiltration.3-4 The off-gases from fluid-bed
" roasters, however, contain in the range of 12-14% sulfur dioxide.3“
Consequently, off-gases from fluid-bed roasters and, in some cases,
those from multi-hearth roasters frequently do not contain sufficient
oxygen if the off-gases are to be used for the manufacture of sulfuric
acid. This oxygen deficiency is easily corrected, however, by additional
air infiltration or by blending with off-gases trom other smelter
operations containing lower concentrations of sulfur dioxide and

higher concentrations of oxygen.
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In terms of uniformity of flow rate and sulfur dioxide concen-
tration, roaster off-gases are close to ideal for the manufacture
of sulfuric acid or elemental sulfur. There is Tittle variation
in either flow rate or sulfur dioxide concentration and this
permits sulfuric acid plants or elemental sulfur plants to operate
at maximum efficiencies. However, with regard to the quality of
sulfuric acid or elemental sulfur produced, fluid-bed roasters
are generally superior to multi-hearth roasters. Frequently, within
multi-hearth roasters, various organic agents entrained with the
concentrates following flotation separation of the concentrates
from raw ores are merely vaporized or only partially decomposed in
the roaster. Trace quantities of these agents oftentimes pass
through gas cleaning equipment and are captured in the product
sulfuric acid or elemental sulfur, leading to the production of
dark, discolored, off-grade acid or sulfur. Normally within fluid-
bed roasters, these organic flotation agents are completely
decomposed and thus sulfuric acid or elemental sulfur produced
from the off-gases is free of thesa contaminants. Although there
are techniques which can be used to decolorize or bleach acid or
sulfur, these are usually costly and sometimes not entireiy
satisfactory. However, there are outlets for sulfuric acid or
elemental sulfur which are not sensitive to color of the acid or
sulfur, such as the production of fertilizers.

The presence of high levels of volatile metals, such as arsenic,
antimony and mercury, etc., in the concentrates can present difficulties

in the production of sulfuric acid or elemental sulfur from both
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multi-hearth or fluid-bed roaster off-gases. In most cases, however,
these difficulties can be resolved through the installation of adequate
gas scrubbing and cleaning equipment prior to the sulfuric acid or
elemental sulfur plant. This aspect is fully discussed in Sections 4.1
(Sulfuric Acid Plants) and 4.2 (Elemental Sulfur Plants) of this report.
Currently within the domestic copper smelting industry, seven
of the fifteen smelters operate roasters. Four operate the multi-
hearth type and three operate the fluid-bed type. At these installations,
from 20-50% of the sulfur contained in the copper ore concentrates is
removed as sulfur oxides in the roasting operation, depending primarily
on the copper content of the concentrates processed and the copper
sulfide content of the copper matte that the operators desire to produce
in the reverberatory smelting furnaces.? It is likely, however,
in some cases that the degree of sulfur removal in the roasting
operation could be increased significantly, possibly to 50-70%
of the sulfur contained in the copper concentrates ("deep roasting"),
thus shifting a major portion of the sulfur normally removed in the
copper converters and reverberatory furnace to the roaster. 3.8,9
As mentioned earlier, only enough sulfur need remain in the
concentrates to insure that the copper will form a copper sulfide matte
in subsequent processing operations. Thus, sulfur in excess of
this amount could be eliminated by roasting.
Operation in this manner, however, would increase the grade
(copper content) of matte produced in the reverberatory furnaces
from 30-40%, which is typical of domestic operations, to 50-65%,
which is typical of some foreign operations using flash smelting

furnaces. ]o’llAs a result, a number of operational changes would

undoubtedly have to be incorporated into conventional domestic
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smelting techniques to accommodate "deep roasting." The use of
separate slag treatment facilities to recover copper from both
reverberatory slags and converter slags is one example. With an
increase in the grade of matte in a reverberatory furnace, the
equilibrium concentrations of copper in the slag would increase,
leading to increased copper losses if the slag were not treated.
Furthermore, as a result of "deep roasting," the magnetite
burden on the reverberatory furnace would increase. To reduce
the magnetite content within the furnace to tolerable levels,
reverberatory slag would Tikely have to be tapped from the
slag/matte interface, where magnetite tends to accumulate, rather
than from near the top of the slag layer, as is conventional practice.
This change in slag tapping location would also increase the
copper content of the reverberatory slag, further necessitating
slag treatment facilities to control copper losses. With the probable
necessity to install slag treatment facilities to treat reverberatory
slags established, it is likely that converter slags would also
be treated directly by these facilities rather than returned to
the reverberatory furnace. Only & small incremental increase in
slag treatment capacity would be necessary, while the magnetite burden
on the furnace would be reduced further with a significant increase
in smelting capacity resulting.

If the concentrate contains high levels of impurities, such as
arsenic, antimony, and bismuth,etc., increased fire refining of
the blister copper produced in the converters and changes in the

electrolytic refining circuit might also be necessary, as discussed

in Section 3.1.1.5 (Copper Refining). Witn low-grade mattes,
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converters are quite efficient in eliminating a number of impurities
frequently associated with copper concentrates. Increased matte
grade, however, leads to decreased converter blowing time and

Tower converter temperatures wiiich, in turn, tends to result in

decreased impurity elimination.!?

Consequently, "deep-roasting" to remove 50-70% of the sulfur
contained in the concentrates would 1ikely require major operational
changes in domestic smelting techniques. Furthermore, "deep-roasting"
would only be technically feasible in limited cases involving
concentrates with substantial "excess" sulfur and would undoubtedly

be economically feasible only in certain specific instances.
However, the use of roasters is not restricted to copper

extraction techniques based on the formation of copper sulfide mattes.
Other extraction techniques which have been developed utilize roasters
to eliminate the sulfide sulfur either by complete conversion to

sulfur oxides ("dead roasting"), or by conversion to sulfates and

sulfur oxides ("sulfate roasting").

The Brixlegg process, as mentioned previously, utilizes "dead
roasting" of copper sulfide concentrates in a fluid-bed roaster.6
This process, which also utilizes an electric furnace, is discussed
fully in Section 3.1.1.2 (Electric Smelting).

The Roast-Leach-Electrowinning (RLE) process,developed separately
by the Roan Selection Trust Group and by Bagdad Copper Corporation,
utilizes "sulfate roasting”" of copper sulfide concentrates.12,13,14
In this process, copper sulfides are converted selectively to copper

sulfates, iron is converted tc ferric oxide,and sulfide sulfur in

3-17



excess of that necessary to form copper sulfate is converted to sulfur
oxides in a fluid-bed roaster. The copper sulfate/ferric oxide calcine
from the roaster is then contacted with a sulfuric acid leach solution.
Both copper sulfate and ferric oxide are extracted into solution;
however, the ferric oxide rapidly hydrolyzes to ferric hydroxide which
is insoluble and precipitates from solution. Consequently, the copper
is selectively extracted from the calcine, leaving a residue of ferric
hydroxide and insoluble gangue materia'l.13

The copper sulfate/sulfuric acid solution is separated from the
residue, purified in a series of filtration steps to eliminate suspended
insoluble material, and then introduced into electrolytic cells for
the recovery of copper by electrowinning. Copper ions are reduced
to free copper metal which electroplates from the solution onto the
copper cathodes as in conventional electrolytic refining. As the
copper is recovered from the leach solution, sulfuric acid is formed.
Thus, the sulfide sulfur converted to sulfates in the roasting
operation is ultimately converted to sulfuric acid in this process.l3/

Mufulira Copper Mines Ltd., which is associated with the Roan
Selection Trust Group, currently uses the RLE process at its Chambishi
copper smelter in Zambia. The smelter was commissioned in 1965 and

13 The off-

processes 200 tons/day of copper sulfide concentrates.
gases from the fluid-bed roaster are vented directly to the atmosphere
via a tall stack, following scrubbing of the gases with sulfuric acid
leach solution to recover calcines carried over from the roaster. The
concentration of both}gu]fur dioxide and oxygen in the off-gases is

in the range of 4-5%. Consequently, the off-gases could be utilized

for the production of sulfuric acid, thereby permitting a high degree
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of control over emissions of sulfur oxides to the atmosphere.

There are, however, indications in the technical literature
that operation of a fluid-bed roaster to obtain both maximum selectivity
and conversion of copper sulfides to copper sulfates, leads to conditions
producing an off-gas effluent containing 8% sulfur dioxide and 4%
oxygen.]6 Thus, it appears that if the Chambishi operation were
optimized with respect to conversion of copper sulfides to copper
sulfates, the concentration of sulfur dioxide in the off-gases could
probably be increased significantly. This would tend to make the
process more amenable to air pollution control by reducing the volume
of effluent treated to control sulfur oxide emissions.

The RLE process, however, does have certain limitations.
Presently, the Chambishi smelter produces copper cathodes containing
generally unacceptably high levels of 1mpurities.13 Although the
impurity levels are within ASTM §pecifications for electrolytic copper,
they exceed the Roan Selective Trust Group internal standards for
wirebars and it is likely that they exceed similar impurity standards
within the domestic industry. The literature reveals, however, that
the sulfuric acid leach/electrolyte solution, which serves as the leach
solution for the copper extraction operation and also as the electrolyte
in the electrowinning operation, contains extremely high levels of
impurities.13 No mention of purification facilities for removal of
dissolved impurities from this solution is made in the literature,

and it appears that such facilities do not exist at the smelter.



Rather, it appears that,with the necessity of operating a large purge
stream from the electrowinning circuit established to prevent the
accumulation of sulfates, this purge stream is also utilized to prevent
the accumulation of impurities within the electrolyte circuit.

However, although this may prevent the accumulation of impurities,

it permits a generally high level of impurities to be attained and
maintained in the electrolyte solution.

Purification facilities for removal of dissolved metallic impurities
from electrolyte solutions are normally an integral part of any electrolytic
refining installation within the domestic industry. TRe installation
of such facilities at the Chambishi smelter would undoubtedly reduce
the impurity levels in the cathode copper considerably, perhaps
reducing them to acceptable levels. (Electrolyte purification

facilities are discussed in Section 3.1.1.5, Copper Refining,)

Copper solvent extraction techniques utilizing 1iquid-1on;exchange
reagents developed by General Mills, Inc., eould also be utilized at
the Chambishi smelter to reduce the impurity levels in cathode copper.
These liquid-ion-exchange reagents, under the General Mills trade
name of LIX reagents, can extract copper ions from low-strength sulfuric
acid solutions with a high degree of selectivity. The copper is
recovered from the LIX reagent by solvent extraction with a strong
sulfuric acid so]ution.”’m’19

These reagents could be used to extract copper from the sulfuric
acid leach solution at Chambishi, leaving essentially all of the

contaminating impurities in the leach solution. The leach solution

could be recycled to extract copper from the copper sulfate/ferric oxide
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calcine, which is currently done at Chambishi with the sulfuric acid
leach/electrolyte solution. A Targe purge stream would still have to
be removed from the leach solution to prevent the accumulation of
sulfates,and this would serve to prevent the accumulation of impurities
in the leach solution.

A strong sulfuric acid electrolyte solution from the copper
refining circuit could be utilized to extract copper from the LIX
reagent. The regenerated LIX reagent could then be recycled and
contacted with fresh leach solution to extract more copper. The copper-
sulfuric acid electrolyte solution could be processed in electrolytic
refining facilities to produce cathode copper.

Consequently, the installation of LIX solvent extraction facilities at
Chambishi would minimize the impurity levels in the copper electrolytic

refining circuit, leading to a substantial reduction in the impurity

Tevels of the cathode copper produced, Without a doubt, this would

permit the production of cathode copper of good quality.
The most serious limitation of the RLE process, however, when

compared to conventional copper sulfide matte smelting processes, is
the likely inability of the process to recover precious metals
contained in copper sulfide concentrates, such as gold, silver, and
palladiu. Although the technical literature released by the

Roan Selection Trust Group concerning this process does not address
this aspect, a review of the technical literature on copper hydrometal-
lurgical processes, hydrometallurgy in general, and leaching in general
indicates that the sulfuric leach operation will most 1ikely not
extract precious metals i1nto solution to any significant degree.

Consequently, economic considerations will likely dictate the use of
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conventional copper sulfide matte smelting techniques over the use of
RLE technology for processing copper sulfide concentrates containing
sufficient levels of precious metals to warrant their recovery.

It appears, however, that these Timitations are not serious
enough to prevent further development and application of the RLE
process. Although a great deal of publicity has been given to the
recent announcements by Phelps Dodge of plans to construct a flash
smelter at Tyrone, New Mexico, and by Anaconda of plans to construct a
hydrometallurgical processing plant at Anaconda, Montana, little
pubTicity has been given to the recent announcement by Hecla - EI
Paso Natural Gas of plans to construct a copper smelter at their Lakeshore
mining properties in Arizona, utilizing the RLE process.15 The smelter
will process 400 tons/day of copper sulfide concentrates and is scheduled
for completion during late 1974. Thus, the smelter should be in Startup
by early 1975. Sulfur oxide emissions from the fluid-bed roaster will be
controlled by a 250-tons/day single-stage sulfuric acid p]ant.]5’20 The
RLE technology and "know-how" for the installation is being provided
primarily by Bagdad Copper Corporetion, based on data and information
generated during their extensive pilot-plant program of development and
testing of the process in the mid-1950°'s. At that time Bagdad Copper
had under consideration an RLE corper smelter; however, although the
pilot-plant program indicated commercial feasibility of the process, the
small capacity of the installation being considered made the project

economically unattractive.
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3.1.1.2 Smelting furnaces

The smelting of copper sulfide ore concentrates is basically a
process in which the concentrates are heated to their melting point
to separate copper sulfides and other valuable metals from the bulk of
the unwanted constituents in crude form. As briefly discussed earlier,
the aim is to produce a copper suifide matte containing the desired
constituents. Frequently, the first step in separating the iron from
the copper is to oxidize the iron by roasting, while retaining the
copper as sulfide. However, molten iron oxide and copper sulfide are
miscible over a wide range of compositions so that oxidation of the
iron alone will not yield the desired separation, but if silica is present,
the iron oxide combines with it to form a liquid iron silicate slag.
This silicate phase is essentially immiscible with the sulfide phase,
and the melt separates into two layers with the lighter slag layer
floating on top of the matte layer.

The energy necessary to smelt the copper ore concentrates and
limestone/silica fluxes can be provided in a number of ways, such as:

(1) the use of fossil fuel combustion in a reverberatory furnace,

(2) the use of electrical power in an electric furnace,
or (3) the use of the heat of reaction from the oxidation of iron

sulfide to iron oxide in a flash furnace.

Reverberatory furnaces--

Summary--The emission of large volumes of off-gases containing Tow
concentrations of sulfur oxides is inherent in the basic design of reverberatory

smelting furnaces, since the heat for smelting is provided by the combustion

of large volumes of fuel and air.
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The roasting of copper concentrates prior to charging to the
furnace, the use of "bath" smelting rather than "sidewall" smelting,
and the treatment of converter slags in separate slag treatment
facilities rather than returning them to the smelting furnace will
minimize sulfur dioxide emissions per unit of furnace charge from

n

reverberatory smelting furnaces. '"Deep-roasting," as discussed in
Section 3.1.1.1, could be utilized in some cases to remove 50-70% of the
sulfur contained in the concentrates, reducing emissions from the furnace
to the Tevel of 5-10% of the sulfur contained in the concentrates processed
by the smelter. Currently within the domestic industry, emissions from
reverberatory furnaces range from 10-40% of the sulfur contained in the
concentrates. However, as also discussed in Section 3.1.1.1, "deep-
roasting" would require major operational changes in conventional domestic
smelting practice,would be applicable only to specific copper concentrates,
and would most likely be economically feasible only in certain specific
cases.

The concentration of sulfur oxide emissions from reverberatory furnaces
can be increased significantly through the use of oxygen enrichment of
the combustion air. Enrichment of combustion air to 28-40% oxygen increases
the concentration of sulfur dioxice in the furnace off-gases to 3-1/2 to 5%.

The use of oxygen lances within reverberatory smelting furnaces,
although shown in laboratory pilot plants to increase sulfur dioxide
concentrations in the furnace off-gases to 12-18%, requires further develop-
ment and is not commercially demonstrated.

General discussion--In a reverberatory furnace (Figure 3-7), a fossil

fuel such as 0i1 or natural gas is burned above the copper concentrates
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being smelted. The furnace is a long rectangular structure with an arched
roof and burners at one end. Flames from the burners may extend half
the length of the furnace. Part of the heat in the combustion gas
radiates directly to the charge Tying on the hearth below, while a substantial
part radfates to the furnace roofs and walls and is retiected down to the charge.

In addition to smelting the copper concentrates, a major function of
a conventional reverberatory furnace is to recover copper--both chemically
and mechanically--from slag produced in the copper converters. Molten
converter slag is returned to the furnace,and copper sulfide matte and
coppar that is mechanically entrained in this slag settles out by gravity.
To some extent, copper oxides trapped in the slag are converted to copper
sulfides by reduction with iron sulfides and also settle out.

During the smelting of copper concentrates as practiced in reverberatory
furnaces within the domestic copper smelting industry, from 10-40% of
the sulfur contained in the concentrates processed by the copper smelter is
eliminated as sulfur oxides.! Roasting tends to reduce sulfur elimination
in reverberatory furnaces, however, and "calcine-charge" furnaces (those
with pre-roasting operations) normally eliminate only 10-30% of the sulfur
contained in the concentrates processed by the smelter, while "green~-charge"
furnaces (those with no pre-roasting operation) normally eliminate 20-40% of
the sulfur. Emissions of sulfur oxides from reverberatory furnaces are
primarily a result of thermal decomposition of metal sulfides in the concentrates
and,to a minor extent, the reduction of magnetite(Fe304), contained in

converter slags and roasted concentrates, to iron oxide (Fe0).21,22
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The concentration of sulfur dioxide in the effluent from reverberatory
furnaces is typically in the range of 1/2 to 2-1/2%.4 Major factors
influencing the level of sulfur oxide emissions include mineralogy
of the concentrates (amount of pyritic sulfur present - FeS; and
CuFeSy), type of charge (roasted or unroasted) as mentioned above, method of
smelting (sidewall or bath), treatment of converter slags, and the degree of air
infiltration.'2s21 If concentrates containing a significant amount
of pyritic sulfur are smelted in a “green-charge" furnace (no pre-
roasting operation), emissions from the furnace will be greater than
if concentrates essentially free of pyritic sulfur are smelted, or if
the concentrates are first roasted rather than charged directly to the
furnace. Roasting operations promote the thermal decomposition
of pyritic sulfur compounds to release what is termed "free" pyritic
sulfur as follows:Z]

FeSp, ~ FeS + S

CuFeSy + CuFeS + S
Furthermore, as mentioned in Section 3.1.1.1, roasting favors the
oxidization of ion sulfides to iron oxides

4FeS + 702 > 2Fe,03 + 450,
over the oxidation of other metal sulfides to metal oxides. Thus,
roasting results in less thermal decomposition of the concentrates
in a reverberatory furnace per unit of charge to the furnace.

The method of smelting in a reverberatory furnace also influences
sulfur oxide emissions to some extent.22 If the charge is pneumatically
dispersed onto the molten bath existing in the furnace (bath smelting),
rather than deposited in piles along the furnace sidewalls (sidewall

smelting), the smelting rate is increased. Higher smelting rates result
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in a lower residence time in the furnace for a unit of charge before the
charge is smelted and, as a result, less thermal decomposition of the
unsmelted charge occurs.22 Consequently, emissions are reduced per

unit of charge.

The treatment of converter slags in separate slag treatment facilities
also reduces, to some extent, sulfur dioxide emissions from reverberatory
smelting furnaces per unit of charge. As mentioned earlier, converter slags
are normally returned to reverberatory furnaces to recover copper contained
in the slags. However, these slags typically contain about 25% magnetite
(Fe304), although magnetite levels as high as 45% have been reported in
the literature.23:24 In the reverberatory furnace a major portion of
the magnetite in the converter slags is reduced with the release of sulfur
dioxide according to:

3Fe304 + FeS + 55102~ 5(Fed), - Si0p + SO2
Consequently, treating converter slags in separate slag treatment facilities
to recover copper, rather than returning them to the reverberatory furnace,
leads to a reduction of sulfur dioxide emissions per unit of charge.

Although in many cases there is considerable air infiltration into a
typical reverberatory furnace and associated flue-gas ductwork, this is
not the principal reason for the low concentration emissions of sulfur
dioxide. Since the heat for smelting is provided by combustion of large
amounts of fuel, substantial quantities of combustion air must be provided.
For example, ten to twelve volumes of air are necessary to combust efficiently
one volume of natural gas. Consequently, the basic design of a reverberatory
smelting furnace tends to result in the production of large volumes of off-

gases containing Tow concentrations of sulfur dioxide.
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This is not to imply, however, that nothing can be done to make
reverberatory furnaces more amenable to air pollution control. As
discussed in the previous section reviewing roasting operations, it is
Tikely that in some cases the degree of sulfur removal in the roasting
operation could be increased significantly, possibly to 50-70% of the
sulfur contained in the concentrates. Although this would require major
changes in normal domestic smelting and refining practice (refer to
Section 3.1.1.1 - Roasting), the level of emissions of sulfur oxides
from the reverberatory furnace would be reduced substantially. Thus,
the percentage of sulfur contained in the concentrates processed by the
smelter and discharged in the effluent from the reverberatory furnace
would probably be in the range of 5-10% rather than 10-40%.5522

On the other hand, rather than attempting to reduce the level
of sulfur dioxide emissions from the reverberatory furnace to a minimum,
various techniques can be employed to increase the concentration of sulfur
dioxide emissions. As discussed in Sections 4.1, 4.2 and 4.3, although
technical considerations normally do not Timit the applicability of air
pollution control systems to gas streams containing low concentrations
of sulfur dioxide, economic considerations frequently do. Thus, increasing
the concentration of sulfur dioxide in the off-gases should make the
reverberatory furnace more amenable to air pollution control. Increasing
sulfur dioxide emissions from reverberatory furnaces would entail the use
of tonnage oxygen in the furnace to reduce fuel and combustion air reqiirements
and the reduction of air infiltration to a minimum.

Sealing the furnace and flue-gas ductwork against air infiltration
to a much greater extent than is common in the domestic industry at

present would require the use of roasters or driers to insure that the
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moisture content of the charge to the furnace would be no greater than
5-7%.25 This would minimize eruptions or explosions in the furnace as a
result of the rapid or essentially instantaneous vaoorization of water,
which can occur if the moisture content of the charge is high. These
eruptions tend to promote the formation of cracks and leaks in the furnace
roof and sidewalls and throughout the flue-gas ductwork, permitting air
infiltration. The use of driers to reduce the moisture content of the
charge further, to 1/2% or less, would be beneficial as this would
minimize dilution of the sulfur oxides in the furnace off-gases
due to water vapor.

The use of tonnage oxygen to enrich combustion air is rapidly
gaining widespread use, particularly in the secondary smelting of
nonferrous metals. A major parameter determining the capacity of a
reverberatory smelting furnace is the volume of comhustion gases. Since
nitrogen comprises four-fifths of the combustion air normally supplied,
enrichment of the air with oxygen lowers the total volume of gas in the
furnace, thus producing higher flame temperatures and increasing the
smelting capacity. This is significant in that four tons of nitrogen
carry away enough heat to smelt a ton of char‘ge.12 With the decrease
in the volume of off-gases per unit of charge to the furnace, the
concentration of sulfur dioxide increases, and it should not be difficult
to achieve concentrations of sulfur dioxide in the ¢ff-gases in the range
of 3-1/2 to 5%.26,27,28

Oxygen enrichment is currently employed by the International Nickel Co.
Ltd. (INCO) at their Sudbury, Ontario, facilities in Canada. This operation,
however, is on an intermittent basis with surplus dump oxygen that becomes

available to enhance smelting in nickel reverberatory furnaces.29 As a

3-30



result, Tittle information is available concerning the concentration of
sulfur dioxide in the off-gases. Until recently, oxygen enrichment

of the combustion air in a reverberatory smeiting furnace was also
practiced at the Onahama Smelting and Refining Co. copper smelter at
Onahama, Japan.30 However, the degree of oxygen enrichment was Timited
by copper losses in the furnace slag and, as a result, the oxygen content
of the combustion air was increased only to 23-25%. The installation

of slag treatment facilities was under consideration at this smelter,
with a view toward increasing the oxygen content of the combustion air
further, in order to increase the sulfur dioxide content of the furnace
off—gases.25 With the oxygen content of the combustion air increased to
23-25%, the concentration of sulfur dioxide in the reverberatory furnace
off-gases was increased from 1-1/2% to 2-1/2% and the gases were routed
directly to a single-stage contact sulfuric acid p]ant35’3°’31 (See
Section 4.1 - Sulfuric Acid Plants.)

Although this acid plant is no longer in operation on the off-gases
from fhe reverberatory furnace, this is not a result of any technical problems
that developed. Onahama Smelting and Refining expanded the smelter capacity
by the construction of an additional reverberatory smelting furnace and
additional copper converters. The acid plant now controls sulfur dioxide
emissions from the new copper converters. A prototype magnesium oxide
(Mg0) off-gas scrubbing system, developed jointly by Onahama Smelting and
Refining and Tsukishima Kikai Co., Ltd., controls su]fur dioxide emissions
from the reverberatory smelting furnaces.32 This magnesium oxide scrubbing
system was commissioned in early 1973 and has experienced no serious operational
problems, thus serving as a successful commercial demonstration of the
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process as a means of controlling sulfur dioxide emissions from reverberatory
furnaces.

From a review of the technical literature, it appears that oxygen
enrichment of the combustion air in copper reverberatory smelting furnaces
is under serious study in the Soviet Union.27533 1p fact, it may already
be in use at the Almalyk Copper Smelter where it was reported that
increasing the oxygen content of the combustion air from 21% to 23-25%
increased the concentration of sulfur dioxide in the off-gases from 1% to
about 2-3%.27 This is in general agreement with the results obtained
at the Japanese copper smelter cited above. Furthermore, at this smelter
in the Soviet Union, increasing the oxygen content of the combustion air
in the reverberatory furnaces to the range of 28-30% increased the sulfur
dioxide content of the off-gases to 3-1/2 to 4%, and the use of combustion
air with 40% oxygen increased the sulfur dioxide concentration to 4-1/2 to
5%.27,33 Thus, oxygen enrichment is a viable means of increasing the
concentration of sulfur dioxide in the off-gases from reverberatory furnaces
to the range of 3-1/2 to 59,28

Increased copper losses in reverberatory furnace slags could result,
however, from oxygen enrichment of the combustion air in an existing furnace,
as at the Japanese smelter mentioned above. As the oxygen content of the
combustion air increases, the smelting capacity of the furnace increases
significantly. If the operators take full advantage of this and increase
furnace capacity, the residence time of the slag formed in the furnace
decreases. As a result, there is less settling time for the copper sulfide

matte, which is formed from the concentrates charged to the furnace and
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contained in the copper converter slags returned to the furnace, to
separate from the slag. Thus, the copper content of the slag tapped
from the furnace may increase.

It should be noted, however, that in some cases copper losses
might actually decrease as a result of the higher operating temperatures
attained with oxygen enrichment of the combustion air. At the higher
temperatures, less limestone need be added to the silica fluxing materials
to promote good fluidity of the silica slag within the furnace. Consequently,
the volume of slag produced per unit of charge would decrease significantly
and, although the copper content of the slag might remain the same or
even increase, overall copper losses may actually decrease.

Decreased copper losses were observed at the Russian copper smelter
mentioned above. At this installation, the coefficient of copper
distribution between the furnace slag and matte remained essentially
unchanged, even with the use of combustion air enriched to 40% oxygen,
which resulted in an 85% increase in furnace smelting capacity. However,
the mean furnace temperature increased from 2500°F to 2900°F at 40%
oxygen. As a result, less Timestone was utilized to reduce slag viscosity
and this, in turn, led to Tower copper losses due to the reduced volume
of slag produced.27

If copper losses were to increase as a result of the increased
furﬁace smelting capacity from the use of oxygen enrichment, however,
they could be controlled by the installation of slag treatment facilities.
Slag treatment would not only control copper losses directly, but
could be utilized to increase the residence time of the reverberatory
slags in the furnace by treatment of the converter slags, rather than
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returning them to the furnace. Separate treatment of the converter
slags results in a significant increase in furnace smelting capacity
itself. At the Mitsubishi Metal Corporation, Naoshima,copper smelter
in Japan, for example, separate treatment of the converter slags resulted
in a 25% increase in reverberatory furnace smelting capacity and a
marked decrease in copper losses.23 Thus, if the increase in furnace
capacity resulting from direct treatment of converter slags was not
fully utilized, this would tend to increase the residence time of the
reverberatory slag in the furnace and counter-balance or compensate
to some extent for the decreased slag residence time that could
result from oxygen enrichment as discussed above. Consequently,
separate treatment of the converter slags alone might be sufficient
to control increased copper losses.

The use of oxygen lancing in a reverberatory furnace to increase
the concentration of sulfur diexide by increasing the conversion of
sulfide sulfur in the concentrates to sulfur oxides has not been
applied on a commercial scale. The use of oxygen in this manner has
been studied in the United States, and in 1965 a patent was granted
by the U.S. Patent Office to the Kennecott Copper Corporation covering
this concept.34 The patent was based on pilot plant studies of oxygen
injection into a reverberatory furnace using roof lances. Data submitted
to the Patent Office in support of the patent application reported
that the concentration of sulfur dioxide in the furnace off-gases increased
from 2% to 12-18% through the use of this techm’que\.34 Howgver, although
this approach might prove to be a viable means of increasing the sulfur
dioxide concentration in reverberatory furnace off-gases, additional

development work would be required before this technique could be

considered commercially demonstrated.
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Electric furnaces--

Summary--Electric smelting furnaces can be utilized to make the copper
smelting process more amenable to air pollution control. The quantity
of sulfur oxide emissions from electric smelting furnaces is about the
same as that from reverberatory smelting furnaces, per unit of charge.
The volume of off-gases generated, however, is normally about an order
of magnitude less and is primarily a function of the degree of air
infiltration to the furnace.

Roasting can be utilized with electric smelting furnaces, as
with reverberatory furnaces, to remove a significant portion of the
sulfur in the concentrates, minimizing off-gas volumes and emissions
from the smelting furnace and producing off-gases containing 1-5%
sulfur dioxide, depending primarily on the degree of air infiltration.
Even if the furnace off-gases contain less than 3-4% sulfur dioxide,
the much lower volume of off-gases generated by an electric furnace
permits the mixing of roaster and converter off-gases with the smelting
furnace off-gases to obtain an off-gas of 4% or more sulfur dioxide.

The Brixlegg process which utilizes "dead-roasting" of copper
concentrates cannot be considered commercially demonstrated at this
time. Although this process has been in use for twenty years at an
Austrian copper smelter, the smelter processes only 50 tons/day of
copper concentrates and is only a pilot:plant by domestic smelting
standards.

Electric furnaces can be utilized to make the smelting operation
more amenable to air pollution control by producing off-gases of
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sufficient sulfur dioxide concentration for the production of sulfuric
acid directly. "Green charge" smelting (no pre-roasting operation)

and the reduction of air infiltration to a minimum can be used to produce
off-gases containing 4-8% or more sulfur dioxide, depending primarily

on the degree of air infiltration. Although not one of the six electric
furnaces presently smelting copper concentrates in the world produces
sulfuric acid as a by-product from the furnace off-gases, the Mufulira
Copper Mines electric furnace in Zambia produces off-gases containing
3-4% sulfur dioxide,sufficient for the production of sulfuric acid.

In addition, an electric furnace is currently under construction at

the Inspiration Consolidated Copper smelter in Arizona, which is designed
to produce off-gases of 4-8% sulfur dioxide.

General discussion--Electric smelting furnaces (Figure 3-8)

provide the heat necessary for smelting copper ore concentrates by
placing carbon electrodes in contact with the molten bath within the
furnace. The electrodes dip into the slag layer of the bath, forming
an electrical circuit. When an electric current is passed through
this circuit, the slag resists its passage, generating heat and
producing smelting temperatures. The charge of concentrates and
fluxing materials is fed through the roof, and a layer of unsmelted
charge covers the molten bath. Heat is transferred from the hot slag
to the charge floating on its surface, and as the copper concentrates
and fluxes are smelted, they settle into the bath, forming slag and matte.
The chemical and physical changes occurring in the molten bath
of a reverberatory furnace are similar to those occurring in the
molten bath of an electric furnace. Copper concentrates may be
roasted prior to charging to an electric furnace, or charged directly
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to the furnace. Also, copper ccnverter slags are normally returned

to electric furnaces for recovery of the copper contained in the slags,
as in reverberatory furnaces. Consequently, the quantity of sulfur
oxide emissions Per unit of charge from electric smelting furnaces is

35 In an

about the same as that from reverberatory smelting furnaces.
electric furnace, however, there are no combustion gases, only gases
formed by the vaporization of waterjand the chemical reactions which
occur in the smelting process. As a result, the volume of off-gases
from an electric furnace is basically a function of the degree of air
infiltration to the furnace.26:35

Typically, however, electric smelting furnaces are designed and
operated with large amounts of air infiltration to the furnace. Since
an electric furnace does not discharge large volumes of hot combustion
gases like a reverberatory furnace, the recovery of heat from the off-
gases is usually not attractive. Frequently, therefore, enough air
infiltration is provided to the furnace to lower the off-gas temperatures
to the point where the use of less expensive refractory brickwork for the
furnace roof and the off-gas uptake flues is possible. As a result,
although electric smelting furnaces can be designed to take advantage of
the absence of large volumes of combustion gases in the furnace to produce
off-gases containing greater concentrations of sulfur oxides than
the off-gases produced by reverberatory furnaces, this is not common
practice.37 The concentration of sulfur dioxide in the off-gases from
electric smelting furnaces currently operating in various foreign
countries is in the range of 1/2%, or less, to about 4%, depending on

the type of charge smelted {roasted or unroasted), the mineralogy

of the copper concentrates and the degree of air infiltration to the
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furnace.37 As discussed in the previous section concerning reverberatory
furnaces, when the concentrates contain low levels of pyritic sulfur
or are roasted, rather than charged directly to the furnace, the
evolution of sulfur oxides is Towest.

Electric furnaces can Ee utilized, however, specifically as a
means of making the smelting operation more amenable to air pollution
control. Roasting of the concentrates can be employed, as with reverbera-
tory furnaces, to remove a significant portion of the sulfur contained
in the concentrates, reducing the emission of sulfur oxides from the
electric furnace. The concentration of sulfur dioxide in the furnace
off-gases would 1ikely be in the range of 1-5% depending on the
degree of air infiltration to the furnace. Even if the concentration
of sulfur dioxide in the furnace off-gases were at the low end of this
range (1-3%), since the volume of off-gases from the electric furnace
would be an order of magnitude less than the volume of off-gases from
a reverberatory furnace, the use of an electric furnace rather than a
reverberatory furnace would permit the smelting furnace off-gases to
be combined with the roaster and converter off-gases. The concentration
of sulfur dioxide in the resulting gas mixture would be in the range
of 4% or more and would he quite adequate for the production of sulfuric
acid.35’ 38, 39, 40 To a certain extent, the blending of
electric furnace off-gases would be offset by the elimination of

the need for dilution of these gases with air to provide oxygen for

the conversion of 502 to SO3 in the manufacture of sulfuric acid.
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Another approach to minimizing the emissions of sulfur oxides
from electric smelting furnaces is to take advantage of the absence
of combustion in the furnace to employ a fossil fuel as a reductant
for the production of copper directly, rather than copper sulfide matte.
This is the approach developed by the Montanwerke Brixlegg copper smelter
in Austria cited in Section 3.1.1.1 - Roasting.® The process in use
by this Austrian company, based on this concept, was developed specifically
to minimize air pollution. The copper concentrates are first roasted
to remove essentially all of the sulfur ("dead roasting"), converting
the copper and iron sulfides to copper and iron oxides. The "dead-
roasted" concentrates, fluxes and coke are then charged to an electric
furnace. As the charge is smelted, the coke preferentially reduces the
copper oxides over the iron oxides, forming elemental copper. The iron
oxides combine with the fluxes to form a slag, and the copper settles
out as a separate molten phase which is tapped from the furnace. There
is no need for copper converters.

The copper produced by the Brixlegg process is referred to as "black
copper" and contains a much higher level of impurities than "blister
copper" produced in copper converters by conventional pyrometallurgical
processes. "Black copper" is only 90-95% copper, whereas "blister copper"
is typically 98-99% copper. Thus, "blister copper" contains only
1-2% of impurities such as iron, nickel, lead, and arsenic, while
"black copper" contains 5-10% of these impurities.6 However, both
"black copper" and "blister copper" require fire-refining to produce

anode copper suitable for casting into anodes for electrolytic
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refining. Through the use of various fire-refining techniques, as
discussed in Section 3.1.1.5 - Copper Refining, most of the
impurities in "black copper" can be eliminated. As a result,
although "black copper" requires extensive fire-refining compared to

that normally required with "blister copper," in many cases anode
copper of comparable purity can be produced from both "black copper"
and "blister copper."

Some impurities, however, such as nickel and bismuth, are particu-
larly difficult to eliminate by various fire-refining techniques. If
concentrates processed by the Brixlegg process contained high levels
of these impurities, changes in domestic electrolytic refining practice
might also be necessary, as discussed in Section 3.1.1.5. However,
while there may be few technical limitations to the production of
high-purity copper equivalent to that presently produced within the
domestic industry by the Brixlegg process,6 due to the greater degree
of refining treatment necessary to eliminate various impurities contained
in "black copper," economic considerations may 1imit the application
of the Brixlegg process to concentrates containing low levels of impurities.

The Brixlegg process lends itself readily to various emission
control techniques. With no need for copper converters and essentially
all the sulfur in the concentrates removed in the roasting step, all
the sulfur oxide emissions are confined to one processing operation.

Furthermore, through the use of fluid-bed roasters, these emissions

are discharged in an off-gas stream of high concentration and
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uniform flow rate suitable for the production of sulfuric acid or
even elemental sulfur. However, although this process has been in
use by the Montanwerke Brixlegg Co. for twenty years, the smelting
capacity of this Austrian smelter is only about 50 tons/day of
concentrates, compared to smelting capacities in a typical domestic
smelter of 1000-2000 tons/day of concentrates. Therefore, the process
cannot be considered to have been demonstrated on a commercial scale.
Rather than reducing the levael of sulfur oxide emissions from
electric smelting furnaces to a minimum, various techniques can be
employed to increase the concentration of sulfur dioxide in the furnace
off-gases. As mentioned in the previous section concerning reverberatory
furnaces, although technical considerations normally do not limit
the applicability of air pollution control systems to gas streams
containing low concentrations of sulfur dioxide, economic considerations
frequently do. Thus, various techniques which increase the concentration
of sulfur dioxide in the off-gases should make the smelting furnace
more amenable to air pollution control. Increasing the concentration
of sulfur dioxide in the off-gases from an electric furnace
would entail the use of green charge smelting (no roasting operation)
and the reduction of air infiltration to a minimum.
Sealing the furnace and flue-gas ductwork against air infiltration
would require the use of copper concentrate driers to insure that
the moisture content of the charge would be no greater than 5-7%.29

This would probably be sufficient to prevent the eruptions or
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explosions in the furnace resulting from the vaporization of water,
which promotes the formation of cracks or leaks in the furnace roof and
sidewalls and throughout the flue-gas ductwork. The use of driers to
reduce the moisture content of the charge to 1/2%, or less, would
further reduce dilution of the sulfur oxides in the furnace off-gases
due to water vapor.

As previously discussed, the volumes of off-gases from electric
smelting furnaces are about an order of magnitude less than the volume
of off-gases from conventional, domestic reverberatory smelting
furnaces. As a result, with the use of green charge smelting and
minimum air infiltration, the concentration of sulfur dioxide in the
off-gases from an electric smelting furnace is normally in the range of
4-8%,39’4] although it is reported that concentrations as high as 10-20%
are possible.26 There is some fluctuation in the off-gas flow rate and
sulfur dioxide concentration as copper converter slags are returned
to the furnace and fresh concentrates and fluxes are charged; however,
these tend to be rather minor compared to the fluctuations in off-
gas flow rate and sulfur dioxide concentration experienced with copper
converters, and the control of sulfur oxide emissions by the manufacture
of sulfuric acid from the furnace off-gases would be quite straightforward.z1

Currently, six copper smelting installations have been identified
which operate electric furnaces specifically for the smelting of

copper concentrates.37-42 However, there are numerous installations

throughout the world which use electric furnaces for the smelting
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of nickel, copper/nickel, and copper/cobalt concentrates. Ajthough
the pyrometallurgical production techniques for nickel, and to a certain
extent cobalt, are similar to those for copper, time constraints have
not permitted a thorough and complete investigation of these furnaces.

Five of these six electric furnace installations are located
in foreign countries.37:42 Sulitjelma Gruber at Sulitjelma, Norway;
Montanwerke Brixlegg at Brixlegg, Austria; and Bolident Aktiebolag at
Boliden, Sweden, operate electric smelting furnaces in Europe.
Kilemba Mines at Jinja, Uganda, and Mufulira Copper Mines at Mufulira,
Zambia, operate electric smelting furnaces in Africa. In the United
States, Cities Service Copper operates an electric smelting furnace
at Copperhill, Tennessee.

With the exception of Montanwerke Brixlegg in Austria, none of
these installations utilize the electric furnace primarily as a
means of making the smelting operation more amenable to air pollution
control. Rather, electric smelting is utilized primarily because
electric power is less expensive or more dependable than various fossil
fuels in these areas. Sulfur oxide emissions from the smelting operation
are controlled at only one of these installations — the Cities Service
Copper installation in Tennessee. However, this is the result of
special circumstances. Consequently, the electric smelting furnaces
at these installations are not designed to minimize air infi]tration.37
As a result, the concentration of sulfur dioxide in the furnace off-
gases at these installations is in the range of 1-2% or less, with
the exception of the installation at Mufulira, Zambia, at which the
concentration of sulfur dioxide in the furnace off-gases is in the

range of 3-4%.37
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A second domestic installation, however, is scheduled to initiate
operations with an electric smelting furnace for the smelting of copper
concentrates by mid-1974. The Inspiration Consolidated Copper Co.
is installing this furnace at their Arizona smelter primarily as a
means of making the smelter more amenable to air pollution control.
Sulfur dioxide emissions from the furnace will be controlled through
the manufacture of sulfuric acid in a double-absorption sulfuric acid
plant. The furnace will operate as a "green-charge" furnace, processing
copper concentrates which are first dried to 0.1-0.3% moisture. The
concentration of sulfur dioxide in the furnace off-gases is projected
to be in the range of 4-8%.41

Another domestic installation is also scheduled to initiate
electric smelting of copper concentrates by late 1975. The
Anaconda Copper Co. plans to install an electric smelting furnace at
their Anaconda, Montana,smelter to replace the tour existing reverbera-
tory smelting furnaces. ine major reason cited by mnaconda for this
decision is the increasing difficulty of obtaining adequate supplies
of fossil fuels to fire the reverberatory furnaces and the frequent
curtailments of fuel supply during the winter months.40 The
electric smelting furnace will operate as a "calcine-charge" furnace,
processing the calcines from a fluid-bed roaster which will roast the
copper concentrates. The concentration of sulfur dioxide in the
combined off-gases from the fluid-bed roaster, the electric smelting
furnace, and the copper converters is projected to be in the range of

6%.40
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Flash Furnaces--

Summary--The degree of sulfur removal in a flash smelting furnace is
quite high compared to either reverberatory or electric smelting furnaces
and is normally in the range of 50-80% of the sulfur contained in the
concentrates. The concentration of sulfur dioxide in the off-gases
from flash furnaces of Outokumpu Oy design is in the range of 10-20%.

The concentration of sulfur dioxide in the off-gases from flash furnaces
of INCO design is in the range of 75-80%. This difference in sulfur
dioxide concentration Tevel results from INCO's use of commercial-grade
oxygen rather than air to sustain the flash smelting reaction in the
furnace. The operation of a flash smelting furnace is "steady-state"
with respect to the off-gas flow rate and concentration of sulfur dioxide
in the off-gases.

The flash smelting process was successfully demonstrated on a
commercial scale by both Outokumpu Oy and INCO iﬁ the early 1950's.

By mid-1973 tnirteen copper smelting installations in the. world operated

flash smelting furnaces ranging in capacity from 300 tons/day to
1500 tons/day of copper concentrates. One installation is of INCO
design and the remaining twelve are of Outokumpu design.

Flash smelting furnaces can be designed to operate autogenously.
Under these conditions no external source of fuel or energy is
required. The heat released by the flash smelting reaction is
sufficient to smelt the furnace charge. Thus, flash smelting
requires a lower energy input per pound of copper produced than
either reverberatory or electric smelting.

Flash furnaces typically produce high-grade mattes containing

45-65% copper. This is higher than the grade of matte produced
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at most domestic smelters, which typically contains 30-40% copper.
High-grade mattes result in reduced secondary copper scrap processing
capacity. The adoption of flash smelting by the domestic primary
copper smelting industry would thus reduce to some extent the ability
of the domestic industry to reprocess copper scrap. However, any
reduction in the capability of the domestic primary smelting industry
to recover copper from copper scrap would encourage the expansion

of the domestic secondary smelting industry in most cases, rather
than 1imit the recovery of copper from scrap.

Unlike reverberatory smelting or electric smelting installations,
flash smelting installations require slag treatment facilities to
recover copper from both the flash furnace and converter slags.

Flash smelting furnaces also require copper concentrates
containing lower ratios of Cu/S than are necessary with either
reverberatory or electric smelting furnaces. However, concentrates
with Cu/S ratios as high as 1.3-1.5 can be smelted, and an EPA survey
reveals that approximately 95% of domestic ore concentrates have Cu/S
ratios in the range of 0.6-1.3 or Tess.

Conventional flash smelting furnaces, however, cannot process significant
tonnages of copper precipitates. The adoption of flash smelting by the
domestic industry would thus reduce the ability of the industry to
recover copper from copper oxide ores by conventional means. However,
this would encourage the use of acid leaching/1iquid ion exchange/acid
stripping/electrowinning operations, rather than acid leaching/copper
precipitation/smelting operations.

Copper concentrates containing high levels of volatile metals,
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the most common being lead and zinc, can present major problems in

the heat recovery facilities associated with flash smelting furnaces.
The highest levels that can be tolerated are 2-1/2 to 3% lead and

5-1/2 to 7% zinc. However, an EPA survey reveals that approximately
96%, 99%,and 98% of domestic ore concentrates contain less than 2% lead,
4% zinc, and 1% arsenic, respectively. Furthermore, other volatile
metals, such as cadmium, beryllium, vanadium, antimony and tin, are
present only in very small amounts (<10 ppm to <1000 ppm) in domestic
concentrates.

General discussion--Essentially, flash smelting is a process in which

copper sulfide ore concentrates are smelted by burning a portion of the iron
and sulfur contained in the concentrates while they are suspended in an
oxidizing environment. As such, the process is quite similar to the
combustion of pulverized coal. The concentrates and fluxes are injected
with pre-heated air, oxygen-enriched air, or even pure oxygen, into a
furnace of special design, and smelting temperatures are attained as a
result of the heat released by the rapid, flash combustion of iron and
sul fur.

Currently two companies have developed flash smelting technology:
Outokumpu Qy in Finland and International Nickel Co. (INCO) in Canada.
Both companies offer their technology for license either through their own
offices or various contractors. The major difference between these technologies
is in the design of the flash smelting furnace and the oxidizing environment
in the furnace. Outokumpu uses pre-heated air, or oxygen-enriched air,
as the oxidizing medium, whereas INCO uses pure oxygen. However, it
appears that Outokumpu has been more aggressive in marketing their

technology than has INCO, and, as a result, most of the flash smelting
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furnaces presently operating in the world are of the OQutokumpu design.
For this reason, this discussion will dwell primarily on Outokumpu

technology, with brief references to the INCO technology.

The charge to a flash smelting furnace, which is composed of
copper sulfide concentrates and fluxing materials, must be fine-
grained and essentially "bone-dry" to insure an even and homogenous
distribution of the charge as it is injected into the furnace.

The copper concentrates should be of a fineness corresponding to
at least 50% minus-200 mesh, and the fluxing material should be

of a fineness corresponding to at least 80% minus-14 mesh.10

Since
most concentrates are obtained from ores by flotation techniques,
their fineness normally meets these requirements without further
grinding. The fluxing materials, however, usually require additional
grinding beyond that necessary for use in reverberatory or electric
smelting furnaces.

