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Abstract

The aim of the present work is to studgw sustainablesolvometallurgical routes fathe
selective Cdeaching from WGECo-based'HardMetals" (HM) recoverypowders with the
view to turn these hazardous-psoducts of the HM manufacturing process in valued secondary

materials to be directly remployed for industrial purposes.

An overview on HM, their peculiar properties as well as the criticalities related to their main
constituents, W and Co, is provided in Chapter 1, besidegdlem chemistrpased approach
this thesis would like to follow for pursuing the scope of a snabde and profitable circular
economy model in HM manufacturing, through the identificatiorsudtainable leaching

system¢PART I) and thalesign of sustainable processes for industrial applicafitAaRT II).

Bio-derived organic acids for hydrometallurgse described in Chapt2r They are classified

on the bases of the oxidizing specie involved in leaching procéss (B) and tested on Go

metal powder as well as on the HM test specimens. Several of them demonstrated high leaching
efficiency and seldwity in Co-dissolution from WG@Co powders, preserving WC for
following application. A selection of acids working in naater solvents like alcohols were
studied in Chapter 3, maleic acid ethanolic solutions showing to be the most interesting for
solvomeallurgy. Chapter 4 investigatesft andhard-donor ligandbased solvometallurgy in

the presence of iodine as external, recyclable and safe oxidizing ageomoiSorganic
ligand/k systems demonstrated to be the most powerful witle@ching times significantly
shorter than those found in acigiolvometallurgy. Very promising was lactategi/stem that
coupled high effectiveness and sustainability being based on the use of aodtw c
biodegradable and bigderived ligand.

On the bases of the obtained results of PART |, PARTChapter 5 reports thecaleup of

lactic, succinic and maleic aelthsed leaching processes as well as the preliminary results on
materials recovery for pplicative HM production. Besides the confirmation of leaching
efficiency and selectivity towards Co, the chapter points out the high quality of the recovered
materials, prone to be used for industrial purposes. Supported by the successful
experimentationattempts of designing sustainable and profitable circular economy models in
HM manufacturing, based on the usalairy waste as source of lactic acid both for hydral
solvo-metallurgical treatmentsye proposed and discussedChapter 6n the lightof the idea

that the greater the sustainability the greater the profitability of the mobet overall

conclusions of the thesis are finally discussed in Chapter 7.
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Chapter 1

Hardmetals: features, criticality and circular economy

10



1.1 What are hardmetals?

Cementedcarbides(CC), also referred to as hardmetals (HM), are liguidisesintered
composite materials consisting of at least one hard andregiatant phase (WC in the majority

of cases) embedded in a soft and ductile metallic one, based on one or more elements from the
iron group, i.e. Co, Ni, and Fe, with Co and its alltys most widely used, acting as a matrix
binder[1][2][3] Thanks to their compositeature, HM exhibit excellent combination of wear
resistance and toughness, making them the natural choice for metal forming, cutting tools and
wear parts since decades &4[1][3] On the other hand, HM are mostly known as refractory
composites with excelie performancgin various wear conditions, especially under severe
contact conditions. Moreover, HM are a very flexible group of matebglsimple chaning

in the chemical composition or particle size, the values of different properties can be altered
multiple times angdalso, as strikingly as brass and hgpeed stedb] HM were first produced

i n Germany during t he frontllasmomdnt oh, the WEaHMt cen't
performance enhancement was continuous and sdntiee field of itsapplication rapidly
expandedl] Theworld HM production in 1993 was around 20,000 tons and increased from
30,000 tonsn 2000 to almost 60,000 tons in 2008th an estimated turnoverorthto bemore

than 10 billion euros, particularly due to the entry of China on to the m&ikee2000 to date

the cemented carbide production in China raised from 7000nt@091 to 20,000 tons 2011,

up t028,000 in 20175][4]

1.2 Historical HM evolution and production: from the beginning to date

The history of cemented carbides dates back to the en@ aBth century and has beesll
described in review papers bl Kolaskaand H.Moissan Ortneret al[1b][2] Thefirst W.C

was produced in 1896 using an electric furnace bybissan, who was followed by his
colleague P. Williams two yealater, by synthesizing W{5][7] However, the material was
considered too brittle, so no practical applicatreere developed8] Gradually, the material

was improved by introducing a hot pressing for compaction of the carbides. The first sintered
tungsten carlie was produced in 191dege Fig 1.1 for use in drawing dies and rock dril[S]

But, it was not until 1922 that the findtM were invented by a group of researchers from Osram
Company, F. Skaupy, H. Baumhauer &dschroter, by infiltrating the carbidevith metals

like Fe, Ni, and C¢9][3]

In 1923 Schroéter successfully sintered for the first tiid based on the WIGCo system
[10][1] which resulted ira famous paterjii8b] Three years later, Krupp acquired the patent

11



and brought sintered carbides onto the markdtemr t he name of AWl DI Ao
Awi e Diamant o, whi ch me g6])sThus,liniakherttime aftenaandp n d 0
cemented carbides startedreplace higkspeed steels in cutting tools due to their superior hot
hardness and improved wear resistgdb¢el] The most outstanding advances of tHisl

industry are reflected imable 1.1according tal. M. Tarago. [11]

1890 —
W
1900 — WC
1910
| Cast WC-WaC
1920 _|
WC-Co
1930 WC-Mo,C-TiC-Co/Ni
] WC-TaC-Co, WC-TIiCCo
— WC-TiC-TaC-Co
1{.}4{] = WC-C r'-{:':-cl.'l
| Development of
05 standard grades
1950 — WC-Ni/Cr
1960 B WC-TiC<Ta,Nb)}_-Cr:C:-Co
60— WC-TiC(TaC)-HIC-Co
B Micrograins Coatings
i ] E E
1970 WC-Fel(Co,Ni) TiC
— Cast (W, T1)C TiN
1980 | Ti(C. M)
(W .Mo)C-Co Al
— WC-Fe/CofNi HF(C. M)
1990 _

Figure 1.1 Historical development of the cemented carbifie cutting tools from 1890 to
1990 according to QM. FernandesndA. M. R. Senoq6]

NowadaysHM consist of hard refractory carbides, nitrides or carbonitrides of the transition
metals (groups 4, 5 and 6 of the transition metathenperiodic table) embedded in a ductile

metal binder matrixThe main phases present in cemented carbides are the heXx&@gbphase

(t he sephcasslel)ed tthe mi xed cubi c c aiplmsedrdfdcc ar bor
phase) and the Glmase m d e r  p-phass)ewhi¢hftan also be-biased or a combination

of FeCo-Ni metals. The carbide phases have exceptional hardness, high melting point, metallic

luster, characteristic colors and simple crystal struc{éies
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Table 1.1:Principal developments in the cemented carbide industry from the invention of the
first WCi Co tool.

19231925 The invention of the first WCo tool
19291931 Development otVCi TiCi Co and WCTaC (VC,NbC)i Co grades
1938 WCi CrsC21Co
19481970 Manufacturing of submicron WIo HM
19651975 Hot Isostatic Pressing (HIP)
19651978 | Application of CVD coatings on hard metals tools like TiC, TiN, angDAl
19691971 Thermochemical surface hardening
19701990 Powders recycled by the zinc process
19741977 Polycrystalline diamond on Wi®asedHM
1981 Many thin coatings with AION layers
19812015 Functionally graded cemented carbides
19831992 HIP sintering
1985 ACALPHADO for phase diagr @
19902010 Fine-grained cemented carbides
19921995 Plasma CVD diamond coating
19931995 Coatings with complex carbonitride
1994 Nanocrystalline cemented carbides
2012 Cemented carbides by additimeanufacturing

High purity powders in the summicron and micron range size are needsther for WC
powders, metallic binder and additive carbides (TiC, TaC, NbC, Zr@.CWC). All
manufacturing processes are linked, meaning that any change in arfpchaimyg step in the
production chain will influence the subsequent process and the quality of the final product.
Consequently, in the design of cemented carbide microstructures, all production steps must be
takeninto consideratiof6]

In the composition o¥WC-Co grades (thesoal | ed HM fAibase systemo),
vary between 0 and 30 wt. % contetfie higherthe metallic binder content, the higher the
toughness value. The other relevant variable in grade designing is the WC grain size, both the
original powder grain size and that obtained in the microstructure after sintering. At a certain

metal binde(MB) content, tle lowest the WC grain size, the highest the hardness. These two

13



parameters allow producirtgM with a wide range of mechanical properties, mainly in terms

of hardness and toughness.

The manufacturingof cemented carbidéools is a complex powder metalluggl process
involving many steps, such as raw powder production, mixing and milling of powders, spray
drying to produce granulated ready to press powders, pressing, extruding or molding to final
shape, dewaxing and psatering, liquid phassintering (ie. vacuum sintering, sintétlP,
gradient sintering), postintering treatment (i.e. grinding) and finishimgperations (i.e.
blasting)

The HM manufacturing process sshematied inFig 1.2 The production process is divided

into three main phasescording td12][13]

- 15'step production of tungsten carbide d@adtungsterand cobalpowders;
- 2" step powders mixing, drying, pressimmdpre-sintering shapingof the presintered
HM, and finally, sinteringof the shaped toals

- 3step finishing of thesintered products, sharpening and maintenance of cutting tools.

