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Abstract
The porosity in minerals contributes to enhanced permeability for fluid flow in natural systems
and engineering processes. Porosity can be created by fluid-mediated mineral replacement
reactions. Such reaction-induced porosity can evolve with time, yet the mechanisms and
kinetics of porosity creation and evolution remain poorly understood. This thesis presents
experimental investigations on the creation and evolution of mineral porosity in two model
replacement reactions, i.e., the replacement of calcite by gypsum and anhydrite with a positive
volume change and the replacement of pentlandite by violarite and millerite with a negative
volume change. These replacement reactions were conducted under mildly acidic hydrothermal
conditions for up to 18 months, and the mineralogy, microstructure and porosity of the reaction
products were quantitatively analysed by powder X-ray diffraction, (ultra) small-angle neutron
scattering, high resolution scanning electron microscopy, focused-ion beam scanning electron
microscopy, and X-ray micro-tomography. The results showed that porosity creation and
evolution are highly dependent on mineral systems and reaction conditions.
In the calcite-gypsum-anhydrite mineral system, the experiments at 25-60 °C produced
intragranular nanopores in gypsum replacing calcite. Because of the positive volume change,
gypsum overgrowth also occurred on the grain surface, and the gypsum in the overgrowth
region contained intergranular micropores. Porosity coarsening was rapid (a few weeks) in the
replacement region, leading to the formation of micro-voids in the core of gypsum grains. The
replacement reaction was sensitive to temperature. When the experiments were conducted at a
higher temperature of 220 °C, anhydrite was formed instead of gypsum. Porosity evolution in
anhydrite was different when compared to gypsum at lower temperatures.
In the pentlandite-violarite-millerite mineral system, only replacement occurred, likely because
the negative volume change does not require overgrowth for additional space. The replacement
was sensitive to temperature and solution pH. The experiments conducted at 125 °C and pH 4

X

produced permeable nanopores leading to the complete replacement of pentlandite; these
nanopores coarsened slowly during the 17 months of experiment and occurred preferentially
near the grain surface. However, in experiments conducted at 125 °C and pH 5, violarite became
impermeable in partially replaced grains due to hematite precipitation in the pore space,
blocking the fluid flow. At a higher temperature of 220 °C and pH 4, the formation of millerite
in addition to violarite resulted in faster porosity coarsening and formed micropores within 4
weeks.
Fundamentally, these complex porosity creation and evolution phenomena observed in the two
model mineral replacement reactions are controlled by the interplay between dissolution,
precipitation, epitaxial nucleation, and Ostwald ripening processes which are all sensitive to
reaction conditions. This understanding should generally be applicable to other mineral
replacement reactions.
Finally, a case study of the application of porosity control was presented. The leaching of
chalcopyrite is often kinetically inhibited by surface passivation layers, which are formed by
the replacement of chalcopyrite during leaching. Common passivation layers are elemental
sulphur and jarosite. Our leaching experimental results showed that surface sulphur could be
removed by adding sulphur-dissolving solvent tetrachloroethylene (TCE) into the sulfuric acid
leaching solution. The removal of surface sulphur significantly improved the leaching rate by
almost 6 times compared with TCE-free leaching. At the later stage of leaching, chalcopyrite
was replaced by potassium jarosite. The jarosite shell did not passivate TCE-free leaching due
to its porous structure. However, the jarosite shell became nearly impermeable in TCE-assisted
leaching because elemental sulphur filled the pores in the jarosite. This case study suggests that
chalcopyrite leaching can be significantly enhanced by either removing the surface passivating
layer or by controlling the porosity and permeability of the surface layers formed on the
chalcopyrite surface.

XI

Table of Contents
Declaration

........................................................................................................................ II

Dedications

....................................................................................................................... III

Acknowledgements ................................................................................................................ IV
Preface

..................................................................................................................... VII

Abstract

.........................................................................................................................X

Table of Contents ................................................................................................................ XII
List of Figures ...................................................................................................................... XX
List of Tables .............................................................................................................. XXXIII
Glossary of Abbreviations and Technical Terms ........................................................ XXXV
Chapter 1

Introduction ................................................................................................... 1

1.1.

Background .................................................................................................................. 2

1.2.

Literature review.......................................................................................................... 4

1.2.1.

Coupled dissolution-reprecipitation (CDR) mechanism ...................................... 4

1.2.2.

Reaction-induced porosity in minerals ................................................................. 8

1.2.3.

Porosity evolution in the mineral replacement reactions ................................... 10

1.2.3.1.

Porosity evolution in the replacement of calcite by calcium sulphates ...... 15

1.2.3.2.

Porosity evolution in the replacement of pentlandite by nickel sulphides .. 17

1.3.

Research objectives ................................................................................................... 18

1.4.

Thesis structure .......................................................................................................... 19

Chapter 2

Porosity generation and evolution in the replacement of calcite by calcium

sulphates: A quantitative X-ray micro-tomography study ............................................... 22
XII

Abstract ................................................................................................................................. 23
2.1.

Introduction ............................................................................................................... 24

2.2.

Materials and methods ............................................................................................... 25

2.2.1.

Materials ............................................................................................................. 25

2.2.2.

Replacement experiments .................................................................................. 26

2.2.3.

Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy

(EDS)

............................................................................................................................ 27

2.2.4.

Powder X-ray diffraction (PXRD) ..................................................................... 28

2.2.5.

X-ray micro-computed tomography (X-μCT) .................................................... 29

2.3.

Results ....................................................................................................................... 30

2.3.1.

The evolution of mineralogy and sample texture ............................................... 30

2.3.2.

3D porosity analysis of the reacted grains ......................................................... 38

2.3.3.

The effect of temperature ................................................................................... 44

2.3.4.

The effect of pH ................................................................................................. 45

2.4.

Discussion .................................................................................................................. 46

2.4.1.

Mineralogy evolution in the replacement of calcite by calcium sulphates ........ 46

2.4.2.

Porosity generation is driven by overgrowth and CDR mechanisms................. 47

2.4.3.

The porosity evolution mechanisms ................................................................... 50

2.4.4.

The controlling factors of the interconnected porosity ...................................... 52

2.5.

Conclusions ............................................................................................................... 53

XIII

Chapter 3

Understanding the generation and evolution of reaction-induced porosity

in the replacement of calcite by gypsum: A combined microscopy, X-ray microtomography, and USANS/SANS study ................................................................................ 55
Abstract ................................................................................................................................. 56
3.1.

Introduction ............................................................................................................... 57

3.2.

Materials and methods ............................................................................................... 58

3.2.1.

The preparation of mineral samples ................................................................... 58

3.2.2.

Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy

(EDS)

............................................................................................................................ 59

3.2.3.

Powder X-ray diffraction (PXRD) ..................................................................... 60

3.2.4.

X-ray micro-computed tomography (X-μCT) .................................................... 62

3.2.5.

(Ultra) small-angle neutron scattering (USANS/SANS) ................................... 62

3.3.

Results ....................................................................................................................... 66

3.3.1.

The mineralogical evolution............................................................................... 66

3.3.2.

Texture and porosity in gypsum ......................................................................... 67

3.3.3.

X-ray computed microtomography of the completely replaced grains. ............. 70

3.3.4.

(Ultra) small-angle neutron scattering (USANS/SANS) results ........................ 74

3.4.

Discussions ................................................................................................................ 80

3.4.1.

The replacement of calcite by gypsum ............................................................... 80

3.4.2.

Porosity generation and evolution mechanisms in gypsum ............................... 84

3.4.3.

Fluid flow in the open and interconnected pores of the gypsum ....................... 88

3.5.

Conclusions ............................................................................................................... 89

XIV

Chapter 4

Porosity evolution mechanisms in the replacement of nickel sulphide

minerals: A FIB-SEM study ................................................................................................. 91
Abstract ................................................................................................................................. 92
4.1.

Introduction ............................................................................................................... 93

4.2.

Materials and methods ............................................................................................... 94

4.2.1.

The synthesis of pentlandite ............................................................................... 94

4.2.2.

The preparation of the mineral samples ............................................................. 95

4.2.3.

Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy

(EDS)

............................................................................................................................ 98

4.2.4.

FIB-SEM tomography ........................................................................................ 99

4.2.5.

Powder X-ray diffraction (PXRD) ..................................................................... 99

4.3.

Results and discussion ............................................................................................. 101

4.3.1.

The replacement of pentlandite by nickel sulphides ........................................ 101

4.3.2.

The effect of pH on the replacement at 125 °C ................................................ 109

4.3.2.1.

Generation and evolution of nanochannels in the replacing violarite ....... 109

4.3.2.2.

Spatially evolving nanochannels in violarite ............................................ 116

4.3.2.3.

Passivation of the reacted grains by hematite ........................................... 119

4.3.3.

4.4.

The effect of temperature on the replacement at pH 4 ..................................... 121

4.3.3.1.

Rapid porosity evolution of the elongated pores perpendicular to the reaction

front

................................................................................................................... 121

Conclusions ............................................................................................................. 125

XV

Chapter 5

The creation and evolution of mineral porosity in coupled dissolution-

reprecipitation mineral replacement reactions: a quantitative study of the replacement of
pentlandite by violarite ....................................................................................................... 127
Abstract ............................................................................................................................... 128
5.1.

Introduction ............................................................................................................. 129

5.2.

Materials and methods ............................................................................................. 130

5.2.1.

The synthesis of pentlandite ............................................................................. 130

5.2.2.

The preparation of the mineral samples ........................................................... 130

5.2.3.

Electron probe microanalysis (EPMA) ............................................................ 132

5.2.4.

Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy

(EDS)

.......................................................................................................................... 132

5.2.5.

FIB-SEM tomography ...................................................................................... 133

5.2.6.

Powder X-ray diffraction (PXRD) ................................................................... 133

5.2.7.

(Ultra) small-angle neutron scattering ((U)SANS) .......................................... 134

5.2.8.

The measurement of total/open/closed pore volumes ...................................... 137

5.3.

Results ..................................................................................................................... 138

5.3.1.

The replacement of pentlandite by violarite ..................................................... 138

5.3.2.

Mineral texture ................................................................................................. 140

5.3.3.

3D nanostructure of the replaced grains ........................................................... 143

5.3.4.

(U)SANS analyses............................................................................................ 148

5.3.5.

Porosity – Total/Open/Closed .......................................................................... 153

5.4.

Discussions .............................................................................................................. 154

XVI

5.4.1.

The generation and evolution of nanometre-sized elongated pores ................. 154

5.4.2.

Inheritance of interconnected and open nanochannels ..................................... 156

5.4.3.

Spatially-preferred evolution of the pores ........................................................ 157

5.4.4.

Nanochannels provide fluid pathways ............................................................. 160

5.5.

Conclusions ............................................................................................................. 162

Chapter 6

Enhancing chalcopyrite leaching by tetrachloroethylene-assisted removal

of sulphur passivation and the mechanism of jarosite formation ................................... 163
Abstract ............................................................................................................................... 164
6.1.

Introduction ............................................................................................................. 165

6.2.

Materials and methods ............................................................................................. 167

6.2.1.

Materials ........................................................................................................... 167

6.2.2.

Leaching experiments ...................................................................................... 169

6.2.3.

Fluid and solid samples characterisation .......................................................... 170

6.2.3.1.

ICP-MS ..................................................................................................... 170

6.2.3.2.

SEM-EDS ................................................................................................. 171

6.2.3.3.

PXRD ........................................................................................................ 171

6.2.3.4.

XPS ........................................................................................................... 172

6.2.3.5.

FIB-SEM tomography .............................................................................. 173

6.2.4.

Determination of sulphur solubility in TCE and DMSO ................................. 174

6.2.5.

Thermodynamic analysis and reaction modelling ............................................ 175

6.3.

Results ..................................................................................................................... 175

6.3.1.

Extraction curves .............................................................................................. 175
XVII

6.3.2.

Phase analysis ................................................................................................... 176

6.3.3.

Microstructural analysis ................................................................................... 177

6.3.4.

3D microstructure of leached chalcopyrite rims .............................................. 179

6.3.5.

Particle surface analysis ................................................................................... 182

6.4.

Discussion ................................................................................................................ 188

6.4.1.

Removing sulphur passivation by tetrachloroethylene .................................... 188

6.4.2.

Reaction stoichiometry ..................................................................................... 190

6.4.3.

Jarosite formation at the later stage of leaching ............................................... 193

6.4.4.

Thermodynamic and kinetic aspects of jarosite formation .............................. 196

6.4.5.

The proposed mechanisms ............................................................................... 198

6.5.

Conclusions ............................................................................................................. 199

Chapter 7

Conclusions and Future Work ................................................................. 201

7.1.

Overview ................................................................................................................. 202

7.2.

Porosity generation and evolution in the replacement of calcite by calcium sulphates:

A quantitative X-ray micro-tomography study .................................................................. 202
7.3.

Understanding the generation and evolution of reaction-induced porosity in the

replacement of calcite by gypsum: A combined microscopy, X-ray micro-tomography, and
USANS/SANS study .......................................................................................................... 204
7.4.

Porosity evolution mechanisms in the replacement of nickel sulphide minerals: A FIB-

SEM study .......................................................................................................................... 205

XVIII

7.5.

The creation and evolution of mineral porosity in coupled dissolution-reprecipitation

mineral replacement reactions: a quantitative study of the replacement of pentlandite by
violarite ............................................................................................................................... 207
7.6.

Enhancing chalcopyrite leaching by tetrachloroethylene-assisted removal of sulphur

passivation and the mechanism of jarosite formation ........................................................ 208
7.7.

Future work.............................................................................................................. 209

REFERENCES .................................................................................................................... 211
APPENDIX 1. Supporting information for Chapter 2 .................................................... 248
APPENDIX 2. Supporting information for Chapter 3 .................................................... 252
APPENDIX 3. Supporting information for Chapter 4 .................................................... 256
APPENDIX 4. Supporting information for Chapter 5 .................................................... 257

XIX

List of Figures
Fig. 1.1. Schematic illustration of a coupled dissolution-precipitation mechanism. When a
mineral is in contact with a fluid in which it is out of equilibrium: (a) primary mineral
dissolution will occur on the outer surface. Subsequently, the interfacial fluid will become
supersaturated with respect to product mineral or mineral assemblage, which will start to
nucleate on the surface (b). Then, continuous dissolution and precipitation occur at the reaction
front, and the reaction fluid flows through permeable pores that have developed in the product
phase and thus, facilitate ion and mass transfer from/to the reaction front (c-e). ...................... 5
Fig. 1.2. Cross-section images of the replaced crystals. (a) Backscattered electron (BSE) image
of the replacement interface in a crystal of KBr (lighter centre) exposed to a saturated KCl
solution for 10 min, and the porous replacement K(Br, Cl) product forms at the rim. (b) After 2
h, the BSE image of the completely replaced KBr by KCl shows a coarse channel-like internal
porosity oriented towards the centre of the crystal while the outside rim is no longer porous. (c)
After 24 h, the BSE image of the completely replaced KBr by KCl shows an increased porosity
coarsening. (d) After 12 days, a transmitted light microscope image of the completely replaced
KBr by KCl shows further coarsening, resulting in a transparent KCl crystal with a thicker
nonporous rim (Putnis et al., 2005). ......................................................................................... 13
Fig. 2.1. The starting calcite. (a) Synchrotron PXRD pattern with Rietveld analysis; the red and
black patterns are the data and calculated pattern respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of calcite (cyan); Rwp and χ2 are criteria of the fitting quality. (b) SE image of the grain
surface, and (c) BSE image of the cross-section of a typical grain. ......................................... 26
Fig. 2.2. PXRD patterns collected from the reaction products and the corresponding outcomes
of the quantitative phase analyses for 220 °C and (a,b) pH 1, (c,d) pH 4. (b,d) The outcomes of
the quantitative phase analyses using (a,c) PXRD patterns of the products show the change in

XX

phase abundance (in absolute wt.%) in the replacement of calcite at 4, 12, 24, 48, 96, 168, 672,
2160, 4320 h. ............................................................................................................................ 31
Fig. 2.3. Cross-sectional BSE images show the textural evolution of gypsum during the
replacement of calcite at 25 °C. The textural evolution was demonstrated for pH 1 after (a,b)
48 h, (b,c) 672 h, (d,e) 2160 h, (g,h) 4320 h, and pH 4 after (i,j) 4 h, (k,l) 24 h, (m,n) 2160 h,
(o,p) 4320 h. The micrographs from (a,c,e,g,i,k,m,o) the whole grain and (b,d,f,g,j,l,n,p) the
zoomed-in surfaces, showing the evolution of nano-/micrometre-sized pores within the
replacing gypsum. .................................................................................................................... 34
Fig. 2.4. PXRD patterns collected from the reaction products and the corresponding outcomes
of the quantitative phase analyses for 220 °C and (a,b) pH 1, (c,d) pH 4. (b,d) The outcomes of
the quantitative phase analyses using (a,c) PXRD patterns of the products show the change in
phase abundance (in absolute wt.%) in the replacement of calcite at 4, 12, 24, 48, 96, 168, 672,
2160 h. ...................................................................................................................................... 35
Fig. 2.5. Cross-sectional BSE images show the textural evolution of gypsum during the
replacement of calcite at 220 °C. The textural evolution was demonstrated for pH 1 after (a,b)
12 h, (b,c) 96 h, (d,e) 672 h, (g,h) 2160 h, and pH 4 after (i,j) 96 h, (k,l) 168 h, (m,n) 672 h,
(o,p) 2160 h. The micrographs from (a,c,e,g,i,k,m,o) the whole grain and (b,d,f,g,j,l,n,p) the
zoomed-in surfaces, showing the evolution of nano-/micrometre-sized pores within the
replacing gypsum. .................................................................................................................... 36
Fig. 2.6. EDS analyses of the replaced grains at (a-e) 220 °C, pH 1 after 12 h and (f-j) 220 °C,
pH 4 after 48 h. (a-d, f-i) elemental mapping, (e,f) EDS spectra of the grains. ....................... 37
Fig. 2.7. SE images of the grain surfaces show the evolution of the surface morphology in time.
The replacing gypsum crystals were shown for the experiments at 25 °C and pH 1 after (a, b)
168 h, (c,d) 4320 h; pH 4 after (i,j) 24 h, (k,l) 4320 h. The replacing anhydrite crystals were

XXI

presented at 220 °C and pH 1 after (e,f) 48 h, (g,h) 2160 h; pH 4 after (m,n) 12 h, (o,p) 2160 h.
.................................................................................................................................................. 38
Fig. 2.8. Reconstructions of the X-μCT data for the porous gypsum grains at 168 h, 672 h, 2160
h and 4320 h. (a,c,e,g,i,k,m,o) 3D-rendered images of the single grains show the segmented
gypsum and pores. (b,d,f,h,j,l,n,p) Connected pores. Each connected pore network is labelled
with a different colour. ............................................................................................................. 41
Fig. 2.9. (a) Porosity and (b) specific surface area (μm-1) at 25 °C and pH 1 and pH 4 after 168
h, 672 h, 2160 h and 4320 h. .................................................................................................... 41
Fig. 2.10. Size distribution of pores at (a) 25 °C and pH 1, (b) 25 °C and pH 4 at 168, 672 and
2160 h. (a,c) Number densities, and (c,d) volume fractions extracted from reconstructed 3D
tomographs. .............................................................................................................................. 42
Fig. 2.11. Reconstructions of the X-μCT data for the porous anhydrite grains at 168 h, 672 h
and 2160 h. (a,c,e,g,i,k) Reconstructed and segmented grains show gypsum and pores.
(b,d,f,h,j,l) Connected pores. Each connected pore network is labelled with a different colour.
.................................................................................................................................................. 43
Fig. 2.12. (a) Porosity and (b) specific surface area (μm-1) at 220 °C and pH 1 and 4 as a function
of time. ..................................................................................................................................... 43
Fig. 2.13. Size distribution of pores at (a) 220 °C and pH 1, (b) 220 °C and pH 4 at 168, 672
and 2160 h. (a,c) Number densities, and (c,d) volume fractions extracted from reconstructed 3D
tomographs. .............................................................................................................................. 44
Fig. 3.1. (a) PXRD patterns of the samples before and after replacement, (b) the corresponding
outcome of quantitative phase analyses showing the change in phase abundance (in absolute
wt.%). The replacement progress was obtained from Rietveld quantitative phase analysis of the
PXRD patterns in (a). ............................................................................................................... 67

XXII

Fig. 3.2. Backscattered electron images were collected from the grain cross-section of (a-c) Cal,
and the partially replaced samples (d-f) CalGp61c, (g-i) CalGp81c, and the completely replaced
(j-l) CalGp100c, High magnification images were taken from the gypsum phase except (b,c).
The different gypsum regions were separated by the yellow dashed line, and the calcite-gypsum
interface was separated by the red dashed line. ....................................................................... 67
Fig. 3.3. Backscattered electron images collected from the grain cross-section of the completely
replaced samples (a-c) CalGp100c2d, (d-f) CalGp100c7d, (g-i) CalGp100c14d, (j-l)
CalGp100c28d, (m-o) CalGp100c180d, (p-s) CalGp100c365d, and (t-v) CalGp100c547d. The
different gypsum regions were separated by yellow dashed line. ............................................ 68
Fig. 3.4. Cross-section of the CalGp81c prepared with ion milling. (a) Partially replaced calcite
grain after 20 h at 60 °C and pH 1 showed two different gypsum regions separated by the yellow
dashed line, and the calcite-gypsum interface was separated by the red dashed line. The
replacement gypsum at the inner grain consisted of nanometre-sized pores, whereas overgrowth
gypsum at the outermost rim consisted of thick gypsum crystals with micrometre-sized pores.
(b) Zoomed-in image shows the fluid pathway through the thick gypsum rim to the replacement
gypsum ..................................................................................................................................... 69
Fig. 3.5. Reconstructions of the X-μCT dataset single porous gypsum grains at the diﬀerent
reaction times. (a1-e1) 3D rendered grains showing gypsum and pores, (a2-e2) connected pores
in gypsum were labelled different colours. The sample is labelled on the top of the images, and
the dimension of the sub-volume is reported on the right corner of each sample and is constant
for 3D reconstruction and pore connectivity. ........................................................................... 71
Fig. 3.6. (a) Porosity (%) and (b) specific surface area (μm-1) of gypsum obtained from 3D
reconstruction of X-μCT dataset (Fig. 3.5). ............................................................................. 72
Fig. 3.7. Number density and volume fraction of pores distributed over Eq diameter were
obtained from the 3D reconstruction of the X-μCT dataset (Fig. 3.5). .................................... 73

XXIII

Fig. 3.8. Porosity (%) changes along X, Y, Z direction in the grains of the selected samples: (ac) CalGp100c, (d-f) CalGp100c2d, (g-i) CalGp100c7d, (j-l) CalGp100c14d, (m-o)
CalGp100c365d. The spatial porosity (%) changes were extracted using the reconstructed XμCT dataset (Fig. 3.5)............................................................................................................... 74
Fig. 3.9. (a1-e1) Combined USANS/SANS curves, (a2-e2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-e3)
Volume distribution (1/Å) of pore size (Å) extracted from USANS curves (relative), (a4-e4)
Open/total pore ratio of pore size (Å) for (a1-a4) Cal, and the partially replaced samples (b1b4) CalGp61c, (c1-c4) CalGp81c and the completely replaced gypsum samples: (d1-d4)
CalGp100c, (e1-e4) CalGp100c2d. USANS values were normalised to 1. ............................. 75
Fig. 3.10. (a1-f1) Combined USANS/SANS curves, (a2-f2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-f3)
Volume distribution (1/Å) of pore size (Å) extracted from USANS curves (relative), (a4-f4)
Open/total pore ratio of pore diameter size (Å) for the replaced samples: (a1-a4) CalGp100c7d,
and (b1-b4) CalGp100c14d, (c1-c4) CalGp100c28d, (d1-d4) CalGp100c180d, (e1-e4)
CalGp100c365d, (f1-f4) CalGp100c547d. USANS values were normalised to 1. .................. 77
Fig. 3.11. Comparison of surface fractal dimension Ds for the unreacted calcite and replaced
calcite by gypsum samples in air and in D2O/H2O solution. (a) SANS region, (b) USANS
region. ....................................................................................................................................... 79
Fig. 3.12. Comparison of specific surface area for the unreacted calcite and replaced calcite by
gypsum samples in air and in D2O/H2O solution. .................................................................... 80
Fig. 3.13. Thermodynamic analyses of the calcite replacement by gypsum at 60°C, comparing
the conditions when anhydrite is (a,b) not suppressed and (c,d) suppressed in the modelling
using Geochemist’s Workbench v. 12.0.7................................................................................ 82

XXIV

Fig. 4.1. The starting pentlandite. (a) PXRD pattern with Rietveld analysis; the red and black
patterns are the data and calculated pattern, respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of pentlandite (cyan); Rwp and χ2 are criteria of the fitting quality. (b) Grain surface
SE image of a typical pentlandite grain showing smooth surface with sharp edges. (c) A detailed
examination shows the pentlandite consisting lamellar texture in some regions of the grain
surface. (d,e) Cross-section SE images of the same grain prepared by ion milling showing that
starting pentlandite did not consist of micro and nano porosity. ............................................. 95
Fig. 4.2. PXRD patterns of the reaction products formed at (a) 125 °C and pH 4, (b) 125 °C and
pH 5, and (c) 220 °C and pH 4. (d-f) The corresponding outcomes of the quantitative phase
analyses show the change in phase abundance (in absolute wt.%) at 4, 12, 24, 48, 96, 168, 672,
2160, 4320 hours. ..................................................................................................................... 98
Fig. 4.3. Cross-sectional BSE images of replaced grains at 125 °C, pH 4, (a,b) 58 hours, (c,d)
148 hours, (e,f) 820 hours, (g,h) 4468 hours, showing pentlandite is replaced by nanoporous
violarite, and the texture was preserved in time. .................................................................... 102
Fig. 4.4. EDS analysis of the replaced grain at 125 ºC, pH 4, 4468 hours. (a) BSE of the whole
grain, (b) BSE of the region, (c) EDS spectra of the region (b), (d) Fe Kα1, (e) Ni Kα1, (f) S
Kα1, (g) O Kα1. ..................................................................................................................... 103
Fig. 4.5. Cross-sectional BSE images of replaced grains prepared by FIB-milling at 125 °C, pH
5, (a,b) 190 hours, (c,d) 4510 hours showing pentlandite is replaced by porous violarite, whereas
hematite precipitated on the grain surface.............................................................................. 104
Fig. 4.6. EDS analysis of the replaced grain at 125 °C, pH 5, 862 hours. (a) BSE of the whole
grain, (b) BSE of the region, (c) EDS spectra of the region (b), and EDS mapping for (d) Fe
Kα1, (e) Ni Kα1, (f) S Kα1, (g) O Kα1. ................................................................................. 105

XXV

Fig. 4.7. Cross-sectional BSE images of replaced grains at 220 °C, pH 4, (a,b) 18 hours, (c,d)
190 hours, (ef) 862 hours, (g,h) 4510 hours, showing pentlandite is subsequently replaced by
violarite, and violarite is replaced by millerite with pores and surficial by-product hematite.
................................................................................................................................................ 107
Fig. 4.8. EDS analysis of the replaced grain at 220 °C, pH 4, 4510 hours. (a) BSE of the whole
grain, (b) BSE of the region, (c) EDS spectra of the region (b), and EDS mapping for (d) Fe
Kα1, (e) Ni Kα1, (f) S Kα1, (g) O Kα1. ................................................................................. 108
Fig. 4.9. FIB-SEM nano tomography of a representative grain at 125 ºC, pH 4, (a-c) 148 hours
and (d-f) 4468 hours. (a, d) BSE image of the cross-section of the grain showing the region of
interest (ROI) coated with platinum (Pt). (b, e) 3D reconstruction of the violarite, hematite and
pore. (c, f) 3D reconstruction of connected pores. ................................................................. 112
Fig. 4.10. FIB-SEM nano tomography of a representative grain at 125 ºC, pH 5, 4510 hours. (a)
BSE image of the cross-section of the grain showing the region of interest (ROI) coated with
platinum (Pt). (b) 3D reconstruction of the violarite, hematite and pore. (c) 3D reconstruction
of connected pores. ................................................................................................................. 113
Fig. 4.11. FIB-SEM nano tomography of a representative grain at 220 ºC, pH 4, (a-c) 190 hours
and (d-f) 4510 hours. (a, d) BSE image of the cross-section of the grain showing the region of
interest (ROI) coated with platinum (Pt). (b, e) 3D reconstruction of the violarite, hematite and
pore. (c, f) 3D reconstruction of connected pores. ................................................................. 114
Fig. 4.12. (a-c) Number density and (d-f) volume fraction of the pores based on their equivalent
diameter calculated from FIB-SEM nano tomography shown in (a, d) Fig. 4.9, (b, e) Fig. 4.10,
(c, f) Fig. 4.11. The darker regions in the transparent bars show the overlapping regions. ... 115
Fig. 4.13. FIB-SEM slice and view analyses show the porosity changes from the edge to the
core of the grain at 220 ºC, pH 4, (a, b) 190 hours and (c, d) 4468 hours. (a, c) BSE images at

XXVI

Z = 0.5, 2, 6, 10, 14 and 16.5 μm, and (b, d) porosity for each slice from edge to the core of the
grains in the Z direction. ........................................................................................................ 118
Fig. 4.14. FIB-SEM slice and view analyses show the porosity changes from the edge to the
core of the grain at 125 ºC, pH 5, 4510 hours. (a) BSE images at Z = 0.5 μm, 6 μm and 8.5 μm,
and (b) porosity for each slice from edge to the core of the grains in the Z direction. .......... 119
Fig. 4.15. FIB-SEM slice and view analyses show the porosity changes from the edge to the
core of the grain at 220 ºC, pH 4, (a, b) 190 hours and (c, d) 4510 hours. (a, c) BSE images at
Z = 0.5, 2, 6, 10, 14 and 16.5 μm, and (b, d) porosity for each slice from edge to the core of the
grains in the Z direction. In each image (a,c), white areas show Pt-coated surfaces (with higher
contrast on the top of the image) and (with a lower contrast in the centre of the image); and dark
areas show resin (surrounding the grain cross-section) and pores (within the grain crosssection). .................................................................................................................................. 123
Fig. 5.1. (a) PXRD patterns of the samples before and after replacement, (b) the corresponding
outcome of quantitative phase analyses showing the change in phase abundance (in absolute
wt.%) and (c) the crystallite size of the violarite as a function of reaction time and. Both
replacement progress and crystallite sizes were obtained from Rietveld quantitative phase
analysis of the PXRD patterns in (a). ..................................................................................... 139
Fig. 5.2. Backscattered electron images of (a1,2-j1-2) the grain cross-sections and secondary
electron images of (a3,4-j3-4) the grain surfaces of the samples, including (a1-a4) starting
pentlandite and the replaced samples (b1-b4) PnVo59c, (c1-c4) PnVo91c, (d1-d4) PnVo100c,
(e1-e4) PnVo100c7d, (f1-f4) PnVo100c14d, (g1-g4) PnVo100c28d, (h1-h4) PnVo100c180d,
(i1-i4) PnVo100c365d, (j1-j4) PnVo100c517d. High magnification images were taken from the
violarite phase except (a2,a3). Black arrows show pores, and white arrows show lamellar
surface on the grain surface of the starting pentlandite. ......................................................... 141

XXVII

Fig. 5.3. (a-e) 2D SE images of whole grains, and (f-j) the associated porosity changes along
the violarite measured by image processing. In the SEM images, white dots show the locations
for each high-resolution SEM images for (a,f) PnVo59c, (b,g) PnVo90c, (c,h) PnVo100c, (d,i)
PnVo100c28d, (e,j) PnVo100c517d....................................................................................... 142
Fig. 5.4. FIB-SEM slice and view analyses show the porosity changes from the edge to the core
of the violarite phase for PnVo100c (a-e) and PnVo100c28d (f-j). (a,f) a 200 nm Pt layer was
ion beam deposited over the region of interest, (b,g) removal of the surrounding material, (c,h)
3D reconstruction of the 2D slices, (d, i) porosity for each slice from edge to the core of the
grains (in the Z direction), (e, j) BSE images showing the coarse pores at the edge while finer
pores through the core of the grains. ...................................................................................... 144
Fig. 5.5. FIB-SEM slice and view analyses show the porosity changes from edge to the core of
the violarite phase for PnVo100c365d (a) 3D reconstruction of the 2D slices, a cube with red
borders was subtracted to show the inner structure and spatial distribution of pores (b) porosity
for each slice from edge to the core of the grains (in the Z direction), (c) BSE image showing
the innermost XY slice (d) section showing the pore channels from the outer surface to the inner
grain. The size of the pore channels decreases through the centre of the grain while inner nonporous layers form parallel to the surface. ............................................................................. 145
Fig. 5.6. FIB-SEM slice and view analyses show the porosity changes from the edge to the core
of the violarite phase for PnVo100c517d. (a) a 200 nm Pt layer was ion beam deposited over
the region of interest, (b) removal of the surrounding material, (c) 3D reconstruction of the 2D
slices, (d) porosity for each slice from edge to the core of the grains (in the Z direction), (e)
BSE images showing the coarse pores at the edge while finer pores through the core of the
grains. ..................................................................................................................................... 146
Fig. 5.7. (a) Number density and (b) volume fraction of the pore distribution based on their
equivalent diameter for PnVo100c, PnVo100c28d, PnVo100c365d and PnVo100c517d

XXVIII

calculated from FIB-SEM tomography shown in Fig. 5.4a-e, Fig. 5.4f-j, Fig. 5.5a-d and Fig.
5.6a-d, respectively. The darker regions in the transparent bars show the overlapping regions.
................................................................................................................................................ 148
Fig. 5.8. (a1-d1) Combined USANS/SANS curves, (a2-d2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-d3)
Volume distribution (1/Å) and cumulative volume fraction of pore size (Å) extracted from
USANS curves (relative), (a4-d4) Open/total pore ratio of pore size (Å) for (a1-a4) Pn, and the
replaced samples (b1-b4) PnVo59c, (c1-c4) PnVo91c, (d1-d4) PnVo100c at oxic condition.
................................................................................................................................................ 150
Fig. 5.9. (a1-f1) Combined USANS/SANS curves, (a2-f2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-f3)
Volume distribution (1/Å) and cumulative volume fraction of pore size (Å) extracted from
USANS curves (relative), (a4-f4) Open/total pore ratio of pore size (Å) for the completely
replaced violarite samples (a1-a4) PnVo100c7d, (b1-b4) PnVo100c14d, (c1-c4) PnVo100c28d,
(d1-d4) PnVo100c180d, (e1-e4) PnVo100c365d, (f1-f4) PnVo100c517d at anoxic condition.
................................................................................................................................................ 151
Fig. 5.10. Comparison of surface fractal dimension Ds for the unreacted pentlandite and reacted
violarite samples in air and in D2O/H2O solution. (a) SANS region, (b) USANS region. .... 152
Fig. 5.11. Comparison of specific surface area for the unreacted pentlandite and replacing
violarite samples in air and in D2O/H2O solution. ................................................................. 153
Fig. 5.12. Total, open and closed porosity within the violarite phase calculated from molar
volume difference and dissolution loss. Open and closed pore volume was calculated using the
USANS/SANS data in Table 5.4............................................................................................ 153
Fig. 5.13. (a) BSE image, elemental EDS-maps for: (b) Fe wt.%, (c) Ni wt.%, (d) S wt.%, (e)
O wt.%; (f) lateral EDS scan, and (g) EDS spectra and wt.% of the elements. ..................... 159

XXIX

Fig. 5.14. Schematic illustration of the porosity development in the replacement of pentlandite
by violarite.............................................................................................................................. 160
Fig. 6.1. The starting chalcopyrite. (a) PXRD pattern with Rietveld analysis; the red and black
patterns are the data and calculated pattern, respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of chalcopyrite (brown) and pyrite (blue); Rwp and χ2 are criteria of the fitting quality.
The weight percentages of the phases are obtained from the fitting. (b) SE image of a typical
grain, and (c) BSE image of the cross-section of a typical grain. .......................................... 168
Fig. 6.2. Schematic illustration of the leaching reactor. ......................................................... 170
Fig. 6.3. The procedure of FIB-FESEM tomography slice and view analysis: (a) a representative
particle is embedded into an epoxy resin block and polished, (b) a 200 nm Pt layer was ion
beam deposited over the region of interest, (c) removal of the surrounding material, and (d)
serial slice by FIB and image by SEM for approximately 200 slices. ................................... 174
Fig. 6.4. (a) Cu and (b) Fe extraction (%) as a function of leaching time for the four leaching
experiments. ........................................................................................................................... 175
Fig. 6.5. PXRD patterns and quantitative phase analyses of leached residues. (a) solvent-free at
148 h, (b) solvent-free at 500 h, (c) TCE10 at 304 h, (d) TCE20 at 218 h, and (e) DMSO10 at
237 h. Rietveld refinement metrics and results are in the inset of each pattern. See Fig. 6.1
caption for more explanations. ............................................................................................... 177
Fig. 6.6. BSE images of the leached chalcopyrite residues in the solvent-free experiments. (a)
grain surface after 148 h, (b) grain cross-section after 148 h, (c) grain surface after 500 h, and
(d) grain cross-section after 500 h. ......................................................................................... 178
Fig. 6.7. BSE images of the leached chalcopyrite residues in the TCE10 experiments. (a) grain
surface after 116 h, (b) grain cross-section after 116 h, (c) grain surface after 304 h, and (d)
grain cross-section after 304 h. .............................................................................................. 179

XXX

Fig. 6.8. BSE images of the leached chalcopyrite residues in the TCE20 experiments. (a) grain
surface after 90 h, (b) grain cross-section after 90 h, (c) grain surface after 218 h, and (d) grain
cross-section after 218 h. ........................................................................................................ 180
Fig. 6.9. BSE images of the leached chalcopyrite residues after 90 h in the DMSO10
experiment, showing (a) grain surface and (b) grain cross-section........................................ 180
Fig. 6.10. FIB-SEM tomography data of jarosite shells from (a) solvent-free experiment at 500
h, showing porosity, and (b) TCE20 experiment at 218 h, showing holes and embedded sulphur.
The green-yellow-red and grey coloured isosurfaces represent the outer and inner surfaces of
the jarosite shell. The grey colour is semi-transparent to reveal the pores (a) and embedded
sulphur (b) in jarosite. ............................................................................................................ 181
Fig. 6.11. Pore volume probability distribution function (PDF) measured using 3D tomographic
analysis shown in Fig. 6.10a obtained from the jarosite layer of the sample leached in solventfree experiment at 500 h. ........................................................................................................ 181
Fig. 6.12. XPS spectra showing Cu 2p, Fe 2p, S 2p, K 2p and O 1s peaks from the surface of
samples collected from: (a-e) unleached chalcopyrite, (f-j) solvent-free experiment at 148 h, (ko) solvent-free experiment at 500 h, and (p-t) TCE20 experiment at 218 h. ......................... 183
Fig. 6.13. (a) SEM image, (b) elemental EDS-map, (c) EDS spectra, and (d) PXRD pattern of
extracted sulphur by TCE from TCE20 experiment at 218 h. Rietveld refinement metrics and
results are in the inset of each pattern. See Fig. 1 caption for more explanations. ................ 189
Fig. 6.14. (a) The consumption of hydrogen peroxide with reaction time and (b) copper
extraction (mmol) as a function of hydrogen peroxide consumption (mmol). The linear lines
with slopes R=0.40 and R=0.12 correspond to the overall reactions assuming sulphate and
elemental sulphur are the final oxidised forms of S (see Reactions 1 and 2 and more descriptions
in the text)............................................................................................................................... 191

XXXI

Fig. 6.15. The change of pH as a function of leaching time for the four leaching experiments.
................................................................................................................................................ 192
Fig. 6.16. Comparison of the extractions of Fe and Cu. The linear dash line means equimolar
extraction of Fe and Cu. ......................................................................................................... 194
Fig. 6.17. Thermodynamic analyses of the chalcopyrite leaching experiment at 75 °C,
comparing the conditions when hematite and goethite are not suppressed (a-c) and suppressed
(d-f) in the modelling using Geochemist’s Workbench v. 11.0.1. (a, d) Eh-pH predominance
diagram of the Fe-Cu-S-O system at 75 °C. Dashed lines show the sub-diagrams of sulphur
(blue) and copper (green). The concentrations of ions are equivalent to 40% leaching of
chalcopyrite in the solvent-free experiment: ∑Fe=0.00872 M, ∑Cu=0.00872 M, ∑S=0.06744
M, [K+]=0.001304 M, and [Na+]=0.002492 M. The position of the red diamond means the
leaching condition of this study. (b, e) Numerical modelling of chalcopyrite leaching, showing
the saturation indexes of minerals. The starting solution composition is the same as the solventfree experiment. This solution is progressively reacted with 2 g of chalcopyrite containing 1.63
mmol K+ and 3.11 mmol Na+ at fixed Eh at 750 mV. (c, f) Mineral precipitation as a function
of reacted chalcopyrite. .......................................................................................................... 197
Fig. 6.18. The proposed mechanisms of chalcopyrite leaching with and without
tetrachloroethylene. Condition: 75 °C, 750 mV, 0.05 M sulphuric acid solution, and slurry
density of 4 g L-1. ................................................................................................................... 199

XXXII

List of Tables
Table 1.1. A summary of experimental studies on mineral replacement reactions. .................. 7
Table 2.1. Summary of reaction conditions and the phase abundance of the products. .......... 32
Table 2.2. Summary of the X-μCT results. .............................................................................. 39
Table 3.1. Summary of reaction conditions and the phase abundance of the products. .......... 60
Table 3.2. Summary of USANS/SANS measurements and results. ........................................ 63
Table 4.1. Summary of reaction conditions and the phase abundance of the products. .......... 97
Table 4.2. Summary of the FIB-SEM tomography results. ................................................... 110
Table 5.1. Summary of reaction conditions and the phase abundance of the products. ........ 135
Table 5.2. Summary of (U)SANS measurements and results. ............................................... 137
Table 5.3. Summary of FIBSEM tomography results. ........................................................... 147
Table 5.4. Total/open/closed porosity for pentlandite before reactions and for violarite after
reactions. For the partially replaced samples, porosity was given for the violarite phase only
(excluding pentlandite). Open/closed pore information was extracted from USANS/SANS
results. .................................................................................................................................... 154
Table 6.1. Major and minor metallic elements (wt.%) in the chalcopyrite determined by ICPMS. ......................................................................................................................................... 168
Table 6.2. Elemental quantifications (at.%) of the unleached chalcopyrite, solvent-free at 148 h
and 500 h, and TCE20 at 218 h samples, derived from the survey XPS spectra. The other
elements are normalised out. .................................................................................................. 182
Table 6.3. Sulphur species (at.% of total sulphur) for the unleached chalcopyrite, solvent-free
at 148 h and 500 h, and TCE20 at 218 h samples, derived from the S 2p spectra (Fig.
6.12c,h,m,r). ........................................................................................................................... 184

XXXIII

Table 6.4. Oxygen species (at.% of total oxygen) for the unleached chalcopyrite, solvent-free
at 148 h and 500 h, and TCE20 at 218 h samples, derived from the O 1s spectra (Fig. 6.12e,j,o,t).
................................................................................................................................................ 184

XXXIV

Glossary of Abbreviations and Technical Terms
A
ACNS
AINSE
Anh
ANSTO
at.%
B
bi
Br
BSE
C
c
Ca
Cal
CDR
Cl
cm
CMCA
COD
Cu
D
d
d
DMSO
dp
Ds
EBSD
EDS
Eh
EPMA
eV
Fe
FIB-SEM
F
F(Q,r)
FWHM
g
Ga
Gp
H
h

Contrast-dependent constant
Australian Centre of Nuclear Science
Australian Institute of Neutron Science and Engineering
Anhydrite
Australian Nuclear Science and Technology Organisation
Atomic percentage
Contribution from incoherent scattering
Coherent scattering amplitude for nucleus i
Bromine
Back-Scattered Electron
Carbon
Solubility
Calcium
Calcite
Coupled dissolution-reprecipitation
Chlorine
Centimetre
Centre for Microscopy, Characterisation and Analysis
Crystallography Open Database
Copper
Deuterium
Day
Phase density
Dimethyl sulfoxide
Packing density
Surface fractal dimension
Electron Backscatter Diffraction
Energy-Dispersive X-ray Spectrometer
Redox potential
Electron Probe Microanalyser
Electron volt
Iron
Focussed-Ion Beam Scanning Electron Microscope
Fluorine
Scattering form factor
Full Width at Half Maximum
Gram
Gallium
Gypsum
Hydrogen
Hour

XXXV

Hem
i
I
ICSD
ICP-MS
ID
Jarosite-K
Jarosite-Na
K
kV
L
LaB6
Li
Log
M
m
mA
MAN
Mg
mg
Mi
mL
mm
Mn
mV
Mlr
mcal
mpn
mr
N
N
NA
nA
Ni
nm
NIST
O
OD
ORP
PCP
PDF
pH
Pn
PP

Hematite
Each phase in the mixture
Scattering intensity
Inorganic Crystal Structure Database
Inductively Coupled Plasma – Mass Spectroscopy
Inner Diameter
Potassium jarosite
Sodium jarosite
Potassium
Kilovolt
Litre
Lanthanum hexaboride
Lithium
Logarithm
Molecular weight of the formula unit
Metre
Milliampere
Mean Atomic Number
Magnesium
Milligram
Atomic mass
Millilitre
Millimetre
Manganese
Millivolt
Millerite
Mass of the starting calcite
Mass of the starting pentlandite
Mass of the solid residue
Nitrogen
Total number of scattering particles
Avogadro’s constant (6.022×10²³ mol⁻¹)
Nanoampere
Nickel
Nanometre
National Institute of Standards and Technology
Oxygen
Outer Diameter
Oxidation/Reduction Potential
Porous Coordination Polymers
Probability Distribution Function
Potential of hydrogen
Pentlandite
Polypropylene
XXXVI

ppb
P(r)
Pt
PTFE
PXRD
Q
QPA
R
ROI
rpm
Rwp
S
s
SANS
SAS
SAXS
SE
SEM
SHE
Sm
Sr
SRM
SSA
Sv
t
TCE
TEM
TOF
USANS
V
Vm
Vo
vol.%
V(r)
Wp
Wp_abs
wt.%
XRD
XPS
X-μCT
y
Y
Yt
Y0

Parts-per billion
Unknown probability distribution of particle sizes
Platinium
Polytetrafluoroethylene
Powder X-ray Diffraction
Wave vector
Quantitative Phase Analysis
Pore radius
Region of Interest
Revolutions per minute
The weight-profile R-value
Sulphur
Second
Small-Angle Neutron Scattering
Small-angle scattering
Small-Angle Neutron Scattering
Secondary Electron
Scanning Electron Microscope
Standard Hydrogen Electrode
Surface area per unit mass
Strontium
Standard Reference Material
Specific Surface Area
Specific surface area per unit volume
Time
Tetrachloroethylene
Transmission electron microscopes
Time-of-flight
Ultra-small-Angle Neutron Scattering
Volume of the unit cell
Molar volume
Violarite
Volume percentage
Volume of a particle of diameter r
Relative weight percentage of phase p obtained from QPA
Absolute weight percentage
Weight percent
X-ray Diffraction
X-ray Photoelectron Spectroscopy
X-ray micro–Computed Tomography
Reaction extent
Scattering invariant
Mass of the final solid residue at an arbitrary reaction time t
Mass of the starting mineral (t = 0).
XXXVII

Z
2D
3D
α
ΔVm
(∆𝜌)2
θ
λ
μA
μm
π
𝜌
φ
χ2
Å
%
°
°C

Number of formula units per unit cell
Two dimensional
Three dimensional
Power exponent
Molar volume difference
Scattering contrast
Scattering angle
Lambda, wavelength of X-rays or neutron beams
Microampere
micrometre
Pi (3.141)
Scattering length density
Porosity
Goodness of fit
Angstrom
Percentage
Degree
Degree Celsius

XXXVIII

Chapter 1
Introduction

1.1. Background
Mineral replacement reaction is a widespread phenomenon in natural and engineering systems.
Whenever a mineral is not in equilibrium with the surrounding fluids, mineral replacement
reaction can occur and often involves the replacement of one mineral by another, with the
product mineral preserving the external dimension of the primary mineral (Adegoke, 2021;
González-Illanes et al., 2017; Kasioptas et al., 2008; Putnis and Mezger, 2004). Such fluidmediated mineral replacement reaction is mainly driven by the coupled-dissolution and
reprecipitation (CDR) mechanism (Pollok et al., 2011; Putnis, 2009; Putnis and Mezger, 2004).
Over the last 20 years, the importance of the CDR mechanism has been recognised for the
mineral replacement reactions in natural and engineering processes (Altree-Williams et al.,
2015; Putnis, 2002, 2009; Putnis and Putnis, 2007; Knorsch et al., 2020; Li et al., 2020).
The CDR mechanism can have a significant effect on mineral textures. Texture is one of the
features of the rocks, which creates the differences between rocks, and is defined as the overall
appearance of the rock in terms of size, shape and distribution of mineral grains (Skinner and
Murck, 2011). Understanding and interpreting the mineralogical and compositional alterations
associated with fluid-induced mineral replacement reactions are highly dependent on textural
observations (Altree-Williams et al., 2015).
Porosity is one of the textural features often found in the minerals formed by mineral
replacement reactions (Putnis, 2015). Such porosity refers to the spaces between the mineral
grains in a rock and is measured as a fraction of the total volume of the bulk material (Putnis,
2015). These spaces can be filled with gas or fluid, and thus, porosity has a large context in the
hydrogeology of rocks (Anovitz and Cole, 2015). The rocks include some primary porosity
inherited from the initial formation processes (Anovitz and Cole, 2015). This porosity then can
be modified by fluid-mediated processes such as deformation, metamorphism, hydrothermal

2

alteration, diagenesis, weathering, and the reaction-induced porosity is generated (Anovitz and
Cole, 2015).
The reaction-induced porosity in the product rim can be permeable or impermeable (Anovitz
and Cole, 2015). Permeability refers to the ability of fluids to flow through the rock, and so
depends on the extent of interconnected pores, the distribution of pores and pore neck size, as
well as fluid pressure (Putnis, 2015). Permeability is dependent on the precipitation and
dissolution reactions. The precipitation may reduce permeability by decreasing the size of
critical pore necks and increasing tortuosity. In contrast, dissolution may increase permeability
by increasing critical pore necks' diameter, decreasing tortuosity, and connecting previously
disconnected pores (Luhmann et al., 2017). The generation of a permeable product rim can lead
to a complete replacement of the primary mineral, whereas an impermeable product rim can
result in low reaction extents due to passivation (Altree-Williams et al., 2015). Permeability is
essential for further replacement and the progression of the reaction front towards the unreacted
core of the crystals (Jonas et al., 2014). Therefore, the reaction-induced porosity and associated
permeability play a key role in understanding the evolution of rocks and establishing new
processes based on controlled porosity and permeability in the CDR-driven mineral
replacement reactions (Altree-Williams et al., 2017; Anovitz and Cole, 2015; Beaudoin et al.,
2018; Chagneau et al., 2015; Navarre-Sitchler et al., 2013; Putnis, 2015; Raufaste et al., 2011).
Recently, the formation and evolution of the reaction-induced porosity have been studied for
several mineral systems (Beaudoin et al., 2018; Pedrosa et al., 2016b; Putnis et al., 2005;
Raufaste et al., 2011; Weber et al., 2021; Weber et al., 2019). However, the reaction-induced
porosity in minerals has not been adequately studied, and more experimental results for other
mineral systems are necessary. Moreover, the evolution of the reaction-induced porosity is still
poorly understood, and no quantitative study has been conducted on such porosity evolution.
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Understanding the reaction-induced porosity in minerals requires a detailed quantitative
investigation of porosity characteristics such as open/close porosity, pore connectivity, surface
area and volume of the pores, spatial pore distribution and pore size distribution. Therefore, to
better understand the reaction-induced porosity, some sets of experiments were designed into
the mineral replacement reactions of (i) pentlandite ((Ni,Fe)9S8) by nickel-iron sulphides and
(ii) calcite (CaCO3) by calcium sulphates as model mineral replacement systems because the
mechanisms are different for these mineral replacement systems, the complete replacement can
be achieved for both mineral replacement systems and these replacement reactions are essential
for several processes.
1.2. Literature review
This chapter aims to provide a brief and critical review of the literature on porosity generation
and evolution in fluid-mediated mineral replacement reactions. Therefore, this part emphasises
some of the key information about the context and the purpose of the research that has been
done. Additional material for each chapter is also provided in the introduction section of the
respective main chapters (Chapter 2, Chapter 3, Chapter 4, Chapter 5, Chapter 6).
1.2.1. Coupled dissolution-reprecipitation (CDR) mechanism
When a mineral is in contact with a fluid in which it is out of equilibrium (Fig. 1.1a), the primary
mineral is dissolved until the interfacial fluid becomes supersaturated with respect to a more
stable product phase. Then, the product phase can nucleate and grow at the surface of the parent
phase, initiating an autocatalytic reaction that couples the dissolution of the primary mineral
and precipitation of the porous product phase (Fig. 1.1b). Then, the coupled dissolution and
precipitation reactions continue at the primary and the porous product interface, ultimately
leading to a complete replacement of the primary mineral by the porous product phase (Fig.
1.1c-e) (Altree-Williams et al., 2015; Putnis and Austrheim, 2010). The term ‘coupling’ refers
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to the linkage of the dissolution of the primary mineral and the precipitation of the product
mineral in time and space (Altree-Williams et al., 2015; Putnis, 2002, 2009). The coupling can
be at the nm to μm scales via a thin layer of interfacial fluid separating the primary and product
phases (Altree-Williams et al., 2015; Putnis, 2002, 2009). Such coupling is controlled by the
local fluid composition (Putnis, 2002).
The CDR mechanism often leads to complete replacement that the product phase preserves the
external morphology of the primary phase. This phenomenon is called ‘pseudomorphism’
(Putnis and Mezger, 2004). The preservation of the external shape and hence the external
volume of the primary mineral is a key feature of pseudomorphism (Putnis, 2009). Such volume
preservation would require that the rate of dissolution of the primary mineral be equal to the
rate of precipitation of the product (Putnis and Mezger, 2004).

