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Nano-Scale Characterization of Particulate Iron Pyrite

Morphology in Shale

Vasileios Angelidakis, Sadegh Nadimi,* Mohamed Garum, and Ali Hassanpour

This study analyzes the morphology of iron pyrite particles within a shale
sample captured using nano-computed tomography (Nano-CT). The complex,
framboidal morphology of the iron pyrite particles is characterized using
various metrics, and comparisons are drawn on their effectiveness to quantify
their observed morphological characteristics. Then, simplified representa-
tions of selected iron pyrite particles are generated to facilitate a sensitivity
analysis of the effect of imaging resolution on morphological parameters of
particle form. A discussion is developed on the required number of pixels per
particle diameter for particle shape characterization. It is shown that shape
indices that rely on the simplified main particle dimensions can be accurately
calculated even for low fidelity levels of 10 pixels per particle diameter. More
complex shape indices that use vertices, volume, and surface area, are more
sensitive to image resolution, even for 40 pixels per particle diameter.

nism of the structure of minerals within
marine sediments.'% It has been shown
that pyrite size distribution influences the
redox condition in modern sediments.
Furthermore, pyrite morphology and size
have been used as an indicator of paleo-
redox conditions and shale gas content.!"
Most recently, Khan et al.’?l have used
field emission electron scanning micros-
copy (FE-SEM) to characterize the size and
morphology of iron pyrite within lacus-
trine shale to understand the mechanism
of sediment formation (Figure 1). How-
ever, their study was limited to 2D charac-
terization, which has been demonstrated
to underrepresent the shape indices of

1. Introduction

Particulate materials appear across the scales (nano to macro)
and in many industrial applications, our daily life, as well as
in nature. They come with different physical attributes (size,
shape, and surface properties) among which morphology, while
very challenging to characterize, presents very special impor-
tance in numerous applications.!!l In particular, the morphology
of nano-particles is known to significantly influence their
mechanical, chemical, rheological, and hydrologic behavior.>~"]
For example, in nano biomaterials—cell interaction, particle
shape affects the cellular functions in which effective mor-
phology characterization would be central.®l In sedimentology,
the chemical and morphological properties of nano-particles,
e.g., pyrite, could be an indicator of historic environmental
conditions that led to the formation of sedimentary basins.”!
Notably, the morphology of pyrite influences the growth mecha-
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irregular particles, as a single image of

a particle is dependent on the current,
random particle orientation, and thus provides limited morpho-
logical information of the real, 3D morphology.

3D nano-scale shape characterization is challenging because
of the limitation in measurement techniques and until recently
the lack of openly available processing algorithms for the char-
acterization of three-dimensional particles. Holzer et al.l’’!
employed focused ion beam (FIB) nanotomography for mor-
phology analysis and interface topology of ceramics, while
Neubauer et al.' analyzed the evolution of tricalcium silicate
particle size during hydration using X-ray nano-tomography.
However, these studies did not analyze 3D particle morphology
characteristics rigorously.

To the best of the authors’ knowledge, there is no previously
reported 3D nano-computed tomography analysis of pyrite par-
ticles. In this work, we present for the first time a comprehen-
sive analysis of morphology and size characterization of pyrite
particles based on 3D X-ray Nano-computed Tomography of
shale samples. Furthermore, the effect of image resolution in
nano-scale morphology characterization is reported. This study
can be extended to the characterization of nanomaterials that
exhibit discrete granular structures in different applications,
where limitations of measurement techniques, as opposed to
the microscale, need to be taken into account when shape char-
acteristics are analyzed and defined.

2. Experimental Section

A small cubic core sample (25 um side length) was prepared
from reservoir rocks using a FIB milling technique. The
sample preparation steps are shown in Figure 2. The sample
was then characterized using ultra-high-resolution imaging by
non-destructive X-ray nano-computed tomography (Nano-CT),
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Figure 1. FE-SEM images representing the different types of pyrites employed to characterize the size and morphology of iron pyrite. Reproduced under
terms of the CC-BY license.l'”l Copyright 2022, The Authors, published by American Chemical Society.

which resulted in a pixel size of 64 nm. The image size
was 980 x 1024 x 1013 with 16-bit depth. The scan was conducted
at the National X-ray Computed Tomography (NXCT) research
facilit, University of Manchester.

