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Abstract

The bacteria column leaching experiment of low grade sulphide ore was conducted and the ore granular
media were scanned by X-ray computerised tomography scanner before and after leaching. Based on the
image processing operation, the spatial distribution of the porosity, and the change of pore size distribution
and connectivity before and after leaching were investigated. In addition, the mechanism of pore evolution
during leaching was also analysed. The results indicate that the porosity, pore size and pore connectivity of
the ore granular media during leaching all have spatial and temporal variability. After leaching, the porosity
distribution along the column became more inhomogeneous and assumes a decreasing trend from top to
bottom, especially the bottom zone, with porosity decreasing greatly. The amount of larger pores increased
at the top and middle zones after leaching while decreased at bottom zone. The connectivity of the top and
middle zone was improved but deteriorated at the bottom zone. The main mechanisms for pore evolution are
the subsidence of the entire granular ore body and the transportation and accumulation of the fine particles,
chemical precipitates and colloidal substance at local areas.

1 Introduction

Solution mining is one of the mining methods that uses some chemical solvent and microorganism to
dissolve, leach and recover valuable metals in a deposit, ore heap or dump. This method has been researched
and applied widely in China, particularly with heap leaching, which has become an effective and economical
method of treating poor ore, tailings and waste ore for metals, such as uranium, copper, gold and silver, etc.
The performance of a heap leaching system depends on two aspects: one is the dissolving ability of the
solvent to available minerals; the other is the permeability of the ore heap which influences the fluid flow
among the ore particles. These two aspects determine the recovery ratio and leaching rate of the available
metals. During heap or dump leaching, physical, chemical and biological reactions occur in ore granular
media under the role of solution and natural subsidence, dissolution, deposition and solute transfer occur as a
result, so the pore network continues to evolve and has temporal and spatial variability. The physical
parameters that represent the property of the ore granular media, such as porosity, pore size, pore
connectivity, etc., will change. As a result, the permeability will be affected. Understanding the pore
evolvement mechanism and its relationship with permeability of the packed ore bed is important to enhance
the performance of heap leaching by optimising design and operation. However the conventional
experimental method can only indirectly measure the macro-porosity, which is insufficient for us to
understand the complex system.

In recent years, X-ray computerised tomography technology has been developed that provides the advantage
of exploring the inner structure of research objects without any damage occurring to those structures. The
technology has been applied widely in many scientific research fields. Combining the results of the
tomography with digital image processing and visualisation, the entire process becomes more useful. One of
the important fields of research is understanding the pore structure of porous media, such as soil, oil
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reservoirs and rock, etc. (Al-Raoush and Wilson, 2005; Hirono et al., 2003; Kamath et al., 1998; Ketcham
and Carlson, 2001; Liu et al., 2005; Mecke and Arns, 2005; Nakashima et al., 2004; Pierret et al., 2002;
Wildenschild et al., 2002). The applications of tomography in granular media are little reported (Wu et al.,
2007), especially the ore granular media in heap leaching system, which are very complex and more difficult
to understand. There are several researchers that have conducted such research, such as Lin et al. (2005).
They have evaluated the porosity variety during bioleaching, but did not discuss the spatial distribution of
pore size and connectivity, and did not analyse the mechanism of pore evolvement. In this regard, a more
advanced CT scanner, SOMATOM Sensation 16, is used to scan the ore packed column in our research. The
main purpose of this paper is to analyse the spatial and temporal variety of the porosity, pore size distribution
and connectivity of ore granular media before and after bacteria heap leaching, and to explore the
mechanisms of pore evolution.

2 Experimental apparatus and methodology

2.1 Material and apparatus

The ore sample used for the experiment is the copper sulphide ore provided by Dexing copper mine in
Jiangxi province. The chemical phases of Cu in the ore sample are shown in Table 1 and the chemical
compositions of the ore sample are shown in Table 2.

Table 1  The chemical phases of Cu in the ore sample (wt /%)

Chemical Primary Secondary Free Combined Total amount
phases copper sulfide copper sulfide  copper-oxide copper-oxide of copper
Content of Cu 0.46 0.02 0.0049 0.0037 0.49

Table2  The chemical composition of the ore sample (wt /%)

Component Cu Fe S Mo SiO, ALO; CaO MgO As

content 0.490 4.050 2.320 0.030  60.750 13.800  3.360 2.800 0.015

The leaching experimental apparatus is shown in Figure 1. The leaching column’s height is 500 mm and its
inner diameter is 64 mm. In the external wall of the column, a tenuous iron wine is inlaid at heights of
10 mm, 280 mm and 450 mm respectively as the scanning mark. With these marks, the image at different
heights can be located rapidly, which will help improve the efficiency of image processing.

