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Abstract

The early rejection of gangue minerals, at coarse ore particles size (preconcentration), has been shown to be a viable option to cost reduction
in many mineral processing applications. A promising technique being explored for efficient ore preconcentration is the Near InfraRed (NIR)
spectroscopy. This paper attempts to validate the efficiency of near infrared preconcentration strategies, by comparing data of preconcentrated
particles, when particles are scanned using near line scanner from different sides and angle of view. Three copper particles were selected from a
batch of sixty preconcentrated samples, mineralogical and near infrared analysis were performed on the particles. Particles were then cut laterally
(cross sectioned) and mineralogical and near infrared analysis repeated on the cut cross sectioned surface. Data of the whole samples and cross-
sectioned samples are compared. Results indicate that the depth attained by scanning (both with NIR and QEMSCAN®) of original samples is
representative of each sample scanned and sufficient for preconcentration. Also, except for the differences in particle size, correlation is almost
1:1, thus, validating the initial NIR preconcentration results as being promising.

DOI:10.46481/jnsps.2022.205

Keywords: Preconcentration, Copper ore, Near infrared, QEMSCAN® | Spectral signature.

Article History :

Received: 29 April 2021

Received in revised form: 04 May 2021
Accepted for publication: 01 September 2021
Published: 28 February 2022

©2022 Journal of the Nigerian Society of Physical Sciences. All rights reserved.
Communicated by: O. J. Abimbola

1. Introduction ore minerals to achieve separation [2]. For both operations to
be efficient, understanding the characteristics of the individual

Communition and concentration are the two fundamental minerals in a given ore is central [3, 4].

operations in the minerals processing industries. Communition
involves the liberation of ore values, while concentration in-
volves the separation of the liberated ores from their associated
gangue minerals [1]. The liberation of ores is achieved through
crushing and grinding, the initial size fractions of the run-of-
mine while concentration utilizes the various properties of the

Grinding accounts for about fifty percent of the total energy
used by a concentrator in the mineral processing industries
[1]. Considering the high energy requirement of a processing
operation, especially grinding, the early rejection of gangue
minerals, at coarse ore particles (preconcentration), has been
shown to be a viable option to cost reduction in many mineral
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being explored for efficient ore preconcentration is the Near
InfraRed (NIR) spectroscopy [7]. The NIR spectroscopy is a
fast, non-invasive and non-destructive technique that provides
multi-constituent analysis of virtually any matrix [8, 9]. It
measures the reflective properties of mineral samples without
rigorous sample pre-treatment. The NIR covers the wavelength
range from the visible (780 nm) to the mid infrared region
(2526 nm) [8, 10, 11]. The NIR region contains absorption
bands corresponding to C-H, O-H, S-H and N-H vibrations
[12].

This paper attempts to validate the efficiency of the precon-
centration strategies and results proposed by Iyakwari et al. [7].
The study presented in this paper, compares data of samples
analysed by QEMSCAN® and the NIR line scanner. All meth-
ods are surface techniques that analyse minerals signatures [7].
Within the NIR region, Iyakwari and Glass [13] classified min-
erals based on their sensitivity to radiation as; (a) NIR-active,
minerals that show absorption features, (b) NIR-active, min-
erals that do not show absorption features but absorb strongly
throughout the longer wavelength region of the NIR and (c) the
non-active minerals. With the exception of some high NIR ra-
diation absorbing minerals like hematite [14], only the —OH,
CO3% and H,O functional group bearing minerals are active in
the longer wavelength region (1300 to 240 nm) used for this
research. Hence, comparatively, in the NIR region, the surface
NIR-active mineral(s) as detected by QEMSCAN® should be
responsible for the NIR absorption observed in the spectra of
the samples. This comparison may not be entirely true for all
the surface NIR-active minerals, as it has been shown that this
may also depend on the depth of particle penetration, which in
NIR is defined by the opacity and density of the first NIR-active
mineral encountered [4]. Other factors may include angle of
scan, the thickness and arrangement of minerals in a particle
[13]. Thus this paper investigates the influence of the afore-
mentioned factors on a particle spectrum as well as validating
NIR application for ore sorting, as proposed by [7]. Though
Iyakwari et al [7] analysed sixty samples, only three represen-
tative samples from the batch of 60 are analysed in this paper.

