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Abstract

Graphite is a common anode material for electric vehicle lithium-ion batteries (EV LIBs).
Among the types of graphite, flake graphite is a suitable feedstock for EV LIB anode production
due to its abundant reserves and high graphitization degree. EV LIB production requires eleven
times the mass of graphite than lithium, and high purity flake graphite is required for anode
production. Raw flake graphite can be concentrated by flotation up to 95%, but further removal of
impurities, such as iron sulphide and silicate, by thermal and/or chemical-processing is required

for electrical applications.

Phosphoric acid is an unconventional lixiviant, as hydrofluoric acid, sulfuric acid, and
hydrochloric acid are more common graphite impurity leaching agents. Design of experiment was
applied to evaluate and optimize atmospheric pressure leaching with phosphoric acid ([1 — 5] M),
condensed sodium phosphate ([0 — 250] g NaPOs/L), leaching times ([60 — 300] min), liquid to
solid ratios ([3:1 — 7:1] mL:g), and temperatures ([RT — 100] °C), as well as the interaction between

the factors, on impurity removal efficiency.

The impurity leaching efficiency was evaluated with X-ray diffraction (XRD), energy dispersive
spectroscopy (EDS), and scanning electron microscopy (SEM). Microwave plasma atomic
emission spectroscopy (MP-AES) was used to measure dissolved silicate as silicon, aluminum,
potassium, calcium, and iron in the pregnant leach solutions. Kaolinite, muscovite, and illite were
identified as major aluminosilicate impurities. Dissolution mechanisms for natural kaolinite were
studied with nuclear magnetic resonance. Kaolinite dissolution is proposed to be a combination of
ligand exchange between protonated hydroxyl groups associated with aluminum and phosphorus
compounds. Aluminum dissolves via chelation by phosphorus compounds and silicates dissolve
via proton-assisted dissolution. Using two different leaching steps that targeted aluminum, then
silicon, dissolution at 100 °C leached 100% Fe after the first leaching stage, and a total of 85 +5.5%
Al %, and 38 + 14% Si after both stages.



Résumé

Le graphite est un matériau d'anode courant pour les batteries lithium-ion des véhicules
¢lectriques (BLI VE). Parmi les types de graphite, le graphite en flocons est une matiére premiére
appropriée pour la production d'anodes BLI VE en raison de ses réserves abondantes et de son
degré de graphitisation élevé. La production de BLI VE nécessite 11 fois plus de graphite que le
lithium, et du graphite en flocons de haute pureté est nécessaire pour la production d'anodes. Le
graphite en flocons brut peut étre concentré par flottation jusqu'a 95 %, mais une élimination
supplémentaire des impuretés, telles que le sulfure de fer et le silicate, par thermo/hydrotraitement

est nécessaire pour les applications électriques.

L'acide phosphorique est un lixiviant non conventionnel, car l'acide fluorhydrique, l'acide
sulfurique et l'acide chlorhydrique sont des agents de lixiviation des impuretés de graphite plus
courants. La conception de I'expérience (Design of Experiments, DOE) a été appliquée pour
¢valuer et optimiser l'effet des concentrations d'acide phosphorique ([1 — 5] M), phosphate
condensé ([0 — 250] g NaPOs/L), du temps de lixiviation ([60 — 300] min), du rapport liquide sur
solide ([3:1 — 7:1] mL:g), et de la température ([RT — 100] "C), ainsi que de l'interaction entre les

facteurs, sur l'efficacité d'élimination des impuretés.

L'efficacité de la lixiviation des impuretés a été évaluée par diffraction des rayons X (XRD),
spectroscopie a dispersion d'énergie (EDS) et microscopie €lectronique a balayage (SEM). La
spectroscopie d'émission atomique a plasma micro-ondes (MP-AES) a été utilisée pour mesurer le
silicate dissous sous forme de silicium, d'aluminium, de potassium, de calcium et de fer dans les
solutions de lixiviation. La kaolinite, la muscovite et l'illite ont été identifiées comme les
principales impuretés d'aluminosilicate. Les mécanismes de dissolution de la kaolinite naturelle
ont été étudiés par résonance magnétique nucléaire. La dissolution de la kaolinite est proposée
comme étant une combinaison d'échange de ligands entre les groupes hydroxyles protonés associés
aux composés d'aluminium et les composés de phosphore. L'aluminium se dissout par chélation
par des composés phosphorés et les silicates se dissolvent par dissolution assistée par protons. En
utilisant deux étapes de lixivation différentes ciblant I’auminium, puis le silicium, la dissolution a

100 °C lessivé 100% Fe apres une étape, 85 + 5.5% Al %, and 38 = 14% Si apres les deux étapes.

il



Acknowledgements
This thesis would not have been possible without the support of my family and friends, who were
always there to listen to my adventures in the lab. I would like to present my gratitude to my two

dogs, Bingo and Manel, for their unconditional love.

I am very grateful to have meet Tian Zhao and Bailee Johnson who supported me on numerous

occasions throughout my graduate study.

I would like to thank Lori Manoukian for being a great lab buddy and providing mental support
throughout my study during COVID pandemic.

I would also acknowledge the skills from Aleksandra Djuric for training in the Analytical

laboratory and her insight on acid digestion.

I 'am sincerely lucky to have met Ozan Kdkkili¢ who introduced me to invaluable DoE skill. It’s a
skillset that I shall never forget, and I will forever thank Ozan for enlightening me with such asset.

I would also like to thank other people that I met on the 2™ floor of Wong building.

I am truly blessed and grateful to have met my supervisor Dr. Sidney Omelon who supported me
and my project unconditionally throughout my graduate study. Without your enthusiasm for
science and knowledge, my experience as a master’s student would not have been the same. |
would also like to express my gratitude for your supports, despite the slow environment caused by

COVID pandemic and numerous deadlines. Thank you for being my supervisor.

I would like to acknowledge NSERC and SRG Graphite for their financial support.



Table of Contents

F N o111 2T PSPPSR PRTOUR PP i
RESUME......eiee e nne e i
ACKNOWICAZEMENLS ...t i
TablE OF FIGUIES ....vvviiiiiiiiiie et v
TabIE OF TADIES .....eeiiiiiieeiee bbbt nee e X
1 Graphite & Its State-of-the-Art Purification Techniques ..........cccocvvvviieiiiiiiiiiennnn, 1

1.1 Graphite Description & Market Trend .........cocoveiiiiiiiiiii e 1

1.2 Graphite Markets & Trends.........cooviiiiiiiiiicec e 3

1.3 Graphite Beneficiation TEChNIQUES ........cccveiiiiiiiiiieiie e 4

1.4 Common Graphite IMPUITHIES ......ccverieeiriiiiiieiisiese e 4

1.5  Mineral BenefiCIation ........cueicuieiiiiiiieiiiesie et 5

1.6 Chemical BenefiCiation..........cceiiiiiiiiiiie it 6

1.6.1 Leaching Impurities from Concentrated Graphite ............cccoeeveriiiiiriiniieenne. 6

1.7 A Potential Alternative Lixiviant: Phosphoric acid (H3PO4) ....ccvvviiiiiiiiiiiiin 15

1.8  Enhanced Phosphoric Acid: Condensed Phosphoric Acid (CPA).......ccoevvvviiennnnne. 18

1.8.1  Overview: condensed phosphoric acid (CPA) and its use in industry ........... 18

1.9  Comparative Look: How Much Stronger Is Condensed Phosphoric Acid?............... 20

1.10 Condensed Phosphoric Acid as an Effective Lixiviant..........ccccoovevviiieniiieniiieniinnnns 21

L.11  CONCIUSIONS ..ttt ettt ettt st e e st e e nnb e e e nnbe e e nnbeeenneas 24

2 Introduction to State-of-the-Art Graphite Characterization Techniques & Characterization of

the Concentrated Graphite for the Current Study .........ccccooiiiiiiiiiiiis 25
2.1  State-of-the-Art Graphite Characterization.............cccoevrriierierieenii e 25
2.2 Powder X-Ray Diffraction ..........cccoovviiiiiiiiiiiicie e 25
2.3 Other Solid Characterization Technique for the Current Project: Graphite Concentrate
CRATACLETIZALION ...ttt e st essb e e e aab e e e bt e e e nnb e e e nnneeenneas 28

2.4 Brief Overview: Scanning Electron Microscopy (SEM) and Energy Dispersive

SPECtrOSCOPY (EDS) ...ttt ettt e e e e 28
2.5  Characterization of the Concentrated Graphite for the Current Study.............ccevnee 29
25.1 Scanning Electron Spectroscopy (SEM) .......ccoviiiiiiiiiiiiiciieeccee 29
2.5.2  Energy Dispersive Spectroscopy (EDS) ....coooiiiiiiiiiieec e 30
2.53  X-Ray Powder Diffraction & Crystalline Impurities Identification with a
Different DiffractOmeEter .........coiviiiiiiiiiiicic 31
2.54  Loss on Ignition (LOI) analysis of the Graphite Concentrate........................ 33
2.6 CONCIUSION .eoutiiiiiieiiee et nr e 33
3 Preliminary Test: Phosphoric Acid Leaching...........cccoovveiiiiiiiiiicieenec 34



3.1 J1Y (05 72215 1 ) o W 34

TN € {0 | T O TSR U PP RUPOPR 34
R TR B N 1 (<o) o SO OP SRR 34
3.3.1  Literature review for the selection of operating variables...............c.cccevrnenne. 35
3.4  Pregnant Leaching Solution Characterization with MicroPlasma Atomic Emission
N o 0T &10] 0 ) PP PO PPPPRPPPPPRPT 39
3.5 MEENOMS ettt b e nar e 39
3.6 Results and DISCUSSION.......ccuiiiiiiiiiiicii i 41
3.6.1  PLS PH oottt 41
3.6.2  PLS Element COMPOSILION .......oovveiviiiiiiieiiiiesieesie e 42
3.7  Compositional Mass Balance — Graphite Impurities ...........cccooeevieriiiieeniesiee s 50
IR 101163 L1 3 (o ) PSPPSR 51
4 Design of Experiment (DoE): Boundary Condition (=) Identification.................. 52
o R € 101 TR UPTOUR PRSP 52
O U 11510 A OO OT PR OURPPPRPPRRPRN 52
4.3  Design of experiment: Response Surface Methodology (RSM) with Central
COMPOSIEE DIESIZN ...ttt b et nb e b 53
4.4  Literature review of graphite leaching process conditions ..........c.cccoeeverveiieeniieniinens 54
4.5  Polyprotic acid deprotonation behavior ............ccccoveiiieniiiiiicee e 58
4.6  Cost evaluation of pyrophosphate vs polyphosphate...........ccccovvviiiiiiiiiiciinn, 59
4.7  Method — Determining +3 for sodium polyphosphate and its effect on MP-AES
results 60
4.7.1  Determination of the Upper Boundary (+f) for the Polyphosphate
L0033 TTc) L 215 () s F TP RO TR PPRPPP 60
4.8 CONCIUSIONS ...ttt ettt ettt ettt ettt s it e s ab e e e abb e e e bt e e e bb e e e nnb e e e nnne e e e 68

5 Impurity Characterization Before & After Leaching, & Possible Dissolution Mechanisms
69

5.1 GOl 69
5.2 Crystalline impurity phase identification using x-ray diffraction (XRD).................. 69
5.3 Proton-assisted dissolution mechaniSm ..........c.cccooviriiiiiiiiicniinec e 70

5.4  Polyphosphate-assisted dissolution: Cleavage of metal ions by chelation, or ligand

exchange/Lewis acid-base INtEraCtion ..........ccccovvvviiieriiiiieiiiee e 70

5.5  Orthophosphate-assisted kaolinite disSOIUtION..........ccceviiiiiiiiiiiiie e 78

5.6 CONCIUSION «.utiiiiiiiie sttt ettt ettt et e e s be e et e sae e e nbe e e br e e beennneenes 80
6 Design of Experiments (DoE) using Central Composite Design to Generate an Impurity
Leaching MoOdel .........ooiiiiiiii e 81

il



0.1 GOl e 81
0.2 TREOTY .ottt 81
0.3 MEEhOAS. .. e 82
6.1  RESUIS & DISCUSSION ..euuviiiiiiiieiiieeiee sttt e iee sttt e sttt e e e s ae e sae e e beesbeeenteenaeeanes 83
6.1.1 Predicted extraction % and experimental extraction % ..........ccccccevvverivrrinnnne 83
6.1.2  Central Composite Design Results...........cociiieiiiiiiiiiiiicec 84
6.1.3  Element Spiking ReSUILS ........cccccviiiiiiiiiiiiiicc e 85
6.1.4  Interpretation of DoE results: Identification of important factors and
111 [ 10 4 TSR U PR TP TR TPPRPP 86
6.1.5  Contour PlOt TESUILS .....viiviiiiiiiiieii e 89
0.2 CONCIUSIONS ..ttt ettt e s e e b e e s b e e e et e sae e e nre e s beeeneennneenns 90
7 Optimization of the Operating Parameters using Mathematical Models and Prediction
Validation Resulting in a Two-Step Leaching Proposal..........cccccociiiiiiiniiiinnns 91
Tl GOl 91
B Y U111 1o Ta PSR UP T RTOPRTR 91
7.3 Results and DiSCUSSION. ........eiiuiiiiiiiiieiii ettt 95
7.3.1  Model prediction validation ...........cccerieriiiiinieiicceee e 95
7.3.2  SPIKING TESUILS ....oviiiiiiiiic 96
7.3.3  Comparative study of two-stage Al-Si leaching processes ..........c.cccvvverruernne 96
T4 CONCIUSION 1.ttt e et e et e e et e san e e b e e be e e neennn e 98
8 Two-stage leaching, optimizing for Al then Si, with agitation............ccccceeviveennnen. 99
T R € (Y | B USRS P TP TRPUPROPRN 99
8.2  Theory — Agitation Effect ........ccooiiiiiiiii e 99
8.3 MEthOAS . . e 99
8.4  Results and DISCUSSION. .......eciiiiiieiiiiiieesiee et sne e 100
8.4.1  Pregnant leaching solution COMPOSITION ......cveevvviireerieieiiere e 100
8.5  Leached graphite solid characterization............cccooeveiieiiiiiiiiiii e 101
8.0 CONCIUSIONS ...ttt e ettt e e s e e e nae e e e nneeas 103
9 Investigation of Al chelation by polyphosphate............ccccoeniiiiiiiiiiiicice 104
128 S € o1 SRR OPP PR 104
0.2 TREOTY .ttt 104
0.3 MEENOMAS . ..t 105
0.4 Results and DiSCUSSION.......c.eiiuiiiiiiiiiiieiie ettt neeas 106
0.5 CONCIUSIONS ..ttt ettt ettt ettt e ettt e e bt e e et e e s b e e esbn e e e bneeanees 115
10 Conclusions and Future Work ..o 116
LO. T CONCIUSIONS ...ttt ettt ettt ettt b et e st e s bt e sbe e et e e be e enn e e nneeanneeanneas 116



D TR TN (D) (740 ) o < 116

LT RETRICIICES ...ttt ettt ettt e st et e e nne e nnis 117

LN o) 153116 T OO UPRTUPRURRPIN 126

Appendix A:  One-Way ANOVA Results of Section 3.6.2.1 ... 126

Appendix B:  Two-Way ANOVA Results of Section 3.6.2.1........cccccvvvvivirniinnnnnnn. 126

Appendix C:  Pairwise Tukey Results of Section 3.6.2.1 ........cccvviriiiiniiieennnn, 127

Appendix D:  One-Way ANOVA Results of Section 3.6.2.3 ... 128

Appendix E:  Two-Way ANOVA Results of Section 3.6.2.3........cccccvvvviveeniineennnnn. 128

Appendix F:  Pairwise Tukey Results of Section 3.6.2.3 ........cccooviiiiiiiiiniiennnn, 129

Appendix G:  Raw Data for SEction 3.7 .....ccccviiiiiiiiiiiiiie e 130

Appendix H:  Raw Data for Section 3.7 ........ccoiveiiiiiiieiiieiese e 131

Appendix I: ~ Raw Data for Section 4.7.1.4 .....ccoooiiiiiiiei e 132

Appendix J:  Raw Data for Section 4.7.1.4 ......cccoviiiiiiiiiiiecee e 133

Appendix K:  Raw Data Points of Section 6.4.2..........ccccoeiiiiiiiiiniieneeee e 134

Table of Figures

Figure 1-1. Schematic of the crystalline graphite structure [3] .........cccooveiiriiiniiiiieeee 1
Figure 1-2. Common applications of graphite adapted from [4] .........ccoiiiiiiiiiiiiiee 3

Figure 1-3. Four different inclusion cases of impurities in the graphite. A) Type 1: simply held
between graphite clusters. B) Type 2: simply lying between clusters and strongly bound to surfaces.
C) Type 3: adhering and tangling strongly and widely onto cluster surfaces. D) Type 4: sandwiched

between the stacks Within @ CluSter [14] .....ccvi i 4

Figure 1-4. Formation of expanded graphite. Raw form (left) and expanded form (right) [14] ...11

Figure 1-5. Phosphoric acid speciation as a function of pH [38].......ccccceiiiiiiiiiiiii, 16
Figure 1-6. Semi structural model of linear polyphosphoric acid [34].........cccccvviiiiiiiiiiininnne 18
Figure 1-7. Formation of pyrophosphoric acid [33] ......c.cccoiiiiiiiiieieeerec e 18

Figure 1-8. Phosphorus (P) compound speciation according to the concentration of polyphosphoric

acid. Px represents the number of P atoms. The y-axis is the % composition of the different P-

COMPOUNAS [34] 1ieiie ittt ettt st e e st e e sa bt e sab e e aa b e e e sbb e e e sab e e e nabeeenbeesnneeans 19
Figure 1-9. Semi structural model of metaphosphoric acid [34] .......ccccceiiiiiiiiiiiii 20
Figure 1-10. Proposed mechanism of oxygen cleavage adapted from [50]..........ccccovviiriiiiennn. 24
Figure 2-1. X-ray diffraction pattern of graphite, graphene oxide and graphene [59] ................. 26



Figure 2-2. XRD analysis results for commercial graphite (CG, blue), refined graphite (RG, pink),

and spent graphite (SG, green) [60] ......oouiuiiiiiiiiiiie i 27
Figure 2-3. Schematic representation of a) graphite b) XRD FWHM [58]....ccccccocvvviiiiiiiiiiinnns 27
Figure 2-4. Hitachi SU 3500 images of graphite concentrate in a) secondary electron b)
DACKSCAIIET [O8] ...ttt ettt ettt e be et e eebe e et e e nae e b e e nneas 29
Figure 2-5. Higher resolution Hitachi SU 3500 images of graphite concentrate in a) secondary
electron b) BaCKSCALET [O8].....ccuuiiiieiiieiiieitie ettt ettt be e sbe e e 30
Figure 2-6. Hitachi SU 3500 images of graphite concentrate in a) secondary electron b)
ENETZY AISPEISIVE SPECITOSCOPY c.vvuvverriasrireereasresseessessresteesseasresbee bt aseeabeeabeassesbeenbe e s e abeenneennenneenns 30

Figure 2-7. XRD result on linear scale (normalized) — measured with a Bruker D2 Phaser with a
LYNXEYE detector search & matched with EVA ... 32
Figure 2-8. XRD result in linear scale (normalized) - measured, search & matched................... 32
Figure 3-1. Effect of leaching temperature of natural graphite ore (Inebolu) (Solid to liquid
ratio (w/v) = 1/10, 1 hour leaching time [19]........cooiiiiiieiiiiii e 35
Figure 3-2. Effect of temperature on graphite impurity removal (liquid to solid ratio: 5, stirring:
200 rpm, 10 % sulfuric acid, leaching time: 60 min) n = (Mbefore — Mafter)/Mbefore - 100,
where M is the graphite mass [22].......cccoiiiiiiiiiiiiii e 35
Figure 3-3. Effect of liquid to solid ratio of lixiviants: HF 48 %, HC136 %, HNO; 70 %,
H,S04 98 %, and H20, 30 %, leaching temperature ranged from 25 — 180 'C for 1-4 h [5] ....... 36
Figure 3-4. Effect of liquid to solid ratio on efficiency of impurity removal on graphite 10%
sulfuric acid, stirring speed 200 rpm, room temperature, time 120 min). The efficiency is calculated
as n = (Mbefore — Mafter)/Mbefore - 100, where M is the graphite mass [22].......ccccceeuene 36
Figure 3-5. Effect of leaching time of lixiviants: HF 48 %, HCI 36 %, HNO3 70 %, H2SO4 98 %,
and H202 30 %, 1:5 solid to liquid ratio, leaching temperature of 70 “C [5]...ccvevevrvevrvrervrvrrennnns 37
Figure 3-6. Effect of leaching time on graphite impurity removal (liquid to solid ratio 5:1, stirring
speed 200 rpm, sulfuric acid concentration of %, room temperature leaching) (n = Mbefore —
Mafter)/Mbefore - 100, where M is the graphite mass [22].......cccooveiiiiiiiiiiiiiiiiiciicceee 37
Figure 3-7. Schematic representation of MP-AES [82]......cccooiviiiiiiiiiiieeee e 39



Figure 3-8. Lixiviant pH values before and after leaching for 20 “C and 100 °C (n=3). All error bars

denote £ 1 StANAATA AEVIATION. tivvvvrreeiiieeeieeetrtie s e s e eeteeesst s e reeeseeesss s rseesteesssbatereessesesstannrereeereenns 41

Figure 3-9. Dissolved impurity concentrations after H3PO4 leaching at 20 °C & 3 h. All error bars
denote & 1 standard deVIAtION ..........c.eeiiieiiiiiie e 42
Figure 3-10. Dissolved impurity concentrations after H3PO4 leaching at 100 "C. All error bars
denote & 1 standard deVIAtION ..........c.ceeiiiiiiiiiie e 44
Figure 3-11. Mechanism for the dissolution of orthosilicate minerals and metal ions in acidic

solutions by complexing with protons and water molecules with a Mg containing silicate OHP:

Outer HelImhoItz PIane [90] ......oiiiiiiiiiii ittt nnne e 45
Figure 3-12 Dissolved impurity concentrations after 0.1 M (NaPOs) pyrophosphate and
polyphosphate 16aching at 20 “C........cccceveviiiiiueieriiieeceee et 46
Figure 3-13. Dissolved impurity concentrations after 0.1 M (NaPO3s) pyrophosphate and
polyphosphate leaching at 100 “C........cccoeviiiiueieriiiiceeeeee e 47
Figure 3-14. Proposed mechanism of trivalent metal containing feldspar silicate structure in
alkaline condition [D0]. ......oiuiiiiiiiie ettt nb e bt aeeae e 49
Figure 4-1. Central composite design (CCD) graphed in 3D plot [88, 97] ....coovvveiiiiiiiiiiiieen, 53

Figure 4-2. A) Effect of acid concentrations on the carbon content according to the acid kind
(Liquid to solid ratio of 5:1, leaching temperature at 70 "C, and 90 min of leaching time) [5]. B)
Effect of sulfuric acid concentration on the removal of impurities (Liquid to solid ratio of 5:1,
room temperature leaching, stirring speed 200 rpm, and leaching time of 120 min) The efficiency

was calculated as (Mbefore — Mafter)/Mbefore - 100), where M is the graphite mass [22]

Thi & Hong reported that the impurity extraction efficiency did not change significantly beyond
10 wt% H2SO4. One limitation of these studies is that no error bars were provided in either
publication works (Figure 4-2 and Figure 4-3). The lower boundary of 10 wt% (-f) and the upper
boundary of 30 wt% (+f) sulfuric acid were selected /5, 19, 22]. ..cccooviiiiiiiiiiiieiiieie e 54
Figure 4-4. A) Effect of leaching temperature of natural graphite ore (Inebolu) (Solid to liquid
ratio (w/v) = 1/10, 20 % H>SO4 concentration, leaching time of 60 min) [19]. B) Effect of

temperature on the removal of impurities from graphite (Liquid to solid ratio 5, stirring at 200 rpm,

Vi



10 % Sulfuric acid concentration, leaching time 60 min). The efficiency was calculated as n =
(Mbefore — Mafter)/Mbefore - 100), where M is the graphite mass [22] ........cccceevuerrunrnne 55
Figure 4-5.A) Effect of liquid to solid ratio of leaching solutions HF 48 %, HC1 36 %, HNO3 70 %,
H2S04 98 %, and H>02 30 % [5]. B) Effect of liquid to solid ratio on the removal of impurities
from graphite (10% sulfuric acid, 200 rpm stirring speed, room temperature leaching, leaching,
120 min). The efficiency was calculated as n = (Mbefore — Mafter)/Mbefore - 100), where
M 18 the graphite MasS [22].....cciuiiiieeiiieiie it r e e neenneas 56
Figure 4-6. A) Effect of leaching time of leaching solutions HF 48 %, HCI 36 %, HNO3 70 %,
H>S04 98 %, and H202 30 %, 1 to 5 solid to liquid ratio, leaching temperature 70 ‘C [5]. B) Effect
of leaching time on impurity dissolution: 5:1 liquid to solid ratio, 200 rpm stirring speed, 10%
sulfuric acid, room temperature. n = (Mbefore — Mafter)/Mbefore - 100) , where M is the
GEAPNIEE TNASS [22]..tiiiiiieitie ittt ettt h e e et e e bt e s be e e bt e b e e e n e e nne e neennneene e 56
Figure 4-7. A) Sulfuric acid deprotonation according to the concentration (mol/L) [98]. B)
Phosphoric acid deprotonation according to the pH. 25 °C is assumed as the temperature was not
AT Tz 11T B 1R TSR TPRUPRTPR 58
Figure 4-8. Incomplete dissolution of sodium polyphosphate at different (labeled) concentrations)
and hydrogel formation in 1 M phosphoric acid at room temperature. ...........cccocoeeerriveiiniiinenn. 63
Figure 4-9. 10 g sodium polyphosphate in 10 mL 1 M H3PO4 shows gel accumulation at the beaker
bottom after (A) 30 min and (B) 3 h of mixing at room temperature............ccocceerverieererenieennnn. 63
Figure 4-10. The effect of 2 M HCI digestion (1:1 vol/vol, 60 min) on the measured graphite
impurity concentrations in the undigested (black triangles) and digested (red squares) PLS. ..... 65
Figure 4-11. Spiking results without PLS digestion ............cccccvviiiiiiiiiiiiiiic e 66
Figure 4-12. The result of spiked and un-spiked samples with 2 M HCl, 1 h digestion .............. 67
Figure 5-1. Mechanism for the dissolution of orthosilicate minerals and metal ions in acidic

solutions by complexing with protons and water molecules. An example of Mg containing silicate

is shown in the figure. OHP: Outer Helmholtz Plane [85] ........ccccooiiiiiiiiiiiece 70
Figure 5-2. Formation of polyphosphate chain by the condensation reaction [119] .................... 70
Figure 5-3. Chelation mechanism of polyphosphate chain with a metal ion [106] ...................... 71
Figure 5-4. Calcium sequestration by polyphosphate at 25 ‘C (A), and 60 "C (B) [120].............. 71

vii



Figure 5-5. Schematic representation of polyphosphate hydrolysis. Adapted from [125] ........... 72

Figure 5-6. Lattice structure of kaolinite in 3D [126]......cccceiiiiiiiiiiiiiiiiieee e 72
Figure 5-7. Al speciation over a range of pH values [129].....cccccviiiiiiiiiii e 73
Figure 5-8. Kaolinite crystal structure with reactive sites indicated [128].........c.cceevvrviiiininnnn 73
Figure 5-9. The pHpzc curve according to temperature ('C) for kaolinite [127]......cccceveverrinnnn 74

Figure 5-10. Surface protonation for a few oxides. Symbols correspond to titration curves at ionic
strength of 0.1 M (except hematite). The concentrations of protonated sites (MOH:") are given in
MOLES/MN? [147 vttt e ettt ettt ettt s et et e st en st et et et esenssesteses s nsetetatans 75

Figure 5-11. Schematic description of kaolinite dissolution driven by the chelation of Al**

Figure 5-12. Schematic description of ligand exchange & Lewis acid-base interaction. Chelation

of aluminum ion by polyphosphate, forming a bidentate complex. ........cccocoeeriiiiiiriiiiiieiieiiene 77
Figure 5-13. Schematic description of silicate groups in the kaolinite structure by protons........ 77
Figure 5-14. Phosphate adsorption mechanism below and above pHpzc [149]...coovvviiiiiiiiiiiennn. 79
Figure 5-15. Schematic description of the phosphate assisted ligand exchange [159]................. 80

Figure 6-1. Graphical analysis comprising the normal probability plot, versus fit, and versus order.

a) Si, b) Fe, ) AL and d) Ko....coooiiiiiie s 84
Figure 6-2. Percent dissolved values for Si, Fe, K, and Al elements from 32 DoE central composite
ESIZN TUILS ..ttt bbbt bt b e a e b e e b e b e bt et e n e s 85
Figure 6-3. Spiking results for A) Si, B) Fe, C) K, and D) Al ..o 86
Figure 6-4. Contour plots of % extraction of A) Al, B) Fe, C) Si, and D) K as a function of H3PO4
and POlYP CONCENIIALIONS. ......eiiviiiiieiie e nee s 90
Figure 7-1. Overview of the spiking recovery rate (30% tolerance range) ..........ccccoevevvrveiirnnnn 96

Figure 7-2. Cumulative extraction % of Fe, Al, and Si after two-stage leaching. The first stage

optimizes Al leaching. The second stage optimizes Si leaching. n=3 .............cccoovviiiiiiiiiininnn. 97