In almost all cases, it is necessary to dry the charge to the
"bone-dry" conditions (0.1-0.3% moisture) before smelting, as the
concentrates typically contain from 5-15% moisture following f]otation.}°’43
It is common practice, however, to use the drying facilities not only
for drying the charge to the furnace, but also for blending the flux-
ing materials and the various copper concentrates available to provide
a charge of uniform composition.

The Outokumpu flash smelting furnace shown in Figyre 3-9
consists of three distinct sections: a reaction shaft, a settler and
an uptake shaft. The dried copper concentrates and fluxing materials

are injected continuously down into the reaction shaft through concentrate

burners located at the top of this shaft. In these burners, the
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Figure 3-9 Outokumpu flash smelting furnace. 2
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charge is mixed with pre-heated air or oxygen-enriched air and dispersed
as a fine-grained suspension. 0il is also injected into the reaction
shaft to sustain the flash combustion reactions.

In the reaction shaft, the heat released from the combustion of
the o0il1 and the flash combustion of a portion of the iron and sulfur
contained in the concentrates increases the temperature to the point
where the concentrates and fluxing materials are smelted. A fine
rain of molten particles fhus falls from the reaction shaft into
the molten bath in the settler. Copper matte settles through the
slag layer into the matte layer beneath, while iron oxides remain
in the slag layer.

The furnace off-gases withdrawn from the uptake shaft normally
contain 10-20% sulfur dioxide, depending on the copper concentrate
analysis, the grade (copper content) of matte produced, the degree
of oxygen enrichment and the degree of combustion air pr‘e-heat.‘]’44
Typically, however, from 6-7% of the concentrates contained in the
charge to the furnace is entrained as molten or semi-molten
particles in the off-gases. In addition, if the copper concentrates
contain volatile metals, such as lead, zinc, arsenic, etc., these
metals are volatilized in the reaction shaft, and the dust content
of the off-gases increases according]y.]0 The off-gases are cooled
in a waste-heat boiler and passed through an electrostatic precipi-
tator to recover these concentrate dusts, which are returned to the
furnace charge.

The INCO flash smelting furnace shown in Figure 3-10
is of a much simpler mechanical design than the Outokumpu furnace
and is essentially a reverheratory furnace with an uptake shaft

extending the length of the furnace roof. The dried copper concen-
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trates and fluxing materials are injected continuously into the furnace
through concentrate burners located along the furnace sidewalls. The
charge is mixed with pure oxygen in the burners and is dispersed

as a fine-grained suspension in the furnace. As in the Outokumpu
furnace, the flash combustion of a portion of the iron and sulfur

in the concentrates smelts the charge, and a fine rain of molten
particles falls into the molten bath, separating into a slag layer

and a matte layer. 43

The concentration of sulfur dioxide in the INCO furnace off-
gases is quite high, normally in the range of 75-80%, as a result
of the use of pure oxygen, rather than air, as the oxidizing medium
in the furnace.zg It appears that the dust loading of the off-
gases is also quite high; however, this is probably offset for
the most part by the Tower off-gas volumes produced.

In a flash smelting furnace, the combustion reactions utilize
completely the oxygen contained in the process atmosphere. Consequently,
the regulation of the oxygen/concentrate ratio in the furnace controls
the extent to which the flash combustion reactions proceed and thus
determines both the grade of matte produced and the heat released for
smelting the furnace charge. Increasing the incoming temperature or
oxygen content of the combustion air also effectively increases the
heat released for smelting. As a result, in some cases it is
possible for the flash combustion and smelting reactions to occur
autogenously. Under these conditions, the heat released by the

oxidation of iron and sulfur is sufficient to completely smelt the

furnace charge.
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The grade of copper matte produced in a flash furnace is thus
dictated not only by the copper concentrate analysis, but frequently
by the degree to which matte grade, oxygen-enrichment and combustion
air pre-heat are incorporated into the furnace design to approach
autogenous operation. In practice, flash furnaces normally produce
matte grades in the range of 45-6£%, with matte grades of 50-60% most
common.'®  This is somewhat higher than the grade of matte normally
produced at most domestic copper smelters in reverberatory furnaces,
which is in the range of 25-50%,% with grades of 30-40% most common. 46

Production of higher grade mattes, however, offers both advantages
and disadvantages from an operating point of view. As the grade of
matte increases, the volume of matte associated with a unit volume
of copper decreases, and the capacity of the copper converters necessary
to produce a given amount of copper decreases. In addition, copper
converter operating costs are a direct function of converter work
which, in turn, is related to matts grade. Lower matte grades with
their higher iron content require more work and thus converter operating
costs increase with decreasing matte grade.47

Most domestic copper smelters, however, avoid, if possible,
operating copper converters with high-grade mattes. High-grade mattes
tend to run relatively cool during the first-stage slag blow, since
less iron is present in the matte, and only a small amount of slag
is formed. In practice, some smelter operators take advantage of the
excessive heat generated during the slag blow by the oxidation of
iron sulfide, which releases about four times as much heat per pound as
the oxidation of copper sulfide, to smelt a significant amount of
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secondary copper scrap and smelter reverts in the converters. However,
although flash smelting installations normally reprocess all the smelter
reverts produced within the smelter,48 only limited quantities of secondary
copper scrap are processed.

In 1971, approximately 0.35 MM tons or 20% of the 1.60 MM tons of
copper produced by the domestic primary copper smelters was recovered
from copper scrap.49 Approximately 0.30 MM tons of copper was produced
at secondary copper smelters from copper scrap.49 Thus, the recovery of
copper from copper scrap represents a significant portion of the production
of copper at domestic primary copper smelters. Not all domestic copper
smelting installations currently process significant quantities of secondary
copper scrap. However, as the Bureau of Mines statistics indicate, a
number do and at these installations the capacity to smelt significant
tonnages of scrap is dependent on the operation of converters with 1low-
grade mattes. Consequently, the adoption of flash smelting by the domestic
industry would reduce, to some extent, the ability of the industry to
reprocess copper scrap. It iz likely, however, that this limitation
associated with flash smelting will probably encourage realignment of the
domestic smelting industry, rather than limit the growth of the industry
or prohibit the application of flash smelting. A reduction in the
capacity of the domestic primary smelting industry to recover copper
from copper scrap would encourage the expansion of the domestic secondary
smelting industry in most cases, rather than 1imit the recovery of
copper from scrap.

[f copper ore concentrates contain high levels of impurities,
such as arsenic, antimony, and bismuth, smelting by conventional domestic

means to produce high-grade mattes can result in the production of blister
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copper containing appreciable levels of these impurities. With low-
grade mattes, converters are quite efficient in eliminating volatile
metallic impurities. Increased matte grade, however, leads to decreased
converter blowing time and lower converter temperatures, as discussed
above, which in turn tends to result in decreased impurity elimination.12
However, with the flash smelting process a major portion of the volatile
metallic impurities are eliminated in the flash furnace. Indeed,

with concentrates containing high levels of impurities, this presents
problems in the recovery of waste heat from flash furnace off-gases,

as discussed Tater in this secticn.

As a result, flash smelting is somewhat limited in terms of
processing concentrates containing high levels of impurities, and thus it is
unlikely that impurity problems associated with the production of
high-grade mattes would arise at installations incorporating
flash smelting. Furthermore, in those few cases where the problem
might arise, increased fire refining of the blister copper
produced in the converters and changes in the electrolytic refining
circuit, as discussed in Section 3.1.1.5 - Copper Refining,
could undoubtedly be incorporated into the smelter operations to
resolve the problem.

Unlike the slags normally obtained from either reverberatory
smelting furnaces or electric smelting furnaces, which typically

4 and are discarded without

contain in the range of 0.4-0.7% copper
further treatment, the slags obtained from most flash furnaces

typically contain in the range of 1-2% copper, and thus usually
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require further treatment to recover copper.10 Not all flash furnaces
currently operating, however, produce slags of such high copper
content. The recently commissioned (January 1972) Tamano flash smelter
of Mitsui Mining and Smelting Co. Ltd., which is of Outokumpu design,
has to date been successful in controlling the copper content of the
furnace slag to 0.5-0.6%,9051 and the copper content of the slag
obtained from the flash furnace designed and operated by INCO in
Canada is normally in the range of 0.4-0.5%.%2

At both of these installations, the flash furnace has been
designed to produce relatively low-grade mattes (45% at the Japanese
installation and 50% at the Canadian installation) and to provide
sufficient residence time in the furnace to permit copper matte entrained
in the slag to settle out. These concepts are not as easy to implement
as they may at first appear, however. Production of lTow-grade mattes
in flash smelting furnaces is limited to copper concentrates containing
excessive pyrite sulfur (FeSp) and low Cu/S ratios, or it requires
special design of the furnace to incorporate a high degree of combustion
air pre-heat and/or oxygen enrichment. Sufficient sulfur must be present
in the concentrates not only to provide the heat necessary for smelting
by combustion, but also to remain in the matte formed so that the matte
is Tow grade. Increasing the residence time in the furnace requires
a major increase in the volume of the molten bath and, as such, requires
an increased heat release in the furnace to prevent "freezing" of the
bath.

Production of low-grade mattes in flash furnaces by firing fossil
fuel to provide either the heat to keep the bath from "freezing" or

to provide the heat for smelting concentrates containing "normal™
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levels of pyrite sulfur defeats the major incentive toward flash
sme1;1ng over conventional smelting, which is autogenous or close

to autogenous operation. Furthermore, firing fossil fuel reduces

the smelting capacity of the furnace and dilutes the sulfur oxides

in the off-gases. At the Japanese installation, these problems

have been overcome through the use of a high degree of combustion

air pre-heat and the use of electrical energy in the same manner

as an electric smelting furnace to maintain the furnace bath in a molten
state.®® At the Canadian installation, pure oxygen, rather than air,
is used to support the flash combustion reactions, thus increasing
the heat available for smelting and maintaining the furnace bath in

a molten state by decreasing the heat removed in the furnace off-
gases.%3

Unlike reverberatory smelting furnaces or electric smelting
furnaces, however, flash smelting furnaces do not have the flexibility
to recover copper from the slags produced in the copper converters.
Consequently, converter slags, which typically contain in the range
of 5-6% copper, are not returned to the flash furnace and require
slag treatment.10:53 As a result, not only do slags produced in the
flash furnace require slag treatment facilities to recover copper, but
also those produced in the copper converters.

Various methods can be used for slag treatment, and the choice
frequently depends on local circumstances. Slag settling alone
frequently achieves copper recoveries of 75-80%, and the use of
slag flotation or slag reduction and settling can achieve copper

recoveries of 90-95%.°% The use of slag settling techniques on the
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combined flash furnace and converter slags, therefore, normally
reduces their copper content to 0.5-0.7%, while the use of slag flo-
tation or slag reduction and settling techniques normally reduces
their copper content to 0.25-0.35%.]0’54 With the use of settling
techniques, with or without slag reduction, the copper is recovered
from the slags as a copper sulfide matte, which is charged to the
converters. The use of flotation techniques, however, recovers

the copper as a copper concentrate, which is recycled to the flash
furnace charge.

Thus, through the use of slag settling techniques, overall copper
recovery at a flash smelter is frequently about the same as that at a
conventional domestic smelter. The use of slag flotation or slag
reduction and settling techniques, however, frequently increases
overall copper recovery somewhat above that obtained at a conventional
domestic smelter.43,48

In a reverberatory furnace or an electric furnace, the heat necessary
for smelting of the copper concentrates is provided by combustion of a
fossil fuel or by the use of electrical energy. In a flash furnace,
however, as mentioned earlier, most of the heat necessary for smelting
1s provided by flash combustion of excessive metallic sulfide sulfur
contained in the concentrates. Thus, while in reverberatory or electric
smelting furnaces only enough sulfide sulfur must be present in the
concentrates to insure that essentially all the copper will form a
copper sulfide matte, in flash smelting furnaces there must be sufficient

sulfide sulfur in excess of this amount to provide a major portion of the

heat necessary for smelting.
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In actual practice, this is normally not a major limitation of
the flash smelting process, as evidenced by its widespread use
throughout Europe and Asia. Most copper concentrates contain more
than enough sulfur necessary to remove the copper as a matte during
smelting, and, as a result, the combustion of a portion of this
excess sulfur to produce most of the heat necessary for smelting
merely increases the grade of matte produced in the smelting f"uv*nace.48’55
Flash smelting furnaces can be designed to process copper
concentrates containing copper/sulfur ratios as high as 1.3-1.5.55’56
Normally, however, this ratio is typically in the range of 0.6-0.9 at
most flash smelting installations.?5:56 The extent to which supplemental
fuel, pre-heated air, oxygen-enriched air and the grade of matte
produced is used to balance the heat requirements in the flash
furnace actually determines the maximum ratio of copper to sulfur
Tn the concentrates that can be processed. Extensive use of pre-
heated, oxygen-enriched air in ccmbination with the production of
high-grade mattes approaching white metal (80% copper) permits the
flash smelting of copper concentrates with copper-to-sulfur ratios

approaching 1.5, while producing off-gases that contain high concen-

trations of sulfur oxides.55

In most cases, however, it would not be necessary to resort
to measures such as these to flash-smelt domestic concentrates.
A survey by EPA of typical copper sulfide ore concentrates
representing some 95% of the 6.5 MM tons/yr of domestic concentrates
smelted by the primary copper smelting industry reveals that approxi-

mately 65% of these concentrates have Cu/S ratios in the range of
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0.6-0.9 or less.57 This percentage increases to about 95% if the
range of Cu/S ratios is extended to include concentrates with Cu/S
ratios up to 1.3. Consequently, it appears that flash smelting

is directly applicable to from 65-95% of the domestic ore concentrates.

As a result, the requirement of flash smeiting for concentrates
containing sufficient sulfide sulfur in excess of that necessary
to recover all the copper in the concentrates as a copper sulfide
matte is not likely to be a major limitation of the flash smelting
process in the United States.
A more serious limitation, however, which is somewhat related
to the Cu/S ratio in concentrates, is likely to be the inability
of flash smelting furnaces to process significant tonnages of copper
precipitates. Copper precipitates are produced from the sulfuric
acid leaching of both copper oxide and low-grade copper sulfide/copper
oxide ores. Copper is leached from the ore, forming a copper sulfate
solution which is transferred to a vat. Scrap iron is added to
the vat and copper ions in solution are displaced by iron ions,
causing the copper to precipitate from solution. Copper precipitates
normally contain 75-80% copper with no sulfur and are usually
charged to a reverberatory smelting furnace with copper sulfide
concentrates. Excess sulfur in the concentrates is utilized
to convert the copper in the precipitates to copper sulfide. Thus,
the copper in the precipitates is recovered as copper sulfide matte.
Since flash-smelting furnaces combust most of the excess sulfur
contained in the concentrates to provide most of the heat for

smelting, significant tonnages of copper cannot be recovered from
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copper precipitates in the furnace. Although copper precipitates
can also be pelletized or briquetted and charged to copper converters,

this requires that the converters operate on low-grade mattes to

both melt the precipitates and convert the copper in the precipitates
to copper sulfide during the first stage or slag blow of the converter.
However, flash smelting normally produces high=grade mattes and,

as a result, the flash smelting process is not amenable to the
recovery of copper from copper precipitates.

In 1971, approximately 0.20 MM tons or about 15% of the 1.60 MM
tons of copper produced by the domestic primary smelting industry
was recovered from copper precipitates.49 Consequently, the
recovery of copper from copper precipitates represents a significant
portion of the production of copper at domestic primary copper
smelters. Not all domestic copper smelting installations currently
process significant tonnages of copper precipitates; however, as
the Bureau of Mines statistics indicate, a number do. Furthermore,
as air pollution regulations force the reduction of sulfur
dioxide emissions, present acid leaching operations are likely to
be expanded by as much as 100% or more to utilize the sulfuric
acid manufactured from sulfur dioxide as arn alternative to acid
neutralization. Thus, while the recovery of copper from copper
precipitates currently represents about 15% of the total domestic
copper production, this could increase significantly in the future.

Although the adoption of flash smelting by the domestic

industry would reduce to some extent the ability of the industry
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to recover copper from copper precipitates, it should be noted that, as
in the case of copper scrap, this limitation will likely encourage realignment
of the domestic smelting industry rather than 1imit the growth of the
industry or prohibit the application of flash smelting. The use of electro-
winning rather than copper precipitation for the recovery of copper from
copper sulfate/acid leaching solutions will undoubtably increase in the next few
years. Currently, electrowinning acccounts for about 20% of the copper
recovered from acid leaching operations, with precipitation followed by
smelting at primary copper smelters accounting for the other 80%.

However, each pound of copper precipitated from a copper sulfate/acid
leaching solution requires about three pounds of scrap iron.?8 As domestic
sulfuric acid Teaching operations are expanded, scrap iron is not likely to be

economically available in sufficient quantities to precipitate the copper,

thus encouraging the use of acid leaching/liquid ion exchange/
acid stripping/electrowinning processe359 rather than conventional
acid leaching/copper precipitation/smelting processes. Consequently,
a reduction in the capacity of the domestic smelting industry to
recover copper from copper precipitates through the use of flash
smelting would further encourage the expansion of the domestic
electrowinning industry rather than limit the recovery of copper
from copper oxide ores by acid leaching.

Another limitation of the flash smelting process is the
requirement that the copper concentrates charged to the furnace
contain Tow levels of volatile metals such as lead, zinc, and arsenic.

As mentiened earlier, typically from 6-7% of the concentrates

contained in the charge are entrained as molten or semi-molten
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particles in the off-gases. A major portion of the volatile metals
contained in the concentrates are vaporized and leave the furnace in
the off-gases. As the off-gases cool, these volatile metals condense.
Thus, the furnace off-gases can contain appreciable loadings of molten
or semi-moTten particles, dependirg on the level of volatile

metals contained in the copper corcentrates. As a result, while
copper concentrates containing high levels of volatile metals present
no particular problems in the flash furnace, they do present problems
to the recovery of heat from the furnace off-gases.

Flash furnace off-gases are normally cooled by waste-heat boilers
incorporating both a radiation section and a convection section. The
purpose of the radiation section is to cool the off-gases sufficiently
to solidify the molten particles entrained in the gases, and to
lower their temperature below the sintering point before the gases
enter the convection section. Particles thus striking the convection
tubes are completely solidified and do not adhere to the tubes.

The sintering temperature of the particles is dependent on their
composition. If the particles contain considerable amounts of lead
and zinc, for example, their sintering temperature is relatively low

60

and they easily adhere to any cooling surface. Thus, copper

concentrates containing high levels of volatile metals, the most
common being lead and zinc, can present major problems in the heat
recovery facilities normally incorporated into the design of a
flash furnace.

In practice, the highest levels of lead and zinc that can be

tolerated in the concentrates charged directly to a flash furnace,
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with complete recycling of the dusts recovered from the off-gases,
are about 2% lead and 4-1/2% zinc.%8:61 Higher levels of lead and
Zinc can be tolerated, however, if the dusts recovered are not recycled
but treated by other means. Currently, for.example, the Dowa Mining
Company's flash-smelting furnace at Kosaka, Japan, is processing, on
a continuous basis, copper concentrates containing 2-1/2 to 3% lead
and 5-1/2 to 7% zinc by treating the dusts recovered from the furnace
off-gases in facilities for the recovery of lead and zinc. Copper
fs also recovered and returned to the flash smelter.%8:55

A number of approaches could be used to treat the dusts recovered
from flash furnace smelting concentrates containing high levels of
lead and zinc. Perhaps the simplest would involve shipment of the dusts
to a Tead or zinc smelter. Lead and zinc would be recovered and a
copper residue returned. The use of various techniques to treat the
dusts at the copper smelter, however, might be more attractive.
Figures 3-11 and 3-12 outline two approaches for the treatment of
flash furnace dusts containing high levels of lead and zinc.62 1n
both approaches, copper is recovered from the dusts and charged to
copper converters rather than recycled to the flash furnace.

In most cases, however, it is not T1ikely that flash smelting
will be severely limited in processing domestic ore concentrates due
to high levels of velatile metals. A survey by EPA of typical
copper sulfide ore concentrates representing some 85% of the 6.5 MM
tons/yr of domestic concentrates smelted by the primary copper smelting
Industry is summarized in Table 3-1. As shown in this table, only

2%, 1%, and 2% of the domestic ore concentrates surveyed contained
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Figure 3-11  Dry Method for Recovering Copper, Lead and g;nc
From Flash Furnace and Converter Dusts
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Figure 3-12. Wet Method for Recovering Copper, Lead and Zinc
from Flash Furnace and Converter Dusts57
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Table 3-1 Typical Levels of Volatile Metals In
Domestic Copper Ore Concentrates

Concentration Level Percent of Concentrates Surveyed
Lead <5000 ppm 96%
5000 ppm-<2% 2%
>2% 2%
Zinc <1% 67%
1-<4% 32%
>4% 1%
Arsenic 200-1000 ppm 88%
1000 ppm-1% 10%
>1% 2%
Cadmium <1000 ppm 100%
Beryllium <10 ppm 100%
Vanadium <100 ppm 100%
Antimony <200 ppm 97%
>200-5000 ppm 3%
>5000 ppm <t/2%
Tin <1000 ppm 100%
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more than 2% lead, 4% zinc, and 1% arsenic, respectively. Furthermore,
other volatile metals, such as cadmium, beryllium, vanadium, antimony
and tin, are all present only in very small amounts (<10 ppm to <5000 ppm)
in domestic ore concentrates. Consequently, it appears that the
Timitation of flash smelting furnaces to smelt concentrates containing
high levels of volatile metals is not likely to 1imit the use of flash
smelting in the United States.
The degree of sulfur removal in a flash smelting furnace is
usually quite high and depends specifically on the composition
of the concentrates processed and the grade of matte produced. Typically,
matte grades of 55-75% result in conversion of 50-80% of the sulfur
contained in the concentrates to sulfur oxides in the flash furnace 8263
Increasing the grade of matte increases the degree of sulfur removal
in the furnace and thus shifts a portion of the sulfur removed in
the copper converters to the flash furnace. It is not possible,
however, to increase the degree of sulfur removal in the furnace above
that level corresponding to the production of white metal (80%
matte grade), since at this point the sulfur in excess of that
amount necessary to recover the copper as a sulfide matte has
been eliminated. Thus, the composition of the copper concentrates
determines the maximum degree of sulfur removal in the flash furnace.
The concentration of sulfur dioxide in the off-gases from a
flash furnace is normally in the range of 10-20%, depending on the
grade of matte produced, the analysis of the concentrates processed,
the degree of oxygen enrichment, and the degree of combustion.

air pre-heat. Generally, as the grade of matte, the degree of
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oxygen enrichment and the degree of combustion air pre-heat increase,
the concentration of sulfur dioxide in the furnace off-gases increases.8’11
As the copper-to-sulfur ratio in the concentrates decreases, however,

the concentration of sulfur dioxide in the off-gases increases if

the grade of matte produced remains the same. In each of these

cases, the increase in off-gas concentration is the result primarily

of the increased heat released or heat availability, which shifts

the flash combustion reactions closer to autogenous operation and

thus reduces the need for auxiliary fuel. With a reduction in auxiliary
fuel combustion, there is less dilution of the flash combustion off-
gases, and the concentration of sulfur dioxide increases.

In the case of oxygen enrichment, however, the nitrogen content
of the process atmosphere is reduced, and this contributes
significantly to an increase in sulfur dioxide concentration. Indeed,
through the use of pure oxygen rather than air, the concentration of
sulfur dioxide can be increased to the range of 75-80%, as in the
INCO flash furnace.

As a result, the use of flash furnaces for the smelting of
copper concentrates offers a number of distinct advantages over
reverberatory or electric furnace smelting in terms of the ease with
which emissions of sulfur oxides can be controlled. The concentration
of sulfur oxides in the off-gases is normally in the range of 10-142.10
The operation of a flash furnace is continuous and can even be termed

a "steady-state" operation with respect to the flash combustion
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reactions, the off-gas flow rate and the concentration of sulfur
oxides in the off-gases. Consequently, the production of elemental
sulfur or sulfuric acid from the flash furnace off-gases presents
no unusual problems.

As discussed earlier, the oxygen in the process atmosphere of a
flash furnace is consumed in the flash combustion reactions. Consequently,
the furnace off-gases contain essentially no oxygen for the conversion
of SOZ to SO3 if the off-gases are processed in a sulfuric acia
plant. This deficiency is easily corrected, of course, by air
dilution or by blending with other smelter off-gases, such as those
from the copper converters.

If, however, elemental sulfur rather than sulfuric acid is
manufactured, it is possible to take advantage of the high temperatures
and lack of oxygen in the furnace off-gases to minimize the consumption
of reductant through the use of technology developed by Outokumpu Oy.
This technology takes advantage of the unique design of the Outokumpu
flash furnace to eliminate the reduction furnace and a major portion
of the gas cleaning section normally required in an elemental sulfur
plant. Reductant is injected into the furnace off-gases in the

flash furnace uptake shaft, and a major portion of the sulfur oxides

is reduced to hydrogen sulfide and elemental sulfur. The gases

are then cooled sufficiently to remove the dust entrained in the
off-gases by an electrostatic precipitator, while maintaining the elemental
sulfur in the vapor state. Following the precipitator, sulfur is

condensed and the off-gases routed to a Claus-type elemental sulfur
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plant, where elemental sulfur is produced by the reaction of hydrogen
sulfide and sulfur dioxide.8:64

The flash smelting process was successfully demonstrated on a
commercial scale by both Outokumpu Oy and INCO at about the same time,
in the early 1950's. As of mid-1973, thirteen installations operated
flash furnaces for the smelting of copper concentrates, ranging in
capacity from about 300 tons/day to 1500 tons/day of copper concentrates.
One was of the INCO design and the remaining twelve were of the
Outokumpu design. The INCO furnace was located in Canada, and the
twelve Outokumpu furnaces were located in Japan (five), Romania (one),
India (one), Australia (two), Turkey (one), West Germany (one) and
Finland (one). 1In the process of startup by early 1974 were four
additional Outokumpu flash furnaces for the smelting of copper concen-
trates: one in Japan, one in India, one in Australia and one in Africa.
Furthermore, in various stages of design or construction with startups
planned in late 1974 or 1975 were two additional Outokumpu furnaces:
one in Japan and one in the United States.85,66

It is apparent, therefore, that flash smelting furnaces can be
used to make the copper smelting process more amenable to air
pollution control. The concentration of sulfur dioxide in the
furnace off-gases is high, normally in the range of 10-14%, and the
process is "steady-state" with respect to the flash combustion reactions.
As a result, there is very Tittle fluctuation in the off-gas
flow rate or the concentration of sulfur oxides. The production

of high-grade mattes in the furnace results in conversion of up
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to 80% of the sulfur contained in the concentrates to sulfur oxides

in the furnace, thus minimizing the sulfur removed in the copper
converters. With the major portion of the sulfur oxides resulting from
the smelting of copper concentrates being discharged in the off-gases
from the flash furnace, rather than in off-gases of low concentrations

or with large fluctuations, the control of emissions is straightforward.
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Concentrate Drying--

As previously discussed in Section 3.1.1.2, both the electric
furnace and the flash furnace require a dry concentrate charge.

The moisture content in the charge to the furnace must be no greater
than 7 percent and is typically lowered to less than 0.5 percent.

There are a number of systems which can be used to dry copper
concentrates, including converted multi-hearth roasters. The drying
system most likely to be used at rew domestic electric and flash
smelting installations is, however, the rotary dryer. The rotary
dryer is a rotating cylinder inclined to the horizontal with material
fed into one end and discharged at the opposite end. Both the
electric smelting installation of Inspiration Copper Company at
Miami, Arizona, and the Phelps Dodge Corporation, Hidalgo County,
Arizona, flash smelting installation will use rotary dryers.

In most common dryers, air or combustion gases flow co-current
or countercurrent to the movement of the concentrate. Intimate
contact between the drying gases and the concentrate is usually
permitted. It is the contact of the drying gases and the concentrate
which can present an air pollution problem. The movement of the
gases through the dryer presents a very high potential for entrainment
of the concentrate into the gas stream. It is estimated in the case
of one new rotary dryer installation that up to 20 percent of the
concentrate will be entrained in the emission stream.97 Because of
the high potential for air entrainment, emission gases from dryers

are typically ducted to particulate control systems. One example of
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a particulate control system on a concentrate dryer is the baghouse

at the Inspiration Copper Co. smelter in Miami, Arizona.
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3.1.1.3 Converting

Summary --

Copper convertina is a batch operation with the concentration of
sulfur dioxide in the converter off-gases dependent on whether the
converter is in the slag-blowing mode or copper-blowing mnde.
Stoichiometric calculations indicate that the concentration of sulfur
dioxide in converter off-gases should be in the range of 15% during slag
blowing and in the range of 21% during copper blowing. However, air
infiltration is frequently in the range of 200-300% or more and this
results in typical off-gas concentrations of 1-1/2 to 5% sulfur dioxide.
Consequently, major fluctuations in both converter off-gas volumes and

sulfur dioxide concentrations occur frequently.

Maintaining converter off-gases suitable for the production of
sulfuric acid is dependent on the reduction of air infiltration to
a minimum and appropriate scheduling of individual converter operations.
Tight-fitting hoods placed over converter mouths can reduce air
infiltration to 80-100%. With air infiltration reduced to these levels,
the concentration of sulfur dioxide in the converter off-gases can
be maintained in the range of 5-8% during slag blowing and in the
range of 10-13% during copper blowing.

Hoboken converters, howéver, unlike the conventional Pierce-Smith
converter, do not require tight-fitting hoods to reduce air infiltration
to a minimum. With two Hoboken converters in operation, only one of
which is blowing at any time, converter off-gases averaging 8% sulfur

dioxide can be expected. If three converters are in operation, with
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only two blowing at the same time, converter off-gases averaging 9%
sulfur dioxide can be expected.

Oxygen enrichment of the converter blowing air can also be used
to some extent to overcome the dilution effect of air infiltration.
An increase in the oxygen content of the blowing air results
in a corresponding increase of the same magnitude in the concentration
of sulfur dioxide in the converter off-gases.

Minimizing the fluctuations in converter off-gas flow rates and
sulfur dioxide concentrations requires appropriate scheduling of
individual converter operations. The same number of converters must
be blowing at all times. At any time a converter must rotate to pour
slag or blister copper, or accept fresh charges of matte or fluxing
materials, another converter must be ready to commence blowing. This
requires that one converter be maintained in a standby condition,

hot and charged with matte, ready to commence blowing.

General discussion -«

The copper converting process is essentially an adaption of the
Bessemer process developed by the steel industry for converting high-
carbon pig iron to low-carbon iron alloys. Whether produced in a
reverberatory, electric or flash smelting furnace, molten copper
sulfide matte consists of a copper/iron/sulfur melt containing small
amounts of other elements and precious metals. At this point, all
of the rock or gangue and a portion of the iron contained in the coppér
concentrates has been eliminated. Copper converters are utilized to
remove the iron remaining in the matte and then to convert the copper

sulfide in the matte to copper. This is accomplished by adding siliceous
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fluxes to the molten matte and then blowing air through the matte to
oxidize the iron sulfides to iron oxides. An iron oxide slag is
formed and removed from the converter, leaving copper sulfide or
white metal. Blowing is continued and the copper sulfides are oxidized
to blister copper.

Copper converting is a batch operation. As shown in Figure 3-33,
the side blown converter—- known as a Pierce-Smith converter — is a
horizontal, refractory-lined steel cylinder with an opening in the side
which functions as the converter mouth. The converter can rotate
about its major axis, swinging the converter mouth through an arc of
about 120° from the vertical. Compressed air or oxygen-enriched air
is supplied to the converter through a header along the back of the
converter, from which a horizontal row of tuyeres provide passages
through the converter shell into the interior. Molten matte produced
in the smelting furnace is charged to the converter through the converter
mouth by ladles, using overhead cranes. For charging, the converter
is rotated to bring the converter mouth to an angle of about 60° from
the vertical (as shown in Figure 3-14). Moiten matte is poured
from the ladle through the converter mouth, filling the converter

about half full. Silica fluxing materials are also charged to the
converter through the converter mouth or through one end of the converter,

as shown in Figure 3-13. With the converter in the charging position,
the tuyeres are above the level of the matte. Following charging of

the matte and fluxing materials, air or oxygen-enriched air is supplied
under pressure to the tuyere line, and blowing commences. The converter

is then rotated, as shown in Figure 3-14,swinging the converter mouth to
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the vertical and submerging the tuyeres to a depth of 6 to 24 inches
below the surface of the matte,

As air blown into the converter enters the molten matte, the matte
in the immediate area of the tuyeres is cooled, forming accretions
which obstruct the tuyere openings. To prevent complete obstruction
of these openings, the tuyeres are mechanically cleaned every two or
three minutes by forcing an iron bar through each tuyere passage.

As the tuyere air passes through the matte in the converter,
the iron sulfides contained in the matte are converted to iron
oxides and sulfur oxides. The iron oxides combine with the siliceous
fluxing materials forming an iron oxide slag, and the sulfur oxides
are removed in the converter gases discharged through the converter
mouth. This stage of the converter cycle operation is termed the slag
blow.

Blowing is continued until a substantial layer of slag is formed
in the converter. The converter is then rotated, as shown in Figure
3-14, swinging the converter mouth through an arc of about 120°
from the vertical, raising the tuyere 1line above the surface of the
molten bath. The air supply to the tuyere line is shut off and the
blowing discontinued. Slag is skimmed or poured from the converter
into a ladle and returned to the smelting furnace or transferred to
slag treatment facilities for the recovery of copper contained in the
slag. The converter is then rotated to the charging position, and fresh
matte, fluxing materials and cold supplements, such as smelter reverts
and copper scrap, are added to bring the converter charge back to the
working level. Blowing is resumed and the converter rotated to the

working position.
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This process is repeated until a charge of copper sulfide is
accumutated in the converter, filling it to the working level. The
converter is then rotated to the blowing position, and the copper
blow or finish blow begins. During this stage of the converter
cycle, the copper sulfide (white metal) is oxidized, forming sulfur
dioxide and copper. Following the copper blow, the converter contains only
metallic copper known as blister copper which is approximately 99% pure.
The converter is rotated to the pouring or skimming position and the
blister copper poured into ladles for transfer either to casting
facilities or refining facilities. The emptied converter is then
charged with fresh matte and fluxing materials, and the converting
cycle repeated.

Generally within the domestic copper industry, two or three
converters are associated with each smelting furnace.4 Depending on
the grade of matte used in the smelting furnace, a converter may
make one to three cycles in a 24-hour period, with the actual

blowing time comprising about 70-75% of the cycle as shown: 67

Matte Grade Blowing Interruptions Cycle Time Converter Utilization

(%) (hr) (hr) (%)
30 4.3 17.6 75
40 3.2 12.0 73
50 2.5 8.8 71

During the slag blow, each blowing period lasts about 45-60 min.
Following each blowing period as mentioned above, slag is poured from
the converter, and fresh matte and cold supplements are charged. The
intervals between blowing periods last about 15-20 m1'n.67 Completion
of slag blowing can be identified by various techniques. One technique

used by converter operators is observation of the color of the flame
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coming from the converter mouth. Slag blowing is complete when the blue
coloring of the flame pales. Also, a sample of matte taken at this
point is boiling and forms bubbles.67 Another technique is observation
of converter off-gas sulfur dioxide content. At the end of the slag blow,
the sulfur dioxide concentration rises sharp]y.67 Normally with Tow-
grade mattes of 30-40% copper, which are typical of those produced within
the domestic industry, slag blowing comprises about 80-90% of the total
converter cycle. 4, 67

The copper converting process is autogenous. Consequently, no
fuel or other source of energy is required to maintain the converter
bath in a molten state. However, more heat is released within the
converter during the slag blow than during the copper blow. The
oxidation of one pound of ferrous sulfide according to the following
reaction releases about 2600 BTU:

2FeS + 30p + Si02 ~ 2Fe0 - 510, + 2302
while the oxidation of one pound of cupric sulfide according to the
following reaction releases only about 600 BTU:

CupS + 02 + 2Cu + S0y
Thus, the amount of heat released during the slag blow is more than
sufficient to keep the bath in a molten state and compensate for heat
losses. Indeed, converter operators must control the
converter temperature to prevent damage to the refractory 1lining during
the slag blow. Smelter reverts, copper scrap and, in some cases,
copper concentrates are charged to the converters to both take
advantage of the excessive heat released and to lower converter
temperatures. Consequently, with low-grade mattes it is possible for

copper scrap charged to the converter to be a significant source of the
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blister copper produced at a primary copper smelter. Indeed, Bureau
of Mines statistics indicate that of the 1.60 MM tons/yr of copper produced
at primary copper smelters, some 0.35 MM tons/yr or about 20% is due
to the recovery of copper from scrap. 49

Stoichiometric calculations indicate that the concentration of
sulfur dioxide in converter off-gases should be in the range of 15% during
the slag blow, assuming that 25% of the iron sulfide is oxidized
to magnetite in the iron oxide slag, and in the range of 21% during the
finish blow.? 1In practice, however, the concentrations depend on the
oxygen utilization in the converter and the amount of air infiltration
into the off-gas collection system. Oxygen utilization is reported
in the literature to be generally in the range of 85 to 95%, although
one rather extensive study reported oxygen utilizations varying from
45 to 105% during slag blowing and from 40 to 70% during copper blowing.68
Normally, however, air infiltration into the hoods and the flues of the

off-gas collection system is from 100-300%" ">

and, as a result, is
assumed to be primarily responsible for sulfur dioxide concentrations
in the off-gases of less than that shown by stoichiometric calculations.
Since the copper converting operation is a batch operation with
the concentration of sulfur dioxide in the off-gases dependent on
whether the copper converter is in the slag blowing mode or copper
blowing mode, fluctuations in both off-gas volume and sulfur dioxide
concentration occur. The magnitude of these fluctuations is signifi-
cant,as shown in Figure 3~]5.70 Consequently, maintaining the
concentration of sulfur dioxide in converter off-gases suitable

for the production of sulfuric acid is dependent primarily on the reduction

of air infiltration to a minimum and appropriate scheduling of the
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operations of individual converters to minimize fluctuations.

The use of tight-fitting hoods, as shown in Figure 3-16, placed
over the converter mouth is one approach to minimizing air infiltration.
Converter hoods, however, cannot be physically tight. Thus, even with
tight-fitting hoods, there is some air infiltration into the hood
flue system and this is controlled by appropriate regulation of the
draft on the flue system.S’70 Consequently, dampers or individual
hot gas fans for each converter are required. In practice, the
reduction of air infiltration to the level of 80 to 100% is about
the best that has been achieved.‘r”70 With air infiltration reduced
to these levels, many Japanese smelters which have incorporated
tight-fitting hoods on their copper converters are able to maintain
the corcentration of sulfur dioxide in the converter off-gases during
slag blowing in the range of 5-8% and during copper blowing in the
range cf 10-13%. 22, 50, 71

Another approach to minimizing air infiltration is through the
use of Hoboken converters. In Pierce-Smith converters most of the gases
pass into an off-gas collection hood through the mouth of the converter.
Although the Hoboken converter is essentially the same as a conventional
Pierce-Smith converter, this converter is fitted with a side flue
Tocated at one end of the converter and shaped as an inverted U,
as shown in Figure 3-17, The inverted U-shaped flue rotates
with the converter and is fitted with a cylindrical duct, also
rotating with the converter, which leads into a fixed vertical flue.
This flue arrangement permits siphoning of the converter gases from
the interior of the converter directly to the off-gas collection

system.72
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Figure 3-17 Hoboken converter./?
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The escape of converter off-qases through the mouth of the
Hoboken converter or the dilution of converter off-gases by air
infiltration through the converter mouth is minimized by maintaining
a constant zero draft at the converter mouth through the use of
variable-speed fans and dampers. With two converters in operation, only
one of which is blowing at any time, personnel at Metallurgie Hoboken,
N.V., in Belgium, where the Hoboken converter was developed, indicate
that converter off-gases averaging 8% sulfur dioxide can be expected.
If three converters are in operation, with only two blowing at the
same time, converter off-gases averaging 9% sulfur dioxide can be

expected.72

Oxygen enrichment of the converter blowing air can be used to overcome,
to some extent, the dilution effects of air infiltration. The use of
oxygen in copper converting operations is rapidly gaining acceptance both
in the domestic and foreign industry. The major incentive for oxygen
enrichment of the blowing air is the increase in copper converting capacity
which results. Since nitrogen comprises four-fifths of the blowing air
normally supplied, oxygen enrichment of the blowing air lowers the total
volume of air which must be provided per unit of copper. This is signifi-
cant in that four tons of nitrogen carry away enough heat to smelt a ton
of copper concentv‘ates.]2
In terms of overcoming the dilution effects of air infiltration,
however, a number of investigations have shown that an increase
in the oxygen content of the blowing air results directly in a
corresponding increase of the same magnitude in the concentration

73

of sulfur dioxide in the converter off-gases. For example, at
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the Metallurgie Hoboken, N.V., smelting installation in Belgium, oxygen
enrichment of the blowing air to 25% oxygen, an increase of about
25%, resulted in an increase in the concentration of sulfur dioxide
in the converter off-gases over the complete converter cycle from
8-1/2% to about 10-1/2%, also an increase of about 25%.'74
Another investigation at the Anaconda Company's Anaconda, Montana,
smelter showed that an increase in oxygen content of the blowing air
from 25-1/2% to about 42% resulted in an increase in sulfur dioxide
concentration of converter off-gases during slag blowing at the
converter mouth before significant air infiltration from about 16-1/2%
to about 28%.73 In this case, an increase in oxyvgen content of the
blowing air by about 65% resulted in an increase in sulfur dioxide
concentration of the converter off-gases at the converter mouth by
about 70%.
In addition, another invesfigation at the Kennecott Copper Corporation's
Utah copper smelter showed that oxyaen enrichment of the blowing air to
23-36% oxygen increased sulfur dioxide concentrations in the converter
off-gases from hormal levels of 4-5% to 6-1/2 to 9-1/2% sulfur dioxide.’>
The Kennecott investigation is of particular interest. In addition to
confirming a major increase in copper converting capacity, few problems
were experienced and on the basis of their investigations, Kennecott
installed an on-site oxygen plant to supply commercial oxygen to the
copper converters.75 This installation is still in use today.76
As a result, it is clear that oxyagen enrichment of the converter

blowing air can be utilized to some extent to overcome the dilution

effects of air infiltration into converter off-gases.
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In terms of minimizing the fluctuations in converter off-gas
flow rates and sulfur dioxide concentrations, appropriate scheduling
of individual converter operations is necessary. This requires
essentially that the same number of converters be blowing at all times.
Also, at any time a converter must rotate to pour slag or blister
copper or accept fresh charges of matte or fluxing materials,
another converter must be ready to commence blowing. As a result,
this requires that at least one converter must be maintained in a standby
condition, hot and charged with matte, ready to commence blowing.
Furthermore, the blowing rate during the slag blow should be higher
than the blowing rate during the finish blow to compensate for the
Tower off-gas volumes produced during slag blowing, as the
result of the loss of oxygen to the slag-forming reactions.5

Automation of copper converters has been slow within the domestic
smelting industry. As discussed earlier, the converting operation
has been controlled visually by the operator observing the color of the
converter flame. In the future, however, smelters will have to utilize
automatic analysis of their various feeds and products. On the
basis of smelting capacity, converting capacity, concentrate analysis
and matte grade, computers will be used to project converter air
blowing rates and a schedule for multi-converter operation.5

Converter air blowers will have to be instrumented for constant
volume operation. Continuous measurement of individual converter
off-gas compositions and gas temperatures will have to be collected

to monitor the progress of the converter operation. The oxygen and
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nitrogen concentrations will be used to indicate oxygen efficiency, and
the sulfur dioxide concentration with the gas temperature will indicate
ajr infiltration. The sulfur dioxide concentration will also be used
to indicate the end of the blows and signal the next step of the

schedu1e.5
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3.1.1.4 Emission Stream Blending

Summary--
The blending of emission streams at copper smelters is a viable

option in some instances to making weak SO2 streams from reverberatory
furnaces amenable to SOz control. The technique consists of mixing
the weak SO2 emission stream from a reverberatory smelting furnace
with those of higher SO2 concentration from roasters and converters
to obtain an emission stream of higher SO2 concentration. In some
instances, the resulting emission stream will have sufficiently high
SO2 and oxygen concentrations to allow the use of sulfuric acid
plants as emission control devices.

Mixing to achieve a strong SO2 stream appears most favorable
for those smelters which use all the three basic operations of
roasting, smelting and converting. Concentrations of greater
than 4.2 percent are estimated in these cases. For smelters
which use green-charge smelting furnaces (no roasting), the attainment
of a blended strong SO2 stream appears more difficult and in some
cases may not be possible unless additional techniques such as oxygen
enrichment are also used. In the case of green-charge smelters, the
success of blending is dependent primarily upon the SO2 concentration
from the converters and hence the amount of air dilution into the
gas stream. The technique is considered feasible in those instances
in which the average 502 concentration can be maintained sufficiently
high either by operating enough converters or by decreasing the

air inleakage into the converter stream.
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Discussion--

A technically feasible technique which can be employed in
some copper smelting situations to aid in the control of 502
emissions is blending of weak and strong SO2 streams with the
objective of obtaining a strong bilended SO2 stream. To date, only
the copper smelter in Bor, Yugoslavia, is reported to use gas blending

to enhance SO2 emission control.98

By mixing gases from its roasters,
reverberatory furnace, and converters, the Bor smelter is able to
control from 80 to 85 percent of the input sulfur to the smelter with
sulfuric acid plants. Upon complesion of the installation of
Hoboken-type converters, discussed in Section 3.1.1.3, the percentage
of control is expected to increase to 95 percent.98
To evaluate quantitatively the feasibility of gas stream mixing,
it is necessary to review the gas stream characteristics of typical
smelting operations. The two smelting operations of importance in
the discussion are those which use roasters and those which do not
use roasters. Figure IX-1 in Appendix IX shows a typ#cal smelting
situation which uses a fluid-bed roaster, reverberatory furnace, and
three copper converters. On an ideal basis, assuming no air dilution,
a stream generated by mixing the gas streams would have an 592
concentration of 7.1 percent. It is necessary, however, to consider
the practical situation where it is impossible to prevent some air
inleakage into the emission streams, and excess oxygen must be
present to ensure efficient operation of sulfuric acid plants.

Providing the needed oxygen with délution air would naturally

reduce the resulting 502 concentration. The resulting emission
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streams shown in Figure IX-1 of Appendix IX take into account these
factors to a reasonable degree by including 25 percent excess air

in the roaster emission stream, 30 percent excess air in the
reverberatory furnace emission stream, and 100 percent excess air in
the converter emission stream. These values are conservative but may
be obtained by using tight hooding and properly maintaining
ductwotk. An SO2 concentration of between 4.25 and 5.75 percent can
be maintained throughout thé smelting operation. Therefore, even
wtth the addition of dilution air, it is feasible to obtain a strong
SO2 stream from mixing the emission streams from a typical calcine-
charge smelting operation.

In Figure IX-2 of Appendix IX, a model of a typical green-charge
smelting operation is shown. This operation presents a less
favorable situation for gas mixing thas the previous operation since
the continuous high SO2 concentration gas stream from a fluid-bed
roaster is not present. With similar allowances for air inisakage
into the reverberatory furnace and converter emission streams as made
above, the SO2 concentration of the blended stream ranges between
3.18 and 4.74 percent SO2 for approximately 23 hours per day. This
situation could be improved with the addition of more converters or
with the further reduction of air inleakage. In any case, however,
the resulting gas stream will be near the threshold value for typical
strong gas steeam control systems.

Thus, it is possible to use gas mixing to obtain strong SOp

streams in some instances, particularly where fluid-bed roasters
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are used. It is doubtful, however, that the technique is universally
applicable to conventional green-charge smelting operations. In

those cases the ability to achieve and maintain a sufficiently

high SO, concentration is subject to a number of variables such as
concentrate composition, type of smelting (bath v. sidewall) and
amount of converter slag treatment, all of which are discussed in
Section 3.1.1.3. Neither of these variables nor the use of technigues
such as oxygen enrichment have not been taken into account in the

above calculations of material flow for typical smelting operations.
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3.1.1.5 Copper Refining

Summary--
According to Bureau of Mines statistics, about 1.45 MM tons/yr,

or about 90% of the 1.60 MM tons/yr of copper produced by the domestic
primary copper smelting industry, is marketed as electrolytic-grade
copper. Most of the properties of electrolytic-grade copper are
adversely affected to some degree by metallic impurity contamination;
however, electrical conductivity is more sensitive to the presence of
impurities than various mechanical properties. Electrolytic~grade copper
which meets ASTM standards placed on electrical conductivity is of

such purity that the associated mechanical properties and hot and cold
working characteristics are excellent.