2. Sample characterization and Method

Ref. [7] proposed two methods for copper ore preconcen-
tration using the NIR technique. The first strategy targeted
both calcite and muscovite/kaolinite feature displaying samples
(Figure 1), while the second strategy targeted the elimination of
spectra displaying only calcite features as waste (Figure 2).

Three copper samples were selected from a batch of sixty
particles preconcentrated by [7]. The particles were originally
sampled in a mine in the Loz Pozos mining district in the coastal
ranges of the Atacama Region, Northern Chile. The samples
were labelled nos. 1, 2 and 3. In [7], same samples are la-
belled nos. 3, 26 and 53 respectively. Mineralogical and Near
InfraRed (NIR) analysis were performed on the same surface
for a one to one correlation (Table 1). Hence, each of the 3 par-
ticles was subjected to the characterisation process outlined in
Figure 3.

Chrysocolla + malachite, associated with iron-
bearing mineral (hematite)

v

Crushing
(Minimum size > 2.9%0.9 mm)

Waste
Samples with NIR spectra
showing features centred near
2200, 2210, 2215 and 2220 nm
(muscovite/kaolinite), and or
2335, 2340 and 2345nm

Product
Samples with featureless spectra Middling
QI Samples with NIR
NIR spedré without features spectra showing both
relating to calcite and or muscovite product and waste

spectrum (calcite).

Re-crushing
(Minimum size 2.9*0.9 mm)
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Figure 1: Copper samples preconcentration strategy targeted at discriminating
both calcite and muscovite/kaolinite (clay) bearing particles as waste (Iyakwari
et al. 2016)
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Figure 2: Copper samples preconcentration strategy targeted at eliminating
calcite-bearing samples as waste [7]
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Figure 3: Subdivision of sample particles for characterization

After the initial analysis (Figure 4a), the individual particles
were then cut laterally into two halves (Figure 4b) and scanned
with both QEMSCAN® and the NIR line scanner. Data of the
whole samples and cross-sectioned samples are compared. In
the course of subsequent discussion, the issue of particles set-
tling during sample preparation for QEMSCAN® [15, 16] is
not considered, since samples are cut-slabs and not powdered.

The three particles were mounted into Epofix resin, cut
and polished to an even 1 micron finish. The 30 mm diameter
polished blocks (Figure 4a) were marked for orientation
and scanned with NIR. After which the polished sample
blocks were then carbon coated before scanning with the
QEMSCAN®. In order to properly map each sample for a
1:1 correlation of NIR and QEMSCAN® individual mounts
were demarcated into three sectors measuring 0.9 cm each,
corresponding to the NIR pixel length with a width of 0.29 cm
(Figure 4). By tracking the position of individual spectrum, a
precise correlation between the NIR spectra and spatial min-
eralogical data (fieldscan) from the QEMSCAN® was possible.

From the initial 30 mm diameter blocks (Figure 2), individ-
ual samples were cut into half along their vertical axis (Figure
4b). Samples were then scanned with NIR line scanner after
which they were measured with QEMSCAN® using fieldscan
mode to allow for a 1:1 correlation with NIR spectra and visual
assessment of spatial mineral association as well as provide
modal mineralogy.

The mineralogical analysis was performed using the
QEMSCAN® 4300 system at Camborne School Mines,
University of Exeter, UK. Samples were mapped using the
fieldscan measurement mode, with a beam stepping interval
of 10 ym. For the original 30 mm diameter block (Figure
4a) analysis resulted in the acquisition of typically more than
3,500,000 individual X-ray analysis points per sample (i.e.
the total number of analysis points, approximately collected
per sample, was dependent upon the size/area of the sample
as the epoxy resin was ignored). Since the cross sectioned
particles are smaller than the original particles, their analysis

resulted in the acquisition of about 1,100,000 individual X-ray
analysis points per sample, almost one third of the X-ray points
obtained from the original particle. The mineral mass data
and approximate abundance of copper and other elements
were based on the assumed average density of each mineral
and back-calculated from the QEMSCAN® primary list,
where chemical data was supplied manually. Note that the
average density and chemistry values were taken from webmin-
eral.com and can only be used as indicative values [3, 7, 16, 17].