The image post-processing steps are shown in Figure 3,
including image binarization, filtering, and labeling. The con-
trast of the images is enhanced using the histogram stretching
algorithm with 0.3% saturated pixel value in FIJL.0 Binari-
zation is performed manually, based on the histogram of the
full three-dimensional image, and not from individual image

.«Shale surface

Needle

slices. This course of action was employed to identify a single
threshold intensity level for the whole sample.

The validity of particle shape characterization results became
ambiguous for particles of low fidelity, as the extents of each
particle become difficult to determine with certainty and neigh-
boring particles can be misidentified as single particles, putting
in danger the validity of the particle shape characterization at
a bulk level. To avoid this and recognizing this limitation of
the image-based particle characterization, a “characterization
filter” was introduced to remove small particles from the shape

Figure 2. Shale rock sample prefor Nano-CT imaging, where the light gray, often small clusters, are iron pyrites: a) the surface of shale rock on
which the region of interest is shown coated with Pt, b,c) mill out the area around the sample, d) attach the sample to the tip of a micromanipulator,
e) cut the cube free from the bulk rock, and f-h) weld the bottom of the cylinder to the tip of a grid (here the samples are the small dark points on grid
position B). i) Final sample (region of interest) is =25 X 25 um?. (Garum et al.¥ with permission from ACS Publications).
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Figure 3. Image processing of shale Nano-CT images to isolate iron-pyrite granules.

characterization analysis, in relation to the pixel size used in
this study. This was carried out aiming to characterize only
particles the morphology of which was adequately captured by
Nano-CT. Figure 4 shows the 3D rendering of the analyzed iron
pyrites.

To this end, the volume of each particle was calculated, along
with an equivalent sphere of equal volume and it was decided
to remove particles corresponding to spheres with less than
15 pixels per diameter. This threshold was decided via visual
inspections of the removed particles, which indeed seem of low
quality and were prone to be affected by numerical noise intro-
duced during binarization. This approach had an extra advan-
tage, as it also removed numerical noise, leaving only the real
iron pyrite particles to be characterized. A universal threshold
value does not exist as different materials exhibit different
degrees of morphological complexity.

The labeled image of the iron pyrite particles was imported
in the open-source software SHAPE: Shape Analyzer for Par-
ticle Engineering!l where they were processed in an auto-
mated manner. Each labeled voxelated image was imported in
SHAPE, where it was transformed into a surface mesh, ie., a
triangulated tessellation of the particle surface, using a refined
Delaunay triangulation algorithm.

The shape parameters analyzed in this study using SHAPE
corresponded to larger morphological features, associated with
particle form, since the image resolution did not allow for a
characterization of finer features associated with roundness and
angularity, for these particle sizes. Convexity was calculated as the
ratio of the particle volume over the volume of its convex hull.
The degree of true sphericity was calculated as in Wadell,"] as the
ratio of the surface area of a sphere with equal volume as the par-
ticle to the actual surface area of the particle. Intercept sphericity

Figure 4. 3D reconstructed Nano-CT images. The labeled and grayscale images of the full sample are shown in the center, surrounded by selected

magnified iron pyrite particles.
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was calculated as in Krumbein,"® involving the three main par-
ticle dimensions. The main particle dimensions, also known as
the Feret dimensions, were calculated using two methods, as the
axes of an ellipsoid fitted to the particle vertices using non-linear
least squares and using the minimal volume-oriented bounding
box of the particle vertices. Flatness and elongation were calcu-
lated using the formulation of Angelidakis et al.,™) which make
use of the main particle dimensions as well. The formulae used
to calculate each shape parameter can be found in the Appendix.
These indices took values within the range (0,1], demonstrating
percentile values of each analyzed morphological feature.

