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Abstract: The structural and morphological characterizations of a chalcopyrite concentrate, collected from the Indian Copper Complex,
Ghatshila, India, were carried out by X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy. The con-
centrate powder was composed mainly of free chalcopyrite and low quartz in about 3:1 weight ratio. The particle size was about 100 pm.
Spectroscopic studies (FTIR, Raman, UV-visible) of the concentrate supported the XRD findings, and also revealed a margina oxidation of
the sulfide phase. The energy band gap of the sulfide was found to be 3.4 €V. Differentia thermal analysis and thermogravimetry of the con-
centrate showed a decomposition of chalcopyrite at 658 K with an activation energy of 208 kJmol ™, and two successive structural changes

of silicaat 848 K and 1145 K.
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1. Introduction

The principal copper ores in nature are sulfides among
which chacopyrite (CuFeS,) is the mgor source of copper
[1]. Chalcopyrite contains many minerals including copper,
iron, zinc, and sulfur. Chalcopyrite is the most stable min-
era among the copper sulfides due to its structural configu-
ration (face-centered tetragona lattice). Chalcopyrite ores
are usualy processed by means of hydrometallurgica or
pyrometallurgical processes, but due to environmental as-
pects there has been a worldwide upsurge of interest in the
hydrometallurgical processes of this ore [2]. Alternatively,
the hydrogen reduction technique has been incorporated as
an environment-friendly pyrometallurgica route [3]. The
different concentrates obtained through differential flotation,
which are used in pyrometalurgy, are usualy of poor qual-
ity with low meta recovery [4]. A good idea about the
composition and physica properties of the ore or the con-
centrate is necessary to choose the proper extraction tech-
nique, especially in the pyrometallurgical processing.

The chalcopyrite concentrate characterized in the present
study was collected from Ghatshila, in the Singhbhum shear
zone, India. The Singhbhum copper belt comprises Protero-
zoic volcano-sedimentary rocks that created a shear zone
known as the Singhbhum shear zone. Prominent deposits of
the belt are the Chapri, Rakha, Surda, Kendadih, Pathargora,
and Dhaobani. The first copper mine in this region was es-
tablished in 1930. The chacopyrite concentrate is
brownish-yellow in appearance with good luster, and
granular in nature. The concentrate contains more than
16wt.% of copper.

The objective of the present work was to characterize the
chalcopyrite concentrate by X-ray diffraction, microscopy,
spectroscopy, and thermal analysis in order to support the
selection of beneficiation process in recovering copper val-
ues. For this purpose, the crystallographic phases were iden-
tified by the diffraction study and a two-phase Rietveld re-
finement of the diffraction data. The spectroscopic studies
were carried out in the infrared and ultraviolet-visible re-
gions, and by Raman spectroscopy. The morphology of the
mineral was studied by scanning electron microscopy (SEM)
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with simultaneous energy-dispersive X-ray spectroscopy.
The thermal property of the concentrate was studied by
thermogravimetric and differential thermal analysis tech-
niques.

2. Experimental
2.1. Materials

The chalcopyrite concentrate used in the present study
was collected from the Indian Copper Corporation Ltd.
(ICC), Ghatsila, India