The NIR spectra of samples were measured individually
with the NIR line scanner, which acquired spectral data on a
succession of adjacent area or pixels across the particle sur-
face. The NIR line scanner consists of an enclosed sample
chamber with a cooling facility and three basic components:
a conveyor belt, two lamps and a camera. The conveyor belt
has a width of 45.6 cm and a maximum speed of 0.2 ms~',
Data collected for this research is from stationary samples.
The belt is illuminated with two Heraeus Noblelight shortwave-
infrared quartz halogen bulbs with gold reflectors (2500 Watt,
480 V each). The camera is positioned 68 cm above the con-
veyor belt, scanning material from right to left, and data is col-
lected along a single transect of 256 pixels. Individual pix-
els have dimension of 0.29 by 0.9 cm (Figure 4), with an ap-
proximate penetrative depth of 0.7 cm. NIR radiation pass-
ing through a narrow slit-shaped opening in the roof of the
chamber passes through an imaging spectrometer developed by
Tomra Sorting Solutions (www.tomrasorting.com/mining) and
Spectra-Map (www.spectra-map.co.uk). The spectrometer al-
lowed selection of wavelength band (+0.05 nm) at 371 wave-
lengths between 1308 and 2405 nm. NIR radiation measured
at each wavelength is acquired using VIEW 2 software (Tomra
Sorting Solutions, www.tomrasorting.com/mining). The mea-
sured NIR signal was converted to a reflectance by calibrating
the signal by first measuring upper and lower limits. For the up-
per limit, denoted Iy, a highly-reflective board made of alu-
minium is scanned. For the lower limit, denoted /4,4, a scan
is made in the absence of near infrared illumination. The near
infrared signal, /, is now converted into a reflectance, R, as fol-
lows [18]:

R= I — Lgark .
Light — Lgark

ey

All spectra were smoothed using OriginPro 9.0 software
(OriginLab, Northampton, MA, USA. www.originlab.com)
with the Savitzky—Golay method (Savitzky and Golay, 1964).
The Savitzky—Golay filter was applied using second order poly-
nomial to a frame size of 9 points. All analyses were performed
at the Camborne School of Mines (CSM) laboratory (University
of Exeter, UK).

3. Results and Discussion

3.1. Mineralogy

The QEMSCAN® mineralogical results indicate four
major mineral groups: oxides (cuprite, and hematite), carbon-
ates (malachite, calcite and ankerite), silicates (chrysocolla,
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Figure 4: (a) 30 mm diameter sample marked for spectral and mineral mapping [7] (b) Laterally cut sample marked for spectral and mineral mapping

muscovite, kaolinite, biotite, chlorite, tourmaline, quartz,
k-feldspars, and plagioclase feldspars) and traces of phosphate
(apatite) as present in the ore (Tables 1, 2, and 3).

Chrysocolla is the most abundant copper bearing mineral
in the ore. Malachite and cuprite which are the other copper
bearing minerals in the ore only occur as traces (Tables 1, 2
and 3). These occurrence is in agreement for both sample
types (original 30 mm diameter block (Table 1) and the cross
sectioned samples (Table 3).

Fieldscan images and modal mineral data presented in
Tables 1 and 4 shows sample images ranging from the original
30 mm diameter sections, cross-section, fieldscan images
of NIR-active minerals and composite minerals for both
sample types. Analysis of the images shows a high degree of
mineralogical representativity of the 30 mm diameter samples
in the cross-sections.

Chrysocolla, chlorite, muscovite, calcite and biotite are
the feature displaying NIR-active minerals in these ore, while
hematite is the only non-feature displaying NIR-active mineral
[13]. Hence, mineral data is compared using these NIR-active
minerals, for both sample types.

The fieldscan images (Table 4) of cross sectioned samples
reveal spatial association between chrysocolla and hematite in
sample no.1. Muscovite, chlorite and biotite occur as traces
with each having concentrations below 5 wt %. Both chryso-
colla and hematite have concentrations above 10 wt %. Sam-
ple no.2 contains chrysocolla at 3.6 wt %. The sample is low
in hematite, with a concentration of 3.8 wt %. Fieldscan im-
ages reveal an even spatial occurrence of both chrysocolla and
hematite across the sample. Sample no. 3 contains both chryso-
colla and hematite below 1 wt %. Calcite is the dominant NIR-
active mineral in the sample. The sample’s fieldscan images
reveal calcite, muscovite and biotite occurring with spatial as-
sociation as though one mineral lay directly on the other. Same
mineralogical association is true for their original 30 mm diam-

eter blocks (Table 4)

3.2. Near infrared spectra mapping/analysis and implication to
ore sorting

The cross-sectioned spectra are compared with spectra of
the original sample measured along sector B (Figure 4a) on the
cut face. Due to the shape and smaller size of the cross section
of samples nos. 1 and 2 (Tables 1 and 4), only 8, and 7 spectra
respectively were obtained compared to 9 and 8 respectively
obtained in the original whole samples (Figures 4a and 4b).

