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MINOR-ELEMENT INTERACTIONS IN COPPER MATTE SMELTING

By Elizabeth A, Johnson, ' Ls L, Oden, 2 P,-Es Sanker, 3 and Re Lo Fulton?

ABSTRACT

Minor-element behavior and interaction in the copper matte-iron sili-
cate slag system have been studied by the Bureau of Mines. In the pres-
ent work, the possibility of interactions among the minor elements As,
Sb, Bi, Se, and Te was investigated. Equilibrations of matte, slag, and
one of each of the five minor elements were performed at 1,250° C under
typical matte smelting atmospheres of CO, CO,, and S0, for mattes con-
taining 40, 50, and 60 pct Cu, Results are compared with those of a
previous Bureau of Mines study in which all five minor elements were
present simultaneously.

TEnvironmental engineer.

2Group supervisor, research chemist.

3Research chemist (now privately employed).
4Engineering technician.

Albany Research Center, Bureau of Mines, Albany, OR.



INTRODUCTION

Minor-element interactions in equili-~
brated samples of copper matte and
silica-saturated iron silicate (fayalite)
slag have been studied by the Bureau of
Mines to gain basic and fundamental sci-
entific information that will support the
mineral industry's effort to improve pro-
ductivity, dincrease energy efficiency,
and reduce undesirable environmental im-
pacts. This work was carried out as an
adjunct to a previous Bureau investiga-
tion on the behavior of minor elements in
copper matte smelting operations (1).°
The previous study focused on the com-
bined disposition of five minor elements
(As, Sb, Bi, Se, and Te) present simulta-
neously in the matte-slag system, whereas
the present study reports the individual
behavior of the same five minor elements
present singly in the same matte-slag
system. Any difference in the distribu-—~
tion or behavior between the multiple-
element and the single-element study in-
dicates the existence of a minor-element
interaction.

Minor-element behavior has been studied
extensively in the slag-matte-metal sys-
tems of various copper extraction pro-
cesses., Mackey (2) presents an exhaus-
tive review of the existing literature in
this area. Included are theoretical pre-
dictions of minor—-element behavior made
on the basis of thermodynamic data (3-4).
However, in many cases, the necessary
data are not available, and therefore,
laboratory studies of the equilibria have
been performed.

While minor—-element behavior in copper
smelting systems has been of considerable
interest, the interaction among the mi-
nor elements in metal-matte-slag systems
has attracted limited attention. Minor-
element interaction parameters are limit-
ed to gimple metallic ternary systems,

In the area of copper smelting, one
study focused on the quantitative deter-
mination of the interaction coefficients

SUnderlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

in the systems Cu—Pb-Bi and Cu-Pb-Sn (5).
The present work investigates the possi-
ble existence of minor-element interac-
tions 1in the copper matte-slag system,
but does not present interaction coeffi-
cients. Based on results of the previous
work (1), there is reason to suspect
minor-element interactions because some
elements saturated the matte-slag system.
Bismuth and tellurium in particular sat-
urated the system at very low levels, and
prills of elemental Bi and clusters of
CuyTe were evident in the matte through
electron microprobe analysis.

The behavior of minor elements in other
copper smelting studies provides more
reason to suspect that distribution co-
efficients and solubilities may indeed
vary according to the presence of other
minor elements. A concept of molecular
dissolution of Se and Te in the slag has
been developed (6) on the basis of ther-
modynamic properties of slag, and the ob-
served solubility of Se and Te was ex-
plained in terms of the stability of
molecular clusters of FeSe and FeTe in
the slag. Therefore, 1t is possible that
interactions among Se, Te, and other mi-
nor elements could affect the solubility
and distribution between matte and slag.