A11 metallic impurities lower the electrical conductivity of copper
to some extent. However, in typical electrolytic-grade copper, those
impurities which are of prime interest concerning electrical conductivity
are arsenic, antimony and nickel. The effect of other impurities on
electrical conductivity is minimal compared to the effect of these
impurities on electrical conductivity.

Fire-refining techniques can eliminate many impurities. However,
electrolytic refining is necessary to recover precious metals such
as gold and silver. In many cases fire-refining precedes electrolytic
refining and serves as a means to eliminate gross impurities.

Arsenic and antimony can essentially be eliminated through the
use of fire-refining, and arsenic, antimony and nickel can also
essentially be eliminated through the use of electrolytic refining.

The fact that metallic impurities are found in copper cathodes
following electrolytic refining is due mainly to mechanical occlusion
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of slimes and electrolyte solution during copper deposition. Fire-
refining can be used to eliminate many of the impurities which form
slimes and muds and which accumulate in the electrolyte, thus
minimizing the effect of slime and electrolyte occlusion.

In general, with regard to metallic impurities, such techniques
as increased fire-refining, increased copper refinery electrolyte solution
purification, decreased current density in the electrolytic cells, a
change to top-to-bottom circulation of electrolyte in the cells, and
the use of periodic reversal of the current during electrolysis should
be adequate to insure their elimination. Consequently, it appears
that should impurity levels in blister copper increase as a result
of the utilization of new smelting technology within the domestic
smelting industry to meet the proposed NSPS, copper refining techniques
appear adequate to insure little or no increase in the impurity content
of electrolytic-grade copper.

General discussion--

Before examining the techniques of impurity elimination during
copper refining, it is pertinent to review the effect of impurities
on the various properties of copper. Electrical conductivity appears
to be more sensitive to the presence of impurities than various mechanical
properties such as annealing point, tensile strength,and ductility,
which determine the hot and cold working characteristics of copper.
Indeed, electrolytic-grade copper which meets ASTM standards placed on
electrical conductivity is of such purity that the associated mechanical
properties and hot and cold working characteristics are normally exce]]ent.77

Consequently, this discussion will focus primarily on the effects of

impurities on electrical conductivity.
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A1l impurities lower the electrical conductivity of copper to some
extent. However, the effect of most impurities on electrical conduc-
tivity is particularly severe in "oxygen-free" copper, which is a
specialty high-grade electrolytic copper. In general, impurities
which enter into solid solution with copper adversely affect electrical
conductivity. Most harmful are iron, phosphorus, silicon, arsenic,
antimony, aluminum, tin, zinc and nicke1.67-72 Other impurities
such as bismuth, lead, cadmium, selenium and tellurium do reduce
electrical conductivity to some degree, although their effect is minimal
in comparison.77

“Oxygen-free" copper, however, is not widely produced or marketed
within the United States. Indeed, only one company, U.S. Metals
Refining (American Metals Climax) in Carteret, N.J., is presently
engaged in the production and marketing of this specialty-grade copper.78
Thus, "oxygen-free" copper represents only a small fraction of the
copper produced and marketed in the United States, and it appears
that typical electrolytic-grade copper is adequate for most applications
in which electrical conductivity is of importance.

Typical electrolytic-grade copper, however, contains some oxygen
and in the presence of oxygen, the adverse effect of many impurities
on electrical conductivity is negated.57s77 This is explained by the
oxidation of various impurities to their oxides which are not soluble
in copper. These oxides precipitate from the copper in inert form
and therefore have little effect on electrical conductivity. Insoluble
oxides do displace copper, and although the loss of conductivity as a

result of this is small compared to the loss of conductivity resulting
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from the presence of arsenic, for example, this loss is measurable when
the oxide is present to the extent of 0.01%2.77
Impurities which form insoluble oxides are iron, phosphorus,
silicon, aluminum, tin, and zinc.’? Antimony and bismuth also form insoluble
oxides; however, these oxides are unstable above about 1300°F.
The presence of antimony can have an adverse effect on electrical
conductivity, but the presence of bismuth has Tittle effect.’’
Thus, those impurities which appear to be of prime interest concerning
electrical conductivity are arsenic, antimony and nickel.
Copper refining can refer to either fire-refining or electrolytic-
refining operations. Although fire-refining techniques can eliminate
many impurities present in blister copper, precious metals such as
gold and silver cannot be recovered. The extraction of previous
metals and the elimination of essentially all impurities (to 99.95-99.97%
copper) requires electrolytic refining. Thus, although some domestic
copper is produced and marketed as fire-refined copper, somewhat over 1.4 MM
tons/yr, or about 90% of the 1.6 MM tons/yr of copper produced within
the domestic primary smelting industry, is marketed as electrolytic copper.??
However, fire-refining frequently precedes electrolytic refining and
serves as a means of eliminating gross impurities which might be present.
The removal of impurities by fire-refining is similar to the
operation of copper converters in that the impurities are oxidized and
removed by volatilization or s1agginga79 Fire-refining also consists of
two stages, an oxidation stage and a reduction stage. A number of
different types of fire-refining furnaces exists although the most
common type employed at domestic primary copper smelters is similar

in construction to a copper converter. The fire-refining process is not
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autogenous, however, and consequently, natural gas burners are positioned
above the furnace mouth or project through the ends of the vessel.
These burners maintain the copper in a molten state.

During the oxidation stage,air is blown through the molten bath,
and slags containing various impurities are removed as necessary. The
blowing continues until the copper is saturated with copper oxide.

This is determined visually by observing the color of the slag and
the structure and color of a cooled, solidified sample of the copper.
Initially, the slag is dark and as refining progresses, it changes
to "brick-red." A cooled and solidified sample of the copper is
also a "brick-red” color and upon breaking reveals a large-grained
prismic structure.®?

When the oxidation stage is completed, the reduction stage commences.
During this stage, hydrogen or natural gas is blown through the molten
bath until most of the copper oxide in the molten bath is reduced to
copper. This is also determined visually by observation of the color and
structure of a cooled, solidified sample of copper. The "brick-red"
color becomes "pink-red," the sample has a level-set surface, and a break
has a silky ref]ection.67

Following reduction, the copper is cast into billets, slabs or,
most frequently, into anodes for electrolytic refining.

During the oxidization stage a few impurities such as cadmium
and zinc are removed by volatilization.”? However, most impurities
are removed by oxidation and slagging. Magnesium, aluminum, iron
and cobalt are readily removed by these means. forming silicate
s]ags.67’79 Tin can be eliminated through the use of basic slags.

Although arsenic and antimony are not significantly reduced by normal
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fire-refining techniques, if after completion of normal slagging soda
ash and lime are charged to the fire-refining furnace, they may be
slagged away with almost complete removal following successive treatments.57579
Selenium and tellurium may also be removed through the use of a soda
ash-lime-coal flux, followed by s]agging.79

Nickel, bismuth and Tead, however, are persistent impurities,

although lead removal is favored by acid s1ags.57’79

Consequently,
of those impurities cited earlier--arsenic, antimony and nickel--
which appear to be of prime interest concerning electrical conductivity,
only nickel appears to be a persistent impurity remaining following
fire-refining.

The elimination of impurities and the recovery of precious
metals by electrolytic refining depends on the separation of copper
from other metals by electrolysis in a bath or electrolyte, which is
basically a solution of copper sulfate and sulfuric acid. Metallic
impurities which are electropositive with respect to copper do not
enter the electrolyte but precipitate from solution, forming a slime or
mud. Metallic impurities which are electronegative with respect to
copper and which enter the electrolyte frequently combine with other
jons in solution to form insoluble compounds and precipitate out of
solution. or, peing less electropositive than copper, remain in
solution. To prevent the accumulation of these impurities in solution,
a portion of the electrolyte is continuously withdrawn and processed
through electrolyte purification facilities. 80

Silver, gold, platinum and palladium are more electropositive
than copper and,as a result, could deposit at the cathode if they

entered the electrolyte solution. However, only silver enters the
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electrolyte to any extent, and chliorine added to the electrolyte
in the form of salt or acid precipitates silver in solution as
silver chloride. Consequently, as the copper anode dissolves,
silver, gold, platinum and palladium form slimes or muds at the bottom
of the electrolytic cel1s.81,82
Selenjum and tellurium present in anode copper are in the form of
silver selenide and silver telluride. Both of these compounds are
insoluble in the acid electrolyte and as the anode dissolves, they
settle to the bottom of the electrolytic tanks and enter the mud
or s]ime.81’82
Arsenic, antimony and bismuth are only slightly electronegative
with respect to copper and enter the electrolyte to the extent of
their solubility. The solubility of antimony and bismuth in the electro-
lyte is quite limited, although this is not the case with arsenic 31
Potentially, these three impurities could deposit at the cathode since
they are between hydrogen and copper in the electromotive series and
their electromotive potentials are quite close to that of copper.
The electromotive potential of copper is +0.34 volts (Cu/Cu**t)
and +0.51 volts (Cu/Cu+) while those of arsenic, bismuth, and antimony
are +0.30 volts (As/Ast*+), +0.20 volts (Bi/Bi***) and +0.10 volts
(Sb/sbttt), respective1ya67
Under normal conditions in electrolytic refining, however, there
is 1ittle danger of depositing these metals at the copper cathode.
Metals depositing at the cathode are controlled by the law of mass action:
all other conditions equal, the metal whose ions are preseat in the

greatest amount is most likely to deposit. Thus, the concentration of

copper in the electrolyte, rather than the concentration of arsenic,
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antimony or bismuth, is the major factor in determining the electrolytic
deposition of these metals on the copper cathode.80-81  ynder normal
conditions of electrolyte temperature, circulation and current
density within electrolytic cells, it has been estimated that electrolytic
deposition of arsenic, antimony or bismuth will not occur until the
copper content of the electrolyte drops to less than 10 grams per liter.s]
Normally, electrolytic refining solutions contain in the range of 40
grams per liter of copper, thus providing a considerable margin of saf‘ety.s'I

Other metallic impurities such as lead, tin, nickel, cobalt,
iron and zinc are more electronegative than copper and readily enter
the electrolyte. Lead and tin, however, form insoluble sulfates and
precipitate from solution.81,82 Nickel, cobalt, iron and zinc, on the
other hand, accumulate in the electrolyte. However, there is little
danger of electrolytic deposition of these impurities on the copper
cathode unless their concentration in the electrolyte approaches that
of copper.81 The electromotive potentials of nickel, cobalt, iron and
zinc [ -0.23 volts (Ni/Ni*%), -0.29 volts (Co/Co**), -0.44 volts (Fe/Fe**)
and -0.76 volts (Zn/Zn**), respectively]67 are sufficiently electronegative
to copper to retard their electrolytic desposition at the cathode under
normal conditions.

If the electrolyte solution is not periodically purified and regenerated,
however, these soluble metallic impurities discussed above could build
up to the point where they would begin to electrolytically deposit on
the cathode. Thus, to maintain the concentration of metallic impurities
below these levels, a portion of the electrolyte is continuously withdrawn

for purification. Copper is recovered from the foul electrolyte by
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concentration on scrap iron, or concentration of the solution by evapora-
tion, followed by crystallization. The metallic impurities are then

removed or recovered from the remaining electrolyte solution by electrolysis
and/or further concentration of the solution by evaporation followed by
crystallization. Consequently, soluble metallic impurities, such as

iron, nickel, bismuth, arsen%c, antimony, and cobalt, are

kept from building up in the electrolytic refining circuit.80.81,83

Although the electrolytic deposition of metallic impurities can
be controlled as discussed above, this does not guarantee that increased
anode copper impurities will not lead to increased cathode copper
impurities. Generally speaking, increased anode impurity level will
result in increased cathode impurity level, although the percentage
increase in cathode impurity level decreases with increased impurity
Tevel in the anode:aT The fact that metallic impurities are found
in copper cathodes is due mainly, if not entirely, to the fact that
small amounts of electrolyte and slimes become occluded in the cathode
depos1t.80’81 Most sTimes are very slow in settling from solution and,
thus, the electrolyte frequently contains a fine suspension of slime
precipitate. Furthermore, some metallic impurities such as arsenic,
antimony and bismuth tend to form floating slimes which are frequently
a source of cathode copper contamination.8!

A number of techniques can be utilized to reduce or minimize slime
and electrolyte occlusion, however. As discussed earlier, fire-
refining can be utilized to essentially eliminate arsenic, antimony,
selenium, tellurium and zinc. thus minimizing the formation of both

floating and settling slimes and muds. In addition, metallic impurities

such as tin, cobalt and iron can also be eliminated through fire-
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refining. The concentration of these soluble impurities in the electrolyte
could, therefore, be minimized, thus minimizing the effect of electrolyte
occlusion on the impurity content of cathode copper.

Top-to-bottom circulation of the electrolyte solution in the
electrolytic cells could also be employed. Normally, this results
in a general improvement with regard to copper cathode contamination.
Electrolyte circulation is essential to maintain proper temperatures
and prevent stratification. In most refineries, electrolyte enters
at the base of the cells and is withdrawn from the top. Thus, the
direction of circulation hinders the settling of slime. In several
major copper refineries, top-to-bottom circulation is employed and they
report fewer problems with regard to cathode contamination and troubte
from float slime.8]

Techniques utilized to improve the density and smoethness of
the copper deposits would also tend to minimize sTlime and electrolyte
occlusion in cathode copper. Any condition or practice promoting rapid
and open or coarse<grained electrolytic deposition of copper on the
cathode tends to result in a high degree of mechanical entrainment of
slime and electrolyte. Thus, decreased current densities, for example,
would tend to reduce cathode impurity levels, although the size of the
required refining installation would have to increase to compensate
for the loss in capacity resulting from the increased time
requirements for refining.so’B]

Glue and other electrolyte additives, such as sulfite lignone
liquor and sulfonated petroleum products, can also be used to some
extent to reduce cathode contamination. Although each refinery
typically develops its own combination of additives, glue is used
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by all. Additives improve the density and smoothness of the copper
deposits by promoting fine-grained deposits of copper, thus minimizing
mechanical entrainment of slime and e1ectro]yte.81
With regard to promoting dense, even fine-grained copper deposition
at the cathode, a recent advance in the technology of electrolytic
copper refining promises to reduce cathode contamination. Developed
in Bulgaria at the Zlatitsa-Pirdop copper refinery, this advance involves
the use of periodic reversal of the current direction in the electrolytic
ce11.84 At this time, the Mufulira Copper Mines, Ltd., copper refinery
in Zambia and the Boliden Aktiebolag, Ronnskar, Works copper refinery
in Sweden are incorporating this technology into their copper refining
operations.28'85 Perijodic reversal of the current direction is claimed
to promote uniform copper deposition and to result in even and dense
copper deposition, thus minimizing slime and electrolyte occlusion.84,85
In conclusion, with regard to those impurities cited earlier--
arsenic, antimony and nickel--which appear to be of prime interest concerning
electrical conductivity, it appears that copper refining techniques
are likely to be adequate to insure their elimination in most cases,
should their Tevel in blister copper increase as a result of the utilization
of new smelting technology or smelting modifications by the domestic
smelting industry to meet the proposed NSPS. Arsenic and antimony can be
eliminated through fire-refining and nickel can be eliminated through electro-
lytic refining. With regard to other impurities, in general such techniques
as increased fire-refining, increased copper refinery electrolyte solution
purification, decreased current density in the refinery electrolytic cells,
a change to top-to-bottom circulation of electrolyte in the electrolytic

cells, and the use of periodic reversal of the current during electrolytic

refining should be adequate to insure their elimination.
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3.1.1.6 Continuous Smelting

In recent years, a number of foreign companies have initiated
development of continuous smelting processes. Among other advantages,
these processes eliminate reverberatory furnaces and generate off-gases
with sulfur dioxide concentrations that are relatively constant and
sufficiently high to permit control of sulfur dioxide emissions by the
production of sulfuric acid, elemental sulfur or liquid sulfur dioxide.
The most publicized continuous smelting technologies are discussed
briefly below.

Noranda smelting --

The Noranda process has been developed by Noranda Mines, Ltd., of
Canada. A unit that processes 800 tons of concentrate/day has been in
operation since the spring of 1973 at Noranda's Quebec smelter. This
operation confirms the commercial feasibility of the process, and Noranda
is offering this technology for 1icense.86

The entire smelting process takes place in a cylindrical vessel as
shown in Figure 3-18. The vessel can be rotated on a horizontal axis to

bring the gas tuyeres out of the bath for servicing. Concentrates and

fluxes are continuously fed into the cylinder at one end and slag is con-
tinuously tapped from a raised hearth at the opposite end. At the center

of the cylinder, metallic copper settles into a sump from which it is with-
drawn periodically. O0ff-gases containing sulfur dioxide concentrations of
7-8% before dilution are collected in a specially designed hood.87’88
The process involves the following basic steps. Concentrates and
flux are introduced at one end of the reactor, and are heated by a burner

flame. Smelting takes place, as injected air agitates the mixture of
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slag, matte, and feed pellets. Matte and slag flows are controlled as
they move slowly to the tapping ports. Oxidizing gas is introduced into
the matte to oxidize ferrous sulfide. Continued injection of the gas
into the resulting white metal gredually oxidizes copper sulfide to
metallic copper, which is tapped periodically after it separates by
sett]ing.89
At no time has a "throw-away" slag been produced in the Noranda
pilot-plant. With the exception of quantities used for analysis and
testing, the normal practice has been to charge the slag to one of the
existing copper converters at the smelter site. Typical copper concen-
trations in the slag are reported tc be about 10-12 percent. However,
Noranda has found that treatment of the slag by grinding and flotation
yields a high-grade copper concentrate which can be recycled. The tailings
from the grinding and flotation circuit contain only 0.5% copper and can
be discarded without further treatment.87’ 88
Some runs have been made using oxygen-enriched air in the pilot plant.
This work has shown that smelting is autogenous with air enriched to 40%
oxygen. With air enriched to 40% oxycen, the concentration of sulfur
8

dioxide in the off-gases is increased to about 25%.8

WORCRA smelting --

The WORCRA process was developed by Conzinc Riotinto of Australia
Ltd. Much of the early work was carried out at a pilot plant located at
the Cockel Creek Works of Conzinc. This unit processed about 400 pounds of
concentrate/hour and was operated for twelve campaigns of from two to six

weeks duration each. A unit desigred to process about three long tons/hour
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was later built at Port Kembla where it was operated for three campaigns
that gave an aggregate operation time of about 23 months.go’ 91
The WORCRA smelting furnace as shown in Figure 3-19 consists of a
long vessel with a slag well at one end and a copper well at the other,
from which slag and copper are continually tapped. Concentrates and
fluxes are introduced in the mildy oxidizing smelting zone although some
concentrates may be added in the converter zone closer to the slag exit,
where they help to control magnetite formation in the s]ag.89
A form of hot solvent-extraction is achieved by forcing the slag
to move generally countercurrent to the matte. Copper in the slag tends
to revert to the matte phase by interaction with ferrous sulfide in the
matte. In this slag-cleaning zone, additions of concentrates or pyrites
are made to cause both separation and settling of entrained matte, which
is returned by gravity to the smelting zone via a sloping hearth.89
As the matte moves through the smelting and converting zones, it is
lanced with air (or enriched air), causing conversion to white metal and
then to copper. The hearth in the converting zone sliopes downward to an
underpass through which copper passes to a "copper well" with the blister
copper product.89
Copper in the slag during steady-state conditions ran between 0.3 and
0.5%. The lower values were obtained when pyrites were added in the slag-
cleaning zone, while higher values were achieved with concentrates as the
washing agent.89
O0ff-gases from the smelting reactions are expelled through a flue

over the converting zone. At the Port Kembla unit the off-gases contained
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sulfur dioxide concentrations in the 5 to 8% range, but Conzinc estimates
that the large future units will have typical concentrations in the 9 to
14% range. Enriched oxygen can also be used to further concentrate the
off-gases to a level of about 17 percent 502.92

Mitsubishi smelting --

The Mitsubishi process has been developed by Mitsubishi Metal Corp.
of Japan. Early development work was carried out in a pilot plant of
500 tons/mo. capacity during 1969 and 1970. Mitsubishi then constructed
a semi-commercial plant of 1500 tons/mo. capacity in 1971 at their Onahama
smelter in Japan. Currently under construction at Mitsubishi's Naoshima
smelter is a commercial installation of 4500 tons/mo. capacity scheduled
for startup early in 1974.93,94

The Mitsubishi process as shown in Figure 3-20 consists essentially
of three furnaces: a smelting furnace to smelt concentrates, a converting
furnace to oxidize iron in the matte and make blister copper, and a slag
cleaning furnace to clean the slag. The intermediate products are trans-
ferred continuously in molten state between the respective furnaces, thus
functionally connecting the furnaces with each other. A top blowing system
is employed to blow oxidizing and converting air, with lances used to inject
oxygen-enriched blow air and concentrates into the bath.93

Concentrates and fluxes are injected through the lances and are
smelted in the smelting furnace. Revert slag from the converting furnace
is also introduced into the smelting furnace. Matte and slag produced in

the smelting furnace overflow from the smelting furnace to the slag-

cleaning furnace through a launder. The slag-cleaning furnace is an
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electric furnace. The slag is washed by pyrites mixed with coke and,
after being cleaned,is continuously tapped from the furnace and granulated.
The copper content in the slag is about 0.4%. 93
Matte is siphoned from the slag-cleaning furnace continuously and
transferred to the converting furnace through a launder. The converting
furnace is equipped with lances that introduce blow air, converting the
matte to blister copper, which is also continuously siphoned from the
furnace. Slag formed in the furnace is tapped out, cooled and crushed and
recycled to the smelting furnace. 93
Off-gases produced by the smelting reactions contain sulfur dioxide

concentrations of greater than 10%. 89

Consequently, the Mitsubishi
process appears readily amenable to air pollution control.

Top-blown rotary converter (TBRC) smelting --

The TBRC smelting process has been developed by the International
Nickel Company (INCO). INCO started work on this concept in 1959 and has
recently commissioned a full-scale commercial TBRC installation for the
smelting of nickel sulfide concentrates at their Copper Cliff, Ontario,
smelter. The smelting of nickel sulfide ore concentrate is analogous to
the smelting of copper sulfide ore concentrates,and thus INCO indicates
that TBRC technology is directly applicable to copper smelting. 95
Dravo Corp. located in Pittsburgh, Pa., has been granted a worldwide
license by INCO to market TERC technology for copper smelting applica-
tions. %6

The introduction of rotary converters first took place in 1957 at

Domnarvet Steel Works of Stora Kopparberg in Sweden for the production
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of high-quality steel from high-phosphorus iron ore. This system, known
as the "Kaldo" process, is currently in use in eight steel plants, including
one in the United States. %
The INCO TBRC smelting process is shown in Figure 3-21. With the
use of TBRC's, the smelting of copper concentrates can be carried out
autogenously. A minimum of two TBRC's are required with another main-
tained as a standby unit. Each TBRC may be tilted through 360° for filling,
blowing or emptying. When operating, the vessel is inclined at an angle,
generally between 152 and 20°, to give the optimum balance between degree
of fill and agitation. 95
Concentrate is charged to the vessel and melted with an oxy-fuel
burner. Once a molten sulfide bath is formed, rotation of the vessel
commences and slagging begins. Fresh concentrates and fluxes are con-
tinuously charged to the TBRC and the vessel atmosphere is controlled by
injection of the desired gases, such as oxygen, natural gas and air
through a water-cooled lance. The lance passes through the hood and can
be adjusted as to both depth and angle in the vessel. The thermal energy
produced by the oxidation reactions is utilized to supply the heat for
smelting the concentrates and fluxes. Slag produced during the first
stage of iron elimination is low in copper, but the final iron slag is
left in the vessel for recovery of copper upon addition of new concen-
trate.95
The mouth of the TBRC vessel is equipped with an exhaust hood sealing
ring which provides a bearing surface for a tight hood. The tight hood

will permit sulfur dioxide concentrations of 50-75% to be attained.95
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3.1.2 Zinc Smelting

Zinc is usually found in nature as a sulfide ore called sphalerite.

The ores usually contain impurities of lead, cadmium, and minor amounts

of other trace elements, and are processed at the mine to form

concentrates containing up to 62 percent zinc and 32 percent sulfur.

The smelting of zinc sulfide concentrates into product zinc oxide

or metallic zinc is carried out by either a pyrometallurgical or a

combination pyrometallurgical-electrolytic extraction process as

" illustrated in Figures 3-22 and 3-23. The three primary steps of the

pyrometallurgical extraction process are:

1.

Roasting of zinc sulfide concentrates to remove most of the
sulfur and form an impure zinc oxide called calcine.
Sintering of the calcine to eliminate the remaining sulfur,
volatilize lead and cadmium, and form a dense, permeable
furnace feed.

Reducing pyrometallurgically the zinc oxide (calcine) to

metallic zinc.

The smelting of zinc sulfide concentrates using electrolytic extraction

requires two principal operations:

1.

Roasting of the zinc sulfide concentrate to remove most of
the sulfur and form calcine.
Electrolytic extraction, after chemical leaching of calcine,

to produce 99.99 + percent pure high-grade zinc.
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As of mid-1973, there were eight primary zinc smeltars in the United

States. Seven of the eight smelters roast zinc concentrate, whereas

the eighth plant performs a combined roasting-sintering operation on

a single machine. The different roasting systems include the antiquated
Ropp roaster, the multiple-hearth roaster, the flash or suspension
roaster, and the fluid-bed roaster. Each of these systems is being

used by one or more of the domestic smelters.

Effluent streams from the Ropp roaster average less than 1 percent
502,] whereas the multiple~hearth roaster, the flash roaster and the
fluid-bed roaster yield a gas stream of from 5 to 14 percent 302.]
A11 currently used roasting systens with the exception of the Ropp
roaster produce gas streams amenable to conventional acid plant control.
The roasting process in a zinc smelter typically is responsible for
greater than 90 percent of the potential sulfur dioxide emissions from
the smelter.

Zinc sintering typically accounts for less than 10 percent of the
potential smelter 302 emissions, with the exception of the case where
the roast-sinter technique is used. With the roast-sintering,
all the potential emissions are contained in the sinter
machine effluent stream.

Zinc sinter machine effluents usually contain less than 0.2
percent 502, varying to as low as 0.05 percent. However, this ranges
as high as 2.5% when the roast-sinter technique is used without gas
recirculation. The major potential emission problem of the zinc
sintering machine is particulates, which are usually controlied with

high-efficiency precipitators or baghouses.
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There are three basic reduction systems used by domestic
pyrometallurgical zinc smelters: horizontal retort furnaces, vertical
retort furnaces, and electro-thermal furnaces.1 Each type of reduction
system requires a particular type of sinter, ranging from soft to hard;
therefore, the reduction system determines to some extent the type of
prior roasting and sintering operations and thereby the emission
characteristics of these systems. The reduction systems generate only
minor amounts of 502.

There are a number of process variations which can be used to
facilitate SO2 emission control. These include the use of:

1. The Robson process.

2. Sulfur elimination roasting, followed by coke sintering.

3. Electrolytic extraction.

4. The Imperial smelting process.

Each of these process variations is discussed in the following sections.
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3.1.2.1 Roasting

Summary --

Regardless of the extractive technique used, pyrometallurgical or
electrolytic, domestic and foreign zinc smelters utilize one or a
combination of several types of roasters to remove sulfur from the
concentrate. These include the antiquated Ropp and multiple-hearth
roasters and the modern flash and fluid-bed roasters. During zinc
sulfide roasting, 93 to 97 percent of the input sulfur can be converted
to SOp. The exact percentage elimination is a function of the concentrate
sulfur content; for a given percent residual sulfur content in the
product calcine, the higher the concentrate sulfur content the
greater the sulfur elimination percentage of the roasting process.

Most domestic nyrometallurgical operations do not roast to remove
the maximum amount of sulfur from the concentrate. Therefore, the sulfur
remaining in the calcine is emitted to the atmosphere as S0, during the
sintering. By decreasing the sulfur in the calcine to perhaps 1 to 1.5%,

approximately a 50% decrease in SO, emissions from the sintering process

2
can be realized. Modern roasting systems are capable of producing a
calcine of the above values.

Potential particulate emissions can run as high as 70 percent of
the feed concentrate (fluid-bed roaster); however, since S0, control
systems normally require clean gas streams, particulates are captured
prior to SO, control and thus present no air pollution problems.

The effluent from the Ropp and multiple-hearth roasters contain up to

1 percent and 7 percent S02, respectively, whereas both the flash

and fluid-bed roasters generate effluent streams containing from 10

to 14 percent S0p.
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General d1's<:uss1'on-—25_31

Roaster operating parameters vary from plant to plant depending
upon the type of product calcine required and the extractive technique
used. Regardless of the desired properties of the calcine, a basic
requirement for either pyrometallurgical or electrolytic extraction
is the breakdown of the sulfide bond to produce zinc oxide and/or zinc
sulfate. In pyrometallurgical extraction only the oxide state is
preferred, whereas in electrolytic extraction the oxide state plus

small percentages of the sulfate state js acceptable.

For pyrometallurgical smelting, the degree of sulfur removal
during roasting is of major importance with regard to the control of
sulfur dioxide emissions from the smelting preccess because the subsequent
sintering and reducing operations can generate off-gases with low
concentrations of 502. Some of the zinc sulfide is permitted to
remain in the calcine following roasting, and serves two functions.
First, because the calcine requires sintering before reduction, the
residual sulfur can supply a portion of the fuel requirement for the
sintering operation and will be eliminated in the sintering process.
Second, because zinc sulfate can result in a zinc loss in the
extraction process, the zinc sulfide level is maintained high enough
to prohibit significant formation of sulfates in the roaster. On the
other hand, if roasting is followed by electrolytic extraction, the
zinc sulfide level must be minimized since it is not soluble in the
leaching solution and will result in a zinc loss in the process.

The Ropp roaster, the oldest system still in use by the domestic

industry, is the only roasting system which does not generate a strong
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SO2 off-gas stream. Basically, it is a long, horizontal, mechanically
rabbled furnace open at both ends and divided into two paraliel hearths.
The off-gas temperatures range up to 650°C, and the sulfur
dioxide concentrations range from 0.7 to 1.0% 502.] Operation of the Ropp
roaster requires from 50 to 80 percent excess air. A typical roaster
has a capacity of approximately 45 tons/day. Because the Ropp system
represents an antiquated and inefficient technology, it is highly unlikely
that any new systems of this type will be built in the future.

The multiple-hearth roaster is the second oldest type roaster
currently in use in the domestic industry. It is basically a
cylincrical column of 20 to 25 feet in diameter with 7 to 16 hearths
(See Figure 3-24). The reaction within the roaster is essentially
autogenous. In order to attain a zinc sulfide content in the calcine
as Tow as 0.5 to 1.0 percent,however, some additional fuel is added
to the lower hearths.' Since the gases from the multiple-hearth
roaster do not have sufficient heat value to allow the economical use
of waste heat boilers, air dilution is usually used to decrease gas
temperature. Therefore, because of dilution, gas concentration from the
roaster will range only up to approximately 7 percent 502.2. The
normal production rate for multiple-hearth roasters averages 100 tons
per day. The multiple-hearth roaster has the capability of producing
a relatively high-purity calcine, which is of major importance when
considering electrolytic reduction. Its use permits the selective
volatilization of the sulfides, such as those of lead and cadmium which
can be captured with the -flue dust.] However, this system has a lower

production rate than that attainable with more modern roasters, and it

3-132



OFF: 3
GAS | YA HOT AIR
t DRYING TO EXHAUST
i {  HEARTH . 3% =
\1
{ -
N =
v
RABBLE
ARM B
{\
y {
AR
RABBLE~ -&
BLADE | NATURAL
GAS
]
& AIR
CALCINE § CALCINE
COOLING
ETUAR

'S
Figure 3-24 Multiple-hearth roasting furnace.

3-133



is doubtful that any new roasters of this type will be built.
The flash roaster is a refractory-lined cylindrical steel chamber
which encloses a drying hearth and a combustion chamber. A number of
the earlier models were converted multiple-hearth roasters with all
hearths removed except the top and bottom ones. The top hearth was used for
concentrate drying. The later models, while similar in design, have

the drying hearth located at the bottom rather than at the top (Figure 3-25).

The operation of the flash roaster resembles the burning of
powdered coal in a furnace in that the concentrate is injected into
a combustion chamber with a stream of air. The sulfur content of
the zinc concentrate acts as fuel in the ensuing exothermic reaction
which produces sulfur dioxide. During the reaction, the temperature
in the combustion chamber is controlled to within the optimum range
of 960 to 1020°C.® This permits the production of a calcine contain-
ing from 0.1 to 5.0% sulfide sulfur.® At the same time, the sulfur in
sulfate form can be controlled to from approximately zero to a maximum
2.5%.% The higher values of sulfides content in the calcine usually
correspond to relatively Tow sulfate content. Conversely, calcine
with Tow levels of sulfur in sulfide form normally has a high sulfate
content.

The calcine with the highest sulfides content is that on the
collecting hearth at the bottom of the furnace, whereas the calcine
capturad in the gas stream is relatively high in sulfates content. The
coarser calcine from the collecting hearths and the flue dust is further
desulfurized by being rabbled over a series of additional hearths at

the bottom of the furnace. This further roasting in the bottom hearths
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allows the production of a homogenous product with minimum total sulfur
content. Typical roaster operation data from the ASARCO smelter at
Corpus Christi, Texas, and the Cominco smelter at Trail, B.C., indicate
that this system can yield a calcine with sulfur contents as shown in
Table 3.2.

As discussed above, the flash roaster can be operated to consistently
produce a calcine containing 0.1 to 0.5% residual sulfur in sulfide form and
0 to 2.5% residual sulfur in sulfate form. The roaster is normally

operated to produce a calcine with 2.5% or greater total sulfur when the

calcine is to be used as sinter feed. The typical flash roaster processes

between 100 and 350 tons per day of calcine.

The fluid-bed roaster is the newest roasting system for zinc sulfide
concentrates. There are several types in use which differ primarily in the
manner in which the roasters are charged. Some are charged with a wet
slurry, whereas others feed a dry charge to the combustion chamber.

(See Figure 3-26.)

The off-gases from the roaster will have a SO, concentration of from
10 to 13 percent.5 In addition, from 50 to 85% of the roaster charge
will be carried out in the off-gas stream.!

The reaction within the roaster is an autogenous reaction, and no
external heat source is required after initial startup. The operating
temperature averages up to 1000°C, with either water injection or slurry feed

rate used to control bed temperature.]

Normally, only about 20 to 30
percent excess air is required to ensure efficient desulfurization of the
zinc concentrate feed.5 The sulfur content in sulfide form of the concen-

trate can be lowered to 0.1%, bat values somewhat higher, particularly
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Table 3-2 SULFUR CONTENT OF MATERIALS AT TYPICAL ELECTROLYTIC
SMELTERS (USING RECYCLING OF COTTRELL pusT)6, 7

Plant A
Concentrate, Calcine, Cottrell, dust
% weight % weight % weight
Total Sulfur 31.5 0.83 6.2
Sulfate . 0.73 5.7
Sulfide . 0.1 0.5
Plant B
Concentrate % Calcine %
Total Sulfur 31.7 2.1 _
Sulfate ___ 1.3 _
Sulfide 0.8
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in pyrometallurgical installations, are more common.

As with the flash roaster, there is a significant dust carryover
in the effluent stream of the fluid-bed system. As much as 85 percent
of the charge is collected by a series of devices (waste heat boilers,
cyclones, and electrostatic precipitators) and either recycled for
further desulfurization or combined with product calcine.}

Fluid-bed roasters are similar to flash roasters in their capability
of producing a Tow total sulfur content calcine as shown in Table 3-3.

A study made by the Toho Zinc Company, Ltd., with the purpose of
further lowering the residual sulfur content of the product calcine from
fluid-bed roasters shows that,as the dust-laden gases proceed further
from the roaster, the sulfate sulfur content of the entrained dust increases,
although the sulfide content shows no appreciable change.3’8
This phenomenon can be seen in Table 3-4.

Consequently, unless sufficient retention time is allowed within the
roaster combustion chamber to complete the desired desulfurization
reactions, the material will be carried over in the gas stream where it
will undergo reaction within the waste heat boiler, and subsequent dust
collection systems.8 Due to the lower reaction temperatures in these
subsystems, significant amounts of sulfates can be formed.

Normal practice for typical smelters is to combine calcines from the
roaster and the dust collecting systems. Based on Table 3-4, the resulting
calcine in some cases will average approximately 2.5% sulfur, primarily
in sulfate form. However, the Toho Zinc Company study indicates that it
is possible to design a roaster and dust collection system to both minimize
dust carryover and sulfate formation. Minimizing dust carryover minimizes

the amount of material which will be exposed to undesirable roasting condi-
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Location

West
Germany

u. sS.

Japan

Table 3-3

Type
Roaster

Fluid~bed

Fluid-
bed

Fluid-
bed

Material
Concentrate
Bed overflow
Waste heat b
Cyclone

Precipitator

CALCINE SULFUR CONTENT OF TYPICAL SMELTERS
USING FLUID-BED ROASTERS9. 10, 11
Concent-
Type rate(s) Sulfur Sulfur
Plant % Sulfur (Sulfides)% (Sulfates)%
Etlectro. 32.1 0.1 2.4
Electro. 30.65 0.3 2.25
Electro. 31.7 0.3 2.1
Table 3-4. CALCINE SULFUR CONTENT,%3
Sulfate Sulfur Sulfide Sulfur Total Sulfur
32.5 32.5
0.2 0.3 .5
oiler 0.8 0.3 1.1
2.5 0.1 2.6
5.5 0.1 5.6
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tions, and rapid cooling of the off-gases in a boiler minimizes the time
during which undesirable reaction conditions will cause sulfate formation.
Thus, the results of this study and subsequent commercial application show
that it is possible to produce a calcine in a fluid-bed roaster with below
1.5 percent total su]fur.8 Table 3-5 gives the calcine sulfur distribution

at the Toho installation.

Various types of roasting systems have production advantages and
disadvantages depending upon the particular application. For instance,

the multiple-hearth system has a Tower calcine production rate than the

flash and fluid-bed systems, but there is Tless dust in the effluent
stream, thereby reducing the performance requirements for particulate
control systems. The multiple-hearth permits the preferential
volatilization of impurities such as lead sulfide (PbS) and cadmium
sulfide (CdS). This ability to eliminate most of the major impurities

is very important where calcine purity is important, as in electrolytic
reduction. Alse, it reduces the impurity elimination load on the
sintering operation for pyrometallurgical reduction. However, due to the
high gas volume, the multiple-hearth roaster tends to produce a
significant amount of sulfate sulfur which is detrimental to efficient

pyrometallurgical reduction.

Similarly, flash and fluid-bed roasters have an advantage over
the multiple-hearth system in their greater production rates and their
ability to produce a Tower total sulfur calcine. Data on flash
roaster sulfur elimination capability show that they can produce
a calcine as low as 0.83 percent su]fur.6 Similarly, data

on more modern fluid-bed roaster operations indicate a product
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calcine as low as 1.5 percent sulfur can be produced from these

systems. 8 However, the exact percentage elimination of sulfur during
roasting will be a function of the sulfur content of both the

concentrate and the calcine. The percent of total input sulfur remaining
in the calcine will vary and will normally range from 3 to 7 percent

1

of the concentrate sulfur.

Typical zinc roaster operating parameters are summarized in Table 3-6.
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Table 3-5. TOHO ZINC CALCINE ANALYSIS,%8

Sulfide Sulfur

Sulfate Sulfur

Reactor Overflow Carry-Over Average
Reactor Carry-Over
0.27 0.23 0.25
0.45 1.7 1.00
0.72 1.91 1.30

Total Sulfur

1

Table 3-6 Summary of Typical Zinc Roaster Parameters
%SO2 Residual Residual Residual

Type of Operating Feed Rate in off- % Sulfide % Sulfate % Total S
Roaster temperature®F tons/day gas in Calcine in Calcine 1in Calcine
Ropp 650°C 45 1 max 5-9
Multiple-

hearth 690°C 100 5.5 0.5-1.0 1.4 2.4
Flash 980°C 150 i0 0.1-5 0-2.5 2.6
Fluid-bed 1000°C 225 12 <0.1 0-2.5 2.6

3-143



3,1.2.2 Sintering
Summary --

The purpose of sintering is twofold except where a combined

operation of roasting and sintering is performed. First, the lead

and cadmium impurities are volatilized and discharged into the

effluent stream. These impurities are captured in particulate control

systems and processed to recover metal. Second, sintering agglomerates
the charge into a hard permeable mass suitable for feed to a reduction

system.

" By decreasing the amount of residual sulfur 1n the calcine to the
sintering operation, it is possible to minimize S0, emissions from the
sintering operation. It is possible to decrease emissions from sintering
by perhaps 50% by decreasing the residual sulfur content of the calcine in
typical pyrometallurgical operations from 3 percent to 1.5 percent sulfur.
The concentration of S0, in the off-gases from the sintering operation
nomally range from 400 to 3000 ppm when zinc calcines are sintered.

When zinc concentrates are roasted in a sintering machine using the
Robson process, the concentration of 502 in the off-gases is normally in
the range of 2.5 percent. However, the off-gases from the sintering

machine can be upgraded to aoproximately 6 percent SOp 1if the sintering

machine is equipped with a gas recirculation system. This ptaces all

sulfur emissions in a single gas stream of high SO2 content.

General Discussion --

Several sintering techniques are now being used by the domestic

zinc industry:
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1. The sintering of dead-roasted concentrates with coke or coal.

2.  The sintering of green concentrates diluted with sinter returns.

3. Sintering of partially roasted concentrates.

Although the first method predominates in the domestic industry, the
latter two techniques are still being used, particularly in foreign
installations.

The sintering machine incorporates bar or grate-type pallets
which are joined to form a continuous metal conveyor system. Calcine,
recycled sinter, coke or oil, sand and other inert ingredients
are distributed on the pallets and ignited. The depth of the layer,
the charge composition, and the machine operating parameters vary
and are dependent upon the desired physical properties of the sinter
product. Downdraft-type sintering machines (Figure 3-27) are used in the zinc
industry, with the exception of those updraft machines used in
conjunction with the Imperial smelting process in foreign smelters.

A discussion of the Imperial smelting process is given in Section 3.1.4.
The downdraft machine is distinguished by the air supply passing
downward through the sinter bed.

In typical domestic pyrometallurgical operations, from 3 to 7 percent
of the concentrate sulfur remains in the calcine feed to the sintering
machine,‘ predominately in the form of sulfate as shown in Table 3-7.
Seventy-five to ninety percent of this remaining sulfur, whether in

sulfide or sulfate form, decomposes to form SO, in the sinter machine
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Table 3-7 SULFUR CONTENT OF TYPICAL ZINC SINTER FEED ' +» 19, 16, 17, 18

Total Calcine Calcine Total
Calcine Sulfide Sulfate 0ff-gas, Sinter
Plant Sulfur, % Sulfur, % Sulfur, % PPM SO2 Sulfur, %
A 2-3 0.5 <2.0 <800
B 1-4 <1000 0.2
c *5 3000 0.4

*Ropp Roasters used will cease operation in 1973.
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oﬂ’-gas.]2 Typically, the resulting weak sinter machine effluent
stream contains approximately 1000 ppm SOy, but the concentration

of 502 can range from 400 to 3000 ppm SO, depending upon the total

2
sulfur content of the feed stock.14s 15 In sintering machines which
process raw concentrates, the off-gas concentrations can range up to
2.5 per'cent.1 The single domestic smelter using this operation will
shut down in the near future.19

The physical properties required of sinter vary depending on the
type of reduction system used. For horizontal retort reduction, the
sinter need not possess high physical strength. However, the horizontal
retort is being phased out as a viable reduction system. The strength
properties are very important in the case of electrothermic furnaces.”
Each individual piece of sinter may be required to support a column of
sinter equal to the height of the furnace despite being weakened by the
extraction of its zinc. Therefore, the sinter mix usually requires the
addition of silica to increase hardness and strength of the sinter
mass and thus prevent sinter collapse.

In other vertical reduction furnaces such as the vertical retort,
high initial sinter strength is not a major requirement since the product
sinter is usually briquetted before charging to the furnace. The ability
of the vertical retort furnace to use a soft briquetted sinter permits
the application of both conventional sintering and roast-sintering techni-
ques for the processing of zinc concentrates. Roast-sintering permits
both elimination and control of sulfur during the sintering operation.

When zinc calcines are sintered, the sulfur emissions from a sinter

machine are primarily determined by the input calcine sulfur content,

although some emissions result from the zinc sulfate liquor added to the
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sinter mix. The ideal situation from the point of view of sulfur dioxide
emission control would be to eliminate as much sulfur as technically
possible during the roasting step. This would minimize the sintering
operation as a SO, emission source. Based on the capability of fluid-
bed and flash roasters discussed in Section 3.1.2.1, a calcine averaging
1.5 percent toal sulfur, rather than one of approximately 3 percent total
sulfur as is presently practiced within the domestic industry, could be
produced. Thus, if roasting in a pyrometallurgical operation is carried
out to provide a 1.5 percent residual sulfur content in the calcine, then
a corresponding decrease in sulfur emissions to the atmosphere by sinter-
ing would be realized. Table 3-8 shows electrolytic zinc smelter roaster
data indicating a 1.5 percent residual sulfur capability.

The elimination of sulfur in the calcine would require additional
coke or coal to accomplish sintering, and would increase the cost
of sintering. However, there are no insurmountable technical problems
with this approach.

As stated earlier, one domestic zinc smelter has practiced the
roast-sintering technique (Robson process) since 1951,20 but no
attempt to control SO2 emission from this operation has been made.
The sinter from the top 20 percent of the sinter bed of this operation
does not have adequate physical properties to allow direct charging to
a reduction furnace; thus, a two-pass sintering operation is needed to
21

produce an acceptable sinter product for that portion of the charge.

The second pass employs coke sintering.
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Table 3-8

Plant

CALCINE PRODUCED AT TYPICAL ELECTROLYTIC ZINC SMELTERS.B’ 6,7.8

Type Roaster

Flash

Fluid-bed

Flash

Fluid-bed

Total
Feed
Sulfur, %

31

32

32

33

3-150

Calcine Calcine Total
Sulfide Sulfate Calcine
Sulfur, % Sulfur, % Sulfur, %

0.1 0.73 0.8 *
0.25 1.25 1.5 )
0.8 1.3 2.1
0.2 1.1 1.3



The production of soft sinter by the Robson process, from green
concentrates, for vertical retort extraction has been used at
the Avonmouth facility of Imperial Smelting Corporation, Ltd., of
Eng]and.22 In this case, downdraft sintering machines simultaneously
roast and sinter zinc concentrates. However, an important feature of these
machines is their ability to produce a strong SO2 effluent stream by
the use of gas recirculation techniques.?2

As in the conventional zinc roasters discussed earlier, the
reaction in the sinter machine is autogenous and fueled by the sulfur
of the zinc concentrate. The sulfur content of the charge at Avonmouth
averages 5.5 to 6%. 22 Once initiated, the reaction proceeds autogenously,
and the heat generated causes the fusion of the material into a permeable
mass. At the discharge end of the machine, the sulfur content of the
sinter ranges between 0.5 and 1.0%, and the SO2 concentration of the
effluent gas at Avonmouth ranges between 6.5 and 7.5%22

The basic principle of the recirculation technique is the ducting
of the weak ignition gases (feed end gases) and cooling gases (discharge
end gases) into the areas where the primary roasting reaction takes
place; see Figure 3-28. These gases contain from 1 to 2% 50222 and
sufficient oxygen to permit additional combustion. In effect, the
weak gases which would normally be emitted to the atmosphere are thus
concentrated to produce the resultant strong SO2 stream. The gas
stream generated by this method contains up to 7.5% 302.22 Because the

gases are recirculated, a smaller volume of gas (compared to normal

sintering) is discharged.
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This operation is not without some problems. First, since the gases
from the feed and discharge ends have undergone partial reaction, there
is a smaller concentration of free oxygen which reduces the efficiency
of the sintering reaction. This is partially offset by recycling a
large percentage of the sinter. Second, since the gases have a high
dust loading, the deposit of entrained dust of the recycled stream in
the sinter bed can reduce sintering efficiency by decreasing permeability
of the bed a@nd possibly causing channeling within the bed. Again, sinter
recycle can offset this problem. However, the major factor to be
considered is the loss of one of the two primary functions of sintering
as it is used in the domestic industry: the elimination of lead and cadmium.
The lead and cadmium removed from the sinter is entrained in the sinter
machine effluent. Consequently, a significant portion of these impurities
would be recaptured during recirculation by the filtering action of
the sinter bed. To prevent recapture of the impurities, a high-efficiency
particulate removal system is required in the recirculating stream.