Fig. 1.1. Schematic illustration of a coupled dissolution-precipitation mechanism. When a
mineral is in contact with a fluid in which it is out of equilibrium: (a) primary mineral
dissolution will occur on the outer surface. Subsequently, the interfacial fluid will become
supersaturated with respect to product mineral or mineral assemblage, which will start to
nucleate on the surface (b). Then, continuous dissolution and precipitation occur at the reaction
front, and the reaction fluid flows through permeable pores that have developed in the product
phase and thus, facilitate ion and mass transfer from/to the reaction front (c-e).
The CDR mechanism can be identified by its characteristic textural features, including: (i) a
sharp interface between the primary and product phases; inheritance of (ii) external shape, (iii)
crystallographic information from the primary mineral; (iv) the formation of pores and cracks
in the product phase (Putnis, 2009).
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Understanding the controlling mechanisms of porosity generation and evolution is essential for
the applications of CDR-driven mineral replacement reactions (Huber et al., 2014; Jonas et al.,
2014; Pearce et al., 2013; Raufaste et al., 2011). In nature, the CDR can be responsible for the
formation of orebodies (Harlov and Austrheim, 2013). The CDR-based processes are also used
to synthesize novel materials (Brugger et al., 2010). For example, in metal sulphides synthesis
via traditional methods, reacting metal powders with molten sulphur at high temperatures (>
500 °C) in a vacuumed atmosphere can result in an unstable product due to high temperatures
(Xia et al., 2008). On the other hand, using the CDR-driven mineral replacement method, metal
sulphides such as violarite (NiFe2S4) and linnaeite (Co3S4) with higher purity can be synthesized
in a fraction of the time and the temperature (Xia et al., 2008). In another example, two and
three-dimensional porous coordination polymers (PCP) can be rapidly and reliably generated
through a pseudomorphic replacement of alumina by aluminium-based PCPs (Reboul et al.,
2012). Using the CDR mechanism, periodic and random mesoscopic PCP architectures can be
produced by controlling the kinetics and spatial coupling between the dissolution of a
metastable alumina phase and the crystallisation of aluminium-based PCPs (Reboul et al.,
2012). Mineral replacement reactions are also common during the leaching processes of
minerals, which have previously been presented for the leaching of ilmenite (Janssen and
Putnis, 2011; Janssen et al., 2010), sphalerite (Nikkhou et al., 2021; Nikkhou et al., 2019),
galena (Nikkhou et al., 2020a; Nikkhou et al., 2020b). Furthermore, these reactions have a key
feature for the applications such as in situ leaching (Zhao et al., 2008), nuclear waste storage
(Geisler et al., 2010; Geisler et al., 2015), CO2 sequestration (Garcia et al., 2011; Hövelmann
et al., 2012; Wang et al., 2018a), wastewater remediation of contaminated soil (Wang et al.,
2012) and groundwater (Turner et al., 2005); new wastewater treatments (Yang et al., 1999),
and the preservation of monument surfaces (King et al., 2014), evaluation of
oil/gas/groundwater reservoirs (Garcia et al., 2011), cement production (Hu et al., 2008).
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Several experimental studies of mineral replacement reactions driven by the CDR mechanism
have been reported (Table 1.1).
Table 1.1. A summary of experimental studies on mineral replacement reactions.
Mineral replacement reactions
Anhydrite by Ca carbonates
Anhydrite by calcite
Ca sulphides by Mg-Ca carbonates
Aragonite by calcite
Barite by BaCO3
Bornite by copper sulphides
Bornite/chalcocite by Cu sulphides
Calaverite by gold
Calcite by apatite
Calcite by cerussite
Calcite by Ca oxalate
Calcite by Ca sulphates
Calcite by gypsum
Calcite by fluorite
Calcite by hydroxyapatite
Ca carbonates by cerussite
Ca fluorapatite by Ca hydroxyapatite
Calcite by bastnasite
Calcite by Mg carbonates
Calcite by opal
Calcite by siderite
Celestite by SrCrO4
Celestite by SrF2
Celestite by Sr(OH)2
Celestite by strontianite
Chalcopyrite by bornite
Chalcopyrite by copper sulphides
Chalcopyrite by jarosite
Chlorapatite by hydroxyapatite
Chlorapatite by monazite/xenotime
Fluorapatite by apatite
Fluorapatite by britholite
Fluorapatite by monazite
Galena by sulphur
Gypsum by barite
Gypsum by calcite
Hematite by chalcopyrite/bornite
Ilmenite by rutile

References
Altree-Williams et al. (2017)
Cuesta Mayorga et al. (2018)
González-Illanes et al. (2017)
Perdikouri et al. (2011); Perdikouri et al. (2013)
Rendón-Angeles et al. (2008)
Adegoke et al. (2021)
Hidalgo et al. (2020)
Zhao et al. (2009); Zhao et al. (2010)
Jonas et al. (2013)
Yuan et al. (2016)
Burgos-Cara et al. (2017); Ruiz-Agudo et al. (2013a)
Ruiz-Agudo et al. (2016); Ruiz-Agudo et al. (2015b)
Booth et al. (1997); Offeddu et al. (2014); Pastero et
al. (2017)
Pedrosa et al. (2016b)
Kasioptas et al. (2008); Yoshimura et al. (2004)
Kim et al. (2021)
Rendon-Angeles et al. (2000)
Szucs et al. (2021)
Jonas et al. (2015)
Pewkliang et al. (2008)
Lin et al. (2020)
Rendón-Angeles et al. (2005)
Rendón-Angeles et al. (2006)
Rendón-Angeles et al. (2006)
Pina (2019); Suárez-Orduña et al. (2004); SuárezOrduña et al. (2007); Xia et al. (2012a)
Zhao et al. (2014a); Zhao et al. (2014b)
Chaudhari et al. (2021)
Kartal et al. (2019)
Yanagisawa et al. (1999)
Harlov et al. (2002)
Li et al. (2021)
Betkowski et al. (2016)
Harlov et al. (2005)
Nikkhou et al. (2020a); Nikkhou et al. (2020b);
Nikkhou et al. (2020c)
Forjanes et al. (2020); Ruiz-Agudo et al. (2019)
Fernández-Díaz et al. (2009)
Zhao et al. (2014a)
Janssen and Putnis (2011); Janssen et al. (2010)
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KBr by KCl

Leucite by analcime
Limestone by anhydrite
Limestone by dolomite
Limestone by fluorite
Marcasite by pyrite
Magnetite by hematite
Magnetite by pyrite
Marble by apatite
Marble by fluorite
Marble by Ca oxalate
Monazite by britholite
Olivine by chrysotile/brucite
Olivine by Mg carbonates
Pentlandite by violarite
Plagioclase by albite
Plagioclase by cordierite
Portlandite by calcite
Pyrrhotite by pyrite/marcasite
Pyrite by chalcopyrite
Siderite by pyrite
Sphalerite by sulphur
Sylvanite by gold
Zeolite/scolecite by
mesolite/tobermorite

Beaudoin et al. (2018); Kar et al. (2016); Pollok et al.
(2011); Putnis and Mezger (2004); Putnis et al. (2005);
Raufaste et al. (2011); Spruzeniece et al. (2017)
Putnis et al. (2007b); Xia et al. (2009b); Xia et al.
(2010a); Xia et al. (2010b)
Hu et al. (2008)
Weber et al. (2021)
Weber et al. (2019)
Yao et al. (2021); Yao et al. (2020)
Zhao et al. (2019)
Qian et al. (2010)
Pedrosa et al. (2016a)
Pedrosa et al. (2017)
King et al. (2014)
Betkowski et al. (2016)
Lafay et al. (2012)
Xing et al. (2018); Zhu et al. (2016)
Tenailleau et al. (2006b); Xia et al. (2009a); Xia et al.
(2008); Xia et al. (2007)
Hövelmann et al. (2010)
Hövelmann et al. (2014)
Ruiz-Agudo et al. (2013b)
Qian et al. (2011)
Zhang et al. (2020)
Kusebauch et al. (2019)
Nikkhou et al. (2021); Nikkhou et al. (2019)
Zhao et al. (2013)
Dunkel and Putnis (2014)

1.2.2. Reaction-induced porosity in minerals
Reaction-induced porosity often occurs during the replacement of a mineral (Pedrosa et al.,
2016b; Putnis et al., 2005; Ruiz-Agudo et al., 2014). Two main factors controlling porosity
generation are (i) molar volume differences and (ii) relative solubilities of the primary and
product minerals during dissolution-reprecipitation reactions.
Molar volume changes can generate fractures due to the local stresses associated with volume
change (Altree-Williams et al., 2015; Harlov and Austrheim, 2013; Pedrosa et al., 2016b).
These fractures can also be extended into the primary crystals and provide fluid pathways into
the primary mineral for further replacement (Perdikouri et al., 2013).
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Molar volume changes during the CDR mechanism, which refers to the extent of the volume
change (Harlov and Austrheim, 2013; Ruiz-Agudo et al., 2014) can be either positive or
negative (Ferry, 2000).
Relative solubility of the primary and product minerals is an essential factor in determining
porosity generation by controlling how much parent is dissolved and how much product is
precipitated. (Putnis, 2009). As a result of the difference in solubility, more of the parent phase
may be dissolved than the product precipitated during a replacement process (Putnis, 2009).
Several parameters such as temperature, pressure, pH, fluid flow and grain size affect the
solubility (Xia et al., 2009a). Because of the solubility differences between the solid phases, a
material might be dissolved or precipitated, leading to porosity or porosity healing (Pedrosa et
al., 2016b). The compositional and textural evolution of the reaction products is controlled by
local solution chemistry at the reaction front and re-equilibration of the metastable products that
initially formed because of kinetic and local conditions (Altree-Williams et al., 2015).
Therefore, based on the relative solubilities at local solution chemistry, porosity can still be
generated even though the molar volume of the primary mineral is smaller than that of the
product mineral, as demonstrated in the replacement of leucite by analcime (Putnis et al., 2007b;
Xia et al., 2010b) or in the replacement of calcite by calcium sulphates (Ruiz-Agudo et al.,
2015b).
The change of the initial volume is defined by the molar volumes and the relative solubilities
of the primary and the product phases (Pollok et al., 2011; Ruiz-Agudo et al., 2014),
𝑛𝑝 𝑉𝑚,𝑝 −𝑛𝑑 𝑉𝑚,𝑑

∆𝑉𝑚 = (

𝑛𝑑 𝑉𝑚,𝑑

) × 100%

(1.1)

where 𝑛𝑝 and 𝑛𝑑 are mole numbers of precipitated product and dissolved primary, 𝑉𝑚,𝑝 and
𝑉𝑚,𝑑 are molar volumes of the precipitated and dissolved phases.
Mineral porosity is difficult to quantify since the pores can be over eight orders of magnitude
in length scale (Anovitz and Cole, 2015). Therefore, small-angle neutron scattering (SANS) is
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a powerful technique for porosity characterisation. It can cover a wide range of length scales –
from sub-nano to tens of micrometres – if combined with ultra-small-angle neutron scattering
(USANS). These techniques enable a wide range of porosity measurements for the bulk sample,
and thus, more representative results can be achieved for the mineral porosity (Anovitz and
Cole, 2015). Using a neutron source over X-ray for the small-angle scattering is advantageous
because the contrast variation method can provide crucial information about open and closed
pores (Navarre-Sitchler et al., 2015). In addition to (U)SANS techniques, imaging techniques
can give spatial porosity information for the mineral porosity. Scanning electron microscopy
(SEM) is used to gain high-resolution images to quantify mineral porosity (Pedrosa et al.,
2016b). Focussed-ion beam scanning electron microscopy (FIB-SEM) can provide
comprehensive spatial characteristics of porosity via 3D reconstruction of a series of highresolution images collected on the nanometre scale through a constant cycle of milling and
scanning operation (Gao and Li, 2016). FIB-SEM is used to generate high-resolution
tomography to analyse the nanometre-sized pores in minerals for a region of interest (ROI)
approximately 15×15×15 μm (Nikkhou et al., 2021). For larger pore diameters in micrometres,
X-ray microtomography (X-μCT) can be used to analyse such mineral porosity in 3D volume
(Beaudoin et al., 2018). X-μCT enables to scan of a larger ROI (~750 x 750 x750 μm) as
compared to FIB-SEM tomography, but nanometre-sized pores cannot be detected due to the
detection limit of the technique.
1.2.3. Porosity evolution in the mineral replacement reactions
Porosity evolution is a dynamic process in the fluid-mediated mineral replacement reactions
(Putnis, 2009). The reaction-induced porosity can also be a transient feature as it can be an
hour-scale feature or survive a geological time (Putnis, 2015). Porosity can survive in a
geological time scale as previously demonstrated in the replacement reaction of alkali feldspars
in igneous rocks (Parsons and Lee, 2009), in the re-equilibration of zircon in aqueous fluids and
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melts (Geisler et al., 2007), and in the hydrothermal replacement of granitic pegmatites by
monazite (Hetherington and Harlov, 2008). On the other hand, transient porosity was
demonstrated for the replacement of oligoclase and labradorite (Ca,Na)(Al, Si)4O8 by albite
(NaAlSi3O8) (Hövelmann et al., 2010). When the reactivity of the reaction fluid decreased,
some porosity was eliminated by textural re-equilibration and recrystallisation of pore space
due to Ostwald ripening processes (Hövelmann et al., 2010). Ostwald ripening processes,
together with pectolite precipitation, healed the surface porosity, blocked a significant part of
the available fluid pathways and hindered the reaction interface propagation (Hövelmann et al.,
2010).
The transient reaction-induced porosity was extensively studied in the pseudomorphic mineral
replacement of potassium bromide (KBr) by potassium chloride (KCl) (Putnis et al., 2005)
because of its fast reaction time (hours) with visible porosity evolution and a stable end product
(Beaudoin et al., 2018). This pseudomorphic replacement produced a highly porous rim, which
resulted from the negative molar volume difference and the relative solubilities of the primary
and the product phases (Fig. 1.2a) (Putnis et al., 2005). As the reaction progressed, the fine
porosity developed and started to coarsen into channels (Fig. 1.2b) (Putnis et al., 2005). After
completion of the replacement, the outermost rim evolved into an almost pore-free crystal
enclosing the residual fluid in the grain (Fig. 1.2c) (Putnis et al., 2005). At this stage, the crystal
was transparent due to the absence of any fine porosity (Fig. 1.2d) (Putnis et al., 2005). The insitu and ex-situ optical microscopic study of the same mineral replacement system
demonstrated that the multilayer formation and the composition of each replacement layer did
not change (Raufaste et al., 2011). The cylindrical-shaped crystals were separated by discshaped fluid-filled cavities that remained open through the period of diffusive ion transport to
the interface (Raufaste et al., 2011). In another recent study on the porosity evolution in the
replacement of KBr by KCl, Beaudoin et al. (2018) revealed that the porosity developed as
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elongated ‘fingers’ perpendicular to the primary phase and the existence of self-generated fluid
flow in these fingers. Fingers are ideal for fluid transport into the system, whereas fracture
networks would potentially form tessellation and lead to basalt column-like geometries, which
are more complicated (Beaudoin et al., 2018). Similar to the results of Raufaste et al. (2011),
the presence of small, disc-like pores were perpendicular to the fingers, whereas the reaction
front appeared to be rougher and less organised (Beaudoin et al., 2018). Porosity developed via
such a fingering process in the replacement of KBr by KCl was suggested as a different process
from fracturing in terms of the pore geometry (Beaudoin et al., 2018). The coarsening factor of
continuous experimental results also suggested that the fingering process was the responsible
mechanism for porosity generation (Beaudoin et al., 2018; Kondratiuk et al., 2017). The
coarsening of the fingers was linked to the chemical gradient in the pore fluid due to the
transport-limited fluid transfer in the pores (Beaudoin et al., 2018). And the porosity evolution
via such coarsening was attributed to the minimisation of the surface energy (Nikkhou et al.,
2021; Putnis et al., 2005; Xia et al., 2014b).
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Fig. 1.2. Cross-section images of the replaced crystals. (a) Backscattered electron (BSE) image
of the replacement interface in a crystal of KBr (lighter centre) exposed to a saturated KCl
solution for 10 min, and the porous replacement K(Br, Cl) product forms at the rim. (b) After 2
h, the BSE image of the completely replaced KBr by KCl shows a coarse channel-like internal
porosity oriented towards the centre of the crystal while the outside rim is no longer porous. (c)
After 24 h, the BSE image of the completely replaced KBr by KCl shows an increased porosity
coarsening. (d) After 12 days, a transmitted light microscope image of the completely replaced
KBr by KCl shows further coarsening, resulting in a transparent KCl crystal with a thicker
nonporous rim (Putnis et al., 2005).
The evolution of the reaction-induced porosity is sensitive to the reaction parameters such as
pressure, temperature, chemical environment (i.e. pH and Eh), ﬂuid composition, solid/fluid
ratio, mineral composition, mineral texture, the crystallographic relationships and the
development of epitaxies. (Duan et al., 2021; Putnis, 2015).
Porosity evolution with increasing temperature is simultaneous with porosity destruction
through compaction and recrystallization (Putnis, 2015). The hydrothermal replacement of
calcite by apatite demonstrated that a small increase in reaction temperature from 140 to 160
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°C could lead to a dramatic change in pore characteristics (Jonas et al., 2013). At lower
temperatures, the pores are small and parallel to the reaction interface, whereas the pores are
larger and perpendicular to the interface at higher temperatures (Jonas et al., 2013). Pore
geometry was evolved by the temperature-dependent reaction rates (Jonas et al., 2013).
The chemical environment plays an important role in determining the characteristics of the
reaction-induced porosity. It was shown in the replacement of pentlandite by violarite (Xia et
al., 2009a), leucite by analcime (Xia et al., 2010b) and calaverite by gold (Zhao et al., 2009)
that the fluid pH can influence the reaction mechanisms and kinetics hence, the reaction
product.
The fluid composition is an important parameter for mineral porosity. As shown in the leaching
of chalcopyrite (CuFeS2) (Hidalgo et al., 2018) and sphalerite (ZnS) (Nikkhou et al., 2021) by
methanosulfonic acid (MSA), permeable pores generated in the elemental sulphur product
allow fluid and mass transfer from/to reaction sites. In the case of initial Pb2+ (0.163 M), the
experiments resulted in the formation of nonporous anglesite (PbSO4) in the prolonged leaching
reactions (Nikkhou et al., 2021). This anglesite layer blocked the porous sulphur rim, which
ultimately passivating the sphalerite core. Pores in sulphur coarsened, and thus specific pore
surface area was decreased in the later reaction stage (Nikkhou et al., 2021).
The microstructure of the product minerals is another important factor for the replacement
progress based on the permeability of the product mineral (Jonas et al., 2013). The formation
of impermeable product minerals might passivate the primary mineral and prevent or inhibit
the replacement (Nikkhou et al., 2019; Nikkhou et al., 2020a), whereas the generation of
permeable pores can provide a rapid and continuous replacement (Hidalgo et al., 2018; Nikkhou
et al., 2021). On the other hand, the microstructure and chemical reactivity of the primary
minerals in the replacement of limestone by fluorite showed that the characteristics of the
reaction-induced porosity were significantly affected by these reaction parameters (Weber et
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al., 2019). In the case of a primary mineral with a low chemical reactivity and porosity, the
grain boundaries were the reaction pathways, and the slow replacement reaction was
decelerated (Weber et al., 2019). A product phase with two diﬀerent regions was generated
(Weber et al., 2019). The gradient in the solid reaction product acted as a proxy for the evolution
of the fluid composition at the reaction interface as the reaction rim formed under local
oversaturation with regard to the respective product phase (Jonas et al., 2015). On the other
hand, a higher initial porosity in the primary mineral accelerated the replacement reaction
because of the higher reactive surface area and more accessible fluid pathways (Weber et al.,
2019). Initial porosity in the primary mineral also influenced the porosity characteristics in the
product, macropores formed in the high porosity limestone, whereas mainly nanoscale pores
formed in the low porosity limestone (Weber et al., 2019). The same group confirmed these
effects of microstructures of the primary mineral and chemical reactivity for the replacement
of limestone by dolomite (Weber et al., 2021).
1.2.3.1. Porosity evolution in the replacement of calcite by calcium sulphates
The replacement reaction of calcite (CaCO3) by calcium sulphates (CaSO4·xH2O) is common
in the exploitation of subsurface carbonate rocks as oil, gas and groundwater reservoirs, CO2
sequestration, the preservation of stone-built cultural heritage, the remediation of sulphatebearing acid mine drainage (AMD) and cement production (Ruiz-Agudo et al., 2016). In these
systems, the replacement of carbonate minerals by sulphates can signiﬁcantly modify the
porosity of the original mineral assemblage (Ruiz-Agudo et al., 2016). For example, various
metal sulphates could be released in the AMD environments due to sulphide oxidation.
Depending on the mineralogical composition of tailings, sulphide oxidation can be partially
neutralized by calcium carbonates (Elghali et al., 2021; Huang and Yang, 2021). In another
example, in CO2 geological sequestration, supercritical CO2 is injected into a deep saline
aquifer. In the formation of the reservoir rocks for CO2 sequestration, calcite dissolution and
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gypsum precipitation are likely reactions {Garcia, 2011 #774}. All in all, in each of these
applications, the reaction-induced porosity is a critical factor in order to prevent or allow further
replacement.
The replacement of calcite by calcium sulphates leads to a volume expansion in the reaction
product (ΔVmCal→Gy= 98.6% and ΔVmCal→Anh= 22.9% assuming the preservation of calcium).
Therefore, the grain size is not preserved, and larger calcium sulphate grains are produced as a
result of the replacement reaction.
Earlier studies argued that the nonporous calcium sulphate product caused a passivation layer
preventing the progress of the replacement (Booth et al., 1997; Offeddu et al., 2014; Pastero et
al., 2017). Booth et al. (1997) suggested that the epitaxial growth of gypsum (CaSO4·2H2O) on
the calcite (CaCO3) surface was present. It was argued that the formation of a uniform and
nonporous gypsum layer was passivating the surface against further reaction (Booth et al., 1997;
Offeddu et al., 2014). However, a recent study showed that the calcium sulphate product was
porous, and such porosity could result from the molar volume deficient replacement due to the
local concentration differences based on the transport-limited ion diffusion (Ruiz-Agudo et al.,
2015b). According to this hypothesis, if the primary calcite dissolves into a thin solution layer,
the calcium sulphate product can be porous, while the product would be nonporous if the
solution layer is thicker (Ruiz-Agudo et al., 2015b). It was also shown that the growth
mechanism of the crystals could affect the porosity generation in the product (Ruiz-Agudo et
al., 2016). If there is a good epitaxial fit between primary and secondary phases, a layer-bylayer precipitation mechanism would appear, while in contrast, 3D heterogeneous nucleation
with some pore space may form at the interface between the primary and secondary phases,
which would slow down the passivation (Ruiz-Agudo et al., 2016). The angular misﬁt between
matching directions of the calcite and calcium sulphates was suggested as the reason for the
formation of 3D crystals with intergranular pore space instead of forming continuous nonporous
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layers on the calcite surface (Ruiz-Agudo et al., 2016). However, no quantitative study has been
conducted to determine porosity evolution in the replacement rim to conﬁrm these hypotheses.
1.2.3.2. Porosity evolution in the replacement of pentlandite by nickel sulphides
The replacement of pentlandite ((Ni,Fe)9S8) by violarite (NiFe2S4) and millerite (NiS) is
common in the supergene zone of nickel ore deposits, and these minerals are important
economic nickel sources (Misra and Fleet, 1973; Misra and Fleet, 1974). Therefore, insights
into the reaction-induced porosity in this mineral replacement system would contribute to the
understanding of the mineralisation processes in and around nickel deposits, as well as the
understanding of reactivity during hydrometallurgical processing (Xia et al., 2009a).
The reaction-induced porosity is generated as a result of pseudomorphic replacement of
pentlandite by violarite and further replacement of violarite by millerite, and these replacements
are volume deficit reactions (ΔVmPn→Vo= –17.9% assuming the preservation of sulphur,
ΔVmVo→Mlr= –75.4% assuming the preservation of nickel). Earlier porosity studies showed
that the reaction-induced porosity was slightly higher than the molar volume difference between
pentlandite and violarite (ΔVm= –16.8% in their study) (Xia et al., 2014b).
The reaction-induced porosity is nanometre-sized elongated pores in the pseudomorphic
replacement of pentlandite by violarite (Xia et al., 2009a). The reaction pathway changes, and
violarite/millerite assemblage with pores also forms at varying temperatures between 160 – 210
°C (Xia et al., 2009a). Additionally, hematite precipitates as a by-product of these replacement
reactions (Xia et al., 2009a).
A complete replacement of pentlandite by violarite was possible thanks to the fluid flow through
these pores, however, the replacement progress stopped after only 32% replacement of
pentlandite by violarite at 125 °C pH 5 (Xia et al., 2009a), and the driving mechanism of this
behaviour was not fully understood. On the other hand, millerite replaces violarite; however,
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no investigation has been conducted on the porosity evolution in replacing violarite/millerite
assemblage.
Porosity evolution was hypothesized over an extended period of time in the supergene
environment because the natural violarite showed a reduced volume of pores with a diameter
of less than ~300 nm (Xia et al., 2014b). Pores were distributed mostly less than 100 nm, and
natural violarite (18.1 %) showed a similar porosity to synthetic violarite (18.8 %) (Xia et al.,
2014b). This could be a clue that the reaction-induced porosity could survive in a geological
time.
1.3. Research objectives
The generation mechanisms of the reaction-induced porosity were established but not
adequately studied for different mineral systems, including the mineral replacement model
systems selected to study for this PhD thesis. A very limited number of mineral porosity studies
have been conducted for mineral systems that have no crucial applications. Moreover, the
evolution of the reaction-induced porosity during and after the complete replacement is still
poorly understood, and so far, no quantitative study has been carried out to understand the
evolution of such porosity.
The principal aim of this project is to design and develop experimental fluid-mineral systems
to investigate the evolution of the reaction-induced porosity systematically and quantitatively
in the mineral replacement reactions of model systems.
In this regard, the specific objectives of this project are:
•

To obtain insights into the generation and evolution mechanisms of porosity in sulphide
and sulphate minerals under varying reaction conditions.
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•

To investigate the porosity evolution in detail by analysing the statistics of open/closed
porosity, the pore connectivity, pore size distribution and spatial pore distribution in
time.

•

To understand the relationship between mineral replacement and porosity evolution
mechanisms.

•

To evaluate the passivation mechanisms resulting from the formation of nonporous
layers.

•

To study the porosity control in the leaching application.

1.4. Thesis structure
Chapter 1 provides an introduction and a brief review of the literature. The main body of this
research work is sub-divided into five chapters.
Chapter 2 investigates the porosity generation and evolution in the replacement of calcite by
calcium sulphates under varying pH and temperatures using X-μCT. The results revealed that
a wide range of pores from nanometres to micrometres was generated via the overgrowth and
the coupled dissolution-reprecipitation mechanisms. The replacement mechanisms and
products were sensitive to reaction parameters. The porosity coarsening took place via the
recrystallisation driven by the minimisation of surface energy differences. Such differences in
the surface energies determined the rate of the porosity coarsening.
Chapter 3 focuses on the quantitative investigation of porosity formation and evolution during
the replacement of calcite by gypsum using combined USANS/SANS and X-μCT and SEM
techniques. An appropriate experimental condition was selected for the main component of this
experiment was carried out with Kookaburra (USANS) and Bilby (SANS) instruments at
ANSTO. The replacement of calcite by gypsum demonstrated two distinct textures in the
replacing grain due to the overgrowth and the coupled dissolution-reprecipitation mechanisms.
The porosity evolution continued over 18 months of reaction and was rapid during the
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replacement process and in the first week after complete replacement. This was because the
reaction-induced porosity is driven by dissolution and precipitation reactions during the
replacement reactions. After that, the porosity coarsening was driven by the minimisation of
surface energy differences between the nanometre-sized pores and micrometre-sized pores.
This coarsening was rapid until nanometre-sized gypsum crystals were re-equilibrated to
micrometre-sized gypsum crystals in the first week after the complete replacement and
continued slowly in time. During this coarsening process, the initially closed pores were
converted to open pores in the prolonged reaction. Long-term reactions (180, 365 and 547 days)
showed the formation of elongated nanometre-sized pores via layer-by-layer precipitation of
large gypsum crystals, and some of these pores were closed.
Chapter 4 focuses on the quantitative investigation of porosity formation and evolution in the
replacement of pentlandite by violarite and violarite/millerite under mild hydrothermal
conditions. The effects of the reaction parameters (pH and temperature) on the evolution of
porosity in the product phases were investigated by FIB-SEM tomography. The results revealed
that the reaction parameters were critical to determining the pore space and geometry as well
as porosity evolution kinetics in product minerals. Porosity characteristics then influence the
replacement reaction, as the replacement can further progress to completion or can be inhibited.
Chapter 5 presents the quantitative investigation of porosity formation and evolution during the
hydrothermal replacement of pentlandite by violarite using combined (U)SANS and FIB-SEM
tomography and SEM techniques. The main component of this experiment was performed using
USANS (Kookaburra) and SANS (Bilby) instruments at ANSTO. The replacement of
pentlandite by violarite over 538 days of reaction confirmed that the interconnected open
nanometre-sized pores provided fluid pathways for the completion of the replacement. The pore
space and open-pore network were preserved while the pores coarsened preferentially at the
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rim. Nonporous layers formed perpendicular to the elongated violarite crystals in the long-term
evolution of the nanometre-sized elongated pores.
Chapter 6 demonstrates a case study of the application of porosity control in enhancing
chalcopyrite leaching. The results revealed that the leaching of chalcopyrite could be enhanced
by the removal of passivating sulphur layer by a tetrachloroethylene-assisted solution.
However, solution composition was also a critical parameter since a nonporous jarosite layer
passivated the chalcopyrite grain at the later stage.
Chapter 7 provides the summary and conclusions of this research work and suggests possible
future research directions.
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Chapter 2
Porosity generation and evolution in the
replacement of calcite by calcium
sulphates: A quantitative X-ray microtomography study

Abstract
Porosity is one of the typical features of the minerals formed via fluid-mediated mineral
replacement reactions, and these reactions are widespread phenomena in nature. Therefore,
understanding the mechanisms of such reaction-induced porosity is essential for geological and
engineering processes. In this study, we studied the effect of the reaction conditions on the
generation and evolution of the reaction-induced porosity in the model replacement reactions
of calcite (CaCO3) by calcium sulphates. Nonporous calcite (Iceland spar) was replaced by
porous gypsum (CaSO4·2H2O) or anhydrite (CaSO4) under different pH (1 and 4) and
temperature (25 °C and 220 °C) conditions. Using field emission scanning electron microscopy
(FESEM) and X-ray micro-computed tomography (X-μCT) techniques, this study showed that
the replacing calcium sulphates contain a wide size range of pores from nano to micrometres.
The X-μCT results revealed that these pores were mainly interconnected (≥82.1%), which
enabled the fluid flow through these pathways and the completion of the replacement. Porosity
was generated in the volume increasing replacement of calcite by calcium sulphates based on
the overgrowth and the coupled dissolution-reprecipitation (CDR) mechanisms. These two
mechanisms developed two different textures along the grain, large calcium sulphate crystals
with micrometre-sized pores at the edge and small calcium sulphate crystals with nanometresized pores at the inner grain. The mineral porosity was determined by the replacement
mechanisms that were affected by the reaction pH and temperature. The mineral porosity
increased and coarsened with time for all conditions. Porosity coarsening was due to the
minimisation of the surface energy differences driven by the Ostwald ripening mechanism. This
resulted in the faster porosity coarsening in the existence of small and large crystals, whereas
the coarsening was slow in the case of only large crystals.
Keywords: Porosity, mineral replacement, calcite, gypsum, anhydrite, X-μCT.

23

2.1. Introduction
This chapter focuses on the generation and evolution of the mineral porosity in the model
replacement of calcite by calcium sulphates. This system is well suited for this study because it
has a fast reaction time (hours) with visible porosity evolution and a stable reaction product.
Besides, this model replacement system is important for numerous geological and engineering
applications (See Chapter 1). Although the earlier studies presented the evolution of textures,
mineralogy, and crystallography of the replacement products (Booth et al., 1997; Offeddu et
al., 2014; Pastero et al., 2017; Ruiz-Agudo et al., 2016; Ruiz-Agudo et al., 2015b), the
mechanisms of the porosity evolution remain unclear. Besides, no detailed or quantitative study
on the mineral porosity has been conducted for this mineral replacement system yet. Moreover,
the replacement of calcite by calcium sulphate produces an increased volume in the product
phase, and the mechanisms of the generation and evolution of the mineral porosity in such
replacement reactions are still poorly understood.
This chapter studied the effect of pH (1 and 4) and temperature (25 °C and 220 °C) during 180
days of reaction to better understand the reaction-induced porosity in replacing calcium
sulphates, as well as the relationship between the replacement reaction and porosity evolution
mechanisms. Using a combination of FESEM and X-μCT, this study investigated the porosity
evolution systematically in time. FESEM was used to collect qualitative information such as
pore geometry and spatial distribution. Since the majority of the reaction-induced porosity
consisted of micrometre-sized intergranular pores, the X-μCT technique was used to extract
both qualitative and quantitative information about the porosity evolution in terms of volume,
size distribution, geometry, spatial distribution. Combining these microscopic and tomographic
results with the mineralogical results from PXRD, this chapter provided a better picture for the
understanding of the reaction-induced porosity.
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2.2. Materials and methods
2.2.1. Materials
A natural Iceland spar specimen with a low impurity was used as the starting mineral in the
replacement experiments. The calcite sample was crushed and sieved to a 106-250 µm size
fraction. The electron probe micro-analyser (EPMA) analysis showed that the chemical
composition of the calcite is 99.91 wt.% CaCO3 with relatively small amounts of
homogeneously distributed 0.09 wt.% MgCO3, 0.12 wt.% MnCO3 and 0.30 wt.% SrCO3. The
crystal structure was determined by synchrotron powder X-ray diffraction (PXRD) (Fig. 2.1a).
Based on the Rietveld refinement, the hexagonal calcite unit cell (space group R3̅c) has a
parameter of a = b = 4.9879 Å, c=17.0540 Å very close to the reported value (a = b = 4.9880
Å, c=17.0610 Å) (Markgraf and Reeder, 1985). The calcite grains exhibited sharp edges and
perfect cleavage along {101̅4} (Fig. 2.1b,c).
The reaction solution was prepared using Milli-Q water and analytical grade chemicals: H2SO4
(98%, Aldrich), CH3COOH (anhydrous, 100%, Merck), CH3COONa (≥99.0%, Merck),
Na2SO4 (anhydrous, ≥99.0%, Aldrich).
In order to achieve a complete replacement, more than enough SO42- (>66.54 mM) was provided
in the reaction solution. For pH 1 experiments, a composition of 0.1 M H2SO4 (98%, Aldrich)
was prepared with Milli-Q water. For pH 4 experiments, a composition of 0.3 M buffer mixture
0.2487 M CH3COOH (anhydrous, 100%, Merck), 0.0513 M CH3COONa (≥99.0%, Merck) and
0.2 M Na2SO4 was prepared with Milli-Q water.
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Fig. 2.1. The starting calcite. (a) Synchrotron PXRD pattern with Rietveld analysis; the red and
black patterns are the data and calculated pattern respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of calcite (cyan); Rwp and χ2 are criteria of the fitting quality. (b) SE image of the grain
surface, and (c) BSE image of the cross-section of a typical grain.
2.2.2. Replacement experiments
The replacement experiments were performed using 25 mL glass reactors (Schott) for 25 °C
(±4 °C) and 22.5 mL polytetrafluoroethylene (PTFE) lined stainless steel autoclaves for 220 °C
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(±4 °C). Both glass and PTFE-lined reactors were cleaned by using aqua regia (HCl:HNO3, 3:1)
and acetone and then rinsed with deionised water prior to use. For the experiments at 25 °C (±4
°C) and 220 °C (±4 °C), 66.6 mg of calcite was added into the reactors, and then 10 mL solution
was added into each reactor. After samples were loaded, the sealed reactors were placed into
an oven at 220 °C (±1 °C) and in a water bath at 25 °C (±4 °C). The reacted samples were
collected at varying stages: (i) partial and (ii) complete replacement, (iii) up to 4320 h after the
complete replacement. For the experiments at 220 °C, the reactors were cooled to room
temperature. Then, each reactor was opened, the reacted fluid was collected, and its volume and
pH were measured. The reacted grains were washed with acetone 5 times and left to dry at room
temperature. After drying, the solid residue was weighed and then stored for further analysis.
2.2.3. Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy
(EDS)
SEM-EDS examinations were performed using a TESCAN CLARA field emission scanning
electron microscope (FESEM) equipped with an energy dispersive spectrometer (EDS).
Electron micrographs were taken from the particle surfaces and cross-sections using a
secondary electron (SE) or a backscattered electron (BSE) detector.
For the particle cross-section examinations, particles were embedded into epoxy resin and left
to be cured for over 24 h. These resin blocks were ground by 1200 grit silicon carbide abrasive
papers and then polished using 3 µm and 1 µm oil-based diamond suspensions. A non-aqueous
ﬂuid (decane, anhydrous, ≥99%, Aldrich) was used for polishing to prevent artefacts resulting
from the water-soluble nature of calcite (CCal=0.013 gL-1), gypsum (CGp=2.08 gL-1) (Seidell
and Linke, 1941) and anhydrite (CAnh=3.08 gL-1) (Johnson et al., 1992). After surface cleaning
with ethanol (absolute grade, ≥99%, Aldrich) and drying, the resin blocks were coated with a
thin (~20 nm) carbon film to provide a conductive layer on calcite/gypsum minerals. Electron
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micrographs were taken using an accelerating voltage of either 5 or 10 kV. For EDS analyses,
the spectra were collected at 10 kV, and the acquisition time was set to 600 seconds.
2.2.4. Powder X-ray diffraction (PXRD)
The starting calcite was analysed by synchrotron-based high-resolution powder X-ray
diffraction (PXRD) at the Australian Synchrotron powder diffraction beamline. A LaB6
standard (NIST SRM 660b) was used to calibrate the X-ray wavelength (0.590928 Å) and zero
shift. The powder sample was ground and loaded into a glass capillary with an outer diameter
of 0.7 mm and a wall thickness of 0.01 mm. A high-resolution Mythen detector under the
Debye-Scherrer geometry was used to collect the diffraction pattern over a 2-theta range of 1.570o.
The starting calcite before and after reactions was analysed by a laboratory-based PXRD, using
a GBC Enhanced Mini-Materials Analyser (εMMA) X-ray diffractometer with a nickel filtered
Cu Kα X-ray source (λ=1.5419 Å) operated at 35 kV and 28 mA. The diverging, receiving and
scattering slits were chosen as 2°, 0.3° and 3°, respectively. The detector zero shift and
instrumental peak profile were determined by using a quartz standard. In a typical data
collection, ~20 mg of finely ground sample was mixed with ethanol in a mortar, and then the
powder was uniformly spread on a silicon ‘zero-background’ sample holder. After the
evaporation of ethanol, the diffraction pattern was collected over the 2θ range of 10–60° with a
step size of 0.02° and a scan speed of 0.5 o/min.
Rietveld refinement of the X-ray diffraction patterns was performed to obtain unit cell
parameters and quantitative phase fractions (Hill and Flack, 1987; Rietveld, 1969) using
TOPAS Academic v6.0 software. In a typical refinement process, firstly, the background and
scale factors, secondly, unit cell parameters and lastly, peak-shape parameters were refined. For
each refinement, the background was modelled using a fifth-order polynomial function, and the
peak shape was modelled using a pseudo-Voigt function considering both Gaussian and
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Lorentzian convolutions. The initial structural models of the mineral phases were taken from
the COD database: #96-900-0966 for calcite (Markgraf and Reeder, 1985), #96-901-3165 for
gypsum (Comodi et al., 2008) and #96-900-4097 for anhydrite (Hawthorne and Ferguson,
1975). Good refinement was provided by low values of the weight-profile R-value Rwp and
goodness of fit χ2 (McCusker et al., 1999). The weight percentages of the phases were calculated
by,
Wp=(SZMV)p/Σi(SZMV)i

(2.1)

where Wp is the relative weight percentage of phase p, S is the scale factor, Z is the number of
formula units per unit cell, M is the molecular weight of the formula unit, and V is the volume
of the unit cell. i represents each phase in the mixture. The absolute weight percentage of each
phase was then calculated by,
Wp_abs = Wp × (mr / mcal)

(2.2)

where Wp_abs is the absolute weight percentage, mr is the mass of the solid residue, and mcal is
the mass of the starting calcite. The absolute weight percentages show whether the reactions
proceeded through gaining constitutes from the solution or removing constitutes from calcite
to the solution.
2.2.5. X-ray micro-computed tomography (X-μCT)
The reacted grains were distributed on a double-sided sticker (60 μm) on a 4×20×0.1 μm
(W×H×D) PET sheet. The samples were scanned at 80 kV and 87.5 μA (7 Watts) using a Zeiss
Versa 520 X-ray micro-computed tomography running Scout and Scan software
(v11.1.5707.17179, Zeiss). A total of 2401 projections (5 sec/projection) were collected over
360°, and no source filters were applied. 2 times binning was used to achieve a good signal to
noise ratio, and a 20x optical lens was used to achieve an isotropic voxel resolution of 0.6-0.75
μm. Raw data were reconstructed using XMReconstructor software (v10.7.3679.13921, Zeiss)
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with a standard centre shift and beam hardening correction and a 0.7 kernel size reconstruction
filter setting.
The analysis and visualisation of the reconstructed X-μCT data were performed. The 3D models
with a voxel size of 0.6-0.75 μm3 were reconstructed for each sample grain. The data processing
of the 3D models includes the following steps: (i) sub volume extraction, (ii) filtering, (iii)
thresholding and labelling of the solid phase, (iv) application of ambient occlusion, (v)
thresholding of the pores, (vi) separation of the pores and (vii) label analyses of the mineral
phases and pores and (viii) generation of images and videos. All data processing steps were
conducted in Avizo software (v9.4, Thermo Fischer). The region of interest (ROI) was extracted
from the total volume to reduce the data size and computation time. An anisotropic or non-local
means filter was applied to reduce the noise of the data. Segmentation of the mineral phases
was carried out using the grayscale thresholding. The segmented data was further improved by
marker-based watershed segmentation and segmentation tools (i.e., brush, interpolation). After
the segmentation of the solid phases, morphological filters (i.e., opening, closing, erosion,
dilatation, fill holes, removing small spots) were used to have better-delimiting features. After
that, the ambient occlusion process (Baum and Titschack, 2016; Titschack et al., 2018) was
performed with 100 rays The resulting data from ambient occlusion was subjected to grayscale
thresholding, and hence, the pore phase was segmented. Once both mineral and pore phases
were segmented, label analyses were performed to gain crucial information: i) porosity, ii)
specific surface area, iii) pore size distribution, iv) interconnectivity of pores. Lastly, images
and videos were created from the 3D reconstructed grains.
2.3. Results
2.3.1. The evolution of mineralogy and sample texture
The mineralogical changes during the transformation of calcite at different pH and temperature
conditions are evident in the PXRD patterns (Fig. 2.1, Fig. 2.2, Fig. 2.4), their quantitative phase
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analyses (Fig. 2.2b,d, Fig. 2.4b,d, Table 2.1) and microscopic observations (Fig. 2.1b,c, Fig.
2.3, Fig. 2.5, Fig. 2.7). The PXRD patterns (Fig. 2.2, Fig. 2.4) and the SEM cross-section images
(Fig. 2.3, Fig. 2.5) revealed that the starting calcite was replaced by gypsum at 25 °C (Fig. 2.2,
Table 2.1) and anhydrite at 220 °C (Fig. 2.4, Table 2.1). The complete replacement was
achieved in all experimental conditions (Fig. 2.2, Fig. 2.4, Table 2.1).