Figure 7-3. Cumulative extraction % of Fe, Al, and Si after two-stage leaching. The first stage

optimizes Si leaching. The second stage optimizes Al leaching. n=3 ............c.cccoiiiiiiiiiininiens 97
Figure 8-1. Experimental setup for the two-step leaching process. ........c.cccovveriviiieniniiecrnnnn 100
Figure 8-2. Cumulative extraction percent of Fe, Al, and Si after an agitated two-stage leaching

process that prioritized Al leaching in the first stage, and Si extraction in the second stage. .... 101

viii



Figure 8-3. Powder XRD results of the initial (black) and two-stage leached (red) graphite. Major
graphite peaks are labeled with a triangle. ...........ccveiiiiiiiii i 101
Figure 8-4. Powder XRD results of the impurity peaks, excluding graphite peaks Kaolinite peaks
are marked with a star, and muscovite peaks are marked with a pentagon. ..........ccccccvvvvvernnnen. 102
Figure 8-5. Higher resolution secondary electron images of graphite concentrate a) initial b) after
agitated tWo-Stage ICACHING .........cciuiiiiiie i 102
Figure 8-6. Energy Dispersive Spectroscopy (EDS) maps of Fe, Al, C, and Si of a) initial graphite
concentrate and b) graphite concentrate after agitated two-stage leaching. ............ccccovveiienns 103

Figure 9-1. Peak assignments in 3'P-NMR of aluminum-polyphosphate solutions in acidic

(oTo) 0T U o o 10 5 PR P PR 105
Figure 9-2. Summary of selected spectral ranges and attributions for 3'P NMR.............c.......... 107

Figure 9-3. Overview of the NMR results of blank (1), positive control (2), and negative control

(3), and with areas under the curve calculated for peaks corresponding to free orthophosphates

Figure 9-4. Vertically magnified >'P NMR results for blank (1), positive control (2), and negative
control (3). Areas under the curve are calculated for free end-group polyphosphates (-[10.0 - 11.5])
and monodentate end-group bound (—[18.0 —22.0] ppm) & bidentate forming middle-chain groups
or free middle-chain groups (-[23.0 — 28.0] PPIM) .o.vvvererririiiieiieeeese e 109
Figure 9-5. NMR result a spectral range — 6.0 to — 8.0 vertically magnified for negative (3), positive
(2), and blank (1) controls with areas under the curve calculated for bound orthophosphates (-[6.0
et o2 155) 015 TR PR PRSP 110
Figure 9-6. NMR results of spectral ranges — 13.0 to — 15.0 vertically magnified for negative (3),
positive (2), and blank (1) controls with areas under the curve calculated for bidentate end-groups
of polyphosphate (-[13.0 — 15.0] PPIMN) c.eeeereiiiiiiieieeeeee e 110
Figure 9-7. Possibilities of Al-phosphate complexation at low pH range (< pH 2). Three cases
presented: 1) Al-H,PO4*", 2) Al-(H2PO4)2", and 3) AIPO4 ....vvvviicecieeeccee e, 111

Figure 9-8. Complex speciation according to the free H3POs4 concentration. [B] is Al-

polyphosphate, [C] is AIHPO4>" and AI(H2PO4)*", and [D] is AIPO4 [171] cecvvevevvverrererrnee, 111

X



Figure 9-9. >'P NMR result of the temperature effect on the positive control with curve areas. 1)

Positive control (sample 3) at room temp. 2) Heated positive control (sample 6) 80 °C, 2 h. ....113

Figure 9-10. 3'P NMR result of the temperature effect on kaolinite leaching with the curve areas

values. 1) Kaolinite leaching at room temperature 2) Kaolinite leaching for 2 h at 80 °C.......... 113
Figure 9-11. Two proposed cases for the free and bidentate pyrophosphate formations............. 114

Figure 9-12. NMR result a spectral range — 13.0 to — 15.0 vertically magnified for kaolinite

with/without the heat cycle with areas under the curve calculated for bidentate end-groups of

pyrophosphate (= [13.0 — I15.0] PPIMN) cuvriiiiiiiiiiiie et 115
Table of Tables

Table 1-1. AUthOT STAtEMENT ......eiiiiiiiiiiie e 1
Table 1-2. Properties of the element carbon adapted from [7] .....cccoovviviiiiiiiniii e 2
Table 1-3. Leaching conditions in previous graphite purification studies ............ccccoeveriierierninnnns 13
Table 1-4. Contents of the graphite sample before purification (expresed in Wt%) ........cccceeeeene 14

Table 1-5. Comparison between K, values of phosphoric and pyrophosphoric acid (25 °C) ...... 20

Table 1-6. Comparison of K, values for moderately strong acids (25 °C) ....occovvvvveieiiieninninnns 21
Table 2-1. AUthOT STATEIMENLT ......eiiiiieiiieiiiete e nee 25
Table 2-2. LOI data of graphite concentrate (unsized) provided by SRG ........ccccovriiiiiiiiiiinnns 33
Table 3-1. AUthOr StatemeEnt ...........ooiiiiiiiiie e 34
Table 3-2. Operating parameters in previous graphite leaching studies with sulfuric acid .......... 38
Table 3-3. Operating parameters for the current study using phosphoric acid ............c.ccceeirneens 38
Table 3-4. Sample group names and INfOrMAtION .........ceoviriiiiiiiieiii e 40

Table 3-5. Pyrophosphate dissociation constant at 65.5 °C. Dissociation constants at 25 “C are

assumed to be near the presented values [87]. .....cuoiiiiiiiiiiiiiiiiere e 41
Table 3-6. One-way ANOVA result summary of H;PO4 samples (0.1 M, 0.5 M, and 1.0 M) leached
A 20 "C & 3 Nrviiieiicece bbbt 43
Table 3-7. Summary of two-way ANOVA PLS concentration results of 0.1, 0.5, and 1.0 M
phosphoric acid, 20 “C and 100 “Co.......cceeireviiireiieereiieessee e 44
Table 3-8. One-way ANOVA result summary of the three lixiviant types at 0.1 M (H3POs4, pyroP,
ANA POLYP) o s 46



Table 3-9. Summary of two-way ANOVA results of 0.1 M lixiviants (H3POa, pyroP, and polyP) at

20 °CaNA 100 “C oottt sttt ettt bbbttt bas 48
Table 3-10. Concentrated graphite impurity concentration after LOI by SGS.........ccccoviviiiiene 50
Table 3-11. Calculated impurity concentrations in 1.0 g of GC ......cocoevviiiiiiiiniiiiiie e 50
Table 4-1. AUthOT STAtEIMENLT ......eiiiieiieiie e ne e 52
Table 4-2. Tested ranges of DOE +f3 operating variables by previous studies using sulfuric acid
(05 G O 7 ST P PRSP PP PSPPI 57
Table 4-3. Selected DOE +£f values for operating variables ..........cccocveviiiiiiiiiiiieiie e 57
Table 4-4. Summary of sodium pyrophosphate decahydrates purchase Costs...........cccevvivirriienns 59
Table 4-5. Summary of sodium polyphosphate NaPOs-normalized purchase cost ............c.c....... 59

Table 4-6. Lixiviant iron, silicate, calcium, aluminum, and potassium concentrations in the
pregnant 1€aCh SOIULIONS . .........uiiiiiiii i sneas 60

Table 4-7. PLS dissolved impurity ion concentrations measured after 30 minute digestion of (2 M

HCI, 100 C & 1:1 volume ratio of PLS and HCl)........c.cceueueviriececieieieececie e 61
Table 4-8. PLS dissolved impurity ion concentrations measured after 60 min of digestion (2 M
HCI, 100 C & 1:1 volume ratio of PLS and HCl)..........ccoeeuevrrieceieieieieeceeie e 62
Table 5-1. AUthOT STATEIMENLT ......eiiiieiiiiiieeeee et esreeenee 69
Table 6-1. AUthOT STATEIMENL ......eiiiieiiiieieeee et ne e 81
Table 6-2. Design of Experiment runs designed using Minitab............ccccovvviiiiiiiniininiicicien, 82
Table 6-3. Statistically significant factors and interactions identified for Si..........cccceviiviiinnnn. 87
Table 6-4. Statistically significant factors and interactions identified for Fe ...........ccccoviinininne 87
Table 6-5. Statistically significant factors and interactions identified for Al ...........cccoviiininine 87
Table 6-6. Statistically significant factors and interactions identified for K ............ccccviiniiine 88
Table 7-1. AUthOr StatemeENt ...........ooiiiiiiiiie e 91

Table 7-2. Example response optimizer prediction of leaching conditions for a target of 33.95% Al
EXETACTEA. 1.ttt 92

Table 7-3. Minitab response optimizer element or element combination leaching conditions.. 93

Table 7-4. Leaching conditions for Al-Si two-stage leaching.........c.c.cccooiiiiiiiiie 94
Table 7-5. Leaching conditions for Si-Al two-stage leaching ............ccccoovviiiiiniiii e 94
Table 7-6. Predicted responses and experimental results, and their deviations...........cc.ccceevinenne 95
Table 8-1. AUthOr StatemMENt ........cueiiiiiiiiie e 99
Table 9-1. AUthOr StatemMeENt ...........ooiiiiiiiiie e 104



1 Graphite & Its State-of-the-Art Purification Techniques

This introduction to graphite explains its uses, and by extension, its markets. The trends
in the graphite market explain the current interest in its concentration and purification
(beneficiation) processes for these expanding graphite uses. Commercial graphite is characterized
and valued according to its flake size and grade. Physical and chemical graphite beneficiation
processes are explored in the following chapters to improve grade while minimizing flake size.

Phosphoric acid is proposed as a novel lixiviant for graphite purification and is its potential is

explored in this thesis.

Table 1-1. Author Statement

Conceptualization. Writing (Review & Hak Jun Oh
Editing) Associate Professor Sidney Omelon
Investigation, Writing (Original Draft) Hak Jun Oh

Hak Jun Oh

Writing — Review & Editi . .
rHng = Review g Associate Professor Sidney Omelon

1.1 Graphite Description & Market Trend
Graphite is a naturally occurring allotrope of crystalline carbon, which is composed of coplanar
sheets of carbon atoms (Figure 1-1) [1, 2].
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Figure 1-1. Schematic of the crystalline graphite structure [3]
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Natural graphite is categorized into three forms based on shape, size, grade, and crystallinity.
Graphite is categorized as: flake, vein (lump), and amorphous [1, 4]. Flake graphite is defined by
its flat, plate-like crystals, with angular or irregular edges. Flake and vein graphite are in the

“macro-graphite” family, which is further subcategorized by size. Flake graphite exists as coarse



(> 150 um) and fine (< 150 um) flakes, whereas vein graphite is defined by its larger size (> 4 cm)
[5]. So-called amorphous graphite, also known as microcrystalline graphite, is in the “micro-

graphite” family that is defined by its relatively smaller crystal size (< 70 pm) [1].

Graphite is formed by the metamorphic conversion of organic matter in sediments [1]. The four
different graphite formation processes are: regional metamorphism, coal seam metamorphism,
hydrothermal vein-type graphite, and tiny-particle graphite in igneous settings [2]. Flake graphite
is usually hosted in quartz-mica schist, feldspathic or micaceous quartzite, and gneiss [1].
Impurities often include minerals that are commonly found in metasediments. These impurities
include quartz, feldspar, mica, amphibole, garnet, calcite, pyrrhotite, pyrite, and magnetite [1].
Vein graphite is commonly disseminated in igneous and metamorphic rocks, and is found as less
common aggregates of coarse and/or microcrystalline platy or acicular (needle-shaped) graphite
[1]. Amorphous graphite, commonly found in quartzites and conglomerates, is composed of

clusters of fine graphite crystals that provide the characteristics of softness and earthiness [1].

Graphite has a hardness of 0.5-1 on the Mohs scale, and its density ranges between 2.09 —
2.26 g/cm® [1]. It decomposes at 600 "C in oxidizing conditions, and melts at 3,550 °C in non-
oxidizing conditions. The vaporization of the carbonaceous material occurs at 4,500°C. Graphite
has good thermal and electrical conductivity, chemical inertness, greasy texture, hydrophobicity
due to adsorption of hydrocarbon, and low thermal expansion [1, 5, 6]. The properties of graphite

are presented in Table 1-2.

Table 1-2. Properties of the element carbon adapted from [7]

Name: Carbon
Symbol: C
Atomic Number: 6
Atomic Mass: 12.0107 amu
Number of protons/electrons: 6
Number of neutrons: 6,7,8
Classification: Non-metal
Crystal structure: Hexagonal, Cubic
Density @ 293K Graphite - 2.26 g/cm?®
Color: Black, gray




1.2 Graphite Markets & Trends
Graphite has shown its practicality in a wide range of applications such as anodic material for

energy storage in lithium ion batteries, refractory, and others (Figure 1-2) [4].
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Figure 1-2. Common applications of graphite adapted from [4]

The market demand for graphite is growing as an upward trend was reported for global graphite

consumption [1, 2].

Vein graphite has the highest crystallinity and purity of all the graphite forms. Vein graphite
occurrences are rare; it is mined only in Sri Lanka [2]. Therefore, it is more practical to produce
graphite products from flake graphite or amorphous graphite. Flake graphite accounts for 49 % of
the total natural graphite market [2]. The most abundant form of natural graphite is amorphous
graphite, which contains 20 — 40% in graphite content before refining [2]. For energy storage
applications, the graphite purity needs to be above 99.5% with a doo2 spacing near 0.3354 nm (doo2
of ideal graphite) [8, 9]. The doo> spacing is important to estimate the graphitization degree of the

carbon material [10].

Amorphous graphite is expected to substitute flake graphite for lithium ion battery anode
fabrication, as its characteristic microcrystalline structure mitigates the deformation energy during
battery cycling. This structural stability through cyclic battery use results in improved battery
performance and life [11]. The amorphous graphite performance as an lithium ion battery anode
has sparked the interest of the mining industry; the demand for high-purity microcrystalline
graphite is projected to be driven even higher in the future [12]. Though to meet the industry
standard for graphite quality that requires coarse (> 200 um) and pure (> 98 wt% carbon) graphite,



amorphous graphite requires further purification to qualify for high performance applications such

as battery anodes [13].

1.3 Graphite Beneficiation Techniques

Graphite purity is defined by the carbon content. A common method to determine the carbon
content is by ash analysis [1, 5, 14, 15]. The ASTM standard for graphite ash analysis is C561-16
[16]. Ash analysis reports the noncombustible, elemental ash composition. The ash composition
indicates the impurity types for graphite purification. The carbon content, or fixed carbon content,
is the percentage of organic matter in a given organic mass without the noncombustible and volatile

contents [1, 5, 14, 15].

In the following sections, current physical and chemical natural graphite purification techniques

are overviewed.

1.4 Common Graphite Impurities

Graphite impurities have been reported to be located between the graphite layers, in stacks, or
clusters during graphite mineral formation [4, 17]. Scanning electron microscopy (SEM) analysis
conducted by Kim et al. identified and classified four different inclusion states or “Types” of
impurities in the graphite (Figure 1-3) [17]. This study focused on expanding the graphite structure
with a strong oxidizer (HNO3) and heat to study the impurities in the graphite.

Figure 1-3. Four different inclusion cases of impurities in the graphite. A) Type 1: simply held
between graphite clusters. B) Type 2: simply lying between clusters and strongly bound to
surfaces. C) Type 3: adhering and tangling strongly and widely onto cluster surfaces. D) Type 4:
sandwiched between the stacks within a cluster [17]



According to energy-dispersive x-ray analysis (EDXA), impurity Types 2 — 4 includes typical clay
minerals containing Si, Al, Fe, Mg, Ca, and Na [17]. It is likely that they coalesced during graphite
formation. The effect of these impurities on graphite crystallinity depends on their degree of
dissemination. Impurity Types 1 and 2 have been observed to have more crystalline structures than

Types 3 and 4 [17].

1.5 Mineral Beneficiation

Graphite purity can be increased via physical methods to segregate and separate impurities,
and/or chemical methods to dissolve and remove impurities [4]. The physical methods commonly
consist of reducing the graphite ore particle size by grinding. The smaller particles, with the
expectation that some particles will contain less impurities than other particles, are then separated
by flotation. Flotation uses small rising air bubbles to separate more hydrophobic, graphite-rich
particles, which bind to rising air bubbles, from particles with a higher impurity content that are

more dense and less hydrophobic.

Mechanical beneficiation methods require careful assessments and procedures to reduce or avoid
adversely changing the graphite structure or size, or the purified graphite recovery rate. The
graphite value directly correlates to the graphite size, hence larger graphite size is always preferred

from the economical standpoint [1].

Grinding graphite can uniquely cover impurity particle surfaces with soft graphite, in the same
way that a graphite pencil easily leaves a dark mark on paper. This characteristic is due to the weak
van der Waals force that binds graphite layers and is susceptible to failure at low shearing forces
[1, 13, 18]. Flotation selectivity can be reduced by the formation of a thin layer of smeared graphite
on gangue (impurity) materials — this increases the hydrophobicity of gangue minerals, and causes
them to float with the more pure graphite particles [18]. This unique characteristic adversely affects
purified graphite recovery, and consequently, the flotation method selectivity efficiency.
Consequently, the physically achievable maximum carbon content in the graphite concentrate was
reported to be in the range of 90-95% [1, 3, 12, 15, 18, 19]. Given this limitation, chemical

beneficiation is required to achieve a higher degree of graphite purity.



1.6 Chemical Beneficiation
Chemical purification is a commonly employed technique to further increase the degree of

graphite purity after mineral beneficiation/processing [1, 12, 20].

1.6.1 Leaching Impurities from Concentrated Graphite

Selective leaching is the process of exposing minerals to a lixiviant (an aqueous solution that
may be acidic or basic, reducing or oxidizing) that selectively leaches out desired or undesired ore
components. Graphite leaching targets the dissolution of impurities with acids, such as
hydrochloric acid (HCI), sulfuric acid (H2SOs4), nitric acid (HNO3), fluoric acid (HF), or a
combination of these acids, or alkaline (NaOH) solutions [2, 4]. After the target minerals dissolve
in the lixiviant, it is called a “pregnant leach solution” (PLS). The soluble compounds in the PLS
can be removed by increasing the solution pH with alkaline chemical addition to neutralize and

form insoluble precipitates [2].

Acid leaching of natural graphite impurities is common due to its low-investment requirement,
high accessibility, and broad spectrum of applications [2]. Acid leaching is commonly applied to
impurity minerals with increased solubility with decreased pH. Silicate and sulphide impurities do
not dissolve in acidic conditions. Alkali roasting and alkali leaching are required to dissolve the
sulfides and silicates from graphite concentrates [4]. Depending on the targeted gangue material,

these processes can be the only process, or be paired with acid leaching to yield a higher graphite
purity [4].
1.6.1.1 Hydrofluoric Acid Leaching
Hydrofluoric acid (HF) is reported as an effective lixiviant for the unique acidic dissolution of

silica and other inorganic impurities in graphite ore [2, 4, 14]. Some of the proposed silica

dissolution reactions are described in Eq.1 and 2 [14]:

4HF + 25i0, — SiF, + 2H,0 (1)

Although useful for its ability to dissolve inorganic metal oxides and silicates, HF is not a
sustainable choice for worker safety, and complicates the graphite purification process.
Concentrated HF exposure can cause extensive dermal burns upon physical contact and seriously

damage the respiratory system when the HF vapor is inhaled [21]. HF lixiviants can form water-



insoluble fluoride compounds, such as calcium fluoride (CaF»), through the dissolution of calcite
or gypsum. Dissolving calcium and other insoluble fluorides requires a supplementary leaching
step with sulfuric acid [14, 22, 23]. HF is reported to be ineffective for pyrite dissolution, while

pyrite is a common impurity in graphite ores [22, 24].

To achieve both sustainability and efficacy in the leaching process, some research has explored the
alternatives to minimize the use of HF and to deviate from using solely one type of acid. To avoid
HF use, silicates can be removed by sulfuric, hydrochloric, or mixed acid leaching. Acid leaching
preceded by an alkali roasting pre-treatment improves the impurity leaching performance of acids

other than HF [20, 22, 25].

1.6.1.2  Sulfuric Acid Leaching
Sulfuric acid (H2SO4) is a low-risk candidate lixiviant for graphite leaching. From an economic
standpoint, the choice of H2SO4 as a lixiviant is undeniably advantageous owing to its low cost,
and its wide use as a lixiviant in extractive metallurgical processes [5, 25]. Researchers have
generated a significant graphic purification literature that compares H>SO4 leaching to HCI

leaching.

1.6.1.3 Hydrochloric Acid Leaching
Hydrochloric acid (HCI) differs from sulfuric acid both in its materials compatibility and its
higher vapour pressure. HCI has been investigated for its graphite purification potential.. HCI is
known to react with hydroxide compounds to form chloride compounds that remain soluble in
solution [12]. Various reactions between inorganic solids, and hydrochloric acid are shown in Egs.3

-10[12, 14, 22]:

CCIO(S) + ZHCl(aq) - CaClz(aq) + HZO(I) (3)

Ca504 ' ZHZO(S) + ZHCl(aq) - CClClz(aq) + H2504(aq) + ZHZO(l) (4)
CaC0s, + 2HCl(aq) — CaCly gy + COz gy + H;00) (5)
MgO(S) + 2HCI (aq) _)MgCIZ(aq) +H20(l) (6)

Fe;03.y, + 6HCl(qqy = 2FeCly ) + 3H,0, )
Fe(OH)3 ) + 3HCl(aq) — FeCls 4, +3H,0q, (8)

FeS(S) + ZHCl(aq) il FeClZ(aq) + HZS(I) (9)



AL(OH)3 gy + 3HCL (aq) = AlCl3 ) + 3H;0 (10)

The carbon content increased as the concentration of HCI was increased up to 0.75 mol/L HCI. At
higher concentrations, the carbon content in the leached graphite sample was not significantly
increased [3, 12]. A comparative study was conducted for leaching with H>SO4 or HCI; the results
showed an insignificant difference [25]. However, Kaya and Canbazoglu demonstrated that HCl
outperformed H>SO4 with an increase in acid concentration. This difference was correlated to the
superior reactivity of HCl in dissolving clay-group gangue materials, such as kaolinite
(Al4(S14010)(OH)g) and muscovite (KAI2(AlS13010)(OH)2) [22]. Despite this result, it is suggested
that a higher HCI concentration does not necessarily guarantee a greater graphite purity, due to a
higher dissolution of organic materials and the formation of insoluble compounds [26]. Moreover,
Xu et al. suggested that a longer leaching time is detrimental to the leaching process, as leached

ions can potentially re-absorb onto graphite [27].

In practice, HCI is combined with other types of acid and an alkali roasting method to further
enhance the carbon content [12, 14, 20]. Acid-leaching with HCI followed by an alkali roasting
was studied by Wang et al.; they reported successful removal of impurities that existed as

hydroxide compounds [12].

1.6.1.4 Alkali Roasting As a Pretreatment to Leaching
Alkali roasting is reported to leach silicate and sulfide impurities effectively [12, 20]. It is
commonly conducted between 500 — 900 “C, with sodium hydroxide [20]. Sodium hydroxide is
preferred over calcium-containing alkaline compounds to avoid the formation of insoluble calcium

silicate [28].

Alkaline roasting improves the effectiveness of acid leaching, dissolving a wide spectrum of
natural graphite impurities [12, 14, 20]. Heating an alkaline slurry of concentrated graphite causes
silicates and oxides, such as SiO;, AlbO3, Fe, CaO, and MgO, to transition from an ordered
structure to a disordered structure. This disordered structure has a higher activity [12]. This results
in gangue products that more susceptible to react with acids, leading to the dissolution of gangue
minerals. Some of the possible reactions are listed in Egs. 11 — 16 [12, 14]:

Si0y ) + 2NaOH ) — NaySiOs ) + H,0q, (11)

AL,03,, + 2NaOH) — 2NaAlO,, + H,0q, (12)



FeS(S) + ZNCIOH(S) + 302(9) 4 FBO(S) + Na2504_(5) + HZO(I) (13)

F9203(S) + 6NaOH ) — 2Fe(0H)3(S) + 3 Na,0 (14)
P205(S) + 6NaOH ) — 2 Na3P04(S) + 3 H,0( (15)
TiOz(S) + 2NaOHg) - NazTi03(s) + H,0( (16)

The effects of alkali roasting pre-treatment and its parameters were investigated by Wang et al. [12].
The roasting temperature, roasting time, and mass ratio of alkali to graphite concentration were
studied, with the goal of maximizing graphite purity while minimizing carbon mass loss. The
author noted that lower calcination temperature and time would reduce the carbon loss caused by
carbon oxidation and volatilization [12]. Followed by a pre-treatment with roasting, the graphite
sample was washed with HCIl to dissolve hydroxides, yielding 99% pure microcrystalline

graphite [12].

An unconventional low-temperature graphite roasting method was studied by Lu et al. [20]. It
demonstrated that the 0.6% initial sulfide impurities could be minimized to below 0.05% [20].
Moreover, the roasting temperature could be as low as 150 °C, but improved leaching could be
achieved between 250 — 350 °C [20]. After roasting the graphite sample with NaOH, the samples
were washed and leached with H2SOs, obtaining a final carbon content of 99.4% [20]. Alkali
roasting at 300 ‘C was reported by Jara et al. This lower roasting temperature was sufficient for
reactions between NaOH and impurities; additional thermal energy did not improve the carbon

content [5].

Rao et al. investigated the effect of quenching hot graphite ore in a NaOH solution [14]. The
graphite sample was then washed and leached in dilute HCI. The result was comparable to the
previously described alkali roasting processes, as the quenching process attained 98% graphite
purity. Furthermore, it was suggested that the induction of thermal shock by the quenching method
promoted the release of quartz impurities. Despite the positive results, the economic sustainability
of the alkali quenching method is questionable due to the substantial quantity requirement of
sodium hydroxide solution [14]. Moreover, the use of caustic soda, such as NaOH on a large scale
has been reported to generate alkaline wastewater that requires additional treatment before
releasing into the environment [29]. Therefore, further process improvements are required to

leverage the use of alkaline chemicals for sustainable graphite purification.



1.6.1.5 Acid Mixtures & the Role of Oxidizing Agents HNO3 & H20>
Investigators have assessed the effect of acid mixtures and the inclusion of oxidizers during
graphite or leaching. Kaya and Canbazoglu accessed the effect of a mixed HCl and HF lixiviant.
The study concluded that a lixiviant with 20% HCI and 4% HF led to the highest final total carbon
content in the graphite sample [22]. This lixiviant formula successfully increased the carbon

content between 17-28 % [22].

Wei et al. investigated the indirect use of HF by combining HCl and sodium fluoride (NaF) as the
lixiviant [15]. Consequently, HF formed as the by-product of the primary reaction between HCI
and NaF (Eq.17). This unique approach demonstrated effective removal of impurities including
calcite and complex silicates, and some of the reactions between natural impurities and indirectly

form HF are described in Eqs 18-22 [15]:

NClF(S) + HCl(aq) s HF(aq) + NaCl(s) (17)

2H* + CaC03 .,y — Ca** + €O,y + Hy0 (18)
ALSi05(0H) 4y + 12HF aq) + 2H* = 2AIF," + 2SiFy ;) + 9H,0 (19)
KAL,(AlSi3010) (OH)3 g + 12HF(4q) + 10H* (20)

— 3AIY + 24lF," + 3SiF,,, + K* + 12H,0,
2Na* + SiFy ) + 2HF(qq) > HoSiFs () + 2H* 1)

6NaF(s) + 4H* + Si0; ) — H,SiFg (5 + 2H* (22)

Despite the excellent impurity removal, the formation of insoluble compounds, such as Na>SiFe,
was inevitable due HF. Therefore, multiple stages of washing were required to reduce the final

solid fluoride content [15].

A mixture of unspecified concentrations of weakly oxidizing H>SO4 and strongly oxidizing nitric
acid (HNOs3) was investigated by Kim et al. [17]. The result was an increase in the final carbon
content, from 93% to 99.9% [17]. Kim explored the option of removing impurities deposited
between graphite layers by expanding the graphite structure with a strong oxidizing agent and a
thermal treatment. The expansion was theorized to be caused by the H2SO4 and HNO3 molecules
penetrating between the graphite layers, stacks, or clusters, then gasifying under high temperature,

resulting in an expanded graphite lattice, as shown in Figure 1-4 [17].
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Figure 1-4. Formation of expanded graphite. Raw form (left) and expanded form (right) [17]

As aresult, the leached graphite particle sizes were approximately 50 times the initial particle size

[17].

This expanding crystal lattice phenomenon was also observed with hydrogen peroxide (H20>)
addition to the lixiviant. According to Rao, the role of H>O; was crucial in the graphite exfoliation
process because H,O, provides highly nucleophilic 0,2~ ions by reacting with OH ions [30].
NaOH - Na* + OH™ (23)
H,0, + 20H™ - 0,°~ + 2H,0 (24)

These radicals then oxidize the graphite edge planes, opening the pathway for the intercalation of
HO" ions and O,% ions between the graphite layers [30]. The intercalated radicals then promote
depolarization of the graphite layers, weakening the van der Waals forces that exist between

graphite layers, and leading to graphite layer expansion [30].

Considering these studies, strongly oxidizing agents, such as HNO3 and H>O», have the potential
to promote the liberation of impurities by increasing the distance between the graphite crystal
lattice planes. H>O; was paired with an acid in a few graphite refining studies. A three-step (acid-
alkali-acid leaching) purification method studied by Jara used a mixture of H>O2 and H2SO4 in the
first leaching stage of their purification process [5]. This process was deemed highly successful as
the final purity was improved to 99.68%. However, the leaching capability of HoSO4 reduced at
acid concentrations above 25% (weight % assumed). While the reaction of H>SO4 and silica is

proposed in Eq. 25 [5],

Si02 gy + 2HaS04 ) = 2H20) + Si(S04) 24y (25)
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the author noted that HoSO4 could be detrimental to silica impurity separation from graphite. This
is because of the possible sulphate adsorption on silica surfaces, and formation of insoluble

impurity complexes that are difficult to separate.

In a battery recycling study by Ma et al., H>O, was tested as a graphite impurity lixiviant. A mixture
of H2SO4 and H,O; was used to purify the spent battery anode graphite [31]. The resulting graphite
purity was adequate for reuse, as it was similar to the commercial-grade graphite for battery
applications. The graphite sample was leached repeatedly until the impurity concentration was
reduced to a desired concentration, followed by a heat treatment to restore the graphite crystalline
structure. This heat treatment process is also known as “re-graphitization” [31]. The author
confirmed the effectiveness of their purification methodology by underlining the insignificant

change in the final morphology of graphite particles [31].