In addition; any chlorides which may be present in the sinter feed stock
could disturb acid plant operation by poisoning the catalyst, if present
in sufficient amounts. However, as discussed in Section 4.1 - Sulfuric
Acid Plants, if this problem is recognized during the design of the

acid plant, various techniques can be utilized in the gas cleaning
section preceding the acid plant to minimize and essentially overcome
this problem.

The technique of Robson process sintering, while using

gas recirculation, is basically suited only for the production of sinter
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to be used in the horizontal and vertical retort furnaces. In the latter
system the sinter is briquetted to improve its strength character-
istics. An exceptionally hard and strong sinter is required for
electrothermic furnace reduction with the sinter characteristics of high
porosity and density being less important. Sintering vor these

systems is performed in a two-pass operation even after roasting. The
first step provides a soft,relatively pure sinter and the second step,
with the addition of 8 to 10% si]ica,]7 produces an extremely hard
sinter. Therefore, there is some doubt that even briquetting of the product
sinter of the Robson process will produce an acceptable sinter for the
electrothermic furnace.

The advantage of this process, however, is that all sulfur-laden
gases from the roasting and sintering operation are contained in one
strong stream of 6% 502' The problems encountered by facilities using
this technique have been essentially resolved,and as a result the sinter-
ing of green concentrates using gas recirculation is considered a
viable technique to make the sintering procass amenable to air pollution

controls
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3.1.2.3 Zinc pyrometallurgical reduction processes

Summary--

The three reduction systems in use in the domestic industry are the
horizontal and vertical retort furnaces and the electrothermic furnace.
The future outlook of pyrometallurgical systems indicatesthat the hori-
zontal retort will fade away. The remaining systems will continue in
operation but less emphasis will be placed upon their improvement.

Sulfur which may be introduced into the reduction system via the
sinter is primarily in a sulfate sulfur form and tends to decompose té
a metal sulfide, usually iron sulfide, in the highly reducing atmosphere.

Thus, SO, emission from typical reduction systems averages less than 50 ppm.

2
The pyrometallurgical process does have an advantage over electro-
Tytic extraction in its ability to process recycled materials, most of
which cannot be processed in an electrolytic circuit. Approximately 30
percent of the secondary (recycled) zinc production in 1973 was performed

at primary pyrometallurgical smelters.

General Discussion--

The basic reactions which take place in the reduction furnace are:

Zn0 + CO -+ Zn (Vapor) + CO2
o, + C > 2C0

Either coke or coal provides the carbon reductant, with the choice being

determined by the physical properties required in the final product.5

Any sulfur present in the sinter feed is usually in a sulfate form and only

a small fraction is converted to SO2 during reduction.1 The sulfur usually

shows up as iron or zinc sulfide in the residue from the furnace.
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Pyrometallurgical reduction has a definite advantage over electrolytic
zinc operations in its ability to process secondary and scrap zinc
materials. According to Bureau of Mines data, approximately 80,000 short
tons of scrap materials were processed in primary pyrometallurgical
smelters in the U.S. in 1972.23 This is approximately 30 percent of the
total 1972 secondary zinc production. Of these secondary materials a
significant quantity will contain zinc chloride which can be detrimental
to some electrolytic operations.5 However, these materials can be combined
in the sintering machine feed of pyrometallurgical smelters, thereby
permitting the elimination of the chlorine in the off-gases.

The horizontal, or Belgian, retort is the oldest reduction system
used in the zinc industry and is presently being replaced by more
efficient and more productive systems. The furnace consists of a
series of tubular refractory receptacles with a ratio of length to diameter
of between 4 and 7.5° (Figure 3-29). The length of each retort is
dictated by the hot strength of the refractory materials. A large
number of these retorts are placed horizontally within an enclosure
with the retort face exposed to the atmosphere. An open distillation
condenser is placed over the retort face after charging. The
refractories are fired externally by passing combustion products
through the areas between the retorts.

The external firing and batch nature of the horizontal retort

are only two of the unattractive features which have added to the
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demise of the system. In addition, each retort produces only about

100 pounds of zinc every 48 hours. 2% Therefore, to produce significant
quantities of zinc, a furnace must incorporate many retorts, and this
requires large and expensive work crews.

Though SO, emissions from the system are extremely small, these

2
systems are, however, major particulate emission sources. Because each
retort is a particulate emitter, a massive control system would be
required for effective control. The horizontal retort, however, places
few reﬁtrictions on the input sinter properties. It requires only a
soft, friable, and poor-appearing sinter; thus, the sinter production
need not be tied to a particular roasting or sintering process.

The major problems facing this sytem are excessive operating
cost, lTow productivity, and difficulty in controlling particulate
emissionss17 therefore, its continued existance is not expected in the
future.

The vertical retort furnace, developed in the 1920's by the New Jersey
Zinc Company, like the horizontal retort is externally fired. However,
unlike the horizontal retort, its operation is semi-continuous and is
automated to a moderate degree.

The furnace has a vertical retort shaft which allows the charge,
with the aid of gravity, to pass downward through the shaft and be
expelled from the bottom of the furnace (Figure 3- 3Q. The charge cannot

be a granular, loose, and soft mixture as in the horizontal retort, but
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must be either a hard sinter or briquetted. It is the briquetting step

that is the chief disadvantage of this system, since it is an expensive

operation.24

However, the ability to use briquetted sinter feed can also be an
advantage, because it permits the use of a soft sinter produced either
by coke sintering or by roast-sintering. This latter sintering

technique is being used by the Avonmouth, England,smelter of Imperial

Smelting Corporation, Limited.22 for the production of zinc sinter for

their vertical retort furnaces.

S0, emissions from the vertical retorts average less than 50 ppm.14
Particulate emissions are evident only during charging which will last
approximately one minute. The vertical retort furnace eliminates most
of the major faults of the horizontal system and can be adapted to
automation to reduce operating costs. Thus, it appears that this system
will remain in use for the foreseeable future.

The electrothermic smelting system was developed by the St. Joe
Minerals Corporation and began commercial operation in 1936?‘“ It is
the newest purely zinc-smelting furnace. The furnace is basically a
vertical, refractory-lined cylinder. Graphite electrodes protrude into
the furnace shaft, and the furnace derives its reaction heat from the
resistance of the furnace charge to the current flow between the
electrodes (Figure 3-31). Sufficient temperatures are generated, up
to 1400°C, to eause vaporization of the zinc within the sinter. As in
the vertical retort furnace, gravity is relied upon to move the charge
downward through the furnace shaft. Unlike other furnaces, however, an

unusually hard sinter is required; silica (sand) is usually added to the
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sinter mix to increase the strength of the sinter. Indications are,
therefore, that the strength requirement limits the type of sintering
which may be used in conjunction with this system to the coke sintering
method. It is doubtful that roast-sintering can produce a hard sinter
that is acceptable to the electrothermic furnace without an expensixe
briquetting step or without a second coke sintering pass to increase

strength properties of the sinter.

The electrothermic fyrnace has a number of advantages over other
pyrometallurgical zinc processes. First, it is a continuous operation
and is amenable to automation. Second, it can readily process
secondary zinc scrap and zinc resfidue materials. Finally, the

furnace has practically no SO2 or particulate emissions.
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3.1.2.4 Electrolytic zinc extraction

Summary--
Electrolytic extraction is the second basic route for the manufacture

of metallic zinc. Greater than one-half of the free world's production
of zinc is derived by electrolytic extraction. The advantages of electro-
lytic extraction are its amenability to automation and its ability to
produce a high-grade metal without subsequent refining. However, perhaps
its greatest advantage is the relative ease with which air pollution
problems can be controlled. The only source of SO, emissions during

this process is the roasting step. As discussed in Section 3.1.2.1,
typical zinc roasting operations will produce an emission stream of
greater than 4 percent 502. The remaining process steps do not result

in 502 emissions.

Most zinc concentrates can be processed in electrolytic zinc smelters.
However, there are a limited number of impurities which can cause extraction
problems: concentrates containing germanium, cobalt, tellurium, iron
and other minor elements reyuire special treatment and are, therefore, less
desirable for electrolytic extraction.

General discussion-~

Electrolytic zinc extraction represents approximately 56 percent of
the free world's zinc production capacity. Sulfur dioxide emission
control from this process depends primarily upon the generation of a streng
S0, roaster effluent stream through the use of modern roasting technology.
A detailed discussion of modern roasters is contained in Section 3.1.2.1-

Roasting.
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During electrolytic zinc recovery, the zinc sulfide concentrate is
preroasted to produce an impure zinc oxide, called calcine. Through
the use of modern roasting systems, the total residual sulfur content
can be reduced to as Tow as 1.5%.3  The residual sulfur is not emitted

as S0,

[

in any later processing step.

The preroasted calcine is transferred to a leaching operation
where the calcine and dilute sulfuric acid are introduced into a series
of tanks. The impurities are selectively precipitated through the
addition of a small amount of Zn0 dust. The leaching step varies some-
what from plant to plant, dependent upon concentrate impurities, but
the basic process of selectively precipitating the impurities from the
leach solution remains the same (Figure 3-32). After final filtration,
the zinc-bearing solution is subjected to electrolysis to produce a
high-quality zinc metal.

It should not be concluded that electrolytic zinc extraction is
economically suited for all locations and for all production requirements.
First, electrolytic extraction depends upon both the availability and
cost of eélectrical power. The availability of electrical power has been
partially solved by one domestic smelter through the use of natural-gas-

fired steam boilers and turbine generators to produce electricail power.6

Second, to fill consumer requirements for lower quality prime
western or intermediate-grade zinc, which is the initial product from
pyrometallurgical processes, electrolytic zinc requires debasing. The

required trace alloying of electrolytic zinc thus creates a higher cost
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product rather than a cheaper one.

In addition, electrolytic zinc extraction is basically limited only
to the processing of concentrates. The processing of non-oxide residues,
metallic residues, and recycle scrap is not possible in most cases.

Furthermore, impurities which can exist in zinc concentrates can
present problems in electrolytic extraction. The most common impurities
found in typical concentrates are lead, cadmium, copper, arsenic,
antimonys iron and precious metals. Most of these impurities can be
precipitated from the leach solution without significant difficulty.

Other impurities, less common yet more troublesome to electrolytic extrac-
tion, are germanium, cobalt, and tellurium. Germanium in concentrations
greater than 1 part per 10 million can make commercial electrolytic
extraction difficult.’ Cobalt,which can be tolerated up to 10 mg/liter,
is the most troublesome impurity to remove and will magnify the effects

of germanium when in the same solution. Tellurium will deposit with the
zinc,thus lowering the purity of the product metal. Concentrate contain-
ing these impurities can be processed; however, special variation in the
Teaching and purification process plus strict processing controls are
required, which will add to the cost of production.

0f all zinc extraction processes, however, electrolytic extraction is
the most attractive from the point of view of SO2 and particulate emission
control. There is only one operation, that of roasting,which generates

SO2 emissions.
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3.1.3 Lead Smelting

Lead is usually found in nature as a sulfide ore containing small
amounts of copper, iron, zinc and other trace elements. It is normally
concentrated at the mine from an cre of 3 to 8 percent lead to a
concentrate of 55 to 70 percent lead. Typically, between 13 and 19
percent by weight of the concentrate is sulfur.

Normal practice (domestic and foreign) for the production of lead
from lead sulfide concentrates includes the following operations
(See Figure 3-33):

1. Sintering in which the concentrate lead and sulfur are
oxidized to produce Tead oxide and sulfur dioxide.
Simultaneously, the charge material made up of concentrates,
recycle sinter, sand and other inert materials is agglomerated
to form a dense, permeable material called sinter.

2. Reduction of the Tead oxide contained in the sinter to
produce molten lead bullion.

3. Refining of the lead bullion to eliminate impurities.

The sintering operation normally eliminates as sulfur dioxide up
to 85% of the concentrate su]fur.] Sintering machines are operated
with either a single off-gas stream or two off-gas streams. In the
case of the single-stream operation, the effluent stream has an 502
concentration of about 2 percent without gas recircu]ation.1 With
gas recirculation the concentration of SO, is in the range of 6%.9:10,12
In dual-stream operation, the strong off-gas stream has an SOp concentration

of petween 4 and / percent ana the weak stream has an S02 concentration
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of approximately 0.5 percent.] Single-stream operation is accomplished by
ducting all process gas under the machine hood, via a single stream, to the
emission point. In dual-stream operation, the stronger 502-1aden gases

at the feed end of the machine are ducted separately from the weaker

gases at the discharge end of the machine.

Sinter is charged to the blast furnace periodically and typically
contains up to 15 percent of the concentrate sulfur 1in either a sulfide
or sulfate form. Emissions from the blast furnace due to oxidation of
the remaining sulfide or thermal decomposition of the sulfates typically
have concentrations of less than 1 percent SO2 and represent approximately
7 percent of the concentrate sulfur. The remaining sulfur is contained in
the slag or matte produced by the furnace.

The refining process consists mainly of removing the impurities
of copper, gold, silver and antimony from the furnace lead bullion. The
furnace bullion is transferred to a series of refining kettles where
drosses are selectively removed from the bullion. The drosses, containing
various impurities, are treated in a reverberatory furnace for further
collection of lead and concentration of other metal values. The SO2
emissions from refining systems are essentially zero.

A breakdown of the sulfur emissions from a typical primary lead
smelter operation is summarized in Table 3-9.

The following discussion will not only review domestic production
procedures and equipment, but will outline alternative processing

techniques and equipment such as:



II.

ITI.

Table 3-9. TYPICAL SULFUR EMISSIONS FOR A PRIMARY LEAD SMELTER]

Sintering machine

Percentage of concentrate sulfur discharged in off-gases. . . 85%

SO2 concentration in single-stream operation. . . . . . . . . <2%
Without gas recirculation . . . . . . . . . . . .. .. 2%
With gas recirculation. . . . . . . . . . o oo 0. 6%

SO2 concentration in dual-stream operation
Weak stream . . . . « ¢ v . v v v e h e e e e e e e e 0.5%

Strong stream . . .+ « ¢ v . v h e v e e e e e e e e e 4-7%

Blast furnace

Percentage of concentrate sulfur remaining in feed to blast
fUrnace . . v v v v e e e e e e e e e e e e e e e e e 15%

Percentage of input sulfur discharged in gas stream . . . . . 7%

Percentage of input sulfur discharged in waste. . . . . . . . 8%

502 concentration ingas stream . . . . . . . . . .. 0. <0.2

Refining operations

Percentage of concentrate sulfur discharged . . . . . . . . . 0
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The use of sintering machines with off-gas recirculation
systems which permit the generation of a single strong SO2
stream.

The use of electric smelting furnaces which eliminates
approximately 90 percent of the concentrate sulfur in a

strong 502 gas stream,
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3.1.3.1 Sintering

Summary--

The basic purpose of sintering is to convert the lead sulfide
concentrate (PbS) into an oxide or sulfate form, while simultaneously
producing a hard porous clinker material suitable for the rigid require-
ments of the blast furnace.

During sintering approximately 85 percent of the concentrate sulfur
is removed as 502. Process gases from the machine are currently handled
in either of two methods by the domestic industry. Either a single
weak stream is taken from the machine hood at about 2 percent 502 or
two streams are taken from the machine hood: one weak stream taken from
the discharge end of the machine and one strong stream taken from feed
end of the machine. The weak stream has a 502 concentration of less
than 0.5 percent and the strong stream has a 302 concentration of 5 to
7% 502.

A possible solution to the elimination of the weak stream from the
sintering machine is the use of weak gas recirculation. The weak gas
recirculation technique is being used by a number of foreign lead and
Imperial Smelting Process smelters. Weak gas recirculation will enable
the sintering machine to emit a single strong SO2 gas stream of about 6%
§0,.

General Discussion--

The sintering machine is essentially a continuous steel pallet

conveyor belt moved by suitable gears and sprockets. Each pallet
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consists of perforated or slotted grates. Beneath the moving pallets
are windboxes which are connected to fans that provide a draft

on the moving sinter charge. There are two types of sintering machines,
the updraft and the downdraft machines. The systems are similar in
design, construction, and operation, differing only in the direction

in which the draft is placed upon the charge during sintering.

The sintering reaction is autogenous and creates temperatures of
approximately 1000°C. The temperature is basically controlled by the
sulfur content of the sinter charge mix. Years of sintering experi-
mentation and practice have shown that best system operation and
product quality are achieved when the sulfide sulfur content of the
sinter charge is between 5 and 7 percent by weight. In order to maintain
the desired Tevel of sulfur content, sulfide-free fluxes such as silica
and limestone plus large amounts of recycled sinter and smelter
residues are added to the mix. The quality of the product sinter is
usually determined by its brittleness (rattle index) and sulfur content.
Low sulfur and high rattle index is the desired characteristic of the
product sinter. Hard-quality sinter will resist crushing during
discharge from the sinter machine. Undersized sinter usually indicates
insufficient desulfurization and is therefore recycled for further
processing.

Two techniques are currently used to remove effluent gases from

the sintering machine in domestic operations. One technique will produce
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a single weak stream (<3% SOp) while the second technique will produce
a strong stream (>3% SO») and a weak stream simultaneously. In present
operations the desirability of either method of operation is basically
determined by the available market for any by-product acid which may be
produced. In cases where there is no available sulfuric acid market,
single-stream operation is usually used, thus emitting a weak SO02 stream
to the atmosphere. In cases where there is a potential acid market,
dual-stream operation is used with sulfuric acid being produced from the
sfrong gas stream. The weak stream is emitted to the atmosphere after
particulate removal. Dual-stream operation permits the smelter operator
to treat the smallest gas volume which contains the greatest portion of
the SO, gases generated in the machine. Thus the acid-producing system
needs to have only the capacity to process those gases which will give the
greatest economic return. Approximately 75 percent of the SOy emissions
from the machine are contained in the strong stream.?2 However, the
strong stream will make up only approximately 25 to 50 percent of the gas
volume from the machine.

In both cases the Ytatter half of the machine acts as a sinter
cooling zone. This cooling zone serves two main purposes. First, it
allows the subsequent handling of a relatively cool material; thus
conventional conveying equipment, conveyor belts, are adequate to
handle the discharged sinter. Second, potentially hazardous dust formations
are minimized by cooling the product, thus decreasing the need for ¢overing
and ventilating the conveying systems. Figures 3-34 and 3-35 detail

single-and dual-stream operations, respectively.
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Within the last decade, the updraft sintering machine has gained
almost total acceptance in the domestic lead industry; only one operating
smelter still uses the downdraft system. The updraft machine has
a number of advantages over the comparable downdraft machine. First,
the sinter bed héight is greater than that with the downdraft machine,
thereby resulting in an increased production rate over a downdraft
machine of similar dimensions.2 This can be explained by the fact that
in downdraft sintering the force on the sinter bed by the draft direction
aided by gravity will cause compaction of the bed and decrease its permea-
bility. The opposite is true with updraft sintering. The draft direction
tends to decrease bed compression and increase permeabi]ity.3

Also during sintering, small quantities of elemental lead are
produced by the following reactiéns:]’3

PbS + PbSO4 - 2Pb + 2509

PbS + 2Pb0 -~ 3Pb + SOp
In downdraft sintering, this lead tends to flow downward and drop either
into the machine windboxes as desired, or collect at the bottom of the
sinter charge or in the machine grates. The collection of the droplets
at the bottom of the charge or on the grates can lead to increased pressure
drop across the sinter bed and reduced blower capacity, resulting
in decreased production. In the case of updraft sintering, however,
the elemental lead formations tend to solidify at their point of
formation.3 This is due to the fact that the reaction moves in an
upward direction; therefore, after reaction the lower regions of the bed
are cooler, and the elemental lead solidifies before reaching the

machine grate area. As a result of the relatively higher permeability
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of the sinter bed in updraft sintering, approximately 20% less fan power
is required than for downdraft sintering for the same sinter production

rates.3

Another advantage that the updraft system exhibits over the
downdraft system is the ability of the system to produce sinter of higher
lead content.3 As discussed previously, some molten lead forms during
sintering. Elemental lead formations can be a major problem during
downdraft sintering; consequently, the Tead content in the mix for down-
draft sintering is maintained below 45% to prevent significant formation
of molten lead. In updraft sintering, the lead content of the mix is
no longer a significant factor; therefore, sinter mixes of greater than
50% lead can be processed.3’ 4 The sulfur fuel percentage thus becomes
the only major sinter mix parameter.

A further advantage of updraft sintering is the lower maintenance
requirements of the sintering machine and associated equipment.3 The
metal pallets are exposed to heat for a much shorter period of time,
thus resulting in less erosion and warpage. In addition, the fans and
ducting systems are subjected to a less harsh environment than that

in downdraft sintering. The end result is fewer maintenance shutdowns

for the updraft sintering system.
Since the trend in the U.S. over the last de.ade has indicated a

preference for updraft sintering, it is doubted that any new downdraft
installations will be built in the domestic industry. Therefore, further

considerations of the sintering process for pollution control herein will
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concentrate on control of updraft installations. Table 3-10 gives feed
and product characteristics from typical updraft sintering operations.

An inherent characteristic of the updraft sintering machine is the
relative ease with which an effective air seal between the pallets and
windboxes can be designed into the system. Because the reaction area
can be effectively isolated from outside air infiltration, relatively
high concentrations of SO2 can be attained in the front parts of the
machine. This concentration varies between 5 and 8 percent 4, 5 near
the entrance of the machine, but decreases to approximately zero percent
near the rear of the machine. However, when gas recirculation is used,
a concentration of 6 percent can be attained in a single gas stream

from the machine.3

Figure 3-36 is a schematic of a typical sintering
machine with gas recirculation.

With the gas recirculation technique, oxygen supplied to certain
portions of the sinter bed area is contained in a gas stream which has
taken part in a previous reaction. The recirculated gas stream is

ducted from an area of relatively low reaction activity, thus low S0,

concentration and high 02 concentration, to the primary combustion area.

Thus these gases have adequate oxygen to support additional combustion.

A plant not using weak gas recirculation normally uses approximately
75 percent of the machine length for roasting and sintering, and the
remainder of the length as a cooling zone.3 When sintering gases are
recirculated, however, the gas stream entering the primary combustion

zone will be at a higher temperature than during conventional operation.
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Figure 3-36. Updraft sintering with weak gas recirculation.
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The cooling zone is not present in machines using gas recirculation, and
even though the recirculated gases are taken from an area of relatively
low reaction activity, they will still have a temperature of up to 400°C.3
Due to the higher operating temperatures, more liquid-phase elemental

3 In

lead is formed within the sinter bed,causing uneven permeability.
addition, moisture variations can result in the sinter return circuit.
The uneven permeability and moisture variation decrease the efficiency of

the roasting process in a machine using gas recirculation over a similar

machine without gas recirculation. It follows, therefore,that the use of

gas recirculation will decrease the production capacity of an updraft sintering

machine using gas recirculation over a similar machine without gas recircu'lation.-9

The cooling zone of a conventional domestic sintering machine
assists in the reduction of dust formation during sinter discharge
from the machine and subsequent screening of the sinter, and also permits
the handling of a relatively cool material. This is not the case,
however, when using gas recirculation. The sinter is usually discharged
from the machine in a relatively hot state, approximately 400° to 500°C;
therefore, an increase in dust formation during discharge results. One method
of reducing dust formation is to recirculate the gases and rely upon the
filtering effect of the sinter bed to capture the entrained dusts.
However, this would further decrease sintering efficiency through the
decreased bed permeability caused by dust deposition. Another method
is the ducting of gases from the sinter discharge area through a

particulate collection device directly to the atmosphere. Since
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reaction activity essentially has ceased in the discharge area, these gases
contain Tittle S0.

Although gas recirculation results in a decrease in sintering
machine efficiency and capacity, the product sinter eompares
favorably with that from typical domestic lead sintering operations. The
residual sulfur content of the sinter will average 1 to 1.5 percent.3
This equates to the removal of approximately 85 percent of the sulfur
during the sintering operation.

From an air pollution viewpoint, the special importance of gas
recirculation lies in the fact that a single effluent stream is
generated from the sintering process. This gas stream has sufficient
SO» content to allow efficient 502 control by conventional strong S0, gas
stream methods.?

Gas recirculation is being used in a number of foreign smelters
both on sintering machines which produce lead sinter, and those which
produce a combined lead and zinc sinter (Imperial Smelting Process).

Both the Brunswick Smelting Company in New Brunswick, Canada, and
the Mitsubishi-Cominco smelter in Japan, for example, utilize gas
recirculation sintering machines.10’ n In each case a single strong
stream of up to 6 percent SOp is produced.]o’ "

Downdraft sintering is also compatible with the recirculation
technique. The Hoboken lead and copper smelter in Belgium is producing
lead sinter by downdraft sintering and weak gas recirculation.? The
single effluent stream from this sintering operation of 5.5% 50212 is
conveyed to an acid plant for treatment. It is estimated that approxi-

mately 99% of the feed sulfur released as SO2 during sintering is

recovered by tnis system.]2 As previously discussed, however, limitations
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of the downdraft system should 1imit its future attractiveness to the
domestic industry.

Table 3-11 indicates that the parameters of the feed and product
material are essentially the same irrespective of sinter machine
operation with or without gas recirculation. It can thus be
concluded that a sintering machine operating with weak gas recirculation
does not significantly alter the operating procedures of a lead smelter.
At the same time the overall advantages of the updraft machine are not

lost due to gas recirculation.
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3.1.3.2 Lead Reduction

Summary--

Lead reduction in the domestic industry is carried out in a blast
furnace. The feed material, sinter, will contain approximately 15% of
the concentrate sulfur. Approximately one-half of the feed sulfur to
the blast furnace or 7 percent of the concentrate sulfur will be emitted
to the atmosphere as a weak 502 stream. The stream will have an SO,
concentration of from 500 to 2500 ppm. The remaining sulfur (8 percent
of the concentrate su]fur) is contained in the slag or matte from the
furnace.

General Discussion--

Reduction in the domestic industry is carried out in a blast furnace.
The furnace is basically a water-jacketed shaft furnace supported by a
refractory base. Tuyeres through which combustien air is admitted under
pressure are located near the bottom and evenly spaced on either side
of the furnace (Figure 3-37).

The furnace is charged with a mixture of sinter and metallurgical
coke. Other materials added include T1imestone, silica, litharge, and
slag-forming materials. Coke makes up from 8-14% of the charge, and

13 The remaining constituents

sinter makes up from 80 to 90 percent.
are recycled and clean-up materials. The blast furnace takes the charge
materials and reduces the sinter to lead bullion with most of the
impurities being eliminated in the slag.
The principal reactions which take place in the blast furnace
are:
Pb0 + CO + heat -~ Pb + CO2

C+0; 500 4 peat
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Figure 3-37. Lead blast furnace. 14

3-190



C + CO, + heat - 2CO.

The blast furnace products separate into as many as four layers,
dependent upon the charge constituents and the processing circumstances.
These include, from lightest to heaviest, slag (largely silicates),
speiss (basically arsenic and antimony), matte (made up essentially
of copper sulfide and other metal sulfides) and lead bullion. Normally,
the collected slags at domestic smelters are made up of the first three
layers and are collected continually from the blast furnace. The slag
is either processed at the smelter for its metal content or shipped to
slag treatment facilities.

Since the sintering process is not 100 percent efficient in the
conversion of lead sulfide (PbS) to lead oxide (Pb0), some lead sulfate
(PbSO4) and small amounts of lead sulfide remain in the product sinter.
Therefore, within the blast furnace shaft there are additional Teadforming
reactions involving lead sulfides and sulfates. It is these reactions
which generate SO7 during blast furnace operations. The reactions are
principally:13

2Pb0 + PbS -+ 3Pb + SOo

PbSO4 + PbS -+ 2Pb + 2S02
As a result, the effluent from a blast furnace normally contains SO, in
concentrations ranging from a few hundred ppm to as much as 2500 ppm.‘

However, not all sulfur in the sinter feed to the blast furnace is
eliminated as SOp. A major portion is contained in the s]ag.15 This is
dependent, however, upon the presence of copper and other impurities in the
sinter. When copper or other impurities such as nickel are present in

the sinter, part of the sulfur in the sinter becomes fixed with the copper
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present and forms a matte. Thus, sulfur emissions as SO2 from the
blast furnace are dependent upon the amount of sulfur that becomes

fixed with copper and other matte-forming impurities and that contained
in slags.

Typical sulfur balances from domestic installations indicate that
from 10 to 20% of the concentrate sulfur is eliminated in the blast
furnace. Fully 50 percent of the furnace sulfur can be emitted as SO2
with the remaining 50 percent contained in the furnace matte and slag.
The overall sulfur eliminated from the blast furnace may seem high com-
pared to the relatively low outlet 502 concentration experienced, but this
is mainly due to the high volume of dilution air injected into the emission
stream from the furnace. The dilution air serves two important purposes.
First, it provides air to dilute the carbon monoxide in the discharged
gas stream from the furnace shaft. If the carbon monoxide were not di-
luted, a potentially dangerous situation would arise due to the explosive
nature of carbon monoxide.] Second, large volumes of air are also required
to cool the exit gases from an estimated 750°C to approximately 140°C,which

then allows baghouse treatment for particulate remova].]
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3.1.3.3 Electric furnace smelting

Summary--

The electric smelting process for lead concentrates was developed
by Boliden Lead Company of Sweden and is in commercial use at their
Skelleftea, Sweden, installation. At present only concentrates of greater
than 65% lead are processed. The smelting system consists of an electric
furnace and a copper-type converter. Approximately 90% of the concen-
trate sulfur is removed as SO and slag in the furnace and the remaining
10 percent is removed as SO2 in the converter.

The concentration of SOp in the off-gases from the furnace averages
10% and these gases can be processed in conventional strong gas emission
control systems. The intermittent gases generated during converter blowing,
however, are presently emitted directly to the atmosphere through a tall stack
(145 meters) at the Skelleftea smelter. Company personnel, however, indicate
that it would be impossible to combine the converter off-gases with the furnace
off-gases to produce a single strong off-gas stream, thus permitting
control of both operations. Consequently, with further development
the electric smelting furnace appears to present an alternative to

conventional lead smelting processes.

General discussion--

The foreign-developed Boliden process is an electric furnace smelting
process for lead concentrates. The process is basically one which relies
upon electrical energy to provide the necessary heat to initiate and
sustain the smelting reactions.

The Boliden furnace incorporates electrodes which are submerged in
a molten bath of slag. The electrodes and slag form an electrical

circuit through which a current is forced under high voltage. The
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resistance to current flow by the slag layer provides the heat necessary
to initiate the smelting reactions. Fiqure 3-38 is a schematic of the
Boliden electric furnace.

The charge to the Boliden furnace is made up of concentrates,
recycled dust and dross, fluxing materials, and coke which are injected
into the furnace through the furnace roof as a finely dispersed
suspension. The basic smelting reaction is:

PbS + 0, >~ Pb + S02

2
and to a small extent:

3PbS + 50, » 2Pb0 + PbSO4 + 2809
However, additional simultaneous reduction reactions within the slag
layer occur amoung lead sulfate, lead oxide and carbon. They are:

2Pb0 + PbS - 3Pb + S0p

PbSO, + PbS > 2Pb + 250,

2Pb0 + C ~ 2Pb + CO,

The furnace is constructed to allow sufficient time for each
concentrate particle to.burn the bulk of its sulfur and simultaneously
oxidize lead and zinc while in suspension. However, in the present
process the concentrates are reacted with less than stoichiometric air,
thus allowing a portion of the lead sulfide concentrates to settle
directly into the lead bullion. By keeping the oxygen supply to the

furnace artificially Tow, it is possible to maintain the lead content

of the slag at about 3.5%, equivalent to a total lead loss of about

1.0%.16 Even though total desulfurization is not achieved in the furnace,

the exit gases from the waste heat boiler contain about 8.5% 502.'|6
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The furnace bullion which is delivered to a converter averages 3%
sulfur, or about 18 percent of the concentrate sulfur. 16 Therefore, a
significant amount of sulfur remains in the furnace bullion and is
available for conversion to SO during converting. Approximately 55%
of the converter sulfur is eliminated as SO, during converting.]6 Thus
fully 10% of the concentrate sulfur is eliminated during the converting
process. Figure 3-39 gives a sulfur balance of the electric furnace
operation.

Present Boliden process operations indicate that about 40 minutes
of blowing time for each 70 tons of bullion is required, which means a
total blowing time of about three hours in each 24-hour pem‘od.]8 The exit
S0, concentration at the converter mouth increases successively from
zero up to as high as 17%, with an average of about 10% during the b]owing.]7
Typical copper converter experience indicates that from 80% to 300% air
infiltration into the converter off-gases can be expected due to the

inability to completely seal off-gas collection hoods to the converter

mouth.18 Thus, the concentration of S02 in the converter off-gases

collected could be reduced by a factor of 2-4 as a result of air
infiltration.

Typical SO, control systems for strong gas streams, however,
rely upon ambient air to dilute, cool and supply oxygen before processing.
Gas streams of greater than 8 percent are normaily diluted down to
4-7%. Thus by mixing the dilute converter gases with the hot, low-
oxygen electric furnace gases, the natural infiltration of the converter -
system would be utilized to provide a relatively high oxygen content

gas stream to dilute the furnace gases.
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Figure 3-39. Sulfur balance in Boliden electric furnace.
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It is not possible to reduce the sulfur content of the bullion from
the furnace and at the same time maintain a Tow lead content slag.
By increasing the coke addition and minimizing the air inlet
to the furnace, slag losses will be reduced but furnace lead will
have a high sulfur content. On the other hand, with higher oxidizing
conditions in the furnace, the furnace Tead will be Tow in sulfur
and the slag high in lead. Furthermore, electrode consumption
will be accelerated with higher oxidizing conditions. In operating
the furnace, therefore, a tradeoff among sulfur elimination, lead
slag losses, and electrode consumption is required.]7

Currently there is only one installation in the Western World
using the electric lead smelting process. This installation processes
exclusively rich lead concentrates at a feed rate of 235 metric tons
per day.16 To date, only concentrate mixtures of 65% to 75% lead are

16 whereas most domestic smelters are

béing processed in the furnace,
processing concentrates of approximately 40-75% lead content.

At present the lead converter operation is not controlled;
however, the control of the converter is possible. With control

of the converter the electric furnace process presents an effective

S02 control alternative.
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3.1.4 Combined Lead and Zinc Smelting. The Imperial Smelting Process.
Summary--

The Imperial Smelting Furnace (ISF) process has proven to be capable
of treating a wide range of materials, including some which are unattractive
to present domestic lead and zinc smelting operations.

From an air pollution viewpoint, the most attractive aspect of the
ISF process is the possible absence of gaseous sulfur emissions from
the smelting furnace. Informal discussions with Imperial Smelting
officials and literature reviews seem to indicate that the furnace
is an extremely small source of SO2 at best and is comparable to the
conventional blast furnace at worst.

General discussion--

The Imperial Smelting Process, developed by Imperial Smelting
Corp. Ltd. of England, was originally designed for the production of
zinc from bulk lead-zinc concentrates. This technology was then
extended to the treatment of high-grade lead concentrates simultaneously
within the furnace. Further development has also extended the
flexibility of the process to the treatment of most lead and zinc
primary and secondary materia]s.] Currently, the Imperial Smelting Furnace
(ISF) process produces 11 percent of the world primary zinc production
and 10 percent of the world primary lead production.2
In many respects an ISF plant is similar to most domestic lead

smelters. The typical ISF facility consists of the following sections:
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1. The charge preparation and mixing section which includes

the sintering operation and the coke preheating operation.

2. The Imperial smelting furnace in which the reduction of lead

and zinc is accomplished.

3. The condenser and separation systems for condensation of zinc

vapors.

Concentrates are first desulfurized and agglomerated by the sinter-
roasting process on updraft sintering machines. During the sintering
operation, the sulfide materials are oxidized to produce metal oxide
and sulfur dioxide. The sulfur dioxide is usually produced at concen-
trations of about 6 percent. The basic process flow chart for typical
ISF installations is shown in Figure 3-40. The two potential SO;
emission sources, as in typical lead smelters, are the sintering
machine and the Imperial smelting furnace, which corresponds to a
blast furnace in the conventional lead facility. However, process
data indicate that emissions of sulfur dioxide from the Imperial
smelting furnace are less than emissions from the conventional lead
blast furnace. The lead bullion produced by the ISF process is approxi-
mately equivalent to that produced at a conventional domestic lead smelter.

For the ISF process a high-quality sinter is one of less than 1% sulfur
with a good porous structure.3 Sinter quality is usually based on the
sulfur content and the rattle index (Section 3.1.3.2). Thus, a sinter
of less than 1% residual sulfur and a rattle index of 75 or greater is

considered satisfactory sinter for use in the ISF process.4
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To produce a sinter of the required quality, the updraft sintering
machine has been universally adopted by ISF facilities. The advantages
of the updraft system in producing strong gas streams and high-quality
sinter need not be discussed in this section since these have been
discussed in Section 3.1.3.1. However, it is appropriate to indicate
that gas recirculation is used in most sintering machines at ISF
installations, and this results in sintering machine off-gases of
6% to 7% S0,.°0

In the sintering process, feed consists basically of mixed concen-
trates and recycled materials bonded together by water. Table 3-12
gives a typical raw material analysis. The lead content in the sinter
feed is controlled to approximately 20 percent, which maintains
conditions for the production of & low-sulfur sinter. Table 3-13
gives typical product sinter analysis.

The Imperial smelting furnace in many respects resembles the
conventional lead blast furnace, but there are important differences.
The ISF is a closed-top unit using hot preheated metallurgical coke
and a hot air blast. The lower part of the furnace is similar to
that of a Tead blast furnace except that the tuyeres project inside
the line of the water jackets. The bullion and slag are tapped
periodically from the bottom of the furnace. Slag overflows into
Taunders. Figure 3-47 is a diagram of the ISF.

Since zinc is extracted at above its boiling point, the zinc-
laden gases rise to the top of the furnace and are ducted via two
ducts to condensers. The gases at this point contain between 8-12%
€0y, 5-7% In, 18-25% CO, and the remainder N2.6’7’8 It is important
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to note the apparent absence of any gaseous sulfur compounds.

The condensers are brick-1ined chambers which contain a pool
of lead. The Tead is showered over the cross-sectional area of the
chamber, promoting intimate contact with the zinc-containing gases
passing through the chamber. Before leaving the condenser, the gases
are shock-cooled by the lead from a temperature of 1000°C to a temperature
of 550"C.7’10 Outside the condenser, the lead bath becomes super-
saturated with zinc by decreasing its temperature to about 450°C.7
The molten zinc separates and floats to the top of the liquid lead.
The Tiquid zinc overflows into a holding bath where it is tapped off
periodically. The resulting zinc product is prime western-grade zinc.

The gases from the ISF are stripped in the condensers of over
95% of the entrained zinc. Zinc or lead remaining in the gas stream
is in the form of dust and is removed by high-efficiency particulate
capturing systems.

Compared to the conventional lead blast furnace, the ISF furnace
does not appear to be a major source of SOp emissions. Most sulfur
is introduced into the furnace via the sinter charge materials and
coke. As indicated, the charge sinter typically contains 1 percent
or less sulfur. Coke typically contains less than 0.7% su1fur.11
Table 3-14 gives a sulfur balance at a recent ISF operation campaign.
Note the unaccountable sulfur loss of 0.7 tons/day of the input sulfur
to the ISF. Assuming that the unaccountable sulfur is converted to SO2,
this amount will equal approximately 10 percent of the input sulfur
to the Imperial smelting furnace compared to a sulfur elimination as
S02 of approximately 50% of the inout sulfur to a conventional blast
furnace.
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Table 3-14. SULFUR BALANCE OF ISF INSTI\LLATIONT2

Sulfur Total

Input Dry M Tons/Day % Sulfur (S) M Tons/Day % Sulfur
Sinter 770 0.6 4.5 65
Coke 297 0.8 2.4 35
6.9 100

Qutput

Slag 187 2.6 4.8 . 70
P.S. Dross 31 1.8 0.6 9
Blue Powder 43 1.9 0.8 11
Unaccounted* 0.7*% 10
.9 100

*Potential 502 emissions.
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Based on preliminary data, the ISF process does seem to offer an
advantage in increased control of input sulfur to the pyrometallurgical
lead and zinc smelting process. All sulfurous gases from the sintering
operation can be controlled,and most Of the sulfur remaining in the
sinter charged to the smeiting furnace appears to be captured by the

furnace slag and not emitted to the atmosphere.
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3.2 HYDROMETALLURGICAL PROCESSES

Concerning the treatment of copper, lead and zinc ores,
hydrometallurgical processes have been applied commercially only to
oxide ores or to ores consisting predominantly of oxides with some
sulfides present. To date, however, no hydrometallurgical process has
been successfully commercialized for the treatment of copper, lead or
zinc sulfide ores, although many processes are currently under development.
In 1ight of this absence of commercialized hydrometallurgical technology
for the treatment of copper, lead or zinc sulfide ores, the intent of the
following discussions will be merely to give a perspective of the range
of applicability of hydrometallurgy, to highlight present work in this
area, and to review recent developments.
3.2.1 Summary

Hydrometallurgical processes have many apparent advantages over
pyrometaliurgical processes for the production of copper, lead and zinc.
Hydrometallurgical processes typically show a very high extraction of the
desired metal and are somewhat better suited to the treatment of Tow-
grade ores than pyrometallurgical processes. Hydrometallurgical processes
also are well suited to starting on a small scale and expanding as necessary,
whereas pyrometallurgical processes usually must be designed as a large-
scale operation. Finally, hydrometallurgical processes do not present
the potential air pollution problems that pyrometallurgical processes do,
since the sulfide sulfur contained in the ore or ore concentrate is not

released to the atmosphere as sulfur oxides.
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However, hydrometallurgical processes presently are not suitable
or entirely satisfactory for producing copper, lead or zinc from their
ores in all cases. The dissolution of minute quantities of impurities
in the Teach solution may severely impair the purity of the recovered
metal, thus requiring further repurification. Also, in most cases,
leach solutions which exhibit high extraction of copper, lead, or
zinc exhibit Tow extraction of precious metals such as gold and
silver. Thus, economics may dictate the use of a pyrometallurgical
process rather than a hydrometallurgical process for the treatment of ores
containing precious metals values high enough to warrant recovery.
Hydrometallurgical processes involve the leaching of desired
minerals from an ore, ore concentrate or other metaliurgical product
into sclution. This is followed by purification of the leach solution
to remove suspended insoluble material, or in some cases to remove
gross impurities dissolved in the solution. The purified leach solution
is then treated to recover the desired metal from solution. Many techniques
can be used, but the most common consist of: "cementation" or displacement
of the desired metal ions in solution by metal ions of higher oxidation
potential in the electromotive series; reduction of the metal ions in
solution by hydrogen gas; jon exchange with an jon-exchange media
exhibiting a high selectivity toward forming a chemical complex with the
desired metal ions in solution;and direct electrolysis (electrowinning)

of the solution to recover the desired metal.
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3.2.2 Copper Extraction

Although no hydrometallurgical process for direct application to
copper sulfide concentrates has as yet been commercially demonstrated,
both the Federal Government, through the Bureau of Mines, and a number
of companies presently have research/development programs underway,
with the goal of developing such a process. In the United States,
Anaconda, Duval Copper and Cyprus Mines, and in Canada, Cominco and
Sherritt-Gordon Mines are actively developing hydrometallurgical
processes applicable to copper sulfide concentrates. However, to date
Timited technical information has been forthcoming in most cases from
these various programs and, thus, Tittle is known concerning their status.
Exceptions in this area are the Anaconda process and the Cyprus Mines
process about which some information has recently been published in the
technical literature.

Anagonda, Duval Copper and Cyprus Mines are each developing separate
hydrometallurgical processes. Cominco and Sherritt-Gordon Mines, however,
have signed a joint agreement for the development of a hydrometallurgical
process. Although Tittle information has been released by either Cominco
or Sherritt-Gordon, initial indications are that the process is similar in
some respects to that developed by Sherritt-Gordon in the early 1950's
for nickel sulfide concentrates. This process was commercialized in 1954
by Sherritt-Gordon with the construction of their Fort Saskatchewan
operations to recover nickel from nickel sulfide concentrates. !

The process in use by Sherritt-Gordon at FortSaskatchewan utilizes

an ammonia leach solution to extract nickel from ore concentrates. However,
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it appears that the process under development for copper sulfide
concentrates utilizes a sulfuric acid leach solution to extract copper
from ore concentrates. The leaching operation is a pressure leach in the
presence of air or oxygen and is carried out in an autoclave. As the
desired metals go into solution as copper sulfate, the sulfide sulfur
is reduced to elemental sulfur which precipitates from solution. The
copper can then be recovered from the leach solution by electrolysis
(electrowinning) or by hydrogen reduction. In either case, the
sulfuric acid leach solution is regenerated simultaneously as the
metal ions are removed from the solution.!»2 To date, no information
has been released which identifies the degree of extraction of precious
metals by the leach solution; however, Cominco and Sherritt-Gordon have
indicated that the overall process utilizes a separate metals recovery
scheme to recover precious metals such as gold and silver.3

It would appear that Cominco and Sherritt-Gordon are progressing
rapidly with the development of their process, as evidenced by the
November 1972 announcement that a $10 million pilot plant will be built
at Fort Saskatchewan in Alberta. The pilot plant is scheduled to start up
in late 1974 and will serve to demonstrate the technical and economic
feasibility of the process.3

It appears from information published in the technical 1iterature
that Duval Copper and Cyprus Mines are proceeding along somewhat the
same lines toward developing a hydrometallurgical process applicable
to copper sulfide ores.%s5 The Cymet process, under development by
Cyprus Mines, seems to be making substantial progress toward successful
commercialization. A demonstration pilot plant of 25 tons/day capacity

(ore concentrates capacity) is scheduled for startup by mid-1974.8
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The Clear process under development by Duval Copper, however, was
thoroughly tested in a pilot plant operated by Duval during 1971
and 1972, and in July 1973 Duval announced plans to construct a
hydrometallurgical plant to process copper sulfide concentrates. The
plant will be located at Duval's Esperanza mine just outside of
Tucson, Arizona,and will have the capacity to produce 32,500 tons per
year of copper. The installation is scheduled to start up in early
1975.7

Although Duval Copper appears to be progressing rapidly toward
the commercial demonstration of a viable hydrometallurgical process for
copper sulfide concentrates, to date Tittle information has been
released by Duval Copper which describes the process. Indications,
however, are that the process is based on the use of a ferric-chloride
leach solution. In this respect, it is similar to the Cyprus Mines
Cymet process. A simplified process flow schematic of the Cymet
process is shown in Figure 3-42.

Copper concentrates are first contacted countercurrently
with a ferric chloride leach solution. The following reaction occurs,

6FeCl3 + 2CuFeS -»2CuCl + 2S5 + 8FeCly
extracting copper into solution as copper chloride. Simultaneously,
the iron is extracted into solution as ferrous chioride and the sulfide
sulfur reduced to elemental sulfur. The elemental sulfur precipitates
from solution and is separated from the leach solution with the

insoluble residue remaining following the leach. The sulfur is recovered
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Fiqure 3-42.
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and the insoluble residue processed through a copper flotation unit to
recover a copper sulfide ore concentrate which is recycled to the
leaching circuit. The tailings from the flotation unit are

discarded. 5, 8

The Teach solution containing the copper chloride is then
treated in a diaphragm-type electrolytic cell. The solution is
introduced into the anode compartment of the cell and the copper
jons migrate through the diaphragm to the cathode, where they are
reduced to free metal and precipitate from solution. Leach
solution from the anode compartment is withdrawn from the cell and
recycled to the leaching circuit. The copper is removed from the
cathode compartment as a slurry and is recovered as a copper powder
by filtration. The copper powder is melted, cast into anodes and
electrolytically refined to meet various impurity specifications.s’ 8

The spent leach solution remaining from the slurry is
introduced into an electrolytic cell, also of the diaphragm type,
for removal of iron extracted into the leach solution from the concen-
trate and for regeneration of the leach solution. In the cathode
compartment, iron ions are reduced to free iron metal and electro-
plate from solution. Chlorine jons migrate from the cathode to
the anode compartment and react with ferrous ions, converting them to
ferric ions, thus regenerating the ferric chloride leach solution
which is recycled to the leach circuit.s’ 8

A major advantage of the Cymet process over most other hydro-

metallurgical processes is that some degree of precious metals
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recovery is claimed. Specifically, recoveries of 97% of the silver and
60% of the gold contained in typical concentrates tested have been achieved.5
The gold and silver are leached from the concentrates into solution
and recovered with the copper powder. During electrolytic
refining of the copper, the gold and silver deposit in the slimes,
as in current electrolytic refining practice,and are recovered by
conventional means.