2.2. Methods

Powder X-ray diffraction (XRD) of the chalcopyrite
concentrate was recorded by a verticadl STOE Stadi MP dif-
fractometer using transmission geometry and Cu K, (1 =
0.154184 nm) radiation. The generator settings were 40 kV
and 40 mA. The diffraction patterns were recorded at room
temperature (293 K), step size of 0.1°, stoppagetimeof 10 s
per step, and range of 20 = 18-92°. Cylindrical compacts of
the concentrate powder were formed using a stainless stedl
die, and scanning e ectron microscopic (SEM) images of the
planar surfaces were captured using a Philips XL-30 ESEM
microscope. An elemental mapping for the major elements
(Cu, Fe, S, S, and O) was obtained by the attached EDAX
energy-dispersive X-ray spectroscope (EDX) system. Parti-
cle size distribution was obtained using the standard sieve
analysis. Fourier-transform infrared (FTIR) spectra of the
chalcopyrite concentrate were obtained adopting the KBr
pellet technique, using a FTIR spectroscope (IR prestige 21,
200V CE, Shimadzu, Tokyo, Japan). Approximately 2 mg
of the concentrate powder was thoroughly mixed with 200
mg of spectroscopic-grade KBr and pressed into pellets.
Raman spectra of the concentrate were recorded in the
Stokes region with the help of a micro-Raman Renishaw
spectrometer (UK) at the laser excitation energy of 1.58 eV
(785 nm diode laser) a room temperature. Ultraviolet
(UV)-visible (vis) absorption spectra of the concentrate were
recorded on a Shimadzu UV-1601PC spectrophotometer.
Experiments were carried out in 1 cm x 1 cm quartz cuvette
containing 2 mL of phosphate buffer. Thermogravimetric
(TG) and differential thermal (DT) analyses of the concen-
trate were carried out at the heating rate of 10 K-min* in
separate DT-TG set-up (Make: Bysakh Co., Brand: Okay).
Approximately 300 mg of the concentrate powder in an
alumina crucible was used as a sample for both anayses.
The same mass of a-alumina powder in a similar crucible
was taken as the reference in the DTA. The data were re-
corded at 20 sinterval throughout the heating process.
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3. Resultsand discussion
3.1. Powder XRD analysis

The two-phase Rietveld refinement of the powder XRD
pattern of the concentrate is shown in Fig. 1, where the red
points represent the experimental values, and the black solid
line depicts the calculated values. Vertical bars show the po-
sitions of the calculated Bragg reflections, and the blue solid
line at the bottom is the difference between the experimental
and the calculated values. In the experimental XRD pattern,
the maority of the main peaks belong to chal copyrite, which
is the main copper mineral present in the ore. Most of the
remaining pesks belong to low quartz, which is the principal
impurity phase. The powder XRD profile was fitted for
these two phases using the LeBail agorithm [5] imple-
mented in the Jana2006 program [6]. The refined values of
the cell parameters, and the phase group with the R factors
(R factors predict the quality of Rietveld fit to a powder dif-
fraction pattern), are shown in Table 1. The reliability index
parameters and the goodness of fit (GOF) for the refinement
ae R, = 3.04, R,, = 5.60, and GOF = 3.39 (R, and Ry, are
profile R factor and weighted profile R factor, respectively).
The GOF value is not very satisfactory because of the unin-
dexed pesks at 20 = 24.8°, 28.7°, and 56.2°. These unin-
dexed peaks are from the silicate class clinoferrosilite (Fe-
Si0Os), PCPDF # 75-1214, Pearson's Crystal Data Entry
number 1616032 with space group C12/c1 and cell parame-
ters, a=0.9928 nm, b =0.9179 nm, ¢ = 0.5338 nm, o = 90°,
£ = 11020°, and y = 90°. The relative amount of
clinoferrosilite is low in the concentrate, and hence, does not
significantly affect the refinement results.

Fig. 1. Two phases Rietved refinement pattern based on pow-
der XRD at room temperature for chalcopyrite concentrate
(Yopsisthe experimental valueand Y, isthe calculated value).
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Tablel. Rietveld refinement of two phases based on powder XRD pattern

Phase Cell parameters Phase group Rfactors
Chalcopyrite a=0.5290181 nm, b=0.5290181 nm, ¢ = 1.042317 nm; 17 2d R(obs) =6.68 wR(obs) =6.11
(CuFesy) a=90° f=90°y=90° R(@@l)=10.01 wR(al)=6.88
Quartz a=0.4920487 nm, b = 0.4920487 nm, ¢ = 0.5391766 nm,; P3121 R(obs) =6.18 wR(obs) =554
(SO a=90° 8 =90° y = 120° R(@l)=11.09 wR(al)=5.96

Note: Rand wR indicate reliability index parameters; “obs’ indicates observed reflections; “al” indicates dl reflections, both strong and weak.