Though H>O> brings advantages to leaching impurities from graphite, its usage is discouraged in
some cases because of the significant expense of commercially available H2O2, and the high

concentration requirement due to spontaneous H>O> decomposition [32-34].

Various leaching methods with lixiviants composed of different acids and mixtures of acids and
oxidizing agents have been overviewed in the previous sections. These methods have been

summarized in Table 1-3 and Table 1-4
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Table 1-3. Leaching conditions in previous graphite purification studies

Reference Lixiviant Liquid to solid Temp. [ Reaction time Fixed carbon content
ratio (C) (h) treated (%o)[initial %]
Wei Xie [15] HCI (37%) + NaF (98%) 3tol 70 2.5 98.37 [83.08]
Hao Wang [12] HCI (Lmol/L)+ alkali roasting 30to 1 - - 99.0[90.2]
Hien [nga]” Thi H2S04 (10%C) +alkali roasting 5t0 1 20 2 98 [92.6]
H2SO4 (10%) + H202 (309%) + NaOH roasting | o o f(t)(';:f:]
Allah D. Jara [5] (Path A) + (Wiw) 70 (175-250min 99.68 [94.71]
HCI (18%) (path B) + HF (5%) (path C) sufficient)
Preheating the concentrate @500C + boiling
R. Bhima Rao in
[14] 12.5M NaOH solution + washing with HCI ) ) ) 89.3[85]
(0.88M)
i . 4101
X.J. Lu [20] H>SO4 + alkali roasting (Wiw) 20 - 99.4 [87.7]
Byo“”[??c]; - Kim H2S04 + HNO3 i 100 5.5 min 99.9 [92.9]
N. Patnaik [35] HCI 4101 40 20 min 83 [73]
HCI (20%), H2SO4 (20%), HF (4%), or HCI 10to 1 .
0. Kaya [22] (20%) + HF (4%) (Wiv) 85 1 Variable
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Table 1-4. Contents of the graphite sample before purification (expressed in wt%)

Author C SiOz AI203 Fezo3 CaO MgO Ti02 Nazo Kazo Mn02 Kzo TFe V MnO P205
Wei Xie [15] | 83.08 | 595 | 3.39 044 | 04 03 | 0043 | 026 | 041 | 0.0097 ; ; ; ; ;
Ha‘; 1\’2\/]""”9 902 | 27 | 293 ; 14 | 038 ; 0.04 ; ; 006 | 198 | - ; ;
Hien Tran
Thi [25] 926 | 244 | 153 108 | 025 | 027 - ; ; ; ; - | 126 ; ;
A”ah[;' Bl o 1 | 135 | 045 025 | 002 | 009 | 001 | o001 ; ; 001 | - ; ; ;
XJ. Lu[20] | 87.7 | 525 | 2.93 165 | 035 | 055 | 013 | 0.06 ; ; 065 | - ; 002 | 001
Byoung G.
<im [17] 929 | 34 15 0.78 021 | 007 0.28
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1.6.1.6 Alkali leaching

Alkali leaching was studied by Wang et al. to overcome the disadvantages related to the
alkaline roasting/acid leaching technique [3]. These are namely the risk of graphite oxidation under
an uncontrolled atmospheric environment, and the high energy requirement to dry the wet graphite
sample after a flotation stage, because alkali roasting requires high temperature processing. The
alkali leaching process was performed in a laboratory autoclave, which served the purposed of
mixing the NaOH solution and the graphite concentrate and controlled the temperature between
150-170 °C [3]. The results improved the carbon content with an increase in alkali leaching time

and alkali concentration [3].

Wang et al. described the dissolution sequence of insoluble silicate minerals in alkaline conditions
(Egs. 26 - 28) [3]. The insoluble silicate minerals are first converted into soluble (OH),
Al(OH),, Si0,(0OH);™, and H,Si0,* :

KAl (AlSi5010) (OH)y (5, + 110H™ + 4H,0(y — 3AL(OH), ™+ K* +35i0,(0H);™  (26)
Al203 ) 25l02 ) ZHZO(S) + ZOH_ + SHZO(l) - 2Al(0H)4_ + 2H4Si04(aq) (27)
Si0a(, + 20H™ - 2H,5i0,% (28)

The soluble silicate ions and aluminate ions react, producing insoluble hydrated sodium

aluminosilicate in the form of a NayO-Al,03-Si02-H20 gel or zeolite (Eq. 29) [3].

8Na* + 6Al(0OH),” + 6Si0;°” + 2X

(29)
— Nag[AlSiO,]¢2NaX -nH,0 + (6 —n)H,0 + 120H~

2— 2—
Where X can be %C 0; |, %S 0, ,Cl™,or OH™. After alkali leaching, the carbon content was

increased from 90.43% to 97.19%. However, it is important to note that the aluminosilicate phases
and residual oxides, such as ferric oxide, can be dissolved by leaching with HCI [3]. Subsequently,
the carbon content of alkaline leached graphite after a subsequent acid leaching step increased the

carbon content from 90.88% to 98.06% [3].

1.7 A Potential Alternative Lixiviant: Phosphoric acid (HzPOa4)
Phosphoric acid, also known as orthophosphoric acid, is a colorless, odorless phosphorus-
containing inorganic acid, and is commonly used as an etching agent in dentistry, a food additive,

bonding agent, and is the acid from which phosphorus fertilizers are produced [36]. Phosphoric
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acid is produced from the dissolution of apatite minerals. Apatite minerals include calcium
phosphates that include fluoride, chloride, and/or carbonate, such as carbonated apatite
(Cas(PO4)3(C0O3)), commonly found in sedimentary deposits, and fluorapatite (Cas(PO4)3F), or

chlorapatite (Cas(PO4)3Cl) [36]. Fluorapatite is more concentrated in igneous apatite deposits.

Some of the physical and chemical properties of phosphoric acid include: melting/freezing point
at 21 °C, boiling point at 158 "C, specific gravity of 1.68, and molecular weight of 98 g/mol [37].
Moreover, it has high-temperature stability, low vapor pressure, and tolerance to carbon monoxide
and carbon dioxide formation [38]. Having a polyprotic acid characteristic, phosphoric acid
releases hydrogen atoms in a stepwise manner, also known as stepwise ionization [39]. This is

illustrated in Eqgs. 30 - 32, with the K, values for 25°C [40].

H3P04(aq) +H00) = H30+(aq) + H2P04_(aq)' (30)
K, =69 x 1073
—_ 2_
H2P04_ (aq) + HZO(Z) b H30+(aq) + HP04 (aq)’ (31)
K, =62 x 1078
— 3_
HPO,™ (4q) + H200) = H30™ () + POS™ o, (32)

Ky = 4.8 x 10713

The speciation of phosphoric acid is summarized in Figure 1-5.

1

K- i H,PO,
g o
2 0.6
H
=
= 04
5
S H,PO,
gé 0.2
-

0

0 2 4 6

Figure 1-5. Phosphoric acid speciation as a function of pH [41]

pH is a measure of the hydrogen concentration in an aqueous solution, where as pKa is a pH value
at which a chemical species can accept or donate a proton [40]. The pKa can be used as a threshold
to predict the acid speciation by comparing it with the working pH as shown in Figure 1-5.
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The 1onization constant is an equilibrium constant for acid (K.)/base (Ky) ionization. It is also a
quantitative way of expressing the acid or base’s strength [39]. A strong acid will completely ionize
resulting in large K., whereas weak acids will only partially ionize which is characterized by small
Ka. decreases significantly with from Kai to Ka3. This decline in the ionization constants indicates
that the degree of ionization becomes less important with each successive step, thus the acidic
power of H3POs is the greatest. Considering the differences in ionization constants by a factor of
10° - 108, calculations can be facilitated by treating each ionization step as an individual reaction

[39].
The pKa can be calculated from Ka as shown in the Equation 33 [39].

—log(K,) = pK, (33)

To date, no publically available research study on the purification of concentrated graphite or with
phosphoric acid was identified. Jagtoyen et al. report on coal purification by of phosphoric acid
leaching to produce activated carbon noted both iron and silicate dissolution [42]. They reported
that iron phosphate (FeP0,), aluminum tripolyphosphate (AIl(P0O3)3) and Si,P,0, were in the
ash from coal treated with high temperature, concentrated phosphoric acid, suggesting an affinity
between these impurities and phosphorus chemistry. As the coal matrix is a also organic carbon,
applying a phosphorus-base lixiviant to graphite may open doors to an innovative approach of
dissolving the metal oxide, metal sulphide, and silicate contaminants found in concentrated
graphite. The use of phosphoric acid as the lixiviant is promising, as phosphoric acid was employed
to recover valuable metals from waste cathode materials (LiCo0O3) of spent lithium-ion batteries
by Chen et al. [43]. Their experimental result confirmed the initial conjecture of phosphoric acid
being an effective cathode lixiviant, as they were able to recover over 99% of the cobalt and lithium

[43].

Orthophosphoric acid differs from the stronger acids because of its smaller ionization constants
which qualify it as a weaker acid than HCI or H>SOs. Their ionization constants are greater than 1,
meaning they undergo complete ionization and therefore have higher acidic strength than H;PO4
[39]. In contrast, HF is also a weak acid, which is related to its hazardous property of infusing
through skin, and damaging the underlying tissues by the action of fluoride reducing local calcium

and magnesium concentrations [21]. Moreover, phosphate ions may cause interference when
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measuring cation concentrations due to complexation and precipitation [44]. These reasons may
explain why phosphoric acid has not garnered much attention as a graphite ore lixiviant. This work
explored the use of both phosphoric acid and polyphosphate chemistry to enhance the leaching

performance of phosphoric acid to a comparable level to other frequently used acids.

1.8 Enhanced Phosphoric Acid: Condensed Phosphoric Acid (CPA)

In this section, condensed phosphoric acid will be addressed. The scope of this section will
focus on the manufacturing route of condensed phosphoric acid, a comparative examination of the
condensed phosphoric acid and other strong acids, and few research findings using condensed

phosphoric acid as a lixiviant.

1.8.1 Overview: condensed phosphoric acid (CPA) and its use in industry
Condensed phosphoric acid (CPA) is polymerized orthophosphoric acid. By increasing the
concentration of orthophosphoric acid, PO4*" tetrahedra are bonded by sharing a “bridging oxygen”
atom, as shown in Figure 1-6. Generally, CPA can be made by dissolving solid phosphorus
pentoxide, P2Os, into an orthophosphoric solution, or condensing orthophosphoric acid by directly
heating and concentrating the acidic solution by dehydration [37].
O (0] O
] il
HO—P—(O0O—P—),P—OH

OH OH OH

Figure 1-6. Semi structural model of linear polyphosphoric acid [37]

The simplest strong phosphoric acid, condensed phosphoric acid (CPA), is pyrophosphoric acid,
H4P>05. It is formed by heating phosphoric acid to above 210 °C, or by condensation of H3POs4
with POCIs, as represented in Figure 1-7 and Figure 1-8 [36, 45].

HO on
—-H.O -
JH,PO, ——2% HO —P—0—P—OH 1< $H,PO, +POCI,
” “ 180°C
o} 0

Figure 1-7. Formation of pyrophosphoric acid [36]
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Figure 1-8. Phosphorus (P) compound speciation according to the concentration of
polyphosphoric acid. Px represents the number of P atoms. The y-axis is the % composition of
the different P- compounds [37]

The “strong” phosphoric acids with higher pKa, or CPA, are also defined as equilibrium mixtures
of phosphoric oxide and water containing more than 72.4% of phosphoric oxide, P,Os, forming a
polymeric structure of Hu+2PnOsn+1 [46]. Though later studies have revealed that condensed
phosphoric acids are typically available starting at 70% of P2Os concentration, which is 96.6% of
H3POg4 (Figure 1-8) [37]. As the acid is concentrated through the dehydration process, phosphate
ions condense and form a long chain of P bridged by oxygen atoms. Phosphoric acid
polymerization proceeds further, and eventually a greater variety of polymerized phosphoric acids,
such as triphosphoric acid, HsP3O1o, tetraphosphoric acid, and HeP4O13 form [37]. The compound
solution containing these acids is called “polyphosphoric acid”. It is suggested to manipulate
polyphosphoric acid above 100°C as the viscosity of polyphosphoric acid is high at low
temperature, and polyphosphoric acid may even crystallize partially [37, 46].

The polymerization, or joining mechanism, occurs in a linear manner in the range 68 - 81 % P20s
as shown in Figure 1-9. Beyond this range, cyclic metaphosphoric acids start to form. Branching
and crosslinked polyphosphate anions are created at the higher concentration and temperature

conditions, as shown as in Figure 1-9 [37].
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Figure 1-9. Semi structural model of metaphosphoric acid [37]

These polymerized orthophosphoric acids are used in industrial applications such as manufacturing

of pigments, pharmaceutical intermediates, fine chemicals, synthetic fibers, and ceramics [37].

1.9 Comparative Look: How Much Stronger Is Condensed Phosphoric Acid?

Phosphoric acid with high pKa is generated by polyphosphate formed from concentration
orthophosphoric acid, or POCI3 addition. The acidic strength is established by comparing the Ka
values. K, is larger for stronger acids. The K, values at 25 °C for phosphoric acid and the simplest

CPA, pyrophosphoric acid, are compared in Table 1-5 [40].

Table 1-5. Comparison between K, values of phosphoric and pyrophosphoric acid (25 °C)

Acid Ko1 Kao2 Kos
H3PO4 6.9 x 1073 6.2 x1078% | 4.8 x10713
H4P,0- 1.2 x 1071 7.9 x 1073 2.0 x 1077

All three dissociation constants increase with phosphoric acid polymerization. The first
dissociation constant increased by two orders of magnitude by condensation. In the case of
pyrophosphoric acid, the improvement in acidic strength is related to the characteristic structure
of pyrophosphoric acid and the increased proton transferability. The central oxygen atom in
H4P>07 acts as an electron sink that increases the acidity of OH groups of the molecule [47]. In
other words, the electron sink draws the electron density away from the OH groups, hence
weakening the OH groups and facilitating the dissociation of hydrogen as H*. This phenomenon
is also known as the inductive effects [48]. The low proton (“H™) transfer barrier of H4P207
contributes to the efficient structural diffusion of hydrogen atoms within its molecular structure

[47].

Strong acids are conventionally defined as acids that are completely dissociated in aqueous

solution and having K higher than 1 [49]. The Kai value of pyrophosphoric acid is relatively high
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compared to other moderately strong acids, though it is still insufficient to be qualified as “strong
acid”. The K. values of a few moderately acidic acids at 25°C compared with Kai of
pyrophosphoric acid are provided in Table 1-6. Only Kqi of the CPA was considered for the

comparison with the assumption that first ionization step is the most significant [40].

Table 1-6. Comparison of K, values for moderately strong acids (25 °C)

Acid HA Ka
Pyrophosphoric H4P,07 1.2 x1071
Iodic HIO3 1.6 x 1071
Oxalic H2C204 5.9 X 1072
Sulfurous H>S03 1.54 x 1072
Sulfuric (2) HSO4 1.2 x 1072
Chlorous HCIO> 1.1 x 1072
Arsenic H3As0q4 5.0 x 1073

1.10 Condensed Phosphoric Acid as an Effective Lixiviant

With superior acidic strength than orthophosphoric acid, condensed phosphoric acid (CPA)
could potentially dissolve the commonly found impurities in graphite, similarly to hydrochloric
acid or sulfuric acid. It has been reported that CPA can decompose up to 70 natural minerals among

sulfides, oxides, silicates, and carbonates [44].

CPA garnered the attention of a few researchers. Hannaker investigated the dissolution of
commonly found geological materials, such as silicate, oxide, sulfide, and carbonate minerals, with
heated phosphoric acid (85%) at 290 °C [50]. Though ineffective sulfide dissolution was attributed
to the poor oxidizing power, the condensed phosphoric acid rapidly dissolved impurities
containing silicate, oxide, and carbonate minerals [50]. With the addition of perchloric acid, the
heated phosphoric acid exhibited a stronger oxidizing behavior. The acid mixture dissolved the

sulfur minerals [50].

Mizoguchi and ishii performed a series of experiments with CPA by heating orthophosphoric acid
(85%) at 300 ‘C. They examined the decomposition behavior of sulfur compounds specifically by
comparing the effectiveness of CPA, and a mixture of CPA and the reducing agents sodium
hypophosphite and tin [51]. When the test sample was leached with CPA only, a complete recovery

of sulfur was empirically measured for galena (PbS) and sphalerite (ZnS). For the same experiment,
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only a partial recovery was observed for other sulfur compounds including pyrite (FeS,),
chalcopyrite (CuFeS;), nickel sulfide (NiS), cobalt sulfide (CoxSy), and cadmium sulfide (CdS).
The recovery of these compounds was significantly improved upon the addition of sodium
hypophosphite and tin, except for chalcopyrite (CuFeS»). This was attributed to the difficulty at
dissolving the copper (II) sulfide. This was because the chalcopyrite first decomposes into copper
(IT) sulfide and iron (II) sulfide, and the former is more stable than the latter without the presence
of a reducing agent in CPA (Eq. 34) [51]. The iron (II) sulfide easily decomposed and generated
hydrogen sulfide gas (H>S) (Eq. 35) [51]:

CU.FQSZ(S) = CU.S(S) + FGS(S) (34)

FGS(S) + 2H+ = F€2+ + HZS(g) (35)

Ha>S gas evolution is in accordance with the result of Nagashima’s study whose research scope
focused on sulfide-sulfur and sulfate-sulfur evolutions by comparing the effect of contacting with
tin(Il)-strong phosphoric acid or strong phosphoric acid [52]. It was demonstrated that when CPA
was used alone (prepared by heating H3PO4 for 30 min at 280 “C), sulfide-sulfur evolution occurred
by generating H>S. When tin was added as a reducing agent, both sulfide-sulfur and sulfate-sulfur

were reduced to HoS under the same experimental conditions [52].

H>S generation was mentioned in a study of activated carbon purification from coal - an analogous
example of graphite processing. Jagtoyen et al. conducted a synthesis of activated carbon using
phosphoric acid and heat treatment [42]. From the H/C ratio and S/C ratio analysis, they observed
a higher yield of carbon after acid leaching, caused by reduced hydrogen and sulfur contents. This
result was assumed to be caused by the emission of H>S during leaching. It was remarked that a
highly cross-linked structure between activated carbon and P=0 groups could have formed during
leaching, providing higher resistance to the volatile carbon loss [42]. Strong phosphoric acid was
the lixiviant; thermal treatments were performed between 350 — 650 “C [42]. Section 1.8 reviewed
how phosphoric acid heated to temperatures above 210 °C triggers the formation of CPA. Therefore,
it is assumed that the phosphoric acid must have transformed into CPA, and the higher ionizability
of CPA must have contributed to the evolution of H>S gas at the elevated temperature [42].
Moreover, the XRD analysis result of the ash generated by incinerating the leached carbon product

identified FePO4, Al(PO3)3, and Si2P207. These solids align with another study that underlined the
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capability of strong phosphoric acid to form chemical compounds with stable geological minerals

[42, 53].

Mizoguchi & Ishii further investigated the solubility of various metallic compounds in CPA [54].
They examined the solubility of iron ores in CPA. They observed a rapid decomposition of all the
iron ores at 99.9% within 20 minutes. This was significantly shorter than the several hours required
to perform the iron ore leaching with HCI, according to the Japanese Industrial Standard (JIS)
method [54]. The dissolved iron minerals in the ores were limonite (FeO(OH),H>0O), hematite
(Fe203), and magnetite (Fe3Os) [54]. The author made an important comment on the leaching
temperature, as CPA during leaching may solidify when heated above 300 ‘C and for extended
time. This solidification may be due to impurities precipitating as phosphate complexes, and the
elevated temperature favoring the precipitation process [55]. In light of this, a working temperature
of 290 "C was recommended by the author [54]. Moreover, they noted that limonite reacts
exceptionally well with CPA to form iron phosphates, even at a temperature as low as 210°C, which

is within the temperature range when condensed phosphoric acid starts forming.

Another study by Minoguchi & Ishii examined the effect of CPA on bauxite ore containing
aluminum, iron, and titanium [56]. Their experiment successfully dissolved aluminium and iron
using CPA even at a relatively low temperature of 220°C, though titanium required more

dissolution time than other impurities [56].

A comprehensive study on the high-temperature reaction of phosphoric acid with muscovite
(KAIL(F, OH): or (KF)2(Al205)3(S102)s) was conducted by Varadachari [53]. The experiment was
conducted at high temperatures (at 250 °C, 300 "C, and 350 "C) to promote the formation of CPA.
The result demonstrated the solubilization of major cationic constituents of muscovite, namely K,
AI**, and Si*'. The author suggested a new reaction perspective of condensed phosphoric acid with
muscovite; the reaction mechanism of CPA does not necessarily occur by the acid attack (exchange
of H" of the acid), nor the reactive polyphosphates produced at high temperature, but rather the
cleavage of chemical bonds by OH™ ions that are produced during the polymerization of phosphoric

acid at high temperature [53].
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Figure 1-10. Proposed mechanism of oxygen cleavage adapted from [53]

As shown in Figure 1-10, heating of phosphoric acid condenses phosphate ions, creates a bridging
oxygen, and produces OH™ ions. The OH" ions react with oxygen-containing groups by forming
hydroxide-bonded groups. If this hypothesis is valid, the rate-limiting step of impurity dissolution
is the availability of OH ions which are in abundance only at the initial stage of reaction [53]. In
other words, a long residence time will not necessarily guarantee a higher removal fraction of
impurities. Furthermore, the use of a strong base, such as NaOH, could be avoided as OH™ can be
provided from phosphoric acid condensation. Considering this, it has the potential to be an

effective lixiviant of the impurities in graphite ores.

1.11 Conclusions

In this chapter, an overview of the graphite market and graphite beneficiation methods were
discussed. The graphite market is forecasted to grow progressively given the current role of
graphite in high-end applications. The graphite value is dependent on two factors: the graphite
purity and graphite size. Greater graphite size correlates to greater graphite value. The
beneficiation methods are categorized by physical and chemical approaches. The chemical
beneficiation allows the graphite purity beyond 95 %, while physical beneficiation is limited to
95 %. The graphite purity is commonly measured by the carbon content. Graphite leaching by
conventional methods, and with phosphorus chemistry was scrutinized and phosphoric acid as the

novel lixiviant for graphite leaching was proposed.
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2 Introduction to State-of-the-Art Graphite Characterization Techniques
& Characterization of the Concentrated Graphite for the Current Study

In this chapter, the state-of-the-art graphite characterization techniques are addressed: X-ray
powder diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive
spectroscopy (EDS). A brief theoretical overview of the four solid characterization techniques and
graphite characterization techniques with XRD and Raman spectroscopy are discussed in this

chapter. Furthermore, the graphite sample in the current study was characterized and described.

Table 2-1. Author Statement

Conceptualization, Writing (Review & Hak Jun Oh
Editing) Associate Professor Sidney Omelon
Investigation . Hak Jun Oh .
Tian Zhao (Ph.D. Candidate)
Writing — Original Draft Hak Jun Oh

2.1 State-of-the-Art Graphite Characterization

X-ray powder diffraction (XRD) is an analytical technique that identify crystal structures by
measuring atomic spacing within a crystal lattice. This technique is based on constructive
interference of x-rays within a crystalline sample [57]. Raman spectroscopy is non-destructive and
vibrational spectroscopy method that provides detailed information about chemical structure,
phase, and molecular interactions from Raman-active bonds. It is based on the interaction of low-
powered laser with the chemical bonds within a material, also called the Raman scatter eftect [58].
Based on these two techniques, it is possible to understand some of the structural characteristics

of graphite.

2.2 Powder X-Ray Diffraction

X-ray diffraction is an analytical technique primarily for the understanding of crystal structures,
phase identification, and atomic spacing [59]. Crystalline materials have a long-ranged ordered
lattice structure, a 3-dimensional pattern of atoms, ions or molecules, which is repeated over a
length scale that diffracts x-rays typically generated by copper or cobalt cathode ray tube [60]. The
sample analyzed by powder XRD is required to be crushed into a fine and homogeneous powder
to reduce the preferential orientation effect that may create misleading peak intensity results.
Powder XRD relies on the constructive interference patterns of the x-ray in a crystalline sample.

The constructive interference patterns are detected and used to characterize the crystalline sample,
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as the patterns appear at specific x-ray incident angles. These angles can be related to the d-spacing
between the lattice planes, which is represented by the Bragg’s equation [60]:

2dsinf = nA (36)
Where d is the lattice plane spacing, 0 is half of the corresponding diffraction angle, n is the

diffraction order, and A is the wavelength of the X-ray source [61].

With a copper anode, graphite has its characteristic primary peak at 26.369 “20 with (002) having
a d-spacing of 0.3372 nm [62]. Oxidation of graphite shifts this characteristic peak to 9.535°
(0.9628 nm d-spacing) due to the oxygen atoms being introduced into the graphite interlayer
spaces [62]. The different positions of this primary graphite XRD peak are shown in Figure 2-1.
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Figure 2-1. X-ray diffraction pattern of graphite, graphene oxide and graphene [62]

Generating x-ray diffraction patterns of the graphite before and after the purification process can
identify peaks shift caused by the purification process [63]. If the primary graphite ore peak shifts
to a higher two-theta angle, it is interpreted as a reorganization of the graphite crystal that decreases
the distance between the graphite interlayers; this is also called “graphitization”. For instance, Gao
et al. focused on recycling graphite from a spent battery [63]. They performed a structural analysis
of graphite to evaluate the graphite using the XRD patterns. The primary peak of the commercial
grade graphite was initially at 26.51 “20 (doo2 = 0.336 nm), and the peak of the spent graphite from
the used battery shifted to a value of 26.07 20 (doo2 = 0.342 nm). After their graphite recycling

process, the “refined graphite” peak position was increased from the spent graphite value to
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26.35 "20 (doo2 = 0.338 nm), but did not match the commercial grade primary peak position (Figure

2-2) [63].
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Figure 2-2. XRD analysis results for commercial graphite (CG, blue), refined graphite (RG,
pink), and spent graphite (SG, green) [63]
The authors interpreted the shift to increased 20 value for the primary diffraction peak after the
refining process as a representation of the transition from a disordered carbon structure to an
ordered crystal structure, leading to a smaller interlayer spacing. Additionally, the authors noted
that the two-theta peak of refined graphite is slightly lower than commercial graphite due to

residual organic substances, such as conductive agents and binders [63].

There is another material characteristic that can be extracted from powder XRD peaks. The full
width of the XRD peak at its half maximum value (3: FWHM) that is related to the size of
crystalline graphitic domains inside the macroscopic graphene materials. With this, it is possible
to estimate the average crystallite size, D, or the perpendicular dimension within a maintained

graphitic ordering, shown in Figure 2-3.
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Figure 2-3. Schematic representation of a) graphite b) XRD FWHM [61]
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The average crystallite size can be estimated using the Debye-Scherrer equation (Eq. 37) [61]:
p_ KA 0892

" Bcos®  BcosH

Where K is the shape factor, 8 is the full peak width of a diffraction peak at its half maximum

(37)

height (FWHM) in radians (rad) after subtracting the instrument broadening, A is the wavelength
of the x-ray (nm) and 0 represents half of the diffraction angle of the peak corresponding to inter-
layer spacing (°20), as shown in Figure 2-3 b). The K value is assumed to be 0.89, representing for

spherical crystals with cubic unit cells [61].

Similarly, the in-plane crystallite size, L, can be estimated with Eq. 38 [61],

L - 1.84-1
"~ Bcosh

(38)
where the K factor is 1.84 to represent the in-plane crystallite width [64].
2.3 Other Solid Characterization Technique for the Current Project: Graphite
Concentrate Characterization

XRD and Raman spectroscopy are the two commonly employed solid characterization
techniques for graphite. For the current project, scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) are also used to characterize the concentrated graphite sample. In
the following sections, a description of the graphite impurity identification with XRD, SEM and
EDS, and the theory behind the SEM and EDS will be explored.

2.4 Brief Overview: Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS)

Scanning electron microscopy is a characterization technique that provides information about
surface topography, crystallography, and chemical composition of solid samples. High energy
electrons between 2 - 40 keV are accelerated onto the specimen surface [65]. The interaction of
the electron beam with the specimen results in the emission of secondary electrons, backscattered
electrons, auger electrons and other electromagnetic waves that carry characteristic information
about the specimen [65]. One great advantage of SEM is in detectors of different types can collect
different data from the same sample [66]. Secondary electrons (low energy of below 50 eV,

topographic information), backscattered electrons (high energy, crystallographic and
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compositional information) and X-rays (chemical composition) comprise the commonly used

electron microscopy signals [66].

Energy dispersive spectroscopy (EDS) is a technique that provides information on the chemical
composition of the specimen by analyzing the energies emitted when the specimen is “excited” by
the electron beam [66, 67]. The incident, high energy electron beam generates electron vacancies
in the inner electron shells. These vacancies are filled with electrons from higher energy shells. By
the law of energy conservation, this reduction in electron energy generates X-rays with discrete
wavelengths that can be associated with elements. These energy emission quanta provide

suggestions for elemental chemical composition [67].

2.5 Characterization of the Concentrated Graphite for the Current Study
25.1 Scanning Electron Spectroscopy (SEM)
The preliminary characterization of the graphite concentrate was undertaken by Reichert [68].
Graphite concentrate images were obtained using scanning electron microscopy. The concentrate

graphite is coarse flake graphite (>150 um). Two SEM images are provided in Figure 2-4.

Figure 2-4. Hitachi SU 3500 images of graphite concentrate in a) secondary electron b)
backscatter [68]

Elements with higher atomic number (high Z contrast) result in brighter features in backscatter
images [69]. Figure 2-4 b) shows scattered white regions on the graphite flake. Higher resolution

images of the white regions are provided in Figure 2-5.
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Figure 2-5. Higher resolution Hitachi SU 3500 images of graphite concentrate in a) secondary
electron b) backscatter [68]

White clusters are observed on the surface of concentrate graphite flake and they are suspected to

be the impurities.

2.5.2 Energy Dispersive Spectroscopy (EDS)
Elemental identification was performed with EDS to characterize possible impurities in the
graphite sample. The EDS result revealed scattered distribution of four predominant elements (Fe,

K, Al, and Si). Carbon is described in blue in Figure 2-6.