Anaconda's Arbiter process appears to be about as close to
commercial demonstration and success as Duval Copper's Clear
process mentioned earlier. Anaconda has announced the
construction of a 400-ton/day capacity (ore concentrates capacity)
installation at the company's Montana smelter, scheduled for completion
by mid-1974. Thus, the installation should be in startup during
late 1974? Anaconda has also indicated that this capacity is the
optimum commercial capacity for the process and that additional
capacity at an installation using the Arbiter process would be added
by the construction of additional units of the same size. A simplified
process flow schematic of the Arbiter process is presented in
Figure 3-43.

Copper sulfide concentrates are contacted with an ammonia
leach solution in the presence of oxygen. Although the leaching
vessels are covered, this is not a pressure leach and the leaching
takes place at moderate temperatures and pressures. The following
reaction occurs,

ACuFeS + 8NH3 + 110, > 4Cu(NH3)2504 + 2Fey04
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Figure 3-43. Arbiter hydrometallurgical process.
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extracting the copper into solution as a copper ammine sulfate.
Simultaneously, the iron is extracted into solution as ferric
oxide. However, ferric oxide rapidly hydrolyzes to ferric hydroxide,
which is insoluble and, as a consequence, precipitates from
solution. The leach solution, rich in copper, is then contacted
countercurrently with a LIX reagent (General Mills marketing tradename
for a series of liquid ion exchange reagents) dissolved in a kerosene
carrier. The LIX reagent has a very high affinity for the copper
ions and a low affinity for other ions; thus the copper ions are
selectively removed from the ammonia leaching solution. As the
copper ions are removed, the copper ammine sulfate forms ammonium
su]fate.z’ 8, 9,10, 11
The kerosene/LIX solution, rich in copper, is then contacted
countercurrently with spent electrolyte solution from the copper
electrowinning tankhouse. The copper is stripped from the kerosene/
LIX solution into the electrolyte solution,and the kerosene/LIX
solution is recirculated to the liquid ion exchange circuit. The
electrolyte solution, containing the copper as copper sulfate,
then passes to electrowinning cells for the recovery of copper.
The copper is electroplated from solution forming copper cathodes,
as in conventional electrolytic refining. As the electrolyte is
depleted of copper ions, it is recirculated to the copper stripping
circuit. 2, 8,9, 10, T
Following the separation of the precipitated ferric hydroxide and

copper concentrate residue from the ammonia leach solution, this residue is

processed in a copper flotation unit to recover a copper sulfide concentrate.
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Although pilot-plant results show that copper recoveries of 97-99% are

possible, Anaconda indicates that with concentrates containing significant

levels of precious metals, economics dictatesthat the process be

operated at lower copper recoveries. A copper concentrate is

then recovered from the residue remaining following the

leach, which contains most of the residual copper and precious

metals values. This concentrate is then processed by conventional

pyrometallurgical means to recover copper and precious meta]s.8’ 9
Unlike the Cymet process under development by Cyprus Mines,

which reduces the sulfide sulfur contained in the ore concentrates

to elemental sulfur, Anaconda's Arbiter process oxidizes the sulfide

sulfur to sulfate. Thus, following the liquid ion exchange step,

a portion of the spent leach solution must be withdrawn from the process

to remove the sulfate as ammonium sulfate. Although spent leach

solution is recirculated to the leaching circuit, fresh ammonia

must be added to leach copper from the ore concentrates. The

ammonium sulfate solution withdrawn can be utilized to produce

ammonium sulfate fertilizer or ammonia can be recovered for recycle

to the leach circuit. To recover ammonia, lime is added to the solution.

Calcium displaces the ammonia and combines with the sulfate to form

calcium sulfate, which is insoluble and precipitates from solution

as gypsum. The ammonia is then recovered by heating the solution

or steam stripping. 8, 9
Although neither the Cymet process nor the Arbiter process poses

the potential air pollution problems presented by conventional

pyrometallurgical processes, this does not mean that they are
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entirely free of air pollutant emissions. With the Cymet process,

for example, the potential for chlorine gas evolution exists in

the electrolytic cells employed. Various chloride compounds or hydrochloric

acid mists also could be emitted. With*the Arbiter process, there
exists the potential for emissions of ammonia and various ammonia salts
from the Teaching circuit and other process equipment vented to

the atmesphere. With both processes, however, the routing of

gases evolved from various process equipment to adequate treatment
facilities, such as water scrubbers, combined with adequate building
ventilation and, in the case of the Cymet process, the maintenance

of low electrolytic cell voltages and current densities, should
reduce these emissions to negligible levels, even when compared

to air pollutant emissions from pyrometallurgical processes that

are well controlled.

Concerning the area of solid waste disposal, on balance it appears
that this problem may be lessened somewhat by hydrometallurgical
processes compared to pyrometallurgical processes. With pyrometallur-
gical processes the iron and gangue contained in the concentrates is
eliminated and discarded in the form of a silica slag. A typical
concentrate may contain 25, 30, and 15 percent by weight of copper,
iron, and gangue materials. Thus, for each ton of copper produced,

1.8 tons of iron and gangue are typically slagged with 0.6 ton of silica
to produce a solid waste product c¢f 2.4 tons by conventional pyrometallur-
gical smelting processes. With the Cymet process, however, the

iron is recovered as electrolytic iron for sale and only the gangue is

discarded. Thus, for each ton of copper produced,only 0.6 ton of solid
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waste product is produced (no silica is required for slagging).
With the Arbiter process the iron is not recovered and thus,
for each ton of copper produced, only 1.8 tons of solid waste
is produced.

With either hydrometallurgical or pyrometallurgical processes,
however, the problem of disposing of the sulfur contained in the
concentrates remains. If markets are found for the sulfur by-products—
sulfuric acid, elemental sulfur or ammonium sulfate — then sulfur
disposal would, of course, present no major problems to either the conven-
tional pyrometallurgical process, the Cymet process, or the Arbiter
process. If suitable markets cannot be found, however, these problems
are minimized by the Cymet process, both from the point of view of the
quantity of solid waste generated and by the associated potential
water pollution problems, since elemental sulfur is the resulting by-product
from the concentrate sulfur. With most pyrometallurgical processes
and the Arbiter process, the only alternative to markets for sulfuric
acid or ammonium sulfate is the production of gypsum (calcium sulfate).
The potential environmental problems associated with gypsum production

are discussed in Section 8 of this report..
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3.2.3 Zinc Extraction
Hydrometallurgical processes are not entirely new to the zinc
industry as electrolytic extraction, using chemical leaching, has
been practiced since the early 20th century. This process
requires the oxidation of the sulfide concentrate to sulfates by
roasting, thus presenting possible air pollution problems through
the emission of sulfur oxides to the atmosphere, as discussed in
Section 3.1.2. However, emissions from zinc roasters can be reduced to
acceptable levels with relative ease. As a consequence, there is little
incentive from an air pollution viewpoint for the development of
hydrometallurgical processes.
The most promising technique for the chemical treatment of
zinc sulfide ores is the direct leaching of zinc concentrate
with sulfuric acid. This process has been piloted by the
Cheminco and the Dowa mining companies in Japan.12
With this process, zinc concentrate is contacted with sulfuric
acid at elevated temperatures and high pressure. The following
reaction takes p]ace:13
2InS + 2HpS04 + O + 2In SOy + 2S5 + 2H,0.
Elemental sulfur is produced as a by-product. The resulting slurry
can be purified and subjected to electrolysis to produce electralytic=
grade zinc. The sulfur, which is removed and concentrated during the
purification step, can be separated from the solid residue by
flotation, or by melting and filtering to produce a high-purity sulfur
by—product.12 Since the economics of this process are reported to be
favorab]e,13 it is possible that the first purely hydrometallurgical

zinc extraction process will use this technique.
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3.2.4 |ead Extraction

There are a number of experimental hydrometallurgical extraction
techniques for lead sulfide ores presently under development, which
may in the future lead to economical treatment of lead concentrates.
Following is a discussion of these investigations which show some
degree of promise for future commercial application.

Leaching with fluorsilicic acid--

Leaching of lead sulfide in fluorsilicic acid has been investi-
gated by Bjorling and E1fstion on an experimental basis. 4,15 By
using nitric acid as a catalytic agent, it has been shown that a
lead fluorsilicate solution can be produced from concentrates,
followed by electrolytic precipitation of lead on a cathode.
Indeed, the Tatter part of this process has been commercially demonstrated
in the production of electrolytic-grade lead (the Betts process). However,
the feed material in the Betts process is blast furnace lead bullion,
and a sulfur elimination problem is not encountered.
Though the concentrate leaching step is only at the laboratory
stage at this time, its ability to successfully leach lead ores
without subsequent toxic gas formation makes it an important
process worthy of further investigation.
Amine leach--
Another method proposed for the treatment of galena (PbS) is
based on the solubility of lead oxide (Pb0) and lead sulfate
(PbSO4) in an aqueous solution of certain alkylene and alkanol
am1‘nes.]6’17 Diethylenetriamine (DETA) is used to extract the
lead sulfate into solution. while most sulfates, gold, silver and other

impurities which may be found in the concentrate are 1'nso]ub’.e.]6
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The process is basically a two-step process. The lead concentrate
is converted to lead sulfate in a pressure leaching step in the presence
of sulfuric acid. The lead sulfate is then extracted by DETA, followed
by precipitation as lead carbonate or electrolytic extraction as metallic
lead.

The importance of the initial pressure leaching step is due
to the fact that lead oxide has limited solubility in DETA compared to
Tead sulfate under the same <:ond1't:1‘ons.]6 Thus, the higher the conversion
efficiency of lead sulfide to lead sulfate, the greater the overall
recovery of the process. The pressure leaching step serves to eliminate
some sulfide impurities which are extracted into the sulfuric acid
leach solution in addition to converting lead sulfide to lead sulfate.
Impurities which remain with the lead sulfate residue are separated
during the final amine leaching step.

At this time the principal problem preventing further development

of this process Ties in the design and construction of the autoclave

16,13,19

needed for the leaching step. Probable temperature and pressure

requirements for an autoclave would be 200°C and 800 psig (100 psi oxygen).]9
This process is receiving considerable attention and in a few

years may show definite commercial potential. Figure 3-44 shows

a proposed process flow chart for the treatment of lead sulfide concen-

trates using an amine leach.

Ferric ion leaching -~

Both ferric sulfate (Fe2(S04)3) and ferric chloride (FeC13) will

react with lead sulfide as follows:
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PbS + Fe, (S04)3 = PbSO, + 2FeS0y + 5.7
or  PbS + 2FeCly = PbCl, + 2FeCly + 5.18
Though both processes are similar, the ferric sulfate Teach seems
to give better results and appears to be the less expensive of the
two processes.]6

The ferric sulfate leaching technique under investigation
by Bureau of Mines researchers consists of the fo]]owing:16

(a) Galena (PbS) Teaching with hot, aqueous ferric sulfate

solution to produce lead sulfate (PbSO4) and elemental sulfur.
(b) Treatment of lead sulfate with ammonium carbonate,converting
it to lead carbonate (PbCO3) which is acid soluble.
Ammonium sulfate is produced as a by-product.

(c) Dissolution of the lead carbonate by acid.

(d) Electrolyzing of the pregnant acid solution to recover
99.9% Pb.

(e) Extraction of sulfur with organic solvents from the acid

soiution.

Laboratory experimenitation has concluded that about 89% of the
lead can be recovered as metal.!® Most of the sulfur is recovered
as elemental sulfur without any release of sulfur gases to the
atmosphere.]6

Research has alco been conducted into the development of a
process using a ferric chloride (FeCl3) leach.20 ith this process,
the bulk tead concentrate is oxidized with FeCl3 extracting the
lead into solution as lead chloride (PbCl2). Elemental sulfur is
formed during the reaction, and is collected with the residue.zo

Electrolysis can then be utilized to recover the lead.
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Both ferric sulfate leaching and ferric chloride leaching
seem to have definite merit both from a production standpoint and
for pollution control. To date no experimental installations have
been initiated, probably due to the fact that,as yet, neither
leaching technique approaches the production efficiencies of present
pyrometallurgical processes. However, as experimentation continues
with this technique, extraction efficiency may increase to the
point that it could become a viable production process.

Figure 3-45 shows a proposed flow chart for the

treatment or lead sulfide concentrates using a ferric sulfate leach.
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Figure 3-45 Treatment of galena using ferric sulfate leaching.
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4. CONTROL TECHNIQUES
4.1 SULFURIC ACID PLANTS

4.1.1 Summary

The most common technique for control of emissions of sulfur
oxides from copper, lead, and zinc smelters is catalytic oxidation
of sulfur dioxide in the smelter off-gases to sulfur trioxide for the
production of sulfuric acid. Contact sulfuric acid plants can be
designed to produce acid from gas streams containing from a fraction
of a percent of sulfur dioxide up to the highest concentrations feasible
in smelting operations. However, economic considerations usually
restrict the applications to concentrations (>3~1/2 or 4%) which allow
autogenous operation.

Sulfuric acid mist and smelter off-gas contaminants can present
difficulties in the production of sulfuric acid due to corrosion
of heat exchanger tubes, plugging of catalytic beds, or partial
deactivation of the catalyst. These difficulties can be minimized
by adequate design and proper maintenance of the gas purification
system and the acid plant.

It is widely accepted that fluctuations in inlet volumetric
flow rates and sulfur dioxide concentrations adversely affect sulfur
dioxide emissions from sulfuric acid plants, although no data exist
to quantify these effects. An EPA analysis, however, indicates that
averaging sulfur dioxide emissions over a time period of six hours
is sufficient to mask normal fluctuations in sulfur dioxide emissions,
including the large fluctuations encountered with copper converter

effluent gases.



Sulfuric acid plant vendors guarantee maximum sulfur dioxide
emission concentrations of 2000 ppm for metallurgical single-stage
absorption plants and 500 ppm for metallurgical dual-stage absorption
plants during three- to five-day new plant performance tests. These
guarantees are for maximum sulfur dioxide emissions and include
inherent allowances for increased emissions due to inlet sulfur
dioxide fluctuations. However, these guarantees do not include
allowances for increased emissions due to catalyst deterioration.

Sulfur dioxide emissions from a double-absorption sulfuric acid
plant operating at a copper smelter were continuously monitored by EPA
over a seven-month period. The data show that a six-hour averaging
time was sufficient to mask the normal fluctuations of outlet SO,
concentration. After taking into account 10% catalyst deterioration
and extrapolating the data to allow for the highest inlet SO2
concentrations expected from copper, lead and zinc smelters, the data
demonstrated that emissions can be limited to 500 ppm 95% of the time.

Manufacturers of acid mist eliminators guarantee maximum stack
emissions of 1 mg/ft3 for high-efficiency acid mist eliminators.
These manufacturers do not guarantee any form of visible emission
limitation, but acid mist emissions of 1 mg/ft3 normally result in
stack plumes of less than 10% opacity. Thus, present control
technology is adequate to restrict acid mist emissions to low-

opacity wisps, except during infrequent upsets.
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4.1.2 General Discussion

The basic steps in the contact process for the manufacture of
sulfuric acid from sulfur dioxide-bearing gases are shown schematically
in Figure 4-1. The off-gases are cooled and cleaned to remove
particulates and volatile metals, acid mist is removed in an
electrostatic mist precipitator, and the gases are dried with
Q3% sulfuric acid. The cool, dry gases then pass through a series
of gas-to-gas heat exchangers to heat the off-gases to the optimum
temperatures for catalytic conversion of sulfur dioxide to sulfur
trioxide (503). Single-stage absorption acid plants use three or four
stages of converter catalyst, whereas dual-stage absorption plants
use one, two, or three stages of catalyst before the first absorption
tower. Since the conversion of sulfur dioxide to sulfur trioxide
js exothermic, the converter outlet gases must be cooled before passing
through the absorption tower. These outlet gases are passed counter-
current to the inlet gases in the heat exchangers mentioned above.
The sulfur trioxide is then absorbed by 98% sulfuric acid in an
absorption tower to yield the product. The remaining gases are then
treated to remove acid mist and spray, and vented to the atmosphere
if a single-stage absorption acid plant is employed. In a dual-stage
absorption acid plant, the gases exhausted by the first absorption
tower are passed through a second series of heat exchangers and
catalytic converter stages to oxidize the sulfur dioxide remaining
in the gases. Normally, this step employs one or two stages of

catalyst. The gases then pass through a second absorption tower,
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where sulfur trioxide is absorbed by sulfuric acid as in the first
absorption tower. The waste gases are then treated to remove acid
mist and spray, and vented to the atmosphere.

Specific design parameters, such as the number of converter stages,
catalyst inlet and outlet gas temperatures, and the degree of sulfur
dioxide conversion in each catalyst stage, are based on reaction
kinetics and equilibrium considerations. In dual-stage absorption
acid plants, the removal of sulfur trioxide in the first absorption tower
shifts the sulfur dioxide/sulfur trioxide equilibrium in favor of formation of
more sulfur trioxide and results in significantly less unconverted
sulfur dioxide.

Although a gas stream containing more than 3-1/2% sulfur dioxide
is a prime consideration for acid production in single-stage
absorption acid plants and a gas stream containing more than 4% sulfur
dioxide is a prime consideration in dual-stage absorption acid
plants, these considerations are not due to technical Timitations.1s2
Contact sulfuric acid plants can be designed to produce acid from

L Economic

gases containing a fraction of a percent of sulfur dioxide.
considerations, however, usually restrict the applications to higher
concentrations, since operating costs rise rapidly as the concen-
tration of sulfur dioxide decreases.

From mid-1971 until the end of 1972, however, the Onahama Smelting
and Refining Co. copper smelter in Japan produced concentrated sulfuric
acid from the off-gases of a green-charged reverberatory smelting fur*nace.3’4

At this smelter, a pre-existing single-stage sulfuric acid plant was



redesigned to treat weak sulfur dioxide off-gases as low as 1.5% sulfur
dioxide (averaging 2.5% sulfur dioxide), while maintaining a conversion

3,4 Operation on such low sulfur dioxide

efficiency of almost 97%.
concentrations required that the smelting furnace off-gases be refri-
gerated.to approximately 15°C and dried to prevent exorbitant dilution
of the product acid. The cooled and dried gas then required reheating
to maintain optimum catalyst converter temper‘atur'es.?”4

Although this acid plant is no Tonger in operation, it was not shut down
as a result of technical problems that developed. Onahama Smelting and

Refining expanded the smelter by the construction of an additional reverbera-

tory smelting furnace and additional copper converters. The acid plant now

controls sulfur dioxide emissions from the new copper converters. A prototype
magnesium oxide (Mg0) gas scrubbing system, developed by Onahama Smelting
and Refining, controls sulfur dioxide emissions from the reverberatory
smelting furnaces.5

Gases containing less than 4% sulfur dioxide frequently require
extra cooling in the gas purification system to remove excessive
water vapor, and gases containing less than 3% sulfur dioxide frequently
require refrigeration to condense enough water to obtain an acceptable
water/sulfur ratio.2 A low water/sulfur ratio in the gases is necessary
since excessive water remaining in the gas will cause dilution of the
product acid below commercial-grads strength.

Single-stage sulfuric acid plants are not able to operate

autothermally on off-gas streams containing less than 3-1/2% sulfur

dioxide,2 and dual-stage absorption acid plants require off-gases
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with a sulfur dioxide concentration somewhat higher (about 4%) to
operate autothermal]y.6’7 Acid plants normally contain fired heaters
for start-up operation. However, if off-gases containing less than
3-1/2% sulfur dioxide, or 4% sulfur dioxide in the case of dual-

stage acid plants, are processed on a continuous basis, large fired
heaters for continuous operation to heat the gases to the temperatures
necessary to obtain rapid and effective conversion of suifur dioxide
to sulfur trioxide must be incorporated.

On the other hand, gases with sulfur dioxide concentrations of 9%
or more usually do not contain sufficient oxygen for the conversion of
sulfur dioxide te sulfur trioxide. It is necessary to dilute these
gases with air or other off-gases containing excess oxygen before
the gases enter the acid plant converters to provide the proper

ratio of oxygen to sulfur dioxide.

For maximum operating efficiency, metallurgical sulfuric acid
plants should operate on a gas stream of uniform flow rate and
sulfur dioxide concentration, such as those from roasters or smelting
furnaces. Gas streams of fluctuating flow rates and sulfur dioxide
concentrations, such as those from copper converters, require acid
plants to be designed for the worst conditions and with adequate
controls to handle variations in sulfur dioxide concentration. Variations
in feed gas volume are less of a problem and can be tolerated within
reasonable 11mits.1’8
In order to reduce the cost of sulfur recovery, proper design

necessitates that gas volumes be minimized and sulfur dioxide concentrations

be maximized as much as is practical. Effective methods of increasing
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the sulfur dioxide concentration include oxygen enrichment of combustion
air and the reduction of air infiltration by using tight-fitting hoods. 34
(See Section 3.1-Pyrometallurgical Processes.) Use of such methods increased
the sulfur dioxide content of the off-gases from the Onahama reverberatory
smelting furnace previously mentioned by approximately 50%.3’4

The presence of high levels of solid or gaseous contaminants in
smelter off-gases can present difficulties in the production of
sulfuric acid. In general, these contaminants are removed from the
gas stream prior to the catalyst converters. Their reclamation
represents an economic recovery or prevents damage to the acid plant
or contamination of the product acid. The off-gases from smelting

operations contain varying amounts of entrained dust as well as fumes

formed by vaporization and subsequent condensation of volatile components.
This includes compounds of arsenic, antimony, cadmium, mercury, etc.,

in addition to copper, lead, and zinc.?

Most of the dust and fume is recovered in dry-type collectors,

such as cyclones, electrostatic dust precipitators, and baghouses, for its
economic value.9 However, in many cases, additional cleaning is required

to remove residual quantities in order to protect the acid p]ant.]0
The major problems caused by these residual quantities include plugging

of the catalyst beds with deactivation of the catalyst and contamination
of the product acid.'0 Chlorine and fluorine attack of stainless steels
and perforation of lead sheathing by small amounts of mercury also

present difficu1t1es.]0 However, anticipation of the potential

magnitude of these problems, followed by installation of adequately
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designed gas cleaning systems, will ensure reduction of the concen-
trations to tolerable levels.

Table 4-1 contains estimates of the maximum levels of impurities
that can be tolerated in smelter off-gases. The degree of catalyst
deterioration experienced at these various impurity levels can be
accommodated by an acid plant which shuts down once per year to
screen the catalyst and repair equipment. Table4-1 also contains
the estimated upper level of impurities that can be removed by typical
gas purification systems with prior coarse dust removal. Although
complete removal of contaminants from the off-gases is not practical,
99.5 to 99.9% overall removal is considered to be attainab]e.]0
For especially severe cases of contamination, more elaborate cleaning
systems must be designed specifically for the problem contaminants.

The details vary with the contaminants, but the general solution includes
the use of more efficient dust or mist collectors and the scrubbing

of the gases with liquids which absorb the contaminants.

Although it is widely accepted that metallurgical off-gas contami-
nants can lead to plugging of the catalyst beds or partial deactivation
of the catalyst, there exists a general lack of substantial numerical
qualification of the effect of catalyst deterioration on sulfur dioxide
emissions from metallurgical sulfuric acid plants. Sulfur dioxide
emission data gathered by simultaneous EPA source testing of the No. 6
and No. 7 single-stage acid plants at the Kennecott Garfield smelter

during the period of June 13-16, 1972, however, indicate that normal
Catalyst deterioration and differences in acid plant design and technology
-can result in-a 30% increase in sulfur dioxide emissions.8 A summary

of this analysis is included in Appendix III.
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Table 4-1  ESTIMATED MAXIMUM IMPURITY LIMITS FOR 10
METALLURGICAL OFF-GASES USED TO MANUFACTURE SULFURIC ACID

Approximate Limit, (Mg/Nm3)a

Substance Acid Plant Inlet Gas Purification System InletP
Chlorides, as C 1.2 1254
Fluorides, as F 0.25 25°
Arsenic, as AS03 1.2¢ 200
Lead, as Pb 1.2 200
Mercury, as Hg 0.25 2.5F ’ .
Selenium, as Se 50¢ 100
Total Solids 1.2 10009
H2504 Mist, as 100% acid 50 - ‘
Water, as H,0 - 400 x 103
Notes:

(a) Basis: dry off-gas stream containing 7% sulfur dioxide.

(b) For a typical gas purification system with prior coarse dust removal.
(c) Can be objectionable in product acid.

(d) Must be reduced to 6 if stainless steel is used.

(e) Can be increased to 500 if silica products in scrubbing towers are
replaced by carbon; must be reduced if stainless steel is used.

(f) Can be increased to 5-12 if lead ducts and precipitator bottoms
are not used.

(g) Can usually be increased to 5000-10,000 if weak acid settling tanks
are used.



At the time of the EPA source testing, the No. 6 (Parsons) plant
was in the second month of its twelve-month catalyst cleaning cycle
and the No. 7 (Monsanto) plant was in the twelfth and last
month of its catalyst cleaning cycle. A statistical
analysis of the emission data leads to the conclusion that the 30%
greater average emissions of the No. 7 plant, compared to the
average emissions of the No. 6 plant, are statistically significant
at the 90% probability level. This difference in emissions reflects
not only catalyst deterioration but also other factors, such as
differences in emissions due to design or construction variations
between Parsons 1967 acid plant technology and Monsanto 1970 acid plant
technology. However, it is safe to assume that the major portion of

this difference in emissions is due to catalyst deterioration.
Although additional data are not available, metallurgical

sulfuric acid plant vendors have agreed that the EPA estimate

of a 30% increase in SO» emission concentrations as the upper limit

for deterioration of catalyst performance between catalyst screenings

for single-stage acid pilants is also a reasonable estimate for dual-

stage acid p1ants.7 The period between catalyst screenings is primarily
a function of‘pressure drop rather than conversion efficiency. Generally,
the first bed depth is 50% greater than the theoretical design depth

in order to compensate for the anticipated decrease in conversion
efficiency as the catalyst becomes partially plugged and the pressure

drop increases between catalyst screem’ngs.7 Catalysts are guaranteed

for various periods although longer guarantees necessitate the



use of more catalyst for a larger conversion efficiency

margin. The screening period varies from one year to two years

depending upon blower capacity and the particulate collection efficiency
of the gas purification equipment. As a rule of thumb, for an application
in which the catalyst is not subject to poisoning, the catalyst in the
first bed should be replaced after 10-12 years if performance has
deteriorated.’

Acid plant vendor guarantees are based on new plant performance
and do not include a margin for increases in emissions due to catalyst
or plant deterioration with age.7 Furthermore, these guarantees are
for acid plant performance only and obviously do not include smelter
emissions which are bypassed to the atmosphere during periods of acid
plant shutdown for catalyst screening and/or replacement or other
plant maintenance.

In some cases, trace amounts of contaminants can pass through both
the gas cleaning equipment and the catalyst to contaminate the product
acid. In these cases, the acid can either be sold to outlets that are
not sensitive to the contamination, cleaned of the objectionable
contamination, or neutralized and disposed of. The production of
dark, discolored acid ("black acid") is a common example of acid
contamination. Frequently, within multi-hearth roasters or lead
sintering machines, various organic agents entrained with the concen-
trates are merely vaporized or only partially decomposed. Trace amounts
of these organic agents can pass through both the gas cleaning equipment
and the catalyst and be captured in the product acid,leading to the

production of "black acid".
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Normally, within fluid-bed roasters, however, these organic flotation
agents are completely decomposed and thus sulfuric acid produced from
these off-gases is free of organic contaminants. Although there are
techniques which can be used to purify or bleach acid, these techniques
are usually costly and sometimes are not entirely satisfactory.10’]2
For example, oxidation of the organic contaminants by hydrogen peroxide
is accompanied by the release of water which dilutes the product acid.
Similarly, the use of potassium permanganate results in the contamination
of the acid by manganese ions which can be objectionable in some p\r‘ocesses.]3
Experiments have been conducted using ozone as the oxidizing agent
and the results are promising.13 However, there are outlets for
sulfuric acid which are not sensitive to color, such as the production

of fertilizers or alkylation processes at refineries.

Contamination of product sulfuric acid by other contaminants, such
as mercury, cadmium or arsenic, can also occur. In general, these
contaminants are more difficult to remove from the product acid and
present greater problems than the production of "black acid." However,
the Bunker Hill Company recently announced development of a
process capable of reducing mercury levels in sulfuric acid from
100 ppm to 1 ppm.]4

Depending upon the amount of excess oxygen, the temperature,
and the presence of metallic oxide particulates in the off-gases,
some sulfur trioxide is formed during the various smelting operations.
In the presence of water or weak acid vapors, sulfur trioxide forms

10

sulfuric acid mist at temperatures of less than 200°C."'" If not removed,

the mist particles will cause corrosion problems and the iron



sulfates resulting from corrosion can be deposited on the catalyst.
Heat exchanger corrosion is serious, not only because of the physical
damage to the equipment, but also because Teaks will result in a
substantial increase in the concentration of sulfur dioxide contained
in the gas stream to the final absorber. This sulfur dioxide is not
absorbed and is emitted to the atmosphere.

Sulfuric acid mist particles are extremely difficult to remove
from the gas stream, and special equipment, such as electrostatic mist
precipitators, are required. To guard against small amounts of dust
or mist which can be carried through precipitators due to flow surges
or other troubles, a fiber-bed filter, such as the Brink Mist Eliminator,

2,10 Although maintenance benefits and

can be used as a backup device.
corresponding sulfur dioxide emission abatement benefits can be realized
by using fiber-bed filters ahead of heat exchangers and catalyst stages,
such installations are still 1nfrequent.10’]3’]5 However, fiber filters
have been widely accepted for removal of sulfuric acid mist from
absorber effluents, and they can be utilized to protect process
equipment.m’13 In general, by adequate plant design and proper
maintenance, the effects ‘of corrosion due to acid mist can be minimized.}5516
Furthermore, due to the use of special linings, demisters, and special
alloy heat exchanger tubes, sulfuric acid plants are cur%ent]y
being designed to have extremely long 1ife and Tow maintenance.

Acid mist emissions from dual-stage sulfuric acid plants are

normally less than acid mist emissions from single-stage acid plants

because the mist loading of the final absorbing tower is less./

However, an acid mist eliminator must be installed following the first



absorption tower in dual-stage acid plants to protect downstream equip-
ment from corrosion. Absorption towers have inherent lags and are
extremely sensitive to many variables, including inlet sulfur trioxide
concentration, absorbing acid strength, temperature, and flow rate.
However, present control technology is adequate to restrict acid mist
emissions to low-opacity wisps, except for infrequent upsets.7 Such
upsets are cqused by the absorbing sulfuric acid concentration becoming
greater than azeotropic and thus allowing sulfur trioxide to remain
unabsorbed by the acid and create a visible acid mist plume as it
combines with water after leaving the stack. Mist eliminators are
particulate collection devices and obviously cannot prevent acid mist
emissions produced during upsets by combination of sulfur trioxide
emissions with water after Tleaving the mist eliminator.
Manufacturers of mist eliminators guarantee maximum stack emissions of
1 mg/ft3 for high-efficiency mist eliminators and 2 mg/ft3 for lower efficiency
mode]s.7 Mist emissions are normally less than 50% of the guaranteed
value. 7 Under worst conditions the 2 mg/ft3 emission value can represent
a 20% opaque plume, but normally the emissions from a high-efficiency
mist eliminator are less than 10% opacity.7
Typically, sulfuric acid plant vendors guarantee maximum sulfur
dioxide emission concentrations of 2000 ppm for metallurgical single-
stage absorption plants and 500 ppm for metallurgical dual-stage
absorption plants during new plant performance tes‘cs."l’n’u—”]7 Such
tests are conducted for three to five consecutive days while the plant

is operating on gases that contain the percentages of sulfur dioxide



specified in the design basis for the plant and while the plant is not
experiencing any malfunctions. It is significant to note that these
guarantees are for maximum sulfur dioxide emissions and thus include
inherent allowances for increased emissions due to inlet sulfur dioxide
fluctuations. Although these guarantees are for new plants and do not
include allowances for increases in emissions due to catalyst or plant
deterioration with age, one domestic vendor does guarantee these
emission levels for one year after start-up.7’15

An EPA analysis (full text in Apperdix III) of approximately ten
weeks of emission data from one of the Kennecott Copper Corporation
single-stage sulfuric acid plants at Garfield, Utah, showed sulfur dioxide
emissions during normal operations of less than 2000 ppm when averaged
for long periods, such as one week.® The specification of "normal"
operations was determined by analyzing acid plant operating logs and

inlet flow rate and sulfur dioxide concentration data to ascertain

the extent of malfunctions and startup and shutdowns during the period.
It is significant to note that the long-term average SO, concentration
value is considerably less than the emission concentration (2700 ppm)
corresponding to the vendor guarantee of 95% conversion at 5% SOp inlet.

As mentioned earlier, for maximum operating efficiency metallurgical
sulfuric acid plants should operate on gas streams of uniform flow
rate and sulfur dioxide concentration. However, off-gases from some
smelting operations, such as copper converting, exhibit extreme fluctuations
in both volumetric flow rate and sulfur dioxide concentration. Although
these fluctuations can be minimized by blending with other off-gas

streams, or by various operational techniques as dissussed in
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Section 3.1.1.3 of this document, they cannot be eliminated and remain
substantial. Although it is widely accepted that fluctuations in off-
gas flow rate and sulfur dioxide concentration adversely affect acid
plant performance, there exists little data to quantify the effect on
sulfur dioxide emissions.

An analysis of the Kennecott data mentioned above showed that
instantaneous sulfur dioxide emissions varied greatly (<1000 ppm
to >7000 ppm) depending upon fluctuations in inlet SOy concentrations
(<1% to >#%). Thirteen data periods exceeded the vendor's guarantee

8 Increasing the

(2700 ppm) when averaged over a four-hour duration.
averaging time to six hours decreased the number of periods exceeding 2700
ppm to seven. Increasing the reference sulfur dioxide emission
concentration from 2700 ppm (the vendor's guarantee) to 3000 ppm
(approximately 10% greater) reduced the number of periods exceeding the
reference emission level by approximately 50%. Further increases in
either the averaging time or the reference sulfur dioxide emission
concentration selected for comparison did not significantly decrease

the number of periods exceeding the reference sulfur dioxide emission
concentration. Further analysis of the same data, based on the actual
time during which sulfur dioxide emissions exceeded the reference concen-
tration level, led to the same conclusions. Thus, based on this analysis
and not considering catalyst deterioration, it appears that an averaging
time of six hours and an emission level 10-20% above commonly

accepted vendor/contractor sulfur dioxide emission guarantees effectively

masks normal, short-term fluctuations in sulfur dioxide emissions.8



Sulfur dioxide emissions from a double-absorption sulfuric acid
plant operating on copper converter off-gases at the ASARCO, El1 Paso,
Texas, copper/lead smelter were monitored by EPA through the use of a
continuous monitoring system from mid-May through November 1973. The
data have been validated to insure their accuracy and analyzed by EPA.
The data show that six-hour averages effectively mask the extreme
fluctuations encountered with copper converter off-gases. Sulfur
dioxide emissions were limited to 250 ppm or less 95% of the time, but the
inlet sulfur dioxide concentration was relatively low and no catalyst
deterioration was detected during the period of the test. Taking into
account an increase in emissions of 10% due to catalyst deterioration
and extrapolating the data to allow for the highest inlet SO» concentrations
expected from copper, lead and zinc smelters (9% SO,), the data showed
that SOp emissions can be Timited to 500 ppm or less 95% of the time and
650 ppm or less 98.8% of the time. -A complete analysis of the double=
absorption sulfuric acid plant data is included in Appendix VI.

The use of sulfuric acid plarts to control sulfur dioxide emissions
from copper, lead and zinc smelters is well demonstrated technology.
As discussed in Section 5 of this document, nine of the fifteen domestic
copper smelters produce sulfuric acid from process off-gases. Two dual-
stage absorption acid plants were recently commissioned, one at ASARCO's
E1 Paso, Texas, smelter in December 1972 and another at Anaconda's
Anaconda, Montana, smelter in May 1973. Three new double-absorption sulfuric
acid plants are scheduled to begin operation in 1974; two in mid-1974 at
Inspiration Consolidated Copper Co.'s Inspiration, Arizona, smelter and
Magma Copper's San Manuel, Arizona, smelter;and one in September 1974 at
Kennecott's Hurley, New Mexico,smelter. At each of these installations, off-

gases from roasters and/or copper converters are utilized to manufacture
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sulfuric acid. At the Inspiration Consolidated Copper Smelter, however,
off-gases from the electric smelting furnace will be utilized to
manufacture acid.

0f the six domestic lead smelters currently operating, three
produce sulfuric acid from the smelter off-gases. A1l of these

acid plants are of the single-stage absorption design and all operate

only on the strong off-gas stream (3-1/2% sulfur dioxide or greater)

from lead sintering machines.

Of the eight domestic zinc smelters currently operating, six
produce sulfuric acid from the smelter off-gases. All of these
acid plants are of the single-stage absorption design, and all

produce sulfuric acid from the off-gases from zinc roasting facilities.
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4.2 ELEMENTAL SULFUR PLANTS
4.2.1 Summary

Elemental sulfur plants have never achieved widespread use within
the copper, lead or zinc smelting industry. However, in some cases they
represent a viable alternative to the production of sulfuric acid
from sulfur dioxide emissions contained in various smelter off-
gases. Three companies have developed or are actively developing
sulfur dioxide reduction technology: Allied Chemical Corp. and
American Smelting and Refining Co./Phelps Dodge Corp. (ASARCO/PD)
in the United States and Outokumpu Oy in Finland. Both Allied Chemical
and Outokumpu have announced the commercial availability of their
technology. ASARCO/PD, however, is still in the pilot plant stage
of development.

The Allied Chemical and ASARCO/PD technology is generally
applicable to the wide range of smelter off-gases. The Outokumpu
technology, however, is restricted to flash smelting furnaces.

0f the various off-gases generated during the smelting of
copper, lead or zinc, only those discharged by fluid-bed roasters
and flash smelting furnaces are suitable for direct application of
sulfur dioxide reduction technology. Off-gases discharged by other
process units require concentration of the sulfur dioxide in a
regenerative off-gas desulfurization system prior to reduction (see
Section 4.3 - Scrubbing Systems).

There exists 1ittle data from which a quantitative conclusion can
be drawn regarding the increase in sulfur dioxide emissions from
elemental sulfur plants due to normal catalyst deterioration. However,
review of the limited data available indicates that a 5-10% increase in
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emissions is 1ikely to occur between annual plant turnarounds as a
result of catalyst deterioration.

Elemental sulfur plants normally achieve sulfur dioxide reduction
efficiencies of 90%. The concentration of sulfur dioxide in the
tail gases released to the atmosphere is normally in the range of
0.7-1.0%, if the plant operates on the off-gases from a ‘fluid-bed
roaster or flash smelting furnace. If the plant operates on a sulfur
dioxide process gas produced by a regenerative off-gas desulfurization
process, the concentration of sulfur dioxide in the tail gas released
to the atmosphere is normally in the range of 2-5%.

A number of tail gas "clean-up" processes are applicable to elemental
sulfur plants. The IFP process will reduce sulfur dioxide emission
concentrations to 1000-2000 ppm. This would increase the overall
sulfur dioxide reduction efficiency to about 98% if the off-gases
from a fluid-bed roaster or flash smelting furnace are reduced,
and to about 99.5% if a sulfur dioxide process gas produced by a
regenerative off-gas desulfurization system is reduced.

The Wellman sulfur dioxide recovery process will reduce emission
concentrations to Tess than 500 ppm. This would increase the overall
sulfur dioxide reduction efficiency to about 99.5% if the off-gases
from a fluid-bed roaster or flash smelting furnace are reduced, and to
about 99.8-99.9% if a sulfur dioxide process gas produced by a regenera-

tive off-gas desulfurization system is reduced.

4.2.2 General Discussion
Although elemental sulfur plants have never achieved widespread

use within the copper, lead or zinc smelting industry, the recovery
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of elemental sulfur from smelter off-gases has generated a great deal
of interest, as evidenced by the number of elemental sulfur plants that
have operated throughout the world during the past forty years.
The failure of this technology to achieve widespread application in
most cases has not been due to technical limitations, but a matter
of economics where other alternatives have been available.

Essentially, elemental sulfur plants consist of two basic process
steps. A fossil fuel is mixed with the gas stream to be reduced,
frequently in the presence of a catalyst to promote the reduction
reactions. A portion of the sulfur dioxide in the gas stream is
reduced to elemental sulfur and hydrogen sulfide. The extent to
which elemental sulfur and hydrogen sulfide are formed and sulfur
dioxide remains in the gas stream depends on temperature, pressure
and the carbon-to-hydrogen ratio in the fuel utilized as a reductant.
With the reductant properly proportioned to the sulfur dioxide in
the gas stream, the ratio of hydrogen sulfide to sulfur dioxide
remaining will be approximately 2:1. Following reduction, a Claus
catalyst is utilized to react the hydrogen sulfide formed with the
remaining sulfur dioxide, producing elemental sulfur according to the
familiar Claus reaction:

ApS + 250, ~ 3S2 + 4H0

The reductant employed in elemental sulfur plants can be coke,

pulverized coal, fuel oil, natural gas or reformed natural gas.l»2,3,4

Natural gas or fuel oil, however, is frequently the choice of reductant
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where available,as a minimum of facilities for introduction and admixture
into the gas stream to be reduced are required.

Currently, three companies have developed or are actively developing
sulfur dioxide reduction technology for direct application to copper, lead
or zinc smelters: Allied Chemical Corp. and American Smelting and
Refining Co./Phelps Dodge Corp. (ASARCO/PD) in the United States and
Qutokumpu Oy in Finland. Although both Allied Chemical and Outokumpu
have announced the commercial availability of their techno]ogies,3’5
ASARCO/PD s still in the pilot-plant stage of deve]opment.4

A process schematic of the Allied Chemical technology is presented
in Figure 4-2.3 Smelter off-gases are cleaned and purified to
remove dust and other contaminants or introduced into a regenerative
off-gas desulfurization process to concentrate the sulfur dioxide (see
Section 4-3). Natural gas, which serves as the reductant, is then
introduced into the process gas stream. Following heat exchange in
a unique heat exchange system, the gas mixture enters the reduction
reactor.3’6’7

The reduction of sulfur dioxide in the reduction reactor follows the
reactions:

CHg + 250 + 2Hp0 + Sy + CO7

ACHg + 6SOp ~ 4C0p + 4HR0 + 4H,S + S,
which take place in the presence of a proprietary catalyst developed by
Allied. From 40 to 50% of the sulfur dioxide is reduced directly to
elemental sulfur, depending on the concentration of sulfur dioxide in the
inlet process gas stream. Control of the temperature in the reduction reactor
and the ratio of natural gas to sulfur dioxide in the entering gas stream
insures that the ratio of hydrogen sulfide to sulfur dioxide in the

gases leaving the reactor will be 2:1, which is necessary for the
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subsequent Claus reactions.3s657

Following the catalytic reduction reactor, elemental sulfur is
condensed from the process gases. The gases are then introduced into
the first stage of a two-stage Claus reactor system in which hydrogen
sulfide and sulfur dioxide react to form elemental sulfur. This sulfur
is condensed from the gas stream as it leaves the first Claus reactor.
Further conversion of hydrogen sulfide and sulfur dioxide to elemental
sulfur takes place in the second CTays reactor. Following condensation
of this sulfur from the process gases, the gases are combusted in an
incinerator to convert residual hydrogen sulfide to sulfur dioxide
before release to the atmosphere.3’6’7

The sulfur dioxide reduction technology under development by ASARCO/PD
differs significantly from that developed by Alljed Chemical. Reformed
natural gas rather than natural gas is utilized as the reductant and this
results in a number of differences in engineering design. The reformed
natural gas is produced in a process developed by Phelps Dodge. An
air/natural gas mixture is partially combusted in the presence of
a catalyst to produce a gas stream containing a hydrogen plus carbon
monoxide content of 48-50% (volume), according to the reaction:?

2CHg + 0o > 2C0 + 4H,

As in the Allied Chemical process, the ASARCO/PD process would
likely require precleaning and purification of smelter off-gases,
or concentration of the sulfur dioxide in a regenerative off-gas
desulfurization process. Following precleaning or sulfur dioxide
concentration, reformed natural gas is introduced into the process

gas stream to be reduced. The gases then enter the reduction reactor where

the following reactions take place in the presence of a cata]yst:4

4-27



4C0 + 250, + 4C0p + Sp
10H2 + 450, + 2HpS + 8Hy0 + Sy

From 70 to 80% of the sulfur dioxide is reduced directly to elemental
sulfur, depending on the concentration of sulfur dioxide in the inlet
process gas stream. Control of the temperature in the reduction reactor
and the ratio of reformed natural gas to sulfur dioxide in the entering
gas stream insures that the ratioc of hydrogen sulfide to sulfur dioxide
in the gases leaving the reactor will be 2:1, as in the Allied Chemical
process.4

Following the reduction reactor, elemental sulfur is condensed from
the process gases. The gases are then introduced into a single-stage
Claus reactor system. Hydrogen sulfide and sulfur dioxide remaining
in the gases react to form elemental sulfur. Sulfur is condensed from
the gas stream as it leaves the Claus reactor and the process gases are
incinerated before release to the atmosphere.4

A process schematic of the Outokumpu sulfur dioxide reduction process
is presented in Figure 4-3.5 Although the sulfur dioxide reduction
process developed by Allied Chemical or that under development by ASARCO/PD»,
is generally applicable to the wide range of smelter off-gas streams
produced by copper, lead or zinc smelters, the Outokumpu process is limited
to Outokumpu flash smelting furnaces. (Flash smelting was also developed
by Outokumpu and is discussed in detail in Section 3.1 of this document.)
Most of the discussion in this section, therefore, will concern the
Al1lied Chemical and ASARCO/PD reduction processes, with brief references .
to the Outokumpu process.

As shown in Figure 4-3, this technology takes advantage of the
unique design of the Outokumpu flash smelting furnace to eliminate

the separate reduction reactor necessary in both the Allied Chemical and
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ASARCO/PD processes. Naphtha or pulverized coal serves as the reductant
and is injected into the furnace off-gases in the uptake shaft of the
flash smelting furnace. As in the reduction reactors associated with the
Allied Chemical and ASARCO/PD processes, a major portion of the sulfur dioxide
in the off-gases is reduced to elemental sulfur and hydrogen sulfide.
However, the reduction reactions do not take place in the presence of
a catalyst. At the high temperatures involved, OQutokumpu indicates that
a catalyst is not necessary to increase the kinetics of the various
reduction reactions.? Contro] of ths temperature in the furnace uptake
shaft and the ratio of reductant to sulfur dioxide in the furnace off-
gases insures that the ratio of hydrogen sulfide to sulfur dioxide remaining
in the off-gases will be 2:1.2’5

Following reduction in the uptake shaft, the off-gases are cooled
sufficiently in a waste heat boiler to remove entrained dusts in an
electrostatic precipitator. The elemental sulfur formed in the furnace
uptake shaft is maintained in a vapor state. From the electrostatic
precipitator, the gases are reheated and introduced into the first stage
of a two-stage Claus reactor system. Hydrogen sulfide and sulfur dioxide
remaining in the furnace off-gases react to form elemental sulfur. The
sulfur formed in this stage of the Claus reactor system and that formed
in the uptake shaft of the flash furnace is then condensed from the gas stream.
Normally, this represents about 85% of the elemental sulfur that is recovered.8
The gases are then reheated and introduced to the second Claus reactor,
where additional elemental sulfur is formed by the reaction of hydrogen
sulfide with sulfur dioxide. Following the second Claus reactor stage,
sulfur is condensed from the process gases. The gases are then incinerated
before release to the atmosphere.2’5

In each of these sulfur dioxide reduction technologies, the reducing

agent is the largest single element of operating cost associated with
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each plr'ocess.:*x’4 Consequently, minimizing the oxygen content in the gas
stream to be reduced is of major importance, since each volume of oxygen
consumes as much reductant as a volume of sulfur dioxide.