The phase-volume ratio (v;) of the refinement phases
(CuFeS; to SIO,) was calculated as 1:0.524117. The weight
ratio of CuFeS, to SIO,, calculated from the volume ratio,
was 0.753:0.246, using the relation of the relative phase
amount (m) to v;:

m = Vi Di

- Zvipi ’

where p; isthe density of the ith phase.

3.2. SEM, EDX, and particlesize

The SEM images taken in secondary electron (SE), and
in backscattered electron (BSE) mode of the plane surface
of the compact formed from concentrate powder, are shown
in Figs. 2(a) and 2(b) respectively. The EDX spectra, taken
from the whole area of the SEM images, are shown in Fig.
2(c). The dements present in the concentrate with their

weight percentages on the basis of EDX aregivenin Table 2.

The elemental mapping for the major elements (Cu, Fe, S,
Si, and O) taken over the surface area captured in SEM im-
agesisshown in Figs. 2(d), 2(e), 2(f), 2(g) and 2(h), respec-
tively. In Fig. 2(a) four points are chosen in which point 1
and 2 show chalcopyrite particles, and points 3 and 4 show
quartz particles. In the subsequent images, the locations of
these points are carried forward. A finite concentration of
Cu, Fe, and S, and amost zero concentration of Si at points
1 and 2, help to locate the grains at these points as chal copy-
rite. On the other hand, the grains at points 3 and 4 have no
Cu, Fe, and S, but have large concentration of S instead,
suggesting that these grains are made of quartz. The concen-
tration of O is high in the high-Si sites, and very low at the
sites with high concentration of Cu, Fe, or S. This confirms
that the main oxide impurity in the concentrate is quartz.
The diameters of chalcopyrite and quartz grains are meas-
ured from the SE images. The chalcopyrite grain diameters
at points 1 and 2 are 78 and 95 um, whereas the quartz grain
diameters at points 3 and 4 are 102 and 88 um. These results

arein good agreement with the sieve analysisgivenin Fig. 3.

The majority of chalcopyrite particle is below 80 pm, and
that of the quartz is below 120 pm.
According to the analysis given in Table 2, 1 g of the

concentrate contains 0.0726 g S = 0.1553 g SO, = 2.593 x
10 * mole of SO, and 0.1828 g S=5.701 x 10 * mole of S=
2.85 x 10 % mole of CuFeS, (considering S is present as
CuFeS; only) = 0.5227 g CuFeS,. The weight ratio of
chalcopyrite-to-quartz thus obtained is 0.771:0.229, which is
in good agreement with the result obtained from the Riet-
veld refinement. According to the Rietveld refinement, the
preceding ratio is dightly smaller, which can be explained
by the partial oxidation of the sulfide.

3.3. Fourier-transform infrared spectroscopic analysis

The FTIR spectrum of the chalcopyrite concentrate is
shown in Fig. 4, which was taken in the wavenumber range
of 400-2000 cm™ a the room temperature. The principal
vibrational modes were assigned and are presented in Table
3. The IR spectrum of sulfides is characterized by the
broadened pesks due to the specific features of the crystal-
line structure, and the nature of Me-S bonds [7]. Chalcopy-
rite, a ternary compound having the diamond structure with
every atom bonded to the four nearest neighbors in a tetra-
hedron, can be obtained by doubling the zincblende (ZnS)
structure. Each atom has four neighbors arranged at the cor-
ners of a regular tetrahedron bonded by sp® bonds. Each
metal atom has four sulfur atoms as the first neighbors,
whereas each sulfur atom has two copper and two iron
atoms. The spectrum exhibits absorption bands at 1105,
1142, and 1204 cm *, which indicates the presence of chal-
copyrite [8-9] as the principa phase in the concentrate
sample. In addition to these bands, the oxidized chalcopyrite
sample displays a band at 1010 cm*, which can be assigned
to the S-O stretching vibrations in the sulfide structure [10],
while the band at 630 cm * represents the S-O bend vibra-
tions.