The spectra of sample no. 1 (Figure 5a) appear feature-
less, the same is observed in the original whole sample (Figure
5b). The appearance of the spectra corresponds to the mineral
content as revealed by the modal mineralogy, having dominant
hematite and chrysocolla (Table 3). Chrysocolla and hematite
occur at ratios 4:6 with both showing spatial association (Table
4). Due to the dominant hematite concentration, the features of
chrysocolla are invisible in the spectra. This agrees with find-
ings by [13], who stated that hematite mask chrysocolla diag-
nostic features even at a ratio of 2:8 (hematite to chrysocolla).
Also, the fieldscan image of the samples, Table 4 reveals spa-
tial association of hematite and chrysocolla along sector B of
the original sample. The same can be observed on the cross
sectioned sample.

The spectra of sample no.2 show a depression along the
longer wavelengths, with the depression lacking an absorption
centre (Figure 6a). The samples modal composition shows
chlorite (26 wt. %) as the dominant NIR-active mineral (Ta-
ble 3). Calcite occurs below the detection limit in the sam-
ple. Even at a ratio of 1:9 (hematite to chlorite), hematite is ca-
pable of masking the chlorite features normally observed near
1415, 2265 and 2360 nm [13]. Both spectra (cross sectioned
and whole sample) appear similar.

The spectra of sample no.3 (both whole and cross sectioned)
show features near 1420, 2215, 2260 and 2345 nm (Figure 7a
and 7b). Individually, these features can be assigned to mus-
covite (2215 nm), chlorite (2260 nm) and calcite (2345 nm).
Therefore, the sample displays a complex spectral mixture.
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Table 1: Samples investigated from the original 30 mm polished sections, polished cross-sections, combined QEMSCAN® Fieldscan images of NIR-active minerals
and composite minerals, in original and crossed sectioned samples respectively

Sample 30 mm diameter Cross-section Combined NIR- Combined NIR- Composite Composite Fieldscan
1D active minerals active minerals Fieldscan (30 (Cross-section)
(30mm diameter ) (Cross-section) mm diameter)

1
]
2 E
TR A

3

Mineral Name

I:l Background
NIR Active GROUP

Chrysocolla
Chlorite
Biotite
Calcite
Muscovite
Ankerite
Hematite

- Cuprite/Tenorite

Ml Malachite /Azurite

I Alum (K)

- Mn phases

- Cassiterite

I Rutile

- IImenite

- REE phase

|:| Zircon

[Jquartz

(] K-feldspar

(| Plagioclase feld spar

I Tourmaline

Other silicates

- Apatite

I:l Others

Table 2: Modal mineralogy of the original samples (mass %) measured by QEMSCAN®, <0.01 % = not detected or below detection limit (Extracted from [7])