Minor element interactions also were
studied (7) in the metallic copper-slag
system. In this work, the combined con-
centrations of the minor elements (Pb,
Bi, As, and Sb) were kept below 0.5 to
0.6 wt pct, or in the dilute solution
region. Interaction among the minor ele-
ments was shown to be negligible. Pre-
vious Bureau work on copper matte-slag
systems with all five elements present
simultaneously (1) typically had combined
concentrations of As, Sb, Bi, Se, and Te
between 2 and 3 wt pct of the matte. The
combined concentration of minor elements
in the slag was much lower than in the
matte, ranging from 0.1 to 0.2 wt pct,
This and the fact that the copper matte-
slag system became saturated with two
minor elements, Bi and Te, provide a
reasonable cause to anticipate an inter-
element effect in this system,



EXPERIMENTAL PROCEDURES

The current investigation is concerned
with minor—element behavior 1in equili-
brated samples of copper matte and
silica-saturated fayalite slag. Primar-
ily of interest is the minor-element dis~
tribution or solubility when each element
is present individually compared with the
distribution or solubility when all five
elements (As, Sb, Bi, Se, and Te) are
added simultaneously. Copper and iron
sulfides, fayalite slag, slag additives
Ca0, Al,03, and MgO, and one of the ac~
cessory elements were equilibrated at
1,250° C under controlled gas atmospheres

comprising CO, CO,, and 10 pect S80,. For
each of the five elements, there was one
equilibration with pure fayalite slag and
nine more with three different levels of
the three slag additives Ca0O, Al,0z, and
MgO. The procedure, apparatus, experi-
mental conditions, and analytical tech-
niques have been described previously
(1). For matte-slag systems not satu-
rated with dimpurity element X, the dis-
tribution coefficient was defined as

wt pct X in matte (1)
wt pet X in slag °

Lx=

RESULTS AND DISCUSSION

Although detailed analyses exist of the
interaction coefficients of minor ele-
ments in liquid copper (5), there 1is no
work on interaction parameters in copper
matte or iron silicate slags. In most
cases, the slag 1s assumed to be a dilute
solution, and the minor elements dis-
solved 1n slag are assumed to obey Hen-
ry's law. No study addresses interaction
parameters in copper mattes, but one work
focuses on  converter operations and
metallic copper saturated with CupS (8).
In that study, the interaction parame~
ei, between sulfur and M, a chosen
minor element, was assumed to be zero for
M = As, Bi, Sb, Se, and Te. In another
work on minor elements i1in the metallic
copper-slag system (7), the interaction
between Pb and Bi in liquid Cu was ana-
lyzed in detall, and the effect of Bi on
the activity of Pb in liquid Cu was found
to be negligible with 0.1 wt pect Pb and
0.5 wt pet Bi in the copper melt. The
elements Bi, Sb, and As (all group V-A
elements) were agssumed to behave similar-
ly; thus, Sb and As also would have no
discernible effect on the activity of Pb,
app, in the copper melt.

ter,

The assumption of Henry's law behavior
for the minor elements should be substan-
tiated by such a rigorous analysis be-
cause a dilute solution may not truly
exist 1in a given system. The copper
matte-slag system studied in the previous

work (1) was saturated with Bi and Te,
which formed additional phases i1in the
matte. It is not reasonable to maintain
that in this saturated system either
matte or slag 1s a dilute solution, with
respect to Bi and Te, or that Bi and Te
behave according to Henry's law. The
prediction of Henry's law behavior for
the remaining elements, As, Sb, and Se,
is not possible without direct experimen-
tal evidence.

However, since Sb, Bi, and As are all
group V-A elements and Se and Te are
group VI-A, it is reasonable to assume,

as in the previously mentioned study (7),
that elements from within the same group
would have a negative effect on each
other with respect to solubility in matte
or slag. Since the mechanisms of dis-
solution would likely be the same for the
elements within the same group, the
behavior of these elements could be
characterized as a competition for avail-
able sites. 1In fact, this is most likely
the only type of interaction observed in
this work, as supported by experimental
evidence.