Fig. 2.2. PXRD patterns collected from the reaction products and the corresponding outcomes
of the quantitative phase analyses for 220 °C and (a,b) pH 1, (c,d) pH 4. (b,d) The outcomes of
the quantitative phase analyses using (a,c) PXRD patterns of the products show the change in
phase abundance (in absolute wt.%) in the replacement of calcite at 4, 12, 24, 48, 96, 168, 672,
2160, 4320 h.
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Table 2.1. Summary of reaction conditions and the phase abundance of the products.
Temp.

pH

pH

Time

∆m

(oC)

before

after

(h)

(%)e

25CpH1_4h

25

1.05

1.41

4

13.4

Cal(29) Gp(84)

25.4

Cal(29) Gp(96)

25CpH1_12h

25

1.05

1.44

12

27.9

Cal(23) Gp(105)

43.5

Cal(23) Gp(120)

25CpH1_24h

25

1.05

1.46

24

14.4

Cal(21) Gp(92)

26.6

Cal(21) Gp(105)

25CpH1_96h

25

1.05

1.48

96

24.9

Cal(19) Gp(105)

39.5

Cal(19) Gp(120)

25CpH1_168h

25

1.05

1.47

168

21.8

Cal(12) Gp(109)

37.1

Cal(12) Gp(125)

25CpH1_672h

25

1.05

1.53

672

32.4

Gp(132)

51.5

Cal(0) Gp(151)

25CpH1_2160h

25

1.05

1.54

2160

36.9

Gp(137)

57.3

Cal(0) Gp(157)

25CpH1_4320h

25

1.05

1.54

4320

36.8

Gp(137)

57.3

Cal(0) Gp(157)

25CpH4_4h

25

4.07

4.57

4

18.1

Cal(43) Gp(75)

29.1

Cal(43) Gp(86)

25CpH4_12h

25

4.07

4.85

12

48.3

Cal(14) Gp(134)

67.8

Cal(14) Gp(153)

25CpH4_24h

25

4.07

4.88

24

41.5

Gp(141)

61.9

Cal(0) Gp(161)

25CpH4_48h

25

4.07

4.89

48

43.4

Gp(143)

64.2

Cal(0) Gp(164)

25CpH4_168h

25

4.07

4.91

168

41.0

Gp(141)

61.9

Cal(0) Gp(161)

25CpH4_672h

25

4.07

4.90

672

43.2

Gp(143)

64.2

Cal(0) Gp(164)

25CpH4_2160h

25

4.07

4.90

2160

45.9

Gp(146)

67.6

Cal(0) Gp(167)

25CpH4_4320h

25

4.07

4.91

4320

46.0

Gp(146)

67.6

Cal(0) Gp(167)

220CpH1_4h

220

1.08

1.87

4

9.8

Cal(42) Anh(68)

4.0

Cal(42) Anh(62)

220CpH1_12h

220

1.08

1.85

12

15.9

Cal(31) Anh(85)

8.5

Cal(31) Anh(77)

220CpH1_24h

220

1.08

1.85

24

8.3

Cal(29) Anh(79)

1.0

Cal(29) Anh(72)

220CpH1_96h

220

1.08

1.78

48

11.7

Cal(20) Anh(92)

3.9

Cal(20) Anh(83)

220CpH1_168h

220

1.08

1.94

168

7.2

Cal(6) Anh(101)

-1.9

Cal(6) Anh(92)

220CpH1_672h

220

1.08

1.92

672

10.2

Anh(110)

0.3

Cal(0) Anh(100)

220CpH1_2160h

220

1.08

1.93

2160

12.8

Anh(113)

3.1

Cal(0) Anh(103)

220CpH4_4h

220

4.07

4.86

4

10.2

Cal(39) Anh(71)

3.7

Cal(39) Anh(64)

220CpH4_12h

220

4.07

4.84

12

7.2

Cal(29) Anh(78)

0.1

Cal(29) Anh(71)

220CpH4_24h

220

4.07

4.83

24

3.6

Cal(28) Anh(75)

-3.6

Cal(28) Anh(68)

220CpH4_96h

220

4.07

4.88

48

-5.9

Cal(21) Anh(73)

-12.4

Cal(21) Anh(66)

220CpH4_168h

220

4.07

4.89

168

9.2

Cal(16) Anh(93)

0.8

Cal(16) Anh(84)

220CpH4_672h

220

4.07

4.91

672

8.7

Cal(6) Anh(103)

-0.1

Cal(6) Anh(93)

220CpH4_2160h

220

4.07

4.98

2160

8.6

Anh(109)

-0.6

Cal(0) Anh(99)

Experimental Name

a

∆ν
(%)f

Products (vol.%)h

Particle size: 106-250 μm.

b
c

Products (wt.%)g

Initial mass: 66.6 mg.

Initial solution volume: 10 mL.

d

Solution composition: (i) pH 1: 0.1 M H2SO4, (ii) pH 4: 0.2 M Na2SO4, 0.2487 M CH3COOH, 0.0513 M

CH3COONa.
e
f

Percentage change in mass.

Percentage change in volume.

g

Absolute weight percentage of the mineral phase(s) in the reaction products.

h

Absolute volume percentage of the mineral phase(s) in the reaction products.

i

Mineral abbreviations: Cal = Calcite; Gp=Gypsum; Anh = Anhydrite.

At 25 °C and pH 1, the product consisted of 21 wt.% (21 vol.%) of unreacted calcite and 92
wt.% (105 vol.%) of gypsum (Fig. 2.2a,b, Table 2.1). The gypsum precipitated on the surface
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of the calcite grains with a sharp reaction front between calcite and gypsum after 24 h (Fig.
2.3a). The outer rim revealed the 3D orientation of the gypsum crystals with micrometre-sized
pores (Fig. 2.3a), whereas inner gypsum crystals show nanometre-sized pores (Fig. 2.3b). After
672 h, these nanometre-sized pores coarsened into the larger pores (Fig. 2.3d) and ultimately
resulted in the formation of pure gypsum grain with an increased absolute weight (146 wt.%)
and volume (151 vol.%) (Fig. 2.2a,b, Fig. 2.3c, Table 2.1). The gypsum grain consisted of
mostly micrometre-sized pores except for the elongated nanometre-sized pores within the large
gypsum crystals (Fig. 2.3d). After 2160 h, these nanometre-sized elongated pores were still
available within the large gypsum crystals (Fig. 2.3f, h). After 4320 h, the gypsum crystals at
the rim became less porous, smaller gypsum crystals disappeared in the centre of the grain, and
more micrometre-sized spaces were observed (Fig. 2.3e,g). The absolute weight and volume of
the gypsum were 137 wt.% and 157 vol.% after 2160 h, and these values did not change after
4320 h (Table 2.1).
At 25 °C and pH 4, the partially replaced product consisted of 43 wt.% (43 vol.%) of unreacted
calcite and 75 wt.% (153 vol.%) of large gypsum crystals after 4 h (Fig. 2.2d, Fig. 2.3i-p, Table
2.1). These large gypsum crystals mainly contained micrometre-sized pores (Fig. 2.3i,j) and did
not envelope the grain surface of calcite. As a result, the replacement was fast and nearly
completed only after 24 h with positive weight (141 wt.%) and volume (161 vol.%) changes
(Fig. 2.2c,d, Fig. 2.3k, Table 2.1). A small number of calcite crystals was found in the large
gypsum crystals, which could not be detected by PXRD (Fig. 2.2c,d, Fig. 2.3l). Small pores
were healed (Fig. 2.3l) and the product grain comprised of large gypsum crystals (Fig. 2.3k).
Porosity healing continued in the prolonged experiments after 2160 h and 4320 h, and the
product was mostly large gypsum crystals free from nanometre-sized pores (Fig. 2.3m-p). The
absolute weight and volume of the gypsum were 146 wt.% and 167 vol.% after 2160 h, and
these values remained unchanged after 4320 h (Table 2.1).
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Fig. 2.3. Cross-sectional BSE images show the textural evolution of gypsum during the
replacement of calcite at 25 °C. The textural evolution was demonstrated for pH 1 after (a,b)
48 h, (b,c) 672 h, (d,e) 2160 h, (g,h) 4320 h, and pH 4 after (i,j) 4 h, (k,l) 24 h, (m,n) 2160 h,
(o,p) 4320 h. The micrographs from (a,c,e,g,i,k,m,o) the whole grain and (b,d,f,g,j,l,n,p) the
zoomed-in surfaces, showing the evolution of nano-/micrometre-sized pores within the
replacing gypsum.
At 220 °C and pH 1, the product consisted of 31 wt.% (31 vol.%) of unreacted calcite and 85
wt.% (77 vol.%) of anhydrite after 12 h (Fig. 2.4a,b, Fig. 2.5a,b, Fig. 2.6a-e, Table 2.1).
Anhydrite precipitated on calcite appeared as a thick rim consisting of nanometre-sized
elongated channels between large anhydrite crystals (Fig. 2.5a,b). The thick anhydrite rim was
present in the complete replacement after 96 h (Fig. 2.5c) with a highly porous interior texture
consisting of anhydrite nanocrystals surrounded by nanometre-sized pores (Fig. 2.5d). After
672 h, a coarsening of the inner anhydrite nanocrystals was observed (Fig. 2.5e,f). The porosity
coarsening continued in time, which resulted in micrometre-sized pores after 2160 h (Fig.
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2.5g,h). The absolute weight and volume of the products were 110 wt.% and 100 vol.% after
672 h, slightly increased to 113 wt.% and 103 vol.% after 4320 h (Fig. 2.4a,b, Table 2.1).

Fig. 2.4. PXRD patterns collected from the reaction products and the corresponding outcomes
of the quantitative phase analyses for 220 °C and (a,b) pH 1, (c,d) pH 4. (b,d) The outcomes of
the quantitative phase analyses using (a,c) PXRD patterns of the products show the change in
phase abundance (in absolute wt.%) in the replacement of calcite at 4, 12, 24, 48, 96, 168, 672,
2160 h.
At 220 °C and pH 4, the product consisted of 21 wt.% (21 vol.%) of unreacted calcite and 73
wt.% (66 vol.%) of anhydrite after 96 h (Fig. 2.5i,j, Table 2.1). At this reaction stage, large
anhydrite crystals formed on calcite (Fig. 2.5i) with mostly intergranular pores in the outermost
rim and some pores near the reaction front (Fig. 2.5j). Calcite crystals were replaced at the
outermost rim and through the core of the grains, and thus, calcite crystal islands were
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surrounded by anhydrite (Fig. 2.5i,j, Fig. 2.6f-j). After 168 h, the reaction product was 16 wt.%
(16 vol.%) of unreacted calcite and 93 wt.% (84 vol.%) of porous anhydrite (Fig. 2.4a,b, Fig.
2.5k, Table 2.1). Anhydrite with a smaller pore size was observed (Fig. 2.5l). After 672 h, the
reaction product was 6 wt.% (6 vol.%) of unreacted calcite and 103 wt.% (93 vol.%) of
anhydrite (Fig. 2.4c,d, Fig. 2.5m,n, Table 2.1). Anhydrite consisted of mostly micrometre-sized
pores (Fig. 2.5m), and calcite was surrounded by thick anhydrite crystals (Fig. 2.5n). After 2160
h, the complete reaction produced 109 wt.% (99 vol.%) anhydrite (Fig. 2.4c,d, Table 2.1), and
the further porosity coarsening in anhydrite resulted in several micrometre-sized pores along
the grain (Fig. 2.5o,p Table 2.1).

Fig. 2.5. Cross-sectional BSE images show the textural evolution of gypsum during the
replacement of calcite at 220 °C. The textural evolution was demonstrated for pH 1 after (a,b)
12 h, (b,c) 96 h, (d,e) 672 h, (g,h) 2160 h, and pH 4 after (i,j) 96 h, (k,l) 168 h, (m,n) 672 h,
(o,p) 2160 h. The micrographs from (a,c,e,g,i,k,m,o) the whole grain and (b,d,f,g,j,l,n,p) the
zoomed-in surfaces, showing the evolution of nano-/micrometre-sized pores within the
replacing gypsum.
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Fig. 2.6. EDS analyses of the replaced grains at (a-e) 220 °C, pH 1 after 12 h and (f-j) 220 °C,
pH 4 after 48 h. (a-d, f-i) elemental mapping, (e,f) EDS spectra of the grains.
The grain surface images of the replacement products at varying temperatures (25 °C and 220
°C), pH (1 and 4) and time (12-4320 h) revealed the surficial evolution for the completely
replaced samples (Fig. 2.7a-p). At 25 °C and pH 1, the large crystals were present in the early
stage (Fig. 2.7a,b) and evolved into smaller beads-like gypsum crystals after 4320 h (Fig.
2.7c,d). At 25 °C and pH 4, elongated and pseudohexagonal prismatic gypsum crystals showed
no distinct evolution at the grain surface from 24 h (Fig. 2.7i,j) to 4320 h (Fig. 2.7k,l). At 220
°C anhydrite forms as tabular crystals (Fig. 2.7e-h, m-p). At 220 °C and pH 1, the grain surface
showed planar anhydrite layers (Fig. 2.7e,f) and changed into thicker crystals with fewer
interlayer spaces (Fig. 2.7g,h). At 220 °C and pH 4, thicker anhydrite layers formed (Fig.
2.7m,n) as compared to pH 1 and evolved into thicker layers (Fig. 2.7o,p).
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Fig. 2.7. SE images of the grain surfaces show the evolution of the surface morphology in time.
The replacing gypsum crystals were shown for the experiments at 25 °C and pH 1 after (a, b)
168 h, (c,d) 4320 h; pH 4 after (i,j) 24 h, (k,l) 4320 h. The replacing anhydrite crystals were
presented at 220 °C and pH 1 after (e,f) 48 h, (g,h) 2160 h; pH 4 after (m,n) 12 h, (o,p) 2160 h.
2.3.2. 3D porosity analysis of the reacted grains
The porosity analysis of the reacted samples was carried out using the segmented X-μCT data
(Fig. 2.8, Fig. 2.11), porosity size distribution (Fig. 2.9a, Fig. 2.12a), connectivity (Fig.
2.8bd,f,j,l,n, Fig. 2.11b,d,f,j,l,n), specific surface area (Fig. 2.9b, Fig. 2.12b) and pore size
distributions of the pores (Fig. 2.10, Fig. 2.13) were investigated for the reaction products
(Table 2.2).
At 25 °C and pH 1, porosity in gypsum was 23.0% after 168 h, increased to 27.9% after 672 h
(Fig. 2.9a, Table 2.2). After 2160 h, the porosity further increased to 46.4% and did not change
after 4320 h (Fig. 2.9a, Table 2.2). The specific surface area was 0.20 μm-1 after 168 h and
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increased to 0.22 μm-1 after 672 h (Fig. 2.9b, Table 2.2). After 2160 h, the specific surface area
decreased significantly to 0.44 μm-1 and then slightly decreased to 0.42 μm-1 after 4320 h (Fig.
2.9b, Table 2.2). The pores were mainly connected, and increasing pore connectivity was
observed from 82.9% after 168 h to 99% after 4320 h (Fig. 2.8b,d,f, Table 2.2). Pore size
distributions revealed that the majority of the pores were smaller than 10 μm for the completely
replaced grains (Fig. 2.10a). After 672 h, smaller pores (5 μm and 10 μm) were generated (Fig.
2.10a). After 168 h and 672 h, the porosity was mostly contributed by pores smaller than 50 μm
(Fig. 2.10b). After 2160 h and 4320 h, the pores were coarsened as the number of small pores
(5 μm) decreased significantly (Fig. 2.10a), while the number of larger pores (>60 μm)
increased. In these prolonged experiments, the porosity was mostly contributed by the larger
pores (≥50 μm) (Fig. 2.10b).
Table 2.2. Summary of the X-μCT results.
Calciteϯ

Gypsum ϯ

Anhydrite ϯ

Porosity

Specific surface

Connected

(vol.%)

(vol.%)

(vol.%)

(%)

area (μm-1)

pores

25CpH1_168h

0

100

-

23.0

0.508

82.9

Experimental Name

(%)

ǂ

25CpH1_672h

0

100

-

27.9

0.641

95.0

25CpH1_2160h

0

100

-

46.4

0.442

99.7

25CpH1_4320h

0

100

46.4

0.426

99.0

25CpH4_168h

0

100

-

15.8

0.387

89.7

25CpH4_1672h

0

100

-

12.7

0.341

94.1

-

25CpH4_2160

0

100

-

15.4

0.297

98.4

25CpH4_4320h

0

100

-

21.7

0.276

98.8

220CpH1_168h

0

-

100

23.3

0.726

99.2

220CpH1_672h

0

-

100

28.2

0.600

98.7

220CpH1_2160h

0

-

100

35.5

0.494

98.5

220CpH4_168h

31.59

-

68.41

17.1

0.802

82.1

220CpH4_672h

0.51

-

99.49

27.8

0.742

97.0

220CpH4_2160h

0

-

100

37.5

0.694

98.7

Volume percentages excluding the volume of the pores.

At 25 °C and pH 4, porosity was 15.8% after 168 h, decreased to 12.7% after 672 h and
increased to 15.4% at 2160 h and 21.7% at 4320 h (Fig. 2.9a, Table 2.2). The percentage of the
connected pores increased gradually from 89.6% to 94.1%, 98.4 and 98.7% for 168 h, 672 h,
2160 h and 4320 h, respectively (Fig. 2.9a, Table 2.2). The specific surface area was 0.34 μm-1
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after 168 h and then gradually decreased to 0.28 μm-1 after 4320 h, respectively (Fig. 2.9b,
Table 2.2). The pores were mainly connected, and increasing pore connectivity was observed
from 82.9% after 168 h to 99% after 4320 h (Fig. 2.8j,l,n, Table 2.2). Pore size distributions
demonstrated that the majority of the pores were smaller than 10 μm for the completely replaced
grains (Fig. 2.10c). After 672 h, the number of the smaller pores decreased (Fig. 2.10c). After
2160 h and 4320 h, the pores were coarsened as the number of small pores (10 μm) decreased
(Fig. 2.10c). The reduction of the number density was less significant (Fig. 2.10c) as compared
to 25 °C and pH 1 (Fig. 2.10a). The porosity was mostly contributed by large pores (≥50 μm)
for all samples (Fig. 2.10d), which was different to the 25 °C and pH 1 (Fig. 2.10b).
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Fig. 2.8. Reconstructions of the X-μCT data for the porous gypsum grains at 168 h, 672 h, 2160
h and 4320 h. (a,c,e,g,i,k,m,o) 3D-rendered images of the single grains show the segmented
gypsum and pores. (b,d,f,h,j,l,n,p) Connected pores. Each connected pore network is labelled
with a different colour.

Fig. 2.9. (a) Porosity and (b) specific surface area (μm-1) at 25 °C and pH 1 and pH 4 after 168
h, 672 h, 2160 h and 4320 h.
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Fig. 2.10. Size distribution of pores at (a) 25 °C and pH 1, (b) 25 °C and pH 4 at 168, 672 and
2160 h. (a,c) Number densities, and (c,d) volume fractions extracted from reconstructed 3D
tomographs.
At 220 °C and pH 1, porosity is 23.3% at 168 h, increased to 28.1% at 672 h and 35.5% at 2160
h (Fig. 2.12a, Table 2.2). The products consisted of mostly connected pores and slightly
decreased from 99.2% after 168 h to 98.4% after 2160 h (Fig. 2.11b,d,f, Table 2.2). The specific
surface area was 0.73 μm-1 at 168 h, decreasing to 0.60 μm-1 at 672 h and 0.49 μm-1 at 2160 h.
(Fig. 2.12b, Table 2.2). Pore size distributions showed that the majority of the pores were
smaller than 10 μm for the completely replaced grains (Fig. 2.13a). Pores were mostly
distributed between 30-80 μm (Fig. 2.13b). After 168 h, the porosity was mostly contributed by
the pores smaller than 45 μm (Fig. 2.10b). After 672 h, the number density of the pores
decreased for the pores smaller than 40 μm and increased for the pores larger than 40 μm (Fig.
2.13a). The pore volume was mostly contributed by the pores larger than 45 μm after this stage
(Fig. 2.13b). After 2160 h, the number density continued to increase for the larger pore size Fig.
2.13a,b).
At 220 °C and pH 4, porosity was 17.1% at 168 h, increased to 27.8% at 672 h and 37.4% at
2160 h (Fig. 2.12a, Table 2.2). The extent of the connected pores increased gradually from
82.1% to 97.0%, 98.7 for 168 h, 672 h, and 2160 h, respectively (Fig. 2.11j,l,n, Table 2.2). The
specific surface area showed a slowly decreasing trend, was 0.84 μm-1, 0.74 μm-1 and 0.6 μm-1
for 168 h, 672 h and 2160 h, respectively (Fig. 2.12b, Table 2.2). Pore size distributions
demonstrated that the majority of the pores were smaller than 15 μm for the completely replaced
grains (Fig. 2.13c). Pores were mostly distributed between 0-60 μm (Fig. 2.13d). After 672 h,
the number density of the pores decreased for the pores smaller than 30 μm and increased for
the pores larger than 35 μm (Fig. 2.13c). After 2160 h, the number density of the pores
decreased for the pores smaller than 30 μm and increased for the pores with a 55 μm diameter
(Fig. 2.13c).
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Fig. 2.11. Reconstructions of the X-μCT data for the porous anhydrite grains at 168 h, 672 h
and 2160 h. (a,c,e,g,i,k) Reconstructed and segmented grains show gypsum and pores.
(b,d,f,h,j,l) Connected pores. Each connected pore network is labelled with a different colour.

Fig. 2.12. (a) Porosity and (b) specific surface area (μm-1) at 220 °C and pH 1 and 4 as a function
of time.
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Fig. 2.13. Size distribution of pores at (a) 220 °C and pH 1, (b) 220 °C and pH 4 at 168, 672
and 2160 h. (a,c) Number densities, and (c,d) volume fractions extracted from reconstructed 3D
tomographs.
2.3.3. The effect of temperature
The experiments at 25 °C and 220 °C demonstrated that the temperature affected the evolution
of mineralogy, texture and hence, mineral porosity. For each set of experiments, the pH was
fixed at 1 and 4, the solid-weight-to-ﬂuid-volume ratio was set to 6.66 gL-1, and the reaction
time was up to 4320 h. Different temperatures resulted in different reaction products as gypsum
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formed at 25 °C, whereas the reaction product was anhydrite at 220 °C. The overall reaction at
25 °C (Reaction 2.3) and 220 °C (Reaction 2.4) may be written as:
CaCO3(s) + 2H+ + SO42-(aq) + H2O(aq) → CaSO4·2H2O(s) + CO2(g)

(2.3)

CaCO3(s) + 2H+ + SO42-(aq) + H2O(aq) → CaSO4 + 2H2O(s) + CO2(g)

(2.4)

The complete reaction was reached at both temperatures (Table 2.1). The reaction products had
comparable textures and were porous at the same pH (Fig. 2.3, Fig. 2.5). The evolution of the
pores showed some similarities at different temperatures. The porosity increased with time at
both temperatures (Fig. 2.9a, Fig. 2.12a, Table 2.2). The samples developed an increasing extent
of connected pores in time, except the samples at 220 °C and pH 1, which already had 99.2%
connected pores even after 168 h (Fig. 2.8bd,f,j,l,n, Fig. 2.11b,d,f,j,l,n, Table 2.2). The results
for both temperatures showed a decreasing specific surface area (Fig. 2.9b, Fig. 2.12b, Table
2.2) and an increasing number of larger pores (Fig. 2.10, Fig. 2.13, Table 2.2).
2.3.4. The effect of pH
The effect of pH on the evolution of mineralogy, texture and hence, mineral porosity were
demonstrated in the experiments at pH 1 and pH 4. In these experiments, the temperature was
fixed at 25 °C and 220 °C, the solid-weight-to-ﬂuid-volume ratio was set to 6.66 gL-1, and the
reaction time was up to 4320 h.
The replacement mechanisms and textures showed differences based on the pH of the reaction
solution. At 25 °C and pH 4, the reaction progress was fast and nearly completed only after 24
h (Fig. 2.2d, Table 2.1), whereas the complete reaction took 672 h at 25 °C and pH 1 (Fig. 2.2b,
Table 2.1). These PXRD results were in parallel with the textural results (Fig. 2.3a-p). At 25
°C and pH 1, the replacing gypsum formed as a rim on the calcite surface (Fig. 2.3a), whereas
large overgrowth gypsum crystals formed but did not envelope calcite at 25 °C and pH 4 (Fig.
2.3i). The reaction product consisted of larger intergranular pores (Fig. 2.3k-p) but less porosity
(Table 2.2) as compared to 25 °C and pH 1 condition (Fig. 2.3c-h, Table 2.2).
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2.4. Discussion
2.4.1. Mineralogy evolution in the replacement of calcite by calcium sulphates
The formation of the calcium sulphates was driven by a combination of overgrowth and CDR
mechanisms. The change of the smooth calcite surface with 3D-oriented crystals and distinct
textural differences between surface and inner crystals with a sharp boundary between these
two types of calcium sulphate crystals supports this hypothesis (Fig. 2.3, Fig. 2.5). The
combination of overgrowth and CDR mechanisms were previously shown in the replacement
of magnetite by pyrite (Qian et al., 2010), hematite by bornite (Cu5FeS4) / chalcopyrite (Zhao
et al., 2014a) and fluorapatite by britholite ((REE,Ca,Na)10(SiO4,PO4)6(OH,F)2) (Betkowski et
al., 2016). The replacement mechanism of calcite by calcium sulphates was proposed as a
coupled

dissolution-reprecipitation

(CDR),

in

which

the

primary

mineral

was

pseudomorphically replaced with the secondary mineral (Offeddu et al., 2014; Ruiz-Agudo et
al., 2016; Ruiz-Agudo et al., 2015b). And crystal overgrowth was also observed (Ruiz-Agudo
et al., 2015b).
The reaction products were gypsum and anhydrite (Fig. 2.2, Fig. 2.4, Table 2.1), which were
comparable to Ruiz-Agudo et al. (2016), although no bassanite was observed on PXRD patterns
and morphological examination. However, in the previous study by the same group, bassanite
formation was not detected under the same conditions at room temperature by GIAXRD
analysis (Ruiz-Agudo et al., 2015b). Two different mechanisms have been proposed to explain
the gypsum precipitation (Van Driessche et al., 2017); (i) direct and (ii) indirect precipitation.
In the direct precipitation, incipient (more or less) crystalline nuclei form and grow into gypsum
crystals. In the indirect precipitation the homogenous nanocrystalline bassanite particles (~5
nm) form and grow to about 100 nm as elongated aggregates. These aggregates are co-oriented
along their c-axis and later collectively transform into gypsum through a common
crystallographic register along with high-energy faces (Zhang and Banfield, 2012). Similar
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findings were proposed by He et al. (2018) in the in-situ TEM study of the gypsum precipitation
in an aqueous solution. It was shown that bassanite formed prior to gypsum if the solution was
initially saturated with Ca2+ and SO42-, whereas direct precipitation of gypsum occurred in the
initially unsaturated solutions. Additionally, the hydration rate is an important factor in
determining phase selection (Nissinen et al., 2014). For example, higher temperatures were
suggested to favour the return of hydration water into the bulk and hence, bassanite/anhydrite
could form at high temperatures and/or salinities (Van Driessche et al., 2017).
2.4.2. Porosity generation is driven by overgrowth and CDR mechanisms
The molar volumes of calcite (VmCal) 37.36 g/cm3, gypsum (VmGp) 74.19 g/cm3, and anhydrite
(VmAnh) 45.91 g/cm3 were calculated using the crystal volumes extracted from the Rietveld
refinement of PXRD patterns. These volumes based on the overall reactions (Reactions 2.2 and
2.3) suggested a positive molar volume change in the replacement of (i) calcite by gypsum at
25 °C (ΔVmCal→Gp = 98.6%), (ii) calcite by anhydrite (ΔVmCal→Anh = 22.9%). Considering the
solubility differences, as well as molar volume changes, a total volume increase of
approximately 78.2-83.5% for gypsum at 25 °C and 3.0-6.0% for anhydrite.
Increasing volume could have resulted in a stress-related fracturing mechanism. This is because
the precipitation of the larger secondary mineral in the smaller space was provided by the
dissolution of the primary mineral would ultimately cause stress development. However, the
results showed a limited or no fracturing in the grain (Fig. 2.3, Fig. 2.5, Fig. 2.7). This could be
explained by the extent of the overgrowth during the replacement of minerals. In case of a
limited overgrowth, the fracturing mechanism would be significant, and such fractures could
generate fluid pathways in the volume increasing replacement reaction (Jonas et al., 2014; Xia
et al., 2009b; Zhang et al., 2020). However, in this study, the excess volume was accommodated
by overgrowth, and the grain size was not preserved (Fig. 2.3, Fig. 2.5, Fig. 2.7). As a result,
the large extent of overgrowth could limit the formation of the fractures. The limited fracturing
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but significant overgrowth of the secondary calcium sulphates could eventually cause the
passivation of the unreacted calcite with nonporous calcium sulphates before calcite reaches
equilibrium with respect to the bulk solution (Ruiz-Agudo et al., 2015b). However, the results
revealed that the replacing grain developed pores (Fig. 2.3, Fig. 2.5), enabling the fluid transfer
to the reaction sites and the completion of the replacement reaction (Fig. 2.2, Fig. 2.4, Table
2.1).
The generation of porosity due to the replacement of calcite by calcium sulphates can be
explained by several possible reasons. The majority of the pores were contributed by the spaces
between the large product crystals (Fig. 2.3, Fig. 2.5). These intergranular pore spaces could be
resulting from the misfit between the calcite and calcium sulphates and can explain the
formation of thick 3D crystals with intergranular pore space (Fig. 2.3, Fig. 2.5, Fig. 2.6, Fig.
2.7) (Ruiz-Agudo et al., 2015b). The pore space is formed in the overgrowth gypsum and
anhydrite crystals for all conditions (Fig. 2.3, Fig. 2.5, Fig. 2.6, Fig. 2.7, Fig. 2.8, Fig. 2.11).
On the other hand, the CDR mechanism resulted in the formation of intragranular pores in the
inner gypsum and anhydrite crystals (Fig. 2.3, Fig. 2.5). Although this replacement generates a
larger product volume, porosity might still be generated when the local fluid concentrations are
considered in the transport-limited dissolution processes. According to this hypothesis, a
negative volume change of the reaction resulting in porosity generation may occur if the calcite
monolayer dissolves in a thin solution layer, whereas a positive volume change of the reaction
can result in a nonporous gypsum product if the calcite monolayer dissolves in a thicker solution
layer of the same solution (Ruiz-Agudo et al., 2015b). Thus, the dissolution of a calcite
monolayer into a thin solution layer and subsequent precipitation from this thin supersaturated
solution layer result in intragranular pores in the inner product phase due to the negative volume
change driven by the CDR mechanism. Such combination of the overgrowth and the CDR
processes can be explained by the formation of an overgrowth layer on the parent mineral,
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which caused a transport-limited reaction (Zhao et al., 2014a; Zhao et al., 2014b). The
formation of an overgrowth could act as a barrier layer (Betkowski et al., 2016). As a result, a
very limited fluid access could cause a variation in the local fluid concentrations, and hence,
the texture of the products was different due to a change in the formation mechanism from
overgrowth to replacement. Betkowski et al. (2016) showed that the overgrowth produced a
thick crystal layer with micrometre-sized pores at the rim, whereas the CDR-driven replacement
developed nanocrystals with nanometre-sized pores (200-500 nm) at the inner grain. These
textures were separated by a sharp chemical boundary between the two types of britholite and
suggested both CDR and overgrowth processes were present (Betkowski et al., 2016). On the
other hand, the product rim did not envelope the parent mineral surface (Fig. 2.3i). This resulted
in fast replacement progress (complete replacement in a few hours) (Fig. 2.2d, Table 2.1).
Porosity generation was highly influenced by the replacement mechanism, as the overgrowth
and CDR mechanisms contributed to the mineral porosity, which was evident from the mineral
porosity results (Table 2.2). At 25 °C and pH 4, the product appeared to be mostly contributed
by overgrowth since there was no clear indication of a typical replacement product (Putnis,
2009). In the case of overgrowth-dominant formation of gypsum without a product rim
enveloping the parent calcite, low porosity (12.7%) was generated (Table 2.2), consisting of
mostly large intergranular pores between the large gypsum crystals (Fig. 2.8i-p). The difference
in the product textures could result from the nucleation and growth of these gypsum products
(Yao et al., 2021). Slow nucleation and fast crystal growth could result in large individual
crystals for 25 °C and pH 4 (Fig. 2.3i-p, Fig. 2.8i-p), whereas fast nucleation and slow crystal
growth could lead to the formation of a gypsum rim consisting of smaller crystals (Fig. 2.3a-h,
Fig. 2.8a-h). In parallel to these results, Pastero et al. (2017) showed that the sulfuric acid
concentration controlled the induction time of gypsum crystallization and the final coverage of
the substrate. Calcite was completely covered by gypsum at a high acidic solution in a very
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short time, whereas the calcite was never covered by gypsum at the laboratory time scale, and
the surface of the parent calcite undergoes strong dissolution at a lower acidic solution (Pastero
et al., 2017).
Additionally, the pore space contributed by the thermal contraction is another factor to be
considered while evaluating the porosity, as some of the pores might be created by such volume
contraction during cooling. This volume contraction could contribute to the molar volume
difference or can cause cracks in the minerals contributing to the porosity. The thermal
expansion coefficient of calcite was 0.23 × 10−5 K−1 (Wang et al., 2018b), gypsum was 6.96 ×
10−5 K−1 (Schofield et al., 1996), and anhydrite was 3.66 × 10−5 K−1 (Evans, 1979). The volume
contraction values of calcite and gypsum were small (-0.09 vol.% for calcite and -0.02 vol.%
for gypsum), and hence, the volume generated due to this variation was negligible during the
cooling from 60 °C to 25 °C (Schofield et al., 1996; Wang et al., 2018b). However, the thermal
contraction for calcite anhydrite increased with the increasing temperature (Evans, 1979; Wang
et al., 2018b). The thermal expansion was -0.31 vol.% for calcite, and the thermal contraction
was -0.94 vol.% for anhydrite during cooling from 220 °C to 25 °C. Therefore, some cracks
might be generated due to such thermal contraction effect and could contribute to the
measurement of total porosity in the product mineral.
2.4.3. The porosity evolution mechanisms
The porosity evolution was controlled by different mechanisms during the fluid-mediated
replacement reactions of calcite by calcium sulphates. During the replacement stage, the
overgrowth and CDR mechanisms are two dominant mechanisms that cause significant changes
in the mineral porosity (Fig. 2.3, Fig. 2.5). These mechanisms resulted in two different size
populations of the porosity, micrometre-sized intergranular pores at the rim and nanometresized intragranular at the inner grain (Fig. 2.3, Fig. 2.5).
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The porosity coarsening process is an ongoing process due to the fact that the system is moving
towards attaining chemical and textural equilibrium (Putnis et al., 2005). The coarsening during
the replacement process was also present, as can be seen from the partially replaced grains at
220 °C and pH 4 (Fig. 2.5l,n). Such coarsening during the replacement process was previously
shown in the replacement of fluorapatite by britholite, which consisted of mineral textures
resulting from overgrowth- and CDR-controlled replacement (Betkowski et al., 2016). It was
shown that nanometre-sized pores generated by the CDR-driven replacement formation of the
crystals were annealed during the replacement process (Betkowski et al., 2016).
After the complete replacement, Ostwald ripening controlled the porosity evolution and was
driven by the minimisation of high interfacial energies (Benning and Waychunas, 2008) and
was responsible for the porosity coarsening (Ruiz-Agudo et al., 2014). For all experiments, the
porosity coarsening took place and was clearly seen from the textural alteration of the samples
in time (Fig. 2.3, Fig. 2.5). Such coarsening was also evident from the specific surface areas
(Fig. 2.9b, Fig. 2.12b) and pore size distributions (Fig. 2.10, Fig. 2.13). The significance of the
coarsening (Fig. 2.9b, Fig. 2.12b, Fig. 2.10, Fig. 2.13) was related to the crystal size differences
of the replacing product (Fig. 2.3, Fig. 2.5). Therefore, for example, more textural change was
observed for the gypsum crystals including small and large pores (25 °C and pH 1, Fig. 2.3a,h)
than the gypsum crystals including mostly the large pores (25 °C and pH 4, Fig. 2.3i-p).
The re-equilibration of the surface energy differences causes the spatial variation in the texture
of the replacing mineral. Therefore, the dissolution of the smaller crystals and precipitation on
the larger crystals occurred due to the minimisation of the surface energies, which was evident
from the decrement in the specific surface areas (Fig. 2.9b, Fig. 2.12b) (Altree-Williams et al.,
2015). These continuous reactions ultimately resulted in mass transfer from the smaller pore
region to the large pore regions since there was no apparent increase in the mass of the final
product (Table 2.1, Fig. 2.2, Fig. 2.4). Such evolution was more apparent for pH 1 condition.
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The small crystals disappear and micrometre-sized voids in the grain centre while large crystals
continue to evolve on the surface (Fig. 2.3a-h, Fig. 2.5a-h, Fig. 2.7a-h). Interestingly,
nanometre-sized elongated pores also appeared at 25 °C and pH 1 in the prolonged reaction
(Fig. 2.3a-h). These could be due to the formation of tabular gypsum crystals due to the layerby-layer mechanism.
2.4.4. The controlling factors of the interconnected porosity
The complete replacement of calcite leads to the formation of calcium sulphate grains with
highly interconnected pores, and these results were evidence of the fluid transfer from and to
the reaction sites through the connected pores (Fig. 2.8b,d,f,h,j,l,n,p, Fig. 2.11b,d,f,h,j,l, Table
2.2). The pores remained connected, and the abundance of the connected pores increased in
4320 h of reaction (Table 2.2). The reason why the pores remained connected could be
explained by several hypotheses.
The first reason is that the misﬁt between the growing crystallites to become pore walls. This
can prevent the complete closing of pores and stabilise their positions by maintaining the ﬂat
low-index surfaces and straight pores (Raufaste et al., 2011). According to this concept, if the
parent and product phases have a strong epitactic fit, the product will develop by a layer-bylayer mechanism, uniformly covering the parent phase; if not, the crystallographic orientation
of the product differs significantly from that of the parent, it will tend to precipitate
ununiformly, and some pore space may develop at the interface between the parent phase and
the product (Ruiz-Agudo et al., 2016). The results showed that calcite replacement generated
large tabular and needle-like gypsum crystals at 25 °C (Fig. 2.7a-d,i-l). These large tabular
crystals, or “leaf-type” crystals (Fig. 2.7b), were gypsum penetration twins and could inhibit
the supersaturation (Pastero et al., 2017). This can prevent the supply of Ca2+ from calcite
surfaces to the reaction front due to their flat morphology and extended coverage, and thus, a
diﬀusion-limited growth process is expected (Pastero et al., 2017; Ruiz-Agudo et al., 2015b).
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On the other hand, the formation of needle-like crystals (Fig. 2.7b) is related to the
morphological instability of tabular crystals due to the high growth rate along the c axis (Pastero
et al., 2017). Prieto et al. (2003) earlier demonstrated the effect of crystal growth on the
replacement reaction of calcite by otavite (CdCO3), stating that if a topotactic replacement
occurs, a product barrier between bulk solution and the parent mineral may form as a result of
2D growth, whereas the lack of structural similarity prevents the formation of such layer as 3D
island growth results in the formation of porosity.
Another reason is that the secondary minerals preferentially grow at large pores mostly
localized at or near the boundaries of the largest crystals (Jamtveit et al., 2011). This is known
as ‘pore size controlled solubility’ has been suggested as a viable mechanism for the mineral
having porosity lower than 1 μm (Emmanuel et al., 2010; Emmanuel and Berkowitz, 2007;
Stack et al., 2014). According to this phenomenon, higher supersaturation values are needed
for precipitation in the smaller pores (≤1 μm) than in the larger pores. In addition, it has been
shown that the probability of nucleation decreases with a decreasing pore size (Putnis, 2015).
This dependence was previously calculated for barite precipitation as a function of pore size
(Prieto, 2014) and compared with the previous experimental results (Prieto et al., 1994; Putnis
et al., 1995), suggesting that higher supersaturation and induction times are required for smaller
pores (Putnis, 2015).
2.5. Conclusions
In conclusion, this study presents the porosity evolution in the volume increasing replacement
of nonporous calcite by gypsum at 25 °C and anhydrite at 220 °C. This study also highlights
how reaction parameters affect the replacement mechanism and hence, the mineral porosity.
The complete replacement produced porous gypsum (12.7% - 46.4%) and anhydrite (17.1 –
37.5%), and the majority of these pores were connected, providing fluid pathways to the
reaction sites. Such pores were generated as a result of CDR and overgrowth mechanisms.
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These mechanisms were controlled by the reaction pH and temperature. The reaction
mechanism was an important factor influencing the mineral porosity. CDR mechanism
generated nanometre-sized pores, whereas overgrowth generated mostly micrometre-sized
pores. Besides, if the replacement mechanism was overgrowth dominated, the reaction was
faster, generating less porosity with larger pores. The replacement mechanisms influenced the
texture of the product, and such differences played an important role in the porosity evolution
at the later reaction. The porosity evolution after the complete replacement was controlled by
the minimisation of the surface energy differences. Therefore, the greater size differences of
the crystals resulted in a more significant porosity evolution. The mass was transferred from
the nanometre-sized crystals to micrometre-sized crystals resulting in porosity coarsening and
large voids within the product. Altogether, these insights would contribute to the fundamental
understanding of the mechanisms of porosity generation and evolution in fluid-mediated
mineral replacement reactions that are crucial for natural and engineering processes.
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Chapter 3
Understanding the generation and evolution
of reaction-induced porosity in the
replacement of calcite by gypsum: A
combined microscopy, X-ray microtomography, and USANS/SANS study

Abstract
Mineral replacement reactions are widespread phenomena in natural and anthropogenic
processes. In these reactions, porosity is generated in the replacing mineral and contributes to
permeability. And such permeability provides further progress of the replacement. This study
shows the evolution of the reaction-induced porosity in the replacement of calcite by gypsum.
Using the replacement of calcite by gypsum as a model replacement system, the generation and
evolution of the reaction-induced porosity were investigated. A nonporous Iceland spar was
replaced by porous gypsum, and the reaction-induced porosity was investigated in time using
ultra-small-angle neutron scattering (USANS) / small-angle neutron scattering (SANS),
scanning electron microscopy (SEM) and X-ray micro-computed tomography (X-μCT)
techniques. Results indicated that gypsum containing a wide size range of pores from 20 nm to
tens of micrometres was produced. The replacing gypsum grains showed two different textures.
The micrometre-sized pores are located near the large and thick crystals at the rim, whereas the
nanometre-sized pores are located near the smaller crystals underlying the thick rim. The
nanometre-sized pores coarsened rapidly after the complete replacement. Porosity coarsening
was driven by Ostwald ripening mechanism. The mass transfer from smaller gypsum crystals
to the low porosity gypsum crystals resulted in the micro spaces in the centre of the replaced
grains. Thick gypsum crystals were formed via a layer-by-layer mechanism, and nanoscale
pores were generated between these layers in 547 d.
Keywords: Porosity, mineral replacement, calcite, gypsum, USANS, SANS, X-μCT.
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3.1. Introduction
This study demonstrates the porosity evolution in the replacement of calcite by gypsum.
Chapter 2 presented the effect of the reaction conditions on the mineral porosity in the
replacement of calcite by calcium sulphates. This study presents a detailed investigation of the
replacement of calcite by gypsum. The main body of this study is structured on the small-angle
neutron scattering (SANS) and ultra-small angle neutron scattering (USANS) analyses of the
reaction-induced porosity. Small-angle neutron scattering (SANS) and ultra-small angle
neutron scattering (USANS) are non-destructive tools for porosity characterisation (Anovitz
and Cole, 2015). Unlike the other techniques for bulk analysis, such as mercury intrusion and
gas adsorption, which can only provide information about the open pores, USANS/SANS has
the capability to reveal information about both open and closed pores (Madani et al., 2018;
Sakurovs et al., 2018a; Sakurovs et al., 2018b), and covers a wider size range from nano to
micrometres (Xia et al., 2014b). Because geological materials often contain pores of a wide size
range, USANS/SANS have been applied to measure porosity in rocks (Anovitz et al., 2013;
Anovitz et al., 2009; Bahadur et al., 2015; Bahadur et al., 2018; Radlinski et al., 2004; Ruppert
et al., 2013), coals and cokes (Sakurovs et al., 2018a; Sakurovs et al., 2018b), and minerals
(Adegoke, 2021; Weber et al., 2021; Weber et al., 2019; Xia et al., 2014b). On the other hand,
the evolution of open and closed pores is important because the evolution of open and closed
pores ultimately affects the mineral/fluid reactions as well as fluid flow within the rock (Jonas
et al., 2013). Therefore, the reaction conditions were selected to produce appropriate samples
for USANS/SANS measurements. The selected reaction conditions would generate a wide size
range of porosity from a few nm to tens of μm in the replacing gypsum product. Therefore, the
contrast variation method for determining open and closed pores could be more accurate since
the scattering would only from the gypsum and pore interface, and the contrast matching with
gypsum would give closed porosity.
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In this chapter, the main aim is to gain insights into the reaction-induced porosity in replacing
gypsum. Therefore, a set of experiments were performed at the selected conditions of 60 °C
and pH 1 to obtain porous product minerals, and the porosity was investigated in the partially
and completely replaced samples. This study used a combination of characterisation techniques,
including powder X-ray diffraction (PXRD) to determine mineralogical evolution and the
reaction progress, SEM to show pore geometry and spatial distribution, X-ray micro-computed
tomography (X-μCT) to examine porosity, pore size distribution, pore geometry and spatial
distribution. These techniques enabled us to obtain a quantitative examination of reactioninduced porosity during fluid-mineral reactions.
3.2. Materials and methods
3.2.1. The preparation of mineral samples
A high-grade Iceland spar specimen was used in the replacement experiments. EPMA analysis
shows that the chemical composition of calcite is 99.91 wt.% CaCO3 with relatively small
amounts of homogeneously distributed 0.09 wt.% MgCO3, 0.12 wt.% MnCO3 and 0.30 wt.%
SrCO3. The crystal structure was determined by synchrotron powder X-ray diffraction (PXRD)
(Fig. S3.1). Based on Rietveld refinement, the hexagonal calcite unit cell (space group R3̅c) has
a parameter of a = b = 4.9879 Å, c=17.0540 Å, very close to the reported value (a = b = 4.9880
Å, c=17.0610 Å) (Markgraf and Reeder, 1985). The details of the EPMA and synchrotron
PXRD analyses are described in the Supporting Information (Appendix 2).
Replacement reactions of calcite by gypsum were carried out in glass reactors (Schott) with an
internal volume of 500 mL. Glass reactors were cleaned by using 5M HNO3 and/or acetone and
rinsed with deionised water prior to use. Each reactor was loaded with a 150 mL reactant
solution prepared by using 0.1 M H2SO4 (98%, Aldrich) and Milli-Q water. 150 mL reactant
solution heated up to 60 °C, and then 1000±0.1 mg of calcite powder (106-250 μm) was added
into the reactor. The sealed reactors were placed into the oven at 60 °C (±1 °C), and the reacted
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samples were collected at 8, 20, 68, 116, 236, 404, 740, 4388, 8834, 13140 hours. The
experiments and samples are denoted as CalGp61c, CalGp81c, CalGp100c, CalGp100c2d,
CalGp100c7d,

CalGp100c14d,

CalGp100c28d,

CalGp100c180d,

CalGp100c360d,

CalGp100c547d, respectively, and the numbers in the names mean gypsum percentage (wt.%)
in the product and time (in days) after complete replacement of calcite by gypsum. The reactors
were opened without cooling to room temperature to prevent secondary phase precipitation due
to possible change of solubility of the product phases during cooling. After collecting 10 mL of
solution samples, reacted particles were separated and washed with acetone 5 times. The
solution samples were collected, and the solid samples were separated and washed while in
warm condition. The pH of the solution was measured after each run and recorded at room
temperature. After drying, samples were weighed, and ~20 mg sample was used to determine
the mass percentage of the replacing gypsum with the quantitative Rietveld analysis of X-ray
diffraction pattern. The experimental conditions and product mineralogy are summarized in
Table 3.1.
3.2.2. Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy
(EDS)
SEM-EDS examinations were performed using a Zeiss Neon 40EsB field emission scanning
electron microscope (FESEM) equipped with an energy dispersive spectrometer (EDS).
Electron micrographs were taken under secondary electron (SE) or backscattered electron
(BSE) modes from the particle surfaces and cross-sections. For the particle cross-section
examinations, particles were embedded in epoxy resin. After curing, the mounts were ground
with 1200 grit silicon carbide abrasive papers and then polished using 3 µm and 1 µm oil-based
diamond pastes. We carried out water-free polishing using Decane (anhydrous, ≥99%, Aldrich)
as a lubricant to prevent the dissolution of calcite (Ccalcite=0.013 gL-1) and gypsum (Cgypsum=2.08
gL-1) during polishing (Seidell and Linke, 1941). To remove artefacts introduced in mechanical
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polishing, the samples were further milled by a SEMPrep2 broad ion beam (BIB) (Technoorg
Linda). After surface cleaning with ethanol (absolute grade, ≥99%, Aldrich) and drying, the
resin blocks were coated with a thin (~20 nm) carbon film to provide a conductive layer on
calcite/gypsum minerals. Micrographs were taken using an accelerating voltage of 10 kV.
Table 3.1. Summary of reaction conditions and the phase abundance of the products.
Sample Name

a

f

pH

pH

∆m

(h)

before

after

(%)e
-

Cal(100)

0.02

Cal(39) Gp(61)

Cal

-

-

-

CalGp61c

60

8

1.05

1.40

Products (wt.%)f

CalGp81c

60

20

1.05

1.41

6.66

Cal(20) Gp(86)

CalGp100c

60

68

1.05

1.46

24.62

Gp(125)

CalGp100c2d

60

116

1.05

1.52

24.86

Gp(125)

CalGp100c7d

60

236

1.05

1.51

24.72

Gp(125)

CalGp100c14d

60

404

1.05

1.53

24.91

Gp(125)

CalGp100c28d

60

740

1.05

1.54

24.76

Gp(125)

CalGp100c180d

60

4388

1.05

1.54

24.83

Gp(125)

CalGp100c365d

60

8834

1.05

1.53

24.78

Gp(125)

CalGp100c547d

60

13140

1.05

1.54

24.81

Gp(125)

Initial mass: 1 g.