The major impurity phases in the chalcopyrite concen-
trate are dlica and dlicates. The symmetric S—O-Si
stretching vibration of the coordinated silica groups appears
at 798 cm ! [11], and in addition, there are small absorptions
at 781 cm * and 886 cm *[12]. The characteristic asymmet-
ric S—O-Si stretch in the range of 1040-1090 cm * [13] is
masked behind the dominating chal copyrite absorption. The
bending modes of Si—-O-Si at 625 cm *, and the weak ab-
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sorption band of S—O-Si at 580 cm*, are caused by the range of 411-515 cm * can be attributed to the S—O-Si ab-
presence of (Si0,) * groups [11]. The bands observed in the sorption [14].

Fig. 2. SEM imagesand EDX spectra of chalcopyrite concentrate: (a) SE image; (b) BSE image; (¢) EDX spectrum; (d—h) elemen-
tal mappingfor Cu, Fe, S, S, and O, respectively.
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Fig. 3. Particle size distributions of chalcopyrite concentrate
powder.

Table 2. Elemental analysis results of chalcopyrite concen-
trate by EDX wit%

Cu Fe S S
1686 22.74 1828

O Al K N 2Zn
726 3150 137 075 0.71 055

Table3. FTIR dataand band assgnment

Observed IR Standard IR .
y _q Band assignment
frequency / cm frequency / cm
1621 1622 wesk S0, hydrated
amorphoussilica
1204 1175 shoulder Me-S absorb
1142 1135 shoulder Me-S adbsorb
1040-1090 S-O-Sl asym-
1105 metric stretch
1110 wesk Me-S absorb
1010 1008 S-O stretch
886 il q
798 885 very strong, 792 medium, Smr?;t?c
785-775 medium, 790-850
781 sretch
630 628 S-O bend
625 628 strong shoulder, 600-650 S—-O-Si bend
580 570-68 weak S—-O-S absorb
411-515 440-465 S-0O-S absorb

Note: wesk (<20% absorption); shoulder (just resolved); very
strong (>80% absorption); medium (<40% absorption); strong
shoulder (approaching in intensity to the main absorption band).

3.4. Raman spectroscopic analysis

The Raman spectrum of the chalcopyrite concentrate is
presented in Fig. 5, which was conducted in the low wave-
length range (190-1550 cm ). The most prominent band
occurs a 308 cm*, which can be characterized by the A,
symmetry mode related to the tetrahedra clusters [CuS,,
FeS,] of chalcopyrite. Two weaker bands appear at 320 and

353 cm'%; these are related to the B, or E modes [15]. In
contrast, the free (SO,)? ions have an idedl tetrahedra (T,)
symmetry. Two of the four fundamental vibrations coming
from the group could be clearly observable at 1016 cm ™ (v5)
and 616 cm * (v4). Also, the bands observed at 432 and 1335
cm * can be attributed to the presence of SO,[16]. The or-
thorhombic crystal structure of sulfur is a strong Raman
scatterer, generating the bands in the region of 100-300
cm * due to S-S-S bending [15]. In the present case, these
can be observed at 220, and 255 cm . The high background
noise in the region of 400-500 cm *is possibly due to the
S-S stretching [17-18]. The band occurring at 631 cm * is
dueto an S-O bend.

Fig. 4. FTIR spectrum of chalcopyrite concentrate recorded
at room temperature.

Fig. 5. Raman spectrum of chalcopyrite concentrate recor ded
at room temperature.

The main impurity phase in the sample as found in the
diffraction and spectroscopic studies is silica (quartz). In
good agreement, the band that occurs at 464 cm™ in the
Raman spectrais the characteristic band of quartz. Also, the
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other bands occurring at 395, 696, 1088, and 1168 cm * estab-
lish the presence of silicain the concentrate sample [19-20].