ARSENIC

The behavior of As as the only minor
element in copper matte-slag systems at
equilibrium was similiar to its behavior
when significant amounts of other min-
nor elements were present. Distribution



coefficients for As as the only minor el~
ement in the matte-slag system are shown
as points in figure 1. These points can
be compared with the regression 1line for
the data published in the previous work,
when As was present in the system with
the other minor elements Sb, Bi, Se, and
Te. 1In general, Lps was equivalent to or
slightly larger than those values ob~
tained in the previous work. Most Ljpg
values were between 1 and 5, with a few
exceptions. According to these data, Ljg
is independent of matte grade.
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FIGURE 1. « Distribution of arsenic between
matte and slag as a function of matte grade and

slag additives.

Levels of As were very low in mattes
and slags from samples to which little or
no Ca0 and Al,03 was added. At concen-
trations of 0.0001 to 0.001 wt pct As, 1t
is suspected that both slag and matte are
dilute solutions obeying Henry's law with
respect to As, Experimental conditions
in which the interelement effect would be
expected include those tests with slags
that had high levels of Ca0 or Al,0z. In

these samples, As retention was much
greater than it was with no slag addi~
tive, and concentrations of As in mattes

and slags approached 0.1 wt pct.  How-
ever, the present values for L,y do not
differ significantly enough from the pre-
vious work to suggest any interelement
effect.

ANTIMONY

The behavior of Sb as the only minor
element 1in copper matte-slag systems at
equilibrium was similar to 1its behavior
when significant amounts of other minor
elements were present (fig. 2). Distri-
bution coefficients for the present work
are shown as points, which can be com-
pared with the regression 1line for the
data obtained in the previous work with
As, Bi, Se, and Te also present in the
system. When Sb was present with other
minor elements, the effect of slag addi-
tives Ca0, Al,03, and MgO was to lower
the Lgp slightly from the baseline data
of no additives (1). When Sb was present
alone, however, the effect of slag addi-
tives was not noticeable,

The distribution of Sb was essentially
identical whether or not there was a sig-
nificant amount of other minor elements
present in the system. Because Lgp is a
decreasing function of oxygen potential,
which 1is reflected in this work by the
matte grade, then the mechanism of Sb
dissolutions in the slag can be proposed
to be, at least partially, oxidic in
nature, This conclusion would be valid
only for the experimental conditions out-
lined in this study. It is possible that
Sb may dissolve in an oxidic form in
addition to the monatomic form suggested
by Nagamori (7).
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BISMUTH

Distribution coefficients for Bi in the
copper matte-slag system were complicated
by a saturation effect. The concentra—
tions of Bi in slags were normally within
one order of magnitude and repeatable.
Bismuth concentrations in the mattes,
however, varied over two orders of magni-
tude, and the values varied considerably
even within one sample. Apparently, the
level of Bi (0.02 g) added to the approx~
imate 8-g matte-slag charge saturated the
system, and excess Bi formed prills in
the matte phase.

The concentration of Bi as the only mi-
nor element in slags is shown as points
in figure 3, compared with the regression
line of the data from the previous work.
The solubility of Bi in slags 1s consist-
ently greater when the Bi is present as
the only minor element, as compared with
the situation when all five minor ele-
ments are present. This behavior was
consistent at all matte grades and for
all slag additives-—Ca0O, Al,03, and MgO.
Bismuth solubility appears to be a de-
creasing function of matte grade, and
therefore oxygen potential, when slag ad-
ditives are present, Although the data
are very scattered, it 1is possible to
conclude that the presence of other minor
elements in the copper matte—slag system
decreased Bi solubility in the slag as
compared with the solubility when Bi was
the only minor element.

That Bi saturated the matte-slag system
and precipitated as another phase 1in the
matte has been substantiated at the in-
dustrial scale. Observations on the be-
havior of Bi in a typical reverberatory
furnace (9) revealed that as the Bi con-
centration of the matte increased from
180 ppm to > 400 ppm, there was no cor-
responding increase 1n the slag Bi con-
centrations. From that work, it was con-
cluded that the distribution coefficient
for Bi was not a constant but increased
with increasing Bi concentration. In
this case, the distribution coefficient
was defined in an expression identical to
equation 1, The level of Bi in the sys-
tem had possibly exceeded that saturation
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level, and the excess Bi was reporting as
another phase to the matte.