Electron Image 1 EDS Layered Image 1

Figure 2-6. Hitachi SU 3500 images of graphite concentrate in a) secondary electron b)
energy dispersive spectroscopy

K, Si, and Al overlaying suggests the possible presence of potassium-containing aluminosilicates
in the graphite sample. Fe presence is assumed to be from iron sulphides, such as pyrite (FeSz).

However, this needs to be confirmed because sulfur detection was not possible with the EDS.
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2.5.2.1 X-Ray Powder Diffraction by Reichert

Based on the Co-source XRD analysis reported by Reichert, major crystalline sulphide and
silicate impurities in the graphite concentrate are presumed to be pyrite (FeSz) and dickite
(Al2S1205(0OH)4) [68]. These results are supported by the fact that pyrite is the most abundant
sulphide mineral, and dickite is a mineral found in igneous rocks, where graphite is also formed
[2, 70, 71]. Cruz suggested that kaolinite (Al>Si205(OH)s) originates from the hydrolysis of
feldspars (expressed in three endmembers: KAISizOg, NaAlSizOs, and CaAl>Si,0g) under
hydrothermal condition following Eq. 39 [72]:

2xAlSi;04 + 3H,0 > Al,Si,05(0H), + 4Si0, + 2x(0H),

(39)
where (x = K,Na, Ca)

Though kaolinite and dickite share a uniform chemical composition (Al2Si205(OH)s), kaolinite is
the thermodynamically stable phase, and dickite is considered a metastable phase, which forms
from the phase transition of kaolinite at elevated temperatures [72, 73]. Given that elevated
temperatures and pressures in igneous rock also form graphite, a mixture of dickite and/or kaolinite,
in the graphite concentrate is plausible. Careful silicate impurity characterization is recommended

[74].

Feldspars are also present in igneous and many types of metamorphic rocks, in which graphite also
forms [2, 75, 76]. The possibility of feldspars being a graphite impurity should remain open as it
is one of the most predominant minerals, making up approximately 60 % of Earth’s crust.
2.5.3 X-Ray Powder Diffraction & Crystalline Impurities Identification with a
Different Diffractometer

The identification of crystalline phases was redone with a Bruker AXS D2 Phaser with Cu
source. XRD patterns were built with a Lynxeye detector. Dry powdered samples were scanned at
30 kV and 10 mA from 5 to 100 °26, and 0.5 s per step with an increment of 0.02 °26. Minerals
were identified using EVA (V5.2) and the ICDD Database (PDF - 4).

The XRD results strongly suggest that the impurity in the graphite concentrate is an Al
containing silicate mineral as three identified crystalline impurities were all aluminosilicates as
shown in Figure 2-7 and Figure 2-8. Kaolinite (Al>Si20s(OH)4) originate commonly from parental

minerals such as Feldspars (aluminosilicate containing K, Na and Ca) and muscovite
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(aluminosilicate containing K and F) [72]. This may explain the detected K in the previous EDS

result.
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Figure 2-7. XRD result on linear scale (normalized) — measured with a Bruker D2 Phaser with a
LYNXEYE detector search & matched with EVA

In Figure 2-8, graphite peaks were excluded to analyze the impurities peaks by sections as their
intensities were relatively lower than graphite. It is shown that all the impurities had an
aluminosilicate base. Hence, kaolinite will be considered as the sole impurity in the natural
graphite concentrate because it is the most representative and simplest aluminosilicate

structure [77, 78].
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Figure 2-8. XRD result in linear scale (normalized) - measured, search & matched
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Pyritic mineral (FeSx) was assumed to be another impurity in the graphite concentrate, though the

possibilities of an aluminosilicate containing Fe should not be discarded [79, 80].

2.5.4 Loss on Ignition (LOI) analysis of the Graphite Concentrate
Loss on ignition analysis allows the study of the noncombustible ash composition after the
complete combustion of the organic material [81]. The carbon content, or fixed carbon content, is
the percentage of organic matter in a given organic mass without the noncombustible and volatile
contents [1, 5, 14, 15]. The noncombustible ash is analyzed to identify the mineral matter which is

defined as impurity in graphite beneficiation techniques.

The carbon content of the graphite concentrate was 94.3 % according to the LOI analysis

provided by SRG. The summary of the predominant impurities is provided in Table 2-2.

Table 2-2. LOI data of graphite concentrate (unsized) provided by SRG

Carbon Content (%) 94.3
Volatile (%) 1.88
Ash (%) 3.82
Element Si Al Fe K
gft 7386.0 6970.0 2807.0 1001.0

2.6 Conclusion

XRD and Raman spectroscopy are commonly used solid characterization techniques for
graphite. For the current project, the graphite concentrate has a carbon content of 94.3 %. The
results from various solid characterization techniques (XRD, SEM, EDS and LOI) strongly suggest
the presence of aluminosilicate and pyritic mineral. Kaolinite is considered as the main

aluminosilicate impurity due to its representative and simple crystal structure.
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3 Preliminary Test: Phosphoric Acid Leaching

3.1 Motivation

Previous work demonstrated that condensed phosphoric acid heated above 100 °C can leach
silicate and other minerals. A possible leaching mechanism was the effect of the condensed
phosphates that form spontaneously in the hot, concentrated phosphoric acid. With the goal of
developing a lower energy and lower risk impurity leaching process, the effect of limited
temperature (maximum 100 °C) at atmospheric pressure, lower phosphoric acid concentration, and
the use of sodium pyrophosphate (P.07*) or polyphosphate (~(POs’)15) on leaching concentrated

graphite is explored in this section to assess if they are potential graphite impurity lixiviants.

Table 3-1. Author Statement

Conceptualization, Writing (Review & Hak Jun Oh
Editing) Associate Professor Sidney Omelon

Investigation, Writing (Original Draft) Hak Jun Oh

Hak Jun Oh
Methodology Ozan Kokkili¢ (Research Associate)
Associate Professor Sidney Omelon

Writing — Original Draft Hak Jun Oh

3.2 Goal

This section presents the effect of elevated temperature (100 “C), phosphoric acid concentration,
pyrophosphate, and polyphosphate on impurity leaching from concentrated graphite ore will be
examined. The goal was to verify the hypothesis that relatively low concentration (1.0 M or less)
phosphoric acid is capable of dissolving iron sulfide and silicate impurities in natural graphite
concentrate, and that the relatively low concentration of sodium pyrophosphate or the same NaPO3
concentration of commercial sodium polyphosphate can dissolve the mentioned impurities. The

identification of impurities in the spent lixiviant will complement the objective of this investigation.

3.3 Theory
A brief description of theories and previous studies about leaching graphite impurities will be
discussed in Section 3.3. A short literature review provides the rationale for the temperature,

leaching time, solid to liquid ratio, and lixiviant concentrations.
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3.3.1

The leaching process operating variables temperature, leaching time, and solid to liquid ratio

Literature review for the selection of operating variables

were selected based on previous studies on the purification of different graphite ores by acid
leaching [5, 22, 25]. The origin of natural graphite, procedure of graphite leaching, and the
equipment used for the leaching process in the previous studies are assumed to be factors that are
unrelated to the leaching results. Sulfuric acid, H2SOs, is the reference acid for the leaching
experiment because sulfuric acid, like phosphoric acid, is polyprotic. Therefore, the scope of this
literature review is to review and select the leaching operating variables with sulfuric acid as the
reference lixiviant for concentrated graphite purification. The effect of temperature on graphite

impurity leaching with H2SO4, HCI, and HF was reported by Kaya et al. (Figure 3-1).
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Figure 3-1. Effect of leaching temperature of natural graphite ore (Inebolu) (Solid to liquid
ratio (w/v) = 1/10, 1 hour leaching time [22]
Based on the increasing sulfuric acid leaching result of Kaya & Canbazoglu [22], 20 "C and 100 °C
were selected for phosphoric acid leaching. Thi & Hong also reported the effect of temperature on
graphite impurity leaching with sulfuric acid [25]. Although the error was not presented, increased
impurity removal was reported with increasing leaching temperature, though the difference was

assumed to be insignificant at the range of 50 — 70 °C, as shown in Figure 3-2 [25].

80%
c

60%

40%

20%

0%

25 30 35 40 45 50 55 60 65 70 75

Temperature (°C)

Figure 3-2. Effect of temperature on graphite impurity removal (liquid to solid ratio: 5, stirring:
200 rpm, 10 % sulfuric acid, leaching time: 60 min)
N = Mpefore — Mafter)/Mpefore - 100, where M is the graphite mass [25]
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Jara & Kim reported an optimal solid to liquid ratio of around 1:6 to 1:5 (w : w) because this range
yielded the largest final carbon content (%) for all tested acids at high
concentrations (HF 48%, HC1 36%, HNOs; 70%, H>SO498%, and H>O» 30%) [5]. It is
recommended to work with lower acid concentrations for safety reasons. The author justified the

selected solid to liquid ratio range by addressing the detrimental effect of excessive acid usage on

the environment.

Carbon Content (%)
8
[4,]

Liquid to Solid Ratio

Figure 3-3. Effect of liquid to solid ratio of lixiviants: HF 48 %, HC1 36 %, HNO3 70 %,
H>S04 98 %, and H,02 30 %, leaching temperature ranged from 25 — 180 °C for 1-4 h [5]

In the work of Thi & Hong, the solid to liquid ratio of 1:5 was concluded to be sufficient (Figure
3-4). Higher solid to liquid ratio did not significantly impact the removal of impurities from the
graphite sample [25]. The authors did not recommend a solid to liquid ratio lower than 1:3 due to
challenges associated to stirring of the graphite-lixiviant slurry [25]. Though the leaching time was
different, the results of Thi & Hong align with results presented by Jara & Kim. Hence, the choice

of 1:6 (w/v) solid to liquid ratio was selected as a reasonable value for the current experiment.

100%%
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40%

2 3 4 5 6
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Figure 3-4. Effect of liquid to solid ratio on efficiency of impurity removal on graphite 10%
sulfuric acid, stirring speed 200 rpm, room temperature, time 120 min). The efficiency is
calculated as n = (Mpefore — Mafter)/Mpefore * 100, where M is the graphite mass [25]
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The leaching time of 175 — 250 minutes (without error estimates) was determined to be sufficient

to maximize the graphite purity for all acids in the study of Jara & Kim as shown in Figure 3-5 [5].
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Figure 3-5. Effect of leaching time of lixiviants: HF 48 %, HCI 36 %, HNO3 70 %, H2SO4 98 %,
and H>O, 30 %, 1:5 solid to liquid ratio, leaching temperature of 70 °C [5]

Compared to the result of Jara & Kim, the leaching time of 120 — 150 minutes yielded the
maximum graphite purity in Thi ef al.’s work, although no error magnitude was provided (Figure
3-6) [25]. Considering the results presented by Jara & Kim and Thi & Hong, 180 minutes of

leaching time was selected.
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Figure 3-6. Effect of leaching time on graphite impurity removal (liquid to solid ratio 5:1,
stirring speed 200 rpm, sulfuric acid concentration of %, room temperature leaching) (n =
Myerore — Magter)/Mpefore - 100, where M is the graphite mass [25]

The operating parameters in the previous works are summarized in Table 3-2.

37



Table 3-2. Operating parameters in previous graphite leaching studies with sulfuric acid

Lixiviant and Liquidto | Temp. Rer?lctlon Fixed carbon
Reference leaching DFOCeSS solid ratio (C) time content after
gp (min) | (%) [before (%)]
10to 1
[22] H2S04 (20 %) 85 60 N.A.
(v/w)
5 :
5] | H2S0s(10%) *Alkali ) o ) 20 120 98 [92.6]
roasting
H2S04 (10 %) + H.0>
(30 %) + Alkali 5t01&6
. 175 -
[5] roasting (Path A) + tol 70 250 99.68 [94.71]
HCI (18 %) (path B) (w/w)
+ HF (5 %) (path C)
i 4101
[20] H2S04 + alkali 20 N.A. 99.4 [87.7]
roasting (w/w)
[17] H2S04 + HNO3 N.A. 100 5.5 99.9 [92.9]

Table 3-3. Operating parameters for the current study using phosphoric acid

H3PO4 concentration Temperature Leaching time L:S ratio(v:w) or
(mol/L) (C) (min) (ml:g)
0,0.1,05&1.0 20 & 100 180 6

The operating parameters for the current work are summarized in Table 3-3.

Although the determination of operating variables was solely based on sulfuric acid lixiviant
results, leaching the graphite concentrate used in this study with phosphoric acid may not show
the same published trends with different operating variables due to differences in graphite origin,

leaching procedure, and equipment type [17, 20].

The chosen operating variables will be optimized using Design of Experiment (DoE) to maximize

graphite impurity removal.
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3.4 Pregnant Leaching Solution Characterization with MicroPlasma Atomic Emission
Spectroscopy

Microwave plasma atomic emission spectroscopy is an atomic emission technique. This
section will be primarily based on the handbook by Agilent [82]. This technique analyzes the light
emitted from the excited samples when they return to ground state. The emitted light is
characterized by their specific wavelengths, and the unknown elements in the analyzed samples
can be qualitatively and quantitatively identified. Similar to inductively couple argon plasma, MP-
AES offers a high temperature excitation source because the nitrogen fuelled microwave plasma
reaches temperatures nearing 5 000 K. Microwave energy from an industrial magnetron is used to
form a plasma using the extracted nitrogen from compressed air by Agilent’s Nitrogen Generator.
An optimized microwave waveguide creates concentrated electromagnetic fields at the torch,
forming a plasma using the powerful electromagnetic field. The emitted light from the excited
atoms is then directed into a spectrometer, and MP-AES analyzes the intensities of measured

wavelengths (Figure 3-7) [82].

Plasma

Excited Emitted

Atoms Light 3 /J
|

il Spectrometer Quantification

Sample
Aerosol

Figure 3-7. Schematic representation of MP-AES [82]

The Agilent Model 4210 was used in this work to perform the solution characterization of the

pregnant leaching solutions.

3.5 Methods

Natural graphite concentrates in powder form were leached at 20 °C and 100 °C in reverse
osmosis (RO) water, 0.01, 0.05, or 1 M phosphoric acid (Fisher Chemical, A242-500),
pyrophosphate solution (0.1 M NaPOs3), or polyphosphate (0.1 M NaPOs) solutions. Sodium
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pyrophosphate decahydrate (Acros, CAS:13472-36-1) and sodium polyphosphate (Emplura, CAS :
10361-03-2) were dissolved in RO water. The pyrophosphate concentration was 0.1 M NaPO3
based on previous work that observed successful dissolution of Fe and Al in organic matrix [83,
84]. Similarly, polyP solutions were prepared with 0.1 M NaPOs to create solutions with equivalent

PO3 concentrations, independent of chain length.

There were twelve different leaching groups. The graphite-RO/DI water group was selected as

the negative control. The samples and leaching conditions are summarized in Table 3-4.

Table 3-4. Sample group names and information

Sample Group Name Lez(‘jc::;fof;:z:on Sample Group Labels
Control RO/DI water A1-3 (20 °C), A4-6 (100 °C)
0.10 PA 0.10 M H3PO4 B1-3 (20 °C), B4-6 (100 °C)
0.50 PA 0.50 M H3POg4 C1-3 (20 °C), C4-6 (100 °C)
1.0 PA 1.0 M H3POq4 D1-3 (20 °C), D4-6 (100 °C)
0.10 M PyroP 0.05 M P,O7* E1-3 (20 °C), E4-6 (100 °C)
0.10 M PolyP 0.10 M POs5" F1-3 (20 °C), F4-6 (100 °C)

2.0 £0.01 g of graphite was recorded and transferred to a 15 mL borosilicate glass digestion tube.
12 mL of lixiviant was added to achieve a solid to liquid ratio of 1:6, then closed with a Teflon cap.
The 20 °C leached samples were placed on a shaking table for 3 h. The 100 ‘C leaching tests were
undertaken in digestion tubes in a heat block (Dry bath/heat block., Thermo Scientific) for 3 h.

Three replicates were run, and all error bars denote + 1 standard deviation.

After leaching, the tubes were cooled to approximately 20 ‘C by placing them in a 4 "C
refrigerator. The slurries were vacuum filtered in an Erlenmeyer filter-flask with a ceramic
Buchner funnel and filter paper (Whatman, grade GF/F 0.7 pm, 41.5 mm diameter). The leached,
filtered graphite was dried in a 100 ‘C drying oven for 20 min. The lixiviant pH was measured
before and after leaching. The PLS were prepared for micro-plasma atomic emission spectroscopy
(MP - AES, model Agilent 4210) by diluting in 2 % HNO3 to measure the dissolved iron, sodium,
calcium, potassium, aluminum, and silicon (measured as silicic acid) concentrations. These
elements were selected as they were the impurity elements identified in the graphite concentrate

with EDS by Reichert [68].
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3.6 Results and Discussion
In this section, the leaching results will be presented and discussed. The effect of temperature,

lixiviant types, and the possible dissolution mechanism will be described.

36.1  PLSpH

The lixiviant pH values before and after leaching are presented in Figure 3-8.

12
10
8 =z
L s
o m Before at 20 °C
4 m After at 20 °C
z B = - After at 100 °C
Control HsPO4 HsPO4 HsPOs PyroP PolyP
(RO water) (0.1 M) (0.5 M) 1 M) 0.1 M) 0.1 M)
Sample

Figure 3-8. Lixiviant pH values before and after leaching for 20 "C and 100 °C (n=3). All error
bars denote + 1 standard deviation.

The result in Figure 3-4 shows that the pH was lowered with the increase in phosphoric acid
concentration. This could be due to greater concentration of proton (H") in the solution due to
single deprotonation with the increase in phosphoric acid concentration. The pH values after
leaching increased slightly. The formation of silicic acid (H4S104) in the pregnant leaching solution

could have led to this slight increase in pH [85, 86].

The pH of dissolved sodium pyrophosphate (0.1 M) is greater than RO water. This could be
explained by the dissolved sodium pyrophosphate in RO water rapidly protonating and lowering
the concentration of protons in the solution (H"). The rationale is that pKa3 (second protonation
threshold) is near the pH of the control before leaching (pH 5.8) [87]. The K. values of

pyrophosphate are described in Table 3-5. The Ka values are assumed to be similar at 20 "C.

Table 3-5. Pyrophosphate dissociation constants at 65.5 °C [87].

Dissociation Constant Value
Kai 0.107
Kaz 758 x 103
Kas 1.45 x 10°®
Kaa 9.81 x 10°
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The pKasz calculation is described as:
PK,, = —log(K,) = —log (1.45 x 107°) = 5.84
The pH of dissolved sodium polyphosphate showed a slight increase after leaching which could

also be due to partial protonation of the polyphosphate chain upon dissolution in the RO water.

3.6.2 PLS Element Composition
3.6.2.1 H3POs as leaching lixiviant

The dissolved impurity concentrations at 20 "C are presented in Figure 3-9, and the 100 'C

leaching results are presented in Figure 3-10.
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Figure 3-9. Dissolved impurity concentrations after H3PO4 leaching at 20 °C & 3 h. All error bars
denote + 1 standard deviation

One-way ANOVA is a parametric test to compare the means of two or more independent groups
to verify a significant difference between the two population means [88]. The one-way ANOVA
result of H3PO4 leached samples (0.1 M, 0.5 M, and 1.0 M) shows that they are significantly
different with a F value at 70.3 (Ferit at 2.4) and a P value at 6.5 x 10721, This means that it is
unlikely that the observed result difference occurred by chance. The statistical results including
Tukey analysis are compiled in the Table 3-6. Tukey analysis was done on Minitab20 and the

results are provided in Appendix A.
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Table 3-6. One-way ANOVA result summary of H3PO4 samples (0.1 M, 0.5 M, and 1.0 M)
leached at 20 °'C & 3 h

Element F value Feritical P value Pairwise Tukey Summary
Fe 4975 51 3.4 % 10-7 Each concentration group
is different
Si 81.1 51 4.5x 1075 | Each concentration group is different
Al 85.8 51 3.9 x 107> | Each concentration group is different
0.5 M and 1.0 M are different,
Ca 59 > 0.04 but 0.1 Missameas0.5Mand 1.0 M
0.5 M is different,
Na 8.1 51 0.02 but 0.1 M and 1.0 M are the same
K 19.4 514 0.002 0.1 M and 0.5 M are the same, but1.0

M is different

Figure 3-9 and Figure 3-10 show that the Al and Fe leached concentrations increased
monotonically. Increased phosphoric acid concentration could have led to more effective leaching
of Al and Fe by forming phosphates ion-pairs that reduced the free dissolved metal concentrations.
Leached Si concentration increase up to 0.5 M H3PO4 and it decreased at 1.0 M phosphoric acid.
This may indicate that increasing acidity does not necessarily promote Si leaching. Measurable
sodium (Na") and calcium (Ca®") concentrations were in the control solution. Figure 3-9 shows
that the maximum leached calcium concentration at 20 °C was leached at 0.5 M H3POs. A similar

trend was observed for leached Na concentrations.

The Tukey post-hoc test suggests that Ca leaching is not enhanced with increased H3POa4
concentration. MP-AES analysis of Ca concentration may be underestimate Ca concentrations in
higher H3PO4 concentrations [89]. 0.5 M phosphoric acid could be the ideal concentration to leach
Ca and Na. K leached concentration remained low for all phosphoric acid concentrations. The
increase in phosphoric acid concentration could impede K leaching due to preferential leaching of
multivalent ions (Al and Fe) and increased probability of orthophosphate being fully protonated.
Measurement artifacts could still be possibilities due to pairing between Na/K and orthophosphate.

These ion pairs may form low volatility species in the MP-AES plasma, and not be detected [89].
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Figure 3-10. Dissolved impurity concentrations after H;PO4 leaching at 100 “C. All error bars
denote + 1 standard deviation

The two-way ANOVA result of H3PO4 samples (0.1 M, 0.5 M, and 1.0 M) and temperature
difference (20 °C & 100 °C) showed that they were significantly different. Two-way ANOVA
assesses the relationship between two categorical variables over a continuous variable [88]. The
two-way ANOVA result is summarized in Table 3-7. The temperature difference is considered to

be categorical: low temperature leaching (20 ‘C) and high temperature leaching (100 “C).

Table 3-7. Summary of two-way ANOVA PLS concentration results of 0.1, 0.5, and 1.0 M
phosphoric acid, 20 °C and 100 "C

Temperature Interaction ([HsPO4] & temperature)

Element | F value Feritical P value F value Feritical P value
Fe 138.31 5.32 0.00 14.85 5.32 0.00
Si 266.20 5.30 0.00 6.80 5.32 0.03
Al 103.70 5.30 0.00 10.94 5.32 0.01
Ca 0.38 5.32 0.55 10.96 5.32 0.01
Na 2.54 5.32 0.15 6.59 0.03 5.32
K 87.74 5.32 0.00 3.72 5.32 0.09

Statistically significant interactions between temperature and concentration were observed for all
impurities except K. The Tukey post-hoc test shows that the phosphoric acid concentration
increases with high temperature resulted in substantial Fe, Si and Al extractions. This could be due
to high temperature providing sufficient energy for effective leaching by phosphoric acid.
Conversely, Ca leaching was not statistically different with the change in both concentration and
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temperature. The Tukey result of Na leaching is inconclusive as the leached concentration means
are not statistically different. The insignificant leaching of Ca and Na with phosphoric acid at 20 °C
could be due to the low concentrations of Na and Ca in the graphite concentrate. The leached K
concentrations were low. The measurement error may be of similar magnitude, therefore no
statistical claims will be made. The Tukey post-hoc test result of interactions is provided in the

Appendix B:

3.6.2.2 Possible silicate leaching mechanism in HsPO4
The Si leaching could be explained by a mechanism described by Crundwell [90]. Silicate
mineral dissolution in acidic conditions was proposed to be initiated by the interaction of metal
ions with water molecules (H,0), and silicate groups (SiO4*) with protons (H") (Figure 3-11) [90].
Once initiated, the metal and silicate dissolutions continue independently and in parallel. Metal
ion dissolution was thought to be favored due to the lower energy requirement to dissociate the

metal-oxygen bond than the silicon-oxygen bond [85].

OHP
Dissolving Charged Solution
solid interface
region

Figure 3-11. Mechanism for the dissolution of orthosilicate minerals and metal ions in acidic
solutions by complexing with protons and water molecules with a Mg containing silicate OHP:
Outer Helmholtz Plane [90]

The result of graphite impurity leaching with phosphoric acid (Figure 3-9 and Figure 3-10) is in
concordance with Crundwell’s proposed mechanism. As aluminum ions (AI**) are released from
the silicate structure, the number of anionic vacancies may have increased and consequently
accelerated the dissolution of the silicate groups (SiO4*) by the attraction of protons provided by
the acidic lixiviant, phosphoric acid. With the increase in concentration of phosphoric acid and

temperature, the dissolution of silicate groups is likely to be amplified. Iron sulfide dissolution is
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assumed to be the source of dissolved Fe**, based on the previous XRD result by Reichert [68].
Sulfur measurement was unsuccessful with the MP-AES measurement in this work, though it was

reported to be possible in the petroleum industry [91].

3.6.2.3  Pyrophosphate and Polyphosphate Lixiviants
The leaching results from 0.1 M NaPOs3 as pyrophosphate and polyphosphate leaching are
shown beside the negative control (RO water) and positive control (0.1 M H3POj4) leaching results

for comparison in Figure 3-12 (20 °C) and Figure 3-13 (100 °C).
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Figure 3-12 Dissolved impurity concentrations after 0.1 M (NaPOs3) pyrophosphate and
polyphosphate leaching at 20 "C

One-Way ANOVA was performed while considering the type of lixiviant. The sodium
concentration was not reported because sodium pyrophosphate and polyphosphate salts were used
to prepare the solutions. Therefore, the sodium concentrations surpassed the upper MP-AES
detection limit. The one-way ANOVA result of the three 0.1 M lixiviants (H3PO4, pyroP, and polyP)
showed a F value of 13.66 (Feritical = 2.4) and a P value of 2.67 x 1078, This indicates the lixiviant
difference is statistically significant. Pairwise Tukey post-hoc test results are summarized in Table

3-8.

Table 3-8. One-way ANOVA result summary of the three lixiviant types at 0.1 M (H3POu, pyroP,

and polyP)
Element | F value Feritical P value Pairwise Tukey Summary
Fe 206.9 5.1 291 x 1077 Each lixiviant group is different
Sj 495 51 18 x 10~ pyroP is different, HsPO4 and polyP are
' ' ' same
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Element | Fvalue | Feritica P value Pairwise Tukey Summary
Al 157 1 51 6.6 x 10-6 H3POys is different, pyroP and polyP are
' ' ' same
Ca 811 51 453 x 10-5 H3POys is different, pyroP and polyP are
' ' ' same
_ PyroP-polyP and polyP-H3sPQO4are same.
4
K 16 51 3.9 %10 pyroP and H3POg4 are different.

In Figure 3-12, 0.1 M H3POy4 lixiviant dissolved the most amount of Fe, Al and Ca at 20 “C. This
could be due to preferential binding of orthophosphate with multivalent ions. The pyrophosphate
solution dissolved a significant amount of SiO4* at 20 °C, while Al did not dissolve well. This
could be due to SixP>O7 formation as previously reported by Jagtoyen [42]. The 0.1 M
polyphosphate solution dissolved Ca, Al and Fe more effectively than 0.1 M pyrophosphate.
However, Si dissolution by polyphosphate was ineffective. Though the leached concentrations are
less than 5 ppm, polyP and pyroP solution leached more K* than H3PO4. This may be due to
condensed phosphorus compounds providing higher possibility of univalent ion bonding. However,

this is inconclusive because pyroP and polyP solutions are not statistically significantly different.

The 100 “C leaching study with the three different lixiviants is shown in Figure 3-13. The two-way

ANOVA results are summarized in Table 3-9 and the Tukey post-hoc result can be found in

Appendix D:
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Figure 3-13. Dissolved impurity concentrations after 0.1 M (NaPOs) pyrophosphate and
polyphosphate leaching at 100 "C
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Table 3-9. Summary of two-way ANOVA results of 0.1 M lixiviants (H3POs, pyroP, and polyP) at
20 °C and 100 °C

Temperature Interaction (lixiviant type & temperature)
Element | F value Feritical P value F value Feritical P value
Fe 80.93 5.32 0.00 28.39 5.32 0.00
Si 23.73 5.31 0.00 3.15 5.32 0.113
Al 339.17 5.32 0.00 7.71 5.32 0.02
Ca 39.27 5.32 0.00 571 5.32 0.04
K 3.25 5.32 0.11 1.05 5.32 0.34

In contrast to leaching with 0.1 M phosphoric acid, the increase in leaching temperature did not
improve the impurity dissolution for pyroP and polyP solutions. Fe and Al dissolutions were less
than 10 ppm for pyroP and polyP even at 100 °C. Although, polyP had relatively better Fe and Al
leaching results, slight improvement in Si leaching is shown in Figure 3-13. The polyphosphate
leaching result suggests that it is more responsive for multivalent ions than univalent ions. The
superior leachability of polyP for multivalent ions is supported by the two-way Tukey post-hoc
test (Appendix F 2). The ineffectiveness of polyphosphate in Si dissolution compared to pyroP
could be due to the inadequate pH range of the leaching solution and relatively weaker complexing
power of polyphosphate than pyrophosphate. If leached in a more basic condition, the predominant
presence of hydroxides might have expedited the dissolution process of metal ions by
complexation [85]. PyroP maintained its excellent leachability of Si0,~. The Tukey post-hoc test
results show that SiOf~ leachability with 0.1 M NaPOs as pyroP is not significantly different
from 0.1 M H3PO4 (Appendix F 2). Ca and K leaching results are inconclusive both empirically
and statistically.
3.6.2.4 Possible silicate leaching mechanism with pyrophosphate and

polyphosphate

This result gives an indication that pyrophosphate has the potential to be a lixiviant
capable of dissolving silicate groups by forming SioP>O7 as described in the work by Jagtoyen et
al. [42]. Another perspective is that pyrophosphate might simply have superior complexing ability
than polyphosphate due to its symmetrical feature which favors the intramolecular proton
exchange by minimizing the distance between adjacent proton accepters, such as oxygen [47].