The powder mixing is performed in a liquid mean, usually acetone or alcohol, but more recently
even water can be used. During mixiag organic binder, usually a wax, is add@dplaying

the role of a pressing facilitator. Breaxing and presintering of pressed parts are usually
performed between 500°C and 800°C. -Birdered parts can undergo ther shaping by
machining. During tts phase often large amourtbwaste powders are generatétie shaped
products are sintered at high temperature (from 1350°C to 1550Uey vacuum or under an
inert gas (Ar) (sinteHIPing). The last process allows temove all tk voids and porosities.

The sintering mechanism is describedrig 1.3 The final product can probably be coated with
other materials such as titanium carbide (TiC) and/or titanium carbonitride (TiCN), alumina
(Al203) and/or aluminides (e.gTiAIN), using usually Chemical Vapor Deposition (CVD)
technobgy.[12]
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[ Mineral processing ] 4 Raw Materials [(W, Ti, Ta) C, Co, Ni]

v

[ Adjusting composition H Grinding/Blending and Granulation }<—[ Adjusting composition ]

A 4

WC-Co based [ Pressing J
Internal recovered
iernal recovered WC-Co based
v —_— e
Pawders (1P . Regenerated Powders
Dewaxing (RP)
[ Pre-sintering (500-800°C) }
!
[ Eorig ] i [ Regeneration process ]
‘ Sintering (1350-1500°C)

HM soft scraps ] —
(sludges) [ Surface finishing

{

v

<Finished Hard Metal tool end using> """"""""""

Figurel.2 Flow sheefor HM productionprocessand internal powders recovery (green line),

external waste regeneration (blue line) and recovery (orange line

initial state
mixed powders

solid state

Figure 1.3 Solid state HM sintering process.
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1.3 Structure of HM

Tungsten carbideobalt (i.e. WCCo) is by far the most commadiM system.WCi Co is
considered as a pseulimary section in a threeomponent system W,,@nd CoNevertheless

if during the manufacturing process the carbon balance is not properly controlled, additional
and undesirable phases appear in the struftdig!l] When being at low carbon contents, a
subst oi chi ometri c lasedMsCheM:B)lcan soen[6icTanhl elphae cath

be found also in sintered materials obtained by-@fCpowders where oxidative phenomena
occurred on the material surface (consequently bearing high @€ mixture). Indeed, the
co-presence of C and O into Wiéased powders obtain gaseous@®mation during sintering
processes, leaving the sintered material poor ih& phase tends to decrease the toughness
of cemented carbides, especially if it ppetEtes as large dendriteé®n the contrary, high C
contents result in the presence of graphite, as it can be seen in the secticaiof the W Ci

Co phase diagram calculated for a WO wt.%)Co cemented carbid€Fig
1.4).[11][4][15][16][9] Having graphite negligible mechanical properties, graphite formations

can be considered porosities that lower the mechanical properties of the material

Ee ] 14500 W lig. B | "ZC | We +Lig. p
; +M.C \ + graphite
1400 & | Lig.p '

WC+p
+MC

wcC

+ WC+p
1150 { B + graphite
1001 WC+p

st +M,,C \ ‘

50 51 52 53 54 55 56 57 58 59 6.0

n-phase %C Graphite

100 jum

Figure 1.4 Phase diagram of the WW-Co system Is o wi +pluase dleft), graphite (right)
formation and possible phases (in the center) on a(Y0&) Co cemented carbide

The interplay between the binder and the carbide phases deteth@rfenal microstructure.
Many authors report on several different quantities related to cemented carbide microstructures,

e.g., WC grain size, carbide contiguitiye volume fraction of binder and binder mean free
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path However, these variables are mtelated and most often it is sufficient to give only two

of them, e.g., WC grain size and Co content, for a full description of the microstructure.

In the WGCo based cemented carbides, the WC phase can be recognized as prismatic grains
in the microstruture. The excellent wetting of Co on WC, which affects the sinterability of the
final product, is the most important factor for the properties of theGGysten(Fig. 1.9.

Figure 1.5 WC-Co microstructures for different WC grain sizes. Classificattmoaling toJ.

Garcia et a[6]

R
L‘. "

submicron i medium/coarse

1.3.1Carbide phase

Typically, the tungstencarbide phase represents between 65 and 97% in volume of the
composite materialfungsten carbide powders are obtaibgdeacting tungstew) powders

with carbon blackC) in a hydrogen atmosphere at temperatures -1800°C.[17] Before
carbuization, the mixing of the tungsten and carbon powders is done to attain homogeneous
distribution[3] The 6 i ‘@&bon is usually obtained from high purity pressed carbon
lampblack, with low ash and $ul contents.

Thebelow equatiorf{l.1) expresses the carburization process

D, H,
Eq.1.1 W+C > WC

The carbon amount added to tungsgecalculated taking into account a 1:1 atomic ratio and it

will respect the following C% composition (Eq. 1.2):

7100

Eq. 1.2 —
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wheretheW atomic weight is 184 amu and the C isah2u To obtain a complete carburization
an extra amount of carbonatsoadded, that accounts for process losses as methane formation.

1.3.2 Binder phase

Even though it is possible to ubk and for low performance applications, Bs a binder in
cemented carbides, Co is thest usecelement despite its relatiig high price There are
several reasons behind this preferential chokiestly, the especially favorable chemical
bonding between the WCo couple that leads to a very low interfacial energy, nearly perfect
wetting and a very good adhesidi8] That results in products with an outstanding compromise
between hardness@toughnesgl9][15] Secondly, cobalt forms a eutectic with WC at 1275
1350 °C (comparetb a melting point of 1493 °CAt this temperature it can dissolve around
the 22% of WC. During cooling, the tungsten carbide will precipitate according to a Ostwald
ripening mechanism: to avoid ferystallization phenomena, that can reduce mechanical
properties, inhibitors elements are usually added, as Cr g80]\On the other hand, the
binding agent must be able to be ground very finely to mix the carbide padilesbalt does

as itcan be ground to sub micrometricnénsions.Thirdly, the ferromagnetiproperties of
cobalt allow nordestructive quality control through the assessment of their magnetic
properties, i.e. coercitivity and magnetic saturafiij However,Co becomes liquid during

the sintering and large amounts of W, C and other elements used in the production are easily

dissolved
1.4. Mechanical properties of sinterechardmetals

Each step duringpowder metallurgy of cemented carbides has a significant effect on the
mechanical properties of the final product. Thus, mechanical properties measurassassed
by metallurgicalquality control (MQC) procedures, are crucidbr the cemented carbide

manufacturing proces¥hose procedures usually inclutie assessment:of

- Transverse rupture strength (TRS) combination of shear strength, compressive strength

and tensile strength, is usash general measure of tegengthof WC-cemented carbidd22]

- Vickers and Rockwell hardnessresistance to plastic deformatiomlexes, are related tbe
nature of the comgsition and microstructure of the We&&mented carbide since it varies with

theamount and distribution of the binder, WC grain size and degree of pdRj§2$]

- Density- determined bAr c hi medes 6 principl e
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- Magnetic properties: Coercivity (Hc) and magnetic saturation (Mspeasurements ahe
bi nder phaseds ferromagnetic properties

sintering process and some informatito@t the microstructuri]

Conventional protocolsand operative conditions for HM materials are definedrefs.
[15][24][25] according to the specific ISO regulations, and detaesppendix Al.

1.5 Metals for HM manufacturing

Cobalt and tungsterwhich are the main components l8M manufacturinghave strategic

importance for their producers.
1.5.1 Tungsten

Tungsten is a refractory transition metal (melting point: 3423 %€ With atomic number

74.[26][27] It is found in numerous minerals, including wolframite, scheelite, ferberite and

huebneritef26] Ammonium paratungstate (APT, 5(MEO.12WQ.5H.0) is a typical
intermediate product of tungsten metal extraction processis.raw form, tungsten is a hard
steelgrey metal that is often brittle and hard to work vatriesists attack by oxygen, acids, and

alkalis[28] The most common formal oxidation state of tungsten is +6, but it exhibits all

oxi dati on st aTuagstenftypicaly cambines with exggen to form the lightly

yellow tungstic oxide, W& which dissolves in aqueous alkaline solutions to form tungstate
ions,WO4? " WOs can be reduced under hydrogen to obtain W metal as shown in Equation 1.