3. Results and Discussion

3.1. Shape Characteristics of Iron Pyrite

For a given volume, a sphere is the geometrical shape with
the smallest possible surface area. The more complex the par-
ticle surface, i.e., the more it deviates from a sphere, the larger
the surface area and the smaller the degree of true sphericity. A
particle can deviate from a sphere either in terms of form, e.g., by
being flat, elongated or bladed (both flat and elongated) or by the
complexity of its surface topography, i.e., the existence of local
asperities or concavities, which also increase the surface area.
The analyzed iron-pyrite particles demonstrate a wide range
for all employed shape parameters, because of their complex mor-
phology. As shown in Table 1, the convexity index demonstrates a
full range of results, from very concave to very convex particles.
To monitor particle sphericity and flatness and elongation
for the iron pyrites, the values of each parameter are plotted on
top of a Zingg plot. Zingg?% proposed an intuitive visualization
of particle form, plotting two aspect ratios c¢/b against b/a, in
what is widely referred to as a Zingg plot, where a > b > ¢ the
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Table 1. Shape parameters of iron-pyrite particles.

Parameter Minimum  Maximum Mean Median
Convexity 0.046 0.895 0.596 0.693
Degree of true sphericity 0.079 0.437 0.297 0.308
Intercept sphericity (OBB) 0.439 0.989 0.783 0.791
Intercept sphericity (ELL) 0.095 0.924 0.611 0.651
Flatness (OBB) 0.004 0.504 0.129 0.095
Elongation (OBB) 0.005 0.407 0.122 0.074
Flatness (ELL) 0.01 0.742 0.234 0.187
Elongation (ELL) 0.031 0.670 0.207 0.140

main particle dimensions. Angelidakis et al.'¥ recently pro-
posed a new classification system for particle form, which they
plotted on top of a Zingg plot.

The degree of true sphericity shows relatively low values,
because of the framboidal nature of the majority of particles. On
the other hand, intercept sphericity shows higher values, as it
relies on the main particle dimensions and is not affected by the
surface area. As a result, it can be argued that intercept sphe-
ricity does not actually show sphericity, i.e., the degree of resem-
blance to a sphere, but instead shows compactness, as compact
framboidal particles will have a low degree of true sphericity and
high intercept sphericity values (see Figure 5). The flatness (fl)
and elongation (e indices demonstrate a narrow range of results,
with both their average and median results below the value of
0.2 (i.e, f <0.2 and el < 0.2), indicating that most particles are
compact (Figure 6). This is in agreement with the high values
of intercept sphericity. Non-compact particles can be either flat,
elongated or bladed and several classification systems of particle
form have been proposed in the literature. Figure 6¢ shows a
classification of these particles using the recently proposed
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Figure 5. Various measures of sphericity. a) Intercept sphericity using the main particle dimensions of the oriented bounding box, b) Intercept sphe-
ricity using the dimensions of the fitted ellipsoid, c) Degree of true sphericity. The main particle dimensions in (a,c) are calculated based on the oriented

bounding box, while in (b) based on a fitted ellipsoid.
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Figure 6. Characterization and classification of iron pyrite particles using the dimensions of a minimal bounding box (OBB): a) flatness; b) elongation;
c) classification into flat (green), compact (red), bladed (yellow), and elongated (blue) particles with corresponding percentages 20.8%, 56.2%, 4.17%,
and 20.8%. The bold lines correspond to the boundaries among classes, according to the classification system of Angelidakis et al.”]

system of Angelidakis et al.,') and the main particle dimensions
according to the oriented bounding box, into flat (20.8%), com-
pact (56.2%), bladed (4.17%), and elongated (20.8%).

For most indices, the results from using the oriented
bounding box present similar values to the ones from using the
fitted ellipsoid. Only intercept sphericity shows a very low value
for the fitted ellipsoid case. It is reminded that although the
minimal oriented bounding box is not affected by the internal
structure of the particle, only by its outer extents, the fitted ellip-
soid is calculated using all particle vertices. In SHAPE, different
vertices can be used for this fitting, e.g., using the vertices only
at the surface of the particle, of a tetrahedral mesh of the particle
or else the points corresponding to all the voxels making the
particle. Here, the points corresponding to the voxels making
the particle are considered to calculate the ellipsoid, aiming to
get more information on the form of these complex particles.