In addition, as is generally true for any sulfur dioxide emission
control system, there is a point below which, with Tower sulfur dioxide
concentrations, it becomes more economical to concentrate the sulfur
dioxide prior to reduction, rather than reduce the entire off-gas stream.
Although this point will vary depending on a Targe number of factors,
in general, if the combined sulfur dioxide and oxygen content in an off-
gas stream is 2% (volume) or more and the ratio of sulfur dioxide to
oxygen is 3 or more, direct reduction of the entire off-gas stream to
produce elemental sulfur could be a viable approach to controlling sulfur
dioxide emissions.9

However, the direct application of sulfur dioxide reduction technology
to various gas streams may only start to become attractive in a few specific
situations where the sulfur dioxide concentration is 4-5% or more and where
the oxygen content is quite Tow.3 In most cases, the direct application
of this technology is not 1ikely to become sufficiently attractive to
achieve widespread utilization, unless the concentration of sulfur dioxide
in the gas stream is 10-15% or more and the oxygen content is 1-3% or less.4

The direct reduction of various off-gases,by means of the Allied
Chemical process, which contain less than 1% oxygen and 10-15% sulfur
dioxide may require supplementary heat to maintain a thermal balance around
the catalytic reduction reactor, depending on their inlet temperature.

In all but a few cases, supplementary preheating of the gases before
introduction into the reduction reactor will be necessary to maintain

optimum temperature profilesin the reactor for direct reduction of
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off-gases containing less than 1% oxygen and 5% sulfur dioxide.9
Little or no auxiliary fuel may be required to provide this supplementary
heat, however, as a result of the necessity to incinerate the tail gases before
release to the atmosphere. Heat exchange of the hot incinerator tail
gases with the inlet off-gases ahead of the reduction reactor
providesmost of the supplementary heat 1r‘equ1'1r‘ements.3"[0

Direct reduction of off-gases with increasing oxygen content, on the
other hand, increases the heat load that must be dissipated from the reduction
reactor circuit. This can be a substantial increase since at the temperatures
involved, the heat released by the reduction of oxygen is from five
to ten times as great as that released by the reduction of sulfur

dioxide. V!

Thus, for both technological (increased heat load) and

economical (increased reductant consumption) reasons, direct reduction

of off-gases containing more than 5% oxygen is normally not attractive.10
Consequently, of the various off-gas streams generated during the

smelting of copper, lead or zinc concentrates, only those discharged

by fluid-bed roasters (12-14% sulfur dioxide/1-3% oxygen) and flash

smelting furnaces (10-14% sulfur dioxide/1-3% oxygen) are suitable

for the direct application of sulfur dioxide reduction techno]ogy.4
Although there are economic constraints to the direct reduction

of off-gases containing low concentrations of sulfur dioxide, there

are no constraints to the direct reduction of off-gases containing high

concentrations of sulfur dioxide. [n this respect sulfur dioxide

reduction processes are quite versatile and can be applied directly

to off-gases of even 100% sul fur dioxide;3’4 Thus, in those

cases where the oxygen content of an off-gas stream is too

high or the sulfur dioxide content too low for direct reduction,
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either the Allied Chemical or ASARCO/PD reduction process could be
combined with a regenerative off-gas desulfurization process (see
Section 4.3). Such a process, utilizing dimethylaniline (DMA)
or sodium sulfite-bisulfite as the sulfur dioxide absorbent, could
be used to recover the sulfur dioxide as a process gas for direct
reduction to elemental sulfur.3s4 In this manner, elemental sulfur
plants could be utilized to control the emissions of sulfur dioxide
contained in each of the various off-gas streams generated during
the smelting of copper, lead or zinc concentrates.

As with sulfuric acid plants, elemental sulfur plants should
operate on off-gas streams of uniform flow rate and sulfur dioxide and
oxygen concentration. However, those individual process units to
which elemental sulfur plants are directly applicable, such as filuid-
bed roasters ahd flash smelting furnaces, are "steady-state" operations
and discharge off-gas streams with these characteristics. Other off-
gas streams such as those discharged by sintering machines or copper
converters require pretreatment in a regenerative off-gas desulfurization
process due to their high oxygen content. In each of these cases,
the off-gas desulfurization process could be designed to include
sufficient surge capacity for the sulfur dioxide recovered, to eliminate
fluctuations in the process gas stream to the elemental sulfur plant.

Also, as with sulfuric acid plants, the presence of high levels of solid
or gaseous contaminants in smelter off-gases could present difficulties
to the production of elemental sulfur. In most cases, however, these
contaminants can be removed from the gas stream prior to sulfur dioxide
reduction. Their removal and reclamation presents some economic recovery,

while preventing damage to the elemental sulfur plant or contamination of the
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sulfur product. Generally, the off-gases from smelting operations
contain varying amounts of entrained dusts as well as fumes formed by
vaporization and subsequent condensation of volatile components, such
as arsenic, antimony, cadmium, mercury, etc., in addition to copper,
lead and zinc.

Currently, most of the dust and fume is normally recovered in dry-
type collectors, such as cyclones, electrostatic precipitators and
baghouses, for its economic va]ue.?2 Additional cleaning and
purification is required, however, to remove residual quantities
to protect the elemental sulfur plant. The major problems presented by
these residual quantities include plugging of the catalyst beds,
deactivation of the catalyst and contamination of the product sulfur.
Anticipation of the potential magnitude of these problems, followed
by installation of adequate gas cleaning and purification systéms,
will limit the problems to tolerable levels in most cases.

In general, the same degree of off-gas cleaning and purification
is required for Allied Chemical's elemental sulfur process as is required
for sulfuric acid p]ants.6 The same is Tikely to be true for the ASARCO/PD
process under development. As a result, Table 4-1 presented in
Section 4.1 - Sulfuric Acid Plants, which presents estimates of maximum
levels of impurities contained in smelter off-gases that can be
tolerated by sulfuric acid p]ants,]3 could also be applied to elemental
sulfur plants.

Table 4-1 also presents the estimated upper level of impurities
that can be removed by typical gas purification systems with prior coarse

dust removal. Although complete removal of contaminants is not practical,
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99.5 to 99.9% overall removal is considered to be attainable.l? For
severe cases of off-gas contamination, more elaborate cleaning systems
must be designed specifically for the problem contaminants. The details
vary with the contaminants, but the general solution includes the use
of more efficient dust collectors and scrubbing of the gases with
liquids which absorb the contaminants.

It should be noted, however, that the problems presented by off-
gas contaminants will Tikely be more severe where the Outokumpu
process is utilized for the production of sulfur rather than the Allied
Chemical or ASARCO/PD processes. In the Outokumpu process, there is
no precleaning or purification of the flash smelting furnace off-gases
before reduction. Dust and fumes are removed in an electrostatic precipi-
tator following reduction. Although coarse dust and fume particulates
may be completely removed, some fine dust and particulates will pass
through the precipitator and deposit on the catalyst in the first Claus
reactor stage or in the sulfur condensed following this reactor stage.

The Allied Chemical process,on the other hand, incorporates off-gas
precleaning before the reduction reactor. This permits the use of
special off-gas purification equipment for specific contaminants, if
necessary, to minimize both catalyst and product sulfur contamination.
The same is true with the ASARCO/PD process. Consequently,
problems of catalyst fouling and deactivation or product sulfur contami-
nation will undoubtedly be greater in the Qutokumpu process than in the
Allied Chemical or ASARCO/PD process.

It should also be noted, however, that the problems presented by
off-gas contaminants to the production of elemental sulfur will be of

concern only in those cases where sulfur dioxide reduction technology
is utilized directly on off-gas streams from fluid-bed roasters and flash smelting
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furnaces. As discussed earlier, the production of sulfur from off-gases
discharged by sintering machines and copper converters will require

prior concentration of the sulfur dioxide in a regenerative off-gas
desuifurization process. The desulfurization process will also serve

to eliminate the contaminants from the sulfur dioxide process gases
subsequently reduced to elemental sulfur. Thus, considering all the
various off-gas streams generated during the smelting of copper, lead

or zinc concentrates, the presence of contaminants in these off-gases

is 1ikely to present fewer problems to the production of elemental sulfur
than to the production of sulfuric acid.

Although it is widely accepted that smelter off-gas contaminants
can lead to plugging of catalyst beds or partial deactivation of catalysts,
there exist no data from which a quantitative conclusion can be drawn
regarding the increase in sulfur dioxide emissions from elemental sulfur
plants due to normal catalyst deterioration.

During a recent two-year operation of an Allied Chemical elemental
sulfur plant on a fluid-bed roaster, however, Allied reports no loss of
catalyst activity in the catalytic reduction reactor.10 Allied replaced
the original bauxite Claus catalyst following the reduction reactor with
a high-alumina Claus catalyst during this operation.7 As a result,
similar data on Claus catalyst deterioration is not available, although
Allied indicates that deterioration of this catalyst should be no greater
than that experienced in Claus sulfur plants operated in the petroleum
industry.10

There is not a great deal of data available concerning normal
catalyst deterioration experienced in Claus sulfur plants operated
in the petroleum industry; however, the literature indicates that a decrease

in sulfur conversion efficiency of 0.5% is not uncommon between annual Claus plant
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3
turnarounds.]

Based on this information, assuming no increase in emissions as a
result of catalyst deterioration in the catalytic reduction reactor and
assuming a decrease in sulfur conversion efficiency of 0.5% in the Claus
reactor system, an elemental sulfur plant operating at a nominal 90%
sulfur dioxide reduction efficiency would experience only a 5% increase
in sulfur dioxide emissions between annual turnarounds due to catalyst
deterioration. An elemental sulfur plant operating at a nominal 95% sulfur
dioxide reduction efficiency would experience a 10% increase in sulfur

dioxide emissions.

During the reduction of sulfur dioxide in the reduction reactor,
small amounts of carbonyl sulfide (COS) and carbon disulfide (CSy) are
formed. The actual quantities formed depend on a number of factors
such as temperature, type of reductant used and selectivity of the catalyst
toward promoting the main reduction reactions, if a catalyst is utilized.
Thus, the formation of carbonyl sulfide and carbon disulfide will vary
depending on the sulfur dioxide reduction technology: Alljed Chemical,
ASARCO/PD or Outokumpu.

Although carbonyi sulfide and carbon disulfide normally pass
through the Claus reactors with only a small portion converted to carbon
dioxide and elemental sulfur, they are oxidized to sulfur dioxide in the
tail gas incinerator before release to the atmosphere. As a result,
their formation lowers the overall sulfur dioxide reduction efficiency

and increases the sulfur dioxide emission concentrations released to the

atmosphere.
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Minimizing the contribution ¢f carbonyl sulfide and carbon disulfide
to sulfur dioxide emissions normally entails utilization of the newer
Claus catalysts which have been developed, such as the cobalt-molybdate
on alumina catalysts. These catalysts promote the conversion of carbonyl
sulfide and carbon disulfide to hydrogen suifide or elemental sulfur
and carbon dioxide. Both the bauxite or activated alumina catalysts,
which are normally utilized, promote this conversion initially, but
their activity declines with catalyst ageing. The cobalt-molybdate on
alumina catalysts, however, mainta‘in their activity for a year or more . 14
This catalyst should be placed in themiddle or lower portion of the first
Claus reactor catalyst bed. This inhibits surface deactivation of the
catalyst, while achieving the early conversion of carbonyl sulfide and
carbon disulfide. Higher Claus reactor temperatures are necessary
for the conversion of carbonyl sulfide and carbon disulfide and this
adversely affects the equilibrium conversions of the Claus reaction.
The loss of conversion efficiency in the first Claus reactor can normally
be compensated for, however, in the second Claus reactor.]4
Although sulfuric acid plant vendors normally report either or
both maximum sulfur dioxide emission concertration and minimum sulfur
dioxide conversion efficiency to indicate the air pollution control
performance of their technology, elemental sulfur plant vendors normally
report only minimum sulfur dioxide reduction efficiency. Sulfuric
acid plants are designed to operate on gas streams containing
from 3-1/2% to 9% sulfur dioxide, while elemental sulfur plants

can be designed to operate on gas streams containing from
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less than 5% up to 100% sulfur dioxide. Consequently, the conversion
efficiency and thus the emission concentrations released to the
atmosphere by a sulfuric acid plant remain relatively constant due
to the narrow range of inlet gas sulfur dioxide concentrations that
are processed. In an elemental sulfur plant, the sulfur dioxide
reduction efficiency remains relatively constant over the wide
range of inlet gas sulfur dioxide concentrations that can be processed.
As a result, the emission concentrations released to the atmosphere
depend on the inlet gas concentration and can vary substantially.

Each of the three sulfur dioxide reduction technologies discussed
normally achieve sulfur dioxide reduction efficiencies of about 90%

2,3,4,5 although theoretical reduction efficiencies

in practice,
approaching 95% under optimum conditions can be calculated.4,10
Reduction efficiencies are a limited function of inlet sulfur dioxide
concentration. This factor is not significant in most cases,
however, since the increase in reduction efficiency as a result of
reducing gases of 100% sulfur dioxide over reducing gases of 10-15%
sulfur dioxide is only about 1%.%4,10

Assuming a 90% reduction efficiency, the sulfur dioxide
emission concentrations released to the atmosphere from elemental
sulfur plants utilized to control emissions from copper, lead or
zinc smelters can be estimated. As discussed earlier, elemental
sulfur plants are directly applicable to fluid-bed roasters or

flash smelting furnaces. The control of other smelting operations, such

as sintering machines and copper converters, requires a regenerative
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off-gas desulfurization process to concentrate the sulfur dioxide prior
to reduction. Thus, elemental sulfur plants will most 1ikely operate
on off-gases of 10-15% or 80-100% sulfur dioxide.

On this basis, if the Allied Chemical process were utilized
for direct reduction of the off-gases from a fluid-bed roaster or
flash smelting furnace, the concentration of sulfur dioxide emissions in
the tail gases following incineration would be in the range of 0.7-1.0%.3:1°
If this process were utilized for reduction of a concentrated sulfur
dioxide process gas produced by a regnerative off-gas desulfurization
process, the concentration of sulfur dioxide emissions in the tail
gases following incineration would be in the range of 4.5-5.0%.1°

If the ASARCO/PD process were utilized rather than the Allied
Chemical process, the concentration of sulfur dioxide emissions
in the tail gases following incineration would be in the range of
0.7% and 2.0%, respective]y.16 The Tower emission concentrations
released to the atmosphere by the ASARCO/PD process is due to the
use of reformed natural gas as the reductant rather than natural
gas. The overall sulfur dioxide reduction efficiency is essentially
the same in both processes; however, for each volume of natural gas
required in the Allied process, about six and a half volumes of
reformed natural gas are required in the ASARCO/PD process. Thus, the
emission concentrations are lower.

If the Outokumpu process were utilized for direct reduction of the
off-gases discharged by a flash smelting furnace, rather than the Allied
Chemical or ASARCO/PD processes, the concentration of sulfur dioxide
emissions in the tail gases following incineration would be in the range
of 0.8-1.0%.8
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In comparison with sulfuric acid plants, therefore, elemental
sulfur plants, as they are conventionally designed and operated,
achieve lower emission control efficiencies and result in higher
sulfur dioxide emission concentrations released to the atmosphere.
There exist, however, a number of tail gas "clean-up" processes
which are applicable to elemental sulfur plants. If utilized, some
of these processes would increase the overall emission control
efficiency and decrease the sulfur dioxide emission concentrations
released to the atmosphere to essentially the same levels achieved
by sulfuric acid plants. Table 4-2 is a summary of these tail gas
"clean-up" processes which was recently presented in the 1iterature.]7

To date, none of these processes have been applied to elemental
sulfur plants operating on copper, lead or zinc smelter off-gases
although a number have been applied to the tail gases from Claus
sulfur plants operated in the petroleum industry. Since elemental
sulfur plants designed to process smelter off-gases are essentially
Claus sulfur plants preceded by a reduction reactor, most of these
tail gas "“clean-up" processes are directly applicable to elemental
sulfur plants.

Of the processes 1isted in Table 4-2, the two that have achieved
the widest application are the IFP process developed by the Institut
Francais du Petrole and the Wellman process developed by Wellman
Power Gas (now Davy Power Gas). The IFP process is an add-on process
(as shown in Figures 4-2 and 4-3) which extends the Claus reaction
between sulfur dioxide and hydrogen sulfide to increase the overall

conversion of sulfur dioxide to elemental sulfur.
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Table 4-2.

"CLEAN-UP" PROCESSES'/

ELEMENTAL SULFUR PLANT TAIL GAS

Developer

Operation

Abstract

Extraneous
process
feed streams
required

Sulfur
removal

Product

Beavon Sulfur
Removal Process

CleanAir Sulfur
Process

1FP Sulfur
Recovery Process

Shell's Flue Gas
Desulfurization
Process

SNPA-Sulfuric
Actd Process

Sulfreen Process

Wellman-S0,
Recovery Process

Ratph M Parsons &
Union O:t Co of Califor-
na

J F Pritchard & Co. and
Texas Guif Sulfur Co.

Institut Francais du
Petrole

Koninklike/Shell Lab-
oratorium, the Neth-
erlands

SNPA and Haldor Topsoe

SNPA and Lurgi
Gesellschaften

Wellman Power Gas

Los Angelos roﬁne?,
Union Gl Co of Califor-
na

Pilot plant work, Okotoks
glant, Texas Gulf Sulfur
0

Philadelphia refinery,
Gulf Osf Co

Demonstration plant,
Lone Pine Creek plant,
Hudson's Bay Oil & Gas

Co

Nippon Petroleum
Refining Co | Japan
Idemitsu Od Co., Japan
K’y'okutoh 0u Co, fapan
Showa 0il Co, Japan
Pilot plant work, Pernis,
the Netheriands

Yokkaichi refinery of
Showa-Hokkaichi Oil Co.

SNPA sulfur plant, Lacq
field

SNPA suifur plant, Lacq
field

Aguitaine's Ram River
suifur plant, Rock
Mountain House,

Olin Chemical Co.,
Paulsboro, N J.

Iberta

Japanese Synthetic
Rubber Co., Chiba, Japan
Toa Nenryo Kogyo
refinery, Kanagaws,
Japan

Standard Oil refinery,
El Segundo, Calif.

Allied Chemcat Co.
suifuric acid plant,
Chicago

Ohin Corp. sulfuric acid
plant, Curtis Bay, Md.

Tail gas from Claus sulfur recovery plant 1s
catalytically hydrotreated at atmospheric pres-
sure. All sulfur compounds are converted to
H2S which is then processed through a Stret-
ford unit
Three stage process. Stage 1 converts essen-
tially all SO; to sulfur with some conversion of
H2S to sulfur Stage 2 converts remaining hy-
drogen sulhde to sulfur in a Stretford uait,
Stage 3 1s a polishing unit to reduce the COS
and €S level in the tail gas which 1s normally
installed between the Claus plant and Stage 1.
Tail gas from a Claus unit 1s fed into an ab-
sorber, where the Claus reaction occurs in a
solventin the presence of a catalyst Sulfurs
gvoduced in the molten state directly from the
ase of the absorber. No converston of COS
and CSz 1s claimed.

Dry process for removing SO, from flue gas
from the incinerator in a parallel passage sohid
bed swing reactor This is a cyclic process in
which a copper on alumina acceptor is used for
9%20;““ and regeneration of the SO, at

A purge gas stream to separate the oxidizing
and reducing atmospheres is required for both
the acceptance and regeneration steps.

S0, concentration step Is required

Tail gas is incinerated transtorming all suifur
compounds to SO;. The gas is then passed
through a converter containing a vanadium
oxide-based catalyst. SO, 1s oxidized to SO,
with a 90% yield. The hot converter gas ex-
changes heat in the concentrator, and then
goes through an absorber. Dilute acid pro-
duced is then sent to a concentrator in which
the heat content of gas from the convertor eva-
porates part of the water from the acid.
Actrvated carbon bed catalyzes the Claus reac-
tion between the H,S and SO, in tail gas and
adsorbs elemental sulfur formed Inert regen-
eration gas is used at elevated temperatures
to desorb the sulfur. Bed! 1s then cooled and

. placed back on reaction cycle. No conversion

of COS and CS; 1s claimed

Sulfur_plant incinerator effluent 1s cocled to
150° F and contacted with a sodium sulfite
solution. SO2 in the gas reacts to form sodium
tisulfite. The gas can be stripped to tow con-
centrations of SO,.

Alternative regeneration schemes have been
used in one plan, the SO, rich soiution trom
the absorber flows into an evaporator/crys-
tatlizer where the bisulfite decomposes to SO
and the sodium sulfite crystals precipitate.
Sulfite crystals are redissolved to be recir-
culated. The regenerator overhead 1s cooled
a:ld tS()z and water vapor recycled to Claus
plant.

Cnd

quired.

hydroxide ch | makeup is re-

Fuel gas and air

Fuel gas and air

None

Reducing gas
Ha, Hp/CO mux-
tures, or hight
paraffinic hy-
drocarbons

Fuel gas and air

fnert gas for
regeneration

None

Removal to
250 ppm SO,
or less

Removal to
250 ppm SO,
or less

S0, removal
to 11000 ppm

909 SO,
removal

90% S0z
conversion

75% of sulfur
in the Claus
plant taif gas

S0, removal
to fOO ppm

Suffur

Suifur

Suifur

S0z formed
is recycled
through a
Claus unit

949 sulfuric
acid

Sulfur

60% SOz and
40% water
vapor
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The tail gases from the final Claus reactor stage in an elemental
sulfur plant following sulfur condensation are fed directly to the
IFP reactor, which is a packed column. The gases enter near the
bottom of the column and, as they rise through the column, are
contacted countercurrently by a liquid stream containing a Claus
catalyst dissolved in a solvent. The temperature is maintained
between 250-300°F, and theoretical conversions of sulfur dioxide
and hydrogen sulfide to elemental sulfur approach 100% due to
continuous elimination of the reaction products water and sulfur,
from the 1iquid. The water 1is vaporized and enters the gas stream,
and the catalyst solvent has a limited solubility for sulfur.18,19
The sulfur tormed in the IFP reactor separates from the solvent
and descends through the column, collecting in a sump at the bottom
of the column as a separate liquid phase. The sulfur is continually
withdrawn from the sump and is of high quality comparable to that
obtained from the elemental sulfur p]ant.]8’]9
The IFP process is capable of reducing sulfur dioxide emission
concentrations to the range of 1000-2000 ppm.”’]g’19 This would
increase the overall sulfur dioxide reduction efficiency of an
elemental sulfur plant operating on the off-gases from a fluid-bed
roaster or a flash smelting furnace to about 98%. If applied to an
elemental sulfur plant operating on a concentrated sulfur dioxide process
gas stream produced by a regenerative off-gas desulfurization process, the
overall sulfur dioxide reduction efficiency would be increased to about 99.5%.
Thus, the application of the IFP process to an elemental sulfur

plant would reduce sulfur dioxide emission concentrations to the level
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normally associated with single-stage sulfuric acid plants. In addition,
the overall emission control efficiency would be increased to a

level somewhat above that normally associated with a single-stage
sulfuric acid plant, if the eiemental sulfur plant reduced off-gas

from a fluid-bed roaster or a flash smelting furnace. If the elemental

sulfur plant reduced a concentrated sulfur dioxide process gas stream,

then the overall emission control efficiency would be increased to
a level somewhat below that normally associated with a double-stage
sulfuric acid plant.

The Wellman process is discussed in Section 4.3 - Scrubbing
Systems. This process is a regenerative off-gas desulfurization
process utilizing a sodium sulfite-bisulfite solution as the sulfur dioxide
absorbing medium. If the process were applied to the tail gases from an
elemental sulfur plant following incineration, the sulfur.dioxide emission
concentrations could be reduced to less than 500 ppm (see Section 4.3).
This would increase the overall sulfur dioxide reduction efficiency of
an elemental sulfur plant operating on the off-gases from a fluid-bed
roaster or flash smelting furnace to about 99.5%. If applied to an
elemental sulfur plant operating on a concentrated sulfur dioxide
process gas stream, the overall sulfur dioxide reduction efficiency
would increase to about 99.8-99.97%.

Thus, the application of the Wellman process to an elemental
sulfur plant would reduce sulfur dioxide emission concentrations
to the level normally associated with double-stage sulfuric acid
plants. In addition, the overall emission control efficiency would

be increa<ed to a level approaching or exceeding that normally
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associated with double-stage sulfuric acid plants.
It should be noted, however, that the application of an off-gas

regenerative desulfurization process, such as the Wellman process,

to the tail gases discharged by an elemental sulfur plant would involve

a "grass-roots" installation of such a process only where the elemental

sulfur plant operated directly on off-gases from a fluid-bed roaster

or flash smelting furnace. The reduction of sulfur dioxide emissions
contained in other smelter off-gases to elemental sulfur would require
concentration of the sulfur dioxide prior to reduction. In these cases
the tail gas discharged by the elemental sulfur plant could be recycled
to the off-gas desulfurization process installed upstream of the elemental
sulfur plant, rather than requiring the installation of separate
facilities to "clean-up" the tail gas.

The use of elemental sulfur plants to control sulfur dioxide
emissjons from copper, lead or zinc smelters is commercially
available technology. Although the ASARCO/PD process is still under
development, both the Allied Chemical and Outokumpu processes
have been commercially demonstrated.

The Allied Chemical process was successfully operated over a two-
year period from late 1970 through 1972, at the nickel-iron reduction
plant of Falconbridge Nickel Mines, Ltd, in Sudbury, Ontario, Canada.
This prototype plant reduced the sulfur dioxide emissions contained in
the off-gases discharged by a fluid-bed roaster to elemental sulfur.

The fluid-bed roaster was designed to roast some 500,000 tons

per year of a nickel containing pyrrhotite concentrate. The off-
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gases contained 12-13% sulfur dioxide and 1-1.5% oxygen and the
elemental sulfur plant achieved a 90% reduction of the sulfur dioxide
in the off-gases to elemental sulfur. Some 500 long tons per day of
elemental sulfur was produced when the plant was operated at full capacity.3’5’7
Although the elemental sulfur plant was shut down in January 1973,
this was not the result of any process or mechanical operating problems
within the elemental sulfur plant. The Falconbridge nickel=iron reduction
plant consisted basically of roasting nickel pyrrhotite concentrates to
produce an iron oxide calcine, pelletizing of the calcine, hardening
of the pellets and reduction of the hardened pellets in a kiln to
produce metallic iron-nickel pellets. However, it was never possible
to achieve operation of the reduction kiln at more than two-thirds
of the design throughput rate, nor to maintain steady operation for
any significant period of time. As a result, this created unfavorable
economics for the venture, leading to the shut-down of the plant in
January 1973. Consequently, the sulfur plant was shut down because
it was no longer needed.7’2O
The adaptability of the Allied Chemical process to a concentrated
sulfur dioxide process gas will be commercially demonstrated at the
D.H. Mitchell Station of the Northern Indiana Public Service Co.
in Gary, Indiana. The elemental sulfur plant will be combined
with the Wellman sulfur dioxide recovery process. The Wellman
process will produce some 500 cfm of process-gas containing
85% sulfur dioxide, which will be reduced to elemental sulfur in the
Allied process. According to EPA information as of mid-1973 this facility

is scheduled for start-up in July 197421
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The Outokumpu process has been in commercial operation on an
Outokumpu flash smelting furnace located in Kokkola, Finland, since
1962.5 Although this furnace processes a pyrite concentrate, the
characteristics of the off-gases generated in the furnace are
essentially the same as those generated in a copper flash smelting
furnace. The concentration of sulfur dioxide in the furnace uptake

8 Thus, this

shaft prior to reduction is in the range of 12-15%.
prototype installation, which recovers about 300 tons/day of elemental
sulfur, represents commercial demonstration of the Outokumpu sulfur
dioxide reduction techno]ogy.8
Although the Kokkola installation has been in operation for ten years,
as of mid-1973 this remained the only installation utilizing this tech-
nology, which was in operation. Two installations, however, were under
construction with plans to incorporate Qutokumpu's elemental sulfur
technology. Bamangwato Concessions, Ltd., which is 25% owned by American
Metals Climax (AMAX), was to start up a nickel flash smelting furnace in
Botswana, Africa, in October 1973. The off-gases from this furnace were
to be reduced by the Outokumpu process to recover elemental su]fur.8
Also, the Phelps Dodge Corp. currently has under construction a "grass-
roots" copper smelter at Tyrone, New Mexico, which will incorporate
Outokumpu flash smelting technology and sulfur reduction techno]ogy.22

This installation is scheduled to start up in 1974.
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4.3 SCRUBBING SYSTEMS

Historically, there has been 1ittle economic incentive to
desulfurize process off-gases containing sulfur dioxide in concentrations
ranging from 0.05 to 3.5 percent. Process off-gases from fossil-
fuel-fired power plants, refinery sulfur recovery plants,
sulfuric acid plants, and certain smelter preocess equipment such
as reverberatory furnaces and sintering machines are included
in this category. Until recently, there has been little demonstrated
control of sulfur dioxide from these sources, except in areas
affected by severe air pollution problems. The approach utilized
to control sulfur dioxide in most instances has been to employ
scrubbing systems to chemically react the SO» with 1iquid phase
absorbents to yield sulfur compounds that can be either discarded,
reprocessed, or sold directly as obtained for use in other industries.
The term "scrubbing systems" has come into common usage when
describing such chemical processes since each of the systems
requires the use of process equipment, i.e., a scrubber, to promote
gas phase mass transfer and/or chemical reaction rate.

There are three major variations of scrubbing systems where
the reactant is added to the scrubbing media as indicated below:

1. Non-cyclic system - This open-loop type of system has a
throwaway product. The liquor stream has only one pass
through the scrubber.

2. Cyclic non-regenerative system - This closed-loop type
of system has a large percentage of the removed sulfur contained
in a throwaway or salable product. As much as possible of the

liquor stream is recycled through the scrubber. Depending on
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the process, SO, may or may not be recovered.

3. Cyclic-regenerative system - This closed-Toop type of
system recovers SO2 and has a relatively small waste product
for disposal. The absorbent is regenerated and the liquor
stream recycled through the scrubber.

The nature of metallurgical process off-gases is somewhat unique
in that a wide variety of contaminants are included in the effluent
stream along with sulfur dioxide. The presence of high concentrations
of oxygen (relative to fossil-fuel-fired power generating p1ant§), particulates,
acid gases, metallic fumes, and high gas temperatures could cause
chemical or mechanical problems with cyclic absorption systems.

In most cyclic systems, pretreatment of the process off-gases would
be required prior to absorption of the sulfur dioxide in the
scrubbing media.

During the past forty years, over fifty process schemes utilizing
various types of absorbents as scrubbing media have been investigated
on a bench-scale, pilot-plant, or prototype basis in an effort to
perfect the optimum control for Tow concentrations of sulfur dioxide
in process off-gases. As a result of these efforts, at least two
processes have emerged as worthy of commercial application in the
control of low concentrations of sulfur dioxide in process off-gases
from primary copper, lead, and zinc smelters. These are the Cominco ammonia
absorption process and the ASARCO DMA process. Two other processes
that have had commercial application in the control of SO, from either
fossil-fuel-fired power plants, sulfur recovery plants or sulfuric
acid plants and are considered to have high potential in the control

of Tow concentrations of S02 from smelter processes are calcium-based
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absorption systems and sodium sulfite-bisulfite absorption systems.
Brief discussions of the four above-noted sulfur dioxide
absorption systems and their applicability to metallurgical

processes follow.
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4.3.1 Calcium-Based Scrubbing Systems
Summary--

There are no known installations of calcium based scrubbing systems
installed to control sulfur dioxide emissions from either domestic or
foreign primary copper, lead or zinc smelters. However, facilities
have been installed to control sulfur dioxide emissions from fossil-fuel-
fired power plants, as well as a molybdenum ore roaster, a secondary
Tead smelter, and an iron ore sintering plant. A1l of these applications
control process off-gases that have sulfur dioxide concentrations of
less than 0.6 percent (6000 ppm).

It has been demonstrated that calcium-based scrubbing systems are
viable control methods for low concentrations (500 to 5000 ppm) of sulfur
dioxide, and although it has not been commercially demonstrated that
calcium-based scrubbing systems could be utilized to control "weak" streams
(5000 to 30,000 ppm), it appears that the technology could be transferred
for the control of weak streams from primary copper, lead and zinc smelters.

General Discussion--

Calcium-based scrubbing systems may be of the non-cyclic type or
of the cyclic-nonregenerative type. In the non-cyclic system, the
absorbent passes through the scrubber on a once-through basis. Early
work on this type of system was conducted by the London Power Company
in the 1930'5-,]’2 alkaline Thames River water provided the absorbent.
This type of system has inherent water pollution problems in some
situations that would preclude its usage on a wide scale.

Also in the 1930's, technology was developed on cyclic-nonregenerative
scrubbing systems. Lime-Timestone (calcium based) processes were used

on a commercial scale at the Fulham Power Station in England to control
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S0, emissions from power plant off-gases.]’Z’3

A large number of process variants have been developed for calcium-
based scrubbing systems. The two most popular variants are the ones
that employ either (1) calcium carbonate or limestone, or (2) calcium
hydroxide or slaked 1ime. A simplified flow diagram for a limestone
slurry scrubbing system is depicted in Figure 4-4.

The process description is essentially as follows. The SOs-laden
process off-gases vent to a scrubber where they are scrubbed counter-
currently with a limestone slurry. Off-gases from the scrubber vent to
the atmosphere. The SOp-laden slurry from the scrubber is split with a
portion going to the pump tank and a portion going to the settler.
Calcium carbonate is added to the pump tank as make-up, and effluent
from both the pump tank and the settler are recycled to the scrubber.
Solids in the loaded absorbent (Ca SO3 + Ca SO4) are removed in the
settler and pass to disposal.

The 1ime slurry scrubbing system is also depicted in Figure 4-4,
This system is essentially the same as the limestone scrubbing system
except that Timestone is calcined to calcium oxide prior to introduction
into the scrubber slurry feed system.

The use of pulverized limestone as a reactant iS the simplest
approach in SOy scrubbing; however, the main problem with this system
is that limestone is not as reactive as Time, and consequently more
Timestone is necessary (on a stoichiometric basis), a larger scrubber
is required and more slurry must be recirculated. For fixed scrubber
parameters, lime scrubbing, though increasing scrubbing efficiency,

necessitates calcining of the Timestone with resulting increased costs.
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A brief summary of scrubber parameters that could affect the operation
or the sulfur dioxide removal efficiency of limestone scrubbing systems
is as follows:

1. Scrubber design. The design of the scrubber is critical in
limestone scrubbing systems. Mass transfer relationships and the scaling
problem must be considered. Optimum design would optimize the following
requirements: (1) large holdup, (2) high relative velocity between the
gas and liquid phase, (3) maximum liquid surface, (4) a minimum of
internal parts; and (5) minimum pressure drop.]

2. Type of limestone. The ability of carbonate stones to chemisorb
sulfur dioxide varies greatly. An evaluation of ten different stones from

quarries in Ontario, Canada, indicated that calcite-type stones maintain a

high efficiency for sulfur dioxide removal until nearly exhausted, and
dolomite stones consistently gave poor performance compared to the
calcites.?

3. Limestone particulate size. The efficiency of sulfur dioxide
removal and the effective utilization of the stone are both affected
by the degree to which limestone i5 ground. An evaluation of a calcite
sample ground to five different sizes showed a sharp decrease in sulfur
dioxide absorption capacity for material coarser than an 80 x 100 size
fraction. The absorption capacity did not change appreciably when the
particle size was less than 100 mesh.4 It is reported in the literature

that in using 1ime, the particle size does not appear to be critical,

. .5
possibly because most slaked 1imes have small particle size.
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4. Liquid to gas flow ratio. The ratio of 1iquid to gas flow (L/G)
is important presumably because of its effect on decreasing gas phase

2 5

resistance to sulfur dioxide mass transfer”~ and for scale control.

A fairly high ratio, about 50 gal/1000 scf, has been necessary in most
cases to get a high degree of sulfur dioxide removal (>80%), when limestone
was used.2 It is pointed out, however, that a given L/G that permits
scale control at 2000 ppm SO, may not be effective at 10,000 ppm 502.5
5. Slurry pH. An important consideration in the scrubber operation
is the slurry pH, especially in regard to changes in pH that may occur
in the scrubber circuit. The main concern with pH is its effect on scaling,
corrosion, and blinding of reactive surfaces. 2

The effect of pH on solubijity of CaSO3 - 5Ho0 and CaSO4 - 2H,0 at 50°C

(122°F) is shown below: |

Parts Per Million

pH Ca S0, S04%*

7.0 675 23 1:556
6.0 680 51 1,314
5.0 731 302 1,260
4.5 841 785 1,179
4.0 1,120 1,873 1,072
3.5 1.763 4,198 980
3.0 3,135 9.375 918
2.5 5,873 21,999 873

*Sulfite

**Sulfate
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Tests in Ontario, Canadétindicated that the pH of a freshly prepared
Timestone slurry is usually between 8 and 9. The efficiency of sulfur
dioxide removal is not appreciably affected until the pH drops to
about 4.8,after which the efficiency falls off rapid]y:4 Mild steel
cannot be used at pH less than 6.2 without risking severe corrosion prob]ems.5
Rapid decrease in pH caused by absorption of SO, followed by rapid increase
in pH caused by the addition of Timestone can cause sulfite precipitation
on the limestone slurry particles, thus blinding them and making the calcium
carbonate inside unavailable for further reaction.5

6. Inlet gas temperature. A significant variable in calcium-based
scrubbing systems is the temperature of the inlet gas stream. Test data
indicate that the sulfur dioxide removal efficiency decreases linearly as
the temperature of the gas increases.’ The partial pressure of sulfur

dioxide increases by 18 percent for a 10°F temperature rise, which indicates
the Tikelihood that warm incoming gas could strip sulfur dioxide from the
absorbent slurry. Humidification cooling is probably all that is required

5

to prevent stripping. Scaling problems at the wet-dry interface caused

by evaporation of water from the solution or slurry may also result from
high inlet gas temperature.]

7. Slurry solids loading. High slurry solids loadings provide improved
rates of solubility for calcium, thus providing more effective replenishment
of the calcium ion. In addition, there is a beneficial effect of minimizing
scaling and plugging by increasing the rate of desupersaturation - particularly
with respect to sulfate - thus helping to confine precipitation to the
holding tanks and avoiding excessive scale deposits in the process equipment

and process lines. The most efficient sulfur dioxide removal has consistently been

obtained with slurry solids loadings of 12 to 15 percent. Higher loadings cause
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silting out problems. It is pointed out that high solids loadings

are extremely abrasive and may cause increased operating problems.5

Survey of Operating Experience --

A partial 1ist of commercial applications of calcium-based sulfur

dioxide absorption systems is shown in Table 4-3.

The Commonwealth Edison Company "Will County No.1" unit started up
in February 1972. The system consists of two identical parallel wet
Timestone scrubbing systems, each consisting of a venturi for particulate
removal, followed in series by a turbulent contact absorber (TCA) for S0,
absorption. 3

The sulfur dioxide control system is guaranteed to achieve 80 to
85 percent SOp removal. This removal efficiency has been achieved but
various operating problems have prevented continuous operation. Since
start-up in 1972, the system has been plagued by a variety of mechanical
problems such as plugging of the demister, construction debris plugging
nozzles, power loss to pond reclaim pumps, vibration, loosened screens
in the pump and in the recirculation tank, reheater pluggage, failure
of expansion joints,and breakage of the paddle on the slurry tank
mixer.

Only the demister pluggage problem has been chronic and the solution
to the problem does not appear to involve more than redesigning the
demister washers. Scaling has not been a serious problem with the
system. 3

The Mitsui Aluminum Company has installed a lime scrubbing system
on the Mike Power Station, located near Omuta, Japan. The unit started
up March 29, 1972. The facility consists of a two-stage venturi

scrubbing system.3
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The sulfur dioxide control system is guaranteed to achieve 90 percent
S02 removal. This removal efficiency has been achieved but currently the
system is adjusted for 80 percent efficiency which is just adequate to
meet current Japanese SOx standards. Since start-up no serious chemical
or mechanical problems have been detected in the scrubbing system;3 This
unit is significant since the system design is based on U. S. technology
(Chemico).

The Sodersjukhuset Hospital in Stockholm, Sweden has installed
three A.B.Bahco, two-stage inspirating scrubbers with 1ime as the
reactant. The scrubbers serve three oil-fired steam generators.4
The first of the three scrubbers was installed in 1969 and based on
satisfactory experience with the unit, the other two units were installed.
The units have been routinely operated at 95 to 98 percent sulfur dioxide
removal efficiencies.3 The system has been licensed to Research-
Cottrell for sale in the United States, although no units have been
sold in the United States as yet.6

The Duval Corporation, located near Tucson, Arizona, has installed
two 4-stage model 500 turbulent contact absorbers (TCA) to remove
S0, from the off-gas of its molybdenum sulfide roasters. The units were
designed by UOP, use 1ime slurry as the absorbent and are rated at
50,000 scfm each. The guaranteed efficiency of the system is 96 percent.
The system has operated since July 1971; however, reportedly there have
been extensive problems with scaling and p]ugging.5

The General Battery Corporation, located at Reading, Pa., has installed
a custom-made 1ime scrubbing system to control SOo emissions from its
secondary lead smelter. Process off-gases from two blast furnaces and a
reverberatory furnace are vented to the system. The process gas is vented
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at a rate of 66,000 cfm and the sulfur dioxide concentration varies over
a range of approximately 2000 to 6000 pmn.7
The scrubbing system was put on stream in August 1971 and after over

a year of operation, there was no evidence of scale formation. Erosion

did create problems originally, but the use of proper materials of
construction as well as piping redesign has solved the prob]em.7
Efficiencies in excess of 90 percent have been obtained.

The Yahagi Iron Works located in Nagoya, Japan,has installed
a calcium-based A.B.Bahco scrubbing system to control $S02 emissions
from a sintering p]ant.6 The system handles 48,300 scfm of process
off-gases with a SOp concentration ranging from 2500 to 4000 ppm. The

efficiency of the system is 90-95 percent.6

There are no known calcium-based scrubbing systems used by either
domestic or foreign primary copper, lead or zinc smelters to control
sulfur dioxide emissions from process off-gases. The reason for this
i presumed to be economics since a throw-away product is obtained
from the scrubbing system.

Technically, there are no known problems that would be insurmountable
in the application of a calcium-based scrubbing system to control sulfur
dioxide from smelter effluents; however, it would appear that its usage
would be primarily applicable to weak streams from smelter processes,
again because of economics.

Calcium-based scrubbing systems have been used to control sulfur
dioxide emissions from fossil-fuel-fired steam generators. The operating
problems that industry has had to cope with are similar to those that

would apply to smelter effluents. In both cases, the operating problems
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can be divided into categories related to either chemical or mechanical
operating problems.

The chemical problems relate to SO> absorption, scaling and corrosion.
The following techniques should be equally applicable to smelter effluent
and flue gas scrubbers although the details of implementation may be
different.8

1. Solids recycle. Solids recycle has generally been proven to be
good in preventing scale formation.3

2. High L/G. High L/G's are good in preventing scale formation. In
fact, one can say the higher the better within economic 1imits.9

3. pH control. pH control is an important factor in controlling
scale deposit.9 At pH above 6, the potential for sulfite scaling is
very great. At low pH, corrosion can be a problem.

4, Use of multistage scrubbers. Multistaged scrubbers must be used
for smelter effluent.8 The scrubbers can be designed to minimize scale.
The use of multistage scrubbers is primarily a function of the amount of
S0, removal required. The more removal desired, the more contact area
required.5

5. Temperature control. The rate of scale deposition appears to
increase with increasing temperature.9 In actual plant operation the scrubbing
temperature would be fixed, as a practical consideration, at the wet
bulb temperature.2

The mechanical problems related to calcium-based scrubbing systems

are similar to those inherent with any chemical process that involves
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pumping OF slurries and abrasive and corrosive mixtures. The chemical
industry has successfully handled these problems for many years.
Mechanical problems in many instances may relate to (1) poor
piping design resulting in plugging or erosion of lines, (2) the
improper design, use and operation of fans, pumps, and motors, (3) the use
of 1improper materials of construction that can result in corrosion of equipment
handling basic or acidic solutions, (4) improper scrubber or demister design
that can cause plugging problems in the demister, and (5) lack of spare pumps,
motors and scrubbers that may necessitate shutdown or by-passing of control *

facilities.
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4.3,2 Dimethylaniline (DMA) Scrubbing
Summary--

The American Smelting and Refining Company dimethylaniline (DMA)
process has been used to recover sulfur dioxide from smelter gases
containing 4 to 10 percent sulfur dioxide. The process has been
utilized to recover sulfur dioxide included in process off-gases
emanating from Dwight-Lloyd lead sintering machines, and blended
effluents from copper smelter roasters, reverberatory furnaces and
converters.

A new DMA system was put into service in November 1972 by Phelps-
Dodge Corporation at Ajo, Arizona, to recover sulfur dioxide from copper
smelter reverberatory furnace and converter process off-gases. The
system is reportedly designed to process reverberatory furnace off-gases
with sulfur dioxide concentrations ranging from 1-1/2 to 2 percent
although proportional valving is installed so that converter gas can
also be fed to the system. Although insufficient data are presently
available to evaluate the Ajo facility when operated on copper smelter
reverberatory furnace off-gases alone, it has been demonstrated in other
applications that mixtures or blends of process off-gases from roasters,
reverberatory furnaces and converters can upgrade the sulfur dioxide
concentration of the feed stream to the DMA process so that the system
can be operated in an acceptable manner.

It is concluded that the DMA absorption system is a viable process
that can be utilized to control sulfur dioxide emissions from properly
cleaned and conditioned smelter process off-gases that have (or can be
upgraded to have) sulfur dioxide concentrations in the range of 4 to 10

percent.
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It is anticipated that the DMA system will be commercially demonstrated

in the near future for use on weak SO, streams from copper smelting
operations.

General Discussion--

The early development work on organic scrubbing systems designed
to recover and concentrate the sulfur dioxide contained in the off-
gases from non-ferrous smelters was done in Europe. Much of this
work was centered around dimethylaniline (DMA) and similar compounds
such as xylidine and toluidine. Out of this work came two separate
processes (viz. Sulphidine and DMA) that found limited commercial

10 utilizes an aqueous

application in Europe. The Sulphidine process
xylidine scrubbing media and is primarily applicable to Tower S0s

concentration inlet streams than is DMA. Although one DMA unit has been
installed in Mexico and another has been installed in Spain, most of its

application has been in the United States.)]

The American Smelting and Refining Company (ASARCO) is the
domestic developer of a DMA process, as well as the first commercial
customer for the process.]0

The DMA absorption system is a cyclic-regenerative process. The
system incorporates an absorption tower with numerous trays that
allow for much greater gas phase mass transfer and reactant
surface area than other scrubbers such as venturi or single-bed
type. Liquid sulfur dioxide is recovered as a product, and the absorbent
is regenerated and recycled through the system. A small purge
stream is required to eliminate sodium sulfate (in solution) from the
regenerator section. A small amount of dimethylaniline is also

included in the purge stream.
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A simplified flow diagram for the dimethylaniline scrubbing
system is depicted in Figure 4-5. A brief description of the process
is essentially as follows. Pretreated SO2-laden process off-
gases vent to the bottom of a bubble plate scrubbing tower where
most of the SO» is absorbed in a counter-current stream of
anhydrous dimethylaniline. The gases,impoverished in sulfur dioxide
and enriched in dimethylaniline vapors,then pass to a second section
of the tower where they are scrubbed with a weak sodium carbonate
solution. The residual SO, in the gases converts the sodium carbonate
to sodium sulfite or sodium bisulfite. The carbon dioxide is
liberated in the gas stream. The effluent gases then pass to a
third section of the scrubbing tower where they are scrubbed with a
weak sulfuric acid solution and entrained vaporized dimethylaniline
is recovered as dimethylaniline sulfate. The effiuent then vents
to the atmosphere.