Eq.1.3 WOs+ 3H° W + 3H0

BesidesWC represents one of the two tungsten carbides, the second one hE€ifukgsten
semicarbide). It is resistant to acidgcept for heated HANOs mixtures[29] Finely powdered

WC, oxidizes readily in hydrgen peroxide agueous solutig86]

About the 80% of the mine production of tungsten is made in China, the country that nowadays

have a strong control of tungsten market around the winkelglobal flow of tungsterin 2016

is given bythelTIA (International Tungsten Industry Associatian)Fig. 1.6[31]
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Figure 1.6: Global flow of tungsten in 2016 according to ITIA (international Tungbtdastry
Association)31]

Fig 1.7reportsthe primaryusesof W. As showntheusefor HM represergthe greatesiemand
by application(>60%) of W, reachin@0,500 tonsn 2016. In the same yeahe total input of
tungsten in the industry manufacturing (first use) was 108,500 tons, 71,0@9 vamsh from
raw materials (primaryr concentrated) and 37,500 tdinem secondary materials¢rafs)
deriving from enebf-life (29,000 tonsand productiorf8,500 tons) scraps (s&ég. 1.6).[31]

Tungsten carbide
products
65%

Figure 1.7: Tungsten demand by application2016
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15.2 Cobalt

The cobalt element belong® the groupd of the periodic table, period 4 and block d with
atomic number 27 and atomic mass about 58983 Ar]3d’4s’ electron configuratiorCobalt

is mostly mined as a byproduct of either copper or nickeis dso the major metallic
componenof sulphides, arsenides, oxides and hydroxidegerask. It exists in two allotropic
forms, the hcp form which igable at temperatures below 408and the fcc form which is
steble up to a temperature of 14@5 melting point of pure cobaltnitially, cobalt was
produced through the reduction of cobalt oxidelerhydrogen at 60000°C, as shown in
Equationl.4.

Eq.14 Cox0s4+ 4H,0 3Co + 4HO

The main cobalt mines are located in areas with severe geopolitical risks (Democratic Republic
of the Congoholds over the 60% of the global Co supply) which can result in significant
material disruption to cobalt outpf#2] It should be not# however,that other than HM
production, cobalt is also used in numeramportant applicativeields such asatalysis
[33][34] andbatteried35][36][37][38] These different applications make it a critical mefal
strategic importanci89] For example, the worldwide demand in cobalt in 2016 was 93.950,
but it is estimated that in 2020 it will exceed 120,08@st as can be seenhkig 1.8 (Darton
Commodities, 201G6%0]

20% 51% 62%
LITHIUM-ION LITHIUM-ION LITHIUM-ION
BATTERIES BATTERIES BATTERIES

10%
OTHER

16%
SUPER ALLOY

%
HARD MATERIALS

2006 2016 2020f

Figure 1.8 Cobalt demand evolution in 2016 according to Da@@mmodities, 2016vith
2020f = forecasj40]
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1.5.3 Criticality of HM and circular economy

Current developments in the field M are mainly related to the high and volatile prioés

W and Codueto the difficult access to raw materialBue to theirhigh economic relevance
combined with the high risks related to the supply chain, in 2010 Co and W were included in
the list of the 14 elements firstly identified as critical raw materials by European @atym
[41][42][43]
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Figure 1.9: Selection of 14 EU criticalaw materials as reported in refs [40][41][42].

The demand for Co and W in tpeoduction of HM and in the other important industrial fields

are increasingly affecting their global criticality and their pf#®8[45] Besides thatsince

2011, he European program for Registration, Evaluation, Authorizaiod Restriction of
Chemical substances (REA(H®B] and the U.S. National Toxicology Program (N[B]
classified cobalt powder with particle size <4 pmas a inhalable,toxic and carcinogenic
material Forall these reasons, the use of secondary sources seems to be a more sustainable and
forward-looking approach, both iterms of financial and environmental costs, in line with a
circular economy model strongly encouraged by the European Directives on waste management
and safeguarding of natural resources (implemented by the Waste Framework Diféc}ive),
where wasteareconsideredhe new pool of secondarywanaterials for productio.herefore,
significant efforts are devoted to minzmgthe use and/or replexg raw materials, imprang

the performance and enhamg the lifetime of cemented carbide tools and components

increasng the efficiency ottherecycling processebviously, in the case @ HM life cycle,
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the circular economy concept can also be appirdrnal recoveredpowders(IP) from the
production process amdgenerated powdsi(RP) from hard and soficrafs represent thenain
secondry raw materials for theroduction process asig shown inFig 1.1Q By the way

recycling allowdurther saving®y reducing the costs associateith wastedisposal.

Supply of
raw
materials
Secondary
W, Co / sources
A 4
HM Recovery | Regeneration |
production powders 8 %
HM
[ Reuse Wory;,
v k’"g_ toofs |components
. s . .
Final HM craps .I De-manufacturing
product
A 4
Disposal

Figure 1.10: Flow sheet of circular economy applicable to HM

Although recyclingis partially applied by some oW producers and HMnanufacturerthe
most critical issue that limitshe expansion of this practide related to lie high costs
environmental impacand, in some cases, low versatility of the recovered matevialsh
characterizethe standard recovering process€ansequentlyHM industriesare seeking
actively for economically andnvironmentally sustainable recovery methods to increase the

percentage of waste sent for recycling.
1.6 Regycling methods ofHM

In the HM manufacturing, recycling of tungsten ikeay factor in the supply and demand of
tungsten raw materialsAccording to A. Shemiet al[48] secondarytungsten resources
contribute about 34% to tungstéemand;10%of which is from scrapgenerated as processing
wasteand about 24% from used worn-out tungsten carbide parts frandustry, This is in
agreement with surveys and forecasts, which show that ssevéip continue to be an
increasingly important source of raw material for the tungsten industry worldwide for the
foreseeable futur9][50] In addition to this, environmental controls ansiaercepreservation

policies have led to renewed interest in the development of recycling techafddigl which
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can be economically viable and sustaindlden the envionmental point of viewNowadays
pyrometallurgy and hydrometallurgy constitute thammaethods in extractivenetallurgyas
can be seen iRig 1.11[51][52]

Tungsten scrap

Hard scrap
cemented carbide,
heavy metal turnings

Hard and soft scrap
cemented carbide, heavy metals,
tungsten products, etc.

Melting metallurgy

Direct recycling Chemical recycling )

sorted
clean

impure Semi-direct = impure
= recycling
Zn-process acid leach
Oxidation/ e Alkaline Alloying and
digestion fusion | remelting
—e— —
APT APT

Virgin powders Virgin powders
WC, Co,Ti, Ta ... WC, Co, Ti, Ta ...
———

Hardfacing

Tungsten

Other processes steels, stellites,
oxidation/reduction W, WC, cubic carbides, superalioys
(W-NiCo, W-NiFe, W-NiCu), Co/Ni/Fe-compounds J
oxidation/reduction/carburisation

{WC-Co)

Figure 1.11: Recycling technologies for secondary tungsten accordifig202019[52]

Recycling is an important contribution to a sustainable economy. Tungsten recycling has a long
history, with the first indstrially used recovergchnoloy dating back to the 1940s. Since the
early days of tungstends industrial use, i
expensive commodity with great care, trying to use it efficiently and not to speiliataivhich

could be reprocessed. However, a variety of tungsten recycling technologies were developed in
the past, which today are globally used for industrial recychsgshown inFigure 1.11, they

can be divided into three main groups: direct reagglchemical recycling (also called indirect

recycling, including the variety of serdirect recycling) and melting metallurgy

Nowadays, the main HM recycler are the tungsten carbide powder prodeicergvolfram
BH, GTP and H.C. Starcland the HM prodcers(e.g. Kennametal and Ceratizifihe former
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typically use chemical recycling, ti&tter mainly the direct recycling approadghrimarily the
Zn-process)as describetelow.

1.6.1 Pyrometallurgy or direct recycling

Direct recycling camedefined as @rocess that turnssappliedwastematerial toapowder of
the same composition by either chemical or physical treatment, or a combination @rboth.
the other hand, pyrometallurgy can be defined as a metallurgical prithadss based onhie
use of heat for the treatment, indlugl smelting and roasting?2] It usuallyinvolves heating

in a blas furnace at temperatures above 1500°C to convert viatstea form that can be
refined[53] By the way, aconsiderable amount of works reportedusing different
pyrometallurgical techniques for the directsewfcemented carbidesuch as the ziamelt
technique, the cold stream methfid reclamation of scragp the oxidation and reduction

process and th@enstruum procegd43][51][54]
Y The zinc-melt process

The zinc recycling process has experienced renewed interest since 2005 when tungsten prices
underwent a suddencreaseThe first patent otthe zinc-melt process waawardedn 1946to
Trent[52b] Later, in 1971, it was modified by Bernagtlal[54] The zinc process is the most
widely used direct recycling process in the cemented carbide manufacturing industry. In this
process, thédM scrap is fist cleaned and sorted, then contacted with molten zinc &t 900
1050°C inaninert atmosphere of helium/nitrogen/argon, ensuring that all pieces are completely
penetrated. In the second staevacuum distillation of Zn is conducted at 100050°C and

a pressure range ofi @3 Pa, leaving behinafriable material that can be readily disintegrated.
Grinding of the cooled down material produces powder, which after stoichiometric carbon
adjustments, is used as virgin mateftdl] The process is dominated by the recovery of
tungsten carbide WC, whereas other elements such as Co, Ta, Ti, Mo, and Cr, remain in the
recovered powdeCurrently, in the direct recycling, the use of#claim for recycling oHM

presents several critical aspects, as the quality of the scrap, because insufficient sorting will
directly affect the quality of the RTP powder and the subsequently sihibtquhrt. Zrreclaim

is also limited by the size of the parts, although unreacted parts can be recycled to a new charge.
Therefore, large parts have to be disintegrated into smaller parts, before processing (if at all
possible). Further, highinder grades futo 30% binder) are not optimal candidates for this

kind of processing, as significant sintering of the binder can occur during ttreafment.

