The Effect of Chalcopyrite Composition )
on Semiconducting Properties e

Sarah Patterson, Julian Battaglia, Ariel Rieffer, Zafer Mutlu,
Andrew Wessman, and Isabel Barton

Abstract Chalcopyrite (CuFeS;) is acommon copper ore mineral that displays vari-
able but often poor leaching behavior under typical heap leach conditions. Ongoing
research has provided inconsistent magnitudes of activation energy and dissolution
mechanisms, even for chalcopyrite leached in the same chemical systems. This is
possibly due to variations in crystallography, impurities such as Zn, Ag, Co, and Se,
which natural chalcopyrite readily accommodates, or interference from additional
sulfides, like cubanite, haycockite, mooihoekite, putoranite, or talnakhite, which have
similar crystallographic signatures and optical properties. Additional contributors to
these observations are unconstrained variations in chalcopyrite semiconducting prop-
erties, such as charge carrier type, density, and resistivity. Little is known about these
in natural chalcopyrites. Currently, most natural chalcopyrites are considered n-type
semiconductors, while an estimated 3—-5% of the species are weak to moderate p-
type; measured resistivities reported in the literature range from 10 = to 150 Q-cm.
However, measurements of natural samples are uncommon and typically uncorrelated
with composition. Previous attempts to correlate chalcopyrite composition and semi-
conducting properties have yielded ambiguous results, largely due to limited numbers
of samples and limited methods of characterization. This paper reports preliminary
results from an ongoing study of the relationship between chalcopyrite composition
and semiconducting properties. The results shown are based on 9 whole-rock chal-
copyrite samples, characterized by electron microprobe and four-probe station for
sample composition, resistivity, charge carrier density, and resistivity. These natural
rock samples were found to have averages of 4.11 Q-cm resistivity (median 0.35 Q-
cm) and mobility of 15.09 cm?/V-sec (median 8.95 cm?/V-sec). These preliminary
results show a potential inverse correlation between chalcopyrite Ag concentration
and charge mobility, while other elements cover a wide range with no clear effects.
This may be due to the effect of fine-scale non-chalcopyrite sulfide impurities in the
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samples, which affect the semiconducting properties, but not mineral composition
measurements.

Keywords Chalcopyrite + Semiconductors - Resistivity + Chalcopyrite
characterization

1 Introduction

1.1 Background

Pyrometallurgical processing of chalcopyrite-dominated ore is the current industry
standard, but is expensive and emissions-heavy compared to hydrometallurgical
approaches [1]. Unfortunately, leaching attempts have been challenging due to low
solubility and inconsistent behavior of chalcopyrite in most common, non-exotic
lixiviant-oxidant systems: anecdotally, chalcopyrite recovery at room-temperature is
generally low but highly variable.

The reason for this variable behavior has never been firmly established. One major
potential contributor is inherent variation within chalcopyrite ores. This includes a
wide range of galvanically active accompanying minerals, such as pyrite, cubanite, or
sphalerite; sulfide impurities like bornite, or covellite that leach and release catalyzing
Cu?* into solution; confusion with close relatives of chalcopyrite like mooihoekite,
haycockite, and talnakhite; and 4-5 orders of magnitude variation in the trace-element
contents [2]. Since chalcopyrite is a natural semiconductor, some of the variability
is also due to distinctions in semiconducting properties such as resistivity, band gap
size, and charge carrier mobility (Hiskey 1993). Mobility in particular explains how
electrons move through a material and oxidizes—via holes from missing electrons (p-
type), or donations from extra electrons (n-type)—and is determined by trace element
impurities within the chalcopyrite itself. Most lab-scale research on chalcopyrite
leaching does not account for these variations in composition or semiconducting
properties [3]. Thus, the chalcopyrite leaching literature contains multiple, highly
varying, sometimes conflicting results for activation energies, leaching kinetics, and
total recoveries, even for the same lixiviant-oxidant combinations working on ore
classified as chalcopyrite.

1.2 Problem Statement

Many of the disparities in the literature on chalcopyrite leaching were known long
before the recent growth in professional publications multiplied them. The following
section reviews some of the relevant previous work on the subject. Resolving these
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inconsistencies necessitates a combination of well-constrained and detailed miner-
alogy, measurement of trace elements, and correlation with semiconducting proper-
ties. This is the focus of an ongoing study at the University of Arizona with hopes
to correlate the results to leaching behavior.