Initial solution volume: 150 mL.

d
e

Time

(oC)

Particle size: 106-250 μm.

b
c

Temp.

Solution composition: (i) pH 1: 0.1 M H2SO4

Percentage change in mass.

Weight percentages of the mineral phase(s) in the reaction products.

Mineral abbreviations: Cal = calcite; Gp = gypsum.

3.2.3. Powder X-ray diffraction (PXRD)
The starting calcite was analysed by synchrotron-based high-resolution powder X-ray
diffraction (PXRD) at the Australian Synchrotron powder diffraction beamline. A LaB6
standard (NIST SRM 660b) was used to calibrate the X-ray wavelength (0.590928 Å) and zero
shift. The powder sample was ground and loaded into a glass capillary with an outer diameter
of 0.3 mm and a wall thickness of 0.01 mm. A high-resolution Mythen detector under the
Debye-Scherrer geometry was used to collect the diffraction pattern over a 2-theta range of 1.570o.
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The starting calcite and partially/completely reacted calcite were analysed by laboratory-based
PXRD, using a Bruker D8 Advance diffractometer equipped with a copper tube (λ = 1.5418 Å,
40 kV, 40 mA) and a LynxEye detector. Approximately 20 mg of ground sample was mixed
with ethanol in a mortar, and then the powder was uniformly spread on a silicon ‘zerobackground’ sample holder. After the evaporation of ethanol, the diffraction pattern was
collected over the 2θ range of 10–80° with a step size of 0.02° and an acquisition duration of
1.2 s per step.
The quantitative phase analyses were performed by Rietveld refinement of the X-ray diffraction
patterns (Hill and Flack, 1987; Rietveld, 1969) using TOPAS Academic v6.0 software. In the
refinement procedure, initially, the background and scale factors were refined. After that, unit
cell parameters and peak-shape parameters were refined. Then, using a fifth-order polynomial
function, the background was modelled. Finally, the modelling of the peak shape was carried
out using a pseudo-Voigt function, including both Gaussian and Lorentzian convolutions. The
COD database was used to obtain the initial structural models of the mineral phases: COD#
9007287 for calcite (Prencipe et al., 2004) and COD# 9013165 for gypsum (Comodi et al.,
2008). The weight-profile R-value Rwp and goodness of fit χ2 were used to check the goodness
of the refinement (McCusker et al., 1999). The weight percentages of the phases were calculated
by the following formula,
Wp = (SZMV)p / Σi(SZMV)i

(3.1)

where Wp is the relative weight percentage of phase p, S is the scale factor, Z is the number of
formula units per unit cell, M is the molecular weight of the formula unit, and V is the volume
of the unit cell. i represents each phase in the mixture. The absolute weight percentage of each
phase was then calculated by,
Wp_abs = Wp × (mr / mcal)
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(3.2)

where Wp_abs is the absolute weight percentage, mr is the mass of the solid residue, and mcal is
the mass of the starting calcite. The absolute weight percentages show whether the reactions
proceeded through gaining constitutes from the solution or removing constitutes from calcite
to the solution.
3.2.4. X-ray micro-computed tomography (X-μCT)
The reacted grains were distributed as a single layer on a packing tape with a 30 μm thickness,
and epoxy resin was poured on the grains. After that, vacuum and purge were applied three
times to fill the pores of the grains with resin. Then, each sheet consisted of resin applied grains
was cut into 2×10mm samples. The samples were scanned at 80 kV and 87.5 μA (7 Watts)
using an SEM Zeiss520 X-ray micro-computed tomography with Scout and Scan software
(v10.6.2005.12038, Zeiss). A total of 2401 projections were collected over 360°, with a 6-sec
exposure per projection. 2 times binning was used to achieve a good signal to noise ratio, and
a 20x optical lens was used to achieve an isotropic voxel resolution of 0.6-0.75 μm. No source
filters were applied. The data was reconstructed using XMReconstructor software
(v10.7.3679.13921, Zeiss) with a standard centre shift and beam hardening correction and a 0.7
kernel size reconstruction filter setting. 3D analyses and visualisation of the reconstructed data
were performed using Avizo (v9.4, Thermo Fischer) software.
3.2.5. (Ultra) small-angle neutron scattering (USANS/SANS)
The porosity generation and evolution in gypsum were characterised by USANS
(KOOKABURRA beamline) (Rehm et al., 2018) and SANS (BILBY beamline) (Sokolova et
al., 2019) at Australian Nuclear Science and Technology Organisation (ANSTO) in Sydney,
Australia. SANS datasets were collected using the incident wavelength of λ=6 Å (Δλ/λ=10%)
and incident wavelength of λ=4-18 Å (TOF mode, Δλ/λ=10%) with a sample aperture size of
12.5 mm in diameter. A sample detector over the q-range from 0.0031164 Å-1 to 0.44121 Å-1
was employed. USANS analyses were performed using an incident wavelength of 4.74 Å over
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the q range from 1.81×10-5 Å-1 to 0.0010378 Å-1 with a sample aperture size of 10 mm in
diameter. All USANS/SANS measurements were run at ambient atmospheric conditions. In the
measurements, there was a gap at the Q range between 0.0010378 Å-1 and 0.0031164 Å-1. Pore
radius (R) was estimated using the approximate relationship R ~2.5/Q (Radliński et al., 2000).
The details of USANS/SANS samples measured in this study were summarised in Table 3.2.
Table 3.2. Summary of USANS/SANS measurements and results.
Sample name

Measurement
condition

Sample

Scattering

Packing

Specific

Incoherent

Surface fractal

thickness

length

(µm)

density, ρ

density, dp

surface

backgroun

dimension (Ds)

(g cm-3)

area, Sm

d, B (cm-1)

(1010 cm-2)
Cal

CalGp61c

CalGp81c

CalGp100c

CalGp100c2d

CalGp100c7d

CalGp100c14d

CalGp100c28d

CalGp100c180d

CalGp100c365d

CalGp100c547d

In air

0.365

In D2O/H2O

0.365

In air

0.344

In D2O/H2O

0.371

In air

0.344

In D2O/H2O

0.386

In air

0.325

In D2O/H2O

0.329

In air

0.335

In D2O/H2O

0.321

In air

0.330

In D2O/H2O
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0.466
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-
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In order to obtain open and closed porosity information, USANS/SANS samples were measured
in air and contrast matching fluid conditions. The samples were loaded into the sample cells
made up of a metal framework, two identical quartz windows 25 mm in diameter and 1 mm in
thickness, an adhesive polypropylene (PP) ring (ID 20 mm, OD 25 mm, and thickness ~330
µm). After each sample loading, the thickness of the sample between two quartz glass was
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carefully measured with a micrometre. Loaded samples were also measured from the centre and
coaxial points to confirm the sample flatness. The thickness values of i) the quartz window, ii)
the quartz window + PP ring, iii) the quartz window + PP ring + sample were recorded. After
the subtraction of the quartz window and PP ring, the sample thickness was measured. Sample
weight was calculated by recording the weight of the quartz windows with a PP ring before and
after loading the powder sample.
It is noteworthy that the scattering due to space between the particles was highly prevented
since a maximum of only 3 layers might take place, which is good enough to avoid multiple
scattering from interparticle voids but also thick enough to provide enough scattering intensity.
For the contrast matching measurements, a contrast solution prepared with H2O/D2O mixture
was introduced to the sample cells through a T-junction connected to a diaphragm vacuum
pump and the container of H2O/D2O. Vacuuming was applied to the sample cells for 5 min, and
then the H2O/D2O mixture was injected. For each USANS/SANS measurement, the sample was
first to run in air, and then the contrast matching H2O/D2O mixture was injected into the cell
and measurement was carried out.
SANS data was reduced to the absolute scale using the Mantid software suite (Arnold et al.,
2014). The slit smeared USANS data was corrected (Schmidt and Hight, 1960; Schmidt, 1965)
using the de-smearing NIST macros. Irena (v2.68) (Ilavsky and Jemian, 2009) macros in Igor
Pro (v8.03) were used for data analysis and fitting of the data. The brief information about the
data analysis is given below.
In a small angle scattering, the scattered intensity I is expressed as a function of the magnitude
of the scattering vector Q as shown in the equation,
𝑄=

4𝜋
𝜆

𝑠𝑖𝑛𝜃

where λ is the neutron wavelength, and 2θ is the scattering angle (Pynn, 1990).
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(3.3)

The scattering intensity for the samples varies with the scattering vector according to the powerlaw model,
𝐼(𝑄) = 𝐴𝑄 −𝑛 + 𝐵

(3.4)

where n is the Porod exponent – can be found by the slope of a log-log plot of the data, A is a
contrast-dependent proportionality constant, and B is the incoherent scattering contribution.
Pore size distributions were modelled using the maximum entropy method (Jemian et al., 1991),
assuming the pores as an assembly of spheres (King et al., 2015; Radlinski et al., 2004; Xia et
al., 2014b),
I(Q)=(Δρ)2∑F(Q,r)2V2(r)NP(r)dr

(3.5)

where F(Q,r) is the scattering form factor, V(r) is the volume of a particle of diameter r, N is
the total number of scattering particles, and P(r) is the unknown probability distribution of
particle sizes, and (Δρ)2 is the scattering contrast – the square of the difference between the
scattering length densities (SLD) (ρ) of the solid mineral phase\s and the pore. Note that the
SLDs of mineral phases are calculated based on the wt. % and the SLD of pores are ~0. SLD
can be calculated from the equation,
∑ 𝑠𝑏

𝜌 = 𝑁𝐴 𝑑 ∑ 𝑖𝑠 𝑖𝑀𝑖
𝑖 𝑖

𝑖

(3.6)

where NA is Avogadro’s constant, d is the phase density, si is the proportion by the number of
nuclei i in the mineral, Mi is the atomic mass, and bi is the coherent scattering amplitude for
nucleus i.
The specific surface area per unit mass (Sm) can be written as,
𝑆

𝑆𝑚 = 𝑑𝑣

(3.7)

𝑝

where Sv is the specific surface area per volume calculated by using the size distribution data,
and dp is the packing density calculated by the proportion of sample weight to the sample
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volume in the cell. Note that the units of the specific surface area extracted from (U)SANS and
X-μCT were different. This is because phase density is not constant within the product phase,
and the conversion of the X-μCT results would give false results. For this reason, the unit of
the specific surface area was area/weight (m2g-1) for (U)SANS and area/volume (µm-1) for XμCT.
3.3. Results
3.3.1. The mineralogical evolution
Rietveld quantitative phase analysis of the PXRD patterns shows that gypsum is the only
reaction product in all experiments for up to 547 days (Fig. 3.1a). The abundance of the reacted
product phases against the initial calcite mass demonstrates a mass increase by ~25 wt.%, which
remained constant after the complete replacement (Fig. 3.1b, Table 3.1). The replacement
product consisted of 61 wt.%, 81 wt.% and 100 wt.% gypsum after 8, 20 and 68 h, respectively.
The completely replaced samples were further reacted for 2, 7, 14, 28, 180, 365 and 547 days.
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Fig. 3.1. (a) PXRD patterns of the samples before and after replacement, (b) the corresponding
outcome of quantitative phase analyses showing the change in phase abundance (in absolute
wt.%). The replacement progress was obtained from Rietveld quantitative phase analysis of the
PXRD patterns in (a).
3.3.2. Texture and porosity in gypsum
The starting calcite grains showed sharp edges, perfect cleavage along {101̅4}, a smooth surface
and a non-porous interior (Fig. 3.2a-c). After 8 hours, the calcite grains were partially replaced
by gypsum from the grain surface to the interior, and at the same time, micron-sized elongated
gypsum crystals overgrew on the grain surface (Fig. 3.2d). Gypsum replacing calcite is porous,
and the pore size ranges from nanometres to micrometres (Fig. 3.2e,f). With increasing reaction
time to 20 hours, both replacement and overgrowth layers thickened, and the calcite remained
as a shrinking core of the grains (Fig. 3.2g). After 68 hours, the entire calcite was replaced, and
pure gypsum grains were formed (Fig. 3.2j-l). In these grains, a clear outline distinguishing
gypsum from replacement and gypsum from overgrowth was observed (Fig. 3.2j).

Fig. 3.2. Backscattered electron images were collected from the grain cross-section of (a-c) Cal,
and the partially replaced samples (d-f) CalGp61c, (g-i) CalGp81c, and the completely replaced
(j-l) CalGp100c, High magnification images were taken from the gypsum phase except (b,c).
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The different gypsum regions were separated by the yellow dashed line, and the calcite-gypsum
interface was separated by the red dashed line.

Fig. 3.3. Backscattered electron images collected from the grain cross-section of the completely
replaced samples (a-c) CalGp100c2d, (d-f) CalGp100c7d, (g-i) CalGp100c14d, (j-l)
CalGp100c28d, (m-o) CalGp100c180d, (p-s) CalGp100c365d, and (t-v) CalGp100c547d. The
different gypsum regions were separated by yellow dashed line.
A wide size range of pores are generated in the gypsum product during the replacement process
and coarsened after the replacement. During the replacement, initially, sphere-like pores in the
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size range from micrometre to nanometres formed in gypsum (Fig. 3.2e,f,h,i). These pores
started to elongate and coarsen once the calcite grain was completely replaced (Fig. 3.2k,l).
Further annealing of gypsum after complete replacement led to significant porosity coarsening.
After 2 days, the majority of the nanometre-sized pores in the gypsum had coarsened into
micrometre-sized pores (Fig. 3.3a-c). Porosity coarsening continued after 7 days (Fig. 3.3d-f),
14 days (Fig. 3.3g-i), and 28 days (Fig. 3.3j-l) from the complete replacement. In the long-term
reaction after 180 days, 365 days, and 547 days from the complete replacement, larger gypsum
crystals formed gradually with large gaps in the centre of the replaced gypsum grains (Fig.
3.3m,p,t). A closer look at the nanoscale, these large gypsum crystals showed elongated lateral
nanoscale pores (Fig. 3.3n,o,r,s,u,v).

Fig. 3.4. Cross-section of the CalGp81c prepared with ion milling. (a) Partially replaced calcite
grain after 20 h at 60 °C and pH 1 showed two different gypsum regions separated by the yellow
dashed line, and the calcite-gypsum interface was separated by the red dashed line. The
replacement gypsum at the inner grain consisted of nanometre-sized pores, whereas overgrowth
gypsum at the outermost rim consisted of thick gypsum crystals with micrometre-sized pores.
(b) Zoomed-in image shows the fluid pathway through the thick gypsum rim to the replacement
gypsum
Two different gypsum layers in partially replaced grains were more clearly shown in grain
cross-sections prepared by broad ion-milling, which provided a better surface with a minimum
artefact compared to mechanical polishing (Fig. 3.4a,b). The results showed gypsum
(CalGp81c) consisted of two layers separated by the yellow dashed line (Fig. 3.4a,b). The outer
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gypsum layer shows large microcrystals and microporosity between these crystals. The inner
gypsum layer consisted of submicron-sized gypsum crystals with nanopores (Fig. 3.4a,b). The
size and number density of nanopores, which refers to the number of nanopores per unit area,
were higher near the interface of these two gypsum layers as compared to the gypsum/calcite
interface (Fig. 3.4b). The double-layer gypsum texture is also present in the completely replaced
samples (Fig. 3.2j, Fig. 3.3a,d,g). The nanoporous gypsum in the inner layer was eventually
coarsened to large gypsum crystals similar to the outer overgrowth layer with prolonged
annealing of the samples after complete replacement (Fig. 3.3d,g,j,m,p,t).
3.3.3. X-ray computed microtomography of the completely replaced grains.
The microtomographic results also show that calcite grains were completely replaced by porous
small gypsum crystals in the inner layer and overgrowth of large gypsum crystals in the outer
layer (Fig. 3.5a1,2-e1,2). Initially, more pores were disconnected (Fig. 3.5a2), but after 2 days
following complete replacement, these pores evolved to connected network at the μm scale
(Fig. 3.5b2) and remained interconnected in the subsequent experiments for 7 days, 14 days,
and 365 days (Fig. 3.5c2, d2, e2). The initial shape of the calcite grains was not preserved due
to the overgrowth of μm-sized gypsum crystals on the grain surface (Fig. 3.5a1-e1). The
coarsening of porosity in the inner replacement gypsum layer was significant after the complete
replacement of calcite. The nanoporous gypsum core evolved into large gaps while μm-sized
gypsum crystals grew at the expense of small gypsum crystals initially formed by replacing
calcite. These results agree with SEM observations (Fig. 3.3m,p,t).
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Fig. 3.5. Reconstructions of the X-μCT dataset single porous gypsum grains at the diﬀerent
reaction times. (a1-e1) 3D rendered grains showing gypsum and pores, (a2-e2) connected pores
in gypsum were labelled different colours. The sample is labelled on the top of the images, and
the dimension of the sub-volume is reported on the right corner of each sample and is constant
for 3D reconstruction and pore connectivity.
The reconstructed X-μCT dataset (Fig. 3.5) showed that the porosity increased significantly
during prolonged annealing following the completion of replacement (Fig. 3.6a). The porosity
of the gypsum grain just after the complete replacement of calcite was 12.1%. After 2 days, the
porosity significantly increased to 49.4%. Longer annealing time did not further change
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porosity, 49.1% after 7 days, 50.8% after 14 days, and 53.1% after 365 days (Fig. 3.6a). As
compared to longer annealed samples, CalGp100c owes a lower porosity, and this is most likely
due to the fact that X-μCT cannot detect pores less than ~2.1 μm. Therefore, the nano to
submicron meter pores was not detected by X-μCT before porosity coarsening and hence, the
total porosity was underestimated. The specific surface area of gypsum decreased gradually
with annealing time, from 1.113 μm-1 in the sample just after complete replacement to 0.263
μm-1 in the sample after 365 days following complete replacement (Fig. 3.6b).

Fig. 3.6. (a) Porosity (%) and (b) specific surface area (μm-1) of gypsum obtained from 3D
reconstruction of X-μCT dataset (Fig. 3.5).
Pore size distributions revealed that the pores were mostly below 20 μm for the completely
replaced grain (Fig. 3.7a). After complete replacement, 1.26×107 mm-3 pores were generated at
a small pore size range (5 μm), and the majority of these pores coarsened to 30-90 μm (Fig.
3.7b). The prolonged experiments showed further coarsening as the number density of small
pores (~5 μm) decreased significantly from 1.26×107 mm-3 to 0.82×107 after 2 days, to 0.77×107
mm-3 after 7 days, to 0.34×107 mm-3 after 14 days and finally to 0.49×107 mm-3 after 365 days
from the complete replacement, while larger pores (>60 μm) appeared with the increasing
reaction time (Fig. 3.7a).
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Fig. 3.7. Number density and volume fraction of pores distributed over Eq diameter were
obtained from the 3D reconstruction of the X-μCT dataset (Fig. 3.5).
The spatial porosity distribution of the completely replaced samples was measured using the
reconstructed X-μCT dataset (Fig. 3.5). The areas of pore and gypsum were measured for each
slice to generate spatial porosity variation curves for YZ (X direction), XZ (Y direction) and
XY (Z direction) (Fig. 3.8a-o). The results show heterogeneous spatial porosity variation in
gypsum grains. In the short-term annealing after complete replacement, the greatest porosity
was found in the thick 3D gypsum layer mostly appeared as sharp peaks on porosity-distance
curves between 50-100 μm under the grain surface with fluctuations towards to the centre of
the grains (Fig. 3.8 Fig. 3.7a-i). The porosity started to increase gradually through the core of
the gypsum grain, and low porosity 3D crystals with a size of up to 50 μm on the grain surface
appeared as nonporous flat lines in the porosity-distance curves 14 days after the complete
replacement (Fig. 3.8 Fig. 3.7j-o). In the long-term experiment at 365 days, the size of these
surficial 3D gypsum crystals increased, and the highest porosity was found in the centre of the
grain (Fig. 3.8 Fig. 3.7m-o).
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Fig. 3.8. Porosity (%) changes along X, Y, Z direction in the grains of the selected samples: (ac) CalGp100c, (d-f) CalGp100c2d, (g-i) CalGp100c7d, (j-l) CalGp100c14d, (m-o)
CalGp100c365d. The spatial porosity (%) changes were extracted using the reconstructed XμCT dataset (Fig. 3.5).
3.3.4. (Ultra) small-angle neutron scattering (USANS/SANS) results
The combined USANS/SANS curves of the starting calcite and the replaced samples show
scattering in a wide Q range from 2.05×10-5 to 0.44 Å-1, typical for USANS/SANS
measurements of mineral samples (Fig. 3.9a1-e1, Fig. 3.10a1-f1) (Anovitz et al., 2013;
Clarkson et al., 2013; Jin et al., 2011; Navarre-Sitchler et al., 2013; Xia et al., 2014b). At high74

Q, the flat tail of the SANS curves is likely due to incoherent scattering caused by moisture
absorption on the specimen surface or H2O entrapment in the closed pores in gypsum (Fig.
3.9a1-e1, Fig. 3.10a1-f1) (Xia et al., 2014a). The scattering of samples in contrast matching
fluid (D2O/H2O mixture) showed a slightly higher incoherent scattering background due to
hydrogen content in the D2O/H2O mixture (Fig. 3.9a1-e1, Fig. 3.10a1-f1) (Jin et al., 2011). The
flat tail for all reacted samples appeared in a similar Q range (0.22 - 0.44 Å-1) (Fig. 3.9b1-e1,
Fig. 3.10a1-f1) while in the lower Q range (0.12 Å-1) for the starting calcite (Fig. 3.9a1). The
flat tail was subtracted as the background – represents B in Eq. 3.3.

Fig. 3.9. (a1-e1) Combined USANS/SANS curves, (a2-e2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-e3)
Volume distribution (1/Å) of pore size (Å) extracted from USANS curves (relative), (a4-e4)
Open/total pore ratio of pore size (Å) for (a1-a4) Cal, and the partially replaced samples (b1-
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b4) CalGp61c, (c1-c4) CalGp81c and the completely replaced gypsum samples: (d1-d4)
CalGp100c, (e1-e4) CalGp100c2d. USANS values were normalised to 1.
The pore size distribution of the starting calcite and the replaced samples up to 547 days after
the complete replacement showed that non-porous calcite was replaced by porous gypsum (Fig.
3.9a2,3-e2,3, Fig. 3.10a2,3-f2,3). Nanometre-sized pores were created at the early stages of the
replacement, and the number of pores with a size of ≤40 nm was highest after 8 h (Fig. 3.9b2).
Porosity contributed by the nanometre-sized pores (≤250 nm) reached its maximum (1.69 %),
whereas the number of small pores (≤40 nm) decreased after 20 h (Fig. 3.9c2, Table 3.2). The
porosity and the number of the small pores (≤40 nm) continued to decrease in time (Fig.
3.9c2,d2, Table 3.2). More than half of these pores were healed after 2 days (Fig. 3.9e2).
Porosity decreased to 0.63 % after 7 days from the completion of the replacement (Fig. 3.10a2).
The number of the small pores (≤40 nm) increased after 180 days (Fig. 3.10d2) and 365 days
(Fig. 3.10e2) and then decreased after 547 days from the complete replacement (Fig. 3.10f2).
On the other hand, relative pore size distribution extracted from USANS curves for the
micrometre-sized pores showed that the starting calcite has a larger contribution from the pores
≥2 μm (Fig. 3.9a3, Table 3.2). After 8 h, contribution from the pores ≥2 μm decreased, whereas
contribution from the pores ≤2 μm increased. After 20 h, the majority of the pores were
distributed between 0.7-2 μm for micrometre-sized pores (Fig. 3.9c3, Table 3.2). After 2 days
from the complete replacement, the number of these pores decreased, but the number of pores
≥ 2 μm increased (Fig. 3.9e3, Table 3.2). Such a shift in the pore size distribution from 0.7-2
μm to 25 μm was more apparent after 7 days, 14 days and 28 days (Fig. 3.10a3-c3). In the
prolonged experiments, the shift from smaller to larger pore size was significant (Fig. 3.10d3e3). The pore size distribution results showed that the most abundant pores were 1 μm after 180
days (Fig. 3.10d3), 2 μm after 365 days (Fig. 3.10e3) and 4.4 μm after 547 days (Fig. 3.10f3)
from the complete replacement. Relative pore size distribution at the USANS region of the
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long-term samples showed that pores ≥ 2 μm increased while pores between 1-2 μm decreased
significantly (Fig. 3.10d3-f3).

Fig. 3.10. (a1-f1) Combined USANS/SANS curves, (a2-f2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-f3)
Volume distribution (1/Å) of pore size (Å) extracted from USANS curves (relative), (a4-f4)
Open/total pore ratio of pore diameter size (Å) for the replaced samples: (a1-a4) CalGp100c7d,
and (b1-b4) CalGp100c14d, (c1-c4) CalGp100c28d, (d1-d4) CalGp100c180d, (e1-e4)
CalGp100c365d, (f1-f4) CalGp100c547d. USANS values were normalised to 1.
The results of contrast matching SANS measurements revealed that calcite consisted of mostly
open pores and was replaced with gypsum consisting of more closed pores (Fig. 3.9a4-e4, Fig.
3.10a4-f4, Table 3.2). The starting calcite consisted of a small number of closed pores between
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30-100 nm (Fig. 3.9a4, Table 3.2). The open-pore percentage increased with the increasing pore
size for all replaced samples (Fig. 3.9b4-e4, Fig. 3.10a4-f4, Table 3.2). After 8 h, partially
replaced samples generated more closed pores at a smaller size (15-60 nm) while more than
half of the pores were open in the larger size (60-200 nm) (Fig. 3.9b4, Table 3.2). These pores
then were converted to open pores after 20 h (Fig. 3.9c4, Table 3.2). After 68 h, the complete
replacement showed that 36% of smaller pores (10-60 nm) were open, whereas 92% of the
larger pores (60-200 nm) were open (Fig. 3.9d4, Table 3.2). Closed pores in a small size range
started to gradually become open pores after the complete replacement (Fig. 3.9d4,e4, Fig.
3.10a4-c4). In the long-term experiments, the open-pore percentage increased for 15-60 nm,
whereas it decreased for 60-200 nm pores (Fig. 3.10d4-f4). For 15-60 nm pores, the mean of
the open pore percentage was 46.3% after 28 days (Fig. 3.10c4) and increased to 61%, 58.4%
and 66.7% after 180 days (Fig. 3.10d4), 365 days (Fig. 3.10e4) and 547 days (Fig. 3.10f4) from
the complete replacement, respectively. The closed pores were mostly distributed within the
size range of 30-50 nm in the long-term experiments (Fig. 3.10d4-f4).
Samples have surface fractal dimension (Ds) values varying between 2.00 and 3.22 for dry, and
contrast matched conditions in the SANS region; 2.26 and 3.46 for the dry condition in the
USANS region (Fig. 3.11, Table 3.2). All replaced dry samples except CalGp61c (Ds=,2.647)
has Ds values of 2 for SANS (Fig. 3.11). For the contrast matching condition in the SANS
region, the Ds value was at its highest for the completely replaced sample after 68 h (Ds=2.86)
and decreased to 2.58 after 14 days and was 2.63 after 547d from the complete replacement
(Fig. 3.11a). A similar trend was found for Ds values for the USANS region, increasing
significantly during the replacement reaction after 20 h (Ds=3.15) and was the highest after 14
days from the complete replacement (Ds=3.22) Fig. 3.11b). In the short-term reaction, the Ds
value decreased gradually to 2.72 after 28 days and further decreased to 2.26, 2.30 and 2.10
after 180 days, 365 days and 547 days from the complete replacement, respectively (Fig. 3.11b).
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Fig. 3.11. Comparison of surface fractal dimension Ds for the unreacted calcite and replaced
calcite by gypsum samples in air and in D2O/H2O solution. (a) SANS region, (b) USANS
region.
The specific surface area is 0.079 m2/g for the starting calcite, which increases to 2.000 m2/g
for the completely replaced calcite by gypsum after 68 h (Fig. 3.12, Table 3.2). After that, the
specific surface area decreased dramatically to 1.578 m2/g after 2 days and further decreased to
0.8161 m2/g after 7 days from the complete replacement (Fig. 3.12, Table 3.2). The specific
surface area continued to decrease in time and was found to be 0.431 m2/g after 547 days from
the complete replacement (Fig. 3.12, Table 3.2). In the contrast matching fluid condition, the
specific surface area was 0.005 m2/g for the starting calcite and increased significantly to its
peak after 20 h (0.887 m2/g) (Fig. 3.12, Table 3.2). After this point, the specific surface area of
the samples in the contrast matching fluid decreased dramatically and was minimum at 28 days
after the complete replacement (0.109 m2/g) (Fig. 3.12, Table 3.2). After that, the specific
surface area of the samples in the contrast matching fluid increased to 0.232 m2/g after 180 days
and decreased gradually to 0.193 m2/g and 0.124 m2/g after 365 days and 547 days from the
complete replacement (Fig. 3.12, Table 3.2).
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Fig. 3.12. Comparison of specific surface area for the unreacted calcite and replaced calcite by
gypsum samples in air and in D2O/H2O solution.
3.4. Discussions
3.4.1. The replacement of calcite by gypsum
Calcite was replaced by gypsum, and gypsum was the only product phase even after 547 days
of reaction (Fig. 3.1, Table 3.1), although the thermodynamical modelling suggests anhydrite
as the final product (Fig. 3.13a,b). The thermodynamical modelling of the calcite by calcium
sulphate replacement reveals that without suppressing anhydrite, the reaction condition of this
study favours anhydrite precipitation (Fig. 3.13a). Reaction modelling predicts that the solution
is saturated with respect to hydrated calcium sulphates; CaSO4·0.5H2O (beta), bassanite,
gypsum, respectively, after 27% of calcite is dissolved (Fig. 3.13b), and subsequently anhydrite
precipitation occurs until the complete replacement of calcite by anhydrite. However, anhydrite
was not observed in the experiments up to 547 days, and gypsum was the only product meaning
that gypsum is a metastable phase relative to anhydrite (Fig. 3.1, Fig. 3.2, Fig. 3.3). Only after
anhydrite is suppressed in thermodynamic modelling, the diagram shows gypsum (Fig. 3.13c),
and the reaction condition of this study sits within the stability field of gypsum. Because
anhydrite was not allowed to precipitate after the solution reached saturation with anhydrite,
the saturation index of anhydrite reached high levels (Fig. 3.13d). In the complete replacement,
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the thermodynamical modelling predicts 1.21 g of gypsum product. This was very close to 1.25
g in the experimental results (Table 3.1), and it was evident from the mineralogical (Fig. 3.1)
and morphological (Fig. 3.2, Fig. 3.3) results that gypsum precipitation occurred instead of
thermodynamically stable anhydrite.
The reason for gypsum precipitation in the replacement experiments instead of the
thermodynamically stable anhydrite could be explained by the thermodynamic and kinetic
inhibitions (Ruiz-Agudo et al., 2015b; Van Driessche et al., 2017). First, significantly longer
induction times for the formation of a detectable critical nucleus are required for the larger
eﬀective surface free energy for anhydrite compared to that of bassanite and gypsum. Another
reason is that the slower growth kinetics than gypsum and the screw dislocations as the main
source of growth makes anhydrite formation kinetically hindered (Ruiz-Agudo et al., 2015b).
Therefore, the growth mechanism of anhydrite causes self-inhibition if the surfaces do not
include a high density of spiral dislocations (Morales et al., 2012a; Morales et al., 2012b).
Additionally, the availability of water is also an important factor to determine the product phase
(Van Driessche et al., 2017), which has been shown that direct anhydrite formation could be
possible in organic solvents with low water content (Tritschler et al., 2015), or in solutions with
extremely high salinity (Cruft and Chao, 1970; Ossorio et al., 2014). For these reasons, gypsum
precipitation could be easier than anhydrite precipitation.
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Fig. 3.13. Thermodynamic analyses of the calcite replacement by gypsum at 60°C, comparing
the conditions when anhydrite is (a,b) not suppressed and (c,d) suppressed in the modelling
using Geochemist’s Workbench v. 12.0.7.
Having no trace of calcium sulphate metastable phases in morphological results (Fig. 3.2, Fig.
3.3, Fig. 3.4) and phase distribution results (Fig. 3.1) suggested that gypsum precipitated
directly on the parent calcite. Similarly, Ruiz-Agudo et al. (2015b) showed that no other phases
formed other than gypsum in their study, and no bassanite formation could be possibly due to
the presence of the calcite substrate. The occurrence of such calcite substrate could lower the
energy barrier for nucleation, and having a better structural match with calcite than bassanite
could facilitate the gypsum precipitation (Ruiz-Agudo et al., 2016). However, the
thermodynamical modelling predicted the formation of the metastable phases (the beta calcium
sulphate and bassanite) prior to gypsum precipitation (Fig. 3.13b,d) (Van Driessche et al.,
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2012). This is because the nucleation of gypsum from aqueous solutions demonstrated that
gypsum could precipitate through two different pathways (Van Driessche et al., 2017). In the
first pathway, initially, fewer crystalline nuclei formed, which later grew into gypsum crystals.
In the second pathway, multistage precipitation is suggested for gypsum precipitation –
amorphous particles/clusters form and then grow into bassanite nanoparticles and eventually
form acicular gypsum. In-situ TEM observation of gypsum precipitation by He et al. (2018)
revealed that the gypsum precipitation could occur indirectly – the bassanite forms as a
metastable phase and transforms into gypsum crystals in the initially saturated solution, or
directly – gypsum nanoparticles aggregate once the initially unsaturated solution is saturated
with sulphate (SO42−) and calcium (Ca2+) ions.
Calcite is completely replaced by porous gypsum with 3D crystals (Fig. 3.2j-l). The formation
of gypsum can be expressed by the following reaction:
CaCO3 (s) + H2SO4 (aq) + H2O (aq) → CaSO4·2H2O (s) + CO2 (g)

(3.8)

Before the replacement starts, calcite is dissolved until the interface fluid becomes
supersaturated. The Rietveld analysis of the PXRD patterns for the partially replaced samples
(CalGp61c and CalGp81c) confirms that the dissolution of calcite is preferential at (104) (Fig.
3.1a,b). The dissolution of calcite generates shallow and deep rhombohedral etch pits (Offeddu
et al., 2014), which could be the precursor for the 3D gypsum crystals. The epitactic
relationships between the primary calcite crystal and the gypsum product demonstrated that the
mineral replacement takes place at the solution/mineral interface through the nucleation of
gypsum on the surfaces of the calcite crystals (Ruiz-Agudo et al., 2016). Subsequent mineral
replacement of gypsum occurs at the interface crystal solution so that the orientation of the
parent calcite can determine the disposition of the product gypsum. The angular misfit between
matching orientations in these structures could explain why thick 3D gypsum crystals with
pores develop (Fig. 3.2d-l, Fig. 3.3a-v) rather than as continuous layers or thin platelets on the
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parent calcite (Ruiz-Agudo et al., 2016). As a result, intergranular porosity was generated
between the thick gypsum crystals. The formation of the gypsum influenced the replacement
reaction progress. Although ﬁtting the experimental data to a kinetic equation is beyond the
scope of this study, it is evident that the formation of such thick gypsum decreased the reaction
rate of the replacement, as 71 wt.% of calcite was replaced at 8 h, while 80 wt.% replacement
was reached at 20 h and complete replacement at 68 h (Fig. 3.1b, Table 3.2). Such reaction
behaviour was previously demonstrated in the replacement of calcite at lower temperatures (25
and 60 °C) has a sigmoidal type of kinetic behaviour attributed to a slow, almost linear
advancement of the replacement front decelerated with increasing reaction time (Ruiz-Agudo
et al., 2015b). The mechanism for the replacement of calcite by gypsum has previously been
proposed as coupled dissolution-reprecipitation (CDR), in which the primary mineral is
pseudomorphically replaced with the secondary mineral (Offeddu et al., 2014; Ruiz-Agudo et
al., 2016; Ruiz-Agudo et al., 2015b; Verges-Belmin, 1994).
3.4.2. Porosity generation and evolution mechanisms in gypsum
The replacement of calcite by gypsum generated a large porosity (Fig. 3.6a), although the
replacement reaction (Reaction 3.8) suggested a positive volume change of the reaction where
porosity was not expected to be generated. The molar volume of parent calcite (VmCal = 36.8
cm3/mol) is less than half of the molar volume of product gypsum (VmGp = 74.53 cm3/mol), and
considering only molar volume changes, the expected molar volume increase in our
experiments would be 102.5%. However, considering the dissolution loss, as well as molar
volume changes, we would expect a total volume increase of approximately 48.5%. Although
these calculations would suggest no pore formation as a result of the replacement, our
experimental results showed the formation of a large porosity (Fig. 3.6a) distributed in a very
wide length scale ( Fig. 3.7, Fig. 3.9, Fig. 3.10). These results suggested that the porosity can
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still be generated if the dissolution and precipitation mechanisms are considered at the pore
scale.
Gypsum precipitated on the surface until the calcite surface was surrounded by a thick gypsum
layer (Fig. 3.2d,g). After that, the solubility of a given phase is different in a bulk fluid than in
a pore-filling fluid. Therefore, the local solubilities in the pore fluid at the region underlaying
the thick gypsum layer could determine the factors for the dissolution-precipitation reactions to
take place rather than the absolute solubilities of the phases (Putnis, 2009). This could be the
result causing the difference in the textures of the replacing gypsum, appearing as thick gypsum
crystals at the outermost grain surface while nanoporous gypsum crystals at the inner grain.
These two different textures can be a result of both overgrowth and CDR mechanisms (Li et
al., 2015a; Qian et al., 2010; Zhao et al., 2014a; Zhao et al., 2014b) emerging from the local
solubility differences of pore and bulk fluid. Ruiz-Agudo et al. (2015b) show that a negative
volume change of the reaction resulting in porosity generation can occur if the calcite
monolayer dissolves in a thin solution layer, while a positive volume change of the reaction can
result in a non-porous gypsum product if the calcite monolayer dissolves in a thicker solution
layer of the same solution. This is because the measured bulk composition may not represent
the actual composition of the interfacial ﬂuid from which the replacement product is
precipitating. Therefore, the local solubilities of the interface fluid could affect the dissolution
and precipitation reactions, and hence, porosity could be generated due to a negative volume
change of the reaction despite the fact that gypsum has a higher molar volume than calcite
{Ruiz-Agudo, 2015 #47}. This approach can also explain the textural variation of gypsum along
the replaced grains (Fig. 3.4). Initially, calcite could dissolve into a thick solution layer, and
this could result in a positive volume change with intergranular pores in the gypsum (due to the
3D orientations of the gypsum crystals), while the decreased thickness of the solution layer
resulting from the initial gypsum precipitation can result in intragranular pores in the inner
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gypsum due to the negative volume change (Fig. 3.4a,b). Similar results have previously been
demonstrated by Ruiz-Agudo et al. (2016) that the rim is first produced by large, thick gypsum
crystals with a high intergranular porosity, which is later inlaid within a matrix of fine-grained,
nanocrystalline texture, and the porosity of which seems to diminish as the reaction progresses.
Large pores tend to be localized at or near the boundaries of the largest crystals, and secondary
mineral grows in these pores (Jamtveit et al., 2011). Using a high-resolution image taken from
the ion-milled cross-section of CalGp61c, we have found that the large intergranular porosity
(47.8%) around the large gypsum crystals contributes to total porosity (53.9%), significantly
higher than the small intragranular porosity (6.1%) around the small gypsum crystals in the
inner grain (Fig. S3.6).
Nanometre-sized pores were generated in the replacement reaction, and then these pores
coarsened into micrometre-sized pores as suggested by the SEM (Fig. 3.2, Fig. 3.3, Fig. 3.4),
X-μCT (Fig. 3.5, Fig. 3.6, Fig. 3.7, Fig. 3.8) and (U)SANS (Fig. 3.9, Fig. 3.10, Fig. 3.11, Fig.
3.12) results. The evolution driven by the porosity coarsening continued with the advancement
of the replacement (Fig. 3.2e,h,k) as the system was moving towards chemical and textural
equilibrium (Pollok et al., 2011; Putnis et al., 2005; Raufaste et al., 2011). The change in the
pore structure was rapid and significant after the completion of the replacement (Fig. 3.2j-l, Fig.
3.3a-v). This dependence of the re-equilibrium on the availability of replacement reaction could
be seen from the cross-sections of the samples during (Fig. 3.2d-i) and after the complete
replacement (Fig. 3.2j-l, Fig. 3.3a-v), but also from the pore size distribution curves as the
number of nanometre-sized pores (15-200 nm) decreased more than half from 2 days (Fig.
3.9e2) to 7 days (Fig. 3.10a2) after the complete replacement. Moreover, micrometre-sized
pores larger than 2 μm continued to increase after the complete replacement (Fig. 3.9e3, Fig.
3.10a3). The difference in the rate of re-equilibrium during and after the replacement could be
because the replacement reaction produced CO2 (Reaction 3.8) and hence increased the CO2(aq)
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(Fig. S3.5) in the pore fluid. This might lead to a decrease in the gypsum solubility (Rendel et
al., 2016) while an increase in calcite solubility (Wigley, 1973). This could inhibit the
dissolution of smaller gypsum crystals driven by the minimisation of the surface energy during
the replacement stage.
The minimisation of the surface energy was evident from the decrement of the specific surface
areas of the pores and gypsum (Fig. 3.6b, Fig. 3.12) (Altree-Williams et al., 2015). Ostwald
ripening was the responsible mechanism in the evolution of porosity driven by the minimisation
of surface energy. Ostwald ripening was related to the rate of nucleation, and generally, it
appeared as a controlling mechanism at the late stages of the phase transformation (Benning
and Waychunas, 2008). The control of the Ostwald ripening mechanism over the porosity
coarsening could be confirmed by the morphology of the grains (Fig. 3.2d,g,j, Fig.
3.3a,d,g,j,m,p,t) as the space between the centre part and the rim increased (Jia and Gao, 2008)
and statistically as the specific surface area decreased and porosity coarsened (Fig. 3.6b, Fig.
3.7, Fig. 3.9b2,3-e2,3, Fig. 3.10a2,3-f2,3, Fig. 3.12) (Altree-Williams et al., 2015; Ratke and
Voorhees, 2002). The mass transfer from the smaller gypsum crystals to the large gypsum
crystals occurred during the Ostwald ripening. The mass transfer resulted in the formation of
larger crystals on the grain surface and micron-sized voids in the grain centre (Fig.
3.3a,d,g,j,m,p,t). The mass transfer was also evident from the abundance of nanometre-sized
pores (≤200 nm) decreased from 1.7% for CalGp100c to 0.6% for CalGp100c7d (Table 3.2).
Furthermore, the spatial pore distribution provided further evidence for such mass transfer as
the centre of the grain showed a lower porosity than the edges of the grain in the complete
replacement (Fig. 3.8a-c). The edges of the grain eventually demonstrated the largest pore space
(Fig. 3.8m-o). Additionally, the Ostwald ripening mechanism was used as a method to
synthesize materials with such hollow structures (Chun Zeng, 2007; Yang and Zeng, 2004;
Zhang et al., 2014).
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During the coarsening of the pores, the abundance of the porosity did not change significantly
(Fig. 3.6a), although the porosity evolution was significant (Fig. 3.6b). In the long-term
experiments at CalGp100c180d, CalGp100c365d and CalGp100c547d, elongated pores
appeared between the gypsum crystals (Fig. 3.3n,o,r,s,u,v), suggesting the re-equilibrium of
gypsum through layer-by-layer nucleation. These elongated pores can also be confirmed by the
increase in the 30-50 nm region in the SANS pore size distribution curves for CalGp100c180d,
CalGp100c365d and CalGp100c547d (Fig. 3.10d2-f2). At this stage, some gypsum grains lose
their inherited shape from the primary mineral, and several large 2D gypsum crystals were also
observed.
3.4.3. Fluid flow in the open and interconnected pores of the gypsum
Fluid is transferred from/to the reaction sites via the permeable pores thanks to the mostly open
pores (Fig. 3.9b4,c4) in the replacing gypsum. These fluid-induced pores in the gypsum
remained open (Fig. 3.9b4-c4, Fig. 3.10a4-f4) and connected (Fig. 3.5a2-e2) during the
prolonged reaction in 547 d. The reason why these pores were open could be explained by
several factors. Firstly, the misﬁt between the growing crystallites to become pore walls inhibits
the complete sealing of pores (Raufaste et al., 2011). Additionally, pore size controlled
solubility could result in the limitation of the mineral precipitation in small pores (≤1 μm)
(Emmanuel et al., 2010; Emmanuel and Berkowitz, 2007) due to the effect of surface curvature
(Stack et al., 2014). Thus, the preferential precipitation of minerals would occur in larger pores
(Putnis, 2015). In larger pores, the probability of nucleation also increases, whereas nucleation
becomes harder in smaller pores (Putnis, 2015). The solubility dependence on pore size was
previously calculated for barite precipitation (Prieto, 2014), and the comparison with the
previous experimental results demonstrated that the crystallisation was hindered in the smaller
pores (Prieto et al., 1994; Putnis et al., 1995). The nucleation in the smaller pores required
higher supersaturation values (Nindiyasari et al., 2014). Therefore, the classical nucleation
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mechanism, an equilibrium model of balancing positive surface energy terms with negative free
energy reduction for nucleation, might not explain the nucleation taking place at very high
values of supersaturation in small pores (Putnis, 2015). For these reasons, the open pores in the
gypsum grains can allow the fluid transfer and the advancement of the replacement front
(Raufaste et al., 2011).
Because of the effective fluid transfer, the replacement reaction progressed to completion (Fig.
3.1a,b, Table 3.1). The availability of a permeable porous network (Fig. 3.5a2-e2, Fig. 3.9b4c4, Fig. 3.10a4-f4) could provide an effective fluid transfer to the reactive interface in the
replacement of calcite by gypsum. Such transfer might be provided by an electro-kinetic selfgenerated ﬂuid ﬂow that was described for the replacement of KBr by KCl (Kar et al., 2016).
This phenomenon was called diﬀusio-osmotic flow, produced by the electrostatic field of
dissolved ions (Beaudoin et al., 2018). This results in a locally high dissolved ion concentration,
and hence, an osmotic pressure gradient is produced at the pore wall in the same direction as
the gradient in dissolved ion concentration (Plumper et al., 2017). This osmotic pressure
gradient can assist fluid transfer from/to reaction sites with the typical rate order of 1-10 μm/s
(Velegol et al., 2016).
3.5. Conclusions
The nonporous calcite was replaced by porous gypsum in pH 1 sulphuric acid solution at 60
°C. The replacing gypsum consisted of two regions – micrometre-sized pores at the rim and
nanometre-sized pores at the underlaying region. At the early reaction stage, the replacing
gypsum consisted of large crystals, and once the calcite surface was covered by a thick gypsum
layer, local solubilities resulted in volume deficit replacement leading to the formation of
gypsum with intragranular nanometre-sized pores. Pores generated during the replacement were
interconnected and were mostly open. On the other hand, the closed pores were mainly
distributed at a smaller pore size range (≤40 nm) and were eventually converted into open pores.

89

Permeable pores in the gypsum provided fluid flow from/to the reaction front and enabled
further replacement. After the complete replacement, the evolution of the reaction-induced
pores was rapid for the first 7 days and continued in 547 d. Smaller pores evolved into larger
pores, and hence, the specific surface area of gypsum and pores were minimised. This porosity
coarsening was driven by Ostwald ripening, resulting in the micro spaces in the centre of the
replaced grains, whereas thick gypsum crystals were formed via a layer-by-layer mechanism,
and nanoscale pores were generated between these layers in 547 d.
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Chapter 4
Porosity evolution mechanisms in the
replacement of nickel sulphide minerals: A
FIB-SEM study

Abstract
Porosity is a common feature of minerals formed via fluid-mediated mineral replacement
reactions. These reactions are ubiquitous in natural and engineering processes, and thus,
understanding the reaction induced porosity is of great importance. In this study, the generation
and evolution of reaction-induced porosity in the fluid-mediated mineral replacement reactions
of pentlandite ((Ni,Fe)9S8) by violarite (Ni2FeS4), millerite (NiS) and by-product hematite
(Fe2O3) under the varying pH (4 and 5) and temperature (125 °C and 220 °C) conditions. The
nonporous and high purity starting pentlandite was pseudomorphically replaced by the porous
nickel sulphide phases under hydrothermal conditions. Porosity in the mineral phases was
analysed by focused-ion beam scanning electron microscopy (FIB-SEM) tomography. The
results showed that violarite contained a wide size range of interconnected pores from nano to
micrometres. The porosity in the violarite slightly increased from 31.8% after 148 h to 32.1%
after 4468 h at 125 °C and pH 4; on the other hand, at 220 °C and pH 4, porosity increased from
20.1% after 190 h to 28.3 % after 4510 h with the further replacement of violarite by millerite.
The nanometre-sized pores coarsened with time during the entire reaction, and the porosity
evolution slowly occurred mostly around the larger pores at 125 °C and pH 4, whereas it was
rapid throughout the whole grain at 220 °C as a result of the further violarite/millerite
replacement. Hematite formed under all conditions as a by-product; however, it caused
passivation at 125 °C and pH 5. This study highlighted the interplay between the replacement
conditions and the porosity evolution in the replacement products.
Keywords: Porosity, mineral replacement, nickel sulphide, FIB-SEM, passivation.
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4.1.