Last, but not least, repeated recycling througtp#tessing will enrich impurities, such as iron
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(picked upduring ball milling) or other elements which are introduced by inaccurate sorting or
insufficient separations of coatings. Thus, only a certain percentage of cemented carbide
recycling will be possible by the Zprocess, and the contribution of chemicatigycled scrap

or the use of primary raw materials are necessary to keep trace elements below the required

threshold limit for production of high quality cemented carh[8@356]
U The cold stream process

The cold stream process is a technitipaginvolves a mechanical comminution methadhere
theWC-scraps are heated around 6D00°C and hit by a stream of cold air with a high velocity

of 1000km/h[51] The mains advantages of this process residis imgh purity retentionits

easily controllable particle 8z as well athelow temperatureange thatan prevenbxidation

of the tungsten carbide materials andkes the metal brittle for easier size reduct®]j It is
important to note that, in the manufacturingki¥l materials, slight oxidation of tungsten
carbide may cause porosity in the final product due to reduced sintering surface tension and the
consequent degradation of the mechanical properties. As well as for the Zinc peocess,
drawback of the cold streapmocess ishe incomplete separation thfe tungstercarbide from

themetallicbinder.The complete extraction requires a specialized expensive equipment.
U The menstruum process

The menstum process is one of the most important pyrometallurgy msttoodhe direct
recycing of metallic tungstenscraps.In this processyery high temperatures, in tl&50to
166C°C range, are reached in an induction furnabere theHM scraps are being dissolved in
Fe-C or CoC melts[51] For this,HM reacts with the carbon of the melt to form WC, which
settles at the bottom of the medidause of its higher density. Once the excess liquid is collected,

the material floating above WC is removed.
U The oxidation-reduction process

This process requires oxidation greatment around 800°C to transform tH#¥ scrap to

oxidic materials which cagasily undergo a gasolid reactior{48][52] The oxidized product

is subsequently milled, screened and finally reduced to tungsten powder in a hydrogen
atmosphere at 90Q000°C in a pustype furnacd51][52]

As was described previously, the pyrometallurgical processes, despite being well established,
require a high amount afnergy necessary to reach the high temperatures. Therefore, as an

alternative method for recyclingdM, various hydrometallurgical processes have been
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developed which seem more selective, more predictable and easily conatthedghthey
can lead alsdo the use of dangerougagentsandthe production ofarge amount of acid

wastewater
1.6.2 Chemical recycling

Chemical recycling i mpl i es t hat the scrap
(ammonium paratungstate), the major hmhity intermedia@ for most tungsten products,
except melting metallurgy. It is done in a similar way to that used for the processing of tungsten
concentrates. However, tungsten as W metal or WC must be first oxidigeerimal treatment

in air, chemicals or electric ergy, in order to transform to the hexavalent staté®j\Wvhich

is then soluble in an alkaline leach proceSkemical modification is the more versatile
approach being applicable to all sort of-B&sed materials and achieving higlrity raw
materials whib can be applied in all the desired fields. On the other hand, they are an energy
and chemicakntensive class of treatments which require expensive equipment, complex plants
and skilled workers. It is typically applied for mineral processing and eggpeach of election

for impure or unsorted waste materials (e.g. sludgamnetimes only a part of the scrap is
converted chdmreat byr eéédgemi ng) |l eaving the

WC) intact in powder form for subsequemnuse.[52]
U Semi direct recycling

Hydrometallurgical processe&sn be also exploited for the treatmentbofary and ternary

phase tungsten materials, e.g. W#G-based powders (like IP and RP) and scraps by a more
selective acidic leaching able to dissolve us¢ phase, primarily the binder, leavingb&sed
phases unreacted@he process advantages over pyrometallurgical reclamation include low
energydemanding processes, the treatment of more impurities and the achieving of a wide
range of products with a vatjeof industrial applicationfs1] Hydrometallurgical processes

typically involve several phases, among them:

- mechanicalpretreatments which can concentrate and expose the elements of interest to
chemical treatment

- leachingof metal valus;

- separationof the metals transferred agueous solution through precipitation, licHimlid

extraction (solvent) and liguigolid extraction for solid materials, or
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- recoveryof the metal from the leaching solution through chemical or electrochemical

reduction.

Theleachingphase is the coraf the process whemne or more component$ the composite
materialare dissolvedy the action of a chemical agehrough metal complex formatipn
leaving the other phase(@®) the solid stateThe efficacy of the process is heavily affected by
the sability, selectivity and rapidity of metal complex formatidm.the case of HM materials,

a selectivdeaching would provide the binder metaldgysolution while leaving the WC phase
unaffected due toits (their) richer redox and coordination chemistijhe use of strong
inorganic acids (phosphoric, sulfuric, nitric or hydrochloric acids), despite its effectiveness in
Co dissolution, can lead to W transformation to tungstic acid which is deposited in the pores of
the leached zones requiring further tneants for recycling and heavily threats the environment
and operators due to the harmfulness of reagents and gaseprslbgtg57][58][59][58]

Thus, a promising alternative is related to the use of safer and easily available organic acids
which can work as selective leaching agents for Co. Their employment seems attractive due to
their complexing/chelating propegwhich can favor metal oxidation

Edtmaieret al describe a method in which they used 3.6 M acetic acid solution to solubilize
up to 85% of cobalt binder from hard metal scrap if reactedmatitemperature range ofi40

80°C, at an air pressure of AKPa and a time of 2i®.5 dayqd60] Under these conditions, W,

Cr, V and Fe were eextracted with cobalt but WC and other metibidesuch as NG, TaC

and TC remained ureaded. The dissolved metal species, if required, may be recovered
through known chemical meaf&)] Besides, several interesting experimentstien use of
organic acids, such as acetic or formic acids, in the presenceOafad an oxidant, were
investigated with promising resul®l] Several examples for hydrometallurgy for Co recovery
from oxidized HM scraps were also proposed, as in the case of the use of malieGdidfH

Co leaching from CoW® [62] In some cases, leaching can be mediated by current. In a
combined hydrometallurgical/electrochemical method, the oxidation of the HM scrap is
performed at the anode under controlled conditions in order to dissolve cobaniacidic
solution, leaving a skeleton of WC partic[€8] Lin and ceresearchers investigated the anodic
current density for W&craps in different mineral acids at an active state of 20063)51]

They demonstrated that the selective dissolution of cobalt from theO@/€crap was efficient

when it was electrolyzed at 20800 mV in alM HCI solution containing 0.1 M citric acid.
Besides, Wongsiat al investigated an electrolysis process combined with the hydrothermal

preleaching of cemented WCo scraps, showing that around 60% of binder mets w
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dissolved after 24[b1][64] It is also highlighted that in the electrolytic leaching the
temperature has a remarkable effect on cobalt dissolution. However, this process requires

additional complexing agents and cell deqfgt]
1.6.3 Melting Metallurgy

Melting Metallurgy is the process route for tungsten steels and super alloys. Ttinegtem
scrap can substitute ferrotungsten in steels and high purity tungsten metal scrap can be directly

used for addition to super allays
1.7 Green Chemistry & Engineering

Currently approach adopted by the scientific community is to design and develop chemical
products and processes, whicdinreduce or eliminate the use of harmful substanceéleo
environment and human healfiGreen chemistiyis a relatively new way of doing chemistry,
pursuingsustainability at thenolecular levelby all aspects of the press lifecycle (raw
materials selection, toxicity and production; toxicity of products angrbgucts; efficiency,
energy consumption, waste production and safety of the chemical pri&&ggg] The 12
Principles of Green Chemistry have been estaldistseeaguide to the general aims of green
chemistry and how they can be achiewasin Fig. 1.12.[66][67][68]

In the context of HM waste valorization, selective and effective leaching processes promise to
be more tunable, exact and predictable with respect to emgegsive thermal treatments
currentlyin use for metals recycling. For this reasatiyrther effort in finding better leaching
agens for Co from thesesecondary sources, capable to meet all the features required for
sustainabilityin agreement with the green chemistry principles, seems wtothe done to
overcome the environmental issues related to the use of the hazardous and/or ineffective
reagents currently in use by hydrometallurgy. The design of new chemical processes able to
meet these requirements should take into account the rgactithe elements contained in the
complex material, specifically Co (and other iron family metals) and W redox and coordination
chemistry, in order to play on the differences among them for pursuing selectivity, and on their
affinity towards complexinggents, for pursuing efficiency in mild conditions.