1.3 Previous Work

An early study in metallurgical engineering by Dutrizac [4], followed up by addi-
tional electrochemical results by McMillan et al. [5], illustrated the compositional
and semiconducting differences among chalcopyrites from different sites. However,
results were highly variable and showed no additional correlations with the leaching
behavior.

Multiple authors in materials science have examined the connection between chal-
copyrite composition and semiconducting properties. Teranishi and Sato [6] identi-
fied the compositions of chalcopyrite that correspond to n- versus p-type semicon-
duction. They found that the n-type chalcopyrites were typically those with major-
element ratios and/or trace-element substitutions causing a slight excess of positive
charge. This was supported by Ang et al. [7], who determined that the chalcopy-
rites with a deficiency of negative charges (through Cu-oversaturation coupled with
Fe-undersaturation) were the ones that tended toward p-type behavior. Even so, the
same authors found a wide range in semiconducting properties: Ang et al. [7] noted
more than an order of magnitude variation in resistivity for a series of chalcopyrite
samples that were all slightly Cu-oversaturated and Fe-undersaturated. However,
most of these studies did not address potential implications for dissolution behavior.

The effect of major-element composition on leaching was examined by Rosso
and Vaughan [8], who found that the stuffed structural derivatives of chalcopyrite
(mooihoekite, talnakhite, or haycockite) dissolved noticeably faster in acid solutions
than chalcopyrite with the normal proportion of vacant metal sites.

There has been some research on the effect of other sulfide impurities on chalcopy-
rite semiconducting properties or leaching behavior. Warren (1978) noted that small
grains of cubanite would lower the resistivity of the host chalcopyrite substantially
compared to pure samples. [9] suggested that abundant pyrite inclusions raise the rest
potential of chalcopyrite. The implications of both for leaching, however, are mixed.
For a long time pyrite was considered a catalyzing impurity in chalcopyrite ores (e.g.
[10]), but recent studies have found little to no discernible effect [11]. This may relate
to the choice of oxidant, since the catalysis of chalcopyrite dissolution appears to be
specific to particular reagent combinations [11]. Alternatively, it may reflect the fact
that pyrite varies in properties as much as chalcopyrite; the rest potential difference
between the two species may range anywhere from O to 400 mV, which probably
affects whether pyrite catalyzes chalcopyrite leaching or not.
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1.4 Motivation for This Research

While often excellent in quality, most of the literature above covers only two of
three attributes for chalcopyrite: composition, its semiconducting behavior, and its
leaching behavior. The overall project goal at the University of Arizona attempts to
link all three by using a large suite of well-characterized samples to constain the
effects of major-, minor-, and trace-element compositions, resistivity, and charge
mobility on leaching behavior. This paper outlines the first results of the relationship
between semiconducting properties and compositional variations in chalcopyrite.

2 Methods and Materials

Natural chalcopyrite samples were obtained from Ward’s Scientific and from existing
collections at the University of Arizona at the locations shown in Table 1.

Each whole-rock chalcopyrite sample was mounted in a 1” round epoxy mount
and polished to 0.25-micron grit. These mounts were photographed in reflected light
using a Nikon LV 100 petrographic microscope and analyzed using a Cameca SX100
electron probe microanalyzer (EPMA) at the University of Arizona. Several point
analysis were taken for each chalcopyrite sample and used for sulfide identification.
These trace elements were averaged for each mineral within the samples, and used
to support identification and rare mineral composition.

The 1”7 mounts were trimmed to fit in the four-probe station for charge carrier
mobility and resistivity. Samples were mounted on a PCB holder and four probes

Table 1 Samples used in this study

Chalcopyrite locality | Texture/description Deposit type Accompanying sulfides
Ajo mine Massive and in veins; Porphyry Cu Bornite, pyrite, minor
small but abundant covellite

exsolutions, inclusions,
or replacements of other
sulfides

Noranda Massive, blocky with Volcanic-hosted | Pyrite, sphalerite, trace
cubanite and sphalerite | massive sulfide cubanite
forming inclusions in

chalcopyrite
Sudbury Massive, blocky with Magmatic Pyrite, sphalerite,
cubanite and sphalerite | segregation cubanite

forming inclusions or
close associations with
chalcopyrite

Ward’s scientific Massive, blocky witha | Unknown Pyrite, sphalerite
few veinlets of other
sulfides
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were placed directly on the conductive samples without silver paste. Measurements
were conducted using an HMS-5000 instrument with 0.55 T magnetic field and 1.00
mA current under ambient conditions. Each sample was measured 3 times for 25
rounds apiece at 1-min intervals. These measurements were averaged to produce
single mobility and resistivity readings.