Introduction

In this chapter, the porosity evolution in the replacement of pentlandite ((Ni,Fe)9S8) by violarite
(Ni2FeS4) and millerite (NiS) was studied. This system is crucial because sulphide minerals are
economically important for many elements, and magmatic sulphide deposits in maﬁc and
ultramaﬁc rocks provide the majority of the global supply of nickel and platinum-group
elements and are one of the major sources of copper (Ridley, 2013). In particular, pentlandite
and violarite are important economic nickel minerals, and the replacement of pentlandite by
nickel sulphides is common in the supergene zone of nickel ore deposits (Misra and Fleet,
1974). Thus, the porosity evolution in replacing nickel sulphides is crucial to understanding the
mineralisation processes in and around the ore deposits and the reactivity during
hydrometallurgical processes (Xia et al., 2009a). Previous studies presented the evolution of
textures, mineralogy, and crystallography of the replacement products (Tenailleau et al., 2006b;
Xia et al., 2009a), and the mineral porosity was measured using SANS/USANS for the natural
and synthetic violarite formed via the replacement of pentlandite (Xia et al., 2014b). However,
the evolution of the mineral porosity is still unclear, and a more comprehensive quantitative
study on the mineral porosity is necessary to better understand the porosity generation and
evolution mechanisms. Besides, the replacement of pentlandite by nickel sulphides produces a
decreased volume in the product phase; comparing results with the early studies on the reactioninduced porosity in the different volume decreasing replacement reactions would advance our
knowledge (Beaudoin et al., 2018; Pedrosa et al., 2016b; Putnis et al., 2005; Raufaste et al.,
2011; Weber et al., 2021; Weber et al., 2019).
This study investigated the effect of pH (4 and 5) and temperature (125 °C and 220 °C) during
4510 h of reaction to better understand the reaction-induced porosity in replacing nickel
sulphides as well as the relationship between the replacement reaction and porosity evolution
mechanisms. Using a powder X-ray diffraction (PXRD) the reaction progress was determined.
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A scanning electron microscope with energy-dispersive X-ray spectroscopy (SEM-EDS) was
used to analyse the distribution of phases and pores in the cross-section and grain surface. A
focused-ion beam scanning electron microscopy (FIB-SEM) was performed to characterise 3D
structures of the replaced grains and to gain quantitative information about porosity. This
chapter provided insights into the evolution of reaction-induced porosity by combining the
microscopic and tomographic results with the mineralogical results.
4.2.

Materials and methods

4.2.1. The synthesis of pentlandite
Experiments were conducted using synthesized pentlandite by the standard silica-tube method
(Drebushchak et al., 1998; Xia et al., 2012b; Xia et al., 2008) described in detail in the
Supporting Information (Appendix 3). Synthesized pentlandite was then crushed, ground, and
sieved to obtain 20–38 μm fragments. To minimize the possible effect of ultrafine particles on
the grain surface of the mineral on reaction kinetics, the samples were washed with acetone
(99.9%) in an ultrasonic bath and dried before the experiments. The chemical composition of
synthesized pentlandite was determined by electron probe microanalysis (EPMA) as
Ni4.57Fe4.43S8 within the compositional range of natural pentlandite (Nickel et al., 1974; Xia et
al., 2012b). Rietveld-based quantitative phase analysis of synchrotron-based powder X-ray
diffraction (PXRD) shows that the synthesized sample only contains pentlandite and has a cubic
unit cell with a=b=c=10.1180 Å (Fig. 4.1a). The scanning electron microscopy images showed
that the pentlandite grains have a smooth surface (Fig. 4.1b) and no visible porosity (Fig. 4.1c).
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Fig. 4.1. The starting pentlandite. (a) PXRD pattern with Rietveld analysis; the red and black
patterns are the data and calculated pattern, respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of pentlandite (cyan); Rwp and χ2 are criteria of the fitting quality. (b) Grain surface
SE image of a typical pentlandite grain showing smooth surface with sharp edges. (c) A detailed
examination shows the pentlandite consisting lamellar texture in some regions of the grain
surface. (d,e) Cross-section SE images of the same grain prepared by ion milling showing that
starting pentlandite did not consist of micro and nano porosity.
4.2.2. The preparation of the mineral samples
Hydrothermal replacement experiments of pentlandite by nickel sulphides were performed in
PTFE tubes with an internal volume of 22.5 mL, sealed in stainless steel autoclaves. These
reactors were cleaned by using 5M HNO3 and acetone and rinsed with deionised water prior to
use. 40 mg (±0.1 mg) pentlandite was weighed and placed into the reactors before the buffer
solution was added. The pH 4 buffer solution consisted of 0.1658 M acetic acid (CH3COOH),
0.0342 M sodium acetate (CH3COONa) and 0.2 M NaCl; the pH 5 buffer solution consisted of
0.0566 M acetic acid (CH3COOH), 0.1432 M sodium acetate (CH3COONa) and 0.2 M NaCl.
Milli-Q water was used to prepare both buffer solutions. Then, the pH of the buffer solutions
was measured as 3.81 and 4.92, respectively. A temperature-corrected pH meter (EUTECH
Instruments, pH 2700) with an Ag/AgCl pH electrode was used for room temperature pH
measurements. The electrode was calibrated with AQUASPEX standard buffer solutions:
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pH25°C = 4.01 (KH-phthalate buffer), pH25°C =7.00 (phosphate buffer), and pH25°C = 10.01
(carbonate buffer).
The hydrothermal experiments were firstly performed under the O2 atmosphere. This is because
the replacement reaction of pentlandite by violarite requires an oxidant to progress (Xia et al.,
2009a). Therefore, the reactors were prepared with enough oxidant (O2(g)) to provide a
continuous replacement by nickel sulphides (Xia et al., 2009a). After that, the reactors and
buffer solution were placed into a glove box, applied 0.8 atm vacuum and purged with pure O2.
These vacuum and gas filling processes were repeated 6 times. After adding 10 mL solution
into each reactor. The reactors were tightly closed by hand. After that, the reactors were
removed from the glove box, immediately sealed using a wrench, and transferred into a preheated electric oven set at 125 °C (±1 °C) and 220 °C (±1 °C). Hydrothermal experiments were
carried out at autogenous pressures (<3 bar) in a temperature-controlled oven at 125 °C (±1 °C).
After the reaction, the reactors were left to cool at ambient conditions and opened once they
cooled to room temperature. After taking ~5 mL solution sample, reacted particles were rinsed
with deionised water and acetone. The pH of the solution was measured after each run. After
drying, samples were weighed, and ~40 mg sample was taken for PXRD analysis to determine
the reaction progress. The samples were collected from 18 h to 190 h (Table 4.1).
Two other completely or partially replaced samples for each experiment batch were run under
nitrogen atmosphere. The reason for the change of oxygen to nitrogen was to prevent further
oxidation of violarite to hematite (Xia et al., 2009a). For anoxic experiments, the buffer solution
was purged with high purity nitrogen for 15 min to remove the dissolved oxygen. The nitrogen
purging method was previously suggested as the most effective way for removing oxygen from
an aqueous solution, compared with boiling at automorphic or reduced pressure and sonication
under reduced pressure (Butler, 1994). Then, the sample was loaded into the reactors with fresh
solution and nitrogen. After that, the reactors were removed from the glove box, immediately
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sealed using a wrench, and transferred into a pre-heated electric oven set at 125 °C and 220 °C.
To study porosity evolution with time, these samples were collected after 820 h, 862 h, 4468 h
and 4510 h.
Table 4.1. Summary of reaction conditions and the phase abundance of the products.
Sample Name

a

(°C)

Atm.

#

pH

pH

Time

∆m

before

after

(h)

(%)ǂ

Products (wt.%)ϯ

125CpH4_18h

125

O2

3.86

3.78

18

-38.72

Pn(41) Vo(21)

125CpH4_34h

125

O2

3.86

3.81

34

-61.65

Pn(23) Vo(16)

125CpH4_58h

125

O2

3.86

3.76

58

-72.99

Pn(11) Vo(16)

125CpH4_100h

125

O2

3.86

3.76

100

-73.63

Pn(5) Vo(21)

125CpH4_148h

125

O2

3.86

3.68

148

-83.33

Vo(17)

125CpH4_820h

125

N2

3.86

3.64

820

-88.26

Vo(12)

125CpH4_4468h

125

N2

3.86

3.65

4468

-88.08

Vo(12)

125CpH5_18h

125

O2

4.92

4.88

18

-35.3

Pn(42) Vo(21) Hem(4)

125CpH5_112h

125

O2

4.92

4.78

112

-48.3

Pn(35) Vo(20) Hem(5)

125CpH5_190h

125

O2

4.92

4.86

190

-31.6

Pn(50) Vo(15) Hem(5)

125CpH5_862h

125

N2

4.92

4.74

862

-43.7

Pn(37) Vo(16) Hem(3)

125CpH5_4510h

125

N2

4.92

4.63

4510

-46.3

Pn(35) Vo(13) Hem(7)

220CpH4_18h

220

O2

3.86

3.42

18

-38.7

Pn(17) Vo(18) Mlr(13) Hem(14)

220CpH4_65h

220

O2

3.86

3.14

65

-46.0

Pn(9) Vo(22) Mlr(17) Hem(7)

220CpH4_112h

220

O2

3.86

3.53

112

-33.0

Pn(6) Vo(16) Mlr(24) Hem(20)

220CpH4_190h

220

O2

3.86

3.59

190

-48.4

Pn(8) Vo(8) Mlr(19) Hem(17)

220CpH4_862h

220

N2

3.86

3.96

862

-49.6

Pn(4) Vo(13) Mlr(27) Hem(7)

220CpH4_4510h

220

N2

3.86

4.05

4510

-52.0

Pn(5) Vo(8) Mlr(28) Hem(7)

Particle size: 20-38 μm.

b
c

Temp.

Initial mass: 40 mg.

Initial solution volume: 10 mL.

d

Solution composition: (i) pH 4: 0.1658 M CH 3COOH, 0.0342 M CH3COONa, 0.2 M NaCl, (ii) pH 5:.

0.0566 M CH3COOH, 0.1432 M CH3COONa, 0.2 M NaCl.
e
f

Percentage change in mass.

Atmosphere, O2 – oxygen, N2 – nitrogen.

g

Absolute weight percentages (against the initial mass of pentlandite) of the mineral phase(s) in the reaction

products.
h

Mineral abbreviations: Pn = Pentlandite; Vo = Violarite; Mlr = Millerite; Hem = Hematite.

The summary of reaction conditions and the phase abundance of the products were given for
the samples (Table 4.1). Three experiment sets were labelled as 125CpH4, 125CpH5 and
220CpH4 for the reactions at 125 °C and pH 4, 125 °C and pH 5, 220 °C and pH 4, respectively.
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The phase abundances were calculated by Rietveld quantitative phase analysis of PXRD
patterns (Fig. 4.2).

Fig. 4.2. PXRD patterns of the reaction products formed at (a) 125 °C and pH 4, (b) 125 °C and
pH 5, and (c) 220 °C and pH 4. (d-f) The corresponding outcomes of the quantitative phase
analyses show the change in phase abundance (in absolute wt.%) at 4, 12, 24, 48, 96, 168, 672,
2160, 4320 hours.
4.2.3. Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy
(EDS)
A TESCAN Clara field emission scanning electron microscope (FESEM) equipped with an
energy dispersive spectrometer (EDS) was used for SEM-EDS examinations. To examine the
particle cross-sections, particles were embedded in the epoxy resin, ground by 1200 grit silicon
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carbide abrasive papers, and then polished using 9 µm, 3 µm and 1 µm diamond suspensions.
After surface cleaning and drying, the resin blocks were coated with a thin carbon film to
increase conductivity. Electron micrographs of particle surfaces and cross-sections were taken
under secondary electron (SE) or backscattered electron (BSE) modes. Micrographs were taken
using an accelerating voltage of 15 kV.
4.2.4. FIB-SEM tomography
The 3D tomographic analysis of the replaced grains was analysed using an FEI Helios focused
ion beam scanning electron microscope. A region of interest was prepared by milling the
surrounding material, and a protective Pt layer was coated by ion-beam deposition. A Ga+ ion
beam at 30 kV and 0.79 or 1 nA was used to remove 25 and 50 nm thick slices of material.
After focused ion beam scanning electron microscope (FIB-SEM) the removal of each layer,
BSE images were taken with a lateral pixel size of 25 nm. A typical dataset consisted of more
than 400 slices. The 3D model was reconstructed from the images using Avizo software
(version 2021.3, FEI, US). The details of the procedure of FIB-SEM slice and view analyses
are described in our previous work (Kartal et al., 2019; Nikkhou et al., 2021).
4.2.5. Powder X-ray diffraction (PXRD)
The starting pentlandite and replaced pentlandite by violarite, millerite and hematite were
analysed by a laboratory-based PXRD, using a GBC Enhanced Mini-Materials Analyser
(εMMA) X-ray diffractometer, with a nickel filtered Cu Kα X-ray source (λ=1.5419 Å)
operated at 35 kV and 28 mA. The diverging, receiving and scattering slits were chosen as 2°,
0.3° and 3°, respectively. The detector zero shift and instrumental peak profile were determined
by using a quartz standard. ~5 mg of ground sample was mixed with ethanol in a mortar, and
then the powder was uniformly spread on a silicon ‘zero-background’ sample holder. After the
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evaporation of ethanol, the diffraction pattern was collected over the 2θ range of 10–60° with a
step size of 0.02° and a scan speed of 0.5 o/min.
The unit cell parameters and quantitative phase fractions were determined by Rietveld
refinement (Hill and Flack, 1987; Rietveld, 1969) of powder X-ray diffraction patterns using
TOPAS Academic v6.0 software. As a refinement procedure, firstly, the background and scale
factors, secondarily, unit cell parameters, and finally, peak-shape parameters were refined. A
fifth-order polynomial function was used as the background model, and a pseudo-Voigt
function considering both Gaussian and Lorentzian convolutions was used as the peak shape
model. The initial structural models of the mineral phases were taken from the COD databases:
COD# 96-900-0979 for pentlandite (Pearson and Buerger, 1956), COD# 96-900-0077 for
violarite (Vaughan and Craig, 1985), COD# 96-901-4080 for millerite (Rajamani and Prewitt,
1974) and COD# 96-900-0140 for hematite (Blake et al., 1966). The refinement was checked
by low values of the weight-profile R-value (Rwp) and goodness of fit (χ2) (McCusker et al.,
1999).The phase distribution (wt.%) was calculated using the formula,
Wp=(SZMV)p/Σi(SZMV)i

(4.1)

where Wp is the relative weight percentage of phase p, S is the scale factor, Z is the number of
formula units per unit cell, M is the molecular weight of the formula unit, and V is the volume
of the unit cell. i represents each phase in the mixture. The absolute weight percentage of each
phase was then calculated by,
Wp_abs = Wp × (mr / mpn)

(4.2)

where Wp_abs is the absolute weight percentage, mr is the mass of the solid residue, and mpn is
the mass of the starting pentlandite. The absolute weight percentages show whether the
reactions proceeded through gaining constitutes from solution or removing constitutes from
pentlandite to the solution.
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4.3.

Results and discussion

4.3.1. The replacement of pentlandite by nickel sulphides
The phase distribution results (Fig. 4.2a-f) and morphological and compositional results (Fig.
4.3, Fig. 4.4, Fig. 4.5, Fig. 4.7, Fig. 4.8) demonstrated that pentlandite was replaced by violarite
at 125 °C and violarite and millerite at 220 °C. Hematite was also formed as a by-product in all
experiment conditions. However, at 125 °C and pH 4, hematite precipitated mostly on the
reactor wall and slightly on the replacing grain as individual large crystals (Fig. 4.4). Therefore,
hematite was not recovered after the experiment, and was not detected in the PXRD results
(Fig. 4.2).
At 125 °C and pH 4 after 18 h, the reaction product consisted of 41 wt.% of pentlandite and 21
wt.% violarite (Fig. 4.2d, Table 4.1). Backscattered electron images of whole grains showed
that pentlandite was replaced by violarite, which appeared as a porous rim on the parent
pentlandite (Fig. 4.3a,b). The high magnification BSE image of the violarite rim showed that
the violarite domains were separated by nanopores (Fig. 4.3b). After 58 h, the reaction further
progressed, and less unreacted pentlandite was found in the final product with time; the
pentlandite was 23 wt.% after 34 h, decreased to 11 wt.%, and further decreased to 5 wt.% after
100 h (Fig. 4.2d, Table 4.1). After 148 h, the replacement progressed to completion, and no
pentlandite was detected after this stage (Fig. 4.2a,d, Fig. 4.3c-h, Table 4.1). The abundance of
violarite varied between 21 to 16 wt.% during the replacement stage and decreased to 12 wt.%
after 820 h and remained unchanged after 4468 h (Fig. 4.2d, Table 4.1). This suggested that
initially formed violarite dissolved while new violarite crystals formed during the replacement
stage. The high-resolution cross-sectional BSE images of the product showed that the textural
evolution of the violarite was not significant (Fig. 4.3b,d,f,h).
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Fig. 4.3. Cross-sectional BSE images of replaced grains at 125 °C, pH 4, (a,b) 58 hours, (c,d)
148 hours, (e,f) 820 hours, (g,h) 4468 hours, showing pentlandite is replaced by nanoporous
violarite, and the texture was preserved in time.
102

Fig. 4.4. EDS analysis of the replaced grain at 125 ºC, pH 4, 4468 hours. (a) BSE of the whole
grain, (b) BSE of the region, (c) EDS spectra of the region (b), (d) Fe Kα1, (e) Ni Kα1, (f) S
Kα1, (g) O Kα1.
At 125 °C and pH 5, the replacement was slow and did not progress to completion after 190 h;
the reaction products consisted of 50 wt.% unreacted pentlandite, 21 wt.% violarite, 4 wt.%
hematite (Fig. 4.2e, Table 4.1). The cross-sectional BSE images obtained after FIB-milling of
the reacted grains (Fig. 4.5a,b). The results depicted the unreacted pentlandite core with a
porous violarite rim surrounded by hematite after 190 h (Fig. 4.5a,b). The unreacted pentlandite
varied between 42 wt.% after 18 h and 35 wt.% after 4510 h suggesting an inhibited reaction
(Fig. 4.2e, Table 4.1). The absolute wt.% of violarite decreased from 21 wt.% after 18 h to 13
wt.% after 4510 h, probably due to further violarite dissolution (Fig. 4.2e, Table 4.1). After
4510 h, the formation of the space between the hematite layer and the violarite (Fig. 4.5c,d)
could be an indication of such dissolution (Fig. 4.2e, Table 4.1). The larger hematite crystals
and less porous violarite were observed (Fig. 4.5c,d). An early study of the replacement of the
pentlandite by violarite reported that the replacement stopped after 140 h with a 32% of
pentlandite replacement at 125 °C and pH 5 (Xia et al., 2009a). This behaviour was correlated
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to the hindered pentlandite dissolution and promoted violarite precipitation due to increasing
pH or Fe2+ and Ni2+ concentrations (Xia et al., 2009a). As a result, if the rate of the replacement
reaction was controlled by the dissolution reaction, increasing the value of these parameters
will slow the process, whereas if the replacement reaction is controlled by precipitation, the
opposite will occur (Xia et al., 2009a). Although these results were relevant, the formation of a
hematite layer (Fig. 4.5c,d) slowed the progress of the replacement (Fig. 4.2d) (Section 4.3.2.3).
Such hematite formed in the product during the replacement of pentlandite as the following
reaction at 125 °C and pH 4 and 5 (Reactions 4.3) (Xia et al., 2009a),
Fe4.57Ni4.43S8 + H+ + 2.125 O2(aq) = 0.5 Ni++ + 1.25 Fe2O3 + 2 Ni1.965Fe1.035S4 + 0.5 H2O (4.3)

Fig. 4.5. Cross-sectional BSE images of replaced grains prepared by FIB-milling at 125 °C, pH
5, (a,b) 190 hours, (c,d) 4510 hours showing pentlandite is replaced by porous violarite, whereas
hematite precipitated on the grain surface.
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Fig. 4.6. EDS analysis of the replaced grain at 125 °C, pH 5, 862 hours. (a) BSE of the whole
grain, (b) BSE of the region, (c) EDS spectra of the region (b), and EDS mapping for (d) Fe
Kα1, (e) Ni Kα1, (f) S Kα1, (g) O Kα1.
At 125 °C and pH 5, the replacing grain was completely covered with smaller hematite crystals
(Fig. 4.5, Fig. 4.6). The formation of the hematite layer agreed with the PXRD results, 4-7 wt.%
hematite was in the replacement product at 125 °C and pH 5 experiments (Fig. 4.2b,e, Table
4.1). A thin hematite layer was clearly seen in the cross-sections prepared by ion milling (Fig.
4.5d). This layer (<100 nm) was not observed in the samples prepared by only mechanical
polishing. Apart from this thin hematite layer, larger sub-micron hematite precipitates were also
attached to the surface of the grain (Fig. 4.3d).
At 220 °C and pH 4, the PXRD results (Fig. 4.2c,f) suggested a sequential phase transformation
from pentlandite to violarite and millerite (Table 4.1). The pentlandite gradually decreased from
27% wt.% after 18 h to 9 wt.% after 65 h and slowly decreased to 5 wt.% after 4510 h (Fig.
4.2c,f, Table 4.1). On the other hand, violarite increased from 18 wt.% after 18 h to 22 wt.%
after 65 h, decreased to 16 wt.% after 112 h and further decreased to 8 wt.% after 190 h (Fig.
4.2c,f, Table 4.1). After that, violarite increased to 13 wt.% after 862 h and decreased to 8 wt.%
after 4510 h (Fig. 4.2c,f, Table 4.1). BSE images were obtained from the cross-section of the
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sample grains after 18 h (Fig. 4.7a,b), 190 h (Fig. 4.7c,d), 862 h (Fig. 4.7e,f), and 4510 h (Fig.
4.7g,h) showed the texture and the distribution of the replacement products. The violarite
showed elongated pores perpendicular to the reaction front after 18 h (Fig. 4.7a,b). These pores
were larger and longer as compared to the elongated pores that appeared at 125 °C (pH 4 and
pH 5) (Fig. 4.3, Fig. 4.5). This difference could be because of the length scale of
pseudomorphism. The length scale is related to the rate-limiting reaction of either primary
mineral dissolution or product mineral precipitation and is controlled by not only the external
physical parameters such as pressure and ﬂuid composition but also temperature (Duan et al.,
2021; Xia et al., 2009a). Therefore, the improvement of the rate-limiting factor of pentlandite
dissolution would cause a larger length scale of pseudomorphism (Xia et al., 2009a). For
example, in the replacement of KBr-KCl with a larger length scale of pseudomorphism, larger
and longer elongated pores perpendicular to the reaction front were observed (Beaudoin et al.,
2018). Millerite initially formed on the surface of the violarite (Fig. 4.7a). Millerite formation
at high temperatures as the following reaction (Reaction 4.4) (Fig. 4.2c,f, Fig. 4.7) (Xia et al.,
2009a),
Pentlandite + 2.063O2 = Millerite + 1.375Hematite + 1.75Violarite
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(4.4)

Fig. 4.7. Cross-sectional BSE images of replaced grains at 220 °C, pH 4, (a,b) 18 hours, (c,d)
190 hours, (ef) 862 hours, (g,h) 4510 hours, showing pentlandite is subsequently replaced by
violarite, and violarite is replaced by millerite with pores and surficial by-product hematite.
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Fig. 4.8. EDS analysis of the replaced grain at 220 °C, pH 4, 4510 hours. (a) BSE of the whole
grain, (b) BSE of the region, (c) EDS spectra of the region (b), and EDS mapping for (d) Fe
Kα1, (e) Ni Kα1, (f) S Kα1, (g) O Kα1.
The millerite formation was in agreement with the thermodynamic predictions, as the millerite
stability region increases with increasing temperature (Xia et al., 2009a). The reaction
progressed, and the product consisted of 9 wt.% unreacted pentlandite, 22 wt.% violarite, 17
wt.% millerite and 7 wt.% hematite after 65 h (Fig. 4.2c,f, Table 4.1). After this point, a smaller
percentage of pentlandite was further transformed into product phases, while more violarite was
transformed into millerite (Fig. 4.2c,f, Table 4.1). This could be because pentlandite dissolution
was rate-limiting since the millerite formation consumed Ni2+ and decreased its concentration.
After 190 h, the product consisted of 8 wt.% unreacted pentlandite, 13 wt.% violarite, 27 wt.%
millerite and 7 wt.% hematite (Fig. 4.2c,f, Table 4.1). The cross-sectional images showed that
millerite was replacing violarite along with the elongated pores, and the pores were changed
into larger pores (Fig. 4.7c,d). After 862 h, more pentlandite was transformed into violarite and
millerite, and the product consisted of 4 wt.% pentlandite, 13 wt.% violarite, 27 wt.% millerite
and 7 wt.% hematite (Fig. 4.2c,f, Fig. 4.7e,f, Table 4.1). An assemblage of violarite and millerite
was observed from the cross-sections as the texture evolved. The further transformation from
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violarite to millerite in the prolonged reaction after 4510 h resulted in 5 wt.% pentlandite, 8
wt.% violarite, 28 wt.% millerite and 7 wt.% hematite (Fig. 4.2c,f, Fig. 4.7g,h, Table 4.1). The
pores were annealed at the rim and coarsened in the centre (Fig. 4.7g). On the other hand,
several individual large hematite crystals observed on the grain surface (Fig. 4.8).
4.3.2. The effect of pH on the replacement at 125 °C
4.3.2.1. Generation and evolution of nanochannels in the replacing violarite
The island-like violarite crystals are separated by nanometre-sized pore channels at 125 °C and
pH 4 (Fig. 4.3b,d,f,h). High-resolution secondary electron images revealed that the violarite
crystals included pore channels with the size of less than 100 nm (Fig. 4.3a,b). These pores
could be generated from the epitaxial precipitation of violarite on the pentlandite grain surface
from the early stages of the reaction (Xia et al., 2009a). Epitaxial growth was also shown as the
dominant mechanism in the KBr by KCl replacement resulting in the formation of channels
perpendicular to the replacement interface (Raufaste et al., 2011). The channels were
nanometre-sized in the replacement of pentlandite by violarite, where the crystallographic
information is highly controlled by the nucleation and the growth of the violarite phase at nmscale (Fig. 4.3b,d,f,h) (Altree-Williams et al., 2015; Xia et al., 2009a). These nanochannels
were less likely to be related to fracturing. This is because the replacement of pentlandite by
violarite is a volume deficit reaction (Reaction 4.4) (ΔVm = -17.9%), and the experiments were
not performed under space-constrained conditions. Therefore, stress-related fracturing would
not be expected to be the responsible mechanism for channel-like porosity generation.
Several micrometre-sized pores were also generated in the product violarite, and these pores
were different from the nanochannels in terms of shape/size and located in the inner grain (Fig.
4.3c,e,g). Because this replacement had a short length scale of pseudomorphism, such larger
pores up to 5 μm sizes might be caused by the molar volume difference between the pentlandite
and violarite phases. The porosity was measured to be 33.2% after 190 h and 32.7% after 4468
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h (Table 4.2). The replacement of pentlandite by violarite was accompanied by a 17.9%
negative molar volume change, which accounts for the porosity development.
Additionally, the increase with the increasing temperature of pentlandite is higher than that of
violarite due to the diﬀerence in thermal expansion coeﬃcients of the two minerals (Tenailleau
et al., 2006a; Xia et al., 2009a). The thermal expansion coefficient of pentlandite was 14.1 ×
10−5 K−1, and violarite was 5.1 × 10−5 K−1 (Xia et al., 2009a). As a result of the volume
contraction difference, molar volume diﬀerence increased from 18% at 25 °C to 19% at 125 °C
and 20% at 220 °C (Xia et al., 2009a). The thermal contraction could also cause cracks during
cooling at the end of the reaction. However, the volume changes due to the thermal contraction
were very small for violarite (-0.6 vol.% from 125 °C to 25 °C and -0.9% from 220 °C to 25
°C) as compared to the total volume of the elongated pores contributing to the total porosity
(Table 4.2). Therefore, such thermal contraction would result in a minor change in the total
porosity volume. Moreover, these molar volume-related factors would not explain the porosity
generation since the actual porosity was nearly twice as high as the molar volume differences
(Table 4.2). Such porosity could be explained by the relative solubility of pentlandite and
violarite in the fluids at the reaction front, and hence mass loss from the dissolution of the two
phases (Betkowski et al., 2016; Putnis, 2009; Putnis et al., 2005).
The pore network analysis showed that 95.2% and 94.6% of the pores were connected after 190
h and 4468 h, respectively (Table 4.2, Fig. 4.9c,f). The formation of such a pore network
consisting of mostly interconnected pores with a high specific surface area pointed out the
existing pathways between the bulk fluid and reaction front during the progress of the
reaction/replacement front (Betkowski et al., 2016).
Table 4.2. Summary of the FIB-SEM tomography results.
Samples
125CpH4_148h
125CpH4_4468h
125CpH5_4510h
220CpH4_190h
220CpH4_4510h

Porosity (%)
31.8
32.1
14.0
20.1
28.3

Connected pores (vol.%)
95.2
94.6
62.0
90.3
94.6
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Specific surface area (μm-1)
43.8
42.9
42.4
15.3
7.4

The fluid pathways were provided by the interconnected pores (Fig. 4.9c,f), and the replacement
reaction progressed to a complete replacement by violarite (Fig. 4.2a,d, Fig. 4.3c,e,g, Table
4.1). In parallel to these results, Xia et al. (2009a) previously suggested that pentlandite
dissolution was the rate-limiting factor and indicated that the reaction rate was not limited by
fluid transport. Therefore, an efficient fluid flow via a nanoscale pore network is necessary for
the progression of the replacement reaction. Such fluid flow can be provided by diffusiophoresis
delivering efficient ion and mass transfer without a requirement for an assisted fluid flow
(Prieve et al., 1984; Prieve and Roman, 1987). According to this theory, a diffusio-osmotic flow
occurs due to the chemical gradient of the fluid and may enable convective mass transport in
and out of the nanoporous network that terminates at the reaction interface independent of
pressure and temperature gradients (Kar et al., 2016; Shin et al., 2016). The electrostatic
interaction between the material interface and the fluid can generate fluid flow (Bocquet and
Charlaix, 2010; Schoch et al., 2008). Such surface-charge-governed transport phenomena due
to the substantial specific surface of replacing violarite, 43.8 μm-1 and 42.9 μm-1 after 190 h and
4468 h, respectively (Table 4.2), could contribute to advective mass transfer (Plumper et al.,
2017).
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Fig. 4.9. FIB-SEM nano tomography of a representative grain at 125 ºC, pH 4, (a-c) 148 hours
and (d-f) 4468 hours. (a, d) BSE image of the cross-section of the grain showing the region of
interest (ROI) coated with platinum (Pt). (b, e) 3D reconstruction of the violarite, hematite and
pore. (c, f) 3D reconstruction of connected pores.
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Fig. 4.10. FIB-SEM nano tomography of a representative grain at 125 ºC, pH 5, 4510 hours. (a)
BSE image of the cross-section of the grain showing the region of interest (ROI) coated with
platinum (Pt). (b) 3D reconstruction of the violarite, hematite and pore. (c) 3D reconstruction
of connected pores.
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Fig. 4.11. FIB-SEM nano tomography of a representative grain at 220 ºC, pH 4, (a-c) 190 hours
and (d-f) 4510 hours. (a, d) BSE image of the cross-section of the grain showing the region of
interest (ROI) coated with platinum (Pt). (b, e) 3D reconstruction of the violarite, hematite and
pore. (c, f) 3D reconstruction of connected pores.
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Fig. 4.12. (a-c) Number density and (d-f) volume fraction of the pores based on their equivalent
diameter calculated from FIB-SEM nano tomography shown in (a, d) Fig. 4.9, (b, e) Fig. 4.10,
(c, f) Fig. 4.11. The darker regions in the transparent bars show the overlapping regions.
Porosity coarsening continued slowly after the complete replacement, and the texture of the
grains was preserved even after 4468 h (Fig. 4.3b,d,f,h). Pore size distribution in the product
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phase revealed the porosity coarsening from smaller to larger pore sizes to minimise the surface
energy (Fig. 4.12a-e). Pores were mainly distributed below 1000 nm after 148 h (Fig. 4.12a).
The number density of these pores then decreased, and pores over 500 nm were coarsened to
larger pores at 4468 h (Fig. 4.12a). This coarsening was more apparent in the volume
distribution of the pores (Fig. 4.12d). Porosity coarsening was also evident from the specific
surface area decrease from 43.8 μm-1 at 148 h to 42.9 μm-1 after 4468 h (Table 4.2). The shift in
the number density of pores from smaller to larger size and the reduction in the surface area
suggested a porosity coarsening (Fig. 4.12b,d) (Rodriguez-Navarro et al., 2009). These results
suggested that a minor porosity generation with a slow evolution was present after the complete
replacement reaction.
At 125 °C and pH 5, slice and view analysis confirmed that a pentlandite grain was partially
replaced with porous violarite (Fig. 4.10a-c), the porosity was 14.0%, and the specific surface
area was 42.4 μm-1 after 4510 h (Table 4.2). A nanometre-sized hematite layer along with big
hematite crystals formed on the violarite rim (Fig. 4.5c,d). As compared with 125 °C and pH 4,
the textures and the specific surface areas were similar, but porosity was lower at 125 °C and
pH 5 (Table 4.2). These results suggested that the formation mechanisms of the violarite were
comparable, but some pore space might be filled with hematite (Section 4.3.2.3).
4.3.2.2. Spatially evolving nanochannels in violarite
Spatial porosity was investigated for the replaced samples (Fig. 4.13a-d, Fig. 4.14a,b, Fig.
4.15a-d). The area of pore and violarite were measured for each slice in the Z direction from
the edge to the core of the reacted grain, and the porosity profile was extracted for each sample
(Fig. 4.13b,d, Fig. 4.14b, Fig. 4.15b,d).
At 125 °C and pH 4, the spatial pore distribution results showed that the porosity consisted of
mainly nanometre-sized pores with some micrometre-sized pores (Fig. 4.13a-d). After 148 h, a
sharp decrease of porosity at ~1.9 μm from the grain surface and a gradual increase afterwards
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was observed (Fig. 4.13b). The porosity was 36% and 31.9% at the edges, dramatically
decreased to 23.2% at 1.9 μm and 24.6% at 28 µm and was 35.9% at 15 μm (Fig. 4.13b). After
4468 h, the texture still mainly consisted of nanochannels, and a similar trend was observed for
the porosity profile in the Z direction (Fig. 4.13d). The porosity was 29.3% and 31.4% at the
edges, dramatically decreased to 18.3% at 2.3 μm and 25.9% at 28 µm and was 38.5% at 15 μm
(Fig. 4.13d). The low porosity peak shifted to the inner grain and suggested that the evolution
of the pores is continuous in time (Fig. 4.13b,d). The evolution of pores could be influenced by
the chemical gradient of the fluid in the pore channels (Beaudoin et al., 2018). Having a long
channel for the reactant to transport from the inner pore to the wall outside of the channel could
cause a chemical gradient, and thus, these pore channels can evolve through dissolution and
precipitation (Beaudoin et al., 2018). It was suggested that the dissolution impacts all layers;
however, due to the solubility differences in pore fluid and bulk fluid, the surfaces closest to
the outermost channels are found to be dissolved up to twice more since reactivity is more likely
to occur towards the upstream end (Mostaghimi et al., 2016). Based on the differences between
the dissolution and precipitation kinetics, different textures can develop along the reacted grain
(Putnis, 2009; Ruiz-Agudo et al., 2015b). For instance, large pores tend to be localized at or
near the boundaries of the largest crystals, and secondary mineral grows in these pores (Jamtveit
et al., 2011). Several hypotheses have been proposed to explain such textural alteration in the
secondary minerals during reactive transport in porous rocks (Jamtveit et al., 2011). Pore sizecontrolled solubility has been suggested as a viable mechanism for solids that has porosity lower
than 1 μm due to the effect of surface curvature (Emmanuel et al., 2010; Emmanuel and
Berkowitz, 2007; Stack et al., 2014). In addition, it has been shown that the probability of
nucleation decreases with the decreasing pore size (Putnis, 2015). This dependence was
previously calculated for barite precipitation as a function of pore size (Prieto, 2014) and
compared with the previous experimental results (Prieto et al., 1994; Putnis et al., 1995). As a

117

result, it was suggested that the precipitation was hindered in the small pores, and such a pore
size effect could be valid for the pores in violarite, which were mostly smaller than 500 nm
(Fig. 4.12a). All in all, these mechanisms could explain why the porosity evolution is significant
at the outer grain surface but not in the grain centre.

Fig. 4.13. FIB-SEM slice and view analyses show the porosity changes from the edge to the
core of the grain at 220 ºC, pH 4, (a, b) 190 hours and (c, d) 4468 hours. (a, c) BSE images at
Z = 0.5, 2, 6, 10, 14 and 16.5 μm, and (b, d) porosity for each slice from edge to the core of the
grains in the Z direction.
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Fig. 4.14. FIB-SEM slice and view analyses show the porosity changes from the edge to the
core of the grain at 125 ºC, pH 5, 4510 hours. (a) BSE images at Z = 0.5 μm, 6 μm and 8.5 μm,
and (b) porosity for each slice from edge to the core of the grains in the Z direction.
4.3.2.3. Passivation of the reacted grains by hematite
The phase distribution results (Fig. 4.2b,e, Table 4.1), morphological results (Fig. 4.5, Fig. 4.6)
and compositional results (Fig. 4.6) showed that the reacted grains were passivated by hematite
at 125 °C and pH 5. The Rietveld quantitative phase analysis of the PXRD patterns revealed
that the hematite content changed between 4-7 wt.% (Fig. 4.2b,e, Table 4.1). The cross-section
images from the FIB-cut surface showed that the hematite precipitated on the surface after 190
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h (Fig. 4.5a,b), and a hematite layer with larger crystals was observed after 4510 h (Fig. 4.5c,d).
After 4510 h (Fig. 4.5c,d), the pores in violarite were smaller, and the porosity was less than
that of 190 h (Fig. 4.5a,b). At 125 °C and pH 5, the porosity in violarite was also found to be
less than that of the violarite at 125 °C and pH 4. The FIB-SEM tomography analysis revealed
that the porosity was 14.0% after 4510 h at 125 °C and pH 5, which was less than the porosity
at 125 °C and pH 4 (%31.8 after 148 h and 32.1% after 4510 h) (Table 4.2). EDS analysis of
the reacted grain showed that hematite covered the whole grain surface after 862 h (Fig. 4.6).
In contrast to the loose big hematite particles located on the grain surface at 125 °C and pH 4
(Fig. 4.4), a hematite layer formed and passivated the surface at 125 °C and pH 5 (Fig. 4.6).
The different behaviours of the hematite formation at 125 °C pH 4 and 5 can be explained by
the nucleation rate of hematite. The nucleation rate affects the size of the particles produced in
precipitation tests (Ruiz-Agudo et al., 2015a). The high density of particles and small particle
size is linked to high nucleation rates, whereas the low density of particles and larger sizes are
ascribed to lower nucleation rates (Mullin, 2001). Xing et al. (2021) found that rapid hematite
nucleation results in finer hematite crystals and more homogeneously distributed smaller holes,
making fluid access to the mineral reaction front less efficient. It has previously been shown
that hematite precipitates on the surface and cracks of the violarite grains rather than on the
reactor wall when H2O2 is used instead of O2 (aq) (Xia et al., 2009a). In this study, hematite
precipitation was also observed on the surface of violarite grains but under O2 (aq) conditions.
The difference might be related to enhanced kinetics of the precipitation due to the higher
specific surface area of initial pentlandite (~20-26 times) in this study. It was shown that a
higher specific surface area increased the reaction rate (Altree-Williams et al., 2017; Weber et
al., 2021; Weber et al., 2019; Xia et al., 2009a) and can explain the rapid hematite precipitation.
As a result, a hematite layer could form on the surface of the reacted grains impeding the further
reaction. This surface passivation could be considered as a type of partial equilibrium, in which
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the aqueous solution is at equilibrium with hematite but not with the underlying violarite (Prieto
et al., 2013). Hematite precipitation was previously shown at both interfaces and within Kfeldspar of the granites that the hematite inclusions are formed within pores as a by-product of
a possible replacement of plagioclase by alkali feldspar (Putnis et al., 2007a). Therefore, the
distribution of hematite precipitates could lead to a decrease in porosity and hence, permeability
(Noiriel et al., 2016). Tartakovsky et al. (2008) suggest that the precipitation could create an
impermeable barrier at only a 5% reduction in porosity (Stack, 2015). The formation of
passivating phases in the mineral replacement reactions was previously shown in the literature
(Nikkhou et al., 2021; Nikkhou et al., 2019; Nikkhou et al., 2020a; Nikkhou et al., 2020b).
Based on the fluid composition and varying reaction conditions, different passivation
mechanisms can develop (Nikkhou et al., 2019; Nikkhou et al., 2020a). For example, in Chapter
6, the solvent assisted leaching of the chalcopyrite showed that K-jarosite (KFe3(SO4)2(OH)6)
passivating the chalcopyrite grains in the prolonged reaction (Kartal et al., 2019).
4.3.3. The effect of temperature on the replacement at pH 4
4.3.3.1. Rapid porosity evolution of the elongated pores perpendicular to the reaction
front
At 220 °C and pH 4, the product rim consisted of violarite crystals surrounded by elongated
pores perpendicular to the reaction front (Fig. 4.7a). These pores were larger and longer than
the pores generated at 125 °C pH 4 and pH 5 (Fig. 4.3, Fig. 4.5). Nonporous millerite was also
observed in the outer rim surrounding violarite after 18 h (Fig. 4.7a) and 190 h (Fig. 4.7c). After
862 h, millerite abundance increased from 19 to 27 wt.% (Fig. 4.2c,f, Table 4.1), and elongated
pore channels were transformed into irregular pores distributed in the reacted grain (Fig. 4.7e,f).
Further violarite replacement by millerite generated a thicker nonporous rim and coarsened
pores at the centre of the grain after 4510 h (Fig. 4.7g,h). The porosity of the violarite/millerite
assemblage also increased from 20.1% after 190 h to 28.3% after 4510 h (Table 4.2). Pore size
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distribution results demonstrated that the pores were mostly distributed at 1250 nm after 190 h
(Fig. 4.12c,f). After 4510 h, the number of these pores below 750 nm decreased while the
volume fraction of larger pores (≥600 nm) increased (Fig. 4.12c,f). The 3D pore network
analysis showed that the pores were mainly connected at 90.3% and 94.6% after 190 h and 4510
h, respectively (Fig. 4.11c,f, Table 4.2). The replacing violarite/millerite products have a
specific surface area of 15.3 μm-1 and 7.4 μm-1, after 190 h and 4510 h, respectively (Fig.
4.11b,e, Table 4.2).
The spatial porosity analyses after 190 h (Fig. 4.15a,b) and 4510 h (Fig. 4.15c,d) showed a
gradual decrement of the porosity from the edge to the core of the grain. After 190 h, the
porosity consisted of mostly elongated pores (Fig. 4.15a). The porosity was 22.4% and 20.9%
at the edges and fluctuated between 13.8% and 22.9% along the grain (Fig. 4.15b). After 4510
h, the porosity consisted of irregular-shaped pores (Fig. 4.15c). The porosity was annealed near
the grain surface (Fig. 4.15c), was 7.4% and 14.4% at the edges (Fig. 4.15d). The low and high
porosity peaks were observed in the porosity profile along the grain (Fig. 4.15d). The porosity
was the highest (38.6%) in the centre of the grain (7.7 μm) (Fig. 4.15d).
These microscopic and tomographic results provided evidence that the porosity evolution was
rapid once the product was further replaced by millerite (Fig. 4.2c,f, Table 4.1). Such evolution
behaviour was different from the slow porosity evolution of completely replaced violarite
grains at 125 °C and pH 4 (Fig. 4.3b,d,f,h). These results of the porosity evolution behaviour
suggested that the temperature has a significant effect on the porosity evolution behaviour of
the mineral product. The difference between slow evolution at 125 °C and 220 °C could be
explained by several reasons. Temperature controls the solution chemistry and the degree of
deviation from equilibrium with respect to the solids in a ﬂuid-mediated replacement reaction
(Xia et al., 2009a). Therefore, the temperature can change the dissolution and precipitation rates
and affect the porosity development and evolution in the replacement product by allowing a
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more or less direct transport of matter to and from the reaction interface (Jonas et al., 2013; Xia
et al., 2009a). The effect of temperature on the reaction kinetics could also result in textural
differences (Jonas et al., 2013). The textural differences were observed in the violarite at 125
°C and 220 °C (Section 4.3.1) (Fig. 4.2, Fig. 4.5).