3.5. UV-visible absor ption spectral analysis

The optical absorption spectrum of the concentrate min-
eral powder dispersed in absolute alcohol, and measured in
the 200-1100 nm wavelength range, is shown in Fig. 6. The
absorption band at 360 nm, corresponding to a band gap of
3.4 eV, gppears for CUFeS,; this can be assigned to Cu(ll) in
the rhombic symmetry. Another band is observed at 310 nm
(4 eV), which is an energy characteristic of Fe** transition.
The experimental values are comparable with the values re-
ported in the literatures [21-23].

Fig. 6. Optical absorption spectra of chalcopyrite concentrate
recorded at room temperature.

3.6. Thermal analysis

DTA and TG plots obtained during heating of the chal-
copyrite concentrate powder from room temperature (303 K)
to 1273 K are shown in Fig. 7. At about 368 K, the onset of
an endothermic peak occurs in the DTA curve, suggesting
the eimination of hydrated water from the concentrate. A
weight loss of less than 5% in TG corresponds to this phe-
nomenon. The onset of the next thermal event happens at
658 K, which is due to the decomposition of chalcopyrite.
This process is endothermic [24], and corresponds to about
20% weight lossin TG, which is mainly due to the removal
of sulfur from the chalcopyrite. The next two endothermic
peaks occur at the onset temperatures of 848 K and 1145 K,
which appear due to the structural change of SO,. The first
one corresponds to the transformation of low quartz (a-SiO,)
to high quartz (B-SIO,), and the second one corresponds to
the transformation of B-SiO,to cristobalite (y-SiO,) [25].
The low quartz phase appeared in the powder XRD pattern
at the room temperature, as discussed earlier.
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Fig. 7. TG-DTA plot of chalcopyrite concentrate heated from
room temperatureto 1273 K.

Fig. 8 shows a TG-DTG plot of the concentrate powder
in the temperature region of the decomposition of chal copy-
rite. Hy, Tr, and X, denote the peak height, peak tempera
ture, and weight conversion at peak temperature, respec-
tively (subscript m stands for maxima). The first two are
obtained from the DTG curve, and the last one from the
corresponding TG plot. The values are found to be H,,, =
0.05181 K%, T,, = 657.44 K, which is in good agreement
with the DTA result, and x,, = 0.10595. The activation en-
ergy (Ey is cdculated using the relation E, = RT2H,/
(1—Xmm) , which isvalid for the first order chemical reaction
[26], R being the universal gas constant. The value is 208
kJmol ™. The value is close to the one reported in the litera-
ture [22], which may be expected since x,, rarely varies with
the heating rate [27].

Fig. 8. TG-DTG plot of chalcopyrite concentrate from 473 K
to 873 K.
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4. Conclusion

Powder XRD pattern of a Ghatsila chalcopyrite concen-
trate indicates that the main phase present in it is free chal-
copyrite, with low quartz as the major impurity. Thisis con-
firmed by Rietveld refinement of the XRD data. The refined
lattice parameters are a = 0.5290181 nm, b = 0.5290181 nm,
and ¢ = 1.042317 nm for CuFeS;; and a = 0.4920487 nm, b
= 0.4920487 nm, and ¢ = 0.5391766 nm for a-SiO,. The
weight ratio of the two phasesis found to be approximately
3:1, which is in good agreement with the prediction of the
EDX anaysis of the concentrate. The particle size of the
concentrate powder is about 100 um, according to both the
SEM images and sieve analysis. Spectroscopic studies show
the presence of tetrahedral clusters [CuS,, FeS,] in the min-
eral, and a smdll presence of the S-O absorption, which in-
dicates oxidation of a small fraction of sulfide. Also, the
characteristic absorption bands of quartz at the 1040-1090
cm *range are observed in the concentrate spectra. The band
gap of the concentrate is found to be 3.4 eV. The therma
analysis shows three successive therma events: (1) removal
of moisture near 368 K; (2) decomposition of CuFeS, at 658
K. The activation energy associated with the endothermic
phenomena calculated from the DTG curve is 208 kJmol *;
and (3) changes of the crystal structure of SIO,, namely the
formation of high quartz from the room temperature phase
(low quartz) at 848 K, and the formation of cristobalite from
high quartz at 1145 K.
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