Low molecular weight of pyrophosphate compared to polyphosphate could be another factor

48



contributing to greater dissolution of Si and Al [92]. Figure 3-14 shows a potential silicate

dissolution mechanism in alkaline lixiviants [90].
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Figure 3-14. Proposed mechanism of trivalent metal containing feldspar silicate structure in
alkaline condition [90].

As dissolved pyrophosphate raises the lixiviant pH to approximately 10 (Figure 3-8), hydroxide
molecules may have preferably targeted metal ions first because of their lower bonding energy
compared to silicon-oxygen bonding. Then, the water molecules could have targeted the weakened
silicate groups by protonating the silicates to form silicic acid as proposed in the work by
Crundwell [85, 86]. The silicate protonation is plausible as the pKai of silicic acid is reported to be
above 9 [93-95]. In other words, the first protonation of silicic acid should be occurring at a pH

less basic than pH 9.

Another SiO4*, Fe, and Al dissolution mechanism could be ligand-promoted dissolution, which
was introduced by Casey and Ludwig [96]. Dissolved pyrophosphate can be considered an active
ligand that acts as a strong Lewis base, capable of switching binding sites with coordinated water
or hydroxide molecules in the silicate matrix [96]. As the ligand exchange by pyrophosphate
continues, the bonds between the water-metal or hydroxide molecule-metal in the silicate structure
may be weakened, releasing the metal ions into the leaching solution, or complexing with
pyrophosphate, such as AlP,0, and SipP,O7 [42, 96]. This opens the possibility that the
impurities in the concentrate graphite may be characterized by their “imperfect” crystal structure
containing water-metal or hydroxide-metal bonds. This dissolution mechanism of ligand exchange

will be further explored in the following chapters. It would be interesting to study the effect of
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concentration for pyrophosphate and polyphosphate solutions, and the effect of mixing phosphoric

acid and pyrophosphate on the dissolution of impurities in the graphite concentrate.

3.7 Compositional Mass Balance — Graphite Impurities
A component analysis for the graphite impurities was performed to quantify the percent

leached. The initial impurity amount was quantified in ash by XRF by SGS (Table 3-10).

Table 3-10. Concentrated graphite impurity concentration after LOI by SGS

Element Si Al Ca Fe Na K
glt 7386.0 | 6970.0 | 101.0 | 2807.0 30.0 1001.0

The pregnant leach solution concentrations were measured. Assuming the volume of lixiviant
remained constant before and after leaching, the lixiviant concentration and volumes provide the
mass of dissolved impurity from each sample. These values can be normalized to per gram of

graphite concentrate in the leaching experiment.
For 1.0 g of graphite concentrate (GC), an elemental impurity content was calculated (Eq. 40)

Meoiement (9) tof GC 1 000 mg element

M X X
tof GC 1x10° g of GC 1 g element

element / e = Mac(9) X (40)

Table 3-11 is a summary of impurity concentrations per g of graphite concentrate.

Table 3-11. Calculated impurity concentrations in 1.0 g of GC

element Si Al Ca Fe Na K
mg/g GC 7.4 7.0 0.1 2.8 0.1 1.0

The estimation of leached element mass within an experiment was calculated from impurity

concentrations given in ppm (very close to mg/L for aqueous solutions at room temperature) and
the lixiviant volume (Eq. 41).

m 1L
M,ioment(Mg) = ppm (Tg) X Volume of the lixiviant (mL) X 1000 7L (41)

Appendix G 1 and Appendix G 2 summarize the mass of impurities in 12 mL of lixiviant at 20 "C

and 100 “C.

Using the data in Table 3-11, Appendix G 1 and Appendix G 2, the weight percentages of dissolved

impurities were calculated from the dissolved and initial impurity masses (Eq. 42).
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Wt % dissolved impurity
Mimpurity inGC (mg) - Mimpurity in PLS (42)

Mimpurity inGC (mg)

=(1- ) X 100

The weight percentages of dissolved impurities are summarized in Appendix H 1 (20 ‘C) and

Appendix H 2 (100 °C).

Appendix H 1 and Appendix H 2 show that 1 M phosphoric acid dissolved some silicate impurities.
For Si and Al, less than 20 % of the initial impurity contents in the graphite concentrate leached
into the leaching solution. Phosphoric acid (1.0 M) extracted nearly 50 wt% of Fe. The temperature
influenced the dissolution kinetics as the mass of dissolved impurities noticeably increased for 1.0

M phosphoric acid leaching at 100 °C.

For dissolved pyrophosphate (0.1 M NasP207) and polyphosphate (0.1 M NaPO3), the extracted
wt% of Si, Al and Fe are insignificant compared to phosphoric acid (1.0 M). All impurity
extractions were less than 3 wt%. Sodium pyrophosphate dissolution created an alkaline solution
and was a more effective SiO4* lixiviant than polyphosphate, which was slightly acidic (near pH
6). However, polyphosphate showed superior leachability for Al and Fe at both temperatures (20 "C
and 100 °C) than pyrophosphate. Compared to pyrophosphate, polyphosphate leached 200% more
Al and 30% more Fe at 20 'C and leached about 140% more Al and 360% more Fe at 100 "C.
Increasing the leaching temperature to 100 °C generally improved the impurity leaching for the

three lixiviants tested.

3.8 Conclusions

The hypothesis that 0.1, 0.5, and 1.0 M phosphoric acid and 0.1 M of pyrophosphate or
polyphosphate (NaPOs) can dissolve SiOs*, Al, Fe and K at 20 °C was confirmed. The impurity
dissolution was enhanced at 100 °C. Increased phosphoric acid concentration increased the
impurity extraction. The pyrophosphate and polyphosphate lixiviants achieved lower weight
percent impurity extraction than 0.1 or 1 M phosphoric acid. These results suggested that a more
rigorous exploration of the effect of phosphate chemistry on graphite impurity dissolution was
warranted. Chapter 4 describes the identification of optimal process boundary conditions to apply

the efficient “design of experiments” technique to this open problem.
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4 Design of Experiment (DoE): Boundary Condition (+p) Identification

In this chapter, the determination of boundary conditions for the design of experiment is
discussed. The operating variables (temperature, phosphoric acid concentration, liquid to solid
ratio, leaching time, and polyphosphate concentration) were selected based on previous leaching
studies performed with sulfuric acid. Sulfuric acid was deemed comparable to phosphoric acid
given the polyprotic nature of it. The cost analysis between pyrophosphate and polyphosphate
revealed that polyphosphate is about five times more economically viable. Polyphosphate is paired
with phosphoric acid to study the synergetic effect on graphite leaching. The characterization
technique solely focused on MP - AES for the leached solution. The sample preparation for MP-
AES is described.

Table 4-1. Author Statement

Conceptualization, Writing (Review & Hak Jun Oh
Editing) Associate Professor Sidney Omelon
Investigation, Writing (Original Draft) Hak Jun Oh
Hak Jun Oh
Methodology Ozan Kokkili¢ (Research Associate)
Associate Professor Sidney Omelon
.. . i Hak Jun Oh
Writing — Review & Editing Associate Professor Sidney Omelon

4.1 Goal
The goal is to define the most useful lowest and highest values of the leaching parameters (+ )

before executing the design of experiment.

4.2 Theory

A short literature review is provided to explain the motive behind choosing the leaching
parameters. The cost evaluation of sodium polyphosphate revealed that the leaching with
polyphosphate is more economical than the one with pyrophosphate. A brief overview of Design

of Experiment (DOE) will be provided in the current section.
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4.3 Design of experiment: Response Surface Methodology (RSM) with Central
Composite Design

[ ]
)

[ ]
3 factors, 15 runs

Central Composite Design (CCD)
Figure 4-1. Central composite design (CCD) graphed in 3D plot [88, 97]

Response surface methodology (RSM) is a frequently used design method for optimization that
has statistical and experimental aspects. It is collection of statistical and mathematical methods
that can provide useful information in experiment designing, modelling, evaluation of effect of
factors, and optimum condition finding [88, 97]. The main objective lies within the optimization

of the response surface that is influenced by the various input parameters [88, 97].

Central composite design is a RSM design that was originally developed by Box and Wilson [88,
97]. In a central composite design, each factor has 5 levels for estimating main effects and
quadratic terms. The main effects are the effects of one independent variable on the dependent
variable. Quadratic terms are the factors that have an interact with themselves, resulting in a
curvature in the response of interest. The number of experimental runs is dependent on the number

of input factors (operating variables) as shown below.
# Of experimental runs = 21( (# of variables to optimize) (43)

Firstly, it is required that the boundaries (the lowest and highest values, + ) of each parameter are
defined. After the boundary definition, the DOE runs are designed with randomized operating
conditions within the given boundaries for experimental collection of data points. The
experimental results are then studied to understand the effects of each variable on the desired
response and interactions between the variables. Lastly, a robust mathematical model is built to
predict the optimized conditions for a desired response. The model must be validated

experimentally to assess the prediction accuracy [88, 97].
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4.4 Literature review of graphite leaching process conditions
In the Chapter 3, the operating variables of graphite leaching were selected without
thorough examination based on the results of studies that used sulfuric acid as lixiviant [5, 22, 25].
The parameters defined in Chapter 3 will be revisited to study and select the boundaries of each
operating parameters carefully. Given the polyprotic characteristic of phosphoric acid and sulfuric
acid, the operating variables for the unknown phosphoric acid leaching performance will be

benchmarked against sulfuric acid.

4.4.1.1 Phosphoric acid concentration

The sulfuric acid concentrations indicated by Jara & Kim [5], Thi & Hong [25], and Kaya &
Canbazoglu works was a percentage value. Due to unclear specification, the percentage
concentration is assumed to be wt%. Kaya’s work examined the concentration of H>SO4 between

5 % to 30 %, where the maximum carbon content was measured at 25 wt% H>SO4 [22].
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Figure 4-2. A) Effect of acid concentrations on the carbon content according to the acid kind (Liquid to solid ratio
of 5:1, leaching temperature at 70 “C, and 90 min of leaching time) [5]. B) Effect of sulfuric acid concentration on
the removal of impurities (Liquid to solid ratio of 5:1, room temperature leaching, stirring speed 200 rpm, and
leaching time of 120 min) The efficiency was calculated as (Mperore — Mafter)/Mpefore - 100) , where M is the
graphite mass [25]

Thi & Hong reported that the impurity extraction efficiency did not change significantly beyond
10 wt% H2SOs. One limitation of these studies is that no error bars were provided in either

publication works (Figure 4-2 and Figure 4-3). The lower boundary of 10 wt% (-p) and the upper
boundary of 30 wt% (+f) sulfuric acid were selected [5, 22, 25].
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4.4.1.2 Leaching temperature
Jara & Kim’s work did not study the effect of temperature on graphite leaching [5].
Based on the results of Kaya & Canbazoglu and Thi & Hong, the temperature boundaries were

set between 20 “C (-B) and 100 “C (+B) to investigate the effect of temperature on graphite
leaching [5, 22, 25].

! 50 T=6=70% 1,50, dissoived weight 40 .l00°o
=& 20% HCI dissolved weight L
—&- 4% HF dissolved weight
40 - —9- 20% H,SO, total carbon L 36 80%
=&~ 20% HCI total carbon
*_ 1 =&~ 4% HF total carbon, r 2 =
S 30 32 o 60%
® o
H - g
©
2 20 L 28 ; 40%
-] -3
2 .
N
' 0%
0 +———v————r—v—r—v—r——1- 20 25 30 1% 5 50 <5 s 70 7%
0 20 40 60 80 100 120 25 30 3¢ 4% 45 50 "‘60"(6" 70 7
Leaching temperature, °C emperature (°O)

Figure 4-4. A) Effect of leaching temperature of natural graphite ore (Inebolu) (Solid to liquid ratio (w/v) = 1/10,
20 % H»SO4 concentration, leaching time of 60 min) [22]. B) Effect of temperature on the removal of impurities
from graphite (Liquid to solid ratio 5, stirring at 200 rpm, 10 % Sulfuric acid concentration, leaching time 60 min).
The efficiency was calculated as 7 = (Mperore — Magter)/Mpefore * 100) , where M is the graphite mass [25]

4.4.1.3 Liquid to solid ratio
Kaya & Canbazoglu ’s work solely focused on a liquid to solid ratio of 10:1 (v:iw) [22].
This information is insufficient as two boundaries are required for the central composite design.

The liquid to solid ratio (v:w) was chosen to be between 3 (-B) and 7 (+f), considering Jara & Kim
and Thi & Hong’s results (Figure 4-5) [5, 22, 25].
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Figure 4-5.A) Effect of liquid to solid ratio of leaching solutions HF 48 %, HCI1 36 %, HNO; 70 %, H2SO4 98 %,
and H»0 30 % [5]. B) Effect of liquid to solid ratio on the removal of impurities from graphite (10% sulfuric acid,
200 rpm stirring speed, room temperature leaching, leaching, 120 min). The efficiency was calculated as n =
(Mpefore — Magter)/Mpefore - 100) , where M is the graphite mass [25]

4.4.1.4 Leaching time
Kaya & Canbazoglu investigated the leaching time between 60 — 240 min [22]. The result

showed little change in the final carbon content [22]. On the other hand, Jara & Kim and Thi &
Hong demonstrated that approximately 60 min of leaching marks the initiation of impurity
dissolution, and little change in final carbon content was observed when the leaching time

exceeded 210 min [5, 25]. For DOE, the leaching time between 60 — 300 min will be studied.
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Figure 4-6. A) Effect of leaching time of leaching solutions HF 48 %, HCI 36 %, HNO3; 70 %, H2SO4 98 %, and
H>0, 30 %, 1 to 5 solid to liquid ratio, leaching temperature 70 “C [5]. B) Effect of leaching time on impurity
dissolution: 5:1 liquid to solid ratio, 200 rpm stirring speed, 10% sulfuric acid, room temperature. 7 = (Mpefore —
Mgfter)/Mpegore - 100) , where M is the graphite mass [25]
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The process operating variables reviewed for this study are summarized in Table 4-2. The highest

and lowest values are assumed to be candidate =f values for this study.

Table 4-2. Tested ranges of DOE +f3 operating variables by previous studies using sulfuric acid

(H2S04)
H2SOa. Liquid to Temperature | Leaching
(%) solid ratio (C) time (min)
Ref. Leaching solution

[14] H,S04 (20 %)

H2SO4 (10 %)
[15] +AlKkali roasting

H2S04 (10 %) +
H20: (30 %) +
NaOH roasting
[5] (Path A) + HCI
(18 %) (path B)
+ HF (5 %)
(path C)

Considering the tested ranges of operating variables in the previous studies, the operating

parameter ranges were selected, and are summarized in the Table 4-3.

Table 4-3. Selected DOE +£f values for operating variables

H3PO4 Liquid to solid | Temperature Leaching
(mol/L) ratio (V/w) (C) time (min) PolyP (mol/L)

57



4.5 Polyprotic acid deprotonation behavior
As discussed in Section 3.6.2.1, sulfuric acid and phosphoric acid share the polyprotic
characteristic. Acidic leaching conditions considered in this study (pH <4), the single deprotonated

species (H,P0; ) and the neutral phosphoric acid species (H3P0OY) are predominant (Figure 4-7).
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Figure 4-7. A) Sulfuric acid deprotonation according to the concentration (mol/L) [98]. B)
Phosphoric acid deprotonation according to the pH. 25 °C is assumed as the temperature was not
indicated [41]

The sulfuric acid concentrations listed in Table 4-2 are assumed to be in wt%. Therefore, a single
deprotonation of sulfuric acid (HSO, ) is similarly expected to be dominant for the reported
leaching experiments (Figure 4-7) (A). The conversion from wt% to mol/L is described in Eq. 44.

g 1 mol Isolution
b oy ) ) s () < o
Wton,so, 100 g solution My,s0, \ 9 PHzS04 Lgomution mol/ (44)

The demonstrated calculation method was used to find the required concentration of phosphoric

acid in mol/L (Eq. 45).

mol) 2 moly+ x moly.po, mol

Crson ( -
H2504 L 1 mOlH2504 3 mOlH+ L (45)

Using Eq. 44 and Eq. 45, the lowest and highest concentration of phosphoric acid were [1.2 —3.7]
mol/L using [10 — 30] wt% sulfuric acid concentrations. DOE boundaries were set at lower and

higher concentrations to include the calculated phosphoric acid concentrations (Table 4-3).
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4.6  Cost evaluation of pyrophosphate vs polyphosphate
Before further proceeding in the leaching study, a reagent cost estimation was undertaken to
evaluate the economical feasibility of using pyrophosphate or polyphosphate as a condensed
phosphate lixiviant. The cost of the pyrophosphate, sold as Na,P,0-, - 10H,0 (446.06 g/mol),
was compared with the cost of sodium polyphosphate, sold as an often unknown a size distribution
of (NaP03), polymers (102 g/mol), was normalized to a per NaPO5 unit. The cost estimate

summary is summarized in Table 4-4 and Table 4-5.

Table 4-4. Summary of sodium pyrophosphate decahydrates purchase costs

mol $CAD per
NaPOs mole
per kg NaPOs

Purity $/kg | Avg.$/kg

Supplier (%) ($CAD) | ($CAD)

Avantor Performance

Materials US [99] 99.0~103.0 | $74

Fisher Chemical
[100]

Sigma-Aldrich
Canada Co. [101]

99.0 ~ 103.0 $67 $118 4.5 $26

> 99 $213

Table 4-5. Summary of sodium polyphosphate NaPOs-normalized purchase cost

Suoolier Purity $/kg Avg. $/kg MOIe’r\IiPOS $CAD per
PP (%) scaD) | scap) | P9 | mole NaPO;
Sigma-Aldrich
Canada Co.[101] > 68 $40
] A $50 9.8 $5.10
Thermo Fisher
Scientific[100] 65-70 $59

The calculation was made to find the cost of normalized to mol of sodium polyphosphate
monomer (NaPOs3). Based on the values found in Table 4-4 and Table 24, sodium polyphosphate

1s approximately 5 times less expensive per unit NaPO;.
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4.7 Method — Determining £ for sodium polyphosphate and its effect on MP-AES
results

Evidence for sodium polyphosphate use as a lixiviant was not identified. Assessment of
the upper boundary (+f) for polyphosphate concentration is described in this section. No replicates
were done because MP-AES results are provided as a mean of three measurements.

4.7.1 Determination of the Upper Boundary (+f) for the Polyphosphate
Concentration.

4.7.1.1 Undigested Leached Samples
The sodium polyphosphate was reported to be 1 000 g/L at 20 “C, [100, 101]. A practical
upper boundary (+f) for polyphosphate concentration was not known. Therefore, the effect of
polyphosphate concentration on concentrated graphite leaching was examined considering four

points up to the maximum solubility (1 000 g/L at 20 “C).

Four graphite samples (1.0 = 0.01 g) were leached for an hour using 1 M H3POy4 solutions
containing four different polyphosphate concentrations: 250, 500, 750 and 1 000 g NaPOs/L at
room temperature. -B of liquid to solid ratio was selected (3 mL). The slurries were vacuum-filtered,
and syringe-filtered to separate the solid from liquid. The concentrations of the impurities in the
pregnant leach solutions (PLS) were diluted 10 times with 2 %v/v HNOs. The lixiviant ion
concentrations of Fe**, Si0f~, Ca**, A", and K*, were measured with MP-AES (Table 4-6).

Table 4-6. Lixiviant iron, silicate, calcium, aluminum, and potassium concentrations in the
pregnant leach solutions

Concentration of NaPOs Fe (ppm) | Si (ppm) | Ca (ppm) | Al (ppm) | K (ppm)

(Max solubility 1000 g/L) 371.993 | 251.611 | 396.847 394.401 769.897
(g/L) nm nm nm nm nm
250 6.1 31 17.8 22.4 43.3
500 2.9 0 6.9 13.6 121
750 2.2 0 3.3 8.0 211
1000 2.0 0 3.7 7.4 183

The lowest polyphosphate concentration (250 g/L) resulted in the highest dissolved impurity
concentrations of SiO4*, Ca?*, Fe**, and AI** in the PLS. Increasing polyphosphate concentration
generated different impurity ion PLS concentrations. Assuming that a higher polyphosphate
concentration would increase its leaching power, it was surprising that only the monovalent ion

(K") increased in concentration from 250-750 g/L. As polyphosphate is a known effective
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multivalent ion chelator, it is possible that polyphosphate ion chelation may change the emission

energy of the dissolved ions as measured by MP-AES [89, 102].

4.7.1.2 Effect of PLS digestion on MP-AES results
The effect of polyphosphate concentration on MP-AES results was examined. No repetition
was done. However, the measured concentrations were provided after three repeats by MP-AES.
To break down the polyphosphates into orthophosphates, an acidic hydrolytic degradation was
performed on the PLS (Eq. 4-1)

[PO5 ], + H,0 - [PO3],_, + HPO?™ + H* (46)

A 1:1 v/v ratio of filtered PLS was mixed with 2 M HCl in 15 mL sealable Teflon tubes (VWR).
The solutions were digested at 100 °C for 30 min with a dry bath (Dry bath/block heater,
ThermoFisher). The digestion temperature was selected based on the previous works by Omelon
and coworkers, and the concentration of HCI and time were selected arbitrarily in view of the
substantial concentrations of the tested polyphosphate [103, 104]. The goal of this digestion was
to hydrolytically break down the polyphosphate chains into orthophosphate ions, which have less
chelating power than polyphosphate.

The digested PLS was diluted five times with 2 % v/v HNO3. The MP-AES results are summarized
in Table 4-7.

Table 4-7. PLS dissolved impurity ion concentrations measured after 30 minute digestion of
(2 M HCI, 100 °C & 1:1 volume ratio of PLS and HCI)

NaPOs Fe3* Si Ca Al K
concentration (g/L) (ppm) (ppm) (ppm) (ppm) (ppm)
250 10.4 11 23.8 25.8 49.6

500L 9.8 13.8 24.6 21.2 36.8

750 6.8 0 18.2 26.2 29.8

1000 5.8 0 11 23.4 263

The measured dissolved impurity ions in the PLS increased after PLS digestion. This result
supports the hypothesis that multivalent ions were concealed from detection by MP-AES due to
their chelation with polyphosphates. Considering the decreased impurity concentrations observed
for 750-1000 g/L. NaPOs3 concentrations, digestion for 30 min was assessed to be insufficient to

completely liberate the chelated ions.
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A second PLS digestion was undertaken with a diluted PLS and a longer digestion time. The PLS
was diluted 10 times with reverse osmosis (RO) water. The diluted PLS was diluted 10 times with
2% v/v HNO3 The dilution factor for MP-AES measurement was 200x. The digestion results are

summarized in Table 4-8.

Table 4-8. PLS dissolved impurity ion concentrations measured after 60 min of digestion (2 M
HCI, 100 °C & 1:1 volume ratio of PLS and HCI)

[NaPOs] Fe** Si Ca Al K
(Max sol. 1000 g/L)
o) (ppm) | (pm) | (epm) | (ppm) | (ppm)
250 0 136 108 8 30
500 0 146 118 12 40
750 0 138 104 12 54
1000 0 158 134 16 56

Increased digestion time and acidity generated a proportional relationship between polyphosphate
concentration the PLS impurity ion concentrations SiOf and Ca**. The measured AI** and K*
concentrations decreased with increasing polyphosphate concentration compared to the 30 min
digestion result. This result may be due to ion-pairing of these multivalent cations with the higher
concentration of inorganic orthophosphates which are generated when polyphosphate chains are

hydrolytically degraded. The Fe concentrations were below the detection limit.

There are many possible sources of error in this measurement of dissolved impurities in the
lixiviant. Matrix — a term to describe the background electrolyte in a solution - dissimilarity
between the analyte and the solutions used to generate the calibration curve may result in erroneous
measurements; this is called the “matrix effect” [105]. The calibration standards will need to be
adjusted to change the background electrolyte matrix composition for future experiments. Another
possible mechanism for reduced cation concentration is by ion pairing with orthophosphate ions.
The ion pairing could probably shift or reduce the measured wavelength and/or energy for these
cations. The current result also indirectly suggests that the previous MP-AES measurements are

questionable.

4.7.1.3 Re-Evaluation of Maximum Sodium Polyphosphate Concentration
Tests of impurity leaching from concentrated graphite with 250, 500, 750, or 1 000 g

sodium polyphosphate/mL. were undertaken in Sections 4.7.1.1-4.7.1.2 to determine its upper
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boundary (+f) concentration. The slow process of sodium polyphosphate dissolution also
generated a polyphosphate gel (Figure 4-8). The solution was decanted from the gel. This means
that the actual polyphosphate concentrations were lower than the calculated polyphosphate

concentrations.

Figure 4-8. Incomplete dissolution of sodium polyphosphate at different (labeled)
concentrations) and hydrogel formation in 1 M phosphoric acid at room temperature.

A short test was performed to evaluate the practicality of a +3 sodium polyphosphate value of 1000
g/L. The published solubility of sodium polyphosphate in water is 1 g/mL at room temperature
[100]. This maximum solubility in water was tested for 1 M phosphoric acid. 10 g of sodium
polyphosphate was mixed with 10 mL of 1 M phosphoric acid in a 100 mL beaker with a stir-bar.
The mixed was stirred for 3 h. Similar to the previous observation, a sodium polyphosphate gel

layer remained undissolved at the bottom of the beaker.

Figure 4-9. 10 g sodium polyphosphate in 10 mL 1 M H3PO4 shows gel accumulation at the
beaker bottom after (A) 30 min and (B) 3 h of mixing at room temperature
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Considering the slow dissolution rate of sodium polyphosphate, 250 g/L. was selected for the +3
value for sodium polyphosphate. Four sodium polyphosphate concentrations were selected for the

DoE: 50, 100, 200, and 250 g/L.

The upper boundary (+) for the molar concentration of polyphosphate was calculated Eq. 47.

NaP0;] & moly _ (NapP0,1 (™!
[NaPOs](7) % (7)—[ aPOs3](——) (47)

Myapo,

4.7.1.4  Rebuilding the calibration standards for MP-AES and studying the effect
of 60 min digestion on spiked MP-AES results (no repetition)

The matrix for the Fe, Si, Al, K, and Ca calibration standards for 2.5, 5, and 10 ppm was
adjusted to account for phosphoric acid and polyphosphate contents. Mixtures of elements for each
concentration level were prepared. Element standard solutions were pipetted into 50 mL tubes to
create the desired final concentrations. 10 mL of a digestion solution without impurity elements
was added to the standards. The simulated digestion solution was 5 mL of 1 M phosphoric acid
with 50 g/L sodium polyphosphate and 5 mL of 2 M HCI hydrochloric acid. The lowest sodium
polyphosphate concentration was selected as one matrix for all experiments RO water was added

to make a final volume of 50 mL

The effect of polyphosphate concentration on leaching impurities from concentrated graphite was
examined at 50, 100, 200, and 250 g/L. NaPOs. For this set of experiments, the lower boundaries
(-B) for phosphoric acid concentration, liquid to solid ratio, temperature, and leaching time (Table
4-3) were used to survey the sodium polyphosphate concentrations to identify its the upper
boundary (+). Four graphite samples (2.0 + 0.01 g/3 mL lixiviant) were leached for one hour with
1 M H3PO4 mixed with 50, 100, 200, or 250 g/L. sodium polyphosphate).

After leaching, the slurry was vacuum-filtered and syringe-filtered. The filtered PLS was divided
into two groups for analysis: undigested samples and digested samples. Both groups were
subdivided into two subsequent groups: spiked and un-spiked groups. Spiking is the addition of a
known amount of an analyte to a sample, in order to confirm the analytical method. The spiked
group samples were mixed with a small (0.06 uL) volume of 1 000 ppm element standards in
sealable 15 mL Teflon tubes (VWR, 76437-110) to increase the total solution element
concentration by 20 ppm. Spiked and unspiked undigested samples were diluted 10x with RO
water. Spiked and unspiked digested samples were digested at 1:1 vol/vol with 2 M HCI for 60
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min at 100 “C. After digestion, all sample groups were diluted 5x with RO water for a total sample
dilution factor of 10x. The samples were not diluted with 2% v/v HNOj as the prepared solutions
were adequately acidified with HCI. The concentrations of the different elements as a function of

polyphosphate concentration for spiked and unspiked samples are provided in Figure 4-10.
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Figure 4-10. The effect of 2 M HCI digestion (1:1 vol/vol, 60 min) on the measured graphite
impurity concentrations in the undigested (black triangles) and digested (red squares) PLS.

Figure 4-10 shows an increase in measured impurity concentrations after 60 min of PLS digestion.
Polyphosphate hydrolytic degradation may reduce the fraction of chelated multivalent cation ions.
The effect of PLS digestion on Ca®" at 250 g/L polyphosphate and all silicon samples was less than
for the other groups.

The spiking results of undigested samples is provided in Figure 4-11 and Appendix I 1.
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Figure 4-11. Spiking results without PLS digestion

The spiking recovery was calculated using Eq. 48, where the spiking solution concentration is

20 ppm.

Cspiked solution + Cunspiked solution

% Spike Recovery = x 100 (48)

Cspiking
The spiking recovery rate varied between 51% and 115% without PLS digestion.

The measured impurity element concentrations responded in one of three ways to increased
polyphosphate concentration: Si and Ca generally decreased, Fe and Al concentrations were not
strongly affected, and K concentrations increased. Both spiked and unspiked Si and Ca
concentrations decreased with increasing polyphosphate concentration. The decreased Ca
concentration measurement may be due to their chelation with polyphosphates [106-109]. The
decreased Si concentration could probably be due to concealment by phosphorus compounds. The
Fe, Al, and K concentrations generally increased with increasing polyphosphate concentration.
Increased concentrations of Fe and Al could be due to polyphosphate’s preferential binding to
divalent ions. Hence, trivalent ions are less likely to be affected by polyphosphate chelation. [110,
111]. PLS K concentration generally increased with increasing polyphosphate concentration.
Polyphosphate may be an effective lixiviant for kaolinite, which may be a K impurity mineral. The

measured K concentration may also not be inhibited by complexation with polyphosphate. The
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numerical complexation measure for ion pair complex dissociation is the pKq of potassium has a

small pKg4 with orthophosphate and tripolyphosphate [106].