Pregnant dimethylaniline is heated by exchange and then passes
to the center section of a bubble plate stripping tower. The

Tiquid flows downward countercurrent to a rising column of

steam and sulfur dioxide vapors. The suifur dioxide is stripped
from the dimethylaniline and escapes upward through the tower. The
recovered dimethylaniline is cooled and then passes to a series’ of
separators where the absorbent floats on the water and can be
physically separated and sent to the DMA surge tank for recycle.

The agueous effluent from the soda scrubbing and acid scrubbing
sections of the absorption tower passes to a collection tank where

dimethylaniline is liberated as a result of the reaction between
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dimethylaniline sulfate from the acid scrubber and the sodium
sulfite-bisulfite from the soda scrubber. Part of the dimethylaniline
remains dissolved in the water as dimethylaniline sulfite. The water/
dimethylaniline sulfite/sodium sulfate solution empties to a stripper
water tank. This solution then passes to the bottom section {regenerator)
of the stripping tower where the dimethylaniline sulfite is thermally
decomposed and SO», DMA, and water are vaporized and vented into the
stripper section of the tower. A small purge stream is drawn off the
regenerator to remove sodium sulfate.

The stripped SO2 and residual DMA vapors pass from the stripping
section into the top section (rectifier) of the stripping tower
where they are bubbled through the water. The DMA, by reacting with SO
in the presence of water, is recovered as dimethylaniline sulfite and
passes back to the stripper section.

The sulfur dioxide effluent stream from the rectifier is cooled to
condense water, then scrubbed with cold water, and dried in a tower
with 98 percent sulfuric acid. The gas is then compressed, cooled,
liquefied, and run to storage.

A partial 1list of commercial applications of ASARCO DMA sulfur
dioxide absorption systems is shown in Table 4-4.

The first domestic commercial application of the DMA absorption

system was made by ASARCO in 194710

to recover sulfur dioxide from Dwight-
Lloyd lead sintering machine off-gases. The Tead smelter located at Selby,
California,is no longer in operation;]1 however, the DMA absorption system

is Teased to a chemical company.]2 The DMA plant was nominally rated at
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20 tons of liquid S0, per day. The sulfur dioxide content of the inlet gases
usually ranged from 4 to 6 percent and averaged approximately 5 percent. The
sulfur dioxide concentration in the process off-gases ranged from a low of
approximately 500 ppm in the winter months to as high as 3000 ppm in the
summer months, depending primarily on cooling water temperature.]] Problems
associated with materials of construction were encountered; however, these

problems, in general, were satisfactorily reso1ved?] Lead, as a material

of construction, was extensively employed to eliminate corrosion.]0’1]
In 1949, the DMA process was first utilized by the Tennessee

Copper Company (now Cities Service Company) at their smelter operations

at Copperhill, Tennessee. The capacity of the plant was nominally

rated at 30 tons of liquid SOo per day. Subsequently, the capacity of the

original plant was increased and a second DMA plant added. The two DMA

plants are currently rated at 40 and 55 tons of Tiquid SO, per day,

1

respectively. The feed stream for the DMA plant is > 6 percent 502’

and is a mixture of process off-gases from iron and copper roasters, copper
reverberatory furnace and copper converters.!3 ‘The inlet gas to the DMA
scrubber is precleaned in the same system as acid plant gas, then bled off
before the acid plant absorber. The sulfur dioxide concentration of the off-

gases from the DMA absorption tower approximates 3000-5000 ppm, but

reportedly the absorption tower could be operated as low as 1500 ppm
without requiring major modiﬁcations.]3 The DMA plants were primarily
designed to produce liquid SO, for market and were not built as

air pollution control devices. The only operating difficulty

associated with the DMA plants is that of regulating the pH of the
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system. If pH control is lost, carbonation occurs,causing vapori-
zation in the pumps.T3

In November 1972, operation of a DMA process was initiated by
the Phelps Dodge Copper smelter Tocated in Ajo, Arizona. The
system is used to control (either separately or in combination)
emissions from a copper reverberatory furnace and copper converters.
The DMA plant is nominally rated at 150 tons of Tiquid SO, per day.!]
The feed stream for the DMA plant can vary widely depending on
the source of the process off-gas. Reverberatory furnace off-
gases may contain 1-1/2 to 2 percent SOz while the converter off-
gases may contain 7 to 14 percent $0,. 14 The inlet gas to the DMA
scrubber is precleaned in a system essentially identical to that
serving the acid p]ant.]4' The sulfur dioxide concentration of the
off-gases from the DMA absorber arz expected to be approximately
500 ppqu‘ Materials of construction for the absorption system are
316 stainless steel and alloy 20 throughout.

The Ajo DMA system has only had Timited usage since its completion
in November 1972. The reason for this has reportedly been due to
mechanical problems with the system,i.e., the 802 compressor down for
repair. Thus far there have been ro chemical problems such as scaling

or corrosion prob]ems.]4

The system, howeyer, will be down for the
remainder of 1974 due to the numerous mechanical problems.

ASARCO is currently constructing a DMA unit, rated at about 200 tons of
Tiquid SO2 per day and scheduled for start-up in September, 1974, at their
Tacoma, Washington, copper smelter. The unit will treat copper converter gases

that average about 5 percent S02. An unusual aspect of this facility is that the
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purge stream of sodium sulfate will be utilized to condition a gas
stream in preparation for electrostatic precipitation of particulates.
The collected Cottrell dust with the included sodium sulfate will be
shipped to a lead smelter for further processing.]]
Reportedly, this type of sulfur dioxide absorption system has
few significant operating problems if the process off-gases are
properly cleaned and conditioned. Scaling, erosion, mist elimination,
and gas reheat are not major problems with existing units.1% Corrosion
can cause problems; however, recent installations constructed of 316
stainless steel and alloy 20 reportedly cause no major prob]ems.]]
Only one shift foreman and one general utility man on day shift as well
as one to two operators (depending on local conditions) are required
for normal plant operation.]]
A brief summary of operating problems that could affect the

operation or the sulfur dioxide removal efficiency of DMA scrubbing

systems is as follows:

1. Precleaning of Process Off-Gases.

ASARCO considers that particulate removal equivalent to that
required for a contact sulfuric acid plant treating metallurgical
gas streams is required for successful application of the DMA
process. With this degree of particulate removal, ASARCO
has never experienced any problem associated with the carryover
into the DMA plant of particulate matter containing Hg, As, Pb, Cd,

Zn, Mn, V, Be, Cu, Sb, Co, Se, Ni or Cr.'!
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2. Waste Sodium Sulfate

The waste sodium sulfate formed in the ASARCO DMA process depends
primarily on the amount of sulfuric acid used for recovery of DMA
vapor in the absorption towe\r‘.]2

The absorption reaction between 502 and dimethylaniline is
exothermic; hence, intercoolers are required between each of the
absorption tower trays to cool the absorbent. Cooling of the
absorbent not only increases the capacity of a unit of dimethylaniline
to transfer SO, but it also reduces the vapor pressure of the
dimethy]anilinélu thus decreasing DMA vapor losses. As a result of
decreasing absorption temperatures, reagents are saved and sodium

10,12

sulfate formation is less. With the absorbent being totally

organic, oxidation plays a relatively minor role in waste sodium
sulfate genev‘ation.]2

A decrease in the SO, concentration of the process off-gases
requires an increase in the use of reagents and, consequently, an

increase in the formation of sodium sulfate. For example, when

treating a gas stream having an S0, concentration of 5 percent,

assuming an absorption tower operating temperature of 30°C,
approximately 40 pounds of sodium sulfate (in solution) is formed per
ton of SOy recovered. A1l other factors being equal, approximately
400 pounds of sodium sulfate (in solution) would be expected when

treating a gas stream having an SOy concentration of 0.5 percent.]1
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4,3.3 Ammonia Scrubbing Systems
Summary--

The Cominco absorption process has been used to treat process off-
gases with sulfur dioxide concentrations as low as 0.5 percent, with very
good recovery. Tail gases contain as little as 0.03 percent sulfur
dioxide.

The process has been utilized to recover sulfur dioxide included in
process off-gases from Dwight-Lloyd Tead sintering machines, zinc roasters,
and sulfuric acid plant tail gases.

It is concluded that the Cominco process is a viable process that
can be utilized to control sulfur dioxide emissions from properly cleaned
and conditioned smelter process off-gases that have sulfur dioxide
concentrations in the range of 0.5 to 6.0 percent.

General Discussion--

Ammonia scrubbing systems have received considerable attention in
the history of SO» removal from process off-gases. The reasons for this
include relatively high affinity of ammonia solutions for SO2 and the
ability to keep all the compounds involved in solution, thereby avoiding
scaling and silting problems in scrubbers.]

The Cominco ammonia absorption process was developed by the
Consolidated Mining and Smelting Company of Canada, Ltd., (Cominco) in
1936. The U. S. licensor for the process is 0lin-Mathieson Chemical
Corporation. Plant units have been built by Cominco in Trail, B. C., Canada,
to treat gases from lead and zinc smelting operations. The Olin-Mathieson
Corporation has installed plants to treat the tail gases from sulfuric acid

p'ldnCS.]S
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A simplified description of the Cominco process is as follows
(see Figure 4-6). Hot smelter off-gas is treated and conditioned
prior to introduction into the first scrubbing tower. The gases
are cooled, fine solids are washed out, and sulfur trioxide is absorbed
to form weak sulfuric acid.'®>'®The cooled off-gases then pass to the
bottom of a scrubbing tower where they are contacted with a counter-
current flow of ammonium sulfite-bisulfite solution. The solution in
the first scrubber is maintained at low pH (approximately 4.6y]7vand
high salt concentration. Sulfur dioxide is absorbed to form additional
ammonium bisulfite. A portion of the solution is recycled back through
the tower, and a portion of the solution from the tower is sent to
the stripper.

The partially cleaned gases then pass to a second scrubber where
additional sulfur dioxide is removed by contact with an ammonium sulfite-
bisulfite solution that is at a high pH (approximately 5.4?17:and has
a low salt concentration. A portion of the scrubbing solution is recycled
through the scrubber, and a portion of the solution from the tower is
sent to the scrubber. The off-gas from the scrubber passes to the
atmosphere.

The bisulfite solution diverted to the stripper is acidified with
sulfuric acid and stripped with air to produce about a 25 percent sulfur
dioxide gas stream]6 and a solution of ammonium sulfate containing about

10 percent of the feed su]fur}6

The ammonium sulfate is then crystallized
out and utilized as a fertilizer.

If the consumption of sulfuric acid and ammonia and the production
of ammonium sulfate are not economically favorable, the sulfur dioxide
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can be removed from the ammonium bisulfite solution by stripping with
steam. Under the name of the "Exorption—Process,"18’]9 this type of
system was used by Cominco during the years 1940 to 1943 permitting
the recycle of 30 percent of the required ammonia.20 It is stil
considered by Cominco to be a feasible process for use under appropriate
economic conditions.19
A partial list of commercial applications of Cominco-type ammonia
scrubber systems is shown in Table 4-5. The Consolidated Mining and
Smelting Company of Canada, Ltd., has operated ammonium sulfite-bisulfite
scrubbing systems at their smelter located at Trail, B. C., Canada,since
the 1930's.19 The ammonia scrubbing systems serve Dwight-Lloyd lead
sintering machines, zinc roasters and sulfuric acid plant tail gases.zo’21
Chemical treatment of the absorbent with sulfuric acid releases concentrated
sulfur dioxide and produces an ammonium sulfate solution. The sulfur dioxide
is either liquefied or utilized as feed for a sulfuric acid plant. The
ammonia sulfate is crystallized out and utilized as fertilizer.
The sulfur dioxide concentration of the inlet gases to the Dwight-
Lloyd lead sintering machine absorption system ranges from 0.3 to 2.5 percent
SOZ. The sulfur dioxide concentration in the outlet gases from the absorber
under normal operation is approximately 0.1 percent.]7 This concentration
of S0y can be reduced to 0.05 percent SO0y or lower.?0  However, fumes
cause major visible emission problems at this installation under these conditions.
The zinc roaster off-gases have a sulfur dioxide concentration ranging from

0.5 to 7.0 percent.?0 The concentration of SOy in the absorption tower off-
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gas under normal operation is approximately 0.1 percent.22

The existing absorption towers at Trail are constructed of wood
and lead. New installations would be considerably more compact and
would be constructed of plastics or PVC.17 Ammonium bis.1fite solutions
are not very corrosive to iron and steel (for piping and pumps) if no
vapor phase is allowed to form.20 The effluent from the second absorber
is reheated to approximately 45°C prior to venting from the stacks)?

The Allied Chemical Corporation sulfuric acid production facility,
located at Newell, Pennsylvania, is equipped with a single ammonia tail
gas scrubbing system. The plant consists of three sulfuric acid
manufacturing systems. Two of the acid systems receive their feed stream
from a pyrites roaster. The third receives its feed from burning
elemental sulfur. The scrubbing solution is treated with sulfuric
acid to liberate some S02 that is recycled to the process. The resulting
solution of ammonium sulfate is sent to the weak acid clarifier along
with "drips" from the gas cooler and the mist eliminator. The weak
clarified acid is burned in a fluidized-bed preburner or dryer-
roaster system; nitrogen, water vapor, and sulfur dioxide resu]t.23

01in Chemical Corporation, the U. S. licensee of the Cominco
process, has installed ammonia scrubbing systems on some of its domestic
sulfur recovery and sulfuric acid p]ants.24 The inlet gas streams to
these scrubbers contain from 0.3 to 2 percent S0, and removal efficiencies
of from 75 to 90 percent are reported as being typica1.24
This type of sulfur dioxide absorption system has few significant

operating problems. The Cominco smelter at Trail, B. C., precleans and

conditions the process off-gas prior to SO2 absov'ption..l7 Scaling and
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erosion are not problems. Corrosion does not cause probiems if proper
materials of construction are utilized. Older units utilized wood and
lead as construction materials; however, newer units would utilize

20

plastics and PVC. Labor required for normal plant operation is

one operator per shift, i.e., 3 per day, and 2 maintenance men per day?o

A brief summary of operating problems that could affect the
operation or the sulfur dioxide removal efficiency of Cominco scrubbing
systems is as follows:

1. Precleaning of process off-gases.

If smelter process off-gases were not precleaned prior to
introduction into the scrubber, Cominco considers that problems could
arise from fouling of cooler lines, etc,, but that there would be no
effect on absorption rates. The particulates would have to be removed
by settling and filtering the bisulfite scrubbing solutions prior to
acid treatment, as they would interfere with the springing of the SO»
from solution. 20 Cominco precleans and conditions the process cff-gases
from their Dwight-Lloyd lead sintering machines prior to SO0» absorption.l7

2. Visible emissions,

A disadvantage of the ammonia sulfur dioxide absorption system is
the formation of a fume from the absorber outlet. Cominco has indicated
that pH ]7and temperaturéﬁr of the absorbent can affect plume formation.
Reducing the SO2 concentrations of the absorber outlet reportedly
intensifies the visible emission prob]em.]7 Cominco has conducted
pilot plant tests utilizing an electrical precipitator with good results
to suppress emissions.!” Allied Chemical Company has utilized high-

efficiency mist eliminators to minimize the prob]em.23
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4.3.4 Sodium Sulfite-Bisulfite Scrubbing
Sumary--

There are no known commercial sodium sulfite-bisulfite scrubbing
systems installed to minimize sulfur dioxide emissions from either domestic
or foreign primary copper, lead or zinc smelters; however, a number of
domestic and foreign sodium sulfite/bisulfite scrubbing systems control
tail gas emissions from sulfur recovery plants, sulfuric acid plants
and oil-fired steam generators. The sulfur dioxide concentration in the
process off-gases ranged from 2100 ppm to 13,000 ppm. The sulfur dioxide
concenitration in the Wellman-Lord absorber off-gases was 500 ppm or less.

It is concluded that sodium sulfite-bisulfite absorption systems
appear to be technically feasible to minimize sulfur dioxide emissions
from primary copper, lead and zinc smelters; however, it has not been
demonstrated that the absorption process can be operated to control smelter
off-gases without excessive oxidation of the absorbent resulting in a
required large purge stream and, consequently, high costs. Both Davy Power

Gas and Japanese organizations are working hard to improve this disadvantage.

General Discussion--

Most of the development work on a sodium sulfite-bisulfite scrubbing
system in this country has been conducted by Davy Power Gas {formerly
Wellman-Lord). Davy began this development about the mid-1960's using
the potassium rather than the sodium salt. One of the primary reasons
given for discontinuing the use of potassium was that numerous pilot-plant
investigations had determined that regeneration costs were unduly high.25

A series of pilot-plant tests were run prior to the first commercial
installation of this process. These pilot plants ranged in size from

about 600 to 50,000 scfm and were installed on a variety of sources which
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included coal and oil-fired steam generators and smelter processes such
as converters and reverberatory furnaces .26

The Davy Power Gas scrubbing process is of the cyclic-regenerative
type. Concentrated sulfur dioxide is recovered as a valuable product
and the sodium sulfite-bisulfite absorbent is thermally regenerated and
recycled through the system.

A simplified flow diagram for the Davy Power Gas scrubbing system
is depicted in Figure 4-7.

As with most cyclic-regenerative absorption systems, pretreatment
of the process off-gases is required if it is necessary to cool the
process off-gases and to remove particulates and acid gases25 that
may interfere with the absorption process or cause problems such as
corrosion and plugging or fouling of the system. This pretreatment
step must be studied on a case-by-case basis to insure the selection
of the optimum design in relation to the overall faci]ity.27

The process description is essentially as follows. Pretreated
SO02-1aden process off-gases are introduced into a scrubber where they
are absorbed in a counter-current flow of a solution of sodium
sulfite-bisulfite. The rich absorbent from the bottom of the scrubber
is pumped to an evaporator crystallizer system where it is heated by

indirect heat exchange with low-pressure steam. As a result of the

regeneration step, steam and SO are driven off; and sodium sulfite

crystals are formed in the liquid. The wet sulfur dioxide gases are

run through a condenser where the bulk of the steam is removed.
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The concentrated SO, stream can be utilized in a sulfuric acid plant,
a sulfur recovery plant, or some other appropriate sulfur dioxide
process scheme.

The liquid phase from the evaporator crystallizer is sent to a
centrifugal separator where the crystals of sodium sulfite are removed.
These crystals are added to the water that was condensed from the SO,
stream,and the solution thus formed is recycled to the scrubber. The
clarified 1iquor from the centrifugal separator is recirculated to the
evaporator. A portion of the clarified liquor is purged from the system
in order to prevent a build-up of sodium sulfate in the system. The
amount of sodium sulfate in the feed to the scrubber is controlled at
about 5 percent by weight. 27

A partial 1ist of commercial applications of the Davy Power Gas sulfur
dioxide absorption system is shown in Table4-6. In 1970, a full-scale
Davy Power Gas S0, absorption system was installed at the 0lin Corporation
regeneration sulfuric acid plant in Paulsboro, New Jersey, to treat 45,000
SCFM of the acid plant tail gas. The concentration of the off-gas
contains up to 0.6 percent 502. The absorber off-gas is guaranteed not
to exceed 0.05 percent 502J27’28°29

In 1971, another Davy Power Gas absorption system was installed at
the Ichihara City Plant of the Japan Synthetic Rubber Company in Japan
to treat 200,000 N M3/Hr of stack gas from an oil-fired boiler. The
concentration of S0, in the stack gases averages 0.2 percent S0p. The
absorber off-gases are guaranteed not to exceed 0.02 percent 502.27’28’29

Also in 1971, a Davy Power Gas absorption system was installed at the
TOA Nenryo refinery in Kawasaki, Japan,to treat the off-gases from a sulfur
recovery plant tail gas incinerator. The concentration of SO2 in the

off-gases ranges from 0.65 percent to 1.5 percent S0z. The off-
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27,28,29
gases from the absorber are guaranteed not to exceed 0.02 percent SO,.

In 1972, another unit was installed at the Standard 0il1 Company of
California at E1 Segundo, California, to control off-gases from three
sulfur recovery plants. The off-gases from the absorber are guaranteed
not to exceed 0.05 percent S0 (500 ppm). 2’

Other units designed to minimize the sulfur dioxide emissions from
sulfuric acid plant and sulfur recovery plant tail gases are being
installed. 2/

The advantage of the Davy Power Gas scrubbing system is the simplicity
of its unit operations and the avoidance of steam stripping of the absorbent,
thus substantially reducing steam requirements.25

It is recommended that the process off-gas be as free as possible
from dust, fume, and vapor or gaseous contaminants such as arsenic
trioxide, hydrogen chloride, hydrogen fluoride and sulfur trioxide.

Solid particles in the absorbent solution may produce mechanical problems
such as plugging or erosion while acidic gases and vapors will consume
absorbent 25or cause chemical problems such as corrosion.

Smelter effluents in many cases could also cause problems with the
system due to the presence of high concentrations of oxygen in the
process off-gas and the possibility of introducing potential oxidation
catalysts into the absorbent. 25 In both cases a build-up of an
excessive sodium sulfate concentration in the absorbent could result.

In the required purging of sodium sulfate from the absorption
system, a portion of the sulfur dioxide is lost because of purging
of associated sodium sulfite and sodium bisulfite. Total sodium

sulfate formation directly affects the quantity of sodium hydroxide

. 29
e .
required 4-87
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4.4 PARTICULATE REMOVAL SYSTEMS

The design of gas cleaning equipment is primarily based on
particle and carrier gas characteristics, and process and operating
factors. Important particle characteristics are size distribution,
shape, density, and such physio-chemical properties as hygroscopicity,
agglomerating tendency, corrosiveness, "stickiness," flowability,
electrical conductivity, flammability, and toxicity.] Ease of
maintenance and the need for continuity of operation are operating
factors which should be considered. Important construction factors
include available floor space and headroom and construction material
limitations imposed by the temperature, pressure, and/or corrosiveness
of the exhaust gas stream.

Information on the particle size gradation in the inlet gas stream
is very important in the proper design of gas cleaning equipment.
Particles larger than 50 microns can be removed in inertial and
cyclone separators or simple, low-energy wet scrubbers. Particles
smaller than 50 microns require either high-efficiency (high-energy)
wet scrubbers, fabric filters, or electrostatic precipitators.?2

Wet scrubbers operate at variable efficiencies directly proportional
to the energy expended and can handle changing effluent flow rates and
characteristics. Disadvantages of wet scrubbers are (1) the scrubber
Tiquor may require treatment, (2) the power requirements are high,
and (3) a visible plume may be emitted. Fabric filters more readily
permit reuse of the collected material and can collect combustible
and explosive dusts. They do, however, have temperature limitations

and are sensitive to process conditions. Electrostatic precipitators
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can operate at relatively high temperatures, have low pressure drop,
low power requirements, and few moving parts. They are, however,
sensitive to variable dust loadirgs or flow rates and, in some cases,
require special safety precautions.

The performance of various gas cleaning devices differs widely
depending upon the particular application. Grade efficiency curves for
selected gas cleaning devices are shown in Figure 4—8.3’4 Though
Figure 4-8 is based on silica dust emissions, it is important to
note the collection efficiencies of the various systems in the lower
micron regions (<10 microns). In this region fabric filters, high-
energy scrubbers and dry electrostatic precipitators are the most
efficient. Various analyses of particle size distribution of the
particulate matter entrained in the off-gas streams from lead blast
furnaces and zinc sintering machines indicate that most of the parti-
culate matter is less than 10 microns in diameter.?:6 This small
particie size of particulate emissions from smelter instailations,
which would result in high energy requirements for a high-efficiency
scrubbing zystem to 1imit particulate emissions, is probably one
of the major reasons why scrubbing systems have not found widespread
application in the smeiting industry. Consequently, as discussed
in Section 5, fabric filters and electrostatic precipitators are
the most widely employed particle emission control systems within
the smelting industrv. The following discussions will therefore

concentrate on those systems.

4-92



100

COLLECTION EFFICIENCY % by weight

‘Figure 4-8. Composite grade (fractional) efficiency curves based on test

silica dust,

5 BAG FILTERHOUSE -]
A { YENTUR) SCRUBBER (6-INCH THROAT, 30-INCH WATER GAUGE)

SPRAY TOWER (22-FOOT DIAMETER)

DRY ELECTROSTATIC PRECIPITATOR (3-SECOND CONTACT TIME)

MULTIPLE CYCLONES (12-INCH DIAMETER TUBES)

B {smm_e CYCLONE (4-FOOT DIAMETER)

INERTIAL COLLECTOR -

10 20 30 40 50 60 70! 80

PARTICLE SIZE, microns

4-93



Fabric filtration is one of the oldest and most positive methods
used for the collection of particles from gases. Fabric filters are
typically used for high-efficiency (99+%) particle removal. Their
principal limitation is temperature with a maximum of about 500°F .2
Currentiy, baghouses containing industrial fabric filters are used
for particulate control on all of the blast furnaces and five of the
six sintering machines of the domestic primary lead smelting industry,
and on three of the four zinc sulfide sintering machines within the
domestic primary zinc smelting industry.

Fabric filters for cleaning smelter gases are of both the bag and
envelope types. A wide range of filtering materials including woven
or felted fabric and natural or synthetic materials is utilized.

The particulate matter is removed from the gas stream by
impinging on or adhering to the fibers. The filter fibers are
normally woven with relatively large open spaces, sometimes 100 microns
or larger. Consequently, the filtering process is not one of simple
fabric sieving, as evidenced by the fact that high collection efficiencies
for dust particles of 1 micron or less have been achieved. Small
particles are initially captured and retained on the fiber of the
fabric by direct interception, inertial impaction, diffusion, electro-
static attraction, and gravitational settling. Once a mat or cake
of dust is accumulated, further collection is accomplished by mat

or cake sieving as well as by the above mechanisms. Periodically

the accumulated dust is removed, but some residual dust remains

and serves as an aid to further filtering.
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Air flow in fabric filtration is usually Jaminar. Direct interception
occurs whenever the fluid streamline, along which a particle approaches a
filter element, passes within a distance from the element equal to or less
than one~half the particle diameter. If the particle has a very small
mass, it will not deviate from the streamline as the streamline curves
around the filter element, but because of electrostatic forces, it will
be attracted to and adhere to the filter element if the streamline
passes sufficiently close to the element.

Inertial impaction occurs when the mass of the particle is so great
that it is unable to follow the streamline rapidly curving around the
filter element and continues along a path of less curvature, so that the
particle comes closer to the filter element than it would have come if
it had approached along the streamline. Collision occurs because of
this inertia effect even when flow line interception would not take place.
Impaction is not a significant factor in collecting particles of 1 micron
diameter or less. Impaction becomes a collection factor only as particle
size increases.

In smelting operations a baghouse is normally chosen as the particu-
late removal device when SO3 concentration and chloride content of the
effluent gases are low. High SO3 concentrations are known to produce
corrosion and deterioration of both the baghouse structure and the filter
fabric. These phenomena have been experienced in some cases by the
primary copper, zinc and lead smelting industries in attempts to employ
both standard and fiberglass fabrics to various off-gases. Chlorides
contained in feed materials will produce hygroscopic effects on fabric

filters. The chloride compounds, such as copper, zinc, and lead chloride,
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contained in these gas streams act as dessicant materials and can

produce a sticky material which tends to blind and eventually tear

the filter fabric. Filtration temperatures must also be carefully
maintained (usually below 275°) in order to assure that the filter
fabrics are not damaged. With close control of inlet gas temperatures,
the formation of potentially harmful chemical substances such as sulfuric
acid mist and metal chlorides can be minimized to acceptable levels.

An analysis of the fume and particulate matter collected at the

New Jersey Zinc Company's Palmerton, Pennsylvania, Waelz oxide sinter
plant revealed a metal chloride content of up to 4.5%. The concentration

8,9 which

of sulfur dioxide in the gas stream was approximately 1000 ppm,
is similar to what would be expected from sulfide circuit sintering
emissions. To minimize the formation of harmful chemicals in the

gas stream, the Waelz sinter plant baghouse inlet temperature is closely
controlled by the use of both a gas preheater and dilution with outside
cooling air.

Electrostatic precipitation is an effective technique for removing
both solid and 1iquid particles from gas streams. It has the advantage
over most other control systems of permitting either dry or wet
collection of small particles. Fabric filter baghouses might be
considered the first choice for a solid particulate emission control system;

however, as the process gas stream increases in temperature to the threshold
of baghouse operation, electrostatic precipitators gain more acceptance.
Currently, electrostatic precipitators are used on all the roasters,
reverberatory furnaces, and converters of the primary domestic copper
smelting industry. Three of the five domestic primary zinc smelters

which practice sintering use electrostatic precipitators, and one of
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six currently operating primary lead sintering operations employs an
electrostatic precipitator for particulate control.

Electrostatic precipitators are normally used when the larger
portion of the particulate matter to be collected is smaller than 20 microns
in mean diameter. When particles are large, centrifugal collectors are
sometimes employed as precleaners. Gas volumes handled are normally
in the range of 50,000 to 2,000,000 cubic feet per minute. Operating
pressures range from s1ightly below atmospheric pressure to 150 pounds
per square inch gauge and operating temperatures normally range from
ambient air temperatures to 750°F.

Separation of suspended particulate matter from a gas stream by
high-voltage electrostatic precipitation requires three basic steps:

1. Electrical charging of the suspended matter.

2. Collection of the charged particulate matter on a grounded surface.

3. Removal of the particulate matter to an external receptacle.

A charge may be imparted to particulate matter prior to the
electrostatic precipitator by flame ionization or friction; however,
the bulk of the charge is applied by passing the suspended particles
through a high-voltage, direct-current corona. The corona is established
between an electrode maintained at high voltage and a grounded collecting
surface. Particulate matter passing through the corona is subjected
to an intense bombardment of negative ions that flow from the high-
voltage electrode to the grounded collecting surface. The particles
thereby become highly charged within a fraction of a second and migrate
toward the grounded collecting surfaces. This attraction is opposed

by inertial and friction forces.

4-97



After the particulate matter deposits on the grounded collecting
surface, adhesive, cohesive, and primary electrical forces must
be sufficient to resist any action or counter-electrical forces that
would cause reentrainment of the particulate matter. Free flowing
liquids are removed from the collecting surface by natural gravity
forces. The particulate matter is dislodged from the collecting
surfaces by mechanical means such as by vibrating with rappers or
by flushing with liquids. The collected materials fall to a hopper
from which they are removed.

Although EPA has found in many industries that well-designed,
high-efficiency electrostatic precipitators are effective in 1imiting
emissions of particulate matter, in most cases the electrostatic
precipitators that have been installed within the domestic primary
copper, zinc and lead smelting industries have been of relatively
Tow efficiency (80-90 percent or less). Consequently, EPA has
not conducted an emissions test on an electrostatic precipitators
operating within the domestic copper, zinc and lead smelting
industry since no precipitator currently in operation was found to
exhibit the best available technology.

In July 1972, EPA carried out an emission test on a fabric filter
baghouse operating on the lead blast furnace at the ASARCO lead
smelter in Glover, Missouri. The average particulate emission
concentration (probe washings and filter catches only) was determined

to be about 32 milligrams per dry normal cubic meter (0.014 glr'/dscf).]1
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In February 1974, EPA carried out an emission test on a fabric
filter baghouse operating on a Waelz zinc oxide sintering machine
at the New Jersey Zinc Company's primary zinc smelter in Palmerton,
Pennsylvania. The particulate emission results were considered
invalid, however, due to a malfunction within the control system.

A defective valve within the baghouse system permitted a significant
portion of the emission stream to bypass the filtering area and
proceed untreated to the sampling Tocation.

The secondary lead and brass and bronze industries have also
been tested by EPA for particulate emissions. Particulate matter
from a brass or bronze furnace consists of not only combustion
products from fuels but also particulate matter in the form of dust
and metallic fumes.!3 The fume results from the condensation and
oxidation of volatile elements including lead and zinc. A similar
situation exists in secondary lead refining where the metallic fume
emitted is principally lead oxide. In both cases the particle size
of the metal oxides range between 0.03 and 0.3 micron.13 This particle
size range is similar to that of primary smelting operations.

Average emissions from typical secondary lead and brass and bronze
facility tests at those sites utilizing baghouses for particuiate
control are 0.07 and 0.008 gr/dscf, \r'espec’civebl.]2 Table 4-7
gives a tabulation of applicable secondary industry baghouse

test results conducted by EPA.

4-99



*pajJodad ade s3fnsad 3saybLy svuy3 syl

6 vi0° 800" LlLO" 8lO°
5 ¥0C* G00° ¥0G* €GO
6 ¥00° ¥00° €00  S00°
8l 800° 0" 600" 900"
A 14N GLo® 800° At
A% yLo° 107 800" 9107
€ 4 L

Ams%\msw (395p/4b)

abedany

S3|Ns9y 3saL

gLeLL

s3|nsay

xosnoybeg 9oeuuang) A403eUAIGUBAIY
esnoybeg aokudn} Auojedsquaray
ashoybeg aoruUNy A403RUDGUDADY
asnoybeg 3Jeuuny 3sejg
asnoybeg ajeuuny 3selq
*qQUdAlY SSouq

asnoybeg wumc;zwapmc_m
wa3sAS [04Fu0) Twe3sAS
uo13onpoud

1S9] uolssiw3 asnoybeg

AR AL LI

"Spell 349M SUNJ 3S8} US9LLdix

dzuoug B ssedg
pea| Au4epuodasg
peaj A4epuodas
dzZuoug ¥ sseag

pes| A4epPu0odas

pea| Auvulad

493 | dwS |dAL

4-100



10.

11.

12.

13.

References for Section 4.4

Stephan, D.G. "Dust Collectors Review." Trans. Foundrymen's
Soc. Vol. 68, pp. 1-9, 1960.

Stairmand, C.J. "Removal of Grit, Dust and Fume from Exhaust
Gases from Chemical Engineering Processes." Chem. Eng., pp. 310-326,
December 1965.

Stairmand, C.J. "Design and Performance of Modern Gas-Cleaning
Equipment." Inst. of Fuel, Vol. 29, pp. 58-76, February 1956.

Duprey, R.L. "Particulate Emission and Size Distribution Factors."
U.S. Dept. of Health, Education and Welfare, National Center for
Air Pollution Control, Durham, North Carolina, May 1967 (Prepared
for: New York-New Jersey Air Pollution Abatement Activity).

Harris, D.B. and Dennis C. Drehmel. "Fractional Efficiency of

Metal Fume Control as Determined by Brink Impactor.” Presented

at the 66th Annual Meeting of the Air Pollution Conirol Association,
Chicago, Il1inois, June 24-28, 1973.

Midwest Research Institute, Source Testing, EPA Task No. 27, ASARCO,
Glover, Missouri, EPA Contract No. 62-02-0228.

Sargent, G.D. "Gas/Solid Separations." Chem. Eng., February 15, 1971,
pp. 11-22.

The New Jersey Zinc Company Technical Group Memorandum No. 69-128,
"Ferroalloy Sinter Plant Stack Emission,” Palmerton, Pa., Nov. 18, 1969.

The New Jersey Zinc Company Technical Group Memorandum "Fume Aﬁa]yses,"
Palmerton, Pa., Jan. 8, 1974.

Engineering Memorandum "Waelz Sinter Fume Collection Bagroom -
Description of Operation," Palmerton, Pa., May 18, 1973.

Midwest Research Institute, Source Test, EPA Task No. 27.
ASARCO, Glover, Missouri, EPA Contract No. 62-02-0228.

Background Information for Proposed New Source Performance Standards,
Vol. 2, Appendix - Summaries of Test Data, EPA/OAWP/OAQPS, Research
Triangle Park, North Carolina 27711, June 1973.

"Air Pollution Engineering Manual." EPA/OAWP/0AQPS, Research

Triangle Park, North Carolina 27711, Second Edition, Edited by
John A. Danielson, May 1973.

4-101



General Reference

14, "Control Techniques for Particulate Air Pollutants." U.S. Dept.
of Health, Education and Welfare, PHS-EHS, January 1969.

4-702



5. SURVEY OF DOMESTIC AND FOREIGN PRIMARY COPPER, ZINC AND LEAD SMELTERS
Currently, the United States annual consumption rate of

nearly 5.1 million short tons of copper, zinc, and 1ead] is

partly satisfied by the production of these metals at 29 primary

facilities. This section investigates these existing operations by

discussing the current processing and emission control equipment

used, the atmospheric emissions of SOp and particulate produced,

and some pertinent process parameters calculated for each primary

facility. Future.plans, as envisioned by these facilities as of mid-1973,

for air pollution abatement are also presented. Some of the plans

cited have been completed and others have been altered as of mid-1974,

but no attempt has been made to update the information of this

chapter to reflect changes after mid-1973. Reference is made to

existing smelter emission control regulations.

5.1 PRIMARY COPPER SMELTERS

5.1.1 Domestic Copper Smelters
As shown by Figure 5-1, the fifteen existing domestic primary

copper smelters are mainly concentrated in the southwestern section
of the United States. Michigan, Montana, Nevada, New Mexico,
Tennessee, Texas, Utah, and Washington contain one copper smelter
each, while seven smelters are located in Arizona. The high density
of copper extraction facilities in Arizona is primarily due to the
local availability of copper ore.

A compilation of data, including plant age and most recent major
modification, materials processed and produced, process and emission
control equipment, stack parameters, and emission data, is presented

in Table 5-1 for each of the fifteen existing primary copper smelters.
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The remainder of the discussion contained in Section 5.1 is either taken
directly from or calculated from this table.

As described in Section 3.1.1, two conventional copper extractive
processes are utilized by these existing smelters. The first
process occurs in three steps: roasting, smelting, and
converting. Generally, primary facilities that process numerous
copper concentrates containing various amounts of constituents empToy
this practice. Currently, seven of the existing fifteen copper smelters
are in this first category. The roasting step is performed at
four smelters by means of multiple-hearth roasters, whereas the
remaining three facilities employ fluid-bed roasters. Averaging the
copper roasting applications existing in the United States, one multiple-
hearth roaster is used to roast approximately 190 tons per day of
copper concentrate, and about 1150 tons per day are processed by
each fluid-bed roaster.

The second process, used by the remaining eight operating
facilities, occurs in two steps: smelting and converting. Uniform
consistency of concentrate constituents is the primary reason for
smelting the copper concentrates directly without the prior
roasting step.

For either process, the reverberatory furnace performs the
smelting step at fourteen of the fifteen smelters. The one re-
maining smelter employs an electric furnace. An average of 640
tons per day of copper calcine and concentrate are smelted in each of

a total of 26 operational reverberatory furnaces. The one existing
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electric furnace processes approximately 250 tons per day of copper
calcine.

A1l fifteen domestic copper smelters employ the Pierce-Smith
converter for the conversion of furnace matte to converter slag and
blister copper. Each of a total ¢f 54 converters is used to process
an average of approximately 300 daily tons of furnace matte. An
average of 3.6 operating converters, with a range of from one to
eight converters, is used at each primary smelter.

Figure 5-2 presents the above process equipment statistics
for the fifteen existing copper smelters.

Particulate matter is emitted from the roaster, furnace, and
converter process operations. Current particulate control
practices include the usage of multiclones, balloon flues, and
electrostatic precipitators. Control efficiencies vary from an
estimated 30 to 99 percent. Replacement of old, low-efficiency
particulate removal devices with high-efficiency electrostatic
precipitators is underway at many of the existing smelters.

Control of sulfur oxide emissions from this industry has primarily
been through the application of single-contact sulfuric acid plants.
Of the four smelters that employ multiple-hearth roasters, all of the
roaster process effluents are emitted to the atmosphere without SOp

control. FEach of the three smelters utilizina fluid-bed roasters

Timits the SO, emission from this effluent by means of a sulfuric

2
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Copper Concentrates

Fluid-Bed
Roaster

3 Each
(3 Plants)

Multiple-Hearth
Roasters

33 Each
(4 Plants)

Electric Furnace

1 Each
(1 Plant)

l

Green {Feed
(8 P1gnts)

Reverberatory
Furnace

26 Each
(14 Plants)

l

Figure 5-2.

l

Converters

54 Each
(15 Plants)

'L Blister Copper

Process equipment used by existing
domestic primary copper smelters.



%cid plant. A1l of the weak-stream effluents from the industry's
reverberatory furnaces are at present discharged to the atmosphere
without recovery of S0,. The one smelter that employs an electric

furnace combines this process effluent with copper roaster

and converter gases, as well as pyrite process gases, and treats

the entire effluent in a dimethylaniline scrubbing system, a liquid

S0, plant and several sulfuric acid plants. Currently, only five U.S.
primary copper smelters 1imit the emissions of S02 from copper converters.
At these smelters, sulfur is recovered by the production of sulfuric

acid by means of single-contact sulfuric acid plants.

IMlustrated in Figure 5-3 is the current status of SO, control at
the existing primary copper smelters as of mid-1973. In summary, only nine of the
possible 37 process effluents generated by the domestic industry are
subjected, either wholly or in part, to SO, emission control.

Fugitive emissions of sulfur dioxide are discharged to the
atmosphere from numerous sources within the smelter complex. 18 sych
discharge sources include hot roaster calcine transfer points;
reverberatory furnace feed and discharge areas; converter roll-out;
teaky flues, ducts, and stacks; and Tow-level stacks, such as some
acid plant tail-gas stacks. The ragnitude of the fugitive
emissions has been reported to range from 0 to 12 percent of the
total amount of SOo generated by the smelter. Currently, exact
methods for quantification of fugitive S02 emissions are not known.
Several of the existing smelters are presently installing hooding over
troublesome areas where fugitive emissions occur. This hooding will
allow some of the fugitive emissions to be emitted to the atmosphere
from a higher release point, which should, in turn, reduce ground-level

S0 concentrations.



Processing Equipment

Type S02 Control

Multiple-Hearth
Roasters
33 Each, 4 Effluents

Effluents

Fluid-Bed Roasters
3 Each, 3 Effluents

- No SO Control

Single-Contact

Reverberatory
Furnaces
26 Each, 14 Effluents

e Sulfuric Acid
Plants

Electric Furnaces
1 Each, 1 Effluent

- No SO02 Control

Single-Contact

Converters
14 Each, 5 Effluents
(Treated in Part or
| Whole)

Sulfuric Acid
> Ptants,
Liquid SO, Plant

Single-Contact
Sulfuric Acid

Converters
40 Each, 10 Effluents

Plants

—3 No S0, Control

Figure 5-3. Current status of SOE control at
e

existing primary cop

r smelters.
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Tabulated in Table 5-1 are estimates of particulate and SO,
mass emission rates for each of the fifteen existing copper smelters.
These balances have been obtained from industrial responses to EPA
questionnaires and from other referenced communications with industrial
representatives. The mass particulate emission rate var 3s from
essentially zero to approximately 22 tons/day, and averages 5.8
tons/day. The broad range indicated depends directly on the degree
of particulate control existing at the facility.

The mass emission rate of SO» varies from a very small amount,
which has not yet been determined (tail gas from acid plants and
dimethylaniline unit at Cities Service, Copperhill, Tennessee), to a
high of approximately 1400 tons/day. Numerous factors dictate the
magnitude of the SO2 atmospheric emissions emanating from each of the
15 existing smelters:

1) The tonnage of concentrate processed per day.

2) The sulfur content of the concentrate.

3) The type of pyrometallurgical process employed (i.e., roastings

smelting-converting or smelting-converting).

4) The degree of sulfur remcval for each pyrometallurgical

process step.

5) The amount of sulfur. entering the extraction process which is

retained as a solid constituent of discarded slag.

6) The degree of SO2 emissicn control employed.

The amount of copper concentrate processed at each of the existing smelters
varies from 300 to 2260 tons/day, with an average of approximately 1300
tons/day. The sulfur content of these concentrates averages around 32

percent and ranges from a low of 8 percent to a high of 38 percent.

5-10



Factor numbers 3 and 4 above are intrinsically associated by the
type or types of copper concentrate processed at each smelter.

The degree of sulfur removal for each processing step is dependent
upon the metallurgical goals of that step and will vary from
smelter to smelter. Of the total SO, generated by each existing

smelter, the allocation of the generated S02 is, on the average,

attributed to: 19
Roasting Furnacing Converting Fugitive
32.2% 18.6% 43.1% 6.1%
Furnacing Converting Fugitive
31.2% 68.5% 0.3%

Significant variations of each of the above percentages do occur on

a plant-by-plant basis. Losses of input sulfur to slag vary from one

to three percent of this input amount. Thus, the remaining 97 to

99 percent of the input sulfur can ultimately become uncontrolled atmos-
pheric emissions of SO, unless emission control is employed. As stated
previously, only nine of the 37 primary smelter process effluents

have SOz control either in part or whole. This amount of

control allows an average of approximately 550 tons/day of S0 to

be emitted for each copper smelter. On a process weight basis, this
average mass emission rate is equivalent to about 0.425 tons of SO»
emitted/ton of copper concentrate processed or 1.75 tons of S0,

emitted/ton of blister copper produced. In summation, if the

average copper concentrate were assumed to contain 32 percent sulfur,

the current overall degree of SO2 emission control would be equivalent
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to 33 percent.
Numerous control regulations Timiting the atmospheric emission of
sulfur dioxide from existing primary copper smelters have been or are

being adopted by state and Tocal air pollution control agencies. 20

As of mid-1973, mass emission rate standards require from 60 to 90 percent
control of sulfur fed to an existing smelter, and stack concentrations of

from 500 to 2000 parts per million (ppm) 502 are required in other regulations.

A third type of regulation, requiring compliance to a set of ambient

air quality standards, is also used. The Environmental Protection

Agency is currently developing regulations to correct the deficiencies

contained in six state implementation plans for smelters. The state

implementation plans were deficient in that they did not provide for

the attainment of the national ambient air quality standards. 21
In order to comply with existing or pending SO, regulations,

many of the primary copper smelters have initiated plans or are in the process

of construction and start-up of 502 control devices. Federal, state, and

local air pollution control officials have indicated that some of these

actions include the followingas of mid-1973:

Status Action

1) Start-up Electric furnace, siphon converters, and one

double-contact sulfuric acid plant to handle

all furnace and converter gases. This system

will replace old existing smelter. 2e (Inspiration-
Miami, Arizona)
2) Start-up Water-cooled hoods on converters (which will allow

less air infiltration at hood-converter interface

and, in turn, increase converter effluent
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3)

4)

Start-up

Under construction

Under construction

Under construction

Under construction

Under construction

SO2 concentration), dimethylaniline to concen-
trate 802 contained in reverberatory furnace
gases, and one single-contact sulfuric acid

plant to handle all furnace and converter gases.
(Phelps Dodge-Ajo, Arizona)

One double-contact sulfuric acid plant to
control entire converter effluent. (ASARCO-

E1 Paso, Texas)

One double-contact sulfuric acid plant to treat
a portion of the converter effluent. (Anaconda-
Anaconda, Montana)

Dimethylaniline to concentrate SO2 in remainder
of converter effluent (portion of converter
effluent currently treated by single-contact
sulfuric acid plant). Concentrated SO2 stream
sent to liquid S0, plant. (ASARCO-Tacoma, Washington)
Single-contact sulfuric acid plant to recover 302
from entire converter effluent. (Kennecott-Hurley,
New Mexico)

New ducting and water-cooled hoods on converters,
entire converter effluent to single-contact

22 (Magma-San Manuel, Arizona)

sulfuric acid plant.
Water-cooled hoods on converters and expansion
of existing single-contact sulfuric acid plant
to treat entire roaster and converter effluents
(acid plant currently treats entire roaster

effluent and portion of converter effluent). 22

(Kennecott-Hayden, Arizona)
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9) Under construction

10) Under construction

11) Under construction

12) Planning

13) Planning

14) No plans

Single-contact sulfuric acid plant to treat
entire converter effluent. Also adding one
new converter and one new reverberatory furnace

to existing process. 2z

(Phelps Dodge-

Morenci, Arizona)

Water-cooled hoods on converters, single-

contact sulfuric acid plant to treat entire
converter effluent, and taller stack. (Kennecott-
McGi1l, Nevada)

1000 foot stack for all untreated (502) roaster
and reverberatory furnace effluents. New stack

will replace existing 300-foot stack. 22

(ASARCO-
Hayden, Arizona)

Water-cooled hoods on all converters, blend 50
percent of reverberatory furnace effluent with
entire converter effluent and treat all with
existing single-contact sulfuric acid plants.
(Kennecott-Garfield, Utah)

Usage of double-contact sulfuric acid plants,
sodium sulfite-bisulfite scrubbing, or molecular
sieve to reduce tail gas concentration from
existing sulfuric acid plants to below 500 ppm.
(Cities Service-Copper Hill, Tennessee)

Two existing copper smelters have not, as yet,
initiated any sulfur recovery programs. 22
(White Pine-Wnite Pine, Michigan,and Phelps Dodye-

Douglas, Arizona)
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Of importance are the facts that two existing copper smelters are starting up
or installing double-contact sulfuric acid plants, one existing smelter is
currently lining out a dimethylaniline system applied to a reverberatory
furnace weak gas stream, and an electric furnace and syphon converter
system is under start-up at one other existing smelter,

If all of the above plans were to become reality at the existing
copper smelters, twenty process effluents out of a total of 37 would be
either wholly or in part subjected to SO2 emission control.