The CT scanner used for scanning ore granular media in column is SOMATOM Sensation 16, shown in
Figure 2. It combines multi-section images collecting technology, reconstruction technology and high speed
of rotating as well. With high spatial density, it is sufficient to meet the requirement of image collection in
this experiment.
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Figure 1  Schematic diagram of column leaching apparatus

Figure2 X-ray CT scanner

2.2 Experimental procedure

The ore sample was first packed in the leaching column. Figure 3 shows the size distribution of the ore
particles. In order to avoid wall effects, the largest size is about 10 mm, which is one sixth of the inner
diameter of the column. Before filling, it is necessary to spread some water on the ore particles and then mix
them completely, so that segregation can be reduced. After filling, the column was scanned by the CT
scanner with parameters of 120 KV and 300 mA and the scan interval was set at 0.75 mm/scan. Then the
bacteria leaching experiment was carried out. The adopted bacteria were Thiobacillus ferrooxidans, and the
inoculation amount was 10%. The solution application rate was set at 0.008 (m*/m>.h) and the initial pH
value was 2.0. The leachate passed through the column and was then pumped for re-circulation. During the
leaching process, the height of the ore packed bed in the column, pH value, electric potential, bacteria
concentration, seepage velocity, etc., were measured periodically. The total leaching time was 90 days. After
leaching, the column was scanned again with the same parameters. In the end, about 680 and 660 cross-
sectional images were obtained for the whole ore particle packed bed before and after leaching.
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Figure3  Ore particle size distribution
3  Results and discussion

3.1 Porosity distribution

The porosity of granular media is defined as the percentage of the volume of pores to the total volume. For
the ore granular media in heap leaching, porosity is an important parameter for reflecting its leachability as it
directly relates to the heap’s permeability. Here, In order to quantify the porosities of ore granular media
along the height of the column, it is necessary to preprocess the obtained original gray scale CT images. Just
as shown in Figure 4, all of the cross-sectional images were transformed to binary image with the same
threshold value so as to extract the pores. Since the grey scales of pores and ore particles are greatly
different, so the Otsu method can be used to determine the threshold value. The pre-processing of the images
and the calculation of porosity were all completed by programming based on Matlab.

(a) Original grey scale CT image; (b) Binary image

Figure 4 Pre-processing the X-ray CT image

It can be seen from Figure 4(b) that porosity is the ratio of pores to the whole cross section. Namely, it is the
ratio of pixel number of black area to the total pixel number of the whole cross section. Once the porosities
of all sections were calculated, the curves of porosity distribution before and after leaching along the height
of the column can be obtained, as shown in Figures 5 and 6. For each image, the right hand side is the
longitudinal profile of the whole column.
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Figure 5 Porosity distribution before leaching

The porosity distribution curve in Figure 5 has lots of wave crests and hollows, which indicates that the
porosity before leaching has spatial variability, distributing inhomogeneously from top to bottom. The
porosities of some local areas increase or decrease suddenly. This is mainly due to the segregation caused by
ore filling operation. The average porosity before leaching is 30.54% by calculation. See from Figure 6, the
wave crests and hollows in the porosity distribution curve are enhanced and the curve assumes an obvious
decreasing trend from top to bottom. This indicates that the area with low porosity before leaching will be
much lower after leaching; meanwhile the area with high porosity before leaching will be much higher. So
the porosity distributes more inhomogeneously after leaching. The average porosity is 27.91% by
calculation, which decreased by 2.63% over before leaching. Dividing the column into ten zones from top to
bottom, the average porosity of each zone before and after leaching are calculated for comparison, shown in
Figure 7. It is shown that in addition to some areas in the top zone, the porosities in other zones decreased
after leaching, particularly the bottom zone, which decreased greatly.
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Comparison of the average porosities at different height before and after leaching
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3.2 Pore size distribution

In order to analyse the change of pore size distribution of ore granular media, taking the marked images as
references, three cross-sectional images were selected respectively at the heights of 475 mm, 250 mm and
22 mm before and after leaching, shown in Figure 8. Here (a), (b) and (c) are the images before leaching; (d),
(e) and (f) are the images after leaching. Their porosities are 34.03%, 25.32%, 28.66%, 41.03%, 27.12%, and
17.87% respectively. Pore size distribution of each cross section can be calculated with the morphological
open operation with Matlab after the images being pre-processed as mentioned previously. The results are
shown in Figure 9.