SELENIUM

The behavior of Se in the copper matte~
slag system can be represented by the
distribution coefficient. The data for
Lse as the only minor element are shown
by the points in figure 4. These can be
compared with the data obtained when all
five minor elements were present simul-
taneously, represented by the regression
lines from the previous work. Levels of
Se in slags ranged from 0.005 to 0.025 wt
pet, while concentrations in mattes were
much higher, from 1 to 1.3 wt pct. Thus,
distribution coefficient values were
large and scattered. In general, the
value of Lg, when Se was the only minor
element was elther the same or less than
Lse when other elements were also in the
system, In the previous work, the effect
of high (approximately 9 wt pct) levels
of Ca0 and Al,03 caused the Lge to
increase from 100 to near 200 (at 50 pect
Cu matte)., When Se was the only minor
element, ‘however, the effect of slag
additives Al,03, Ca0, and MgO was not
significant.

Nagamori (7) suggested that Se has a
composite dissolution mechanism in which
it dissolves in both monatomic and mo~
lecular form. The presence of signifi-
cant amounts of other minor elements in
the matte-slag system increased the Lg,
values over those obtained when Se was
the only minor element present in the
matte-slag sample, which indicates that
relatively more of the Se present report-
ed to the matte. The presence of other
elements in the slag decreased the dis~
solution of Se from the concentration it
would attain were it the only minor ele~
ment, In this manner, the behavior of Se
was similar to that of Bi.

TELLURIUM

Distribution coefficients for Te
throughout this work also were compli-
cated by a saturation effect, in a manner
very similar to that for Bi. Figure 5
shows the solubility of Te in slag as
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the only minor element in the system
(points), compared with its solubility
when the other elements (As, Sb, Bi, and

Se) are present (lines). In general, the
solubility of Te in the slag was not sig-
nificantly affected by the presence of
other minor elements. The effect of slag

Mechanisms for Te dissolution in slag
are the same as those for Se, both mona-
tomic and molecular. Molecular dissolu-
tion 1is characterized by an increasing
solubility of the element with decreasing
oxygen activity (7). This is exactly the
type of relationship between Te solubil-

additives Al,03, Ca0, and MgO on Te be- 1ty and matte grade that was observed
havior was almost negligible. previously.
SUMMARY

A better understanding of minor-element
behavior in copper smelting systems could
lead to improved recovery of these
elements, more efficient extraction of
copper, a more healthful and safer work-

place, and less  hazardous  disposal
situations. Thilis work represents fur-
ther studies by the Bureau of Mines on

the characterization of minor element

behavior,

The distribution coefficient for As was
observed to be Independent of matte grade
and the presence of the other minor ele-
ments. The effect of slag additives on
the behavior of As will be discussed in a
forthcoming publication. The distribu-
tion coefficient for Sb varied only with
matte grade and was not significantly al-
tered by either slag additives or the
other minor elements. When Bi was pres—
ent alone, Bi concentrations in slag were
consistently higher than when Bi was
present with the other minor elements,
Slag additives increased Bi concentra-
tions in slags, while increasing matte
grade decreased Bl concentrations. The

distribution coefficlient for Se increased
with the presence of other minor ele-
ments. When no other minor elements were
present, relatively more Se reported to
the slag than when the other elements
were present also. The behavior of Te,
expressed as the solubility in slag, was
not significantly different from the sin-
gle to the multiple element study. Al~
though data were scattered, slag addi-
tives appeared to have more effect on Te
solubllity in the presence of other minor
elements.

No discernible interelement effect was
observed for- As, Sb, and Te, whereas for
Bi and Se the presence of other minor
elements decreased the relative amount of
the single element that dissolved in the
slag. This behavior is characteristic of
a competition for avallable sites within
the slag. To determine if more specific
element interaction phenomena exist,
another study must be performed 1n which
only two of the minor elements are pres-
ent in the copper matte—slag system.
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