The digested, spiked and unspiked PLS impurity ion concentrations are provided in Figure 4-12
and Appendix I 3. Spiking is a method of adding a known concentration of analyte to a matrix to

assess the validity and quality of the sample test results [112].
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Figure 4-12. The result of spiked and un-spiked samples with 2 M HCI, 1 h digestion

The spiking recovery rate varied between 43% to 120% with acid digestion. Similar to the
measured PLS Si and Ca concentrations without digestion there were three general responses to
increased polyphosphate concentration. Si and Ca concentrations decreased with increased
polyphosphate concentration. Fe and Al concentrations did not change dramatically. 50 g/L of
polyphosphate in the lixiviant yielded highest concentrations for Fe and Al. The K concentration
increased with increased polyphosphate concentration from 50 to 200 g/L, but the trend was
inconclusive between 200 — 250 g/L. In summary, digesting PLS resulted in higher impurity ion
concentrations.
4.7.1.5 Testing the effect of polyphosphate and phosphoric acid on element
emission spectra measured with MP-AES
The experiments in Section 4.7.1.4 dissolved measurable Fe concentrations, possible

because smaller lixiviant polyP concentrations did not shift the Fe emission spectrum as far as for

67



the higher polyP concentrations (Section 4.7.1.2) [89]. High ionic strength solutions could cause
background shift interference, leading to measured wavelength variation [113, 114].
Concentrations measured for different emission spectrum energies attributed to each impurity

element are presented in Appendix J 1.

From Appendix J 1, the matrix effect caused the measured element concentrations to vary,
depending on the measured wavelength. MP-AES measurements of Ca at 393.666 nm and 422.673
nm were not possible with the polyP - orthophosphate matrix. All three Ca wavelengths were
detected with HNO3 matrix. Fe concentrations measured in the HNO3 matrix at 371.993 nm
yielded the highest concentrations, while the highest Fe concentrations in a polyP and phosphoric

acid matrix concentrations were measured at 385.991 nm.

Dissolved phosphate was observed to affect the result of the spectroscopic concentration
measurements [107, 115]. Anions in the matrix, such as SO4> and PO4>  may react with analytes
to produce species of low volatility in the plasma and could reduce the measured ion/atom
population of the analyte [89]. The measured sample and the calibration curve need to share the
same matrix as the accuracy of the instrument is reduced when the sample matrix is not the same
as the calibration solutions [105]. It would be worthwhile to further study the matrix effect, and
possibly redo the MP-AES measurements.

4.8 Conclusions

This chapter identified the operating condition boundaries for the DoE to optimize graphite
impurity leaching with phosphoric acid and sodium polyP. A two-level characteristic of central
composite design requires definition of the lowest (-f) and the highest (+3) variable values to
define the DoE experiment. Sulfuric acid as a graphite impurity lixiviant was reviewed as a proxy
for phosphoric acid because of its polyprotic characteristic. Sodium polyP was estimated to be
approximately five times more economical than sodium pyrophosphate. A sodium polyP
concentration range of 0 to 250 g/L was selected to study its possible synergetic leaching effect
with phosphoric acid. Spiking recovery varied. In Chapter 5, the impurities in the natural graphite
concentrate are characterized, and the dissolution mechanisms of these impurities in presence of

phosphoric acid and polyP are proposed.
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5 Impurity Characterization Before & After Leaching, & Possible
Dissolution Mechanisms

The dissolution mechanisms of silicate impurities in the graphite concentrate by leaching with
polyphosphate and phosphoric acid will be discussed in this chapter. Section 2.5 included an XRD
characterization of the crystalline phases in the natural graphite concentrate [68]. Kaolinite, an
aluminosilicate, was selected as the major crystalline impurity. Three mechanisms are proposed to

describe the nature of kaolinite dissolution with phosphoric acid and polyphosphate.

Table 5-1. Author Statement

Conceptualization, Methodology, Hak Jun Oh
Writing (Review & Editing) Associate Professor Sidney Omelon

Investigation Hak Jun Oh

Hak Jun Oh

Methodol .

cHiodology Associate Professor Sidney Omelon

Writing — Original Draft Hak Jun Oh

5.1 Goal

This chapter evaluates XRD data from the graphite concentrate and leached samples produced
in Section 4.7.1.4 Possible dissolution mechanisms for kaolinite (Al>(Si205)(OH)s), and assumed

minor pyritic (FeSx) impurities in the natural graphite concentrate are proposed and discussed.

5.2 Crystalline impurity phase identification using x-ray diffraction (XRD)

The XRD results from Section 2.5.3 indicate that the impurity in the graphite concentrate
is an Al containing silicate mineral as three identified crystalline impurities were all
aluminosilicates as shown in Figure 2-7 and Figure 2-8. Kaolinite (Al2S1205(OH)a4) originates from
parental minerals such as feldspars (aluminosilicate containing K, Na and Ca) and muscovite
(aluminosilicate containing K and F) [72]. This may explain the dissolved K and Ca in the PLS
reported in Section 3.6.

Kaolinite will be considered as the sole impurity in the natural graphite concentrate because it is

the most representative and simplest aluminosilicate structure [77, 78].

The dissolved iron in the PLS could originate from a non-detectable fraction of pyritic
mineral (FeSx), although the possibilities of aluminosilicate that contains Fe should not be

discarded [79, 80]. The dissolution mechanism is hypothesized to be a compound of three different
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mechanisms that occurs simultaneously: proton-assisted dissolution, polyphosphate-assisted

dissolution, and phosphate-assisted dissolution.

5.3 Proton-assisted dissolution mechanism
Considering the acidic leaching condition, the dissolution of aluminosilicate could have

occurred as described in Figure 5-1 with protons (H").

OHP

Dissolving Charged Solution
solid interface
region

Figure 5-1. Mechanism for the dissolution of orthosilicate minerals and metal ions in acidic
solutions by complexing with protons and water molecules. An example of Mg containing
silicate is shown in the figure. OHP: Outer Helmholtz Plane [85]

According to Crundwell, metal ions could interact with H>O molecules and dissolve, while

silicates can be protonated [85]. May, Hradil, and Polzer and Hem proposed a similar silicate

protonoation dissolution mechanism tha as Crundwell (Eq. 49) [116-118].
Al,Si,05(0OH), + 6H = 2AI13* + 2H,Si0, + H,0 (49)

5.4 Polyphosphate-assisted dissolution: Cleavage of metal ions by chelation, or
ligand exchange/Lewis acid-base interaction

Sodium polyphosphate (Na(POs),) is a molecular chain of condensed phosphate ions that is
characterized by P-O-P bonds formed by dehydration/condensation [119].
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Figure 5-2. Formation of polyphosphate chain by the condensation reaction [119]
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Polyphosphate was reported to chelate multivalent metal ions [104, 106, 108, 109, 120, 121]. The
chelation mechanism was described as oxygen atoms from p-subunits forming stable complexes
with multivalent metal ions in specific binding sites (Figure 5-3) [106].
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Figure 5-3. Chelation mechanism of polyphosphate chain with a metal ion [106]

The alkaline earth metals have been observed to bind to both oxygen atoms of p-subunits (middle
chains in polyphosphates), and end-of-chain oxygen atoms [108]. For AI’" ions, it has been
reported to bind to both the end-of-chain oxygens and subunits of the polyphosphate chain [108].
At the low working pH of graphite leaching (~pH 1), the sequestration of metal ions may not be

as effective due to charge neutralization by protons (H") (Figure 5-4).
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Figure 5-4. Calcium sequestration by polyphosphate at 25 ‘C (A), and 60 "C (B) [120]

The lixiviant was prepared by dissolving sodium polyphosphate in phosphoric acid. Na* ions are
also charge neutralizers, and competitors for polyphosphate bond formation with multivalent ions
[108]. Na"ions may have been more effective in blocking multivalent ion sequestration because
protons are charge neutralizers, whereas Na” ions would compete for the available binding sites

with divalent ions [108].

The P-O-P bond of polyphosphates is known to undergo spontaneous hydrolysis by reaction with

water molecules, resulting in orthophosphates as shown in Figure 5-5[111, 122], as well as shorter-
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chain polyphosphates. Temperature, pH extremes, dilution, and increased metal-ion concentrations

have been reported to accelerate the polyphosphate chain hydrolysis [111, 123, 124].

T Y ¢ 1YY ¢
"0-P—OP-OTP-0"+ H,0 0-P-O1P-O1P-0" + HO-P-0" + H*

Il 1 1l 1l
0] o O 0]
n-1

n

Figure 5-5. Schematic representation of polyphosphate hydrolysis. Adapted from [125]

Considering the hydrolysis mechanism of polyphosphate and the presence of hydroxide in the
aluminosilicate structure, one could suggest an indirect hydrolysis mechanism in acidic conditions.

The lattice structure of Kaolinite is described in Figure 5-6.

Figure 5-6. Lattice structure of kaolinite in 3D [126]

To simplify the complex structure of kaolinite, a 2D representation is described in Figure 5-11 and

Figure 5-12.

A mechanism could be suggested for the aluminum dissolution from the kaolinite: The aluminum
in kaolinite is in hydroxyl state [127, 128]. Aluminum is likely to be in hydroxyl state at neutral
condition (Figure 5-7) [129].
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Figure 5-7. Al speciation over a range of pH values [129]

The dissolution mechanism initiating at the basal and edge hydroxyl groups (OH") of the aluminol
layer of kaolinite is presumed. The dissolution of aluminol layer was prioritized over the siloxane
layer in two previous studies [130, 131]. It is noted that the proposed dissolution mechanisms are
built upon the framework of kaolinite dissolution concepts established by previous studies [92,
117, 130-134]. Edge hydroxyl groups being the dissolution initiation point is plausible as it is one
of three reported reactive sites in kaolinite: Edge hydroxyl groups, basal hydroxyl sites, and Al-O-
Si bridging sites [128].

Al-OH (edge)

Aluminol
Sheet

Siloxane
Sheet

Figure 5-8. Kaolinite crystal structure with reactive sites indicated [128]
Al = solid; Si = hatched; O = open; OH = shaded
The interaction between the surface charge of kaolinite and polyphosphate chains should be
discussed to support the hypothesis of metal chelation by polyphosphate chains. To do so, the

concept of surface charge needs to be understood. The concept of point of zero charge is often

confused and in multiple literatures, it’s used as a compound terminology to describe point of zero
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net proton charge (PZNPC), point of zero net charge (PZNC), and point of zero charge (PZC) [135,
136]. The PZNPC is the pH at which the charge due to protonation and deprotonation is zero [136].
The main difference between PZNC and PZC arise from the charge associated with adsorbed solute
ions immobilized in interfaces [136]. For PZNC, solely the intrinsic charge (proton surface charge
and permanent structural charge) is considered, while PNC considers the charge from the adsorbed
solute ions as well [136]. Therefore, pHp.c is the pH at which the surface charge of sorbent is
neutral. Below the pHp.c, the surface of sorbent is positively charged, and the opposite can be said

above the pHp.c[137, 138].

Kaolinite is known to have a localized negative charge on the siloxane layer due to isomorphous
substitution of Si*" by AI**, while the edge hydroxyl groups have variable charges due to
protonation/deprotonation [131, 139]. The pHp. of overall kaolinite is reported to be
approximately 3 at room temperature, and it varies with the increase in temperature as de-

hydroxylation occurs at high temperatures (>500 “C) as shown in Figure 5-9 [127, 140].
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Figure 5-9. The pHpzc curve according to temperature ('C) for kaolinite [127]

The theoretical pH value of 1 M H3POq is approximately 1. This pH is lower than the theoretical
pHpzc value of kaolinite (~3) and the kaolinite structure could be presumed to be positively charged.
There are studies that reported higher pHp.c for kaolinite [131, 133, 141-143]. Therefore, the
hydroxyl (OH") edge groups of kaolinite are presumed to be positively charged and attract anions
in the solution. The protonation of aluminum-hydroxide groups (Al-OH) is a known phenomenon,

occurring in the pH range between 4 — 6 (Figure 5-10) [78, 131, 134, 142-148].
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Figure 5-10. Surface protonation for a few oxides. Symbols correspond to titration curves at
ionic strength of 0.1 M (except hematite). The concentrations of protonated sites (MOH;") are
given in moles/m? [147]

Along with the protonation of hydroxyl edge groups, the integrity of a metal-hydroxide structure
at a greatly acidic condition (< pH 2) could be impaired, and the speciation of aluminum could be
A" at low pH (Figure 5-7) [117, 129, 149]. The edge hydroxyl groups could release from the
kaolinite structure as H,O, and the exposed AI** could attract the polyphosphate ions by
electrostatic. The two possible chelation mechanisms by polyphosphate are summarized in the

schematic descriptions in Figure 5-11 and Figure 5-12.
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Figure 5-11. Schematic description of kaolinite dissolution driven by the chelation of Al**
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P-subunits possess a strongly acidic hydrogen (pKi= ~ 0 - 3) and one weakly acidic
hydrogen (pK.= ~ 7 — 9) at either end of the polyphosphate chain [122]. In other words, the p-
subunits should be conjugate bases (negatively charged) at low pH due to deprotonation.
Additionally, protons might have ceded the available bonding sites to AI** because protons are
merely charge-neutralizers that don’t compete for the binding sites [108, 150]. Based on the
previous study by de Oliveira Lima et al., the molecular structure of the polyphosphate with
aluminum could be a bidentate structure (having two binding sites) due to the high
polyphosphate/aluminum ratio [151]. This Al-bidentate complex could have remained soluble in
the lixiviant. The structural integrity of kaolinite could have been compromised with the release
of Al ion from the aluminol layer. A H2O molecule could have compensated for the last positive

charge of the Al-bidentate complex (Figure 5-11).

Another possible interaction between the polyphosphate chain and aluminum ions could be due to
Al complexation due to ligand exchange, and/or or Lewis acid-base interaction. The protonated
OH edge groups of kaolinite could have been replaced by a nearby polyphosphate chain. The
complexation of aluminum ion with the polyphosphate chain may have facilitated the release of
Al from the kaolinite structure. Tripolyphosphate and pyrophosphate are known ligands, and
polyphosphate may analogously act as ligand to bind with Al [96]. Alternatively, the protonated
edge hydroxyl groups could have assumed the role of Lewis acid (electron acceptor) and attracted
the deprotonated polyphosphate that behaved as Lewis base (electron donor). As a result of the
acid-base interaction, the protonated hydroxyl groups could have been released as H>O into the

lixiviant [149]. The ligand exchange and Lewis acid-base interaction is summarized in Figure 5-12.
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Figure 5-12. Schematic description of ligand exchange & Lewis acid-base interaction. Chelation
of aluminum ion by polyphosphate, forming a bidentate complex.

If the aluminum in kaolinite structure is AI(OH)3, the dissolution of aluminum hydroxide in acidic

condition can also be describe as Eq. 50 [152].
Al(OH)3(S) + 3H* = A3t + 3H,0 (50)

The release of aluminum ion into the lixiviant could have resulted in a formation of anionic sites,
electrostatically attracting nearby protons and promoting the dissolution of silicate groups in the

upper layer of kaolinite (Figure 5-13) [85, 116].

Kaolinite structure with exposed Al
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O
4
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Figure 5-13. Schematic description of silicate groups in the kaolinite structure by protons
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The proposed dissolution mechanism aligns with the proposed kaolinite dissolution sequence in

the study by Wieland [131].

Polyphosphate, including various length of phosphate, and kaolinite interaction has been a subject
of interest by many researchers as polyphosphate adsorption on the positive sites of kaolinite
showed the deflocculating behavior [153-157]. In this work, the polyphosphate is presumed to be
attracted to the hydroxyl edge groups (positive sites) and basal hydroxyl groups of kaolinite based
on previous findings [92, 117, 130-134, 153-157].

The dissolution mechanism of kaolinite was discussed in some studies; however, it’s not
profoundly elaborated as seen in this study or the lixiviant is different [131, 155, 156, 158]. A study
in 1950s by Michaels briefly discussed the ligand exchange mechanism promoted by
polyphosphate to justify the dissolution of Al from kaolinite, as the author stated “...replacement
of coordinated hydroxyl ion or water molecule by oxygen in the phosphate tetrahedra seems likely.”

[153].

This work differs from the previous studies in that the working pH is substantially acidic and the
synergetic effect of polyphosphate and phosphoric acid is investigated.

5.5 Orthophosphate-assisted kaolinite dissolution
The dissolution of silicate impurity in the graphite concentrate by phosphates should be
considered as well. Most phosphates in the lixiviant should originate from 1 M phosphoric
acid (H3POs4) and the breakdown of polyphosphate chain (Na[PO3],). A small portion of the
phosphates should derive from the hydrolysis of polyphosphate chain. Considering the working
pH (~pH 1 expected), the phosphates are likely to be protonated and exist as H2PO4 or H3PO
(Figure 4-7).

As the edge hydroxyl groups became protonated due to the working pH (~ pH 1) being lower than
the pHpzc of kaolinite (~ pHpzc 3), partially protonated phosphates that are negatively charged
could have been electrostatically attracted to the edge hydroxyl groups [127, 149]. This

electrostatic interaction is summarized in Figure 5-14.
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Figure 5-14. Phosphate adsorption mechanism below and above pHp,c [149]

The ligand exchange at a low pH between the protonated hydroxyl groups and phosphate is
convincing as metal-based sorbents most widely used are phosphate-based sorbents, and the ligand
exchange involving phosphate has already been reported by a few authors [110, 149, 159]. As
phosphates are likely to have a single negative charge due to the partial protonation (H2PO4%), the
formation of monodentate (having one binding site) complexes could be the most convincing

complex of the ligand exchange between the kaolinite hydroxyl groups and phosphates.
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Figure 5-15. Schematic description of the phosphate assisted ligand exchange [159]

Three deprotonated phosphates could be expected to form a complex with an aluminum ion.
Protons are reported as being charge-neutralizers that do not necessarily compete for the available
binding sites [108]. If this assumption holds, the formation of multidentate complexes with the
aluminum ion may be possible as well [159]. As mentioned previously, the acid-base interaction
between protonated hydroxyl groups (Lewis acid) on the kaolinite structure and negatively charged

phosphates (Lewis base) could have resulted in the formation of soluble aluminum complexes
[149].

5.6 Conclusion

This chapter provided an overview of the dissolution mechanisms for the kaolinite impurities
in natural concentrated graphite. XRD suggested the presence of three aluminosilicate impurities
and kaolinite was selected as the major aluminosilicate given its relatively simple structure
compared to other aluminosilicates. A combination of three mechanisms is presumed to be
responsible for the impurity dissolution: proton-assisted, polyphosphate-assisted, and
orthophosphate-assisted mechanisms. Each mechanism was examined in depth to explain the
dissolution of the target impurities (Fe, Al, and Si). In the next chapter, design of experiment (DOE)
will be performed to optimize the operating variables to maximize the dissolution of graphite

impurities with polyphosphate and phosphoric acid.
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6 Design of Experiments (DoE) using Central Composite Design to
Generate an Impurity Leaching Model

Using the graphite impurity leaching operating conditions in Chapter 40, DOE was performed

to study the interactions between the leaching operating parameters and impurity dissolution.

Table 6-1. Author Statement

Conceptualization, Writing (Review & Editing) Associate P;I?;i;l? S(i)clllney Omelon
Investigation, Writing (Original Draft) Hak Jun Oh
Hak Jun Oh

Methodology Ozan Kokkili¢ (Research Associate)

Associate Professor Sidney Omelon

6.1 Goal
The goal of this chapter is to generate, describe and interpret the DOE leaching results in order

to identify the optimal impurity leaching conditions.

6.2 Theory

The central composite design procedure of response surface methodology (RSM) consists of

five parts [88, 97]:

1) Perform a series of experiments.

2) Develop a mathematical model to obtain the desired response.

3) Analyzing the model and verifying the model adequacy.

4) Drawing the two-dimensional and three-dimensional plots.

5) Optimization & validation (with contour and surface plots, overlaying the plots, and

response optimizer).

The central composite design of RSM was selected because it is a thorough approach that studies
each factor without aliasing effect (effect of one factor being overshadowed by grouping with
another) [88, 97]. With the DOE software (Minitab20) a mathematical model can be developed to
predict the desired response. A graphical analysis needs to be performed to check the model
adequacy. Along with the Fischer test (F-test), three graphs need to be verified: normal probability

plot, versus fits, and versus order.
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6.3 Methods

The low and high boundaries of the leaching operating variables were identified in Chapter 4,
and are summarized in Table 4-3. These values were used to create 32 leaching conditions with
the DoE Response Surface Method - Central Composite Design (Table 6-2) (Minitab20) with a
two-level factorial design (Eq. 51).

# of experimental runs = 2K (# of variables to optimize) (51)

The runs were completed sequentially. Each run leached 1 + 0.01 g of concentrated graphite in a
15 mL Teflon tube (VWR). The lixiviant volume depended on the liquid to solid ratio. The
graphite-lixiviant solution was vortexed and placed in a heat block (Dry bath/heat block, Thermo
Scientific). The leaching time and temperature were set by the run condition. The slurry was

syringe-filtered to recover the PLS.

For each run, a spiked sample was prepared by adding 20 ppm of standards containing the target
impurities (Al, Fe, Si, and K). The unspiked and spiked samples were diluted 2x with RO water,
and digested with a 1:1 volume ratio of sample: 2 M HCI for an hour at 100 °C in the dry heat
block. After digestion, the unspiked and spiked samples were diluted at 1:4 ratio with RO water
for a final dilution factor of 20. The diluted PLS samples were analyzed for Fe, Si, Al, and K
concentration with MP-AES.

The PLS element concentrations were factors for processing with the response surface
methodology (RSM). RSM is a statistical and mathematical design method to evaluate the effect
of factors and their interactions, with the goal of identifying the optimum conditions for a defined
desirable response [88, 97]. The response for this study is the percent of the impurity element that

was measured in the PLS.

Table 6-2. Design of Experiment runs designed using Minitab

5 60 180 1.30
6 81 240 0.60
6 41 240 1.9
6 41 120 1.9
4 40 120 0.6
5 61 180 1.3
6 41 120 0.6
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8 3 5 60 180 0.0
9 3 5 60 183 1.3
10 2 4 41 120 1.9
11 3 3 61 180 1.3
12 3 7 61 183 1.3
13 3 5 61 186 1.3
14 3 5 61 190 2.5
15 2 4 41 245 0.6
16 3 5 60 180 1.3
17 4 4 80 240 0.6
18 4 6 80 242 1.9
19 2 4 80 245 1.9
20 3 5 61 60 1.3
21 5 5 61 185 1.3
22 2 6 81 120 1.9
23 1 5 60 182 1.3
24 4 6 80 120 0.6
25 3 5 19 183 1.3
26 4 6 41 240 0.6
27 3 5 60 300 1.3
28 3 5 60 180 1.3
29 2 4 80 121 0.6
30 4 4 80 124 1.9
31 4 4 40 240 1.9
32 3 5 100 180 1.3

6.1 Results & Discussion
The results from the central composite design work, and the spiking results are presented. The
model results, include the factor weighting and interaction results, as well as model contour plots

are shown and discussed.

6.1.1 Predicted extraction % and experimental extraction %

This subsection presents an analysis of the normal distribution of residuals, the consistence
variance, and the random nature of the residuals generated by subtracting the predicted model and
the experimental results. To confirm the model results the residuals — the difference between the
mean model value and experimental result for each case - were plotted for each element (Figure

6-1). The normal probability plot (left column) shows acceptable residual distribution. The

&3



variance plot (middle column) shows acceptable variance distributions. Over the 32 runs, the

variance between run shows that the residuals are independent of one another.
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Figure 6-1. Graphical analysis comprising the normal probability plot of residuals (left column),
residuals versus fitted value (middle column), and residuals versus observation order (right
column). a) Si, b) Fe, ¢) Al, and d) K

6.1.2 Central Composite Design Results
The DoE PLS concentration impurity extraction results for each run number are shown in

Figure 6-2. The percent extraction values were calculated with Eq. 42. Average values are not

relevant for Figure 6-2 due to randomized variable selection.
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Figure 6-2. Percent dissolved values for Si, Fe, K, and Al elements from 32 DoE central
composite design runs

These randomized results showed that the maximum % dissolved impurity values were Fe: 88%,

Si: 12%, K: 27%, and Al: 34%.

6.1.3 Element Spiking Results

The tolerance limit provided for the spiking recovery was assumed to be acceptable from 75
- 125% for this study. The spiking results for each element and each run are shown in Figure 6-3:
Formation of low volatile phosphate species and concealment of the measured element due to its

association with phosphate would generate free element concentrations, which may be less than
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the total element concentrations [89]. Residual polyphosphate in the PLS may also reduce the

measured element concentration due to ion pair formation.
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Figure 6-3. Spiking results for A) Si, B) Fe, C) K, and D) Al
6.1.4 Interpretation of DoE results: Identification of important factors and

interactions
Only a few of the leaching process factors were identified as statistically significant factors that
independently affected the percent leached of the different impurity elements. The model

coefficient, T and P-values are presented in Table 6-3 -
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Table 6-6. Temperature, phosphoric acid concentration, polyphosphate concentration, and leaching
time (in red font) were identified as major factors for the model that predicts the percent of each

element leached. Noteworthy interactions are also included.

Table 6-3. Statistically significant factors and interactions identified for Si

0.181
0.16
0.213

|

|

|

0.22 |
|

o

0.223
0.215

0.176

Table 6-4. Statistically significant factors and interactions identified for Fe

|
|
|
|
| 0.181
|
|

Factors Coef SE Coef T-Value P-Value
25.47 1.04
7.611 0.92
5.36 1.03
4.09 1.27
3.22 1.04
-4.18 1.23
-4.58 1.01

Table 6-5. Statistically significant factors and interactions identified for Al

SE Coet

0.231
0.205
0.229
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1.857 0.283
1.069 0.231
0.734 0.285
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Table 6-6. Statistically significant factors and interactions identified for K

K
Factors Coef SE Coef T-Value P-Value
PolyP (mol/L) 6.397 0.146 43.74 0
Temp (°C) 2.28 0.15 15.17 0
PolyP (mol/L)*PolyP (mol/L) 1.226 0.134 9.13 0
Temp (°C)*Temp (°C) 1.026 0.133 7.71 0
Temp (°C)*LT (min) 1.298 0.184 7.05 0
L/S 1.033 0.15 6.88 0
L/S*PolyP (mol/L) 0.834 0.177 4.73 0.001
H3PO4 (mol/L)*L/S 0.852 0.184 4.64 0.001
LT (min) 0.566 0.149 3.79 0.003
HsPO4 (mol/L) 0.397 0.15 2.64 0.023
HsPO4 (mol/L)*LT (min) 0.472 0.182 2.59 0.025
L/S*L/S 0.302 0.136 2.22 0.048

Factors with a P-value lower than 0.05 are significant. The T-value indicates the magnitude and of
the relationship (positive or negative) between the main factor and the response. The factor
coefficient represents the magnitude of the factor “importance”. It signifies the degree of influence

on the response [88, 97].

Leaching time has a positive impact on Fe, Al, and K. This could be due to the slow kinetics of
dissolution. Temperature and phosphoric acid concentration are significant factors for all impurity
element responses. In all cases, temperature positively influenced the response. This could be
explained by the high temperature enhancing the leaching kinetics [85] and chemical activity.
H3PO4 concentration positively influenced the response of all cations, but it had a negative
influence on Si. Sias SiO;~ (the silicate impurities), may require protonation to dissolve; at high
phosphoric acid concentration, the protonation of phosphate ions at low pH may reduce Si

dissolution as soluble silicic acid (Si(OH)4 or H4S104) [92, 131, 160, 161].

The concentration of polyphosphate had different effects on impurity dissolution. K dissolution
was enhanced with increasing polyphosphate concentration. K is a soluble ion, but its relationship
with dissolved polyphosphate is not known. Trivalent Al and Fe concentrations were unchanged
(Al) or reduced (Fe) with increasing polyphosphate concentration. It is possible that this response

was due to excessive chelation by polyphosphate, which would decrease the free ion concentration
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that can be detected with MP-AES and enhance dissolution. Previous studies showed that
increasing concentration of the ligands oxalate (C204%") and salicylate (C7HsO5") promoted Al and
Si dissolution [92, 131, 132]. However, their ligand concentrations were significantly lower (mM
range) and pHs were higher ([2 — 6] pH range). Also, spontaneous hydrolytic polyphosphate
degradation could create orthophosphate that would also form ion pairs with Al and Fe, concealing

these cations from MP-AES detection.

Si dissolution response to increasing polyphosphate was negative. Some possible mechanisms for
this reduced response include the increasing sodium concentration with increasing polyphosphate
concentration, as polyphosphate is added as the soluble sodium salt. Sodium may compete with
protons and therefore the formation of soluble silicic acid from silicate solids. In addition, high
polyphosphate concentrations could have reduced the free proton concentration in the acidic

leaching conditions [108].

6.1.5 Contour plot results

Contour plots (Figure 6-4) were generated to verify if polyphosphate paired with phosphoric
acid had a synergetic effect on the impurity extraction. The contour plot for Al extraction (Figure
6-4 A) shows a maximum response at the highest polyphosphate and phosphoric concentrations.
This conclusion aligns with the previous findings on the ligands promoting Al dissolution [92, 131,
132]. The contour plots in Figure 6-4 B and C confirm that increasing polyphosphate concentration

decreased the response of Si and Fe extractions.
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Figure 6-4. Contour plots of % extraction of A) Al, B) Fe, C) Si, and D) K as a function of
H3PO4 and polyP concentrations.