Fig. 4.15. FIB-SEM slice and view analyses show the porosity changes from the edge to the
core of the grain at 220 ºC, pH 4, (a, b) 190 hours and (c, d) 4510 hours. (a, c) BSE images at
Z = 0.5, 2, 6, 10, 14 and 16.5 μm, and (b, d) porosity for each slice from edge to the core of the
grains in the Z direction. In each image (a,c), white areas show Pt-coated surfaces (with higher
contrast on the top of the image) and (with a lower contrast in the centre of the image); and dark
areas show resin (surrounding the grain cross-section) and pores (within the grain crosssection).
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The effect of reaction kinetics affects the texture of the secondary phase and this, in turn, could
affect the availability of fluid pathways at the reaction front. This is important in the subsequent
development and evolution of porosity (Jonas et al., 2013). Having larger pore channels
between the product mineral crystals allowing the solution ﬂow helps to reduce the eﬀect of
potential local concentration gradients at the reaction front (Qian et al., 2010). This can explain
the less variation in the porosity-distance curve after 190 h at 220 °C and pH 4 (Fig. 4.15b),
whereas more variation in the porosity-distance curve was observed after 148 h at 125 and pH
4 (Fig. 4.13b). In the prolonged experiment at 4510 h, a thick nonporous rim formed due to the
porosity coarsening (Fig. 4.15d) (Putnis et al., 2005). Such porosity evolution causing a porosity
reduction in the outermost rim has previously been shown for other mineral replacement
systems (Putnis et al., 2005; Weber et al., 2019), and this process is referred to as the Ostwald
ripening mechanism, which is driven by the minimisation of high interfacial energies (Benning
and Waychunas, 2008), and responsible for the porosity coarsening (Ruiz-Agudo et al., 2014).
The further replacement of violarite by millerite was another important factor for the fast
porosity evolution (Fig. 4.2c,f, Table 4.1). The porosity of the violarite/millerite assemblage
increased from 20.1% 190 h to 28.3% after 4510 h (Table 4.2) due to further transformation
from violarite to millerite (Table 4.1). Such replacement reaction significantly affected the
texture as the elongated pores transformed into coarsened pores. The coarsening was evident in
the pore size distribution (Fig. 4.12c,f, Table 4.2) and the specific surface area results (Table
4.2). The specific surface area was 15.3 μm-1 after 190 h at 220 °C, almost a third of the violarite
at 125 °C (42.4-44.8 μm-1), and decreased to a less than half (7.4 μm-1) after 4510 h (Table 4.2).
These results showed that the porosity was a dynamic feature, and such dynamic porosity was
also reported for other mineral replacement systems (Pollok et al., 2011; Putnis et al., 2005;
Raufaste et al., 2011), and was related to the fact that the system was approaching chemical and
textural equilibrium (Jonas et al., 2014; Putnis et al., 2005).
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4.4. Conclusions
In this study, the porosity evolution was investigated in the hydrothermal replacement of
pentlandite by nickel-iron sulphides under different pH and temperatures. This study
demonstrated that nonporous pentlandite was replaced by porous violarite, millerite and byproduct hematite. Reaction conditions control not only the reaction rate, progress, and products
but also porosity extent, geometry, spatial and size distribution, and evolution in these products.
Using FIB-SEM tomography, this study provided experimental insights into the porosity
evolution in the pseudomorphic replacement of pentlandite by nickel-iron sulphides.
At 125 °C, the replacement reached completion at pH 4 after 148 h. The porosity was 31.8%
after 148 h and slightly increased to 32.1% after 4468 h. The connectivity was 95.2% and
slightly decreased to 94.6%. Porosity coarsening was slow in the product minerals. The
coarsening of the pores caused higher and lower porosity peaks in the spatial porosity
suggesting that the concentration of the pore fluid was important for the spatial porosity
evolution. On the other hand, rapid precipitation of hematite on the surface of the violarite
caused the passivation of the grains at pH 5. This hematite precipitation enveloped the reacting
grain and formed a thick layer. This precipitation also caused less porosity (14.0%) and less
connected pores (62.0%) in violarite.
At 220 °C and pH 4, the violarite grains were further transformed to millerite, and the porosity
was 20.1% after 190 h and 28.3% after 4510 h. Elongated channel-like interconnected pores
formed in violarite, but the increased temperature from 125 °C to 220 °C changed the
abundance, shape and density of these pores. With the further replacement-driven
compositional change, the evolution was rapid as compared to the samples at 125 °C. Pores
were annealed at the rim to form a thick millerite, and the coarsened pores are mainly located
in the centre of the grain. Channel-like pores perpendicular to the reaction front evolved into
nonuniform and large sphere-like pores. Porosity coarsening is based on the fact that the system
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moves towards the equilibrium state, hence minimising the surface energy. The pore
connectivity increased with the evolution of the pores from 90.3% after 190 h and 94.6% after
4510 h.
This experimental study demonstrated that the porosity development and evolution were
dependent on the reaction temperature and pH of the solution. Based on the differences in the
reaction conditions, different reaction mechanisms developed and greatly impacted the mineral
porosity. These results contributed to the knowledge of the dynamics of the porosity evolution
in the fluid-mediated mineral replacement reactions in engineering and natural processes.
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Chapter 5
The creation and evolution of mineral
porosity in coupled dissolutionreprecipitation mineral replacement
reactions: a quantitative study of the
replacement of pentlandite by violarite

Abstract
Porosity is a common feature in the mineral replacement reactions, which is frequently observed
in nature and contribute to the rock cycle of Earth’s crust. We present quantitative porosity
evolution in the mineral replacement reactions using a model replacement of pentlandite
((Ni,Fe)9S8) by violarite (Ni2FeS4). Synthesised pentlandite was pseudomorphically replaced
by porous violarite. Porosity in the mineral phases was measured by ultra-small-angle neutron
scattering (USANS), small-angle neutron scattering (SANS), high-resolution field emission
scanning electron microscope (FESEM) 2D images and focused-ion beam scanning electron
microscopy (FIB-SEM) 3D datasets. The results showed that violarite contained a wide size
range of interconnected pores (>97%) from nano to micrometres; most pores are open (>85%),
enabling fluid flow through these pathways, while the majority of closed pores were observed
below ~20 nm. The nanopores became more abundant with the advancement of replacement
when up to 80% of pentlandite was replaced by violarite. Over the 517 days of reaction, the
total porosity in violarite remained relatively unchanged, but pore coarsening occurred.
Violarite crystal size increased during the replacement, probably indicating epitaxial growth
processes; but did not change after complete replacement. These porosity results are in
agreement with natural violarite, which often has a similar pore texture and crystallite size. This
quantitative examination of reaction-induced porosity has provided insights into the porosity
generation and evolution during fluid-mineral reactions.
Keywords: Porosity, mineral replacement, nickel sulphide, FIB-SEM, passivation.
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5.1. Introduction
This chapter investigates the replacement of pentlandite ((Ni,Fe)9S8) by violarite (FeNi2S4) as
a model mineral system for studying the fluid-induced mineral porosity in prolonged,
systematic experiments up to 17 m. The replacement of pentlandite by violarite is common in
the supergene zone of nickel ore deposits, and these minerals are important economic nickel
sources (Misra and Fleet, 1973; Misra and Fleet, 1974). This reaction is pseudomorphic, and
nanopores form in the product phase as a result of the CDR replacement of pentlandite by
violarite (Tenailleau et al., 2006b; Xia et al., 2009a). A complete replacement can be achieved
due to the fluid flow through these pores (Xia et al., 2009a). Such pores distributed less than
100 nm can survive in a geological time as natural violarite (18.1%) has a similar abundance to
synthetic violarite (18.8%) (Xia et al., 2014b) and are slightly higher than the molar volume
difference between pentlandite and violarite (~16.8% in their study). Additionally, the natural
violarite has a reduced volume of pores smaller than ~300 nm, which is speculated that porosity
is due to healing or subsequent precipitation processes over an extended period of time in the
supergene environment (Xia et al., 2014b). However, more comprehensive and systematic pore
characterisations are required to better understand the mechanisms of such porosity generation
and further evolution in time.
To analyse the porosity evolution, hydrothermal experiments for the replacement of pentlandite
by violarite were conducted up to 517 days after the complete replacement. Chapter 4 studied
the effect of the reaction conditions on the evolution of mineral porosity. This chapter
particularly focused on 125 °C and pH 4 conditions to study the mineral porosity using (ultra)
small-angle neutron scattering ((U)SANS), the main component of the characterisation in this
chapter. Therefore, a set of experiments was designed to produce suitable samples for this study.
Using the (U)SANS techniques, critical information such as open/closed pore and pore size
distribution were extracted. This study was also complemented by other analysing techniques:
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(i) powder X-ray diffraction (PXRD), (ii) high-resolution FESEM imaging, (iv) focused-ion
beam scanning electron microscope (FIB-SEM) tomograph. Mineralogical analyses were
performed using the PXRD technique, the reaction progress was determined, and the crystallite
size of the product was calculated. The microscopical analyses were performed using scanning
electron imaging to study the texture of the replaced grain, and the spatial porosity from the
edge to the core of the grain was investigated using FIB-SEM tomography. These 2D and 3D
microstructural techniques enabled us to gain crucial information about porosity abundance,
spatial pore distribution, pore size distribution, pore connectivity and specific surface area. By
combining each of the results, the fluid-induced porosity formation and evolution were
discussed.
5.2. Materials and methods
5.2.1. The synthesis of pentlandite
Pentlandite was synthesized using the standard silica-tube method (Drebushchak et al., 1998;
Xia et al., 2012b; Xia et al., 2008), described in detail in the Supporting Information (Appendix
4). An electron microprobe was used to determine the composition of the synthesized
pentlandite, which was found to be Ni4.57Fe4.43S8 within the compositional range of natural
pentlandite (Nickel et al., 1974; Xia et al., 2012b). Rietveld-based quantitative phase analysis
of synchrotron-based powder X-ray diffraction (PXRD) shows that the synthesized sample only
contains pentlandite with a cubic unit cell (a=b=c=10.1180 Å) (Fig. S5.1).
5.2.2. The preparation of the mineral samples
The hydrothermal replacement experiments of pentlandite by violarite were performed in PTFE
tubes with an internal volume of 22.5 mL, sealed in stainless steel autoclaves. These reactors
were cleaned by using 5 M HNO3 and acetone and rinsed with deionised water prior to use.
0.4000±0.0005 g pentlandite was weighed and placed into the reactors before the buffer

130

solution was added. A pH25 °C 3.81 buffer solution was prepared with a composition 0.1658 M
acetic acid (CH3COOH), 0.0342 M sodium acetate (CH3COONa) and 0.2 M sodium chloride
(NaCl). A temperature-corrected pH meter (EUTECH Instruments, pH 2700) with an Ag/AgCl
pH electrode was used for room temperature pH measurements. The electrode was calibrated
with AQUASPEX standard buffer solutions: pH25°C = 4.01 (KH-phthalate buffer), pH25°C = 7.00
(phosphate buffer), and pH25°C = 10.01 (carbonate buffer).
The hydrothermal experiments were firstly performed under the O2 atmosphere. This is because
the replacement reaction of pentlandite by violarite requires an oxidant to progress (Xia et al.,
2009a). Therefore, the reactors were prepared with enough oxidant (O2(g)) to provide a
continuous replacement by violarite as the following reaction (Xia et al., 2009a),
Fe4.57Ni4.43S8 + H+ + 2.125 O2(aq) = 0.5 Ni2+ + 1.25 Fe2O3 + 2 Ni1.965Fe1.035S4 + 0.5 H2O

(4.3)

The reactors were placed into a glove box filled with high purity oxygen. Each PTFE reactor
was filled with pentlandite, and then 10 mL pH25 °C 3.81 solution was added, leaving 12.5 mL
free space for expansion and the reactors were tightly closed by hand. After that, the reactors
were removed from the glove box, immediately sealed using a wrench, and transferred into a
pre-heated electric oven set at 125 °C. Hydrothermal experiments were carried out at
autogenous pressures (<3 bar) in a temperature-controlled oven at 125 °C (±1 °C ). After the
reaction, the reactors were left to cool at ambient conditions and opened once they cooled to
room temperature. After taking ~5 mL solution as a sample, reacted particles were rinsed with
deionised water and acetone. The pH of the solution was measured after each run. After drying,
samples were weighed, and ~40 mg sample was taken for PXRD analysis to determine the
reaction progress. If the progress was not at the desired range or completed, the solution and
oxygen were refreshed, and then the reacted samples were loaded into the reactors with fresh
solution and oxygen. This procedure was applied until the reaction progress reached 59%, 90%
and 100%.
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After the complete replacement of pentlandite by violarite, 6 other samples were run under a
nitrogen atmosphere. The reason for the change of oxygen to nitrogen was to prevent further
oxidation of violarite to hematite (Xia et al., 2009a). For anoxic experiments, the buffer solution
was purged with high purity nitrogen for 15 min to remove the dissolved oxygen. The nitrogen
purging method was previously suggested as the most effective way for removing oxygen from
an aqueous solution, compared with boiling at automorphic or reduced pressure and sonication
under reduced pressure (Butler, 1994). Then, the sample was loaded into the reactors with fresh
solution and nitrogen. After that, the reactors were removed from the glove box, immediately
sealed using a wrench, and transferred into a pre-heated electric oven set at 125 °C. To study
porosity evolution in time, these samples were collected after 7, 14, 28, 180, 365 and 517 days.
5.2.3. Electron probe microanalysis (EPMA)
Electron probe microanalysis (EPMA) of the synthesized pentlandite was performed using a
field-emission JEOL 8530F hyper probe with a take-off angle of 40°, an accelerating voltage
of 20 kV, and a beam current of 40 nA. X-ray lines, analysing crystals, counting time, and
standards used for each element were: Fe Kα (LiF, 20 s, pyrite), Ni Kα (LiF, 40 s, Ni metal), S
Kα (PETJ, 20 s, pyrite). The background was corrected using the mean atomic number (MAN)
(Donovan and Tingle, 1996). Unknown and standard intensities were corrected for dead time,
and the ZAF algorithm was used for matrix absorption (Armstrong, 1988).
5.2.4. Scanning electron microscope (SEM) / energy-dispersive X-ray spectroscopy
(EDS)
A Zeiss Neon 40EsB and a TESCAN Clara field emission scanning electron microscopes
(FESEM) equipped with an energy dispersive spectrometer (EDS) were used for FESEM-EDS
examinations. Electron micrographs of particle surfaces and cross-sections were taken under
secondary electron (SE) or backscattered electron (BSE) modes. To examine the particle cross-
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sections, particles were embedded in the epoxy resin, ground by 1200 grit silicon carbide
abrasive papers, and then polished using 9 µm, 3 µm and 1 µm diamond suspensions. After
surface cleaning and drying, the resin blocks were coated with a thin carbon film to increase
conductivity. Micrographs were taken using an accelerating voltage of 15 kV.
5.2.5. FIB-SEM tomography
3D tomographic analysis of the violarite was carried out using the slice and view method using
Tescan Lyra3 and FEI Helios focused ion beam scanning electron microscopes. A region of
interest was prepared by milling the surrounding material, and a protective Pt layer was coated
by ion-beam deposition. A Ga+ ion beam at 30 kV and 0.79 or 1 nA was used to remove 25 and
50 nm thick slices of material. After FIB removal of each layer, BSE images were taken with a
lateral pixel size of 25 nm. A typical dataset consisted of more than 400 slices. The 3D model
was reconstructed from the images using Avizo software (version 2021.3, FEI, US). The details
of the procedure of FIB-SEM slice and view analyses are described in our previous work (Kartal
et al., 2019; Nikkhou et al., 2021) also in the Supporting Information (Appendix 4).
5.2.6. Powder X-ray diffraction (PXRD)
The mineralogy of the samples was analysed by powder X-ray diffraction using a Bruker D8
Advance diffractometer with Cu Kα radiation (λ = 1.5418 Å, 40 kV, 40 mA). In a typical data
collection, ~20 mg of sample was ground in an agate mortar in acetone and then the powder
was uniformly spread on a silicon ‘zero-background’ sample holder. PXRD pattern was
collected over the 2θ range of 10–80° at a step size of 0.02° and an acquisition time of 1.2 s per
step.
The Rietveld refinement of the PXRD patterns using TOPAS Academic (v6.0) was performed
to determine unit cell parameters and phase fractions of the samples (Hill and Flack, 1987;
Rietveld, 1969). As a refinement procedure, firstly, the background and scale factors,
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secondarily, unit cell parameters, and finally, peak-shape parameters were refined. A fifth-order
polynomial function was used as the background model, and a pseudo-Voigt function
considering both Gaussian and Lorentzian convolutions was used as the peak shape model. The
initial structural models of the mineral phases were taken from the COD database: COD# 96900-0979 for pentlandite (Pearson and Buerger, 1956) and COD# 96-900-0077 for violarite
(Vaughan and Craig, 1985). Low values of the weight-profile R-value (Rwp) and goodness of fit
(χ2) were used to check the good refinement (McCusker et al., 1999), and the weight
percentages of the phases were calculated by,
Wp=(SZMV)p/Σi(SZMV)i

(5.1)

where Wp is the relative weight percentage of phase p, S is the scale factor, Z is the number of
formula units per unit cell, M is the molecular weight of the formula unit, and V is the volume
of the unit cell. i represents each phase in the mixture. The relative weight percentages were
then used to calculate the absolute weight percentage by,
Wp_abs = Wp × (mr / mcal)

(5.2)

where Wp_abs is the absolute weight percentage, mr is the mass of the solid residue, and mcal is
the mass of the starting calcite. The absolute weight percentages show whether the reactions
proceeded through gaining constitutes from the solution or removing constitutes from calcite
to the solution.
5.2.7. (Ultra) small-angle neutron scattering ((U)SANS)
To characterise mineral porosity in the replacement product, the USANS and SANS analyses
were performed at ANSTO in Sydney, Australia. The details of (U)SANS samples measured in
this study were summarised in Table 5.1.
SANS analyses were carried out using the BILBY instrument (Sokolova et al., 2019) incident
wavelength of λ=6 Å (Δλ/λ=10%) and a sample aperture size of 10 mm in diameter. A sample
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detector over the q-range from 0.0031164 Å-1 to 0.44121 Å-1 was employed. Three samples
were run using the time-of-flight (TOF) mode over the q-range from 0.00103 Å-1 to 1.33493 Å1

. The flat tail appeared at a similar Q range (Q ~ 0.06 Å–1) for all reacted samples, at a lower

Q range (Q ~ 0.02 Å–1) for the starting pentlandite. This flat tail was subtracted as the
background – represents B in Eq. S5.3. USANS analyses were performed using the
KOOKABURRA instrument (Rehm et al., 2018) using an incident wavelength of 4.74 Å over
the q range from 1.81×10-5 Å-1 to 0.0010378 Å-1 with a sample aperture size of 19 mm in
diameter. All (U)SANS measurements were conducted at room temperature and ambient
atmosphere.
Table 5.1. Summary of reaction conditions and the phase abundance of the products.

a

Time

pH

pH

(oC)

(h)

before

after

Pn

-

-

-

-

-

-

Pn(100)

PnVo59c

125

344

3.81

3.74

O2

-19.15

Pn(35) Vo(46)

PnVo90c

125

552

3.81

3.73

O2

-30.50

Pn(9) Vo(60)

f

(%)g

Products (wt.%)h

PnVo100c

125

688

3.81

3.75

O2

-33.83

Vo(66)

PnVo100c7d

125

856

3.81

3.74

N2

-35.20

Vo(65)

PnVo100c14d

125

1024

3.81

3.75

N2

-34.13

Vo(66)

PnVo100c28d

125

1360

3.81

3.76

N2

-33.55

Vo(66)

PnVo100c180d

125

5068

3.81

3.75

N2

-34.05

Vo(66)

PnVo100c365d

125

9448

3.81

3.76

N2

-34.63

Vo(65)

PnVo100c517d

125

12410

3.81

3.75

N2

-34.50

Vo(66)

Initial mass: 40 mg.

Initial solution volume: 10 mL.

d
e

Atm.f

Particle size: 106-250 μm.

b
c

∆m

Temp.

Sample Name

Solution composition: 0.1658 M CH3COOH, 0.0342 M CH3COONa, 0.2 M NaCl.

Percentage change in mass.

Atmosphere, O2 – oxygen, N2 – nitrogen.

g

Absolute weight percentages (against the initial mass of pentlandite) of the mineral phase(s) in the reaction

products.
h

Mineral abbreviations: Pn = Pentlandite; Vo = Violarite.

The (U)SANS measurements were conducted at two conditions: i) in air and ii) in H2O/D2O
contrast matching solution in order to evaluate open and closed pore information. The samples
were loaded into the sample cells made up with a metal framework, two identical quartz
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windows 25 mm in diameter and 1 mm in thickness, an adhesive polypropylene (PP) ring (ID
20 mm, OD 25 mm, and thickness ~330 µm) (Fig. S5.3). The thickness of the sample was
carefully measured with a micrometre. The thickness values of i) the quartz window, ii) the
quartz window + PP ring, iii) the quartz window + PP ring + sample were recorded and hence,
sample thickness was measured after the subtraction of the quartz windows. Additionally, to
ensure sample thickness/distribution/flatness are ideal, loaded samples were also measured at
the centre and coaxial locations. Sample weight was calculated by recording the weight of the
quartz windows with a PP ring before and after loading the powder sample.
For the contrast matching experiments, sample cells were injected with the H2O/D2O mixture
through a T-junction connected to a diaphragm vacuum pump and the container of H2O/D2O.
Sample cells were vacuumed for 5 min, and then the H2O/D2O mixture was introduced to the
sample cells under vacuum. This ensured the filling of the contrast matching fluid to the pore
space. After the (U)SANS data collection in air condition, the contrast matching measurements
were carried out.
The data reduction of SANS data to absolute scale was carried out by Mantid software suite
(Arnold et al., 2014). The de-smearing correction was applied to the slit smeared USANS data
(Schmidt and Hight, 1960; Schmidt, 1965) using NIST macros (Kline, 2006). The gap between
the USANS and SANS curves resulted in a loss of information in the pore size distribution from
200 nm to 1.28 m, and USANS curves were not calibrated due to the lack of an overlapping
region. Therefore, USANS curves were used for the relative open/closed pore information. Data
analysis and fitting were performed by using Irena (v2.68) (Ilavsky and Jemian, 2009) macros
in Igor Pro (v8.03). A description of the theoretical background of data analysis was given in
the Supporting Information (Appendix 4).
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5.2.8. The measurement of total/open/closed pore volumes
Total porosity was determined by calculating i) the changes in the packing density of the grains,
ii) the mass balance of the replacement reaction, and measured using SEM micrographs and 3D
reconstruction of the FIB-SEM slices. Using the porosity from the mass balance and the relative
open/closed pore information from (U)SANS size distribution, open and closed porosity were
derived for each sample (Table 5.2).
Table 5.2. Summary of (U)SANS measurements and results.
Sample Name

Measurement
condition

Sample

Scattering

Packing

In air

length

density,

surface

background,

(µm)

density, ρ

dp (g/cm3)

area, Sm

B (cm-1)

In air

0.363

16.05

2.490

0.393

15.46

2.114

0.342

15.11

2.048

In D2O/H2O
PnVo90c

In air
In D2O/H2O

PnVo100c

In air

0.365

14.88

1.587

In D2O/H2O
PnVo100c7d

In air

0.361

14.88

1.614

In D2O/H2O
PnVo100c14d

In air

0.372

14.88

1.566

0.379

14.88

1.646

In D2O/H2O
PnVo100c28d

In air
In D2O/H2O

PnVo100c180d

PnVo100c365d

PnVo100c517d

Ds

USANS

SANS

(m2/g)

In D2O/H2O
PnVo59c

Incoherent

thickness

(1010 cm-2)
Pn

Specific

0.028

0.011

2.41

2.07

0.005

0.150

2.28

2.96

1.608

0.043

2.66

2.28

0.142

0.152

2.33

3.32

3.320

0.067

2.90

2.55

0.488

0.199

3.13

3.16

4.285

0.075

2.63

2.48

0.529

0.218

2.47

3.04

3.717

0.094

2.53

2.43

0.867

0.222

2.57

3.19

4.023

0.109

2.43

2.31

0.894

0.223

2.44

2.81

4.192

0.079

2.55

2.509

0.553

0.208

2.43

3.30

In air

0.376

14.88

1.418

2.680

0.159

2.67

2.32

In D2O/H2O

0.375

14.88

1.450

0.586

0.284

3.32

2.45

In air

0.357

14.88

1.521

3.222

0.145

2.48

2.30

In D2O/H2O

0.384

14.88

1.522

0.572

0.233

3.14

2.67

In air

0.387

14.88

1.525

3.279

0.122

2.55

2.42

In D2O/H2O

0.374

14.88

1.497

0.668

0.262

3.46

2.55

The mass fractions of the phases used in the porosity calculations were obtained from the
Rietveld analysis of PXRD patterns (Eq. 5.2, Section 5.2.6). The packing density calculations
were carried out using the volume of the (U)SANS samples cell. The grain size is highly
preserved in the pseudomorphic replacement of pentlandite by violarite (Xia et al., 2009a).
Assuming the grain size was preserved, the packing densities of the starting pentlandite (dp,
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pentlandite)

and the product violarite (dp,

violarite)

would give the same value and hence, the

difference would give the porosity (Φ) in the sample.
Φ = (dp, pentlandite – dp, violarite) / dp, pentlandite

(5.3)

The amount of porosity generated depends on the molar volume difference and the relative
solubility differences of primary pentlandite and product violarite (Putnis et al., 2005). The
molar volume differences were calculated using the lattice parameters (a=b=c) of pentlandite
and violarite extracted from the Rietveld refinement of the PXRD patterns (Section 5.2.6). On
the other hand, the negative mass change of the product could be associated with the porosity
in violarite dissolution even in the partially replaced samples due to no sign of pentlandite
dissolution observed from the SEM examinations.
In both calculations, the porosity of pentlandite at the SANS region was subtracted, assuming
the contribution of pores with a larger pore size (>~200 nm) is minimum.
5.3. Results
5.3.1. The replacement of pentlandite by violarite
The reaction conditions and product phase abundances were summarised in Table 5.1. The
hydrothermal experiments were run under oxic conditions (Section 5.2.2) using the starting
pentlandite (denoted as Pn). The quantitative phase distribution of the PXRD patterns showed
that the reaction progressed to 59% after 344 h, 90% after 552 h, and 100% after 688 h (Fig.
5.1a,b, Table 5.1). These samples were denoted as PnVo59c, PnVo90c, and PnVo100c,
respectively. After the completion of the replacement reaction, the violarite grains were run
under anoxic condition (Section 5.2.2) for 7, 14, 28, 180, 365, and 517 d, were denoted as
PnVo100c7d,

PnVo100c14d,

PnVo100c28d,

PnVo100c517d, respectively (Fig. 5.1b, Table 5.1).
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PnVo100c180d,

PnVo100c365d,

and

To analyse the relationship between the porosity and crystal growth, the crystallite size was
calculated for the violarite phase (Fig. 5.1c). A significant increment during the replacement
reaction and very slight changes after the completion of the replacement was observed (Fig.
5.1c). The crystallite size increased from 15.7 nm after 344 h to 17.1 nm after 552 h during the
replacement of pentlandite by violarite (Fig. 5.1c). After the complete replacement, the
crystallite size of the violarite slightly changed between 20.0 and 20.9 nm up to 517 days of
reaction (Fig. 5.1c).

Fig. 5.1. (a) PXRD patterns of the samples before and after replacement, (b) the corresponding
outcome of quantitative phase analyses showing the change in phase abundance (in absolute
wt.%) and (c) the crystallite size of the violarite as a function of reaction time and. Both
replacement progress and crystallite sizes were obtained from Rietveld quantitative phase
analysis of the PXRD patterns in (a).
The unit cell parameters of pentlandite and violarite were used to calculate the relative molar
volume difference of the reaction. The volume difference (ΔV) of the complete replacement
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was calculated as ~17.9% using the refined unit-cell parameters (a=b=c) and the phase
densities (ρ) of pentlandite and violarite.
5.3.2. Mineral texture
SEM images were obtained from both the cross-section (Fig. 5.2a1,2-j1,j2) and grain surface
(Fig. 5.2a3,4-j3,j4) of the samples. The starting pentlandite showed a lamellar texture and some
spherical nanometre-sized pores (Fig. 5.2a3). Backscattered electron images of the whole
mineral grain showed that pentlandite was progressively replaced by porous violarite from the
surface to the core of the grain (Fig. 5.2b1-c1). After 344 h, the surface of pentlandite becomes
rougher for the 59% replaced sample (Fig. 5.2b3,4). The BSE images from the cross-section of
the sample showed that the violarite domains were separated by nanometre-sized elongated
pores and these pores were mostly perpendicular to the reaction front (Fig. 5.2b2). After 552 h,
the elongated pores became 3D oriented, and the number and size of these pores also increased
with the reaction progress (Fig. 5.2c2). After 688 h, the complete replacement reaction showed
that the surface became smoother with smaller pores (Fig. 5.2d3,4). Several micrometre-sized
fractures within the product violarite were also observed after complete replacement (Fig.
5.2d1). In the prolonged experiments up to 517 days, the grain cross-sections showed that the
throat size of the nanometre-sized elongated pores increased (Fig. 5.2j1,2), and the grain surface
became rougher with larger pores (Fig. 5.2j3,4).
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Fig. 5.2. Backscattered electron images of (a1,2-j1-2) the grain cross-sections and secondary
electron images of (a3,4-j3-4) the grain surfaces of the samples, including (a1-a4) starting
pentlandite and the replaced samples (b1-b4) PnVo59c, (c1-c4) PnVo91c, (d1-d4) PnVo100c,
(e1-e4) PnVo100c7d, (f1-f4) PnVo100c14d, (g1-g4) PnVo100c28d, (h1-h4) PnVo100c180d,
(i1-i4) PnVo100c365d, (j1-j4) PnVo100c517d. High magnification images were taken from the
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violarite phase except (a2,a3). Black arrows show pores, and white arrows show lamellar
surface on the grain surface of the starting pentlandite.
High-resolution secondary electron images revealed that the porous violarite rim was mainly
comprised of nanometre-sized pores and pore channels with the thickness varying from 10 to
100 nm (Fig. 5.2a2-j2). Further quantitative analyses of cross-sectional SEM images were
carried out for the representative grains from the edge to the core (Fig. 5.3a-e). The partially
replaced samples showed 27.2% porosity after 344 h (Fig. 5.3a) and increased to 33.2% after
552 h (Fig. 5.3b). After complete replacement, the porosity decreased to 30.0% after 688 h (Fig.
5.3c) and 28.8% after 28 days (Fig. 5.3d). After 517 days, the porosity increased to 34.9% (Fig.
5.3e). Having the pores coarsening from the core to the edge of the grain, quantitative analyses
of SEM images showed a gradually decreasing trend in the porosity ratio versus the location of
the pores (Fig. 5.3a-e). Some sharp porosity changes through the grain were also observed for
the completely replaced samples (Fig. 5.3c-e).

Fig. 5.3. (a-e) 2D SE images of whole grains, and (f-j) the associated porosity changes along
the violarite measured by image processing. In the SEM images, white dots show the locations
for each high-resolution SEM images for (a,f) PnVo59c, (b,g) PnVo90c, (c,h) PnVo100c, (d,i)
PnVo100c28d, (e,j) PnVo100c517d.
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5.3.3. 3D nanostructure of the replaced grains
FIB-SEM slice and view analyses of PnVo100c (Fig. 5.4a-e), PnVo100c28d (Fig. 5.4f-j),
PnVo100c365d (Fig. 5.5a-d) and PnVo100c517d (Fig. 5.6a-d) were performed to further
analyse porosity evolution after complete replacement. The results revealed that the porosity
decreased gradually from the edge to the core of the grains (Fig. 5.4d,i, Fig. 5.5b, Fig. 5.6d).
Taking PnVo100c for example, the porosity was 37% at the edge, dramatically decreased to
28% at 3 µm, and then gradually decreased to 27% at 12 µm and 26% at 15 µm (Fig. 5.4d). The
zoomed-in SEM cross-sections with a 3 μm step size in Z direction showed that (Fig. 5.4e).
Similar characteristics were also observed for PnVo100c28d (Fig. 5.4f-j). In the long term
experiments, the porosity at the edge of the grains further increased to 56% after 365 days
(PnVo100c365d) (Fig. 5.5b) and 53% after 517 days (PnVo100c517d) (Fig. 5.6d). The porosity
values towards the core of the grains were 24% and 27% at 19 µm and 22 µm for PnVo365d
and PnVo517d, respectively (Fig. 5.5b, Fig. 5.6d). These porosity trends of PnVo100c365d
(Fig. 5.5b) and PnVo100c517d (Fig. 5.6d) were similar to for those PnVo100c and
PnVo100c28d (Fig. 5.4d,i).
In contrast to the PnVo100c and PnVo100c28d (Fig. 5.4d,i), sharp low-to-high and high-to-low
porosity transitions appeared each 2-4 μm distance from the edge to the core of the grains for
PnVo100c365d and PnVo100c517d (Fig. 5.5b, Fig. 5.6d). A closer look at the innermost slice
in Z direction revealed the different spatial pore distributions and characteristics (Fig. 5.5c).
Nanometre-sized pores were connected to a void with an approximate size of 10 μm in the inner
grain (Fig. 5.5c). The nanometre-sized pores were perpendicular to the grain surface (Fig. 5.5d).
From the zoomed-in view of the layered structure (Fig. 5.5d), it can be seen that not only total
porosity but also pore neck size decreased from the edge to the centre of the grain. Porous
regions with decreasing pore neck size from the edge to the core of the grain were separated by
~1 μm nonporous layers parallel to the surface (Fig. 5.5d).
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Fig. 5.4. FIB-SEM slice and view analyses show the porosity changes from the edge to the core
of the violarite phase for PnVo100c (a-e) and PnVo100c28d (f-j). (a,f) a 200 nm Pt layer was
ion beam deposited over the region of interest, (b,g) removal of the surrounding material, (c,h)
3D reconstruction of the 2D slices, (d, i) porosity for each slice from edge to the core of the
grains (in the Z direction), (e, j) BSE images showing the coarse pores at the edge while finer
pores through the core of the grains.
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Fig. 5.5. FIB-SEM slice and view analyses show the porosity changes from edge to the core of
the violarite phase for PnVo100c365d (a) 3D reconstruction of the 2D slices, a cube with red
borders was subtracted to show the inner structure and spatial distribution of pores (b) porosity
for each slice from edge to the core of the grains (in the Z direction), (c) BSE image showing
the innermost XY slice (d) section showing the pore channels from the outer surface to the inner
grain. The size of the pore channels decreases through the centre of the grain while inner nonporous layers form parallel to the surface.
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Fig. 5.6. FIB-SEM slice and view analyses show the porosity changes from the edge to the core
of the violarite phase for PnVo100c517d. (a) a 200 nm Pt layer was ion beam deposited over
146

the region of interest, (b) removal of the surrounding material, (c) 3D reconstruction of the 2D
slices, (d) porosity for each slice from edge to the core of the grains (in the Z direction), (e)
BSE images showing the coarse pores at the edge while finer pores through the core of the
grains.
The 3D pore network analysis of the FIB-SEM data showed that the porosity was very close
and remained almost the same. The porosity was 27.1% after the complete replacement (688h)
and then changed to 26.4%, 27.3% and 27.6% after 28 days, 365 days and 517 days,
respectively (Table 5.3). The majority of the pores were connected and slightly decreased in
time, was 98.5% after the complete replacement and decreased to 98.1%, 97% and 96.7% after
28 days, 365 days and 517 days, respectively (Table 5.3). The specific surface area of pores
was 35.29 μm-1 at complete replacement (688 h), further decreased to 33.98 μm-1 after 28 days,
32.35 μm-1 after 180 days, and 32.12 μm-1 after 517 days (Table 5.3).
Table 5.3. Summary of FIBSEM tomography results.
Samples
PnVo100c
PnVo100c28d
PnVo100c365d
PnVo100c517d

Porosity
27.1
26.4
27.3
27.6

Connected pores (vol.%)
98.5
98.0
96.9
94.2

Specific surface area (μm-1)
35.29
33.98
32.35
32.12

Pore size distribution revealed the porosity coarsening with time (Fig. 5.7a,b). Sample
PnVo100c showed pores up to 400 nm with a vast number of pores below 100 nm (Fig. 5.7a).
The number of these pores below 100 nm decreased after 28 days, 365 days and 517 days,
whereas the number of pores larger than 300 nm significantly increased (Fig. 5.7a). The pore
coarsening was more apparent in the volume fraction of these pores, in which the pore size
distribution curve became more flat with increasing time (Fig. 5.7b). Pores were mainly
distributed between 40-50 nm at complete replacement (688 h) and further coarsened to 100110 nm after 28 days, 230-240 nm after 365 days and 517 days (Fig. 5.7b).
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Fig. 5.7. (a) Number density and (b) volume fraction of the pore distribution based on their
equivalent diameter for PnVo100c, PnVo100c28d, PnVo100c365d and PnVo100c517d
calculated from FIB-SEM tomography shown in Fig. 5.4a-e, Fig. 5.4f-j, Fig. 5.5a-d and Fig.
5.6a-d, respectively. The darker regions in the transparent bars show the overlapping regions.
5.3.4. (U)SANS analyses
The (U)SANS measurements were carried out for the starting pentlandite and the samples up
to complete replacement (Fig. 5.8a1-d1), and the completely replaced samples were annealed
under anoxic conditions for up to 517 days (Fig. 5.9a1-f1). The combined (U)SANS curves
(Fig. 5.8a1-f1, Fig. 5.9a1-f1) show scattering over a wide Q range from 1.81 × 10-5 Å-1 to
0.52458 Å-1, a typical (U)SANS curve shape of geological samples (Anovitz et al., 2013;
Clarkson et al., 2013; Jin et al., 2011; Navarre-Sitchler et al., 2013; Xia et al., 2014b). The flat
tail in the high Q region of the (U)SANS curves is probably related to the incoherent scattering
from the absorbed moisture on the sample surface or H2O trapped in porous violarite.
Measurements in the D2O-H2O condition showed a higher incoherent scattering background
than the dry samples due to the hydrogen contained in the water mixture (Jin et al., 2011).
The pore size distribution from the pentlandite to complete replacement by violarite showed
pores with a size range between 7 and 29.2 μm (Fig. 5.8a2-4 – d2-4). As can be seen from the
SANS results, the starting pentlandite demonstrated low porosity, and the pores were
distributed between 73 to 223 nm (Fig. 5.8a2, Table 5.2). Subsequent replacement of
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pentlandite by porous violarite significantly increased the pore size distribution profile after
344 h (Fig. 5.8b2). More pores were formed after 552 h (Fig. 5.8c2), with a decrease in the
abundance of pores smaller than 20 nm and an increase in larger pores (≥20 nm) after 688 h
(Fig. 5.8d2). On the other hand, USANS results showed that the pore size distributions of
samples varied between 1.42 μm – 29.2 μm at (Fig. 5.8a3-d3). The open pores were the lowest
in the smaller pore size range and fluctuated in the larger pore size range (Fig. 5.8a4-d4).
The pore size was distributed between 8 nm - 30.7 µm for completely replaced samples up to
517 days of reaction under anoxic conditions (Fig. 5.9a2-4 – f2-4). In the short-term reaction
up to PnVo100c28d, there was a minor porosity increase after the complete replacement (Fig.
5.9a2-c2). Long-term experiments after 180 days, 365 days and 517 days (PnVo100c180d,
PnVo100c365d and PnVo100c517d), on the other hand, show clear pore coarsening in the
SANS region (Fig. 5.9d2-f2). The number of closed pores with a size less than ~20 nm also
reduces. Pore size distribution curves of samples ranged from 1.42 μm to 29.2 μm were flat in
the USANS region (Fig. 5.9a3-f3). The pores smaller than 20 nm for the short-term annealed
samples (Fig. 5.9a4-c4) transformed into open pores in the long term samples (Fig. 5.9d4-f4).
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Fig. 5.8. (a1-d1) Combined USANS/SANS curves, (a2-d2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-d3)
Volume distribution (1/Å) and cumulative volume fraction of pore size (Å) extracted from
USANS curves (relative), (a4-d4) Open/total pore ratio of pore size (Å) for (a1-a4) Pn, and the
replaced samples (b1-b4) PnVo59c, (c1-c4) PnVo91c, (d1-d4) PnVo100c at oxic condition.
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Fig. 5.9. (a1-f1) Combined USANS/SANS curves, (a2-f2) Volume distribution (1/Å) and
cumulative volume fraction of pore size (Å) extracted from SANS curves (absolute), (a3-f3)
Volume distribution (1/Å) and cumulative volume fraction of pore size (Å) extracted from
USANS curves (relative), (a4-f4) Open/total pore ratio of pore size (Å) for the completely
replaced violarite samples (a1-a4) PnVo100c7d, (b1-b4) PnVo100c14d, (c1-c4) PnVo100c28d,
(d1-d4) PnVo100c180d, (e1-e4) PnVo100c365d, (f1-f4) PnVo100c517d at anoxic condition.
Samples have surface fractal dimension Ds values which vary between 2.1 and 3.3 for the SANS
region; 2.3 and 3.4 for the USANS region, both dry and contrast matched conditions (Table 5.2,
Fig. 5.10a,b). In the SANS region, the contrast matched samples tend to have higher Ds values
(Fig. 5.10a) than the samples measured in air. In the USANS region, Ds values were comparable
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with each sample, while there was an increase for PnVo100c180d, PnVo100c365d and
PnVo100c517d (Fig. 5.10b). The difference between the total pores and closed pores lies in
that the closed pores tend to be smoother in the small size range (higher Ds value in the SANS
region) and similar (up to 28 days after the complete replacement) or rougher in the large size
range (lower Ds value in the USANS region).

Fig. 5.10. Comparison of surface fractal dimension Ds for the unreacted pentlandite and reacted
violarite samples in air and in D2O/H2O solution. (a) SANS region, (b) USANS region.
The total specific surface area is 0.028 m2g-1 for the starting pentlandite and increases to 4.285
m2g-1 for the completely replaced pentlandite by violarite (PnVo100c) (Table 5.2, Fig. 5.11).
After that, the specific surface area decreases to 3.717 m2g-1 after 7 days (PnVo100c7d) and
increases up to 4.192 m2g-1 after 28 days (PnVo100c28d). In the long-term reaction, the specific
surface area was found 2.680 m2g-1, 3.272 m2g-1 and 3.279 m2g-1 for PnVo100c180d,
PnVo100c365d and PnVo100c517d, respectively. The specific surface area for the closed pores
is 0.005 m2g-1 and increases significantly to 0.142 m2g-1 in PnVo59c and is the highest in
PnVo100c14d with 0.894 m2g-1 then decreases to 0.79 m2g-1 in PnVo100c28d and is 0.688 m2g1

in PnVo517d.
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Fig. 5.11. Comparison of specific surface area for the unreacted pentlandite and replacing
violarite samples in air and in D2O/H2O solution.
5.3.5. Porosity – Total/Open/Closed
Open porosity, closed porosity and total porosity results of the samples show the replacement
of nearly pore-free pentlandite by highly porous violarite (Fig. 5.12, Table 5.4). Total porosity
of the violarite phase increases from 29.8% (PnVo59c) to 35.0% (PnVo100c7d), is 34.2% for
PnVo100c365d and 34.1% for PnVo100c517d (Fig. 5.12). The majority of these pores (≥85%)
are open for all samples. Open porosity within the violarite phase increases from 25.8%
(PnVo59c) to 32.3% (PnVo100c7d) and is 31.3% at PnVo100c517d. Closed porosity within
the violarite phase, on the other hand, is higher in the partially replaced samples, 4.0% and 3.0%
for PnVo59c and PnVo90c, respectively, and 2.8% for PnVo100c517d.

Fig. 5.12. Total, open and closed porosity within the violarite phase calculated from molar
volume difference and dissolution loss. Open and closed pore volume was calculated using the
USANS/SANS data in Table 5.4.
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Table 5.4. Total/open/closed porosity for pentlandite before reactions and for violarite after
reactions. For the partially replaced samples, porosity was given for the violarite phase only
(excluding pentlandite). Open/closed pore information was extracted from USANS/SANS
results.
Samples

Pn
PnVo59c
PnVo90c
PnVo100c
PnVo100c7d
PnVo100c14d
PnVo100c28d
PnVo100c180d
PnVo100c365d
PnVo100c517d

Total
29.8
32.5
33.2
35.0
33.6
32.9
33.5
34.2
34.1

Mass balance
Open
Closed
25.8
4.0
29.5
3.0
30.5
2.7
32.3
2.7
30.5
3.1
30.6
2.3
31.7
1.8
32.3
1.9
31.3
2.8

Porosity (%) obtained from different methods
Packing density
USANS (relative)*
Total
Open
Closed
Total
Open
Closed
3.0
2.6
0.4
23.5
20.4
3.1
3.5
3.0
0.5
23.5
21.3
2.2
3.5
3.1
0.3
32.9
30.3
2.6
2.8
2.6
0.2
31.8
29.3
2.5
2.7
2.5
0.2
33.8
30.7
3.1
2.5
2.3
0.2
30.5
28.4
2.1
2.9
2.7
0.2
34.1
32.2
1.9
1.2
1.2
0.2
30.0
28.3
1.7
1.0
0.9
0..0
30.5
27.9
2.6
1.3
1.2
0.1

SANS (absolute)
Total
Open
Closed
1.0
0.9
0.1
2.7
2.6
0.1
4.4
4.0
0.4
5.2
4.9
0.4
4.6
4.0
0.6
5.1
4.4
0.7
5.1
4.8
0.4
3.6
2.7
0.8
4.4
3.8
0.6
4.6
3.8
0.8

*The data could not be calibrated with the SANS data due to the lack of overlapping regions. Therefore,
USANS data provided relative information between the samples.