The selection of the best reagents in terms of green chemistry principle for doing this, would
reach the goal of a more sustainable process on a molecular level. Notefoonhgking the
circular economy modedrofitable andattractiveto industrial stakeholders, sustainability on
molecular level cannot disregardi@endesign of the whole process at industrial level, making

multidisciplinarity a key aspect of the research in this ogridge field.
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1.8 Aims and scope ofthe work

In the described conteandwith the aim of implementing a circular economy model in HM
manufacturingbasedn the multidisciplinary expertise @reenleaching systems for critical
metals recovery from HTech wastes othe research group of theepartment of Civil
Engineering, Environmental and Architecture (DICAAR), University of Cagliari ("here
this PhD thesis workas beercarried out in collaboration witk.l.L.M.S. corp, an Italian
leadingcompanyin the powder metallurgyf tungsten antiM, andGreen Chemistry Centre

of Excellence, Department of Chemistry, University of York (UK)

the work presented here focuses on the design and application of new solvometalicay
methods for a sustainable, effective and selective metals recovery from the complex matrix

of HM recovery powders, hazardous wastes of HM manufacturing.

IP, as anticipat in 1.2 section and summarized in Fig. 1.2, are celwdt by-products
generated by the shaping phase of the HM production process, which are problematic as their
cobalt contenand the WCgrain size features are not tunable-comtent of these powdenmsay

also exceed both practical and legal thresholds (> 10 wi{6%d) For this reason their e
employment in HM manufacturing is still at low rate.

With the view toturnthis secondary material into a valuable and versatile resource of WC and
Co completly reusable in thenanufacturingprocess, new solvometallurgical routes for tuning

the content of and/or recovering cobalt and WC from powders, have been studied through a

twofold Coleaching approach based on the use of sustainable acid aratidoeacing
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agents, then implemented infall-cycle green and, potentially, wastewatémree circular
economy model

This approach is based on the different reactivity of the involved species. SpecificedigoxV

and coordination chemisterepoorer than tbseshown by Cowhere both +2 and +3 oxidation
numbers are easily achievable (E®*@08o0 =-0.277V; E° C8'/Co** = +1.82V) and common,
characterized by a variety of different coordination numbers and geometries depending on the
solvent and on the steric hindrance and strength of the ligagdsst, WC is a very poorly
reactive species in mild conditions. Playingtbeborderlinenature of Co (in terms of Hard

Soft acidbase theoryAppendix A2)[69] a variety of leaching systems have been selected
based orhard andsoftdonor ligands.

More specifically, thescope of this work lies in studying:

1) by acid leaching a series of weak organic acids which can be obtained from biomasses,
promising as selective leaching agents for cobalt in vesigforgreenorganic solventand

highly appealing for designing cheaposustainable processes

2) bynon-acid leaching non-toxic soft (thiourea, dithiooxamide, Rlithiomalonamide) and
hard- (urea,N , MNR&piperazine2,3-dione, malonamide ardctate ion) donocomplexng
ligands able to impel cobalt leaching in the presence of an oxidgrgenorganicsolvents,
with theaim of finding new leaching systems able to couple effectiveness and environmental

sustainability

3) cobaltcomplexes isolation by sohliiquid extractionwith Starbon® and precipitation form

the leachate,

4) cobalt metal recovery fronthe complex, forpursuingthe highest metals and reagents

recovery rates;

5) the design of fullcycle WC and Co recovery processes from wastéstnal recovered
powders(IP) based on the found most promising acid and-aad leaching systems and
addressed to the highest materiat®nomyrate, inorder toassess the whole technical
economieenvironmental sustainability of the proposed processes and to implement a

circular economy model really applicable to the industrial scale.

Fig. 1.13 outlines the approach and scopes of this thesis.
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Figure 1.13 Thesis outline

On these bases, following the present introductory chapteth#sswill be divided into two

parts

Part I: Sustainable leaching systems

Part II: Designing sustainable processes for industrial application
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Chapter 2

Bio-derived organic acidsleaching agents

for selective cobalt dissolution in water
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2.1 Introduction

WC-Co based waste materials are refractory composites containing Co metal and W, as detailed
in Chapter 1. Unlike cobalt, WC typically shows a negligible reactivity towards weak non
oxidizing acds. Moreover, W redox and coordination chemistry is poorer than that shown by
Co, where both +2 and +3 oxidation numbers are common, characterized by a variety of
different coordination numbers and geometries depending on the solvent and on the steric
hindrance and the strength of the liganttsthis context, a selective eaching seems to be
possible if appropriate complexing/oxidizing speciessateced. In the last decade, the use of
bio-derived organic acids as leaching agents is gaining increastagtion being safe,
renewable and, in some cases, cheap substafltasks to their capability to dissolvew
reduction potentiametals, some of thermave been recently proposed sastable leaching
agents fortransition and rare earttlelementsrecovery from several kind of waste. As an
example, citric acid demonstrated to be a powerful gresen agent for Cebased slags
enhancement, removing effectively and selectively Co, Ni and Fe metal impurities from the
composite materigll] Similarly, citric and acetic acids were satisfactorily emptbyaes
effective leaching agents for NbFeB magnetdere also Co, Ni and several other REE in low
amount are presenin mild conditions, achieving material dissolution in short t[2jdn these
processes the organic acid can work as complexing and/or oxidibpndd" i agenttowards
elemental state metalslore specifically, it will be able to couple complexing and oxidizing
actions when its pKa and/or thei¢of the ormed complex are very low. Differently, the role
played by the acid is mainly related to the complexing properties of its deprotonated (anionic)
form, thus an external oxidizing agent is necessary fantital(O)leaching as observed in the

case of thaise of acetic acid solutions (pKa = 4.7) towards-GtCwastes which requis€.
addition to the leachingystem for driving the Gdissolution reactiofi3] Other examples are
related to the use of organic acids for metalheagfrom oxidized materialRueto the amount

of waste we will have to face on soon, the case is attracting wider attention recently is the
application of organic acids likecetic, ascorbic, citric, lacticmaleic, malicandsuccinic in

the presence of 4, for lithium and cobalt remvery from spenLi-ion batteries (LIBs)4][5]
Besides, seeral examples for Co recovery from oxidized HM scrapse also proposed, as in

the case of the use of malic acig¥ for Co leaching from CoWgJ6] In these cases, the role

of the organiacid is mainly related to its coordinative behavior towards the metal ion and the

! Rare earth elements (REE), as defined by the International Union of Pure and Applied Chemistry, involve
lanthanoidesagether with scandium and yttrium. Despite their name, their abundance in Earth's crust is relatively
high.

40



formation of metal complexes soluble in the leaching solventsome cases, a lower
effectiveness in leaching reactioreried ouby weak organic acidgs.strong inorgarg acids,

is observed. Against, the use of weak coordinating acids increases selectivity, limits by
products formation and maksafer the process to operatargl environmentBesides, a good
exposure of metal values to the chemical etching results iniggwdvements in the leaching

rate.

On these bases, this Chapter will describe the fundamental study of the reactions between
several selected biderived organic acids (and amino acids) and cobalt metal in several
solvents (primarily water and alcoholg)yestigating the role of the acid in the reaction, the
most appropriate leaching conditions and solvent, and the obtained complexes, in order to
assess the suitability of the different acids for applicative purposes in HM waste enhancement.
Then, prelimnary experiments on real recovery powders are described in order to highlight
effectiveness and selectivity of the leaching. A selection of easily available, renewable, cheap
and safe organic acids (and amino acids) was made in particular taking intotalceowacidity

i in that sense they were selected havingipialues spanning in the 1481 range- and
solubility in water as well as the solubility gmeensolvents like ethandlFurthermore, all the
selected species are carboxylic acids which can behave as complexing/chelating agents when
in their deprotonated form, favoring metal oxidation and leaching.

Table 2.1 summarizes the selected acids for hydaod solvemetallurgy andtheir main

features.

Table 2.1.Selection of organic acids (and amino agidsed throughout this warkisted by
decreasing pk values MM = molar mass.