6.2 Conclusions

32 leaching conditions generated by the DoE central composite design were conducted and
examined to build an impurity element leaching model for each impurity (Fe, Si, Al, and K).
Increasing temperature promoted impurity dissolution for all elements. Increasing H3POgs
concentration enhances dissolved cation concentrations, while reduced the Si dissolution.
Increasing polyP concentration did not increase on the leached, measured Al or Fe concentrations.
It is not known if the dissolution was reduced, and/or if the concentrations were under-measured
because of polyphosphate concealment of these cations. In Chapter 7, the leaching operating
variables will be optimized using the response optimizer mathematical models. The model

predictions were challenged with another set of leaching experiments.
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7 Optimization of the Operating Parameters using Mathematical Models
and Prediction Validation Resulting in a Two-Step Leaching Proposal

In Chapter 6, 32 DOE results for graphite leaching conditions between the boundaries
identified in Chapter 0 were presented and analyzed. The effect of each operating variable on each
impurity element (Si, Fe, Al, and K) dissolution response were briefly discussed. Mathematical
models were built with the results of the 32 DoE center composite design experiments to optimize
the impurity extractions responses. It was noted that the effect of polyphosphate on element
leaching differed for different elements. This chapter presents the model predictions to optimize
the leaching conditions for each impurity, and for impurity pairs (Fe-Si, Fe-Al, Si-Al) and Si-Fe-
Al. K was not included because of its straightforward increase in solubility with increasing
lixiviant phosphoric acid or polyphosphate concentration. The optimized leaching conditions were

undertaken, to validate the predicted model results.

Different leaching conditions favored different elements. Therefore, a two-stage leaching process
was proposed to allow for two different leaching conditions to optimize Al or Si dissolution. The

effect of the sequential order of the two steps was tested.

Table 7-1. Author Statement

o . : . Hak Jun Oh

Conceptualization, Writing (Review & Editing) Associate Professor Sidney Omelon
Investigation, Writing (Original Draft) Hak Jun Oh
Hak Jun Oh

Methodology Ozan Kokkili¢ (Research Associate)

Associate Professor Sidney Omelon

7.1 Goal

The goal is to validate the optimized impurity leaching conditions with the mathematical models
generated by the response optimizer function of Minitab (Minitab20, Minitab, LLC). The pregnant
leaching solutions were analyzed using MP-AES to study the degree of precision between the

predicted and experimental element dissolution responses.

7.2 Methods
The complex responses of different elements to the different leaching conditions were not well

represented by 2D plots. Therefore, the response optimizer function (Minitab20) was used to
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optimize the leaching process conditions and predict the % extraction responses for each target
impurity Fe, Al and Si, pairs (Fe-Al, Fe-Si, Al-Si), and Fe-Al-Si. K was not studied due to its
increasing % extraction with increasing phosphoric acid or polyP concentration. A summary of the

predicted extractions using the greatest Al extraction, 33.95% in Chapter 6, is provided.

Table 7-2. Example response optimizer prediction of leaching conditions for a target of 33.95%
Al extracted.

1 5 7 100 300 3 60.2 1.00
2 1 7 100 300 3 42.3 1.00
3 5 3 100 300 3 57.6 1.00
4 1 3 100 300 3 47.6 1.00
5 5 7 100 300 0 52.6 1.00
6 1 7 100 300 0 38.4 1.00
7 5 3 100 300 0 53.9 1.00
8 1 3 100 300 0 47.5 1.00
9 5 4 80 300 3 33.9 1.00
10 3 5 85 300 3 339 1.00
11 4 4 &5 300 0 33.9 1.00
12 5 3 100 60 0 33.6 0.99
13 3 7 92 224 3 33.1 0.97
14 5 3 100 61 3 324 0.95
15 5 7 100 63 3 31.4 0.92
16 1 3 100 62 0 31.3 0.92
17 5 7 100 65 0 29.0 0.85
18 1 3 98 73 2 26.7 0.78
19 1 7 100 73 0 19.7 0.57
20 1 7 100 78 3 19.4 0.56
21 1 3 19 60 0 15.5 0.44
22 1 3 19 108 0 11.9 0.33
23 1 7 19 60 0 9.5 0.26
24 1 3 19 60 2 9.3 0.25

The optimized responses for each element and element combination from the model were
validated by comparing them with new experimental results generated by the optimized leaching
process conditions. Each element or element combination optimization has four leaching process
conditions (target case). The definition characteristics of the four runs are:
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1) The first run is the first optimized case with the highest extraction of target impurity.

2) The second run is the average of all runs with desirability greater than 0.98. Desirability is

defined by the closeness of a response to its ideal value, a target value initially set to

maximize in this case.

3) The third run is randomly chosen among the optimized cases with +0.98 desirability. If the

phosphoric acid concentration was 1 M in the first case, the optimized conditions are

identical to run 1 with the phosphoric acid lowered to 0.5 M.

4) The fourth run is the average of three optimized cases with the yield close to the target.

Target is the maximum extracted value of the impurity in the result of DOE in part 1.

Table 7-3. Minitab response optimizer element or element combination leaching conditions

H3PO4 o LT polyP

Target case Run # (mol/L) L/S Temp (°C) g | Ges
1 5.0 7 100 300 2.5
Al 2 3.4 5 100 280 1.3
3 5.0 3 100 300 25
4 4.0 4 100 300 17
1 1.0 7 100 300 0.0
Sj 2 2.2 5 100 183 0.3
' 3 0.5 7 100 300 0.0
4 5.0 7 100 247 0.2
1 1.0 3 100 280 2.3
2 3.0 5 100 235 2.1
Fe-Al 3 0.5 3 100 280 2.3
4 35 6 100 180 1.4
1 1.0 7 90 215 0.0
. 2 25 5 90 180 0.1
Fe-Si 3 0.5 7 90 220 0.0
4 3.7 6 90 200 0.0
1 1.0 7 100 300 0.0
: 2 2.1 4 100 250 0.0
Al-Si 3 0.5 7 100 300 0.0
4 4.4 3 100 140 0.0
1 1.0 7 100 286 1.8
. 2 1.0 6 100 249 1.6
Fe-Al-Si 3 0.5 7 100 286 18
4 1.0 4 100 174 1.2
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After leaching, solid-liquid separation via vacuum filtration in a Buchner funnel and sample
washing with RO water were performed after leaching. High PLS element concentrations required
that the PLS was diluted 100x instead of 20x (Section 4.7.1.4) before analyzed for element

concentration with MP-AES, and the % extraction calculated.
The relative deviations between the model and experimental results were calculated (Eq. 52).

Relative Deviation (%)

_ Predicted extraction (%) — Measured extraction (%) < 100
B Predicted extraction (%)

(52)

Aleaching sample preparation and experimental method procedure is described in Section 6.3.

The results from the element and element combinations suggested that two separated, sequential
leaching processes could optimize the extraction of Al and Si. Three replicates of optimal Al
leaching, solids separation and sample washing with RO water, then optimal Si leaching, and three
replicates of optimal Si, solids separation, the optimal Al leaching were undertaken with the

leaching conditions presented in Table 7-4 and Table 7-5

Table 7-4. Leaching conditions for Al-Si two-stage leaching

Target H3PO4 Temp LT PolyP

Stage # | impurity | (motiL) | S ©C) | (min) | (mol/L)
1 Al 5.0 7 100 | 300 | 25
Si 1.0 7 100 | 300 | 00

Table 7-5. Leaching conditions for Si-Al two-stage leaching

Target H3PO4 Temp LT PolyP
Sage# | oty | mo) | Y | oy | (min) | (moliL)
1 Si 1.0 7 100 | 300 | 00
2 Al 5.0 7 100 | 300 | 25

The graphite loss after each leaching step was accounted for in the compositional mass balance of
the remaining impurities. The 1% stage extraction percentages for each impurity element (Fe, Si,
and Al) were calculated by subtracting the leached impurity contents from the initial impurity
contents. Same calculation was repeated for the 2™ stage cumulative extraction percentages with

the adjusted impurity contents in the graphite concentrate that underwent 1% stage leaching.
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7.3 Results and Discussion
This section presents the comparison between the predicted and experimental extraction values.

Leaching graphite impurities with two lixiviants and in two steps is presented and discussed.

7.3.1 Model prediction validation
Table 7-6 compares the predicted and experimental model responses.

Table 7-6. Predicted responses and experimental results, and their deviations

Target Run Predicted extraction | Measured extraction Deviation
L (%) (%) (%)
impurity # - - -
Si Al Fe Si Al Fe Si Al Fe
1 2.6 | 602 | 100.0 | 3.8 | 548 | 978 | -43.7 | 89 | 2.2
Al 2 99 | 473 | 100.0 [ 87 | 30.2 | 85.3 125 | 36.2 | 14.7
3 0.0 | 57.6 | 100.0 | 1.1 | 57.9 | 98.8 N/A | -06 | 1.2
4 56 | 525 100.0 | 49 | 47.0 | 1029 | 122 | 104 | -2.9
1 25.0 | 384 | 100.0 | 19.0 | 105 | 41.1 24.3 | 725 | 58.9
Si 2 17.7 | 33.4 | 100.0 | 15.3 | 16.3 | 57.4 13.4 | 51.2 | 42.6
1 3 258 | 37.0 | 100.0 | 13.6 | 89 | 28.9 471 | 758 | 71.1
4 12.2 | 46.4 | 100.0 | 6.7 | 36.7 | 68.6 449 | 21.0 | 314
1 42 | 455 999 | 94 | 17.1 | 59.3 | -121.8 | 62.4 | 40.6
Fe-Al 2 6.3 | 406 | 944 | 109|283 | 835 | -735 | 304 | 115
C= 3 42 | 446 | 96.7 | 10.0 | 13.9 | 495 | -135.6 | 68.9 | 48.8
4 9.2 | 364 | 977 | 149 | 273 | 827 | -62.8 | 25.0 | 15.3
1 189 | 214 | 951 | 123 | 95 | 426 346 | 554 | 55.1
Fe-Si 2 153 | 243 | 951 |12.7 | 187 | 714 17.2 | 22.8 | 24.9
C=ol 3 19.3 1203 | 939 | 89 | 47 | 20.2 53.9 | 76.7 | 785
4 125 | 28.1 | 100.0 | 8.7 | 18.9 | 65.0 30,5 | 329 | 35.0
1 25.0 | 38.4 | 100.0 | 19.0 | 10.3 | 42.1 239 | 73.1|57.9
AL-Si 2 19.3 | 405 | 100.0 | 14.1 | 16.4 | 58.6 269 | 594|414
-0l 3 25.8 | 37.0 | 100.0 | 154 | 7.0 | 30.2 405 | 81.0 | 69.8
4 11.8 | 37.6 | 100.0 | 43 | 26.8 | 72.0 63.4 | 28.9 | 28.0
1 11.8 | 39.2 | 99.9 [ 205 | 153 | 59.9 | -74.0 | 61.1 | 40.1
. 2 12.0 | 36.0 | 92.1 | 18.4 | 13.3 | 53.0 | -52.8 | 63.2 | 42.4
Fe-Al-S1 3 118 | 375 | 966 | 142 | 93 | 384 | -20.6 | 75.1 | 60.2
4 135|340 | 931 | 168 | 175 | 79.4 | -24.7 | 485 | 14.7

The smallest deviations were observed for the 1% runs that optimized Al or Si (highlighted in

yellow). The leaching conditions that optimized Al (highest phosphoric acid and polyphosphate
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concentrations) and Si (lowest phosphoric acid and no polyphosphate) were very different. It was
decided to compare two sequential two-step leaching processes to maximize these different
impurity extractions. Solid-liquid separation and washing was completed between each leaching
step. The importance of the leaching sequence was not known. Therefore, both sequences were

tested.

7.3.2 Spiking results

Spiking was completed (Figure 7-1). More spiking results were outside of the 25%
acceptable tolerance. In general, the spiking concentrations were undermeasured. This
undermeasurement could be explained by the formation of low volatile compounds that conceal

the elements of interest [89]. The measurement technique should be improved for future work.
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Figure 7-1. Overview of the spiking recovery rate (25% tolerance range)

7.3.3 Comparative study of two-stage Al-Si leaching processes

Two-stage leaching was hypothesized to maximize Al dissolution and Si dissolution
independently, as they were determined to be optimized with different lixiviant compositions. The
cumulative extraction percent values for Stage 1 optimized for Al extraction and Stage 2 optimized

for Si extraction are shown in Figure 7-2.
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Figure 7-2. Cumulative extraction % of Fe, Al, and Si after two-stage leaching. The first stage
optimizes Al leaching. The second stage optimizes Si leaching. n=3

Fe dissolution was complete (95% after the first stage, and 100% after the second stage). Al
extraction was not increased significantly from 68% to 82% by the second stage (Student’s t-test,
p =0.1). Si extraction was significantly increased from 12% to 25% in the second stage (Student’s

t-test, p = 0.0004)
The results of leaching in two stages to optimize for Si extraction first, followed by Al leaching

optimization, are shown in Figure 7-3
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Figure 7-3. Cumulative extraction % of Fe, Al, and Si after two-stage leaching. The first stage
optimizes Si leaching. The second stage optimizes Al leaching. n=3
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The Fe extraction percent increased from 68% to 80% with the two-staged leaching process. The
Si extraction increased from 22% (with large errors) to 35% after the second (p = 0.02). Al is
increased from 28% to 62%, with p = 7x107

Al-Si two-stage leaching was more successful than Si-Al two-stage leaching because of the larger
cumulative extraction % of Fe and Al after two stages. The Si extraction % nearly doubled for the
Al-Si two-stage leaching. This increase may be due to Al-layer removal that accelerates the Si-
layer dissolution in the kaolinite as discussed in Chapter 50. An overall larger extraction % of Si

was observed for Si-Al two-step leaching.

7.4 Conclusion

Optimized impurity leaching conditions for single element and element combinations were
found using the response optimizer function of Minitab. These leaching condition model results
were validated by assessing the extraction percentage predictions of the six optimized cases (Al,
Si, Al-Si, Al-Fe, Si-Fe, Si-Al-Fe) with the extraction percentage response. The smallest deviations
between the modeled and measured percent extraction results were for single Si (8.9%) and Al
(24.3%) extractions. The optimized lixiviant phosphoric acid and polyphosphate concentrations
were of the lowest values for optimal Si and highest for optimal Al leaching processes. In light of
this, two two-stage leaching processes, separated by a solids separation and washing step, were
studied. Optimization of Al extraction in the first stage, followed by optimization of Si extraction
in the second stage, extracted 100 % of the Fe, the highest cumulative Al (~82%) and Si (~25%)
extraction percent values. In the next chapter, the Al-optimized, followed by the Si-optimized, two-
step leaching process was repeated with mechanical stirring, with the goal of enhancing the

leaching kinetics. Both the PLS and leached graphite solid were characterized.
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8 Two-stage leaching, optimizing for Al then Si, with agitation.

In Chapter 7, two leaching stages with different phosphoric and polyphosphate concentrations
were proposed and tested to optimize Al (or Si) leaching, followed by leaching conditions to
optimize Si (or Al) leaching. The PLS and the product solids were analyzed to confirm the leaching
extent. In Chapter 7, the effect if agitation was measured for the Al - optimized, followed by the

Si - optimized leaching process.

Table 8-1. Author Statement

Conceptualization, Writing (Reviewing Hak Jun Oh

& Editing) Associate Professor Sidney Omelon
Investigation . Hak Jun Oh .
Tian Zhao (Ph.D. Candidate)

Hak Jun Oh
Methodology Ozan Kokkili¢ (Research Associate)
Associate Professor Sidney Omelon

Writing — Original Draft Hak Jun Oh

8.1 Goal

The goal is to study the effect of agitation on the two-stage (Al - Si) optimized leaching process.

8.2 Theory — Agitation Effect

Agitation is a mixing operation to homogenize a heterogeneous system, or to enhance mass
and/or energy transfer. In the case of leaching, a suspension of the solids in liquid is desired to
maximize the contact between the bulk solution composition and the solid surface area for the
chemical reactions occurs [162, 163]. Forced liquid convection increases chemical reaction
kinetics if the surface layer diffusion is the rate limiting step [162, 163]. Agitation is expected to

improve the impurity extraction percentages.

8.3 Methods

One sample of natural graphite concentrate (1 + 0.01) g was added to 15 mL Teflon tubes with
caps (VWR). For the first leaching stage, 2.5 mol/L of sodium polyphosphate was dissolved in
5 mol/L phosphoric acid (H3PO4). After the complete dissolution of sodium polyphosphate, the
lixiviant was added with a magnetic stir bar to the Teflon tube. The slurry was vortexed to generate
a homogenous suspension. The Teflon tube was suspended in a 100 mL beaker filled with water

with a heat-resistant foam ring. The beaker was placed on a heating plate to achieve a 100 °C
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leaching temperature. The leaching conditions are described in Section 7.3.3. The experimental

setup is shown in Figure 8-1.

Graphite + lixiviant

Magnetic stir bar

Figure 8-1. Experimental setup for the two-step leaching process.

After leaching, vacuum filtration (Buchner funnel with Grade GF/F 0.7 um, 41.5 mm diameter
filter paper) separated the leached solids from the PLS. The PLS was collected into a second Teflon
tube. The leached graphite solid was triple rinsed with RO water. The leached and rinsed graphite
was dried for 20 minutes before mass measurement. The graphite was then placed into a new
Teflon tube. The residual filter paper was weighted again to determine the total mass of graphite
solid transferred to the tube. The graphite loss was accounted for in the component mass balance
to calculate the extracted % of impurities. This same procedure was repeated for the second

leaching step. All error bars denote + 1 standard deviation.

8.4 Results and Discussion
Characterization of the PLS composition, and leached graphite XRD, SEM, and EDS results

are discussed.

8.4.1 Pregnant leaching solution composition

The Fe, Si, and Al concentrations in the PLS are shown in Figure §-2.
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Figure 8-2. Cumulative extraction percent of Fe, Al, and Si after an agitated two-stage leaching
process that prioritized Al leaching in the first stage, and Si extraction in the second stage n = 4.

Agitation increased the extraction percent of Al and Si compared to the similar but quiescent two
stage leaching process presented in Section 7.3.3. Approximately 85 + 5.5% of Al and 38 + 14%
of Si was extracted after the second leaching stage. Compared to the extraction percent results in

Section 7.3.3, agitation improved the extraction % by approximately 5% for Al and 10% for Si.

8.5 Leached graphite solid characterization

The full powder XRD pattern (from 5 to 60 °20) is shown in Figure 8-3. The doo2 spacing shifted
from 0.333 nm to 0.336 nm after leaching.

Leached

AGraphite
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<
s A A
2
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Figure 8-3. Powder XRD results of the initial (black) and two-stage leached (red) graphite. Major
graphite peaks are labeled with a triangle.

102



From Figure 8-3, the graphite peak at 27 °20 shifted to the left slightly after leaching. This peak

shift may be caused by reduction of crystallinity — a process called “de-graphitization™ [164, 165].

Figure 8-4 presents the XRD diffraction data between 6 and 24 °26. This range includes major

peaks for kaolinite and muscovite.

HALLSi,04(0H), - Kaolinite
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@ KAI,(Si,Al),0,0(OH), - Muscovite
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* ]
Unleached
T T T T T
30 35 40 45 50
deg 26

Figure 8-4. Powder XRD results of the impurity peaks, excluding graphite peaks Kaolinite peaks
are marked with a star, and muscovite peaks are marked with a pentagon.

The intensities of the kaolinite peak at 12.5 and 37.6 °260, and the muscovite peak at 44.5 °20 are

reduced by two-stage leaching. This result confirms the detection of Si and Al in the PLS.

SEM images of the initial graphite concentrate (Figure 8-5 a) and the graphite concentrate after

two-stage leaching (Figure 8-5 b) show the approximate flake size and shape.

Figure 8-5. Higher resolution secondary electron images of graphite concentrate a) initial b) after

agitated two-stage leaching
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EDS maps of Fe, Al, C, and Si of initial graphite concentrate (Figure 8-6a) and the two-stage
leached graphite product (Figure 8-6b) support the PLS and XRD results. The Fe (turquoise), Al

(green), and Si(yellow) fractions in the images are reduced by agitated two-stage leaching.

fa) Unleached | ‘ ; b) Leached

500pm

Figure 8-6. Energy Dispersive Spectroscopy (EDS) maps of Fe, Al, C, and Si of a) initial graphite
concentrate and b) graphite concentrate after agitated two-stage leaching.

8.6 Conclusions

The agitated, two-step leaching process, with the first stage optimizing Al leaching, and the
second stage optimizing Si leaching was undertaken. The impurity concentrations in the PLS were
used to estimate the extraction percent of Fe, Al, and Si. After agitation and a two-stage leaching,
Fe extraction was 100%, Al extraction was 95%, and Si extraction was 43%. Agitation improved
Al and Si extraction % by approximately 20%. The leached graphite showed evidence of silicate
leaching by powder XRD, and Fe, Si, and Al reduction by EDS.

104



9 Investigation of Al chelation by polyphosphate

In Chapter 50, Al leaching by polyphosphate was proposed to be caused by a chelation
mechanism. The alumina layer of kaolinite was proposed to interact with polyphosphate, which
enhanced aluminum ion dissolution. Both polyphosphate and phosphate ions are presumed to
promote kaolinite dissolution by ligand exchange. Stable and soluble bidentate ligands between

polyphosphate or phosphate and Al may enhance Al dissolution.

To support this proposed mechanism, *'P nuclear magnetic resonance (*!P NMR) was used with a
natural kaolinite sample to study the change in the chemical environment in the phosphate-

polyphosphate-aluminum containing lixiviant.

Table 9-1. Author Statement

Conceptualization, Writing (Review & Hak Jun Oh
Editing) Associate Professor Sidney Omelon
Investigation . .Hak Jun Oh. )
Dr. Robin Stein (NMR Facility Manager)
Writing (Original Draft) Hak Jun Oh
Hak Jun Oh
Methodology Dr. Robin Stein (NMR Facility Manager)
Sidney Omelon
9.1 Goal

The goal is to study the 3'P NMR spectral ranges corresponding to the Al-
polyphosphate/phosphate interactions and identify the types of chemical groups and bonding
environments. Natural kaolinite and a lixiviant with phosphoric acid and polyphosphate were used

in this study to identify the interactions of the phosphorus compounds with kaolinite surfaces.

9.2 Theory

Nuclear magnetic resonance (NMR) is a powerful analytical technique used for the structure
determination in a broad spectrum of research fields including chemical and physical
sciences [166]. Due to the high sensitivity of NMR, nearly all elements and matrices could be
studied by NMR spectroscopy [166]. The principle behind NMR lies within nuclei with electron
spins and their electrically charged characteristic [167]. When an external magnetic field (at a radio
frequency) is applied, there is an excitation of nuclear spin energy levels from an equilibrium state

to an excited state due to energy transfer. Once the excited spin returns to equilibrium, the absorbed

105



energy is reemitted at the same frequency, and this is processed and converted to a signal in the

NMR spectrum [167].

There are spectral regions on the 3!'P spectrum that will be useful for the identification of the Al-

polyphosphate/phosphate interactions. The regions have been summarized in the study by de

Oliveira Lima et al. [151]:

Chemical shift
(ppm)

Assignment (reference or rationale for the
assignment)

0.63 to 0.66

-6.0 to

—10.0 to

-13.0 to

—16.0 to
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—23.0 to

-23.0 to

—30.0 to

-8.0

-11.5

—15.0

-17.0

=22.0

=22.0
—24.0

—28.0

-36.0

Free orthophosphate (9-13)

Bound orthophosphate (also observed in aluminum
orthophosphate solutions, not shown)

Free chain end-groups, including pyrophosphate
(10-12)

Bidentate bound end-groups (based on the
assignment of free end-groups and on the shift
introduced by deshielding, analogous to
orthophosphate)

Bridging (bound to 2 Al ions) pyrophosphate (also
observed in Al pyrophosphate solutions,
not shown)

Monodentate bound end-groups (Al 1ons should
have a stronger deshielding effect on
monodentate end-groups than on bidentate

groups)
Free cyclic metaphosphates (13)
Free middle-chain groups (9-12)

Bidentate bound middle-chain groups and free
middle-chain groups neighbors to Al-bound
groups (both refer to middle-chain groups
deshiclded by Al ions, but to a lesser extent
than monodentate groups)

Bound monodentate middle-chain groups (strongly
deshielded by Al ions)

Figure 9-1. Peak assignments in *'P-NMR of aluminum-polyphosphate solutions in acidic

9.3 Methods

condition [151]

Different mixtures of Al, polyphosphate, and phosphate, including a lixiviant of 2 M

phosphoric acid and 1.9 M (NaPOs) polyphosphate and natural kaolinite (Sigma-Aldrich), and a 3

mL of lixiviant was used for all samples. The following five samples were analyzed with *'P NMR

and conditions:
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1. Blank control: lixiviant (2 M phosphoric acid and 1.9 M NaPOs of sodium polyphosphate)

2. Negative control: 0.1 g of silicon powder (crystalline, -325 mesh, 99.999% purity from Fisher
Scientific, CAS: 7440-21-3) and lixiviant.

3. Positive control: Aluminum nitrate (1000 ppm, or 1000 mg/L) dissolved in the lixiviant.

4. Heated leaching of Kaolinite: 0.5 g of kaolinite powder (pulverized natural kaolinite, Sigma-
Aldrich CAS: 1318-74-7) leached at 80 °C for 2 hours.

5. Room temperature leaching of Kaolinite: 0.5 g of kaolinite powder (pulverized natural
kaolinite, CAS: 1318-74-7) leached at room temperature (~20 °C) for 2 hours.

6. Heated Positive control: Aluminum nitrate (1000 ppm, or 1000 mg/L) dissolved in the

lixiviant.

The PLS was vacuum filtered The PLS samples were mixed with deuterium water (DW) at a
volume ratio of 9 to 1 (0.9 mL of PLS with 0.1 mL of DW) in a microcentrifuge tube. The solutions
were vortexed and pipetted into NMR tubes.

9.4 Results and Discussion
Each of the five *'P NMR spectra will be studied to understand the chemical environments of

phosphorus in each solution.

Figure 9-2 shows two example spectra, and labels the chemical shift ranges with the attributed
chemical environments. Free orthophosphates are used to denote the 0 ppm chemical shift baseline.
As the chemical shift values decrease, the next P-group is orthophosphates bound to another
moiety (~-6 to -8 ppm). The chain-terminating, or “end” P-groups of polyphosphates are attributed
to chemical shifts from -10 to -12 ppm. End P-groups associated with a monodentate bond are
attributed to chemical shifts from -21.5 to -22.5 ppm. -23 to -24.5 ppm shifts are associated with
free or bidentate-bound polyphosphate mid-chain P.

107



Orthophosphate Monodantate

bound groups bound end-groups
Free Free chain Free middle-chain groups
orthophosphates end-groups or Bidentate bound

middle-chain groups

4 2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 -32 -34
3IP (ppm)

Figure 9-2. Summary of selected spectral ranges and attributions for *'P NMR

Figure 9-3 shows the 3'P NMR results for the blank (1: lixiviant), positive control (2: aluminum
nitrate in the lixiviant), and negative control (3: silicon powder in the lixiviant). Four distinctive
peaks were observed These corresponds to free orthophosphates (~ - 0.5 ppm), free chain end
group and pyrophosphates (- 11.2 ppm), monodentate bound end-groups of polyphosphates (-21.9
ppm), and bidentate bound middle-chain groups (- [23.0 — 28.0] ppm). The spectral region for free
orthophosphate (~ - 0.5 ppm) is different from what was suggested in the previous study by Lima
(~+[0.63 —0.66] ppm) [151]. However, a chemical shift could have been induced due to acidic
matrix of the analyte, hence -0.5 ppm is assumed to be corresponding to the free orthophosphate

[168].

In Figure 9-3 and Figure 9-4, the NMR results of the blank control, positive control, and negative

control are presented.
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Figure 9-3. Overview of the NMR results of blank (1), positive control (2), and negative control
(3), and with areas under the curve calculated for peaks corresponding to free orthophosphates

Figure 9-4 shows the same spectra from -5 to -25 ppm, zoomed in on the y-axis. The peak areas
are also presented. These peak areas can be correlated with concentration. The polyphosphate
peaks are generally less intense than the largest orthophosphate peak. The orthophosphate peak
intensity was reduced by addition of 1000 ppm AI**. The multivalent Al ion is capable of
associating with multiple orthophosphate and/or polyphosphate molecules. [169]. Al ions
principally bind to middle-chain groups with long polyphosphate chains [170].

The intensities of the 3'P NMR peaks for the positive control were generally less intense than the
negative and blank controls. The free orthophosphate peak at — 0.5 ppm of the aluminum ion
containing positive control has less intensity than the other two controls. This result could suggest
orthophosphate dentate formation. The peaks at - [23.0 — 28.0] ppm for the positive control should
be greater than blank and negative control due to bidentate formation. However, the contrary was
observed, and this could be due to the greater concentration of the free mid-chain PO3 groups.
The AI** concentration is 1000x lower than the concentration of phosphorus in the lixiviant,

meaning the NMR signals of the formed dentates could be relatively small.
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Figure 9-4. Vertically magnified *'P NMR results for blank (1), positive control (2), and negative
control (3). Areas under the curve are calculated for free end-group polyphosphates (-[10.0 -
11.5]) and monodentate end-group bound (—[18.0 — 22.0] ppm) & bidentate forming middle-

chain groups or free middle-chain groups (-[23.0 — 28.0] ppm)

The x-axis (-2.5 to -10.5 ppm) and y-axis zoom in Figure 9-5 show the chemical shifts in the
orthophosphate-bound spectral region (- [6 - 8] ppm). The identification of a chemical shift peak
for the positive control proves the presence of Al-orthophosphate dentate bonds. A strong presence
of bidentate end-group (- [13.0 — 15.0] ppm) was observed for the positive control, while the
negative and blank controls did not show any presence of Al-bidentate end-group presence. The
results shown in Figure 9-5 suggest that phosphates form complexes with Al. The working
concentrations of phosphoric acids used for the DOE runs are non-negligible, thus it is likely that

phosphates are partially or fully protonated as discussed in Chapter 4.

Figure 9-6 x-axis zoom from -12 to -15.7 ppm explores the chemical shifts of the bidentate end-
groups of polyphosphate (-[13.0 — 15.0] ppm). This shift is observed only for the aluminum-

containing positive control group.