The main particle dimensions demonstrate small values,
in the threshold of the nano and micron scale. The smallest
particle dimension is about a fourth of a micron and the large
one is less than 9 pm. In more detail, the particle dimensions
vary from 0.387 to 6.482 um according to the minimal ori-
ented bounding box and from 0.276 to 8.445 pm according to
a fitted ellipsoid. The full set of shape parameters is presented
in Table 1 using both the oriented bounding box and fitted
ellipsoid to facilitate comparisons. Figure 7 shows the range of
main particle dimensions, estimated as the dimensions of an
oriented bounding box (OBB) and a fitted ellipsoid (ELL).

3.2. Effect of Image Resolution on Shape Parameters

The accuracy of particle size and shape characterization is
directly affected by the resolution of the images capturing
the shape of each particle. Five iron-pyrites are simplified to
decreasing fidelity levels, where fidelity is quantified using the
“pixel per diameter (ppd)” index.

Part. Part. Syst. Charact. 2022, 39, 2200120 2200120 (5 of 9)

To generate simplified versions of the particles corre-
sponding to each fidelity level, image resampling is carried
out in Matlab, where the size of each image is reduced by a
scale factor. To create comparable results, all five particles are
brought to the same initial fidelity level (40 pixels per particle
diameter). For a given particle, the sphere of equal volume is
calculated and its radius is recorded. Then, a sphere is calcu-
lated for each fidelity level, considering 40, 25, 15, and 10 pixels
per diameter. The scale factor (SF) is calculated as the ratio of
the sphere radius for each simplified level over the radius of
equivalent sphere at the original fidelity level:

SF — rtargel =3 ‘/larget (1)
roriginal Voriginal
50 | 1

w P
o o

Percentage passing (\%)
N
o

10

0 2 4 6 8 10
Main particle dimensions (zm)

Figure 7. Range of main particle dimensions, estimated as the dimen-
sions of an oriented bounding box (OBB) and a fitted ellipsoid (ELL).
Inset: Main particle dimensions (a > b > ¢) using a minimal bounding
box (blue) and a fitted ellipsoid (green).
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Figure 8. Iron-pyrite particles for decreasing fidelity levels.

where Trgets Toriginaly Viargets Voriginalr the radius and volume of
each target (simplified) and the original fidelity level.

Having established a technique to calculate the scale
factor, image resampling is implemented using a nearest-
neighbor interpolation technique to calculate the intensity
of each voxel in each simplified fidelity level. The resampled
grayscale image is then binarized using the thresholding
method of Otsu.?!! Figure 8 shows the morphology of the
five simplified particles for the four fidelity levels. It can
be observed that as particle morphology is simplified, finer
characteristics of the particle surface topography get elimi-
nated, as expected.

Part. Part. Syst. Charact. 2022, 39, 2200120 2200120 (6 of 9)

Figure 9 presents a quantitative analysis of particle shape for
all the analyzed fidelity levels. It becomes evident that convexity
is sensitive to the simplification of fidelity for the particles that
are initially concave, as the simplified particles tend to become
more convex. The flatness, elongation, compactness and inter-
cept sphericity values are only presenting minimal variations,
and their values are preserved even for 10 pixels per diameter.
The same cannot be said for the degree of true sphericity, which
presents a steep increase for particles with small initial values,
and a milder increase for particles with high initial values, for
decreasing fidelity. Conceptually, higher fidelity can capture the
framboidal, highly fractal topography of the iron pyrite parti-
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Figure 9. Shape characterization of the particles in Figure 8 for various fidelity levels a) convexity, b) flatness, c) elongation, d) compactness, e) inter-
cept sphericity, f) degree of true sphericity.

cles, which have increased surface area, while for decreasing
fidelity these features get less represented, a decreased surface
area is recorded for small volume changes and thus the degree
of true sphericity increases. This becomes evident if we com-
pare particles #1 and #4 in Figure 8; particle #4 seems more