5.4. Discussions
5.4.1. The generation and evolution of nanometre-sized elongated pores
Porosity generated in violarite mainly consisted of nanometre-sized elongated pores with larger
micron-sized pores. Having the porosity (29.8-35.0%) more than the molar volume difference
(-17.9%) between pentlandite and violarite suggested that some porosity resulted from the
dissolution loss. Higher porosity near the grain surfaces and lower porosity at inner grains also
suggested such dissolution (Fig. 5.4d,i, Fig. 5.5b, Fig. 5.6d). Porosity in the replacing violarite
was found slightly lower at the early stage of replacement for PnVo59c (29.8%) and varied
between 32.5 and 35.0%. These results suggested that porosity was preserved in the product
violarite, which is in agreement with the findings for natural violarite (Xia et al., 2014b).
The generation of pores was driven by the replacement reactions. The calculation of crystallite
size for the violarite phase showed that crystallite size increased until the complete replacement
but was stable after the complete replacement (Fig. 5.1c). These findings were in agreement
with the morphological (Fig. 5.2) and (U)SANS (Fig. 5.8) results, which showed that porosity
evolution was rapid due to porosity generation based on the coupled dissolution-reprecipitation
process and very slow after the completion of the replacement. Raufaste et al. (2011) showed
that epitaxial growth was the dominant mechanism in the early stage of KBr by KCl
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replacement, which resulted in channel formation perpendicular to the replacement interface.
Such channels on a much smaller scale were available in the replacement of pentlandite by
violarite (Fig. S5.2). Preservation of the crystallographic information is highly controlled by
the nucleation and the growth of the violarite phase (Altree-Williams et al., 2015). Since both
the pentlandite and violarite structures are based on a cubic close-packed array of S atoms with
Fe and Ni atoms occupying interstitial tetrahedral and octahedral sites (Tenailleau et al., 2006b;
Xia et al., 2009a), the limited misﬁt between pentlandite and violarite allows epitaxial
nucleation and hence 2D layer-by-layer growth (Altree-Williams et al., 2015). At mildly acidic
pH (1 < pH < 6), tight spatial coupling between dissolution and precipitation resulted in nmscale preservation of the textures of the initial pentlandite (Xia et al., 2009a) and internal
textural details of pentlandite by violarite are preserved down to ~18 nm along with
crystallographic orientation suggesting that the size of the individual violarite crystals and the
distance of transport is ≤20 nm. As a result, localised supersaturation limited the region of
nucleation and subsequent growth (Altree-Williams et al., 2015; Dunkel and Putnis, 2014).
Similarly, the crystallite size of violarite changed between 16-20 nm and no significant change
was recorded (Fig. 5.1c), while minor changes were observed even after 517 days of reaction.
In a previous study, EBSD pole ﬁgure of violarite showed more diﬀusion than that of the
adjacent pentlandite and suggested that could be due to the higher misorientation of violarite
smaller crystallites size (~18 nm) as compared to those of pentlandite (~67 nm) (Xia et al.,
2008). In this study, the crystallite sizes of violarite and pentlandite were 20 and 101 nm,
respectively. It is suggested that the broadening of the violarite poles could be because of nano
porosity and the associated strain or defects (Xia et al., 2009a) and observed perpendicularly
oriented fine pores to the reaction front. These preferentially oriented perpendicular pores were
also observed in this study at the interface, which is an indicator of the channel-formation
mechanism due to epitaxial growth during the coupled dissolution-precipitation (Raufaste et
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al., 2011). Beaudoin et al. (2018) indicated that these pore channels, referred to as 'fingers',
merged laterally in the prolonged reaction when ﬁngers could not elongate further or precipitate
gradually. In the long-term experiments, some extent of closed pores at a small size range are
converted into open pores (Fig. 5.9d4-f4). The decrement volume of the pores smaller than 20
nm and the increment of the pores larger than 20 nm suggest the coarsening of these pores (<20
nm) at the completed replacement (Rodriguez-Navarro et al., 2009). Decrement of specific
surface area (Fig. 5.11) also supports the coarsening of the pores, not only open but also closed
pores. In addition to nanopore channels, in the complete replacement, micron-sized pores
appeared mostly in the centre of the grains (Fig. 5.2d1-j1). These micron-sized intergranular
pores looked somewhat different in shape/size than the coarsened nanochannels and appeared
at the reaction front ended, in particular at the centre of the primary mineral. Because the length
scale of the replacement is not as large enough to cause destruction of both the parent and
product phase textures, such pores smaller than 7 μm could be resulting from the molar volume
difference between pentlandite and violarite phases.
5.4.2. Inheritance of interconnected and open nanochannels
The majority of pores (≥85%) were open and interconnected (≥97%) during 517 days of
reaction (Table 5.4). Inheritance of the open pores and interconnected pores even after 517 days
of reaction in this study could be explained by several hypotheses. Pore size-controlled
solubility has been suggested for the limitation of the mineral precipitation in small pores
(Emmanuel et al., 2010; Emmanuel and Berkowitz, 2007). According to this explanation, a
solution could be undersaturated in small pores (≤1 μm) while being supersaturated in large
pores due to the effect of surface curvature (Stack et al., 2014). Thus, the preferential
precipitation of minerals occurs in larger pore volumes (Putnis, 2015). Another factor is that
the probability of nucleation decreases with the decreasing pore size (Putnis, 2015). This
dependence was previously calculated for barite precipitation as a function of pore size (Prieto,
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2014) and compared with the previous experimental results (Prieto et al., 1994; Putnis et al.,
1995), suggesting that the precipitation was hindered in the small pores and higher
supersaturation values are needed for crystallisation (Nindiyasari et al., 2014). Additionally, the
classical nucleation mechanism, an equilibrium model of balancing positive surface energy
terms with negative free energy reduction for nucleation, is argued that might not be the
responsible mechanism for the nucleation occurring at very high values of supersaturation in
small pores (Putnis, 2015). Raufaste et al. (2011) also argued that solid-volume deﬁcit in the
replacement of KBr by K(Br,Cl) and the misﬁt (up to 3°–4°) between the crystallites were two
main reasons keeping pores open in the pseudomorphic replacement of KBr by KCl in the
steady. These hypotheses can be applied to our results because the replacement of pentlandite
by violarite generates volume deficiency and the misfit between the crystallites (Xia et al.,
2009a). Inheritance of the porosity and slow evolution suggested the survival of nanopores in a
geological time. Similarly, it was previously shown that natural violarite (18.1%) has a
comparable abundance and pore size distribution with synthetic violarite (18.8%) (Xia et al.,
2014b).
5.4.3. Spatially-preferred evolution of the pores
Spatial porosity results of the reacted grains (Fig. 5.4, Fig. 5.5, Fig. 5.6) indicate that the
porosity evolution is significant in the larger pores or grain surface while the significance of the
evolution decreases through the inner grain. Comparable to our study, Weber et al. (2019)
showed a similar spatial porosity evolution in the replacement of limestone by fluorite, where
the porosity of the parent mineral is minimal. The tendency of the large pores to be localized at
or near the boundaries of the largest crystals was previously suggested (Jamtveit et al., 2011),
and the possible mechanisms were discussed (see Section 5.4.2). Having higher porosity with
larger pores at the edge of the grain suggests that the local ion concentrations in the pore fluid
have a significant effect on the pore structure. The chemical gradient of the fluid in the pore
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channels can influence the spatial pore distribution (Beaudoin et al., 2018). Having a long
channel for the reactant to transport from the inner pore to the wall outside of the channel could
cause a chemical gradient, and thus, these pore channels may undergo a local coarsening. EDS
analysis of PnVo517d showed a clear variation of Fe, Ni and S at the edge of the grain (Fig.
5.14) and supported such change in the chemical gradient along the nanochannels. The gradient
in the violarite is a proxy for the evolution of the fluid composition at the reaction interface
under local oversaturation (Jonas et al., 2015). The thickness of the chemically varying layer
was approximately 17.8 μm, which was comparable with the porosity fluctuation at the edge of
the grain (Fig. 5.6d; 14), and porosity gradually decreased from the edge to the core of the grain.
This result was in parallel with the numerical simulation of reactive transport by Mostaghimi
et al. (2016), which suggested that the dissolution impacted all layers; however, due to the
transport-limited system, the surfaces closest to the inlet were found to be dissolved up to twice
higher due to the reactivity of the upstream end. In the porosity-distance relation, particularly
in the long-term reaction at PnVo365d and PnVo517d, nonporous layers perpendicular to the
pore channels appeared closer to the edge (Fig. 5.5b-d; Fig. 5.6d). The porosity and atomic
distribution of Fe, Ni, and S remained stable in the inner grain (Fig. 5.13a-f), where the porosity
was finer, and the pore channels distributed more evenly perpendicular to the reaction front and
the fresh surface of the micron-sized voids. These results suggest that the evolution of pores
preferentially occurred at the larger pores and at the surface of the grain in the case of violarite
with nanochannels.
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Fig. 5.13. (a) BSE image, elemental EDS-maps for: (b) Fe wt.%, (c) Ni wt.%, (d) S wt.%, (e)
O wt.%; (f) lateral EDS scan, and (g) EDS spectra and wt.% of the elements.
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Fig. 5.14. Schematic illustration of the porosity development in the replacement of pentlandite
by violarite.
5.4.4. Nanochannels provide fluid pathways
The formation of a porous network provides fluid pathways to the reactive interface in the
replacement of pentlandite by violarite. Xia et al. (2009a) previously suggested that pentlandite
dissolution is the rate-limiting factor and indicated that the reaction rate was not limited by fluid
transport. In this study, the reaction progress (Fig. 5.2b) and 3D microstructural analyses (Fig.
5.4-Fig. 5.6) showed no clue of fluid transport limitation. However, in this circumstance, an
efficient fluid flow via a nanoscale pore network is required for the reaction to progress.
Although our experimental setup is static and does not involve assisted fluid flow,
diffusiophoresis can deliver efficient ion and mass transfer (Prieve et al., 1984; Prieve and
Roman, 1987). According to this theory, a diffusio-osmotic flow occurs due to the chemical
gradient of the fluid and may enable convective mass transport in and out of the nanoporous
network that terminates at the reaction interface independent of pressure and temperature
gradients (Kar et al., 2016; Shin et al., 2016). In this type of nanoporous system, fluid flow can
be generated due to the electrostatic interaction between the material interface and fluid
(Bocquet and Charlaix, 2010; Schoch et al., 2008). Such surface-charge-governed transport
phenomena, due to the substantial specific surface of replacing violarite (2.680-4.285 m2g-1),
can be dominant and contribute to advective mass transfer (Plumper et al., 2017). In such fluid
flow, pressurised fluid flows can become less active at reaction fronts within complex
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nanoporous networks (Hacker and Christie, 1991; Plumper et al., 2017; Tutolo et al., 2016),
which is in agreement with the inverse correlation of the flow rate on the overall replacement
reaction rate of flow-through replacement experiments of pentlandite by violarite (Xia et al.,
2009a).
Nanoscale fluid flow can take place in the natural environment and can be responsible for the
fluid transfer in the rocks. Under the hydrothermal conditions, violarite develops in the Earth's
crust as a supergene replacement product of pentlandite (Nickel et al., 1974; Thornber, 1975),
and the earlier (U)SANS study demonstrated that both natural and synthetic pentlandite had
similar porosity below 1.8 μm, while synthetic violarite had more small pores (<100 nm) than
natural violarite (Xia et al., 2014b). Our (U)SANS showed a comparable pore size distribution
for violarite grains (Fig. 5.8d2,3; Fig. 5.9a2,3-f2,3). Notably, our study showed a greater
porosity since we did not utilise the (U)SANS method for porosity calculation, which would
have resulted in a detection limit for pores bigger than the intergranular space and hence an
underestimate of the pores. Additionally, we demonstrated that the porosity coarsens with time,
a phenomenon that may also occur naturally in violarite in the supergene environment (Xia et
al., 2014b). The development of nanochannels expands the reaction area and allows the
replacement of a whole crystal. Fluid and mass transport through reaction-induced
nanochannels can be self-generated through the emergence of concentration gradients and may
not rely on fluid pressure gradients. This mechanism can enhance the replacement of massive
orebodies observed in nature (Beaudoin et al., 2018). Such fluid-induced replacement reaction
driven by nanoscale fluid flow was previously suggested (Ague and Axler, 2016; Loucks et al.,
2009) and found to be effective in feldspar, resulting in widespread and efficient flow in these
fluid pathways in tight rocks (Plumper et al., 2017).
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5.5. Conclusions
We studied the porosity evolution in the hydrothermal replacement of pentlandite by violarite
using (U)SANS and image processing techniques. The results provide experimental insights
into the porosity evolution in the pseudomorphic replacement of pentlandite by violarite. We
demonstrated that nonporous pentlandite was replaced by highly porous violarite. The slow
coarsening occurs at long-term reaction at 12 and 517 days. Porosity (29.8-35.0%) is higher
than the molar volume difference between pentlandite and violarite (~17.9%), suggesting that
solubility plays an important role in the pore generation mechanism. Pore-size-controlled
solubility is particularly important for nm-sized pores to remain open since the majority of these
pores are found open (>85%) and interconnected (>97%), providing fluid pathways to the
reaction front, whereas closed pores are mostly found smaller than 20 nm. Fluid transport can
be provided by a diffusio-osmotic flow based on the chemical gradient of the fluid, and the
reaction product is an important parameter for the porosity evolution. The difference in the
spatial pore distribution is also related to the fluid composition within the channels leading to
variation in the elemental abundance and hence, porosity in the distance map at the edge of the
violarite grain. This experimental study demonstrates that the generation of reaction-induced
interconnected nanopores has the potential to impact the rate and spatial extent of diffusionlimited processes such as replacement in natural rock systems, and hence can be responsible
for the formation of massive orebodies.
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Chapter 6
Enhancing chalcopyrite leaching by
tetrachloroethylene-assisted removal of
sulphur passivation and the mechanism of
jarosite formation

Abstract
Chalcopyrite (CuFeS2) is the primary ore mineral for copper, but leaching of this mineral under
atmospheric conditions is slow due to the formation of surface passivating phases such as
elemental sulphur and jarosite. Here, we studied chalcopyrite leaching in a sulphuric acid
solution at 75 °C and 750 mV (relative to the standard hydrogen electrode) and found that after
adding 20 vol.% of tetrachloroethylene (TCE) into the leaching solution, elemental sulphur was
dissolved from chalcopyrite and surface passivation was removed at the early stage of leaching.
The removal of surface sulphur significantly enhanced the leaching rate by approximately 600%
compared with TCE-free leaching. However, adding dimethyl sulfoxide (DMSO) did not
improve the leaching rate. At the later stage of leaching, the increasing concentrations of Fe3+
from the dissolution of chalcopyrite and K+, possibly from the dissolution of a minor amount
of gangue minerals, resulted in the precipitation of a potassium jarosite layer on the surface of
chalcopyrite. The jarosite shell did not passivate TCE-free leaching due to its porous structure.
However, in the case of leaching with TCE, elemental sulphur filled the pores, and the jarosite
shell became nearly impermeable, resulting in passivation after 80% copper extraction. This
study demonstrates a way for effective removal of sulphur passivation at the early stage of
chalcopyrite leaching by adding sulphur dissolving solvent such as TCE, but it is necessary to
keep the concentrations of Fe3+ and K+ at low levels to prevent jarosite formation at the later
stage of leaching.
Keywords: Chalcopyrite leaching; Sulphur passivation; Tetrachloroethylene; Jarosite
passivation; FIB-SEM tomography; XPS.
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6.1. Introduction
Chalcopyrite (CuFeS2) is the most abundant copper-bearing mineral and the primary source of
copper production (Li et al., 2015c). While both pyrometallurgical and hydrometallurgical
processes are technologically feasible for copper extraction from chalcopyrite, the
pyrometallurgical processes predominate in the minerals industry (Debernardi and Carlesi,
2013; Watling, 2013). The shortage of high-grade deposits and the increasing environmental
concerns of pyrometallurgical processing have encouraged efforts for low-cost and more
environmentally friendly hydrometallurgical leaching processing, ideally, aqueous oxidation at
atmospheric pressure (Aydogan et al., 2005; Harmer et al., 2006; Hidalgo et al., 2018; Mudd,
2010; Watling, 2006).
The foremost challenge to chalcopyrite leaching under atmospheric pressure conditions is the
slow kinetics. Crundwell (1988) proposed that, fundamentally, the charge transfer between the
solution redox couple and the conduction or valence band of chalcopyrite is essential for
chalcopyrite leaching. However, leaching of chalcopyrite often produces secondary phases
covering the surface, blocking direct contract between solution and chalcopyrite surface and
impeding efficient charge transfer. This phenomenon is called surface passivation (Debernardi
and Carlesi, 2013) and has been the subject of many studies (Córdoba et al., 2008; Li et al.,
2010; Nikkhou et al., 2019; Stott et al., 2000) though there is no consensus on the mechanisms
of this passivation. The commonly proposed mechanisms are the precipitation of metaldeficient sulphides, polysulphides, elemental sulphur, and jarosites (potassium, sodium,
hydronium), with elemental sulphur and jarosites being the dominant phases (Ahn et al., 2019;
Klauber, 2008).
Several methods have been reported for removing or reducing elemental sulphur surface
passivation, including enhancing the porosity of the sulphur layer by galvanic coupling between
pyrite and chalcopyrite (Dixon et al., 2008; Nazari et al., 2012a, b), enhancing the porosity and
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electrical conductivity of the sulphur layer by adding silver ions as a catalyst (Nazari et al.,
2012a, b), heating to temperatures higher than the melting point of sulphur (115.2 °C) in highpressure leaching (Jorjani and Ghahreman, 2017), leaching at high pH (e.g., ammoniacal
leaching) outside the stability region of sulphur (Reilly and Scott, 1977), ultrafine grinding to
less than 10 μm so that chalcopyrite grains are leached before passivation occurs (Baláž, 2008),
and peeling off sulphur by either sonochemical leaching in which ultrasound causes surface
disruption (Abed, 2002), or microwave-assisted leaching in which the large thermal convection
currents due to temperature difference between the solution and the solid phases agitate sulphur
particles at the surface (Weian, 1997). These methods enhance chalcopyrite leaching but are
either expensive (pressure leaching, ultrafine grinding, silver catalyst), small scale (ultrasound
bath, microwave), require the addition of large amounts of pyrite (galvanic coupling), or
affected by evaporative loss of ammonia (ammoniacal leaching).
Another method for removing sulphur passivation involves adding sulphur-dissolving nonpolar
solvents. Havlik and Kammel (1995) added carbon tetrachloride (CCl4) into the leaching
solution (1.0 M FeCl3 + 0.2 M HCl) and observed no sulphur on leached chalcopyrite particles,
most likely due to the high sulphur solubility in CCl4, 13.2 g L-1 at 25 °C. The rate of leaching
was enhanced by nearly 100% when compared with their CCl4-free experiments, but the high
toxicity of CCl4 restricts its use in the industry. Another nonpolar but low toxicity sulphurdissolving solvent is tetrachloroethylene (TCE), C2Cl4, which has a higher sulphur solubility
of 24.79 g L-1 at 25 °C (Seidell and Linke, 1941). TCE has been demonstrated as an effective
sulphur-removal agent in sphalerite leaching (Peng et al., 2011; Peng et al., 2005), yet its
effectiveness in chalcopyrite leaching has not been studied previously.
Researchers have also studied the effect of polar solvents on chalcopyrite leaching and reported
enhanced leaching after adding acetone (Solis-Marcíal and Lapidus, 2013) or ethylene glycol
(Jorjani and Ghahreman, 2017; Mahajan et al., 2007; Solis-Marcíal and Lapidus, 2013). These
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solvents have much low sulphur solubilities, and their effectiveness in enhancing chalcopyrite
leaching has been attributed to their role in preventing the decomposition of the oxidising agent
hydrogen peroxide rather than removing sulphur from the grain surface (Jorjani and
Ghahreman, 2017; Mahajan et al., 2007). However, their use in the industrial context is
challenging since acetone has fire and explosion hazards due to its highly evaporative and
flammable nature; ethylene glycol is also highly toxic. A much safer polar solvent is dimethyl
sulfoxide (DMSO), as it is non-toxic and has a low vapour pressure (0.6 mmHg) under ambient
conditions, yet its effectiveness in chalcopyrite leaching has not been reported in the literature.
The aim of this work is to investigate the effectiveness of a nonpolar solvent TCE and a polar
solvent DMSO in enhancing the atmospheric leaching of chalcopyrite, using hydrogen peroxide
as the oxidant and sulphuric acid as the leaching solution. We conducted a direct comparison
of leaching experiments carried out under conditions with and without TCE and DMSO. A key
feature of this study is a detailed characterisation of the solid residue by quantitative phase
analyses to obtain the abundances of secondary phases, scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) to identify and locate these secondary phases, X-ray
photoelectron spectroscopy (XPS) to detect surface species, and focused ion beam-SEM
tomography on determining the porosity distributions in secondary jarosite at high spatial
resolution. The leaching rate was assessed under various conditions, and the mechanisms were
investigated.
6.2. Materials and methods
6.2.1. Materials
A high-grade massive chalcopyrite specimen from Wallaroo Mines, South Australia, was used
in the leaching experiments. The specimen was crushed and sieved to obtain a size fraction of
38-75 µm. A portion of the sample was digested in acid and analysed by an inductively coupled
plasma-mass spectrometer (ICP-MS) for the major and minor metallic elements. The results
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show that the molar ratio of Cu/Fe is 1.02 (Table 6.1). Synchrotron-based powder X-ray
diffraction (PXRD) and Rietveld-based quantitative phase analysis show that the specimen
contains 98.9 ± 0.1 wt.% of chalcopyrite and 1.1 ± 0.1 wt.% of pyrite, and the chalcopyrite has
a tetragonal unit cell with a=b=5.2995 Å and c=10.4236 Å (Fig. 6.1a, details in Section 6.2.3.3).
From scanning electron microscopy (SEM) images, the chalcopyrite grains have a smooth
surface with ultrafine particles scattered on the surface, and initial μm-scale porosity was
observed inside the grains (Fig. 6.1b,c).
Table 6.1. Major and minor metallic elements (wt.%) in the chalcopyrite determined by ICPMS.
Cu
28.26

Fe
24.45

Na
3.58

K
3.18

Mg
0.75

Zn
0.66

Mn
0.51

Ca
0.21

Ni
0.08

Co
0.02

Fig. 6.1. The starting chalcopyrite. (a) PXRD pattern with Rietveld analysis; the red and black
patterns are the data and calculated pattern, respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of chalcopyrite (brown) and pyrite (blue); Rwp and χ2 are criteria of the fitting quality.
The weight percentages of the phases are obtained from the fitting. (b) SE image of a typical
grain, and (c) BSE image of the cross-section of a typical grain.
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Deionised water was used in solution preparation. Chemicals used include H2SO4 (95%, VWR),
TCE (≥99.0%, Sigma-Aldrich), DMSO (99.9%, Chem-Supply), H2O2 (30% w/v, Rowe
Scientific) and elemental sulphur powder (99.3%, Ajax).
6.2.2. Leaching experiments
Leaching experiments were carried out in custom-built jacketed glass reactors (1.0 L capacity)
(Fig. 6.2). Each reactor was sealed with a five-port lid for housing a thermometer, a two-blade
PTFE impeller, a high-temperature Eh probe, a hydrogen peroxide inlet, and a reflux condenser.
The temperature in the reactor was maintained at 75 °C with an accuracy of ±1 °C by circulating
hot water through the jacket. The hot water was supplied by a thermostatically controlled water
bath. In each experiment, 500 mL of solution was first heated to 75 °C , and then 2.0 g of
chalcopyrite was added to start leaching. Homogenous mixing was maintained by agitation at
a speed of 250 rpm. Eh values were measured using a Pt electrode with Ag/AgCl reference,
which was calibrated using an oxidation-reduction potential standard solution (ORP, 475mV,
ThermoFisher). All Eh values reported in this paper are relative to the standard hydrogen
electrode (SHE). Throughout the leaching experiments, Eh of the solution was maintained at
750 mV by pumping a 0.735 M H2O2 solution into the reactor using a peristaltic pump whenever
Eh dropped below 750 mV. Four leaching experiments were carried out to study the effect of
TCE and DMSO on chalcopyrite leaching, including one experiment using 500 mL of 0.05 M
H2SO4 solution (pH 1.25), one experiment using 450 mL of 0.05 M H2SO4 solution and 50 mL
of TCE, one experiment using 400 mL of 0.05 M H2SO4 solution and 100 mL of TCE, and one
experiment using 450 mL of 0.05 M H2SO4 solution and 50 mL of DMSO. These experiments
are denoted as ‘solvent free’, TCE10, TCE20, and DMSO10, respectively.
The leaching solutions were sampled (2.0 mL) periodically from the top of the leaching solution
with the agitation temporarily turned off. For TCE experiments, samples were taken after TCE
settlement to the bottom of the reactor (TCE is heavier than water and is immiscible).
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Fig. 6.2. Schematic illustration of the leaching reactor.
After cooling to room temperature, the pH was measured using a Eutech pH 2700 benchtop pH
meter. For selected sampling events, a small amount of solid residue was also taken from the
bottom of the reactor. The solid samples were washed with deionised water and dried at room
temperature for further analyses. After each sampling, the leaching solutions were topped up to
the initial volume and initial solvent content by using 0.05 M H2SO4, 10 vol% DMSO in 0.05
M H2SO4, and TCE.
6.2.3. Fluid and solid samples characterisation
6.2.3.1. ICP-MS
The solution samples were filtered (Millex-GP syringe filter, 0.22 µm polyethersulfone
membrane) before they were analysed for Cu and Fe concentrations by an inductively coupled
plasma-mass spectrometer (ICP-MS) using a ThermoFisher Scientific iCAP Q Series
spectrometer plus a CETAC ASX520 Autosampler. An 8-point calibration was set for the
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calibration curve (blank, 1, 5, 10, 50, 100, 200, 500 ppb), and recalibrations were applied after
every five readings by using the 10 ppb standard solution. Samples were diluted by a factor of
either 2500 or 3000 times to bring the readings within the calibration ranges. Each sample was
measured five times, and the mean value is reported in the present study.
6.2.3.2. SEM-EDS
A Zeiss Neon 40EsB field emission scanning electron microscope (SEM) equipped with an
energy dispersive spectrometer (EDS) was used for SEM-EDS examinations. Electron
micrographs of particle surfaces and cross-sections were taken under secondary electron (SE)
or backscattered electron (BSE) modes. For cross-section examinations, particles were
embedded into epoxy resin, ground by 1200 grit silicon carbide abrasive papers, and then
polished using 3 µm and 1 µm diamond suspensions. After surface cleaning and drying, the
resin blocks were coated with a thin carbon film to increase conductivity. Micrographs were
taken using an accelerating voltage of either 15 or 20 kV. For EDS analyses, the acquisition
time was set to 120 seconds.
6.2.3.3. PXRD
The unleached chalcopyrite was analysed by synchrotron-based high-resolution powder X-ray
diffraction (PXRD) at the Australian Synchrotron powder diffraction beamline. The X-ray
wavelength (0.590928 Å) and zero shift were calibrated by a LaB6 standard (NIST SRM 660b).
The ground powder sample was loaded into a glass capillary with an outer diameter of 0.7 mm
and a wall thickness of 0.01 mm. The diffraction pattern was collected over a 2-theta range of
1.5-70o, using a high-resolution Mythen detector under the Debye-Scherrer geometry.
The leached samples were analysed by laboratory-based PXRD, using a Bruker D8 Advance
diffractometer equipped with a copper tube (λ = 1.5418 Å, 40 kV, 40 mA) and a LynxEye
detector. In a typical data collection, 20-30 mg of sample was ground in an agate mortar in
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ethanol and then the powder was spread uniformly on a silicon ‘zero background’ sample
holder. After ethanol evaporation, the sample was exposed to X-ray for data acquisition over
the 2θ range 5–135° with a step size of 0.02° and an acquisition duration of 1.2 s per step.
Diffraction patterns were analysed by Rietveld refinement (Rietveld, 1969), using TOPAS
Academic v6.0 software, to determine the unit cell parameters and quantitative phase fractions
(Hill and Flack, 1987). In each refinement, the background and scale factors were refined first,
followed by unit cell parameters, and finally peak-shape parameters. The background was
modelled using a fifth-order polynomial function and the peak shape using a pseudo-Voigt
function that considers both Gaussian and Lorentzian convolutions. The initial structural
models of the mineral phases were taken from the COD and ICSD databases: COD# 96-9015637 for chalcopyrite (Knight et al., 2011), COD# 96-900-9286 for jarosite (Menchetti, 1976),
ICSD# 27261 for sulphur (S8) (Pawley and Rinaldi, 1972). Once good refinement was achieved,
as indicated by low values of the weighted-profile R-value Rwp and goodness of fit χ2 (McCusker
et al., 1999), the weight percentages of the involved phases were calculated by,
Wp=(SZMV)p/Σi(SZMV)i

(6.5)

where Wp is the relative weight percentage of phase p, S is the scale factor, Z is the number of
formula units per unit cell, M is the molecular weight of the formula unit, and V is the volume
of the unit cell. i represents each phase in the mixture.
6.2.3.4. XPS
X-ray photoelectron spectroscopy (XPS) analyses were carried out by using a Kratos AXIS
Ultra DLD instrument under a vacuum of 4×10-9 Torr. Monochromatic aluminium Kα X-ray
running at 225 W with a characteristic energy of 1486.6 eV was applied. Pass energies of 160
eV and 20 eV were used for survey and high-resolution scans, respectively. The electron takeoff angle was normal to the sample surface. Sputtering treatment was not conducted to remove
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the surface oxidation layer. The charge neutraliser, providing low energy electrons to enable a
uniform surface potential, was utilised to compensate for surface static charging resulting from
X-ray photoemission. The analysis depth was less than 15 nm into the surface of the sample,
and the analysis area (Iris aperture) was set to 300 × 700 μm, covering dozens of grains. Sample
cooling was not available during the measurement.
The XPS data were analysed using CasaXPS software version 2.16 (Fairley et al., 2005). The
fitting of the high-resolution spectra of S 2p and O 1s were performed using a peak profile
function with 70% Gaussian and 30% Lorentzian contributions on a Shirley background
(Sandström et al., 2005; Shirley, 1972; Yang et al., 2015a). For the spectrum of S 2p of the
unleached chalcopyrite, the Shirley function failed to fit the background and instead, the
background was modelled using a Tougaard type function. The C 1s spectrum of the mineral
mixture is composed of three peaks at: 286.4 eV, 286.1 eV and 288.5 eV, which were assigned
to C–C/C–H, C–O and C=O, respectively (Greczynski and Hultman, 2017). The C–C/C–H peak
at 286.4 eV was used for calibrating the binding energy scale of the entire XPS spectra
(Khmeleva et al., 2005; Zhao et al., 2015). For fitting of the S 2p component pairs, a peak area
ratio of 2:1 for 2p3/2:2p1/2 was used, the difference of binding energy between 2p3/2 and 2p1/2
was set to 1.2 eV, and the full width at half maximum (FWHM) of the pair was set to identical
values.
6.2.3.5. FIB-SEM tomography
A Tescan Lyra3 focused ion beam-scanning electron microscope (FIB-SEM) was used for the
3D tomographic analysis using the slice and view method. A region of interest (~15 µm sided
cube) was prepared for analysis by removing surrounding material and coating with a protective
layer of ion beam deposited Pt. A Ga+ ion beam at 30 kV and 1 nA was used to remove 50 nm
thick slices of material. After the removal of each layer, SE and BSE images were taken with a
lateral pixel size of 25 nm. A typical dataset consisted of more than 200 slices. The 3D model,
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with a voxel size of 25×25×50 nm, was reconstructed from the images using Avizo software
(version 9.5, FEI, US). The procedure of FIB-SEM slice and view analysis is shown in Fig. 6.3.

Fig. 6.3. The procedure of FIB-FESEM tomography slice and view analysis: (a) a representative
particle is embedded into an epoxy resin block and polished, (b) a 200 nm Pt layer was ion
beam deposited over the region of interest, (c) removal of the surrounding material, and (d)
serial slice by FIB and image by SEM for approximately 200 slices.
6.2.4. Determination of sulphur solubility in TCE and DMSO
Sulphur solubilities in TCE and DMSO at 75 °C were measured using commercial sulphur
powder that has the same crystal structure (S8; orthorhombic; space group: Fddd) as the sulphur
produced from the leaching experiments. The sulphur powder was ground to finer particles (<5
µm) prior to use to accelerate dissolution. Four grams of sulphur was mixed with 25 mL TCE,
or 1 gram of sulphur was mixed with 25 mL DMSO, both in a 30 mL Schott glass bottle. The
glass bottles were sealed and placed in a circulated water bath maintained at 75 °C (±0.1 °C )
for 14 days. Based on an early study on the determination of sulphur solubilities in organic
solvents, equilibrium is normally reached within 12 h (Ren et al., 2011). Hence, 14 days should
be sufficient to reach equilibrium. After dissolution, the mixtures were filtered at 75 °C, and
the undissolved sulphur residues were rinsed with Milli-Q water (40 mL × 10 times) to remove
the residue solvent (especially the miscible DMSO) from sulphur. Then, the residue sulphur
was dried, and the masses were weighed. Finally, the dissolved amount was calculated based
on the difference between initial and final mass, and the solubilities (g L-1) were determined
based on dissolved mass and the solvent volume.
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6.2.5. Thermodynamic analysis and reaction modelling
The plotting of Eh-pH diagrams and numerical modelling of the reactions were carried out
using the GWB software package (v.11) with the database ‘thermo.com.V8.R6+.tdat’.
6.3. Results
6.3.1. Extraction curves
Extraction curves of Cu and Fe for leaching experiments without organic solvent, those with
10 and 20 % v/v TCE and 10 % v/v DMSO were presented in Fig. 6.4. Extractions were
expressed as the percentages of dissolved Cu and Fe of the total amount present in the
chalcopyrite mineral before leaching.

Fig. 6.4. (a) Cu and (b) Fe extraction (%) as a function of leaching time for the four leaching
experiments.
Copper dissolution from the mineral was rapid in the experiments containing TCE compared
with DMSO10 and solvent-free experiments (Fig. 6.4a). For example, over a period of 80 h,
the TCE20 and TCE10 experiments released 75% and 40% of the total available copper into
solution, respectively. This compares with only 12% from the solvent-free experiment and 8%
from the DMSO10 experiment. These results demonstrate that adding 20% v/v TCE resulted in
a 6-fold increase in leaching rate but adding DMSO did not improve leaching.

175

The appearance of Fe in the leaching solution initially followed a similar pattern as Cu, but
relatively lower Fe extractions were observed at the later stages (Fig. 6.4b). This is because
solution concentrations represent the net result of leaching from the mineral and the
precipitation of solid Fe(III) phases at the later stages.
6.3.2. Phase analysis
PXRD phase identification and quantitative phase analyses were carried out for residues
leached without solvent and DMSO or TCE. Fig. 6.5 shows the data obtained from solvent-free
(at 148 and 500 h), TCE10 (at 304 h), TCE20 (at 218 h), and DMSO10 (at 237 h) experiments.
The results show that sulphur was almost completely removed from the grains when TCE was
used as an additive. No sulphur was detected in residues from TCE10, and only 2.7 wt.% was
found in the TCE20 sample. The solvent-free experiment at 500 h reported 15.8 wt.% sulphur,
while the DMSO10 experiment showed 9.8 wt.%. All experiments at later stages showed
significant jarosite solids as the major reaction product, but jarosite was not observed at the
early stages, including DMSO10 (at 237 h) and solvent-free (at 148 h). The formation of jarosite
at the later stages coincides with the drop of iron in the extraction curves of Fig. 6.4b, suggesting
the scavenging of dissolved iron by jarosite precipitation.
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Fig. 6.5. PXRD patterns and quantitative phase analyses of leached residues. (a) solvent-free at
148 h, (b) solvent-free at 500 h, (c) TCE10 at 304 h, (d) TCE20 at 218 h, and (e) DMSO10 at
237 h. Rietveld refinement metrics and results are in the inset of each pattern. See Fig. 6.1
caption for more explanations.
6.3.3. Microstructural analysis
Microanalysis by EDS was conducted on both powder and cross-sectional surfaces of the
leached samples from the solvent-free experiment at 148 and 500 hours, the TCE10 experiment
at 116 and 304 hours, the TCE20 experiment at 90 and 218 hours, and the DMSO10 experiment
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at 237 hours. Phases in the SEM micrographs are labelled based on compositional analysis by
EDS.

Fig. 6.6. BSE images of the leached chalcopyrite residues in the solvent-free experiments. (a)
grain surface after 148 h, (b) grain cross-section after 148 h, (c) grain surface after 500 h, and
(d) grain cross-section after 500 h.
The solvent-free leaching experiment showed some solid sulphur on particle surfaces after 148
hours (Fig. 6.6a). Cross-sections showed cracks and pores within the particles (Fig. 6.6b). After
500 h, the surface of the particles exhibited rough topography (Fig. 6.6c), and the cross-sections
of the particles revealed shells of jarosite surrounding small chalcopyrite cores (Fig. 6.6d).
Elemental sulphur patches were found on the surface of the chalcopyrite core (Fig. 6.6d inset).
For experiments TCE10 and TCE20, jarosite precipitation was very significant, especially at
the later stage of leaching (Fig. 6.7c,d, Fig. 6.8c,d). For the DMSO10 experiment, sulphur was
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observed on the surface of the chalcopyrite particles (Fig. 6.9), but no jarosite phase was
evident.

Fig. 6.7. BSE images of the leached chalcopyrite residues in the TCE10 experiments. (a) grain
surface after 116 h, (b) grain cross-section after 116 h, (c) grain surface after 304 h, and (d)
grain cross-section after 304 h.
6.3.4. 3D microstructure of leached chalcopyrite rims
FIB-SEM-tomography analyses were conducted on the shells of leached mineral grains from
the solvent-free (500 h) and TCE20 (218 h) experiments. For the solvent-free grain, the shell
was porous with total porosity of about 0.7% (Fig. 6.10a). The analysed volume contained 72
pores, and their pore volume ranged from 3.0×105 to 1.3×107 nm3 (Fig. 6.11), or diameter
ranged from 83 to 292 nm (assuming a spherical shape). No holes were observed on the shell.
For the TCE20 grain, no obvious porosity was detected, but there existed a few holes on the
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shell (Fig. 6.10b). Elemental sulphur particles were embedded in the jarosite shell, with some
of them also exposed on the outer surface of the shell.

Fig. 6.8. BSE images of the leached chalcopyrite residues in the TCE20 experiments. (a) grain
surface after 90 h, (b) grain cross-section after 90 h, (c) grain surface after 218 h, and (d) grain
cross-section after 218 h.

Fig. 6.9. BSE images of the leached chalcopyrite residues after 90 h in the DMSO10
experiment, showing (a) grain surface and (b) grain cross-section.
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Fig. 6.10. FIB-SEM tomography data of jarosite shells from (a) solvent-free experiment at 500
h, showing porosity, and (b) TCE20 experiment at 218 h, showing holes and embedded sulphur.
The green-yellow-red and grey coloured isosurfaces represent the outer and inner surfaces of
the jarosite shell. The grey colour is semi-transparent to reveal the pores (a) and embedded
sulphur (b) in jarosite.

Fig. 6.11. Pore volume probability distribution function (PDF) measured using 3D tomographic
analysis shown in Fig. 6.10a obtained from the jarosite layer of the sample leached in solventfree experiment at 500 h.
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6.3.5.

Particle surface analysis

In order to understand the evolution of the surface species, XPS spectra were collected on the
unleached chalcopyrite and on the leached samples from the solvent-free experiment at 148 h
and 500 h and from the TCE20 experiment at 218 h. The unleached chalcopyrite sample was
prepared by crushing chalcopyrite and then leaving the sample in air under ambient conditions
for a few days without protection from oxidation and control of humidity. This is to reveal
surface oxidation of unleached chalcopyrite under ambient conditions, which is also
experienced in the leaching experiments and in industrial processing. The survey spectra of the
4 samples revealed the quantity of each of the detected elements (Cu, Fe, S, O, and K) and their
atomic percentages are summarised in Table 6.2. Although Na was detected as a minor element
(3.58 wt.%) by ICP-MS (Table 6.1), the survey spectra did not show this element. Note that
because a cooling stage was not available during the measurement, the percentage of elemental
sulphur is likely underestimated due to the possible evaporation/sublimation loss of sulphur
under a high vacuum (Harmer et al., 2006; Kartio et al., 1992). However, elemental sulphur
was detected in other XPS studies without a cooling stage (e.g., Hackl et al. (1995), Khmeleva
et al. (2005), Nava et al. (2008)). High-resolution XPS spectra of Cu 2p, Fe 2p, S 2p, K 2p, and
O 1s of the 4 samples were collected and are presented in Fig. 6.12. The S 2p and O 1s spectra
were fit, and the quantified results are summarised in Table 6.3 and Table 6.4, respectively. The
XPS results of each sample are described below.
Table 6.2. Elemental quantifications (at.%) of the unleached chalcopyrite, solvent-free at 148 h
and 500 h, and TCE20 at 218 h samples, derived from the survey XPS spectra. The other
elements are normalised out.
Element corelevel
Cu 2p
Fe 2p
S 2p
K 2p
O 1s

Average
binding energy
(eV)
932.4
712.1
164.5
291.9
532.2

Starting
chalcopyrite

Solvent-free
148 h

Solvent-free
500 h

TCE20
218 h

17
14
56
0
13

11
13
53
0
23

4
7
15
12
62

3
4
24
10
59
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Fig. 6.12. XPS spectra showing Cu 2p, Fe 2p, S 2p, K 2p and O 1s peaks from the surface of
samples collected from: (a-e) unleached chalcopyrite, (f-j) solvent-free experiment at 148 h, (ko) solvent-free experiment at 500 h, and (p-t) TCE20 experiment at 218 h.
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Table 6.3. Sulphur species (at.% of total sulphur) for the unleached chalcopyrite, solvent-free
at 148 h and 500 h, and TCE20 at 218 h samples, derived from the S 2p spectra (Fig.
6.12c,h,m,r).
Samples
Unleached
chalcopyrite
Solvent-free 148 h

Solvent-free 500 h

TCE20 218 h

Properties

S species
S2161.1
0.7
13
161.1
0.8
8
160.9
0.8
3

Binding Energy (eV)
FWHM (eV)
at.%
Binding Energy (eV)
FWHM (eV)
at.%
Binding Energy (eV)
FWHM (eV)
at.%
Binding Energy (eV)
FWHM (eV)
at.%

S22161.9
1.2
22
162.1
1.1
37
162.2
1.2
4

Sn2163.2
1.9
30
163.1
1.2
21
163.1
1.3
1
163.4
1
39

S0
164.4
1.3
12
164.1
1.4
23
164.1
1.3
3
164.2
1.1
5

SO32165.5
1.3
9
-

SO42168.9
1.3
14
168.8
2
11
168.7
1.4
96
168.7
1.4
49

Table 6.4. Oxygen species (at.% of total oxygen) for the unleached chalcopyrite, solvent-free
at 148 h and 500 h, and TCE20 at 218 h samples, derived from the O 1s spectra (Fig. 6.12e,j,o,t).
Samples

Unleached
chalcopyrite
Solvent-free 148
h
Solvent-free 500
h
TCE20 218 h

Properties

Binding Energy (eV)
FWHM (eV)
at.%
Binding Energy (eV)
FWHM (eV)
at.%
Binding Energy (eV)
FWHM (eV)
at.%
Binding Energy (eV)
FWHM (eV)
at.%

O2-

OH-/SO

529.9
1.5
2
-

531.4
1.5
9
531.4
1.5
16
531.4
1.5
44
531.4
1.5
43

O species
Chemisorbed
H2O
532.1
1.5
30
532.3
1.5
33
532.0
1.5
44
532.0
1.5
42

Physisorbed
H2O
533.1
1.5
13
533.4
1.5
30
533.1
1.5
10
532.9
1.5
11

Electricallyisolated H2O
534.8
2.3
46
534.4
1.5
21
534.0
1.5
2
534.1
1.5
4

The unleached chalcopyrite contained 17 at.% Cu, 14 at.% Fe, 57 at.% S and 13 at.% O (Table
6.2). The Cu 2p spectrum displays two strong peaks at 2p3/2 (Fig. 6.12a); one peak at 932.1 eV
suggesting the presence of Cu(I)-S (Nava et al., 2008; Wang et al., 2016; Zhao et al., 2015);
considering the presence of Fe(III)-S at 708.3 eV in the Fe 2p spectrum (Fig. 6.12b) (Brion,
1980), and the bulk S2- peak at 161.1 eV in the S 2p spectrum (Fig. 6.12c) (Li et al., 2015b; Li
et al., 2015c; Li et al., 2016), we confirm the presence of chalcopyrite. The other peak in the
Cu 2p spectrum at 934.6 eV (Fig. 6.12a) could be assigned to Cu(II)-O, Cu(II)-OH, or Cu(II)SO, since the binding energies of these species are very close (Harmer et al., 2006; Klein et al.,
1983; Li et al., 2015c; Parmigiani et al., 1992; Wang et al., 2016). Considering the presence of
SO42- in the S 2p spectrum (Fig. 6.12c; Table 6.3) (Harmer et al., 2006), and the presence of
O2-, OH- and H2O in the O 1s spectrum (Fig. 6.12e) (Li et al., 2015c; Nesbitt and Muir, 1998),

184

the most likely oxidised form of copper included CuO, Cu(OH)2, and CuSO4·5H2O. In the Fe
2p spectrum (Fig. 6.12b), apart from the Fe(III)-S peak, the other broad peak at 711-714 eV
could be assigned to Fe(III)-O/OH or Fe(III)-SO species. This is because 711–712 eV is
indicative of Fe(III)-O/OH species (Acres et al., 2010b; Li et al., 2016) and 710–714 eV is
indicative of Fe(III)–SO species (Buckley and Woods, 1984; Fairthorne et al., 1997; Li et al.,
2014; McIntyre and Zetaruk, 1977). Similarly, considering the sulphur and oxygen species (Fig.
6.12c,e), the likely oxidised forms of iron were α-FeOOH and Fe2(SO4)3·xH2O (Brion, 1980;
Suyantara et al., 2018). In the S 2p spectrum (Fig. 6.12c), besides SO42-, S2- and Sn2- were also
identified at 161.9 eV and 163.9 eV respectively, in agreement with the reported values of these
species (Acres et al., 2010a; Li et al., 2015c; Wang et al., 2016). The polysulfide peak is wider
than the other three samples (see FWHM values in Table 6.3), likely due to the presence of
multiple polysulfide species with variable chain lengths. Additionally, elemental sulphur (S0)
and sulphite (SO32-) were also detected at 164.4 eV and 165.5 eV, respectively. The spectrum
could only be fit well when these two species were included, and the peak position of SO32- is
in agreement with reported values for leached chalcopyrite (Li et al., 2010; Li et al., 2014) or
sodium sulphite (Sartz et al., 1971). Elemental sulphur, sulphite, and sulphate are normally
absent on freshly fractured chalcopyrite (Li et al., 2014); hence, their presence indicates
advanced surface oxidation of chalcopyrite in air. Overall, the XPS results of unleached
chalcopyrite indicate the presence of an oxidised thin film on the surface, but the presence of
chalcopyrite suggests that the surface was not entirely covered by the oxidised film. Also, the
presence of multiple sulphur species suggests that surface oxidation of chalcopyrite in air is a
progressive process from the lowest valence state (S2-) to the intermediate valence states (S22-,
Sn2-, S0, SO32-), and finally to the highest valence state (SO42-).
The sample leached under solvent-free condition for 148 h contained 11 at.% Cu, 13 at.% Fe,
54 at.% S and 23 at.% O (Table 6.2). The presence of the weak Cu(I)-S peak at 932.1 eV in the
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Cu 2p spectrum (Fig. 6.12f), the weak Fe(III)-S peak at 708.2 eV in the Fe 2p spectrum (Fig.
6.12g), and the weak peak of bulk S2- at 161.1 eV in the S 2p spectrum (Fig. 6.12h) suggest that
a small portion of the grain surface is uncovered chalcopyrite. The presence of Fe(III)-OH/SO
peak at 711 eV in the Fe 2p spectrum (Fig. 6.12g), the presence of SO42- in the S 2p spectrum
(Fig. 6.12h, Table 6.3), and the presence of OH-/SO42- and H2O in the O 1s spectrum (Fig. 6.12j)
suggest the possible Fe(III) hydroxide and sulphate phases. However, due to the acidic leaching
condition, Fe(III) hydroxide is unlikely. The absence of K in the K 2p spectrum precludes the
formation of potassium jarosite (Fig. 6.12i). Hence, the possible phase is hydrated iron sulphate,
Fe2(SO4)3·xH2O. Importantly, in the S 2p spectrum (Fig. 6.12h), besides polysulfide species
Sn2, a significant amount of elemental sulphur was detected, accounting for 23% of all sulphur
species (Table 6.3). This contrasts the PXRD results (Fig. 6.5a), showing no elemental sulphur,
most likely due to the small quantity and only present on the surface as a thin film. The abundant
S22- and Sn2- may indicate the progressive oxidation from S2- to S22- and then to Sn2- and finally
to elemental sulphur (Steudel, 1996).
The sample leached under solvent-free condition for a longer time of 500 h contained much
less Cu (4 at.%), Fe (7 at.%), and S (15 at.%), but much more O (62 at.%). Additionally, the
sample also showed the presence of K (12 at.%) (Table 6.2). The absence of Fe(III)-S (Fig.
6.12l) and S2- (Fig. 6.12m) suggest that chalcopyrite was no longer present on the surface.
Hence, the presence of Cu(I)-S at 932.1 eV (Fig. 6.12k) and Sn2- (Fig. 6.12m) may suggest the
formation of copper polysulphides; however, this phase was not detected by PXRD (Fig. 6.5b),
likely due to too small quantity. The presence of another peak at 934.6 eV in the Cu 2p spectrum
(Fig. 6.12k) could be assigned to Cu(II)-OH or Cu(II)-SO. Considering the acidic leaching
condition, the formation of copper hydroxide is unlikely; the presence of SO42- (Fig. 6.12m)
and H2O (Fig. 6.12o) suggest the possible formation of trace amount of hydrated copper
sulphate on the surface due to recrystallisation during drying of the residue leaching solution
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on the grain surface. The presence of Fe(III)-OH/SO (Fig. 6.12l), abundant SO42- (Fig. 6.12m,
Table 6.3), K (Fig. 6.12n), and OH-/SO42- (Fig. 6.12o, Table 6.4) suggest the presence of
potassium jarosite. This is in agreement with PXRD (Fig. 6.5b) and SEM-EDS (Fig. 6.6c,d).
The relative smaller quantity of physisorbed H2O and electrically isolated H2O, when compared
with unleached chalcopyrite and solvent-free 148 h samples (Fig. 6.12d,i,n, Table 6.4), is also
in agreement with the presence of jarosite because the surface of jarosite has been reported to
be hydrophobic (Asokan et al., 2006), thus minimised water adsorption. In the S 2p spectrum,
only a small quantity (3 at.%) of elemental sulphur was detected (Table 6.3), much smaller than
15.8(3) wt.% of elemental sulphur detected by PXRD (Fig. 6.5b). However, this is in agreement
with SEM-EDS (Fig. 6.6d) and FIB-SEM tomography (Fig. 6.10a) that the most elemental
sulphur of this sample was between the outer jarosite shell and the unleached chalcopyrite core.
The sample leached under TCE20 condition for 218 h contained 3 at.% Cu, 4 at.% Fe, 24 at.%
S, 10 at.% K, and 59 at.% O, similar to elemental quantities of the solvent-free 500 h sample
(Table 6.2). The presence of Cu(I)-S at 932.1 eV (Fig. 6.12p), surface S2- at 160.9 eV and Sn2at 163.4 eV (Fig. 6.12r, Table 6.3) (Li et al., 2015b; Li et al., 2015c; Li et al., 2016), and the
absence of Fe(III)-S (Fig. 6.12q) suggest the absence of chalcopyrite and the possible formation
of Cu2S or copper polysulfides; however, these phases were not detected by PXRD (Fig. 6.5d),
likely due to too small quantity. For the same reasons as explained for the solvent-free 500 h
sample, trace amount of hydrated copper sulphate could be formed on the surface, and
potassium jarosite is the dominant surface phase, based on the Cu 2p, S 2p, K 2p, and O 1s
spectra (Fig. 6.12p,r,s,t). The main difference to the solvent-free 500 h sample is that in this
TCE20 218 h sample, much more Sn2- and S0 were detected (Fig. 6.12m,r). This is in agreement
with FIB-SEM tomography results that the embedded elemental sulphur in the jarosite shell
exposed on the outer surface (Fig. 6.10) and was detected by XPS.
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6.4. Discussion
6.4.1. Removing sulphur passivation by tetrachloroethylene
The fast leaching rate with the addition of TCE and the evidence from PXRD, SEM-EDS, and
XPS strongly suggest the removal of sulphur passivation by TCE at the early stage of leaching.
To confirm this mechanism, some of the separated TCE after the leaching experiments in
TCE20 for 218 hours was left for complete evaporation, and the remnant solid was analysed
using SEM-EDS and PXRD (Fig. 6.13). PXRD did not identify any other phases except
elemental sulphur (S8 with an orthorhombic structure), and EDS also identified elemental
sulphur with a minor amount of oxygen (likely from the TCE residue) and carbon (due to carbon
coating). The solubility of sulphur in TCE has been measured to be 24.79 g L-1 at 25 °C (Seidell
and Linke, 1941), and the present study determined that sulphur solubility in TCE at 75 °C is
much higher, 70.25 g L-1. This solubility is in excess of the maximum sulphur initial content
expected from the TCE20 and TCE10 experiments. The amount of chalcopyrite used in these
experiments (2.0 g) corresponds to a maximum of 0.7 g of S and TCE10, and TCE20
experiments contained 50 mL and 100 mL of TCE, capable of dissolving 3.51 g and 7.03 g
sulphur at 75 °C, respectively. Hence, it can be concluded that the removal of sulphur into the
non-aqueous TCE phase plays a very significant role in the enhancement of the chalcopyrite
dissolution rate in aqueous acid sulphate solutions.
Quantitative PXRD analyses found small traces of elemental sulphur (2.5 wt %) in the TCE20
solid residues, but none was detected in the residues from TCE10. FIB-SEM-tomography
clearly revealed that some elemental sulphur embedded in the jarosite phase could not be
dissolved by TCE at the more advanced stage of leaching (in the case of TCE20) (Fig. 6.10b).
XPS also detected sulphur on the surface of the TCE20 sample. This is because at the more
advanced stage of leaching (in the case of TCE20), some sulphur was embedded in the jarosite
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phase and could not be dissolved by TCE. The jarosite abundance in the TCE20 sample is 82.0
wt %, while in the TCE10 sample is 37.1 wt % (Fig. 6.5c,d).