Name(acronym) Formula MM pKai | Solubility (g on | Refs
(g/mol) | (25°) | 100mL solvent)
Water | Alcohol
Succinic acid, 0 118.09| 4.1 | 6.8% | EtOH, | [7]
1,4 butanedioc acid HO\HA)LOH 12110° | 54
(H2Suc) © MeOH,
(C4H6O4) 15.8

2 In collaboration withGreen Chemistry Center of Excellence, Dept. of Chemistipiversity of York (UK).
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Lactic acid, " 90.10 | 3.9 100 | EtOH, | [8]
2-hydroxypropanoic O ot 192%
acid (CsHeO3)
(HLat)
ltaconic acid, Q 130.09| 3.8 | 8.3%%” | EtOH, | [9]
1-Propene2,3- HOJQH/OH 19. 7%
dicarboxylic acid °
(CsH604)
(H2lt)
Maltobionic acid, N 358.30| 3.8 20.7 - [10]
4-O-beta
galactopyranosyD-
gluconicacid
(HMB)
Lactobionic acid, 358.30| 3.6 10 - [11]
4-O-beta
galactopyranosyD-
gluconic acid
(HLB)
(C12H22012)
Citric acid, o, HQ ou | 21014 3.1 133 116°° | [12]
2 hydroxyi 1,2,3 m
propane oo
tricarboxylic acid (CeH07)
(HsCit)
L-arginine, J‘\H 0 174.20| 2.2 152 - [13]
2-Amino-5- HoN H/\/\HLOH
guanidinopentanoic e
acid (CeH1aN4Oy)
(HArg)
Maleic acid, HO A0 116.07 | 1.83 | 78.8> | 7C°% | [14]
cis-Butenedioic acid K/U\OH
(Hz2Mal) (C4H404)
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2.1.1Selected leaching agents for cobalt
- Succinic acid(H2Suc)

Succinic acid was purified for the first time from amber@sorgius Agricola in 154@22] It

is a dicarboxylic acid with four carbon atoms, jhayan important role as a precursor molecule
for the synthesis of biodegradable polyester resins, dyestuffs and pharmaceantasan
additive in food industry7] SongH. et al reported also, various microorganisms have been
used to produce succinic acid from different carbon sources nafmelgrobiospirillum
SucciniciproducerandActinobacillus Succinogengsowing ongalactosegalactosejlucose,
andgalactosdactmse[22][23] Nowadays, succinic acid is exclusively produced from crude oll
by catalytic hydrogenation of maleic anhydride to succinic anhydndesabsequent hydration

or by direct catalytic hydrogenation of maleic acid. The potential market for succinic acid itself
and its derivatives is estimated to be more than 270.000t/year, while the market price of
petrochemically prduced succinic acid isbaut 5.9/ 8.8 USD kg?! depending on its purity
whereas the raw material cqdtased on production fromaleic anhydride, are aboltUSD

kgt succinic acid7]

- Lactic acid (HLat)

Lactic acid wadirst discovered in 1780 by the Swedish cherisWW. Scheele irsourmilk.

[8] It is anaturally occurringa-hydroxy acid It is a chiral molece@l consisting of two
enantiomersthe L-(+)-lactic acid (or (S)lactic acid) and the ¥ T1-Igctic acid(or (R)lactic
acid)[15] The (§-enantiomer is obtained from anaerobic glycicatabolism P2 i v i M2 K |
Arvelaet al [16] reported that lactic acid can be conveited different useful chemicals such

as acrylic acid, pyruvic acid, propylene glycol, -py@dpanediol, 2,3entanonepecoming
widely appealing forfood, pharmaceutical, cosmetic, cheatiand textile indstries[17] Its
importance has recently grown up thanks to its use as a monomer in preparatiepobfriiers

such as the polylactic acid (PLA)8] Lactic acidcan be produced in its racemic form by
chemical synthesigsom coal or oil through the reactiaf acetaldehyde with hydrogen cyanide

to give lactonitrile and subsequent hydrolysis of the intermecied®nitrile catalyzed by
strong acid$19] However, up to 90% of commercial lactic acid is produced through
fermentation obugars, rainly glucose and sucrosebitechnological procesdso applied on
renewable resourc¢8] AbdelRahmanet al described numerous studies conducted on
microorganisms that produce pure lactic acid through fermentation using Lactobacillus
bacterig20]
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Global lactic acid demand was around 714 kton in 2818 expected to 1960 kton in 2020.
[21]

- Itaconic acid (HIt)

Itaconic acid was discovered in 1837 as a product of thermal decoimpasicitric acid byS.
Baup[24] Later, itwas produced from\spergilus itaconicusin 1931 by Kinoshitd9] Dan
Cristian Vodnarand colleguegreporteditaconic acidproduction can take place through
biotechnolog fermentatiorof bacteriawvith fungi like Aspergillus terreugandUstilago maydis
strains or with metabolically engineered bacteria Heeherichiacoli and Corynebacterium
glutamicuny9] The initial industrial production otaconic acidused a chemical approach, i.e.,
the pyrolysis of citric acid to itaconic anhydride, followed by the hydrolysis of the anhydride
and itproduction is about 41000t/year and his world market is predicted to surpasdIRit6 mi
USD in 2020[9]

-Lactobionic (HLB) and maltobionic (HMB) acids

Lactobionic and maltobionic acids are patenéetydroxy acidb el ongi ng to t he
family. Bionics are polyhydroxy acids (PHAw)th an additional sugar molecule attached to

the PHA structurel.actobionicacid was synthetized for the first time by Fisher and Meyer in

1889 as the oxidatigoroduct of the lactos&ree aldehyde group after a chieal oxidation with

brominei.e produced by chemical synthesis from refined lacfd$glt can be also produced

from whey byPseudomonas taetrolefi25] or through bitogical oxidation of lactosfl1]
Maltobionic acid is a maltosgerived stereoisomer of lactobionic acBoth these acids,

displays antioxidant, biodegradable, biocompatible and chelating properties that make them
useful in different chemical fields, firstf @ll in cosmetics and skin care fielf6] The
demonstrated capability of these highly functionalizeids to worlasdivalent and/or trivalent

metak chelatingagentf26] makes them promising lixiviants for Co by HM waste.

- Citric acid (HzCit)

Citric acid was first isolated by Karls Scheels in 1874, in England, from the lemon juice
imported from Italy.Later, in 1923 Wehmer observed the presence of citric acid as-a by
product of calcium oxalate produced by a cultur@eicillium glaucunj27] Citric acid is a
commodity chemical produced and consumed throughout the world. It is used mainly in the
food and beverage indugt primarily as an acidulant and iggobal production in 2007 was

over 1.6 million tonef28] P. Lucianaet al reported thasome micreorganisms including

44



bacteria, fungi and yeasts have been ewygd to produce citric aciduch asyeasts
Saccharomycopsis sfungusAspergillus nigeby fermentation of glucose or sucrd4€][27]
The main advantages of this aeig thait is a biodegradablecofriendly, low-cost safe and

versatile chemical for sequestering, buffering, wetting, cleaning and dispersing.

- L-arginine (HArg)

L-arginine is an important amino adior industrial applicationslt was discovered in 1986

from a lupine seedling extraoti andwas recognized as a casein component in 182p
Arginineis primarily produced by fermentation fronataral carbon sourceand the main raw
materials used are constituted of starches from ¢assad corn, sugar and sugar syf3@ It

has been almost six decades since amino arginine production has been explored and studied
using microorganisms such @erynebacterium glutamicuaind Escherichia colin order to

improve its industrial level productid@3]

- Maleic acid (H2Mal)

Maleic acid is an important intermediate in the chemical indwsitity a production of about
1,800,000t/yearconstantly increasg[29] Besides the m@in industrial route of production
from benzeng30] maleic acid can balsoeasily synthesized from renewable resources based
on catalyic oxidation of furfurain liquid media with oxygeiil4] by fungi such a&spergillus
niger from renewable substratd80] or synthesized through sustainable biorzased
feedstocks catalytic conversifil] Maleic acid was chosess a selective leaching agent for

cobalt due to its low plk (1.83), its relatively low cost and its good solubility in ethanol.
2.1.2 Test specimen definition

WC-Co IP (RC-627C and R&31L) studiedthroughout this workare byproducts of HM

production generatedy FILMS during machining operations. The Co content &f timder
phase inhetestspecimensvas 19.55 and 20 wt. %, respectivelffull composition is provided
in Appendix A). The morphologyand WC particle sizef thesesamples were determined
from Scanning Electronic MicroscopysEM) imagesof the powdersas well asby optical

microscopy (OM)f the corresponding sintered sang{lieig. 2.1).