3 Methods and Materials

3.1 Overview of Samples

Figure 1 shows a representative sample of the natural chalcopyrite samples used
in this study. As seen in the photomicrographs, most samples contain significant
amounts of other minerals besides chalcopyrite. While some are inert and noncon-
ductive species such as quartz and feldspar, other sulfides present include bornite,
pyrite, sphalerite, minor covellite, and other minerals noted in Table 1.

All samples in this study are considered pure, high-grade chalcopyrite ores by
industry standard, containing at least 85% chalcopyrite. However, additional sulfide
impurities are common at the 1 cm scale. These non-chalcopyrite sulfides are
expected to affect the semiconducting results as they are mixed below the scale
of the 1-2 mm spacing between the probes. As research continues, leaching results
are expected to be affected as well, due to copper-rich sulfides like bornite and
digenite oxidizing before chalcopyrite [12]. Care will be taken to either minimize
their reaction with non-reactive epoxy, or note their presence before and after. At
present however, this explains much of the variability in our study and in most other
metallurgical studies, which use samples that meet the mining industry’s definition
of high-grade chalcopyrite, but contain other sulfides at the experimental scale.

3.2 Sample Composition and Semiconducting Properties

Table 2 shows major-element compositions and semiconducting properties of the
samples in this study. Minor elements are in Table 3.

As expected, resistivity and charge mobility show a strong inverse correlation for
all samples. Beyond that, correlations are elusive. Based on literature, effects from
galvanically active trace elements, such as Zn, Ag, and As could be expected, as well
as some correlation between chalcopyrite Cu/Fe ratios and charge mobility [7, 13,
14]. As shown in Fig. 2, not all of these are apparent. There is a potential inverse
correlation between Ag concentration and charge mobility, but most of the remaining
relationships are too scattered to support firm conclusions.

Correlations were sought between charge mobilities and other elements from
Table 3, but results were similarly inconclusive. No correlation was observed between
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WARD-1

NORANDA-1 NORANDA-2

SUDBURY

SUDBURY

Fig. 1 Reflected-light photomicrographs of representative samples used in this study; see Table 1
for sample names. Cpy = chalcopyrite, bn = bornite, py = pyrite, sph = sphalerite, cub = cubanite,
cv = covellite. Dark gray, high-relief areas of images are silicate minerals. All photomicrographs
are at 5 x magnification with fields of view approximately Imm wide; mount at bottom right is 2.5
cm (1”) in diameter

resisitivity or charge mobility and total trace-element contentration or major-element
ratios. While Pridmore and Shuey [14] found a correlation between Cu/Fe ratio and
resistivity, no such relationship was evident among our samples.
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Table 2 Semiconducting properties and major-element composition of chalcopyrite samples in
this study. For trace elements, see Table 3