Part. Part. Syst. Charact. 2022, 39, 2200120 2200120 (7 of 9)

equant, but highly framboidal at the 40 ppd fidelity level, and
its degree of true sphericity is lower than particle #1, as seen
in Figure 9, even though particle #1 is much less equant. This
reveals a limitation of the degree of true sphericity to capture
the overall resemblance of a particle to a sphere, as it is affected
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both by particle form and roundness,?? where “form” refers to
a first degree approximation of particle morphology, regarding
the overall shape of the particle, while “roundness” refers to
a second degree approximation of particle morphology, per-
taining to smaller features on the particle surface.

It can be asserted that the shape indices that rely on the
actual particle morphology, like convexity and degree of true
sphericity, which rely on the particle vertices, volume, and sur-
face area respectively, are more sensitive to the simplification
of fidelity. On the other hand, the indices calculated using the
main particle dimensions, in this example calculated as the
axes of a fitted ellipsoid, are not sensitive to the simplification
of fidelity and can thus lead to adequate shape characterization
even for low-quality images, as long as the actual extents of the
particle are identified, i.e., as long as the particle is not con-
sidered to be agglomerated to its neighboring particles during
image segmentation.

Interesting to note that the values of intercept sphericity for
these five particles shows close similarity to their values of com-
pactness across fidelity levels. This similarity was also identified
in the previous section at the scale of the full sample.

Additional to image resolution in terms of pixels per diam-
eter, there are other sources of deficiency to characterize par-
ticles fr. Shape characterization of 3D images of an ellipsoid
with various levels of noise and blur, varied in a parametric
manner, showed that image quality affected the obtained mor-
phological results by as much as 25%, for the analyzed range of
parameters.!!]

4. Concluding Remarks

This study aimed to provide insights into the complex mor-
phology of iron pyrites at the nano-scale by means of quantita-
tive particle shape characterization. The size and main particle
dimensions were calculated using both the minimal oriented
bounding boxes and fitted ellipsoids of the particles, to facilitate
comparisons, with the dimensions of the fitted ellipsoid leading
to a wider range of results. The complex, framboidal structure
of some particles resulted in increased surface area in regards
to their volume and in turn led to decreased values of true
sphericity, which is calculated based on the particle volume and
surface area. On the other hand, the intercept sphericity is cal-
culated based on the three main particle dimensions and is not
affected directly from the complex particle surface topography.
Though, intercept sphericity does not distinguish between
ellipsoids and cuboids, and is thus reflecting a metric of par-
ticle compactness, rather than particle sphericity. A parametric
study was conducted, characterizing the shape of five iron
pyrite particles for decreasing fidelity levels. It was found that
shape indices relying on the simplified main particle dimen-
sions are less sensitive to simplification, and can be calculated
robustly even for 10 pixels per particle diameter. On the other
hand, indices relying on the particle vertices, volume and sur-
face area were more sensitive to shape simplification, even for
40 pixels per particle diameter. Extension of this work to other
applications would be useful in 3D characterization of nano
material morphology, where the resolution of the measurement
techniques could limit data acquisition and analysis.
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Table 2. Formulae of shape parameters.

Shape parameter Formula Comments
. Vv V: Particle volume
Convexity ==
Vcu Ven: Volume of convex hull

I36mV2

Degree of true

= A: Particle surface area
sphericityl”] v A
be a, b, ¢: Main particle
Intercept sphericity"®l Yine =3 e dimensions (long,
intermediate, short)
2
Flatness[' fl= bt ¢
ac+b? a+c
a-c
Elongation!' el = R
ac+b? a+tc
2-c
Compactness!' co=—
atc

5. Appendix: Formulae Used for Particle
Shape Characterization

Particle shape characterization is a scientific field challenged by
subjectivity and high user-dependency, as several different shape
parameters have been proposed in the literature to quantify sim-
ilar aspects of particle shape. Table 2 details the formulations
employed to calculate the shape parameters in this study.
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