Test specimens differ mainly for the WC grain size and the mean free path value. Specifically,
RC-631L shows a wider grain size distribution than-8Z7C that is moreonveniently
appreciated by studying the grain size distribution they impart to the corresponding sintered

materials (evaluated according to ISO 4492008). Indeed, RE627C determines a grain size
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in the 2-6 pm range, while R@31L a grain size in the -6 um range, in the corresponding
sintered HM products which result in different properties and classification of these
materialgd.34][35] Moreover, with a similar metallic binder volume fraction, the microstructure
of the RG627C powder mixture will show a higher mean free patle (thickness of cobalt
layer onWC grains)than RG631L. Mean free path value may affect the reactivity of the binder
phase expecting thdigher themean free path, the higher the-@activity. The choice of the

two test specimens aimed to highlight théeeff of the mean frepath value on the leaching

process.
Powder (SEM) Sintered material (OM)
RC-627C
S
: o\ -
RC-631L o oF
a8
o
A= o S en | T

Figure2.1: Scanning Electron Microscopy (SEM) and Optical Microscopy (OM) micrographs

of RC-627 C and RE&31L test specimens and related sintered materials, respectively.
2.2 Results and Discussion
2.2.1 Leaching experiments on Co powder

With the view to study the chemical reaction occurring between the selected lixiviants and
cobalt in water, Co metal powders were reacted with diluted aqueous leaching solutions of the
acids in an open flask underom conditions (approximately 20°C and 1 atm) and magnetic bar
stirring (300 rpm). In those conditions, the expected leaching reactions, beside Co

complexation, may involve the oxidizing action of the organic acid (through therH
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reduction), which woldl result in H gas evolution, and/or the oxidizing action of dissolved O
which would be instead accompanied kyoGnsumption and #D formation.

Table 2.2summarizes the Cleaching reactions occurring with the different acids in water.

Table 2.2:Leaching reactions occured with the different acids in wéakt isolated yet.

Organic Main leaching pathway found in water media Leach. time Eq.
acids (h)

HLat 2Co+ O + 4HLat A 2[Co(Lat)2(H20)2] 5 2.1

H2Suc | Co + H2Suc + nHO © [Co(Suc)(H0)n] + Hz 4 2.2
2C0 + O + 2H2Suc+ (n-2)H20 © 2[Co(Suc)(HO)n]

Halt 3Co + Hlt + 3nH20 © [Co(lt)(H 20)n]3+ H2 4 2.3
6Co + 3% + 6H2t ©  2[Co(It)(H 20)n]3 + (6-3n)H20 2.4

HLB 2Co+ O+ 4HLB © 2[Co(LB)2(H20)7] 4 2.5

HMB 2Co+ O+ 4MLB © 2[Co(MB)2(H20)2] 4 2.6

HsCit | 3Co+ 2H3Cit + nH20 © [Cos3(Cit) 2(H20)n] + 3H2 12 2.7

HzMal | Co + 2H:Mal + 4H20 © [Co(HMal) 2(H20)4] + H2 3 2.8

L-Arg | Co + nHArg + mH20 © [Co(Arg)n(H20)m]* + n/2H> 5 2.9

Preliminary experiments were performed on 20 mg of Co witkxaess of reactant (50 mL of
0.5M leaching solution) in order to identify the leaching products and clarify the leaching
reaction pathway. Under these conditions, the solutions turned readily from colorless to
different shades of bright pink depending be tised acid and the disappearance of Co powder
occurred in short times {B2h), as shown in Table 2.2. In the case s#iHand HMal leaching,

an abundant precipitation of a slightly pink product, supposed to be the cobalt complex, was
also observed whethe reactions went on. The leaching reactions occur by oxidation and
simultaneous complexation of the metal forming, in a sistpge, the corresponding Co
complex which was isolated, in most cases, at the solid state by concentration and selective
precpitation and fully characterized (see Experimental, section 2.4). The most part of the
compounds obtained here by leaching are-wmdiwn, even if almost found in the literature as
products of complexing reactions. More specificadlgo(Lat)(H20),], [Co(LB)2(H20),] and
[Co(HMal)(H20)4] complexes were identified byhe agreement between tHeourier
transforminfrared (FFIR) spectra of the obtained compounds with those available in the
literature, supported by an accordant-€Eldmental analysis. Theogravimetric analysis (TG)

was also recorded for the obtained solid sampBsing an unknown compound,
[Co(MB)2(H20),] was supposed on the basis of the full agreement of the cited solid state
characterization and the similarities in the coordinabehavior expected for LBand MB

ions. Several attempts for growing up watlaped crystals of the compound suitable for single
crystal Xray characterization, were unfruitful. Nevertheless, the comparison of tHB FT

spectra recorded for [Co(LBH20)2] and for the supposed [Co(M#BH20).], shown inFig.
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2.1, pointed out just slight shifts for the main peaks and differences between the spectra,
supporting the hypothesis of very similar structures.
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Figure 2.1: FT-IR spectra (50@000cm?) of the Co-leaching products with HLB and HMB
identified as [Co(LB)(H20).] (red spectrum) and supposed to be [Co(MIB)O),] (black
spectrum), respectively.

The known [Ce(Cit)2(H20)] and [Co(HMal)(H20)4] were isolate and fully characterized
from ethanol solutions and their characterization is described in Chaffe(BMal)2(H20)4]

crystals suitable for Xay characterization, were also grown from this solvent.

Besides the FTR and CHelemental analysicharacterization for the bulkaterial well-
shaped crystals for [Co(Suc)}#),] and [Co(It)(H20)]s were obtained by slowliffusion of
acetone into an aqueous solution of the product mediated by agar gel. Single cigstal X
measurements on the two gaes identified the former as the kno\@o(Suc)(HO)4], while

thelatter as the nove[Co(It)(H20).]z complex.

Fig. 2.2summarizes crystal structure and parameters (detalgpendix A5).
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Crystal system | monoclinic
Space group P2i/c
a/A 7.4079(5)
b/A 14.6830(10)
a) /A 7.7651(5)
a/? 90
p/e° 99.534(2)
v/° 90
Crystal system | orthorhombic
Space group Pbca
a/A 9.9809(13)
b/A 14.5548(14)
c/A 15.3513(19)
a/® 90
b) B/ 90
v/° 90

Figure 2.2: Molecular structureand crystal parametefer: a) [Co(Suc)(H0)4][36] and b)
[Co(It)(H20)2]s complex? Color legend: blue, Co; red, O; grey, C; white, H.

Even if an extensive description of the crystal structure of the products overcomes the scope of
this work, it is worthy to note that all the compounds reported here are characterized bearing
Co(Il) in anoctahedral envinament, where the anionic form of the acid coordinates the metal
center as monodentate or bidentatieekting and/or bridging ligand and the coordination
sphere is completed by water molecules according with the litef8&i{87][38][39][40]
Speifically, the new[{Co(It)(H20)2]s compound shows a peculiar trimeric structure where two

It> anions behave as bidentate chelating ligands on the central Co atom and bridged with the
two peripheral Co atomEurther two If anions act as monodentate on the central Co atom and
behave as bridging ligands between two adjacent trimeric structures. The coordination sphere

of the two peripheral Co atoms is completed by water molecules.

Finally, due to the pink color of the leachatve can speculate an octahedral Co(ll) compound

was also formed in the reaction between Co and HArg despite the identification is still in

3 Single crystal Xray diffractometric studies were performed by Prof. Luciano Marchio, Department of Chemical
Science, Life and Environmental Sustainability, UniversitiPafma (IT). See Appendix A5 for details.
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progress. Examples of crystal structures fora@gininate compounds are also not reported in

the literature for sggesting a possible stoichiometry.

Among the reactions, in the case of maleic, citric, succinic, itaconic @amdihine acids, the
leaching was accompanied by a noticeablg&b evolution. These results were supported by
running the reactions into cagpplastic bottles imotation mixingmode: where noticeable:H
evolution inanopen flaskunder magnetic bar stirringas observed, a visible bottle expansion

in therotatingclosed system occurred; where there was no evidence of gas formation in the
openflask, an evident gas consumption in the closed vessel (visible bottle shrink) occurred.
Differently, in the case of succinic and itaconic acid leaching, despite a noticeable gas evolution
was present in the open flask reaction, no significant effectseonaiume of the bottle when
performed in the closed environment, were observed. This evidence sudlyastbdsides 1
production, @ consumption may occwith similar ratesstimulatingfurther investigations.

On the bases of the demstrated complexing and oxidizing capabilities towards Co, an
attempted classification of the different acids is here proposed and summaiizddeir2.3

Table 2.3Classification of the selected biterived organic acids.

Class| Main pKa1 | Complexing| Examples
oxidizing behaviour of
agent the anion

HoMal (pKaz 1.83; monodentate HMal)
HArg (pKaz 2.2; unknown coordination)

1 H* ¢3.1 | coordinating

HaCit (pKaz 3.1; polydentate chelating & bridgir]
Cit®)

HLB (pKaz 3.6; bidentatehelating LB)
HMB (pKaz 3.8; bidentate chelating MB
HLat (pKaz: 3.9; bidentate chelating Lat

2 Oz >3.5 | coordinating

3 H* Op | >3.5 highly Halt (pKaz: 3.8; polydentate chelating & bridging )t
coordinating| H2Suc (pkas: 3.8; bidentate bridging Stip

This classifications based on the assumption that the relative occurrance of the two observed
oxidation reactions is related to the relative concentration of the oxidizing species in solution.
Indeed, despite the higher reduction potential aft®e low solubility and difision rate of
gaseous &in solution make it a low competitive oxidizing agent. For this readboxidation

is the main reaction towards low potential elements in the case of strong acids {ipaigh

to provide highly acidic solutions ami/when hidply coordinativepolydentateanionic species
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are formed by metal ion complexation, liberating low acididdts in solution. The stability
of the formed complex can also lower the reduction potential of the metal making it easier to

be oxidized and affecting the effectiveness of the reaction.
2.2.2Leaching experiments orrecovery powdersin water

Accordingto the leaching efficiency and product solubility in aqueous solutions, Hk&tidH

Holt, HLB, HMB and HArg wereselected as the most promising agents tobestigated on

real samplesn water HsCit and HMal, thanks to their higher acidity which allaiwvem to

work as both complexing and oxidizing agents, and good solubility in etrsserhed to be
more promising for solvometallurgy and their leaching action will be described in Chapter 3. A
comparison of leaching systems of succinic acid in methambhater will be also performed.