Sample Resistivity, | Charge | Minerals S,% |Fe,% |Cu,% |Zn,% | EPMA totals
ohm-cm mobility,
cm?/
V#sec
Ajo-1 0.1667 26.099 | Chalcopyrite | 34.885 | 30.514 | 34.457 | 0.034 | 99.998
Pyrite 53.488 | 46.845| 0.014 | 0.040 | 100.648
Bornite 27.186 | 12.439|59.287 | 0.053 | 99.110
Digenite 28.220 | 1.123|72.233 | 0.024 | 101.814
Ajo-2 2.3516 2.9297 | Chalcopyrite | 33.507 | 30.223 | 34.546 | 0.025 | 98.404
Bornite 26.609 | 12.573 | 62.010 | 0.031 | 101.376
Pyrite 50.948 | 45.757 | 0.443| 0.011| 97.500
Ajo-3 0.1612 22.7299 | Chalcopyrite | 34.115 | 30.440 | 34.481 | 0.028 | 99.222
Pyrite 51.520 | 45.653 | 0.057 | 0.004 | 97.612
Bornite 26.147 | 12.191 | 61.653 | 0.049 | 100.158
Ajo-4 0.1933 18.6003 | Chalcopyrite | 34.528 | 30.432 | 34.529 | 0.031 | 99.622
Bornite 25.999 | 11.235|63.711 | 0.051 | 101.119
Ajo-5 0.4341 8.9516 | Chalcopyrite | 34.279 | 30.455 | 34.411 | 0.034 | 99.286
Pyrite 53.076 | 45.481 | 0.428 | 0.000 | 99.076
Digenite 27.031 | 1.040|72.603 | 0.058 | 100.809
Bornite 25.887 | 11.466 | 62.911 | 0.026 | 100.383
Noranda-1 | 0.021 48.9865 | Chalcopyrite | 34.038 | 30.560 | 34.308 | 0.071 | 99.157
Pyrite 39.092 | 60.452 | 0.146 | 0.019 | 99.987
Sphalerite 32.013 | 8.473| 0.225(57.936 | 99.175
Noranda-2 | 0.3518 6.0752 | Chalcopyrite | 34.019 | 30.826 | 34.218 | 0.043 | 99.230
Pyrite 38.796 | 60.637 | 0.060 | 0.000 | 99.667
Sudbury-1 | 1.7677 0.9581 | Chalcopyrite | 34.632 | 30.727 | 34.406 | 0.046 | 99.910
Cubanite 35.034 | 41.201 | 23.228 | 0.019| 99.587
Sphalerite 32.109 | 8.404 | 0.729 |55.829 | 99.235
Ward-1 31.545 0.4823 | Chalcopyrite | 34.659 | 30.040 | 34.261 | 0.026 | 99.114
Sphalerite 32,617 | 1.359| 0.896 | 64.268 | 100.613

4 Discussion

The goal of this study was to examine the correlations between chalcopyrite’s chem-
ical composition and its semiconducting properties. At this early stage, the prelimi-
nary results resemble those of Dutrizac [4], who found little or no correlation among
chalcopyrite n- or p-typing, leaching rate, and trace-element composition for samples
from different localities. However, his study (like this one) used a relatively small
number of samples (11) and had incomplete resistivity and compositional character-
ization. Notably, Dutrizac [4] and McMillan et al. [5] did find that more silver-rich
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Fig. 2 Plots correlating the semiconducting properties of chalcopyrite and charge mobility

chalcopyrites showed slower leaching rates than comparable samples with less silver,
which is consistent with the lower charge mobility for these samples noted in Fig. 1.
This correlation is also supported by Wintenberger [15], who found that increased
Ag substitution for Cu in chalcopyrites increased their resistivity.

Both studies used fairly small numbers of samples, which is one additional
reason for the inconsistency, and also affects this study of 9 samples while testing
continues. Another contributing factor is the diverse range of samples and accom-
panying sulfides. As Dutrizac [4] noted, declining sample purity—i.e. an increasing
fraction of non-chalcopyrite sulfide minerals in the sample—corresponds to more
erratic leaching behavior. These sulfides dissolve, releasing Cu?* into the solution
and increasing galvanic interactions. He also noted that at or below roughly 80%
pure chalcopyrite, the observed leaching phenomena mostly reflect the dissolution
behavior of the sulfide impurities. While all of our samples appear to be above the
80% threshold, the Cu-bearing and/or sulfide impurities in Fig. 1 likely affected
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semiconductor measurements. The four probes are placed at a distance of 3 mm
apart, approximately 3 times larger than the representative fields of view for the
photomicrographs in Fig. 1. It is possible and likely that the measured semicon-
ducting properties of “chalcopyrite” in the literature actually reflect a combination
of the properties of chalcopyrite and these other minerals, but this will require further
correlations of samples with similar representative mineralogies to confirm.

Continued work on this project will focus on measuring additional samples to
investigate these correlations and their impacts on leaching behavior.

5 Conclusions

Leaching tests on chalcopyrite ores tend to show highly variable results, with diver-
gent findings on kinetics, activation energy, and ultimate recovery even for the same
lixiviant-oxidant system. An ongoing UA project is examining how variability within
chalcopyrite ores contributes to this problem via a large range of chalcopyrite trace-
element compositions, semiconducting properties, accompanying sulfide impurities,
and other features.

This project presents preliminary results linking trace-element compositions to
semiconductor properties using 9 well-characterized natural samples of varied type,
provenance, and suite of accompanying sulfides. Comparison of EPMA in-situ
chemical analysis and four-probe measurements shows a potential inverse relation-
ship between chalcopyrite Ag content and charge carrier mobility, but few other
observable correlations. Future work will continue to expand the study with addi-
tional samples and link compositional data to semiconductor properties and leaching
behavior.
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