Figure 8 The typical images before and after leaching. (a) to (c) before leaching, and
(d) to (f) after leaching

As can be seen from Figure 9, the pore size distribution assumes a normal distribution. The maximum pore
size of each sectional image is about 5 mm, which indicates there are some large pores. The most frequent
size is about 2 mm. At the top and middle zone, the amount of larger pores with sizes more than 4 mm
increases while the amount of smaller pores with sizes about 1mm decreases. However, at the bottom zone,
the amount of larger pores reduces. It should be noted that the amount of smaller pores also decreases. It is
because finer particles and chemical precipitates aggregate closely and the pores among them are so small
that they were avoided during image processing. It can also be seen from Figure 8 (f), where some areas are
very dense.
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Figure 9  Pore size distributions of cross sections at different height before and after leaching
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3.3 Connectivity

The pore connectivity of ore granular media is an important parameter to evaluate of the performance of
fluid flow inside it. However, overall connectivity is impossible to measure directly. Here, a new indirect
method is adopted based on the image analysis of the obtained CT data. Neglecting the size and shape of the
pores and only considering its topological structure, namely, thinning the pore into the channel with width of
one pixel according to the skeletonisation algorithm, then the pore network distribution image can be
obtained. Figure 10 is the pore network distribution images of top, middle and bottom zone obtained from
the longitudinal profile of the whole ore packed bed shown in Figures 5 and 6.

Top zone Middle zone Bottom zone

Figure 10 The comparison of connectivity of the ore granular media in top, middle and bottom zone

By calculating the ratio of the total pixels of pore network to the total pixels of the profile, the pore network
distribution ratio used for evaluating the pore connectivity can be obtained. The formula is given as follows:

o= S (1
Where:
g = pore network distribution ratio.
L = the total pixels of pore network.
S = the total pixels of the profile.
Based on it, the connectivity ratio n is given,
n =§: 2)
Where:
0, = the pore network distribution ratio after leaching.
o, = the pore network distribution ratio before leaching.

By calculation, the connectivity ratio of top, middle and bottom zone is 1.123, 1.123 and 0.853 respectively.
Thus, it is known that both the connectivity of top and middle zone increased by 12.3%, while that of the
bottom zone decreased by 14.7%.
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3.4 Pore evolvement mechanism

According to the above analysis, we can see that the porosity, pore size distribution and connectivity of the
ore granular media changed along the height of the leaching column during the leaching process. It is mainly
caused by the following three mechanisms:

e The first is the subsidence of the whole ore packed bed. Since the ore samples were filled into the
column without any compaction operation, so the ore particles were loose and would rearrange and
be compacted under the role of the gravity and hydraulic power. It is one of the main reasons for the
decrease of the average porosity. In our experiment, the height of the packed ore bed decreased by
18 mm after 90 days leaching, shown in Figure 11.

e The second mechanism is the transportation and deposition of fine particles. From Figure 3, there
includes some of fine particle in the ore sample. Once these fine particles enter into the pore network
following fluid flow, they will transport continuously in the direction of low pressure and resistance
(Benamar et al., 2007). When they reach the pore throat with a size less than their size, they will be
trapped. At this time, these pore throats will be blocked. Particularly, when several fine particles
reach one certain throat simultaneously, they may bridge together and block the pore throat.
However, if these fine particles reach the pore space with a size larger than their size, they will pass
through and flow downwards.

e The third mechanism is the transportation and deposition of the chemical precipitates and colloid
substance produced by the chemical and biological reactions during leaching. Just like the fine
particles, they will also block the small pores or pass through large pores.
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Figure 11 The change of the height of ore granular media with leaching time

The areas with many fine particles often have a low porosity before leaching, and the porosity of these areas
becomes much lower after leaching, shown in Figures 5 and 6. This is mainly because the pores of fine
particles are very small, so they are easy to trap those much finer particles, chemical precipitates and colloid
substance. For the large pores among coarse particles, finer particles can more readily pass through, so in
these areas preferential flow often occurs. In addition, part of the fine particles and precipitates at the top and
middle zones are transported to the bottom zone and accumulated there, which make the pore size of these
zones increase, and as a result the connectivity is improved. However, both the porosity and pore size at the
bottom zone decrease so that the connectivity is greatly deteriorated.

4 Conclusion

Understanding the pore evolvement of ore granular media during heap or dump leaching is a fundamental
basis for understanding the fluid flow inside it. A spiral X-ray CT scanner was used to explore the pore
structure of a packed particle column before and after bacteria leaching of copper sulphide ores. The
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porosity, pore size and pore connectivity of the ore granular media during leaching all have spatial and
temporal variability. After leaching, the average porosity decreased 2.63% and the porosity of each cross
section assumed an obvious decreasing trend from top to bottom. Since the transportation and deposition of
fine particles, precipitates and colloid substances, the bottom zone demonstrates the largest change. Its
porosity and pore size decreased and its connectivity also decreased 14.7%. The variety of these physical
parameters will consequentially influence the performance of fluid flow, metal recovery ratio and leaching
rate. The initial research described by this paper is suggested as being a valuable pursuit in understanding the
complex mechanisms involved in optimising heap leach performance.
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