Silicates [ Oxides [ Carbonates [ Phosphates
Cu- Non-Cu-bearing Cu-bearing Non-Cu-bearing
bearing
Non-Iron-bearing Iron-bearing Non-Iron-bearing Tron- Non-Iron-bearing Iron- Non-Iron-
bearing | bearing | bearing
NIR-active Non-active NIR- Non- NIR-active
active active
Sample Chrysocolla Muscovitd  Kaolinite Biotite Chlorite Tourmaline Quartz K-feldspar Plag- Hematite Cuprite Malachite Calcite Ankerite Apatite
D feldspar
1 21.11 2.96 0.05 4.53 3.08 0.04 18.16 17.87 0.02 31.77 0.01 031 <0.01 <0.01 <0.01
2 3.26 4.14 <0.01 8.47 26.35 0.4 36.34 14 0.15 4.13 0.01 1.2 0.02 0.04 0.46
3 0.13 12.07 <0.01 13.61 12.14 0.53 19.18 9.42 1.14 0.39 <0.01 <0.01 28.53 0.79 0.11
Table 3: Modal mineralogy of the cross-sectioned samples (mass %) measured by QEMSCAN®, <0.01 % = not detected or below detection limit
Silicates [ Oxides [ Carbonates [P
Cu- Non-Cu-bearing Cu-bearing Non-Cu-bearing
bearing
Non-Iron-bearing Iron-bearing Non-Iron-bearing Iron- Non-Iron-bearing Iron- Non-Iron-
bearing | bearing | bearing
NIR-active Non-active NIR- Non- NIR-active
active active
Sample Chrysocolla Muscovite Kaolinite Biotite Chlorite Tourmaline Quartz K-feldspar Plag- Hematite Cuprite Malachite Calcite Ankerite Apatite
1D feldspar
1 17.16 2.67 0.04 4.07 2.13 0.05 25.34 19.71 0.02 28.76 0.01 0.02 <0.01 <0.01 <0.01
2 3.6 5.76 <0.01 9.61 26.22 0.52 32.94 14.53 0.12 3.78 0.01 1.45 0.02 0.03 0.46
3 0.11 10.5 <0.01 12.86 9.51 0.37 23.07 10.70 1.06 0.29 <0.01 <0.01 2891 0.63 0.14
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Table 4: NIR-active mineral association mapping of the 30 mm diameter samples and cross sectioned samples compared

Sample Chrysocolla Hematite Biotite Muscovite Chlorite Calcite Combined NIR Composite
ID Sensitive minerals Fieldscan (All
Minerals)
&,
ol r'?"\‘p"‘hn
ey Lo :
21.11 % 4.53% 2.96 % 3.08 % < 0.01%
e TN o
Cross S L0 v @ 4
. M "
sectione b oo ARE i : _
d R NE e Y b . W
17.16 wt % 28.76 wt % 4.07 wt % 2.67wt% 213wt % <0.01 wt %
no.2. = : A
326% | 413% 8.47 % 4.14% 2635% 0.02%
»
Cross “ .
sectione " 3
d 14
3.60 wt % 378 wt% 9.61 wt % 2622 wt% 0.02 wt %
no.3
0.04 % 0.27 % 224 % 1.04 %
Cross
sectione | ;
d = s
0.11 wt% 0.29 wt % 12.86 wt % 10.50 wt % 9.51 wt%
0.6+
8 g
g g
E &
00 T T T T T 1
00 T T T T T 1 1400 1600 1800 2000 2200 2400
1400 1600 1800 2000 2200 2400
Wavelength (nm)
‘Wavelength (nm)
() (b)

Figure 5: NIR spectra of sample no. 1 (a) cross-sectioned and (b) whole sample
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Figure 6: NIR spectra of sample no. 2 (a) cross sectioned and (b) whole sample
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Figure 7: NIR spectra of sample no. 3 (a) cross-sectioned and (b) whole sample.

Modal mineral data for the cross sectioned samples (Table 3)
show muscovite (10.50 wt %), chlorite (9.51 wt %), and cal-
cite (28.91 wt %) as the dominant NIR-active minerals in the
sample. Though biotite as one of the NIR-active minerals has a
concentration of 12.86 wt % in the sample, it does not show fea-
tures in the spectra. The 1420 nm feature is displayed by both
chlorite and muscovite. Hence, the feature is assigned to both
minerals. Furthermore, the presence of the 1420 nm feature in-
dicates that biotite is not strong in the spectra of the sample,
as biotite usually occurs with a masked feature near 1400 nm
[18, 20].

Hence, with respect to the two classification strategies pro-
posed by [7] (Figures 1 and 2), Samples no. 1 and 2 are prod-
ucts since they lack feature(s) corresponding to either calcite
or muscovite, while only sample no. 3 is classified as waste,
given it has features corresponding to both muscovite and cal-
cite. Thus, the classification is a repeat of that by [7] on the
original whole samples. Considering the second strategy, only
sample no. 3 contains and displays calcite features. Hence,
similar classification is achieved using the second NIR strategy
(Figure 3), where only calcite is considered as waste.

4. Conclusion

Spectra of the individual cross sectioned samples compared
well with those obtained along sector B of the original whole
samples. Thus confirming that analysis is representative and
reproducible. The depth attained by scanning (both with NIR
and QEMSCAN®) of original samples is representative of each
sample scanned and sufficient for preconcentration. Overall,
results indicate that except for the difference in particle size,
correlation is almost 1:1. Thus, validating initial NIR precon-
centration results.
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