Fig. 6.13. (a) SEM image, (b) elemental EDS-map, (c) EDS spectra, and (d) PXRD pattern of
extracted sulphur by TCE from TCE20 experiment at 218 h. Rietveld refinement metrics and
results are in the inset of each pattern. See Fig. 1 caption for more explanations.
On the other hand, the determined sulphur solubility in DMSO at 75 °C is only 1.86 g L -1.
Although this is higher than the reported sulphur solubility in DMSO at 25 °C, 1.01 g L-1 (Zheng
et al., 2015), the leaching results in the present study suggest that DMSO as a sulphur removal
solvent does not have higher efficiency and is even slightly less efficient than solvent-free
leaching (Fig. 6.4a). In this case, the DMSO10 experiment was performed with 50 mL of
DMSO, capable of dissolving about 13.3% of total sulphur from chalcopyrite oxidation.
Additionally, DMSO, also a polar solvent, may not act as a stabiliser for hydrogen peroxide as
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reported for other polar solvents such as acetone and ethylene glycol (Jorjani and Ghahreman,
2017; Mahajan et al., 2007; Solis-Marcíal and Lapidus, 2013).
This direct comparison of the two solvents suggests that TCE is a far better solvent than DMSO
for the purpose of removing sulphur. Because TCE is non-toxic, immiscible with water, and
has a high density of 1.62 g cm-3, it is easily separated from the water. Once separated, sulphur
can be recovered by cooling because sulphur solubility drops during cooling. TCE can then be
recycled back into the reactor.
6.4.2. Reaction stoichiometry
During the leaching experiments, the volume of consumed H2O2 solution was recorded (Fig.
6.14a). To examine the possible reaction mechanisms operating in these experiments, data from
Fig. 6.14a and Fig. 6.14a were recalculated to show the amount of copper released into the
solution as a function of the amount of oxidant (H2O2) added (Fig. 6.14b).
By assuming a complete breakdown of the chalcopyrite and exchange of the electrons only with
hydrogen peroxide, Reactions 2 and 3 leave the sulphur product in its minimum and maximum
oxidation states, respectively. Assuming the iron released is oxidized to the +3 state,
stoichiometric ratios (R) in the range of 0.12 < CuFeS2/H2O2 < 0.40 are expected. These ideal
ratios are plotted in Fig. 6.14b as R = 0.12 and R = 0.40.
CuFeS2 + 2½H2O2 + 5H+ → Cu2+ + Fe3+ + 2S0 + 5H2O

(R=0.40)

(6.2)

CuFeS2 + 8½H2O2 + H+ → Cu2+ + Fe3+ + 2SO42- + 9H2O

(R=0.12)

(6.3)

Both the solvent-free and the DMSO10 experiments appear, in the initial stages, to adhere to
the stoichiometry expressed in Reaction 6.3. Removing the sulphur produced in the reaction by
the addition of TCE appears to produce the stoichiometry expressed by Reaction 6.2.
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Fig. 6.14. (a) The consumption of hydrogen peroxide with reaction time and (b) copper
extraction (mmol) as a function of hydrogen peroxide consumption (mmol). The linear lines
with slopes R=0.40 and R=0.12 correspond to the overall reactions assuming sulphate and
elemental sulphur are the final oxidised forms of S (see Reactions 1 and 2 and more descriptions
in the text).
The evolution of pH measured during chalcopyrite leaching (Fig. 6.15) indicates a significant
increase from 1.1 to 1.4-1.6 in all the leaching solutions in the initial stage of the experiment.
This was followed by a trend toward lower pH over the subsequent time for all experiments.
These pH values represent the balance between the consumption and production of protons
during the reactions in each experiment. Based on this observation, we propose a two-step
mechanism. Firstly, the protons are consumed, and the sulphide is transformed into elemental
sulphur during the initial stages of leaching (Reaction 6.2) (Li et al., 2016); this is the reason
for the rapid initial pH increase (Fig. 6.15). Secondly, elemental sulphur is converted into
sulphate ions, which generates hydrogen ions (Reaction 6.4), explaining the drop of pH after
the first step (Fig. 6.15).
S0 + 3H2O2 → SO42- + 2H2O + 2H+
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(6.4)

Fig. 6.15. The change of pH as a function of leaching time for the four leaching experiments.
The overall result of Reactions 6.2 and 6.4 is Reaction 6.3. Similar pH curves were also
measured in the study of Ruiz-Sánchez and Lapidus (2017). In our study, a sharper decrease in
the pH for both solvent-free and DMSO10 solutions could be due to Reaction 6.4 because more
sulphur remained on the surface of the particles and was oxidised. As a result, more hydrogen
ions could have been generated in this solution than in the experiments with TCE10 and TCE20
solutions (Fig. 6.15). In the leaching with TCE, the produced elemental sulphur from Reaction
6.2 is dissolved in the TCE phase and is recovered without further oxidation to sulphate.
S0 + C2Cl4 → S0·C2Cl4

(6.5)

On the other hand, the Fe3+ produced from Reactions 6.2 and 6.3 also acts as an oxidant,
contributing to chalcopyrite leaching (Li et al., 2016),
CuFeS2 + 4Fe3+ → Cu2+ + 5Fe2+ + S0

(6.6)

and, the regeneration of Fe3+ from Fe2+ oxidation by H2O2 consumes H+, increasing the pH (Li
et al., 2015b; Li et al., 2015c).
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2Fe2+ + 2H+ + 2H2O2 → 2Fe3+ + 2H2O

(6.7)

At the later stages, the solution becomes supersaturated with respect to jarosite, causing its
precipitation.
3Fe3+ + 2SO42- + 6H2O + K+ → 6H+ + KFe3(SO4)2(OH)6 (K-jarosite)

(6.8)

6.4.3. Jarosite formation at the later stage of leaching
In addition to elemental sulphur, jarosite was a major product at the later stages of leaching.
The inclusion of TCE as a separate liquid phase did not repress the formation of this product.
There has been a lot of debate on jarosite formation and its limiting or passivating effect on
chalcopyrite leaching. Jarosite minerals were reported in previous studies as passivating the
reaction (Córdoba et al., 2009; Parker et al., 2003; Sandström et al., 2005), while some
researchers suggested jarosite minerals formation was not the reaction limiting mechanism
(Yang et al., 2015b). With no added iron or potassium salts in our experiments, jarosite could
not start precipitating until the leaching solution was supersaturated with the components (K+,
SO4–2 and Fe+3 in the case of potassium jarosite), so passivation from this reaction product
would not be expected until the reaction had progressed to a certain stage. Jarosite was detected
as small precipitated particles on the surface of the chalcopyrite particles during TCE10 and
TCE20 at 116 and 90 hours, respectively (Fig. 6.7, Fig. 6.8). As shown in Fig. 6.4, this point
marks a reduction in the copper extraction rate and the reduction in iron extraction in both
experiments.
In the DMSO10 and solvent-free (148 h) experiments, no jarosite was detected (Fig. 6.5, Fig.
6.6a,b, Fig. 6.9). This is most likely due to the low reaction extent of chalcopyrite leaching,
such that not enough iron was iron released from leaching and hence the solutions were still
undersaturated with respect to jarosite. This is evident from plotting Fe extraction against Cu
extraction from the extraction data of Fig. 6.4 (Fig. 6.16). From the equimolar stoichiometry of
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Cu and Fe in chalcopyrite, the extracted copper to iron ratio would be expected to remain at a
value of unity for the experimental duration. However, when significant amounts of jarosite
formed, the Fe did not remain in solution, and the molar ratio of Fe/Cu decreased as time
progressed. As shown in Fig. 6.16, jarosite started to form when ca 40% of Cu was extracted
for the TCE experiments, but in the case of DMSO10, only ca 22% was extracted, hence did
not reach the point for jarosite precipitation. An interesting feature was observed for the solventfree experiment that more Fe than Cu was extracted into the solution at the early stages up to a
35% extraction, leaving behind a solid phase somewhat enriched in Cu. As PXRD did not detect
other copper iron sulphide phases other than chalcopyrite (Fig. 6.9a), the Cu-enriched phase
may have the same structure as chalcopyrite. In the later stages of the solvent-free experiment,
after 40% extraction, the Fe/Cu ratio decreased due to jarosite precipitation.

Fig. 6.16. Comparison of the extractions of Fe and Cu. The linear dash line means equimolar
extraction of Fe and Cu.
The formation of jarosite is most likely due to a coupled dissolution-precipitation mineral
replacement mechanism (Altree-Williams et al., 2015; Putnis, 2009), a widely accepted
mechanism responsible for a range of mineral-fluids reactions including ore minerals such as
the replacement of pentlandite ((Fe,Ni)9S8) by violarite (Ni2FeS4) (Xia et al., 2009a), pyrrhotite
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(Fe7S8) by pyrite (FeS2) (Qian et al., 2011), and calaverite (AuTe2) by gold (Au) (Zhao et al.,
2013). This mechanism has been proposed for leaching of ilmenite, which effectively removes
iron from ilmenite, forming rutile (Janssen and Putnis, 2011; Janssen et al., 2010). According
to this mechanism, the dissolution of chalcopyrite is coupled with the precipitation of the
jarosite through the interfacial fluid between the two phases. Once sufficient chalcopyrite is
dissolved (40% in this case), the interfacial fluid becomes supersaturated with respect to
jarosite, and hence precipitation occurs at or near the dissolution sites. As the replacement
proceeds, the interfacial fluid layer moves from the surface to the interior of the chalcopyrite
grain (shrinking core), and a jarosite layer continues to grow on the existing jarosite and
increases its thickness. Hence, the jarosite forms a shell covering the remaining chalcopyrite
core and approximately preserving the shape of the initial chalcopyrite grain.
The product phase from mineral replacement reactions is always porous (Putnis, 2015; Xia et
al., 2014b) due to the solubility difference between the primary mineral and the product mineral
and, more importantly, due to the molar volume difference between the two phases. The molar
volume of potassium jarosite is 156.75 cm3 mol–1, while that of chalcopyrite is 42.83 cm3 mol–
1

. Assuming all released iron from chalcopyrite precipitates as jarosite, the replacement of

chalcopyrite by jarosite involves a volume increase of +21.5%. This effect explains the low
porosity (0.7%) in the jarosite phase in the solvent-free experiment (Fig. 6.10a).
The difference of porosity in the jarosite shell revealed by FIB-SEM tomography for solventfree, and TCE experiments explain the different leaching kinetics after the formation of jarosite
in both cases. In the solvent-free experiment, the jarosite shell was slightly porous (Fig. 6.10a);
the formation of jarosite followed the oxidation of elemental sulphur to sulphate (Fig. 6.14);
hence, sulphur passivation was effectively reduced, and leaching rate after the formation of
permeable jarosite was enhanced (Fig. 6.4a). In contrast, in the case of leaching with TCE, some
sulphur was trapped in the jarosite shell before it was dissolved in TCE. The trapped sulphur
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effectively filled the porosity and resulted in a nearly impermeable jarosite shell (Fig. 6.10b);
hence, the leaching rate was significantly reduced after the formation of the passivating jarosite
shell.
6.4.4. Thermodynamic and kinetic aspects of jarosite formation
It is clear that to enhance chalcopyrite leaching, removing both sulphur passivation at the early
stage and jarosite passivation at the later stage is necessary. While adding TCE removes sulphur
passivation effectively at the early stage, the overall copper extraction was limited by the
jarosite passivation at the later stage. The formation of jarosite is driven by both
thermodynamics and kinetics. From the Eh-pH diagram (Fig. 6.17a), without suppressing
hematite and goethite, the leaching condition of this study sits within the stability field of
hematite. Reaction modelling predicts that the solution is quickly saturated with respect to
hematite after <5% of chalcopyrite is dissolved (Fig. 6.17b), and subsequently, hematite
precipitation occurs until all chalcopyrite has reacted (Fig. 6.17c). However, hematite was not
observed in the experiments, and only jarosite-K was observed. This means that jarosite-K is a
metastable phase relative to hematite and goethite. Only after both hematite and goethite are
suppressed in thermodynamic modelling, the Eh-pH diagram shows jarosite-K (Fig. 6.17d), and
in this case, the leaching condition of this study sits within the stability field of jarosite-K.
Because hematite and goethite did not precipitate after the solution reaches saturation with
respect to these two minerals, the saturation indexes of hematite and goethite reach very high
levels (Fig. 6.17e), and only then the solution reaches saturation with respect to jarosite-K and
jarosite-K starts precipitating after 15% of chalcopyrite is dissolved (Fig. 6.17f).
The other observation of the Eh-pH diagrams is that sulphur is not a stable form under the
leaching condition, and it should be oxidised to sulphate. This suggests that the formation of
sulphur is also controlled by kinetics, meaning that further oxidation is not quick enough to
remove surface passivation. Adding TCE dissolves sulphur and stops its further oxidation.
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Fig. 6.17. Thermodynamic analyses of the chalcopyrite leaching experiment at 75 °C,
comparing the conditions when hematite and goethite are not suppressed (a-c) and suppressed
(d-f) in the modelling using Geochemist’s Workbench v. 11.0.1. (a, d) Eh-pH predominance
diagram of the Fe-Cu-S-O system at 75 °C. Dashed lines show the sub-diagrams of sulphur
(blue) and copper (green). The concentrations of ions are equivalent to 40% leaching of
chalcopyrite in the solvent-free experiment: ∑Fe=0.00872 M, ∑Cu=0.00872 M, ∑S=0.06744
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M, [K+]=0.001304 M, and [Na+]=0.002492 M. The position of the red diamond means the
leaching condition of this study. (b, e) Numerical modelling of chalcopyrite leaching, showing
the saturation indexes of minerals. The starting solution composition is the same as the solventfree experiment. This solution is progressively reacted with 2 g of chalcopyrite containing 1.63
mmol K+ and 3.11 mmol Na+ at fixed Eh at 750 mV. (c, f) Mineral precipitation as a function
of reacted chalcopyrite.
The thermodynamic and reaction modelling suggests that the leaching solution does not reach
saturation with respect to the other forms of jarosite (e.g., jarosite-Na, hydronium jarosite), and
only jarosite-K can precipitate from the solution, and that the formation of jarosite-K is
kinetically favoured compared with the thermodynamically more stable phases hematite and
goethite. To reduce the formation of jarosite-K, careful control of the composition of the
leaching solution is important. This can be done by removing K-bearing minerals (e.g., Kfeldspar) before leaching by froth flotation and keeping ferric iron concentration at low levels.
6.4.5. The proposed mechanisms
Based on the experimental evidence, it is clear that distinctly different mechanisms are
responsible for chalcopyrite leaching with and without TCE. The proposed mechanisms for the
leaching conditions in this work are illustrated in Fig. 6.18. Without TCE, the oxidation of
chalcopyrite first forms a surface layer of elemental sulphur, causing passivation. This layer is
slowly removed by oxidation to sulphate and partially removed at the middle stage of leaching.
Hence, the leaching rate is enhanced. At the later stage, when the solution reaches saturation
with respect to jarosite-K, a jarosite-K shell is formed, but this shell seems to be permeable and
does not slow down leaching, even with further growth to a thicker layer. In contrast, if TCE
is added into the leaching solution, elemental sulphur produced from chalcopyrite oxidation is
quickly dissolved into the TCE phase, exposing the fresh surface of chalcopyrite to the leaching
solution. This prevents sulphur passivation and promotes rapid leaching at the early stage.
However, after the formation of a jarosite-K shell at the later stage, passivation occurs due to
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the fact that some sulphur fills the pores in the jarosite shell, making it nearly impermeable.
Jarosite-K continues to grow, with insignificant further leaching of chalcopyrite.

Fig. 6.18. The proposed mechanisms of chalcopyrite leaching with and without
tetrachloroethylene. Condition: 75 °C, 750 mV, 0.05 M sulphuric acid solution, and slurry
density of 4 g L-1.
6.5. Conclusions
We studied the effects of tetrachloroethylene (TCE) and dimethyl sulfoxide (DMSO) on
chalcopyrite leaching in aqueous acid sulphate solutions at 75 oC and 750 mV (SHE) and
observed that TCE, a nonpolar solvent, is very effective in removing passivating elemental
sulphur from chalcopyrite surface, enhancing the leaching rate by six times compared to
leaching in a TCE-free solution. In contrast, DMSO, a polar solvent, has low sulphur solubility
and was not effective in reducing sulphur passivation. At the later stage of leaching, the
concentration of ferric ions increased, resulting in the formation of a potassium jarosite shell
covering an undissolved chalcopyrite core. The jarosite-K is porous with no passivation effect
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in TCE-free leaching, but after adding TCE, the porosity is filled with elemental sulphur, and
the nonporous shell passivates at the later stage of leaching. These results provide insights into
the chalcopyrite leaching process and the relative importance of inhibition by the reaction
products, sulphur at the early stage and jarosite-K at the later stage. Adding TCE prevents
sulphur passivation, but careful control of solution composition is necessary to eliminate the
formation of jarosite-K at the later stages of leaching. This study sheds light on developing
commercially more viable sulphur removing solvents that should have higher sulphur
solubility, lower health and safety risks, environmental friendliness, higher recyclability, and
lower cost.
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Chapter 7
Conclusions and Future Work

7.1. Overview
The major contribution of this PhD thesis is that it advances our knowledge and understanding
of the reaction-induced porosity in the coupled dissolution-reprecipitation (CDR) processes.
The systematic and quantitative evolution of the reaction induced porosity was investigated for
the first time in the replacement of (i) calcite by calcium sulphates and (ii) pentlandite by nickel
sulphides. This thesis provides insights into the driving force for the evolution of porosity in
the volume increasing (calcite by calcium sulphates) and decreasing (pentlandite by nickel
sulphates) replacement reactions under varying pH and temperature up to 18 months. The
outcomes of this PhD thesis also advance our knowledge, particularly on the synergy between
mineral replacement and porosity evolution mechanisms. The results presented in this thesis
are crucial for the applications of these mineral replacement systems and will contribute to the
understanding of the reaction-induced porosity in minerals. Finally, this thesis provides a case
study on the controlled porosity in the leaching of chalcopyrite, the most abundant mineral for
copper production.
Five sets of experimental studies are presented on the mineral porosity in the replacement of
(1) calcite by calcium sulphates under varying pH and temperature conditions, (2) the calcite
by gypsum under selected reaction conditions, (3) pentlandite by nickel sulphides under varying
pH and temperature conditions, (4) pentlandite by violarite under selected reaction conditions.
Lastly, this thesis presents (5) enhanced leaching of chalcopyrite via controlled porosity. This
chapter summarises the conclusions from each research chapter, highlights each research
chapter’s key contributions, and suggests possible future research directions.
7.2.

Porosity generation and evolution in the replacement of calcite by calcium
sulphates: A quantitative X-ray micro-tomography study

Chapter 2 showed the synergy between the mineral replacement and porosity evolution
mechanisms in the replacement of calcite by calcium sulphates. Initially, nonporous calcite was
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replaced by porous calcium sulphates. The results demonstrated that the reaction parameters
such as pH (1, 4) and the temperature (25 – 220 °C) control the replacement mechanisms, which
can significantly influence the reaction-induced porosity. The reaction-induced porosity was
generated in the volume increasing replacement of calcite by calcium sulphates due to
overgrowth and the interfaced-coupled dissolution and precipitation (CDR) mechanisms. The
overgrowth generated micrometre-sized pores at the rim, while the CDR generated nanometresized pores in the core of the grain. In these replacement mechanisms, the local concentrations
of the solution could be an important factor to determine such textural differences. The pH of
the solution is another important factor that can affect the reaction mechanisms. For example,
at 25 °C and pH 4, the replacement was dominated by the overgrowth of gypsum. Such
replacing gypsum did not envelop the primary calcite and led to a rapid replacement reaction
progress. On the other hand, at 25 °C and pH 1, two gypsum textures were developed: (i) large
overgrowth gypsum crystals with intergranular pores at the rim, (ii) small gypsum crystals at
the core of the grain. These textures of the replacement product were essential for the evolution
of the reaction-induced porosity.
The quantitative results revealed that the porosity evolution continues even after the complete
replacement, as confirmed by increasing porosity and decreasing the specific surface area in
time. Such porosity increase might be due to the dissolution of the fine crystals in the inner
grain and precipitation on the larger crystals at the rim. This mass transfer of the calcium
sulphate from finer crystals to larger crystals resulted in the porosity coarsening. Such
coarsening was due to the decreasing of the surface energy differences. For this reason, the
coarsening was found more significant in the existence of small and large crystal size
distributions in the product phase. The coarsened pores were mostly located at the rim or the
centre of the grain. Such coarsening behaviour was observed for both gypsum and anhydrite
products. The porosity in the replacement products was highly dependent on the replacement
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mechanisms as higher or lower porosity can be generated, and the reaction progress could be
fast or slow based on the features of these generated pores.
This study contributes to our understanding of the relationship between the replacement and
porosity mechanisms. The quantitative porosity examinations on the experimentally derived
minerals under different pH and temperature conditions could reflect the fluid-mediated
replacement reactions of calcite by calcium sulphates in natural and engineering environments.
Therefore, the documented porosity evolution could be useful for the controlled porosity
applications of the fluid-mediated mineral replacement reactions.
7.3. Understanding the generation and evolution of reaction-induced porosity in the
replacement of calcite by gypsum: A combined microscopy, X-ray microtomography, and USANS/SANS study
Chapter 3 demonstrated the detailed investigation of the evolution of the reaction-induced
porosity in the replacement of calcite by gypsum. Using the USANS/SANS techniques,
open/total porosity with a broader pore size range were measured for the bulk samples, and
these observations were complemented with microscopic and tomographic examinations. The
experimental results revealed that the reaction-induced pores were mainly open (≥95%) and
interconnected (≥90%), allowing the replacement to progress. On the other hand, the closed
pores were smaller than 30 nm, and some of these pores evolved into open pores in time.
The porosity evolution was a continuous process after 547 days from the complete replacement.
The results suggested that mineral porosity evolved, and the dominant mechanisms for such
porosity evolution changed over time. During the replacement reaction, the overgrowth and
CDR were prominent controlling mechanisms for porosity evolution. The rapid porosity
evolution within the first week after the complete replacement was observed due to the reducing
the surface energy differences between micrometre-sized gypsum crystals at the rim and
nanometre-sized gypsum crystals in the core. Such evolution ultimately resulted in the
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formation of a void in the core of the grain and larger gypsum crystals at the rim due to mass
transfer. The morphological results showed that the nanometre-sized gypsum crystals near the
rim started to dissolve earlier than the nanometre-sized gypsum crystals at the core of the grain,
suggesting that the local solution concentrations influenced the porosity evolution. After the
complete replacement, the evolution mechanism was driven by the minimisation of the surface
energy differences. The coarsening was in the first week after the complete replacement but
slowly continued after the nanometre-sized gypsum crystals re-equilibrated. On the other hand,
SEM examinations of the long-term reacted samples after 180 days, 365 days and 547 days
from the complete replacement showed elongated nanometre-sized pores within the large
gypsum crystals. These nanometre-sized pores were also appeared in the USANS/SANS results
and revealed that these pores contributed to closed porosity. The formation of such nanometresized pores could be due to the layer-by-layer formation of the gypsum so that pores might be
generated between each gypsum layer. Altogether, this study provides insights into the
mechanisms of the porosity evolution in gypsum formed via calcite and fluid interactions.
7.4.

Porosity evolution mechanisms in the replacement of nickel sulphide minerals: A
FIB-SEM study

Chapter 4 revealed that the reaction parameters such as pH (1, 4) and the temperature (125, 220
°C) control the replacement mechanisms and the reaction products and mineral porosity. The
volume decreasing replacement of pentlandite by nickel sulphides was driven by the interfacedcoupled dissolution and precipitation (CDR) mechanism. The kinetics of this mechanism was
influenced by the reaction temperatures resulting in different textures in the reaction products.
The reaction products were also dependent on the reaction parameters; for example, millerite
formed at 220 °C, whereas violarite was the only nickel sulphide product at 125 °C. Hematite
formed as a by-product in all reaction conditions. However, due to the higher precipitation rate
of hematite at pH 5, small hematite crystals precipitated and covered the replacing grain surface.
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In contrast, hematite precipitated as individual and large crystals at pH 4. Small and more
uniform hematite precipitation caused a blockage and hence, passivated the porous violarite.
FIB-SEM tomography results demonstrated that the lower porosity and pore connectivity could
result from hematite precipitation in the pores.
The morphology, tomography and mineralogy of the replacement products demonstrated that
the reaction conditions also influence porosity evolution behaviours. Compared to 125 °C,
porosity evolution was faster at 220 °C, probably due to the higher reaction kinetics, diminished
effect from the pore size-controlled solubility, and the further replacement progress of violarite
by millerite. Such porosity evolution was driven by minimising the surface energy and further
replacement of violarite by millerite, and porosity was annealed at the rim and coarsened at the
core of the grain. At 220 °C, porosity increased from 20.1 to 28.3 % as a result of negative
molar volume difference and relative solubilities of violarite and millerite. While at 125 °C,
porosity slightly changed from 31.8 to 32.1 %, although the coarsening of the pores continued
to evolve was evident from the pore size distribution, specific surface area and the spatial
porosity analyses of the reacted grains in time.
This study improves our understanding of the reaction-induced porosity in the fluid-mediated
replacement reactions of pentlandite by nickel sulphides. The experimentally derived mineral
assemblages and textures observed under hydrothermal conditions could reflect those observed
in Ni ore deposits. Therefore, this reaction-induced porosity study on the experimentally
derived minerals under different pH and temperature conditions could provide a better
understanding of the alteration of nickel sulphide minerals and the remobilisation of metals in
such ore deposits. Moreover, the documented findings can be useful for the engineering
applications such as the leaching of nickel sulphides where the controlled porosity is a critical
factor.
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7.5.

The creation and evolution of mineral porosity in coupled dissolutionreprecipitation mineral replacement reactions: a quantitative study of the
replacement of pentlandite by violarite

Chapter 5 demonstrated the detailed investigation on the generation and evolution of the
reaction-induced porosity in the replacement of pentlandite by violarite. The quantitative
analyses showed that porosity varied between 30-35% in violarite which was higher than the
molar volume difference (ΔVm = -17.9 %), suggesting that the relative solubilities also play a
key role to determine the reaction-induced porosity. The USANS/SANS and FIB-SEM analyses
revealed that the reaction-induced porosity mainly consisted of open (≥85 %) and
interconnected (≥97 %) (at the rim) pores, allowing the reaction to progress. On the other hand,
the closed pores were mostly smaller than 20 nm, and some of these pores evolved into open
pores in time.
The experimental results showed that the porosity evolution continued during 17 months of
reaction, and the nanometre-sized elongated pores were coarsened in time. The USANS/SANS
and morphological results showed that the porosity evolution was slow after the complete
replacement, probably due to pore size-controlled solubility in the nanometre-sized elongated
pores. Therefore, porosity coarsening occurs preferentially at the larger pores or the rim. FIBSEM tomography results showed that the local solution concentration was an effective factor,
and the porosity evolution was significant near the edge of the grain. EDS analysis showed iron
deficient and nickel rich violarite at the edge of the grain where nonporous crystals also formed
perpendicular to the elongated pores, which were evidence for the dissolution and precipitation
reactions. These reactions resulted in a higher porosity at the edge, sharp peaks in the porositydistance curves and decreased interconnectivity of the pores from 98.5 to 94.2 %.
This study improves our understanding of the physical chemistry of violarite. The
experimentally produced porous violarite could reflect those observed in nickel ore deposits.
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These pores could remain open at a geological time scale and facilitate large-scale ﬂuid and
mass transport in these ore deposits.
7.6. Enhancing chalcopyrite leaching by tetrachloroethylene-assisted removal of sulphur
passivation and the mechanism of jarosite formation
Chapter 6 demonstrated the controlled porosity of the leaching layer in the chalcopyrite
leaching. The results showed that adding 20 vol.% of tetrachloroethylene (TCE) into the
leaching solution could enhance the leaching. By adding a sulphur soluble solvent, the surface
passivating elemental sulphur (S8) layer was removed at the early stage of leaching. The
removal of the sulphur layer significantly enhanced the leaching rate by approximately 600%
compared with TCE-free leaching. In contrast, dimethyl sulfoxide (DMSO), a polar solvent
with a low sulphur solubility, did not reduce sulphur passivation effectively.
The characterisation of the leaching residues demonstrated that the increasing concentrations
of Fe3+ from the dissolution of chalcopyrite and K+ possibly from the dissolution of a minor
amount of gangue minerals resulted in the precipitation of a potassium jarosite layer on the
surface of chalcopyrite. The jarosite layer did not passivate TCE-free leaching due to its porous
structure. However, in the case of leaching with TCE, elemental sulphur filled the pores, and
the jarosite shell became nearly impermeable, resulting in passivation after 80% copper
extraction.
This study sheds light on the controlled porosity in the leaching of chalcopyrite. This study
demonstrates an effective removal of sulphur passivation at the early stage of chalcopyrite
leaching by adding sulphur dissolving solvent such as TCE, but it is necessary to keep the
concentrations of Fe3+ and K+ at low levels to prevent jarosite formation at the later stage of
leaching. The results revealed that a commercial process could be developed using sulphur
removing solvents that are more sulphur soluble, less risky in terms of health and safety, more
environmentally friendly, more recyclable, and less expensive.
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7.7. Future work
This PhD research focuses on the mechanisms of the reaction-induced porosity in the fluidmediated mineral replacement reactions. This research spurred some interesting questions
related to aspects of the study which could not be explored in this thesis, and it is hoped that
some of these questions can be addressed in the near future. The research outcomes have
inspired possible future research ideas for future studies. Some possible future research
directions are listed below.
1. This thesis presented ex-situ results only, and so the observed mineral texture may
include some evolved features. For example, some porosity may be healed, the pore size
and shape may change, or an interchange between open/closed pores may occur. In situ
monitoring process is real-time, which may help detect some features that are
impossible to observe by conventional ex-situ techniques. In particular, the porosity
evolution in the early reaction is rapid, and a clearer and unambiguous picture of the
early porosity evolution could be achieved using in situ techniques such as synchrotronbased X-μCT or SANS/SAXS. For the in-situ measurements, SANS and SAXS are
complementary to each other. SANS has the capability of differentiating open and
closed pores by using contrast matching solutions, but the low neutron flux means that
SANS cannot capture rapid change in porosity. By contrast, while SAXS can only
measure total porosity, it is able to capture rapid porosity thanks to high X-ray flux,
especially at the synchrotron facility. The replacement of calcite by calcium sulphates
would be the ideal mineral replacement system for in situ SANS or SAXS experiments
because nanometre-sized pores in calcium sulphates can be detected by SANS/SAXS.
However, for a full understanding of porosity evolution at the early stage of reactions,
it is also essential to know mineralogy evolution as a function of time. This is
particularly important when several phases are formed, or different phases are formed
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at different reaction conditions. For example, in the calcite to sulphate transformation,
gypsum forms at low temperatures (e.g., 25 °C and 60 °C) while anhydrite forms at high
temperatures (e.g., 220 °C). To obtain phase change in real time under reaction
conditions, in situ powder diffraction is an ideal technique, either in situ powder neutron
diffraction, or in situ powder X-ray diffraction.
2. This study involves the experiments in closed systems, in which fluid composition keeps
changing with time, which might cause some changes in the product with time. For this
reason, it is critical to keep the solution in a steady state to allow critical quantitative
porosity studies. Future work on kinetic studies may be performed using open mixed
flow-through reactors, which will enable to study some of the critical factors such as
fluid flow and permeability in the fluid-mediated replacement reactions.
3. This work explored the mechanisms of the reaction-induced porosity in the fluidmediated replacement reactions under different pH and temperature conditions.
However, more studies on the effects of the other reaction conditions such as fluid
composition, pressure, initial mineral texture, as well as pH and temperature range
different to those probed in this study could be investigated to obtain more insights into
the reaction-induced porosity.
4. This work revealed a controlled porosity in the leaching of chalcopyrite. More reaction
parameters such as fluid composition and chemical environment can be performed to
prevent the passivating jarosite precipitation in order to improve the leaching kinetics
of chalcopyrite.
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APPENDIX 1. Supporting information for Chapter 2
Electron probe microanalysis (EPMA)
Elemental compositions of calcite embedded in epoxy resin were acquired from a JEOL
JXA8530F field-emission gun electron probe microanalyzer (EPMA) at the CMCA. Analysing
crystals and X-ray lines for the elements were: LiF for Mn Kα and Fe Kα; PETJ for Cl Kα and
Sr Lα; PETH for Ca Kα and K Kα; and TAP for Si Kα, Mg Kα, Al Kα, and Na Kα. A range of
commercially available natural and synthetic minerals was employed as standards. Standards
and samples were analysed with an accelerating voltage of 15 kV at a take-off angle of 40°.
The dwelling time was 30 s using a defocused beam with a spot size of 10 µm and a beam
current of 15 nA. Median detection limits were 0.006 wt.% for Ca and K, 0.012 wt.% for Cl,
0.013 wt.% for Al, 0.014 wt.% for Si, 0.017 wt.% for Mg, 0.026 wt.% for Na, 0.047 wt.% for
Fe, 0.046 wt.% for Mn, and 0.132 wt.% for Sr.
Interference corrections were applied to Fe Kα for interference by Mn Kβ. Oxygen was
calculated by cation stoichiometry and included in the matrix correction. For calcite, carbon
was calculated as 0.333 atoms relative to one atom of oxygen. Analyses with a total outside of
the range 98–102 wt.% and Cl content < 7 dt were not considered.%. Limits of quantification
(LOQ) and standard material used for each element were calculated and calibrated using
"CalcZAF" and "Probe for EPMA" by Probe Software, Inc. The mean atomic number
background intensity data was calibrated, and continuum absorption corrected for all elements
(Donovan and Tingle, 1996).
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Table S2.1. Summary of reaction conditions and the phase abundance of the products.
Sample Name

Temp.

pH

(oC)

Time ∆m

Temp.

Products (wt.%)ϯ

Sample Name

2.1

Cal(13) Gp(87)

60CpH4_4h

60

(h)

(%)ǂ

Time

∆m

(h)

(%)ǂ

4.07

4

28.2

Cal(51) Gp(49)

pH

(oC)

Products (wt.%)ϯ

90CpH4_4h

90

1.05

4

90CpH4_12h

90

1.05

12

4.9

Gp(100)

60CpH4_12h

60

4.07

12

31.1

Cal(16) Gp(84)

90CpH4_24h

90

1.05

24

11.9

Gp(100)

60CpH4_24h

60

4.07

24

41.2

Cal(9) Gp(91)

90CpH4_96h

90

1.05

96

16.5

Gp(100)

60CpH4_48h

60

4.07

48

40.8

Gp(100)

90CpH4_168h

90

1.05

168

14.5

Gp(100)

60CpH4_168

60

4.07

168

40.9

Gp(100)

90CpH4_672h

90

1.05

672

14.2

Gp(95) Anh(5)

60CpH4_672

60

4.07

672

38.5

Gp(100)

90CpH4_2160h

90

1.05

2190 14.3

Gp(93) Anh(7)

60CpH4_

60

4.07

2190

40.6

Gp(100)

Fig. S2.1. PXRD patterns collected from the reaction products and the corresponding outcomes
of the quantitative phase analyses for (a,b) 90 °C and pH 1, (c,d) 60 °C and pH 4. (b,d) The
outcomes of the quantitative phase analyses using (a,c) PXRD patterns of the products show
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the change in phase abundance (in absolute wt.%) in the replacement of calcite at 4, 12, 24, 48,
96, 168, 672, 2160 h.

Fig. S2.2. Cross-sectional BSE images show the textural evolution of gypsum during the
replacement of calcite. The textural evolution was demonstrated for 90 °C and pH 1 after (a,b)
12 h, (b,c) 96 h, (d,e) 672 h, (g,h) 2160 h; 60 °C and pH 4 after (i,j) 4 h, (k,l) 24 h, (m,n) 2160
h, (o,p) 4320 h. The micrographs from (a,c,e,g,i,k,m,o) the whole grain and (b,d,f,g,j,l,n,p) the
zoomed-in surfaces, showing the evolution of nano-/micrometre-sized pores within the
replacing gypsum.
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Fig. S2.3. SE images of the grain surfaces showing the evolution of the surface morphology in
time. The replacing gypsum crystals were shown for the experiments at 90 °C and pH 1 after
(a, b) 168 h, (c,d) 2160 h; 60 °C and pH 4 after (e,f) 48 h, (g,h) 4320 h. The starting calcite was
completely replaced by gypsum in both conditions. Anhydrite formed at 90 °C and pH 1,
whereas gypsum was the only product at 60 °C and pH 4.

Fig. S2.4. SE image of the grain surface showing the twinned crystals of gypsum at 25 °C and
7d.
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APPENDIX 2. Supporting information for Chapter 3
Synchrotron powder X-ray diffraction (PXRD)
Synthesized pentlandite was analysed by synchrotron-based high-resolution powder X-ray
diffraction (PXRD) at the Australian Synchrotron powder diffraction beamline. A LaB6
standard (NIST SRM 660b) was used to calibrate the X-ray wavelength (0.5907463 Å) and zero
shift. A glass capillary with an outer diameter of 0.7 mm and a wall thickness of 0.01 mm was
loaded with the ground powder sample. The diffraction pattern was collected over a 2-theta
range of 1.5-40o, using a high-resolution Mythen detector under the Debye-Scherrer geometry.

Fig. S3.1. The starting calcite. (a) PXRD pattern with Rietveld analysis; the red and black
patterns are the data and calculated pattern respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of pentlandite (cyan); Rwp and χ2 are criteria of the fitting quality.
Electron probe microanalysis (EPMA)
Elemental compositions of calcite embedded in epoxy resin were acquired from a JEOL
JXA8530F field-emission gun electron probe microanalyzer (EPMA). Analysing crystals and
X-ray lines for the elements were: LiF for Mn Kα and Fe Kα; PETJ for Cl Kα and Sr Lα; PETH
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for Ca Kα and K Kα; and TAP for Si Kα, Mg Kα, Al Kα, and Na Kα. A range of commercially
available natural and synthetic minerals was employed as standards. Standards and samples
were analysed with an accelerating voltage of 15 kV at a take-off angle of 40°. The dwelling
time was 30 s using a defocused beam with a spot size of 10 µm and a beam current of 15 nA.
Median detection limits were 0.006 wt.% for Ca and K, 0.012 wt.% for Cl, 0.013 wt.% for Al,
0.014 for Si, 0.017 for Mg, 0.026 for Na, 0.041 wt.% for Fe, 0.046 wt.% for Mn, and 0.132
wt.% for Sr. Interference corrections were applied to Fe Kα for interference by Mn Kβ. Oxygen
was calculated by cation stoichiometry and included in the matrix correction. For calcite, carbon
was calculated as 0.333 atoms relative to one atom of oxygen. Analyses with a total outside of
the range 98–102 wt.% and Cl content < 1 wt.% were not considered. Limits of quantification
(LOQ) and standard material used for each element were calculated and calibrated using
"CalcZAF" and "Probe for EPMA" by Probe Software, Inc. The mean atomic number
background intensity data was calibrated, and continuum absorption corrected for all elements
(Donovan and Tingle, 1996).
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Fig. S3.2. (a) USANS/SANS curves collected at different sample thicknesses for starting calcite
(Cal), SANS curves collected at different sample thicknesses for 28 days after the complete
replacement of calcite by gypsum (CalGp100c28d).
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Fig. S3.3. USANS curves collected at 19- and 38-mm aperture size for 28 days after the
complete replacement of calcite by gypsum (CalGp100c28d).
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Fig. S3.4. SANS curves collected at different contrast solutions for unreacted calcite.

Fig. S3.5. Thermodynamic analyses of the calcite replacement by gypsum at 60°C showing the
concentration of species during the reaction for (a) HCO3- and (b) H+, Ca++, HSO4-, SO4--,
CO2(aq), CaSO4(aq).
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Fig. S3.6. (a) High resolution BSE image and (b) segmented phases: calcite, gypsum and pores
(Φcalcite, Φgypsum (green colour shows intergranular porosity and blue colour shows intragranular
porosity in gypsum)).
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APPENDIX 3. Supporting information for Chapter 4
Electron probe microanalysis (EPMA)
Electron probe microanalysis (EPMA) of the synthesized pentlandite was performed using a
field-emission JEOL 8530F hyper probe with a take-off angle of 40°, an accelerating voltage
of 20 kV, and a beam current of 40 nA. X-ray lines, analysing crystals, counting time, and
standards used for each element were: Fe Kα (LiF, 20 s, pyrite), Ni Kα (LiF, 40 s, Ni metal), S
Kα (PETJ, 20 s, pyrite). The background was corrected using the mean atomic number (MAN)
(Donovan and Tingle, 1996). Unknown and standard intensities were corrected for dead time
and the ZAF algorithm was used for matrix absorption (Armstrong, 1988).
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APPENDIX 4. Supporting information for Chapter 5
The synthesis of pentlandite
Elemental Fe (≥99.5), Ni (≥99.9), and S (≥99.9) as starting materials at a proportion of 4.5:4.5:8.
A 5 g of charge in each silica tube (ID = 10 mm, OD = 12 mm, L = 30 mm) was prepared. The
silica tubes were sealed by using an oxygen-acetylene torch under vacuum. Later, the tubes
were placed vertically in a muffle furnace, heated slowly (1 °C/min) to 1100 °C, and annealed
for 10 h. After the furnace was turned off, the charges were slowly cooled down to room
temperature in the furnace. After that, the pentlandite in each tube was crushed and sieved as
the particle size of <38 µm. The pentlandite powder was then loaded into a silica tube which
sealed by using an oxygen-acetylene torch under vacuum and placed vertically in the muffle
furnace. The pentlandite powder was annealed at 1100 °C for 24 h, and the furnace was turned
off, the charge was slowly cooled down to room temperature in the furnace. One piece of
pentlandite product was obtained by removing the thin oxidation layer and/or impurities by
1200 mesh emery paper. Synthesised pentlandite was crushed, sieved, and particles between
106-250 µm were selected. The particle surface of pentlandite was ultrasonically cleaned in
acetone prior to the replacement reactions.
Synchrotron powder X-ray diffraction (PXRD)
Synthesised pentlandite was analysed by synchrotron-based high-resolution powder X-ray
diffraction (PXRD) at the Australian Synchrotron powder diffraction beamline. A LaB6
standard (NIST SRM 660b) was used to calibrate the X-ray wavelength (0.5907460 Å) and zero
shift. A glass capillary with an outer diameter of 0.7 mm and a wall thickness of 0.01 mm was
loaded with the ground powder sample. The diffraction pattern was collected over a 2-theta
range of 1.5-50o, using a high-resolution Mythen detector under the Debye-Scherrer geometry.
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Fig. S5.1. The starting pentlandite. (a) PXRD pattern with Rietveld analysis; the red and black
patterns are the data and calculated pattern respectively, while the green line shows the
difference between the data and the calculated pattern; the vertical lines show the Bragg
positions of pentlandite (cyan); Rwp and χ2 are criteria of the fitting quality.
Segmentation of SE images
High-resolution SE images were used to perform image segmentation in order to quantify the
total porosity. For each sample a representative replaced grain was chosen and then, SE images
were taken from 11 spots for completely replaced samples and 5 spots for the partially replaced
samples. To measure the standard deviation, SE images were taken from 5 vertical spots at both
edges and the centre of the grains.
Images were segmented with the software Image J (v1.52). The image segmentation procedure
was applied in four steps pre-processing (brightness and contrast adjustment, denoising);
thresholding (segmentation of the pores and the matrix); and analysis (total porosity % within
the violarite). After the porosity analyses of each point, mean and standard deviation for each
sample were calculated and given in Fig. 5.3.
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\FIB-SEM tomography
A 3D tomographic analysis with the slice-and-view method was conducted using a focused ion
beam-scanning electron microscope (FIB-SEM), Tescan Lyra3 for PnVo100c and
PnVo100c28d; and a FEI Helios for PnVo100c365d. The operating conditions of sequential
FIB slicing, and SEM imaging were optimised for a slice-and-view analysis. Before analysis, a
region of interest (~ Pnvo100c = 25×20×20 μm, Pnvo100c28d = 25×20×16 μm, Pnvo100c365d
= 45×50×20 μm, Pnvo100c517d = 30×30×20 μm sided cube) was prepared by removing the
surrounding material and then coated with a protective layer of ion beam deposited Pt. After
that, the resin block was coated with a 50 nm Pt layer to alleviate charging. A Ga+ ion beam at
30 kV and 0.79 and 1 nA was used to remove slices with a thickness of 50 nm for PnVo100c
and PnVo100c28d; 25 nm for PnVo100c365d and Pnvo100c517d. After the removal of each
layer, BSE images were taken at 5 kV. Autofocus steps were applied before each image
acquisition to provide good quality images. Tilt and drift corrections were also applied during
the process. The drift correction was carried out using the ion beam detector scans. A typical
dataset consisted of > 400 slices (450 images for PnVo100c, 451 images for PnVo100c28d, 859
images for PnVo100c365d and 401 images for PnVo100c517d).
The 3D models, with a voxel size of 25×25×50 nm for PnVo100c and PnVo100c28d while a
voxel size of 25×25×25 nm for PnVo100c365d and PnVo100c517d were reconstructed from
the images using Avizo software (version 2021.3, FEI, US). The processing of data includes
the following steps: (i) tilt and shear corrections of SEM images, (ii) alignment of the slices,
(iii) thresholding and labeling of the phases, (iv) resampling of the data, and (v) generation of
3D images and animations. All data processing steps were carried out in Avizo 2020. Since the
SEM imaging was acquired at an angle of 52°, tilt and shear corrections were applied to correct
the projection artifacts. The drift corrections of the electron beam in XY plane have been
performed applying the least square fitting algorithms to achieve the alignment of the slices.
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The resulting volume has been cropped to reduce the data size while accommodating the region
of interest (ROI). FFT filter was used to remove the minor curtaining effect. Edge preserving
smoothing filters were applied to reduce the noise of the grayscale data. After contrast and
brightness adjustment, segmentation was applied using the grayscale thresholding and
watershed segmentation. Segmentation tools (i.e., brush, interpolation) were also used. After
segmentation, morphological filters (i.e., opening, closing, erosion, dilatation, fill holes,
removing small spots) were used to have better delimiting features. After that, violarite and
pore were labeled and analysed using the label analysis tool. After that, resampling of the phases
was carried out, and surfaces were generated for each phase then 3D images were generated
using the transparent phases. Lastly, 3D animations were created using the animation panel in
Avizo software.

Fig. S5.2. SE image from the FIB-milled surface showing the channel-like pores perpendicular
to the pentlandite/violarite reaction front for PnVo90c.
(U)SANS
In a small angle scattering, the scattered intensity I is expressed as a function of the magnitude
of the scattering vector Q as shown in the equation,
𝑄=

4𝜋
𝜆

𝜃

𝑠𝑖𝑛( 2)
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(S5.1)

where λ is the neutron wavelength and 2θ is the scattering angle (Pynn, 1990).
The scattering intensity for the samples varies with the scattering vector according to the powerlaw model,
𝐼(𝑄) = 𝐴𝑄 −𝑛 + 𝐵

(S5.2)

where n is the Porod exponent – can be found by the slope of a log-log plot of the data, A is a
contrast-dependent proportionality constant, and B is the incoherent scattering contribution.
Pore size distributions were modelled using the maximum entropy method (Jemian et al., 1991)
assuming the pores as an assembly of spheres (King et al., 2015; Radlinski et al., 2004; Xia et
al., 2014b),
𝐼(𝑄) = (𝛥𝜌)2 ∑𝐹(𝑄, 𝑟)2 𝑉 2 (𝑟)𝑁𝑃(𝑟)𝑑𝑟

(S5.3)

where F(Q,r) is the scattering form factor, V(r) is the volume of a particle of diameter r, N is
the total number of scattering particles, and P(r) is the unknown probability distribution of
particle sizes, and (Δρ)2 is the scattering contrast – the square of the difference between the
scattering length densities (SLD) (ρ) of the solid mineral phase\s and the pore. Note that the
SLD of mineral phases is calculated based on the wt. %, and the SLD of pores is ~0. SLD can
be calculated from the equation,
∑ 𝑠𝑏

𝜌 = 𝑁𝐴 𝑑 ∑ 𝑖𝑠 𝑖𝑀𝑖
𝑖 𝑖

𝑖

(S5.4)

where NA is Avogadro’s constant, d is the phase density, si is the proportion by the number of
nuclei i in the mineral, Mi is the atomic mass, and bi is the coherent scattering amplitude for
nucleus i.
The specific surface area per unit mass (Sm) can be written as,
𝑆

𝑆𝑚 = 𝑑𝑣

(S5.5)

𝑝
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where Sv is the specific surface area per volume calculated by using the size distribution data,
and dp is the packing density calculated by the proportion of sample weight to the sample
volume in the cell.

Fig. S5.3. Schematic illustration of the (U)SANS samples and analyses. (a) (U)SANS analyses
in air condition – scattering from all (open and closed) pores, (b) (U)SANS contrast matching
analyses in D2O/H2O condition – scattering from closed pores only.

262

1012
10

multi layer (grains packed in 1000 μm)
single/multi layer (grains packed in 363 μm)
single layer (106-250 μm grains on kapton film)

11

Intensity (cm-1)

1010
109
108
107
106
105
104
10-5

10-4

10-3

-1

Q (Å )

Fig. S5.4. USANS curves collected at different sample thicknesses for starting pentlandite (Pn).

multi layer (grains packed in 1000 μm)
single/multi layer (grains packed in 363 μm)
single layer (106-250 μm grains on kapton film)

103

103

Intensity (cm-1)

102

Intensity (cm-1)

single/multi layer (grains packed in 372 μm)
single layer (106-250 μm grains on kapton film)

104

101

100

102

101

100
10-1

(a)

10-1
10-2

10-1

(b)
10-2

Q (Å-1)

10-1

Q (Å-1)

Fig. S5.5. SANS curves collected at different sample thickness for: (a) starting pentlandite (Pn),
(b) violarite after 14 days of complete replacement (PnVo100c14d).
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Fig. S5.6. SANS curves collected at different contrast solutions for starting pentlandite.

Fig. S5.7. The means of the atomic ratios of Fe and Ni extracted from the EDS distance map
from Fig. 5.13. The violarite phase showed Ni-rich region at the rim (3.45-19.84 μm) and Fe
rich region in the inner grain (19.84-28.64 μm). The atomic numbers were normalised based on
sulphur. The outermost rim (0-3.45 μm) showed a discontinuous region for Fe/Ni ratios.
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