The complexation of aluminum with phosphate could be described as partially protonated
phosphates complexing with free Al ions. The remaining valence electrons of aluminum ion is
compensated by the surrounding water molecules. In Chapter 4, protons were mentioned as charge
neutralizers, and other free counter ions, such as Na*, AI**, and Ca®", may compete for the binding
sites on either polyphosphate or phosphate ions.
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Figure 9-5. NMR result a spectral range — 6.0 to — 8.0 vertically magnified for negative (3),
positive (2), and blank (1) controls with areas under the curve calculated for bound

orthophosphates (-[6.0 — 8.0] ppm)
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Figure 9-6. NMR results of spectral ranges — 13.0 to — 15.0 vertically magnified for negative (3),
positive (2), and blank (1) controls with areas under the curve calculated for bidentate end-

groups of polyphosphate (-[13.0 — 15.0] ppm)
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Figure 9-7 shows the possible mono-, di- and tri-dentate species of Al-phosphate at low pH.
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Figure 9-7. Possibilities of Al-phosphate complexation at low pH range (< pH 2). Three cases
presented: 1) AI-HoPO4**, 2) Al-(H2PO4),", and 3) AIPO4

The presented cases of aluminum ion complexation with phosphate ion are supported by the study
by Akitt et al. [171]. The author proposed that in cases where the free Al concentration is high,
Case 3 in Figure 9-7 is the dominant case. When all of the free Al ions are complexed, Case 1 and
Case 2 species are possible due to competition for AI**. The complex speciation between
orthophosphate, polyphosphate, and aluminum ions as a function of phosphoric acid concentration

is summarized in Figure 9-8.

Relative concentrations

5
Phosphoric acid conc./(mol [")

Figure 9-8. Complex speciation according to the free H3PO4 concentration. [B] is Al-
polyphosphate, [C] is AIH,PO4*" and Al(H2PO4)*", and [D] is AIPO4 [171]
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The *'P NMR results from Samples 3 & 6 (80 °C and room temperature positive control with
aluminum ion, Figure 9-9. 3'P NMR result of the temperature effect on the positive control with
curve areas. 1) Positive control (sample 3) at room temp. 2) Heated positive control (sample 6)
80 °C, 2Figure 9-9) and 4 & 5 (80 °C and room temperature kaolinite leach, Figure 9-9. 3'P NMR
result of the temperature effect on the positive control with curve areas. 1) Positive control

(sample 3) at room temp. 2) Heated positive control (sample 6) 80 °C, 2Figure 9-9) are presented.

The NMR results presented Figure 9-9 (room temperature and heated positive control samples)
and Figure 9-10 (room temperature and heated kaolinite samples), both with x-axis zooms from -
16 to -34 ppm agree confirm that elevated temperature increases the polyphosphate chain
hydrolysis rate [111]. This is concluded from the increases in the area under the curve for the free
orthophosphate peak at - 0.5 ppm and the free chain end-group including pyrophosphate at -
11 ppm relative to the decreases in the area under the curve for the monodentate bound end-groups

at - 21.9 ppm and a bidentate bound middle-chain groups between - [23.0 — 28.0].

The breakdown of polyphosphates into phosphate ions could have led to greater probability to
form Al-phosphate complexes as seen by the increase in the area under the curve in the spectral
region between - [6 — 8] ppm. The peak at - 11.5 ppm corresponds to free chain end-groups
including pyrophosphate [151]. It is seen that this area under the curve increases after the heat
cycle. This may be explained by the structural stability that the bidentate Al ion with the
polyphosphate offers, which would favor the hydrolysis of the stable symmetrical structure of
pyrophosphate [46].
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Figure 9-9. *'P NMR result of the temperature effect on the positive control with curve areas.
1) Positive control (sample 3) at room temp. 2) Heated positive control (sample 6) 80 °C, 2 h.
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Figure 9-10. *'P NMR result of the temperature effect on kaolinite leaching with the curve areas
values. 1) Kaolinite leaching at room temperature 2) Kaolinite leaching for 2 h at 80 °C

Figure 9-11 shows The formation of Al-pyrophosphate as an Al-polyP hydrolytic degradation
product. After the breakdown of the bidentate polyphosphate, the Al ion enters competition with
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other dissolved ions for the binding sites, and Al ion may dissociate from the pyrophosphate. For

the simplicity, the — 11.5 ppm peak is assumed to be only for free pyrophosphates.

‘\..: ,l’
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hN H H
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H_ H H_ H T N ;‘
; | Hydrolysis (breakdown) of . H ) H
'“' polyphosphate chain . / Hio-H
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Figure 9-11. Two proposed cases for the free and bidentate pyrophosphate formations.

The bidentate pyrophosphate complex with Al should not be discounted as a hydrolytic
degradation product as described by the second case in Figure 9-11. Evidence for an ion-paired
pyrophosphate was verified by the vertical magnification of the spectral regions between

—[13.0 — 15.0] ppm in Figure 9-12.
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Figure 9-12. NMR result a spectral range — 13.0 to — 15.0 vertically magnified for kaolinite
with/without the heat cycle with areas under the curve calculated for bidentate end-groups of
pyrophosphate (- [13.0 — 15.0] ppm)

9.5 Conclusions

3Ip-Nuclear magnetic resonance analysis was performed to study the chemical shifts
corresponding to Al-polyphosphate, pyrophosphate, and phosphate interactions. The results
provide evidence of the presence of Al-orthophosphate bound groups and Al-bidentate bound
middle-chain groups in the kaolinite leached solution. The positive control included
orthophosphate-bound group and bidentate end-group shifts with generally less available free
phosphate groups to form dentates. 3P NMR results after heating the sample to 80 °C for 2 h
confirmed that elevated temperature increases the polyphosphate hydrolysis into smaller chains
and/or orthophosphate molecules. Two scenarios were proposed to explain the increased presence
of free pyrophosphates and bidentate end-groups. Liquid 2°Si NMR measurement was not
attempted due to isotope rarity of 2°Si (less than 5% is measurable). Iron NMR measurement is

impossible due to its magnetic property.
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10  Conclusions and Future Work

10.1 Conclusions

Natural graphite concentrate can be leached by aqueous phosphorus chemistry. DoE was
conducted to optimize the process parameters of graphite leaching. Kaolinite (Al>Si205(OH)4) and
sulphidic iron (FeSx) were considered to be the main impurities of the graphite concentrate that
was the subject of this study. With agitated two-stage leaching that first prioritized aluminum
leaching, then silicate leaching, up to 100% of iron extraction, 85 + 5.5% of aluminum extraction,
and 38 = 14% % of silicon (as silicate) extraction were achieved in 5 h with a S:L of 7 at 100 °C
using 5 M and 1 M H3POs. Slurry agitation during leaching enhanced extraction of Al by 5% and
Si by 10%. The initial purity of natural graphite concentrate was 96%. The final purity needs to be
further investigated with ash analysis. The doo2 spacing shifted from 0.333 nm to 0.336 nm after
leaching. The results of a 3!'P solution NMR study confirmed the hypothesis that Al-phosphate

bidentate ion pairs form in solution, and that polyphosphate hydrolyses into smaller subunits.

Experimental Procedure

1 Characterization of
natural graphite - XRD, SEM & EDS
concentrate

2 |eaching

I 1
1 AP
. Phosphoric acid + 1 ___ Optimization
Graphite concentrate ED:I e : using DOE
1
1

W
Lo

Central Composite
Design of Response
Surface Method

Process
Optimization

4 Leached Solid Analysis [ 1 Solution Analysis of PLS

b XRD, SEM, EDS b MP-AES

Figure 10-1. Flowchart of the workflow that identified the proposed graphite purification process

10.2 Future work

For future work, the study of Raman spectroscopy of the agitated two-staged leached graphite
concentrate could verify the quality of the graphite (presence of defects) after chemical treatment.
In-depth investigation of the kaolinite dissolution mechanism with *'P-NMR analysis would be
helpful for the understanding of phosphorus chemistry-aluminosilicate interaction. Moreover,
revisiting DoE with stirring effect could be a possibility to further optimize the graphite leaching
process. Lastly, graphite leaching study with other chelating agents to encourage impurity
dissolution such as EDTA could lead to other sustainable approaches to purify natural graphite.
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12 Appendices

Appendix A:  One-Way ANOVA Results of Section 3.6.2.1

ANOVA

Source of Variation 55 df MS F P-value Fcrit
Between Groups 104.5009056 5 20.90018111 70.30073p42 6.5037E-21 2.408514119
Within Groups 14.27024444 48 0.297296759
Total 118.77115 53
Total 118.77115 53

Appendix A 1. One-way ANOVA leaching results at 20 “C, 95% confidence interval

Appendix B:  Two-Way ANOVA Results of Section 3.6.2.1

AMNOVA
Sowrce of Variation 55 df M5 F P-value F orit
Sample 3543.203 1 3543203 1383061 2.5E-06 5.317655
Columns 417.5956 1 417.556 16.31458 0.00374 5.317655
Interaction 3B0.3628 1 3B0.3628 14.84715 0.004855 5.317655
Within 704.3435 8 13.61857
Tatal 4546.471 11
ANOVA

- Sounce of Varistion 55 df M35 F P-vale Ferit
Fample 1440,363 1 1440363408 2662118004 2.00451E-07 5317655072
Calumng 329678 1 32967675 6093164334 Q033805105 5.31TESS0TR
Interacticn 36. 78501 1 3678500833 6.799592998 003125484 5.31TESS0TR
Within 43.2848 8 54106
Total 1552401 11

- ANOWVA
Source of Variation 55 df M5 F P-value  Ferit
Sample 2852.392 1 2852392 103.6986 T.41E-06 5317655
Columns 32010571 1 3210571 11.67202 0.009136 5.317655
Interaction 300.9007 1 300.9007 10.93924 0.010739 5.317655
‘Within 220.0524 & 27.50635
Total 3654.402 11
ANOVA

- Source af Variation 55 df M5 F P-value  Fert
Sample 01323 1 01323 0.380884 0.534285 5.317655
Columns 1.104133333 1 1104133333 3.178734 0.112452 5.317655
Interaction 3808123333 1 3808133333 10.%6233 0.010681 5.317655
Within 27758 B 0.34733
Total 7823366667 1
ANOVA
Source of Variation 55 df M5 F P-volue  Fenit
Sample 0.091875 1 0.091875 2.343339 0.149392 5.317653
Columns 0.233008 1 0.238008 6.5899356 0.033278 5.317655
Interaction 0.233008 1 0.238008 6.389936 0.033278 5.317653
Within 0.233933 8 0.036117
Total 0856825 11

. ANOVA

Source of Variation 55 df Ms F P-value  Frit
Sample 0935208 1 0935208 B7.74433 1.388-05 5.317655
Columns 0.003675 1 0.003675 0.344301 0.373266 5.317655
Interaction 0.039675 1 0.035675 3.722435 0.085809 5.317655
Within 0.085267 8 0.010658
Total 1.063825 11

Appendix B 1. Two-way ANOVA results of leaching results with temperature and concentration
varying. 95% confidence interval
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Appendix C:

Pairwise Tukey Results of Section 3.6.2.1

Phosphoric Phosphoric

acid Conc. acid Conc.

(mol/L) N Mean Grouping (mol/L) N Mean Grouping
1.0 3 25333 A 05 3 08233 A

05 3 1.9800 B 10 3 0.6367 B

0.1 3 1.0033 c 01 3 02100 €
Phosphoric Phosphoric

acid Conc. acid Conc.

(mol/L) N Mean Grouping (mol/L) N Mean Grouping
05 3 5533A 05 3 2007 A

0.1 3 4297 A B 1.0 3 14433 B
10 3 3.800 B 0.1 3 13600 ]

Appendix C 1

Phosphoric

acid Conc.

(mol/L) N Mean Grouping
1.0 3 24700 A

05 3 2.1400 B

0.1 3 14233 C
Phosphoric

acid Conc.

(mol/L) N  Mean Grouping
0.1 3 02933 A

0.5 3 02433 A

1.0 3 016333 B

. Pairwise Tukey results of one-way ANOVA for all impurities at 95% confidence
level (leaching at 20 “C)

Temp_Fe*Conc_Fe N Mean Grouping 'Temp_Si''Conc. Si' N  Mean Grouping Temp_Al*Conc Al N Mean Grouping
1001 3 4871600 A 1001 3 260500 A 1001 3 433200 A
201 3 250967 B 10005 3 19.2333 B 201 3 229800 ]
100 0.5 3 37233 C 10001 3 63633 C 1000.5 3 69433 C
2005 3 25333 C 2005 3 08233 D 2005 3 24700 C
100 0.1 3 1.9%00 c 201 3 06367 D 10001 3 21400 C
2001 3 1.0033 Cc 2001 3 02100 D 2001 3 14233 C
Temp_Ca'Conc.Ca N Mean Grouping Temp_Na*Conc_ Na N Mean Grouping Temp_K*Conc K N Mean Grouping
10001 3 553333 A 100 0.1 3 2.00667 A 1001 3 0.836667 A
1001 3 513667 A 201 3 192333 A 201 3 0.686667 A
201 3 461667 A 1001 3 1.90000 A 10005 3 0.380000 B
10005 3 460000 A 2005 3 144333 B 200.1 3 0293333 B
2001 3 420667 A 2001 3 1.36000 B 10001 3 0.243333 B
2005 3 3.80000 A 10005 3 1.29000 B 2005 3 0.163333 B

Appendix C 2. Pairwise Tukey Results of Two-way ANOVA for interactions (temperature vs
concentration) at 95% confidence level
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Appendix D:  One-Way ANOVA Results of Section 3.6.2.3

ANOVA

Source of Variation 55 df M5 F P-value F crit
Between Groups 60.0428 5 12.00856 13.661537 2.66893E-08 2408514119
Within Groups 42,19213333 438 0.879003
Total 102.2349333 53

Appendix D 1. One-way ANOVA leaching results of 0.1 M lixiviants (H3PO4, PyroP, and PolyP),
95% confidence interval

Appendix E:  Two-Way ANOVA Results of Section 3.6.2.3

ANOVA
Source of Variation Ss df MS F P-volue Ferit
Sample 2,253333333 1 2.253333 80.93385 1.85869E-05 5.317655072
Columns 1.4283 1 1.4283 51.30081  9.59118&-05 5.317655072
Interaction 0.790533333 1 0.790533 28.39389 0.000703721 5.317655072
Within 0.222733333 8 0.027842
Total 4.6949 11
ANOVA
Source of Variation SS df MS F P-value F crit
Sample 8.036033333 1 8.036033 23.73253 0.001237 5.317655072
Columns 64.12563333 1 64.12563 189.38 7.5E-07 5.317655072
Interaction 1068033333 1 1.068033 3.154185 0.113641 5.317655072
Within 2.708866667 8 0.338608
Total 75.93856667 11
ANOVA
.Source of Variation SS df MS F P-value Fcrit
' sample 3.445408 1 3.445408 339.1706 7.78E-08 5.317655
Columns 0.205408 1 0.205408 20.22067 0.002011 5.317655
Interaction 0.078408 1 0.078408 7.718622 0.02399 5.317655
Within 0.081267 8 0.010158
Total 3.810492 11
ANOVA
- Source of Variation SS df MS F P-value F crit
Sample 0.853333 1 0.853333 39.2638 0.000241 5.317655072
Columns 0.070533 1 0.070533 3.245399 0.109302 5.317655072
Interaction 0.124033 1 0.124033 5.707055 0.043928 5.317655072
Within 0.173867 8 0.021733
Total 1.221767 11
.ANOVA
Source of Variation SS df MS F P-value F crit
Sample 0.021675 1 0.021675 3.25125 0.109031 5.317655072
Columns 0.081675 1 0.081675 12.25125 0.008077 5.317655072
Interaction 0.007008 1 0.007008 1.05125 0.33522 5.317655072
Within 0.053333 8 0.006667
Total 0.163692 11

Appendix E 1. Two-way ANOVA leaching results of 0.1 M lixiviants (H3POs, pyroP, and polyP)
and varying temperature (20 'C & 100 "C), 95% confidence interval
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Appendix F:  Pairwise Tukey Results of Section 3.6.2.3

Solution Label N  Mean Grouping Solution Label N Mean Grouping Solution Label N Mean Grouping
0.1 M PyroP 3 3733 A 0.1 M H3PO4 3 14233 A 0.1 M H3PO4 3 10033 A

0.1 M H3PO4 3 02100 B 0.1 M PolyP 3 04433 B 0.1 M PolyP 3 0.2600 B

0.1 M PolyP 3 -0.2933 B 0.1MPyroP 3 03433 B 0.1MPyroP 3 00833 C

Solution Label N Mean Grouping Solution Label N Mean Grouping
0.1 M H3PO4 3 4297 A 0.1 M PyroP 3 07133 A

0.1 M PolyP 3 3.1433 B 0.1 M PolyP 3 05000 A B
0.1 M PyroP 3 27867 B 0.1 M H3PO4 3 02933 B

Appendix F 1. Pairwise tukey results of one-way ANOVA for 0.1 M lixiviants (H;PO4, PyroP,
and PolyP) at 95% confidence level (leaching at 20 ‘C)

Temperature*Lixiviant

Temperature®Lixiviant Temperature* Lixiviant

type N Mean Grouping type N Mean Grouping type N Mean Grouping
1001 3 636333 A 1001 3 6894333 A 1001 3 372333 A
1002 3 506667 A 1003 3 1.67667 B 1003 3 1.64000 B
202 3 373333 B 201 3 142333 B C 201 3 1.00333 C
1003 3 074667 c 1002 3 1.25333 C 100 2 3 0.43867 D
201 3 021000 ¢ 203 3044333 D 203 3 0.26000 D
203 3 -029333 c 202 3 034333 D 202 3 008333 D

Temperature*Lixiviant Temperature*Lixiviant

type N Mean Grouping type N Mean Grouping

1001 3 480000 A 100 2 3 0.750000 A

201 3 420667 A B 202 3 0713333 A

100 2 3 352333 A B 1003 3 0633333 A B

100 3 3 347333 A B 203 3 0.500000 B C

203 3 374333 A B 1001 3 0.380000 cC D

202 3 2.78667 B 201 3 0.293333 D

Appendix F 2. Pairwise Tukey results of two-way ANOVA for 0.1 M lixiviants (H3POa, pyroP and
polyP) at 95% confidence level (leaching at 20 °C and 100 “C)
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Appendix G:  Raw Data for Section 3.7
Appendix G 1. Pregnant solutions of graphite leaching done at 20 “C analyzed by MP - AES

Leaching temperature: 20 'C

Quantity of impurities in 12 mL of pregnant

solution (mg)

Sample
Si Al Ca Fe Na K
RO/DI water (control) 0.0 0.0 0.1 0.0 0.0 0.0
HsPO4 (1.0 M) 0.0 0.1 0.2 0.2 0.1 0.0
H3PO4 (0.1 M) 0.0 0.1 0.3 0.1 0.1 0.0
PyroP (0.1M) 0.2 0.0 0.2 00 | NNA | 0.0
Poly P (0.1 M) 0.0 0.0 0.2 00 | NJA | 0.0

Appendix G 2. Pregnant leaching solutions of graphite leaching done 100 oC analyzed by MP -

AES

Leaching temperature: 100 'C

Quantity of impurities in 12 mL of pregnant

solution (mg)

Sample
Si Al Ca Fe Na K
RO/DI water (control) 0.0 0.0 0.1 0.0 0.1 0.0
H3PO4 (1.0 M) 1.6 2.6 0.3 2.9 0.1 0.1
H3PO4 (0.1 M) 0.4 0.4 0.3 0.2 0.1 0.0
Pyrophosphate (0.1 M) 0.4 0.1 0.2 0.0 N/A | 0.0
Polyphosphate (0.1 M) 0.0 0.1 0.2 0.1 | NJA | 00
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Appendix H:  Raw Data for Section 3.7
Appendix H 1. Extracted impurity (wt%) from 20 "C leaching

Extracted impurity (wt%)
Sample

Si | Al Ca Fe Na K
RO/DI water (control) 0.0 | 0.0 33.6 0.00 64.3 0.2
H3PO4 (1.0 M) 03| 11| 1129 2.7 1443 | 0.5
H3PO4 (0.1 M) 01|06 | 1289 1.1 81.6 0.9
pyrophosphate (0.1 M) 15| 0.1 82.8 0.1 N/A 2.1
polyphosphate (0.1 M NaPOz) | 0.0 | 0.2 934 0.3 N/A 1.5

Appendix H 2. Extracted impurity (wt%) from 100 ‘C leaching

Extracted impurity (wt%)
Sample :

Si Al Ca Fe Na K
RO/DI water (control) 0.0 0.0 37.0 0.0 117.3 | 0.3
H3PO;4 (1.0 M) 10.6 | 18.6 | 152.6 | 51.5 | 190.0 | 2.5
H3PO4 (0.1 M) 2.6 3.0 138.0 | 4.0 774 |11
pyrophosphate (0.1 M) 2.4 0.5 104.7 0.5 N/A | 2.2
polyphosphate (0.1 M NaPOQO3) 0.3 0.7 103.2 1.8 N/A | 1.9
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Appendix I:  Raw Data for Section 4.7.1.4

Appendix I 1. Summary of impurity concentrations with no digestion

polyp concentration Si (ppm) Ca(ppm) | Fe(ppm) Al (ppm) K (ppm)
(/L) 251.611 nm | 396.847 nm |385.991 nm| 396.152 nm | 769.897 nm
50 {unspiked) 5.5 29.5 5.5 9.5 3.9
100 {unspiked) 4.7 22.9 5.2 9.5 6.3
200 {unspiked) 3.3 21.6 5.9 11.9 14.2
250 {unspiked) 3 20.8 5.4 10.8 13.9
50 (20 ppm spiked) 23.9 44,3 21.6 26.5 17.5
100 {20 ppm spiked) 21.5 36.2 23.1 26.7 22.3
200 {20 ppm spiked) 14.8 34.2 24.8 29.1 33.4
250 {20 ppm spiked) 13.2 34.6 25.1 29.4 37

Appendix I 2. Spiking recovery rate of the impurity concentrations with no digestion

Si (ppm) Ca (ppm) Fe (ppm) Al (ppm) K (ppm)
251611 nm | 396.847 nm| 385.991 nm | 396.152 nm | 769.897 nm

92 74 80.5 85 68
84 66.5 89.5 86 80
57.5 63 94.5 86 96
31 69 98.5 93 115.5

Appendix I 3. Summary of impurity concentrations with digestion for an hour

polyp concentration Si (ppm) Ca (ppm) f Fe (ppm) | Al (ppm) f K (ppm)
396.847 | 385.991 | 396.152 | 769.897
(g/L) 251.611 nm
nm nm nm nm
50 (unspiked) 9.2 36 11.9 16.2 6.7
100 (unspiked) 8.4 30.5 9.3 13.4 9.6
200 (unspiked) 35 33 12.1 17.8 21.2
250 (unspiked) 2.7 22.8 11.1 15.9 21.5
50 (spiked 20 ppm) 28.3 49.1 28.1 30.6 21.4
100 (spiked 20 ppm) 24.6 43.6 27.1 31 25.9
200 (spiked 20 ppm) 14.3 41.8 31.1 35.6 41.4
250 (spiked 20 ppm) 11.4 34.8 30.4 34.7 45.4

Appendix I 4. Spiking recovery rate of the impurity concentrations with digestion for an hour

Si (ppm) |Ca (ppm)| Fe (ppm) | Al (ppm) | K (ppm)
231611 | 396.847 | 385.991 | 396.152 | 769.897
nm nm nm nm nm
95.5 03.5 81 72 733
a1 65.5 89 a8 81.5
54 44 95 89 101
435 60 96.5 a4 119.5
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Appendix J:

Raw Data for Section 4.7.1.4

Appendix J 1. A) Measured impurity concentrations in the PLS from leached graphite concentrate without digestion. The matrix of the
samples contains polyphosphate and 1 M phosphoric acid. B) Measured impurity concentrations in the PLS from leached graphite
concentrate after PLS digestion. The matrix of the samples contains polyphosphate and 1 M phosphoric acid. C) Measured impurity
concentrations in the PLS from leached graphite concentrate from Chapter 3 liquid to solid ratio 6:1 (v:w), room temperature, 180

minutes. No digestion was performed for this experiment. All samples were diluted with 2% v/v HNO3

polyp concentration Si (ppm) Si(ppm) | Si(ppm) Ca (ppm) Ca ppm) Ca(ppm) | Fe(ppm) | Fe(ppm) | Fe(ppm) | Al{ppm) | Al{ppm) | Al(ppm) K (ppm) K{ppm)
(g/U) 250.650 nm | 251.611 nm |288.158 nm| 393.366 nm | 396.847 nm | 422.673 nm |371.993 nm | 373.486 nm | 385.591 nm | 309.271 nm | 334.401 nm | 396.152 nm | 766.491 nm | 769.857 am
50 (unspiked) 4.6 5.5 5.6 Uncal 9.5 Uncal 5.9 5.2 5.5 9.1 9.4 9.5 Uncal 39
100 (unspiked) 3.7 4.7 45 Uncal 229 Uncal 5.3 45 5.2 8.6 9.5 9.5 Uncal 6.3
200 (unspiked) 1.8 3.3 29 Uncal .6 Uncal 5.1 49 59 9.7 1.8 11.9 Uncal 14.2
250 (unspiked) 1.5 3 2.5 uUncal 0.8 Uncal 48 46 5.4 8.8 10.6 10.8 uncal 13.9
50 (20 ppm spiked) 3.5 239 239 Uncal 4.3 Uncal 22 214 216 26.6 5.7 26,5 Uncal 17.5
100 (20 ppm spiked) 20.7 215 1 Uneal 36,2 Uneal 239 28 231 5.7 26.1 6.7 Uneal 2.3
200 (20 ppm spiked) 13.6 14.8 14.3 Uncal 34.2 Uncal 2.2 3 24.3 6.8 85 29.1 Uncal 334
250 (20 ppm spiked) 116 13.2 12.6 Uncal 4.6 Uncal 21.7 236 2.1 1.5 239 294 Uncal 37
polyp concentration | Sifppm) | Silppm) | Si(ppm) | Calppm) | Cafppm) | Cafppm) | Fe(ppm) | Felppm) | Felppm) | Allppm) | Alfppm) | Al{ppm) | K(ppm) | K(ppm)
(&/1) 250.690 nm| 251,611 nm| 288,158 nm | 393,366 nm| 396.847 nm | 422.673 nm| 371.993 nm| 373.486 nm| 385,991 nm|309.271 nm| 394.401 nm| 396.152 nm | 766.491 nm | 769.897 nm
50 (unspiked) 81 92 9 Uncal 36 Uncal 12.4 116 119 15.4 16 16.2 Uncal 6.7
100 {unspiked) 73 8.4 8 Uncal 30.5 Uncal 94 89 93 12 134 134 Uncal 9.6
200 (unspiked) 1.7 35 32 Uncal 33 Uncal 94 10.8 121 148 17.2 178 Uncal 21.2
250 (unspiked) 09 2.7 2.2 Uncal 228 Uncal 83 98 11.1 133 159 159 Uncal 215
50 (spiked 20 ppm) 217 283 28.2 Uncal 49.1 Uncal 286 28.2 28.1 30.2 30.3 306 Uncal 214
100 (spiked 20 ppm) 238 246 242 Uncal 43.6 Uncal 271.7 273 27.1 208 303 3 Uncal 259
200 (spiked 20 ppm) 125 143 13.6 Uncal 41.8 Uncal 259 29.3 311 32.5 355 356 Uncal 414
250 (spiked 20 ppm) 9 114 10.5 Uncal 34.8 Uncal 24.2 28.7 304 315 348 34.7 Uncal 454
. Solution Label Si{ppm) | Si{ppm) | Si(ppm) | Ca(ppm) | Ca(ppm) | Ca(ppm) | Fe(ppm) | Fe(ppm) | Fe(ppm] | Al{ppm) | Al{ppm] | Al{ppm) | K(ppm) | K{ppm)
250.690 nm | 251.611 nm| 288,158 nm | 393,366 nm | 396.847 nm| 422.673 nm |371.993 nm| 373.486 nm| 385.991 nm| 309.271 nm| 394.401 nm| 396.152 nm| 766.491 nm| 769.897 nm
Polyp L M) + A0 weter 175 164 155 309 21 316 17 11 15 17 23 uncal 43 41
[repeat wl)
polyp (0.1M) + RO water 17.8 167 158 30.8 204 304 2.2 16 18 16 22 uncal a7 35
[repeat #2)
H3PO4(1M) 223 218 209 19 299 29.4 15.2 151 145 128 13.8 uncal 1.9 1.9
[repeat #1)
H3PO4(1M) 26 2 211 5.6 229 23 14.3 13.8 13.2 126 13.2 Uneal 15 14
(repeat #2)
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Appendix K:

Raw Data Points of Section 6.4.2.

Appendix K 3. Measured concentrations of extracted impurities after two-step leaching. First step

(_1)andsecondstep( 2)

Solution Si (ppm) Fe (ppm) Al (ppm)
Label 251.611 nm 371.993 nm 396.152 nm
Al Si 1 0.56 3.29 5.32
Al_Si 1 0.42 2.54 4.10
Al_Si 1 0.42 2.65 4.29
Si_Al_1 1.55 1.75 1.56
Si_Al1l 1.10 1.92 1.71
Si_AlLl 1.10 1.87 1.60
Al_Si 2 0.54 0.01 0.22
Al_Si 2 0.48 0.01 0.18
Al_Si 2 0.44 0.01 0.22
Si_Al_2 0.41 0.40 2.24
Si_Al_2 0.39 0.36 2.33
Si_Al_2 0.40 0.36 2.29

Appendix K 4. Average impurity extraction percentages of the two different prioritization cases

Extracted amount On average:

Solution Lael | o () P e
Al Si 1 0.47 2.83 4.57
Si_Al1 1.25 1.85 1.62
Al_Si 2 0.49 0.01 0.20
Si_Al 2 0.40 0.37 2.29

Appendix K 5. Relative standard deviation calculated for the

percentages.

average impurity extraction

Extracted amount relative std-dev:

i Si (ppm) Fe (ppm) Al (ppm)
Solution Label 251.611 nm 371.993 nm 396.152 nm
Al Si 1 14.14 11.66 11.76
Si_Al 1 16.92 3.82 3.87
Al_Si 2 8.35 17.68 9.75
Si_Al 2 1.43 4.92 1.63

*The relative standard deviation was calculated by multiplying the standard deviation by 100 then

dividing the product by the average
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