The construction of four new primary copper extraction facilities is
planned for the near future. Phelps Dodge has under construction a new
copper smelter at Tyrone, New Mexico. This smelter will incorporate
Outokumpu Oy flash smelting technology and will produce 100,000 tons

23 The smelter is scheduled to start up in mid-1974.

per year of copper.
0ff-gases from the flash furnace and copper converters will be controlled
by an elemental sulfur plant and a sulfuric acid plant, respectively.

Both Anaconda and Duval Copper have announced the construction of
hydrometallurgical copper extraction facilities. The Anaconda installation
will be located at Anaconda's Anaconda, Montana, smelter and is scheduled
for start-up in late:1974. The facility will have the capacity to
produce 36,000 tons per year of copper. The Duval copper installation
will be located at Duval's Esperanza mine, just south of Tucson, Arizona.
The facility is scheduled for start-up in early 1975 and will have the
capacity to produce 32,500 tons per year of copper. These two installations
will be the first of their type to operate on a commerical basis.

Hecla-E1 Paso Natural Gas is also constructing a new copper smelter.

This smelter will use the roast-leach-electrowin technology developed by
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Bagdad copper in the 1950's. The process involves the roasting of copper
sulfide concentrates followed by a sulfuric acid leach and then
electrolysis of the leach solution to recover copper. The smelter will
be Tocated just south of Casa Grande, Arizona,and will have the capacity
to produce 30,000-35,000 tons per year of copper. O0ff-gases from the
roaster will be controlled by a sulfuric acid plant and the smelter is
scheduled to start up in early 1975.
5.1.2 Foreign Copper Smelters

Table 5.2 contains data pertaining to process and pollution control
equipment utilized by several foreign primary copper smelters which

2 Three of these

were visited by EPA in August and September of 1972.
operations utilize the flash smelting technique. O0ff-gases from this
technique are processed for 302 control by double-contact sulfuric acid
plants and a liquid 502 plant. One smelter recovered SO2 from its
reverberatory furnace effluent by means of a single-contact sulfuric
acid plant at the time of the EPA visit. Hooding, used to prevent the

release of fugitive 302 emissions, and scrubbing of acid plant tail gas,

as well as other weak SO2 gas streams, are discussed in this table.
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5.2 PRIMARY ZINC SMELTERS
5.2.1 Domestic Zinc Smelters

The physical locations of the eight existing domestic primary zinc
smelters as of mid-1973 are portrayed in Figure 5-4. Each of the eight
domestic smelters is of the custom type; that is, the zinc concentrates
processed are generally purchased from numerous sources. Of the three
basic types of zinc production methods described in Section 3.1.2,
three smelters employ the horizontal retort process, two smelters use
the vertical retort process, and the electrolytic technique is
performed at two zinc operations. The eighth smelter produces
zinc calcine for the production of zinc oxide. A data compilation
table for the existing zinc smelters, as was presented for the primary
copper industry, is used as a basis for the remaining discussion in
this section. This data is presented in Table 5,3.

Seven of the eight existing zinc plants utilize one or a
combination of several types of roasters, which include Ropp roasters,
multiple-hearth roasters, or the modern flash and fluid-bed roasters.
The Ropp roaster, used by only one domestic smelter, is the only type
roaster which does not produce a gas stream that is amenable to
conventional SO, control. Approximately 2900 tons per day of zinc
concentrate are processed in a total of 25 roasters, with an average
feed rate of 120 tons per day per roaster.

Four smelters employ a total of 15 downdraft sinter machines to
produce a hard porous material which is suitable for reduction in a
horizontal or vertical retort. One operation employs a rotary kiln
to remove impurities from its zirc calcine. Another smelter uses

one large downdraft sintering machine to simultaneously roast and
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sinter approximately 500 tons per day of zinc concentrate. The remaining
two zinc plants employ the electrolytic technique, wherein the zinc
concentrate is roasted and the resulting calcine is subjected to

leaching and electrolysis rather than sintering.

Reduction of the zinc sinter is performed at three smelters by a
total of about 22,000 horizontal retorts. One smelter utilizes 43
vertical retorts, while one other smelter uses 17 electrothermic
furnaces, which are modifications of vertical retort-type furnaces.

Of approximately 2100 tons per day of zinc produced by the primary
domestic industry, 29 percent is produced by the electrolytic

technique, 26 percent by the horizontal retort method, and 45 percent

by the application of vertical retorts and electrothermic furnaces. 4

Figure 5-5 presents the above process equipment statistics
for the eight existing zinc smelters.

Particulate matter is emitted from roasters that do not have
sulfuric acid plants and from all sintering and reduction equipment.
EffTuents from the roasters of six smelters pass through electrostatic
precipitators and then to single-contact sulfuric acid plants for SO,
recovery. One smelter which employs Ropp roasters releases its
roaster effluent to the atmosphere without any particulate control.
Particulate matter contained in sinter machine off-gases is controlled
by a combination of both electrostatic precipitators and baghouses.

The particulate control efficiency of these devices generally ranges

from 90 to 99 percent. Currently, there are no known particulate control
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ZINC CONCENTRATES

ROASTER ROASTER-6 ROPP ROASTER/ ROASTER
{-FLUID BED & 5 FLUID-BED, SINTER ~-FLUID-BED
5 FLASH 5 MULTI, : 1 EACH 1 EACH

6 EACH 3 FLASH, 19 (1 PLANT) (1 PLANT)
(2 PLANTS) EACH (4 PLANTS)

ELECTROLYTIC DOWNDRAFT
(2 PLANTS) SINTERING
MACHINES
15 EACH
(4 PLANTS)
ELECTROTHERMIG
FURNACES
17 EACH
(1 PLANT)
VERTICAL HORI ZONTAL
RETORTS RETORTS
43 EACH w23 ,000 EACH
(1 PLANT) (3 PLANTS)
R y

In, In0

Figure 5-5 process equipment used by existing domestic

primary zinc smelters
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methods available for horizontal retort operations. Magnitudes of
particulate emissions from horizontal retorts are unknown. With good
housekeeping and operating practices, particulate emissions from

vertical retorts and electrothermic furnaces can be minimal. Production
of zinc metal from zinc calcine by the electrolytic process is essentially

"air-pollution free," since this is a "wet" operation.

The production of zinc calcine by roasting zinc concentrates is
the major 502 producing step. Thirteen single-contact sulfuric acid
plants are used to recover the S02 generated by nineteen roasters.
These acid plants currently provide the only SO, control in the primary
zinc industry. If an assumption is made that all zinc concentrates
contain an average of 30 percent sulfur and that 95 percent of this
sulfur is converted to sulfur dioxide, a total uncontro]]ed\mass emission
rate of 1900 tons per day of SOy could occur. An estimated mass emission
rate of approximately 600 tons per day of SO» has been reported by the
existing industry. Thus, an estimate of the current overall SOy control
for the primary zinc industry is 68 percent. Of the six smelters which
employ single-contact sulfuric acid plants, the percentage control of SO7
is estimated to be 91 percent. With the SO, control currently being
practiced by this industry, approximately 0.18 tons and 0.28 tons of 502

are emitted for each ton of zinc concentrate processed and each ton of

zinc produced, respectively.
Sinter machine off-gases generally contain from 400 to 3000 parts

per million 502, by volume. Since most of the sulfur has been removed
during roasting and sintering, the reduction off-gases normally contain

only about 50 parts per million SO2 by volume. Fugitive SO2 emissions occur
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from roasters and from improperly maintained roaster flues. The magnitude
of these fugitive emissions is unknown. 18
ITlustrated in Figure 5-6 is the current status of SO2 control
at the existing primary zinc smelters as of mid-1973.
Several control regulations Timiting the atmospheric release of
sulfur dioxide from existing primary zinc smelters have been or are

20 As

being adopted by state and local air poliution control agencies.
of mid-1973, mass emission standards require a minimum of 80 percent
control of sulfur fed to the smelter. A stack concentration of 500

ppm 502 is required by one state regulation. This concentration must

be applied to separate operation effluents, such as the roaster effluent
and the sinter machine off-gases. Ambient air quality standards are
also used as a measurement of compliance. One state implementation
plan, covering a combined lead/zinc operation, was deficient in that

it did not provide for the attainment of the national ambient air
quality standards. The Environmental Protection Agency is currently
developing a regulation to correct this deficiency. 2

Some revisions, as indicated by Federal and state air pollution

agencies, to existing zinc smelters are in the planning stages as of

mid-1973:
Status Action
1) Current Usage of all existing sulfuric acid producing

capacity. Previously, only acid which could be

20

marketed was produced. (Bunker Hi11-Kellogg,

Idaho)
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Processing Equipment

Multiple-Hearth
Roasters
5 ea, 1 Effluent

Effluents

Type SO2 Control

Single-Contact

Fluid-Bed Roasters
7 ea, 4 Effluents

Sulfuric Acid
Plants

Single-Contact

Flash Roasters
8 ea, 3 Effluents

’7 Sulfuric Acid
Plants

Single-Contact

Ropp Roasters
6 ea, 1 Effluent

’j Sulfuric Acid

Plants

Roaster/Sinter
1 ea, 1 Effluent

W No SO» Control

= No SO, Control

Figure 5-6. Current status of SO2 control at
existing primary zinc smelters.
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Status

2) Planning

3) Planning

4) Planning

5) No plans

Action

Two existing zinc smelters investigating double-
contact sulfuric acid plants and weak SO2 gas
scrubbing techniques to reduce existing roaster-
acid plant tail gas and sinter machine off-gas to

20,31 (St. Joe-Monaca,

500 ppm, by volume.
Pennsylvania,and N.J. Zinc-Palmerton, Pennsylvania)
Two existing zinc smelters to shut down operation

by December 1973. 3233

(ASARCO-Amarillo, Texas,
and AMAX-Blackwell, Oklahoma)

Increase stack height. (National Zinc-Bartlesville,
Oklahoma)

Two existing zinc smelters either already meet local
and state 502 regulations or have not yet initiated

any sulfur recovery programs. (ASARCO-Columbus, Ohio,

and ASARCO - Corpus Christi, Texas)

The primary domestic zinc smelting industry has announced the

construction, expansion, and remodeling of new and existing zinc facilities

within the United States. Since the ASARCO Amarillo and AMAX Blackwell

horizontal retort smelters will be closing shortly, both companies have

indicated that replacement capacity is forthcoming.

32,33 aMAX has

exercised its opt%on to purchase the East St. Louis, I11inois, electroiytic

zinc plant owned by the Americah Zinc Company. 32 Expenditures for the

refurbishing of this plant have been stated to be $16.4 million. Shipment

of zinc should commence during 1973, with full capacity of 84,000 tons

per year of electrolytic zinc reached by 1975. ASARCO may expand its

Corpus Christi electrolytic zinc operation by as much as 20 percent.

33
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ASARCO is also considering the construction of a new 150-ton-per-day

34 If this project

electrolytic zinc facility near Stephensport, Ky.
is undertaken, plant start-up would occur in 1976.
5.2.2 Foreign Zinc Smelters

The electrolytic zinc plant Ruhr-Zink GMBH, Datteln, West Germany,

was visited by EPA in August/September of 1972. 2

This operation
produces 80,000 metric tons per year of electrolytic (high-grade) zinc.
A Lurgi 180~ton-per-day fluid-bed roaster is the on}y SO2 emitting source
at this facility. Off-gases from this roaster contain 10 to 12 percent
S0>. This effluent is cooled by a waste heat boiler and its parti-
culate Toading is reduced by subjecting it to cyclones and three
electrostatic precipitators in parallel. A 645-metric-ton-per-day
doubie-contact sulfuric acid plant is employed for SO, recovery.

The 502 conversion efficiency of this acid plant was reported to be

99.5 percent. The Berzelius and Penarroya smelters were also visited. 2
Since these two primary foreign smelters are combined lead/zinc

operations, a discussion of their process and control technology

will be presented in Section 5.3.
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5.3 PRIMARY LEAD SMELTERS
5.3.1 Domestic Lead Smelters

As shown by Figure 5-7, the six existing domestic primary lead
smelters are basically located within the Missouri lead belt and
the Coeur D'Alene lead area. A few of these smelters process their
own lead concentrates, but the majority of the processed concentrates
are purchased from both domestic and foreign sources.

A compilation of data, including plant age and most recent
major modification, materials processed and produced, process and
emission control equipment, stack parameters, and emission data,
is presented in Table 5-4 for each of the six existing primary
lead smelters. The remainder of the discussion contained in
Section 5.4 is either taken directly or calculated from this table.

As described previously, two pyrometallurgical process steps
are employed by each of the six existing lead smelters for the
production of lead bullion, sintering and furnacing. Figure 5-8
illustrates the current process equipment used by the existing
industry. Five smelters employ the updraft type sintering machine,
while the remaining one smelter uses the downdraft type. Because
of their much greater capacity, only one updraft sintering machine
is used at each of the five smelters, whereas six of the smaller
downdraft type machines are used at the sixth facility. A total of
eight blast furnaces are used to reduce the lead sinter to lead

bullion. o
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Lead Concentrates

Updraft Sintering
Machines
5 each
(5 Plants)

Blast Furnaces
6 each
(5 Plants)

Downdraft Sintering
Machines
6 each
(1 Plant)

Blast Furnaces
2 each
(1 Plant)

Lead Bullion

Figure 5-8. Process equipment used by existing domestic
primary lead smelters.
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Particulate matter is emitted from all operating sinter machines
and blast furnaces. This particulate matter is controlled by highly
efficient baghouses on all but one effluent, which is controlled
by an electrostatic precipitator.

Three of the six smelters currently recover sulfur dioxide from
part of their sinter machine off-gases. These three operations
divide the sinter machine effluent into a strong SO2 component, from
the front portion of the machine, and a weak SO, component, from the
rear section of the machine. The strong SO2 gas stream is then
subjected to sulfur recovery by means of a single-contact sulfuric
acid plant at each of the three smelters. The weak gas streams are
subjected to particulate control and are then released to the atmosphere
without sulfur recovery. The other three smelters extract one
effluent from each operating sinter machine and pass this effluent to
the atmosphere with particulate control only. The gases from all
eight operating blast furnaces are released to the atmosphere without
sulfur recovery.

The mass emission rate values for SO listed in Table 5.3 are
basically those values which would be emitted when the sintering
machines and blast furnaces are both operating at the existing facility.
A lead sintering machine is generally operated 20 days per month (or
240 days per year), whereas blast Furnaces are nearly continuously

in operation. 18

Assuming that approximately 200,000 tons per year
of sulfur enter the six existing lead smelters and that nearly 150,000

tons of sulfuric acid were produced during 1971, the total recovery
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of S02 for this industry is currently about 27 percent. This value
is equivalent to an emission ratio of 0.2 tons of SO» per ton of lead
bullion produced. The magnitude of fugitive SO» emissions is
considered to be nearly insignificant at most of the six existing
facilities. These emissions evolve from hot sinter transfer points
and from tapping and charging areas. 18.

Figure 5-9 presents the current status of SO control for the

existing primary lead industry as of mid-1973.

Current or pending state and local regulations as of mid-1973 20

for SO2 control include a required mass emission rate which must not

exceed a maximum of 10 percent of the input sulfur to the smelter, a

stack concentration of 2000 ppm 502, by volume, and a set of ambient

air quality standards. The Environmental Protection Agency is currently

developing regulations to correct the deficiencies contained in two state

implementation plans for lead smelters. 21
Changes in process and control technolegy which are currently taking

place in the primary lead industry include,as of mid-1973:

Status Action

Current Usage of all existing sulfuric acid producing

capacity. Previously, only acid which could be

marketed was produced. 20 (Bunker Hi11-Kellogg,
Idaho)
Current Three smelters awaiting EPA policy decision as

Intermittent Curtailment Systems. (Missouri Lead-
Boss, Missouri; St. Joe-Herculaneum, Missourisand
ASARCO-E1 Paso, Texas)

No action Two smelters have not made commitments, to date.
(ASARCO-Glover, Missouri, and ASARCO-East Helena,

“Montana) 5-33



Processing Equipment

Type SOZ Control

Updraft Sintering
Machines
3 each
3 Effluents

Single-Contact

Strong S02 . .
_-—EW%W Sulfuric Acid

Plants

Updraft Sintering
Machines
2 each, 2 Effluents

Weak
SO
Effluent

' - ""; No SO2 Control

Downdraft Sintering
Machines
6 each, 1 Effluent

Blast Furnaces
8 each
8 Effluents

» No S02 Contro®

¥ No SO Control

Figure 5-9. Current status of SO2 control at
existing primary lead smelters.
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Currently, there are no known new primary lead smelters under
construction in the United States.
5.3.2 Foreign Primary Lead Smelters

Several foreign lead smelters were visited by EPA in August and September
of 1972. One of these, Hoboken Metallurgie, Hoboken, Belgium, employs -
multihearth roasters to remove volatile impurities, as well as
excess sulfur from the lead concentrates. O0ff-gases from the
multihearth operation, containing 6 percent S02, are passed through
an electrostatic precipitator, a venturi scrubber, and are then
combined with other plant effluents and treated in either a
Petersen or a Mechim single-contact sulfuric acid plant. The
lead calcine, containing a maximum of 42 percent lead, is fed to a
downdraft sinter machine, which employs gas recirculation. The
sinter machine off-gases, containing 4.5 to 6 percent SO2, pass through
a venturi scrubber and then join the roaster gases. Two blast
furnaces, the off-gases from which are controlled for particulate
only, reduce the sinter to lead bullion and copper matte.

Both the Berzelius GMBH smelter in Duisburg, West Germany, and

the Penorroya HNoyelle Godault, France, smelter employ the Imperial
Smelting Furnace technique. Lead and zinc concentrates are mixed and
sintered in an updraft sinter machine. Sinter machine gas-recirculation
is practiced at both smelters with off-gases generally containing 5 to
6 percent SO». Berzelius employs one double-contact and one modified
double-contact sulfuric acid plant. Penorroya also produces lead
from a conventional sinter machine-blast furnace operation. For
this operation, two effluents are taken from one updraft sinter

machine. The strong S02 effluent, taken from the front half of the
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machine, contains 75 percent of the SO generated during sintering.
The gas stream is sent to a single-contact sulfuric acid plant.

The remaining 25 percent of the generated SO, is passed to the
atmosphere without SO, recovery.

The Boliden Lead Smelter, located in Skelleftehamm, Sweden,
utilizes an electric furnace and a Pierce-Smith type converter to
produce lead bullion. Approximately 235 tons per day of lead
concentrate, containing 75 percent lead, are fed to this electric
furnace. Furnace off-gases, containing 90 percent of the input
sulfur to the smelter, are passed through a waste heat boiler,
an electrostatic precipitator, and a single-contact sulfuric

plant.
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6. ECONOMIC ANALYSIS

6.1 COPPER EXTRACTION

6.1.1 Copper Industry Economic Profile

The primary copper extraction industry is composed of companies
primarily engaged in the mining, beneficiation, smelting, and refining
of copper metal and fabrication of copper metal products. In addition,
the industry produces other marketable metals and minerals from by-
product materials processed in the winning of copper from ores. These
include lead, zinc, silver, molybdenum, tellurium, gold, selenium,
arsenic, cadmium, and titanium.

Table .6-1 is an analysis of each company's contribution in mining,
smelting, refining, and marketing of refined copper metal.

The leading marketers of domestic refined copper, according to Table

6-1, are Kennecott, American Smelting and Refining (ASARCO), and

Phelps Dodge, in order of sales. These three firms account for 61 percent
of the primary copper industry output. With the addition of American
Metal Climax and Anaconda, five firms market approximately 85 percent
of the nation's refinery production.

A tabulation of individual smelters and refinery plants is presented
in Table 6-2. Generally, the integrated companies have a refinery
located ¢lose to a smelter. The exceptions to this rule are the ASARCO
smelters in the Southwest, Phelps vodge‘s Douglas smelter, and Kennecott's
McGill and Hayden smelters.

O0f the five earlier mentioned large firms, Kennecott is completely
integrated from the mine through the refinery; that is, it controls all
stages of production for its output. Phelps Dodge and Anaconda are
extensively integrated in that wholly owned mine output consists of a
large proportion of its output. Phelps Dodge has had a Targe share in
domestic refining, although in 1972 this changed as Newmont Mining
started its new refinery 1n San Manuel, Arizona. ASARCO plays the role of
custom smelter and refiner as it mines domestically only some 18 percent
of its final production. ASARCO, American Metal Climax, and Cerro process
copper scrap into refined copper.
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FOOINOTES - Table 6-2

(‘)Three refineries process foreign blister reclaimed scrap and domestic
overflows (Western U.S. Blister)--Laurel, N. Y. (Phelps Dodge);
74,000 TPY; Carteret, N. J. (U.S. Metals Refining, Amax);

175,000 TPY Electrolytic; 85,000 TPY Fire-Refined; St. Louis, Mo.
(Cerro); 44,000 TPY Electrolytic.

(Z)ASARCO has 2 refineries on Atlantic Coast--Perth Amboy, N. J.;
168,000 TPY and Baltimore, Md.; 318,000 TPY.

(3)Sme1ter overflow goes to International Smelting & Refining,
Raritan, N. J.; 150,000 TPY.

(4)E1ectro1ytic capacity; Phelps Dodge also has a 23,000 TPY fire-
refined refinery at E1 Paso, Texas for treating Morenci output.

(5)A third reverb. furnace (385,000 TPY) completed in 1971. Refinery
to be on-stream in 1972.

(G)Measured as copper product.

(7)

Lake refined.

SOURCE: American Bureau of Metal Statistics, Arthur D. Little, EPA,
Industry representatives.
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For some firms the degree of vertical integration of production
activities extends beyond refining into the fabrication of metal products.
Phelps Dodge, Anaconda, Cerro, and Kennecott are important in the fabrica-
tion of wire, plate, rod, and sheet products. These four firms collectively
arcount for over 50 percent of sales by wire mills and brass mills.

Finished, unalloyed copper (refined) is produeed in three grades--
electrolytic, fire—iefined, and Lake. Electrolytic copper is refined by
electrolytic deposition, remelted, and cast into commercial shapes. Fire-
refined copper is refined by oxidation in a furnace,forming a slag
containing most of the impurities which is removed, followed by reduc-
tion to eliminate most of the oxygen Tinked with copper as oxide. Lake
copper is copper native only in the upper Michigan peninsula. Refined
copper is produced from both ores and recovered copper scrap.

Alloyed copper is produced in the form of many types of brasses and
bronzes. 01d scrap is melted down and cast as various types of alloys.
Brass and bronze foundries and brass mills are the producers of alloyed

copper.
An analysis of production of the types of refined and alloyed copper
for the years of 1962 through 1971 is presented in Table 6-3. Refining

of domestic mine output and foreign material (ores and blister) is
categorized into electrolytic, fire-refined, and Lake refined. Refined
copper from copper scrap is shown separately for primary refineries and
secondary smelters. Lastly,alloy production is shown under the heading
of non-refined secondary recovery.

A balance sheet for flow of refined copper production is presented
in Table 6-4, This table shows data developed from survey reporting
of the producing companies for domestic refinery production from domestic
and foreign sources, refined imports, copper refined from scrap, and producers'
inventories at beginning and end of year. Total supply derived from
these sources, exports of refined copper, and domestic consumption estimates
based on deductions from total supply for exports and closing inventories
are also presented. Sales of copper to GSA are included in the "apparent
withdrawal domestic consumption”" category.
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In terms of U.S. trade balance, this country is a net importer of
refined and semi-refined copper, as shown by the "additions to domestic
supply" column in Table6 -5. The net imports for the most recent ten vears
have normally ranged from 6 to 10 percent of total refined supply. During
the period of shortages in 1967 and 1968, imports accounted for 20 per-
cent of refined supply.

The domestic tariffs on primary copper products have generally been
Tow. Currently, refined copper imported in the United States is assessed
with a tariff of $0.008 per pound. Ores, blister, anode, and scrap are
essentially duty-free. However, there are quota limitations on exports.
In 1969, exports of refined copper from domestic sources and scrap were
Timited to 50,000 and 60,000 short tons, respectively.

Foreign tariffs on primary copper products are also generally low.
Many countries, such as Scandinavia, Austria, Switeerland, and those
of the European Economic Community, admitted unwrought copper duty-free.

In Britain, tariff has ranged from zero to 10 percent ad valorem.

In consideration of the nature of operations of copper extraction from
ores, estimation of smelter capacity and production/capacity ratios is
complex. Based on the awailable data in literature and on assumptions
concerning concentrate analysis for each smelter, estimates have been de-
rived for smelter capacity in terms of copper production. These data
are shown in Table 6-6 Ffor 1970 and 1975, along with statistics on 1971
smelter production and related mining capacity data. During the recession
year of 1971, smelters operated at 82 percent capacity which compares with
90 percent for the prosperous year of 1970.

Based on recent announcements in the literature, capacity additions at
Magma and the new Tyrone, N.M., smelters will offset the potential
closure at Douglas, Arizona. Assuming that this smelter will shut
down, overall industry capacity will increase from 1,855,000 tons
per year to 2,045,000 tons per year. Meanwhile, mine expansions
from 1,820,000 ton per year to 2,017,000 tons per year suggest that
possible smelting capacity might be ample in 1975.

6-3



TABLE 6-5 TRADE BALANCE FOR THE UNITED STATES (THOUSANDS OF
SHORT TONS)

Year Exports(z) Imports(]) Dﬁggitjgngu;gly
1962 351 479 128
1963 326 539 213
1964 365 584 219
1965 372 518 146
1966 293 574 281
1967 237 637 400
1968 361 717 356
1969 212 410 198
1970 307 391 84
1971 242 ‘ 355 113

(])Concentrates; Regulus; Blister; Refined in Cathodes, Ingots, Bars
(Z)Concentrates; Refined in Ingots, Bars, Cathodes; 01d Scrap

SOURCE: Bureau of the Census
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TABLE 6-6 PRODUCTION/CAPACITY DATA FOR COPPER SMELTERS
(1000 Tons of Copper)
1971 1970
Estimated Estimated Announced 1975
Smelter Smelter Capacity Possible On-Stream
Company Production Capacity(]) Additions { Closures | Smelter Capacity

ASARCO 300 390 --- ——— 390
Anaconda 138 210 --- -—- 210
Inspiration 96 140 --- - 140
Kennecott 470 540 -—- --- 540
Magma 102 190(3) 110(3) --- 300(3)
Phelps Dodge 345 370 100 110 360
White Pine 58 90 --- --- 90
Cities Service 18 15 --- -—- 15
Total Smelters 1527 1945 210 110 2045
Estimated U.S.
Mining Capa-
city(2) 1820 197 2017

(])Arthur D. Little estimates.
American Metal Market.

(2)

(3)Correspondence with Magma Copper Co., October 25, 1973.



In 1ight of recent discussions among industry, government agencies,
citizens, and court magistrates, it appears that implementation of
regulations to meet air quality standards may create a shortfall
between smelter capacity and mine capacity or between smelter produc-
tion and demand. Under some proposed plans, smelters may curtail
production at some existing sites in conjunction with the application
of acid plant technology on the richer gas streams from smelting
operations to meet primary ambient air quality standards.

Refined copper and copper-based scrap are materials used by wire
and brass mills to produce copper wire, cable, plates, sheets, strips,
bars, and rods. Wire mills produce goods for electrical and communica-
tions industries; brass mills, for the machinery, construction, and
consumer-oriented industries. In addition, a very small portion of
copper is consumed in chemicals production. Statistics on consumption
by fabricators are shown in Table 6-7, End-uses of products sold
by fabricators are shown in Table 6-8 for: building construction,
transportation, consumer and general products, industrial machinery,
and electrical-electronic products.

The largest volume of consumption has been in electrical and
electronics category. Demand for products in this category grew at
a rate of 9.5 percent from 1961 until the labor strike in 1967. The
decline in consumption for 1967 and 1968 is related to permanent
substitution of aluminum, particularly for power transmission Tines.
Electrical products manufactured include motors, generators, test
equipment, electrical wire for universal application, industrial controls,
printed circuits, power distribution equipment, and electronic naviga-
tion and communication equipment.

An important area that has enjoyed a high, steady growth at a rate of
8.5 percent for the ten years, has been the consumer and general products
category. In spite.of the shortages due to strikes and of high prices in the
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late sixties, demand for products in this category seemed unabated. Pro-
ducts in this category include jewelry, cookware and cooling utensils,
clocks, watches, coinage, decorative applications, and various and sundry
types of gages and instruments.

Overall, the annual growth rate (compounded) for consumption of copper
in both refined and unrefined forms has been 3.2 percent, based on simple
linear regression of data for the years of 1961 through 1970. This growth
rate over a cyclical period takes into account two business recessions, one
armed conflict, and one major_labor strike, all of which caused upsets in
supply-demand balances and price distortions.

Based on the performance of the U.S. economy in general for the last ten
years, an assumption of a 3 percent growth rate seems reasonable in Tight
of the expected annual 4 percent rate of increase in real growth through
1980 by the Department of Commerce. This rate of increase has been the

experienge of the 1960's.
Copper is an international commodity and its price is semsitive to com-

petitive forces between ever-increasing demands by consumers, particularly
in affluent economies, and rather rigid, oftentimes unreliable, sources of
materials. Hence, price distortions are expected at times during political
upheavals in underdeveloped countries and labor strikes, which constrict
supplies, or wars and armed corflicts, which require copper for ordnance.

Key prices that are often watched by merchants, speculators, economists,
and analysts are the London Metal Exchange (LME) price for electrolytic wire-
bars and the U.S. producers' price as set by the major domestic producers.
Copper scrap prices are also closely watched, as they reflect the supply
of secondary sources of copper. The LME, the producers', and No. 2 scrap
prices are shown in Figure 6-1.

An explanation of these different price indicators follows. The LME
is a cash (or spot) price determinant based on merchants'inventories in
London warehouses. In volume, these stocks constitute no more than 3 or
4 weeks of avaiiable supply for a consumer of the magnitude of the U.S.
economy. By its nature, then, the LME represents a marginal price transaction,
thus a short-term indicator. Other price indicators, such as the No. 2
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scrap price (one of several price quotations published by American Metal
Market for various grades of copper, brass, and bronze scrap) and the New
York Commodity Exchange price (COMEX, quoted daily in the Wall Street
Journal) for the merchants' auction market in the U.S., move harmoniously
with the LME indicator.

The domestic producers' price is a firm price for contracts with large-
volume consumers of refined metal that is set by the major producers, such
as Phelps Dodge or Kennecott. This price takes into account the long-term
price level, reflecting producers' supply capabilities, costs, and pro-
fitability, that will assure copper consumers adequate supplies at a fair
cost (to the consumer) without irreversible substitution to another metal
during any prolongec shortage.] The major producers will watch inven-
tory statistics and price indicators, like the LME or the COMEX, for any
noticeable change in available inventories in the hands of merchants, scrap
dealers, etc., and will accordingly adjust their prices. This is illustratea
by the long-term rise indicated by the 3 movements in Figure 6-2 for the period
of September 3, 1968, through October 1, 1970, and the resultant re-adjustment.

Under the assumption that demand pressures were strong world-wide, a
minimum price difference of approximately 2 cents between the COMEX and LME
tends to support the supposition of 2 cents per pound for shipping
copper between transocean points. (The fall of price during 1970 is a
disequilibrium phenomenon as merchants and producers were trying to deplete
heavy inventories.) Late in 1972, after market equilibrium was restored,
the U.S. producers' price stabiitzed at approximately 3 cents above the
LME, a difference which takes into account tariff and shipping.

In the cost structure of copper production, a division between mining
and extraction seems the most simplistic way for understanding mechanisms
of transferring increased costs of pollution control. Minina is that por-
tion of the operation that consists of breaking up ores and produces coii-
centrates for smelting. Extraction, for purposes of discussion, includes
the smelting and refining of copper. Extrusion, rolling, and general fabrica-
tion is another operation beyond the scope of this work.
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In the copper industry, minirng costs are generally in inverse proportion
to the copper content of an ore body. The smaller the content of copper, the
higher are the quantities of earth material that have to be crushed, hauled,
and separated to produce a unit cf copper. U.S. mineable ores average about
0.54 percent copper. In Africa, ores may be as high as 2 to 3 percent in
copper. Other factors are also important besides the copper content. These
include the by-product values, such as the recoverable quantities of gold,
platinum, silver, tellurium, molybdenum, and many others. Negative by-
product factors are sometimes present, such as arsenic.

These tactors are negative in the sense that ores containing these

materials are limiteu to potential smelter markets because of the difficulty
in handling arsenic, etc. Transportation is important. Beneficiation mills,
which are located at mine sites, are important in production of concentrates
that will assist in transporting copper values to smelter markets at minimum
costs.

Mining costs are not uniform in the United States. For the major com-
panies' mines, mining costs range from 23 to 40 cents per pound megal,
according to Arthur D. Little.

Turning aside to the smelting and refinery of copper, some semblance of
an income statement must be developed to assess the impact of air pollution
control. Statistics presented in Table -9 for an eight-year period for
smelters and refiners provide background information on the cost of materials,
wages, capital expenditures, overhead and profit. This information, coupled
with data from corporate annual reports, can be used to develop a model in-
come statement for a smelter. The income statement simulated for a model
smelter-refiner compiex is shown as follows:

Model Irncome Statement ($1000's)
Total Amount Unit Cost, ¢ per 1b

sales(?) 104,000 52.0
Cost of Concentrates 84,000 42.0
Payroll, fuels, parts, repairs 10,400 5.2
Selling, general, administ. 3,000 1.5
Plant Depreciation 3,000 1.5
Operating Profit 3,600 1.8
Taxes t,800 0.9
Net Earnings after Taxes 1,800 0.9
Cash Flow 4,800 2.4

(a)Based on 100,000 tons of copper per year

6-18



(9048u0) O JudupARddE *S°A) S4ABUNIOBLNUBK 4O SnsuIY  IDUNOS

. T
9070 6,70 L7198 qe6 250°0 “ 0° 19 ﬁ 26 . 890°0 9°08 : 9711 ¥8L1 b 961
£€20°0 U 6/°0 6°6¢ m 67l ¥50°0 6'l6 ¢ voel w £90°0 L°ell 876Gl 1041 9961
L10°0 m 180 L9l ; L0EL W ¥50°0 L°48 Ler |} 99070 L*60t ¢ sl ¥8G1 G961
£00°0 : 6,70 2’6 m L1001 £50°0 “ LoLL L721 M 1£0°0 ¥°96 67l €9€1L 7961

: j ; .
{10 o 870 L et ‘ 0/6 I €900 6741 L721 w L1070 L796 67l svel €961
600°0 08°0 0L , 196 £€90°0 . L°8L 872l m 6£0°0 6°G6 £°61 £021 2961
€10°0 i 670 t*6t ' €26 290°0 w v eL 621 i 6070 8726 776l 6911 1961
600°0 ; 1870 €0l ﬁ ¥26 W 590°0 - 0°'vL 8¢l # £€80°0 . 8°¢6 1791 ELL 0961
N { i i . ]
A i i
($) £(9) (UOLLLIW ) ¢ (uotiitW $)  ($)  .(uotlitw $)  (0oOL) | ($) (uotlliw $)| (000L) | (UoLLLLW $) | 4ed4
syuawdiys sjuawdys; sadniipuadxy: s{et4arey | squswdiys sabepm sdadaoM 1 sjusuwdlys | [o4key saafodwy| syuawdiys
30 Jo : teyLden , 40 W 40 JD%AOM u013oNpoud ! Jo (e3ol 40 J0
Jellog 4®]]0Q | 150) { JBLlOF  UOL}ONPOJ{ " 30 ~ JeLLog Jaquny anpep
494 ’ Jad NEV I . Jaquny 43d Le301
S84n3 Lpuadx3  S|eLudjey sabep 1 LLodkeg
tezide) 40 ; ﬂ u ! [e1og
. 3500 | , : “ *
H } 1 —_
__(¥3dd0J_40 BNINIJIY ANV ONTLITIWS AMYWINd LEEE "3°I°S)
/961-0961 “SOILYY ONILVY3dO QNV SITLSTLYLIS d3Ld3T3IS 6-9 319yl
- 4 L

6-19



This statement, developed for a custom smelter-refiner, would be
equivalent to operations in a vertical integrated company. The most impor-
cant point reflected in the above statement is that the value added at the
smelter-retiner compiex (about 10¢ per 1b ) is constant regardless of
fluctuating copper prices. Furthermore, this increment seems fairly uni-
form from location to Tocation in the United States.

Consumption is expected to grow through 1980 at 3.2 percent compounded
annually, based on previous performance and expected 4 percent growth in
Gross National Product (GNP). Assuming that the contribution from primary
and secondary sources will not change from the present patterns, smelter
production will have to increase from the 1,500,000-ton rate in 1971 to
approximately 2,000,000 tons in 1980.

Likely on-stream capacity available in 1975 will be approximately
2,045,000 tons per annum. Assuming an operating ratio of 0.80 to 0.90,
total capacity to supply 1980 needs is estimated at 2,200,000 to 2,500,000
tons per annum. The conclusion is that an additional 150,000 to 450,000
tons of capacity will have to be supplied in the form of smelter expansions,
new domestic, or foreign smelters.

Phelps Dodge recently announcad plans to construct a new grass-roots
smelter at Tyrone, New Mexico, and it is very probable that an additional
grass-roots smelter will be built to handle the outputs of Southwest U.S.
mines. In recent years, this is the area where new mines have been
developed. Many of these mines which sell concentrates to a custom smelter
are owned by firms too small in mining activities as a result of limited
capital resources or pursuits in oi1 production or manufacturing. Only
recently Bagdad and Cyprus Mines (whose Pima Mining Company operates in
Arizona) consummated a merger. Similar corporate combines might
eventually evolve in a consortium with sufficient capital resources to
build a new town-site smelter. Cyprus Bagdad has recently expressed
intentions of building a smelter.

With regard to existing smelters, expansion in added capacity
has been provided at San Manuel, Arizona, and Anaconda, Montana. Magma
has built an electrolytic refinery capable of producing 200,000 tons per year.
Capacity for 1975 at San Manuel is scheduled at 300,000 tons per year.
Anaconda nas announced plans to test a hydrometaliurgical unit in Montana.
Their intentions indicate expansion of facilities in that state.
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In the late 1960's, new mines were opened in Canada and the South
Pacific (viz., Bougainville and West Iram. Based on data available,
95,000 tons of Bougainville's projected 180,000 tons annual output
is contracted for Japan through 1975. This one sample indicates oppor-
tunities for capital investment (provided by U. S., Japanese, or other
foreign firms) in new smelting facilities overseas for purposes of shipping
metal to the U. S. American companies from time to time have been investi-
gating overseas mining prospects in Australia and Iran.

In order to supply projected 1980 demand for refined copper, an
additional 150,000 to 450,000 tons will have to be supplied annually from
foreign imports, increased scrap recovery and domestic mines expansion.
However, in terms of industry growth beyond 1975, it is difficult
to project the mix among the various sources of supply to satisfy the
increased demand. The potential increased utilization of hydrometallurgy
adds another factor of complexity into the forecast. A general
consensus within the domestic industry, however, appears to
indicate the possible construction of one or two new pyrometallurgical
smelters to provide an additional 200,000 tons of copper annually
by 1980. It is expected that new mine development and corporate
arrangements, such as the Cyprus Bagdad situation, will provide
the impetus for construction of new grass-roots smelters.

As for expanding developments at existing mines, it is
expected that incremental expansions at existing smelters will
handle incremental mine output over the next few years. Aside from

the electric furnace installation at Inspiration, possibly another

6-21



electric furnace at Anaconda, Montana, and a possible new Noranda
type of continuous smelter at the Kennecott Utah smelter, no company

is expected in the next few years to build a grass roots smelter at

existing mine smelter complexes.
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6.1.2 Cost Analysis of Alternative Control Strategies

The financial expenditures necessary to control sulfur dioxide
emissions are developed in this section for four basic types of pyrometal-
Turgical smelters. Cost estimates are developed for capital expenditures
based on the construction of new town-site smelters. Additionally,
various control alternatives achieving sulfur dioxide control efficiencies
from 70 to 99* percent (assuming total capture by exhaust hoods, no
fugitive emissions, and no downtime in control equipment) are costed for
these four basic smelter types.

The model smeliter is based on processing 1000 tons per day of new
metal-bearing material of the following analysis:

1. Copper (Cu) - 27%
2. Iron (Fe) - 28%
3. Sulfur (S) - 32%
4. Silica - 8%
5. Alumina - 2%
6. Other - 3%
7. Precious Metal Values - minute quantities

Based on discussions with consultant engineers, it appears that a smelter
of this capacity is representative of the smallest viable operation that
could be built today. Thus, in this respect, this development is
biased somewhat toward identifying high costs with various ievels of
sulfur dioxide contrel, since larger installations would be able to

take advantage of the inherent "economies-of-scale" associated with
building large sulfur dioxide control systems. The concentrate analysis, however,
may be considered "typical” of concentrates available in the southwestern
United States. Although variations in concentrate analysis, such as the
ratio of copper to sulfur, for example, significantly influence the control
costs associated with various levels of sulfur dioxide control, these
variations are not taken into account. Rather than emamine the extremes,
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or biasing the results toward one extreme or the other as in the case

of smelter capacity, the development is based on an "average" or "typical"
concentrate which should Tead to "average" or "typical" control costs.
Consequently, the control costs developed are considered to represent, for
the most part, "average" or "typical" order-of-magnitude costs.

The model smelter produces approximately 86,000 tons of copper per
year (260 tons per day) and generates 620 tons per day of sulfur dioxide.
This assumes a 2 percent loss of copper and 3 percent loss of sulfur in
slag products.

Order-of-magnitude estimates of capital investment have been developed
based on the available Titerature and contact with construction firms,
consultants, industry representatives, and the American Mining Congress.
Tabulated costs of various elements in the construction of the basic
four types of smelters are presented in Table 6-10 in 1973 dollars.

The data in Table g-19  are assembled to show the total capital
for a grass roots smelter, added capital for pollution control (all off-
gases), and town-site investment requirements. Cost data for new,
complete town-site smelters for the four basic technologies are as follows:

Technology Capital ($ millions)
1. Flash Smelting 99-108
2. Hot Calcine Reverberatory Smelting 100-112
3. Green Charge Reverberatory Smelting 98-110
4, Electric Furnace Smelting 90-98

These data show that flash smelting and electric smelting have a slight
advantage in lower capital requirements than the conventional reverberatory
smelting methods.
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Order-of-magnitude estimates are presented here for the direct
operating costs of flash smelting vs conventional green charge reverberatory

smelting:

Ttem Flash Smelter Green Charge Smelter Unit Cost

($70007s) ($70007s)

Supervision 132 168 $12,000/yr
Operating Labor 1001 889 $3.75/hr
Fuel 235 915 40¢/MCF
Power 366 -- 1¢/kwh
Flux 456 1630 $15/ton
Maintenance Labor 443 375 $3.75/hr
Supplies 455 465 -
Copper Losses (Slag) 688 1380 50¢/1b
Steam Credit (105) - 1¢/kwh
Total (Actual) 3671 5822
(Unit Basis) 2.1¢/1b 3.4¢/1b

SOURCE: Lummus International
These data suggest a cost advantage of 1.3 cents credited to flash smelt-

ing, although discussions with the Magma Copper Company indicate that cost
advantages narrow to 0.4-0.5 cents. However, this does not take into
account pollution control, plant overhead, plant amortization, nor
refining and shipping. Slag treatment costs (direct operating expenses)
are included for flash smelting.

The problem of controlling emissions or sulfur oxides from copper
smelters has many facets in an economic sense. The difficulty of pollu-
tant capture is one of those facets. Pollutant removal from the gas
stream and its ultimate disposal constitute another facet to the overall
problem of controlling smelter gas. To provide an overview of these
facets, the economics associated with several control alternatives for
each of the four basic types of pyrometallurgical smelters were developed.
Sulfuric acid plants, sulfur plants and dimethylaniline (DMA) scrubbing
units comprise the basic process modules used to construct the various
control alternatives.

Due to the potential oversupply problems inhere.c in sulfuric acid
manufacture at the western copper smelters, neutralization requirements
were analyzed in those control alternatives incorporating acid plants.
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The capital and operating cost requirements for Timestone neutra-
Tization were developed from industry data and include the costs
associated with the mining of limestone 1in addition to those associated
with the neutralization of sulfuric acid.8 The operating cost require-
ments, however, assume that the limestone deposit is in close proximity
to the smelter and thus reflect low transportation costs. Although lime-
stone may be in plentiful supply,as indicated in discussions with the
Bureau of Mines,9 it is possible that transportation costs could increase
the costs associated with Timestone neutralization above those used in
this analysis to some extent. However, even in those cases where specific
smelters might be faced with high transportation costs for limestone, it
is expected that the overall emission control costs,including sulfuric
acid neutralization, would still be of the same order of magnitude as
those developed for the various model smelters.

Sulfur plants were included in several of the control alternatives
as an alternative to the production of sulfuric acid. The economics

are based on sulfur plant technology similar to that commercialized by
Allied Chemical at the Falconbridge Nickel smelter in Canada.

In order to limit the number of models developed, only DMA scrubbing
was considered in this analysis. It is expected that the costs associated

with DMA scrubbing are similar to those associated with other scrubbing
systems such as sodium sulfite/bisulfite and ammonia. This scrubbing

system produces a concentrated sulfur dioxide stream (~ 100%) which can
be used as feed to a sulfuric acid plant or sulfur plant.

The first step toward determining cost requirements of various
control alternatives is to examine the basic process modules mentioned
above, which are used to construct the various control alternatives.
Capital estimates for turn-key projects derived for typical flowrates
of either total gas or sulfur are presented in Table 6-11 with their
respective scale exponents for extrapolation. The data have been
scaled to 1973 dollars by using an annual inflation rate of 6.7 percent
in construction costs. The information source for basis of the estimate
is cited. Site clearance and hook-up of available off-site faciltties
are included in the estimates.
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Operating costs are also presented in Table 6-11. The literature
basis for utility requirements is referenced. Prices of utilities and
Tabor have been taken as assumed in the Fluor study,]0~ which developed
the earlier mentioned utility requirements. Prices of commodities are
based on current quotations in the Qil, Paint, and Drug Reporter (October
1972).

Various combinations of emission control processes were assembled

for the four basic smelter type configurations and are presented in Figures
6-3 through 6-6, Based on physical process parameters developed
from material balance data, cost estimates were derived for these conttol
combinations. Total capital and operating costs are presented in

Table 6-12. In addition, the overall control of sulfur dioxide
emissions, expressed as a percent, achieved with each control
alternative is summarized. It is to be noted, however, that these
percentages are theoretical in nature and are based on the assumptions
of total capture by exhaust hoods with no fugitive emissions and no
downtime of the control system. As a result, these overall control
efficiencies are not representative of what could be achieved in

actual practice, but are for discussion or comparative purposes only.
For example, an EPA survey revealed fugitive emissions varying

between 0% to 15% at existing domestic smelters.

Table 6-12 also presents control costs expressed in terms of
cents per pound of copper produced and in terms of cents per pound of
sulfur dioxide controlled. Finally, this table also presents various
incremental control costs in terms of incremental cents per pound of
copper produced and in terms of incremental cents per incremental
pound of sulfur dioxide recovered. The basis for these incremental
costs is explained in the footnotes to the table.

The costs presented represent incremental costs associated only
with the treatment of pollutants. The cost of tight-fitting, water-
cooled hoods have been included although other pieces of gas collection
devices, such as headers, balloon flues, and ducts, have not. Cost
differences relevant to the various modes of furnace and converter
operations have not been taken intc account.
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