Leaching experiments on real AW recovery powders were carried out in the same conditions
applied to Co metal powder. Specifically, 250mL of 0.5M aqueous solutions of HLat, HSuc
and HArg, as representative of the threféedent classes of organic acids, were reacted in an
open flask with 0.5009 aliquots of RE27C and RE&631L test specimens, at room temperature
under magnetic bar stirringig. 3.3shows the Cdeaching profiles, in terms of yielaf leached
cobalt (wt. % by the starting Co amount in the sampigtime (h), obtained by monitoring the
amount of cobalt in the leachates of the test specimamse (1h steps). The Co amount in the
leachate was determined by KCEES measurements ahgestedmeasured aliqustof the
solution, agletailed in Appendix A6

As shown, the three acids demonstrated to be effective in cobalt dissolution achieving an almost
complete Cadissolutionin very mild conditions and short times, specifically 3 and 4h for HLat
and BSuc, respetively from RG627C. Caleaching on R&31L demonstrated to be slightly

less efficient than observed on R27C but still satisfactory, obtaining around the 90% Co
dissolution in 5, 5 and 10h by HLatp,$luc and HArg, respectively. This difference can be
reasonably attributet the lower values of the WC particles mean grain size and of the metallic

binder mean frepath of the R&31L test specimen
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Figure 2.3: Co-leaching profiles from R&27C and R&31L recovery powderf).5g) on
varying the leaching agent and timésxperimental conditions: [Acid] = 0.5M; r.T. and
pressure; stirringResults argeported asheaveragersalues of two different experimenBars

represent the standard deviation.
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Additional characterization was performed on the solid residues after leaching to point out the
complete Calissolution and the presence of-hEsed phases. In particular, powderay
diffraction (p-XRD)* and SEM/EDS analysis were made on the@3TL sample before and

after leaching with several of the systems under study. Specifit@atments lasting 4h on

0.5g test specimen and 6h on 0.1g test specwasza carried out withiLat and HSuc 0.5M
solutions, respectively, at room conditions under magnetic bar stirring. Fig. 2.4 summarizes p
XRD patterns for R&631L before and after treatment with HLat andbtic

JLJLm

JL_A
.__..._AM_&_.___.._
. )

T T T T T T T T T T T
35 40 45 50 55 60

20

Figure 2.4: P-XRD pattern$ of: a) W powder; b) WC powder; ¢) Co powder; d)-BEIC
before Celeaching; e) R&31L after 6h leachingith HoSuc; f)RC-631L after 4 leaching
with HLat. Patterns collected for the R§27C samples, before and after leaching, were

superimposable to theof RG631L samples and are omitted.

The XRD pattern of the sample befoFeg. 2.4d) and after leaching={gs. 2.4 e and)fclearly
showed the disappearance of Co metal peaks after treatment, highlighting the dissolution of
cobalt in HLat and EBuc solutions afted and6h leaching respectively Furthermore, the
patterns collected after treatment showed no changes in the other partditifabsgramin

terms of the disappearance of existing species or the appearance of new peaks related to newly

formed species. This evidence demonstrates the capability of the sohiftithese acid$o

4 Powder XRay diffractometric studies {§RD) were performed by Dr. Stefano Cara, IGABIR institute,

Cagliari, Italy. See Appendix A3 for detalils.
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dissolve Co selectively leaving W and WC unreacted. A deeper investigation wasndiee
two treated sampldsy SEM/EDS measurementsigs. 2.5 and 2.6 illusttad the SEM/EDS
images of R&G31L before and after 4 angh of cobalt éaching withHLat and HSuc
respectively.

Figure 2.5 SEM micrographs anBDS spectrgwt. %) of RC-631L; (a) before Cdeaching

(W =73.44; Co = 25.87; Ni = 0.14andb) after4 hoursCo-leachingin 0.5M HLat solution at
r.T. in water(W= 100).

Figure 2.6 SEM micrographs anBDS spectrgwt. %) of RC-631L; (a) before Cdeaching
(W = 73.44; Co = 25.87; Ni = 0.14and b)after 6hof Co-leachingwith 0.5M HSuc water
solution(W=99.18; Co= 0.49).
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P-XRD and SEM/EDS demonstrated to be very diagnostic and fast tools for monitoring the
reactions being able of pointing out the progress of thte@ching through the lowering of Co
peaks without requiring any additional samplatnmeent for analysis.

In order to check the activity on real samples treated by lactobionic, maltobionic and itaconic
acids, 0.5M leaching solutions were prepared and applied for treatment on 0.1g of6B&IRC

test specimen for 4h at room conditionsXRD and SEM/EDS measurements were hence
performed for solid residues characterization and the graphics are repdtigsl 2. 7and2.8,

respectively.

Figure 2.7. P-XRD pattern$ of: a) Co powder; b) R®31L before Cdeaching;and after 4h
laching with(c) HLB; (d) HMB and €) Hlt. [Acid] = 0.5M; room conditions.

As shown solid state characterization highlights the complete Co removal in just 4h with these
three leaching solutions
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Figure 2.8 SEM micrographs and EDS specfre. %) of RC-631L; (a) before Cdeaching
(W = 73.44; Co = 25.87; Ni = 0.14and after 4h leachingt room conditions anphcid] =
0.5M; of (b) HLB (W = 100) (c¢) HMB (W = 99.37; Co= 0.67) and(d) Halt (W =99.76)
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2.3 Conclusion

A simple and environmentgl friendly hydrometallurgical route for Ceelective dissolution
from HM wastesvasdeveloped by usingieak bio-derived anceasilybiodegradable organic
acids. In this study organic acids namidlyat, H>Suc,HLB, HMB, Hlt andHArg weretesed

for finding the best conditions fdeaching cobalfrom WC-Co wastesn water.Thereby, all

of them seemedo be very efficient due to their capacity to dissolve quantitati@syin
agueous solutions from HM kyroductsat low concentration level and room condisan a

very short time and leaving the residual WC unreacted and ready todmepleyed for
industrial purposes. Among them, particular attention will be devoted to the use of HLat in
hydrometallurgy because its effectiveness, low cost, sustainabilityleagd availability
through biotechnological fermentative processegCiHand BMal were also preliminarly
checked in wateshowing good efficiencies but they were not more deeply investigated due to
the undesired abundant precipitations occurring dutivg reactions and for their good
solubility in EtOH which makes them very appealing for solvometallurgy. Finally, two new
unknown compounds were found and characterized in this work, namely [CgQpJtand

[Co(MB)2(H20)7], the former isolated inrystals suitable for XRay analysis.
2.4 ExperimentaP
2.4.1Synthesisof Co-complexes by acid leaching in aqueous solution

Co metal powder (0.020g, 0.34mmol) was reafiiedround 4twith 0.050L of a 0.5M aqueous
leaching solution of the selected aaidan open flask under room conditions (approximately
20°C and 1 atm) and magnetic bar stirring (300 rpm). The solutions turned readily from
colorless to bright pink and the disappearance of Co powder occurred in shorT hiene.
obtainedcobalt complex wagasily precipitated from the leaching solution through solvent

evaporation and acetone washing. The dried solid was subsequently charaasefitiedvs.
2.4.2Characterization of cobalt complexes
[Co(Lat)2(H20)2]

Leaching time#h; Yield: 71%
CH-elemental analysi$:ound:C% 26.39, H% 5.17calculated folCoGCsH140s, FW=273.10g

5 SeeAppendix A3for the materialand methods.
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molt: C% 26.39, H% 5.16)
FT-IR (ATR-mode, cmt). 3050r; 2974nw; 2943v; 2735/w; 268r; 1628/s; 1465v; 135G,
1272v; 1110rs; 104G, 940/w; 860vs; 7605, 668s.

Thermogravimetric analysis (TGA3eeAppendix A4
[CO(SUCXHZO)n]m
Leaching time#h. Yield: 73%

CH-elemental analysis:ound:C% 24.50, H% 3.4 calculated folCoCH120s, FW=193.01 g
molt: C%24.89 H% 3.13

FT-IR (ATR-mode, cmt). 3200vbr; 2929vw2533vw; 1837vw1685w; 1550vs; 1400s 13§5
1310w; 8935, 799w; 660vw.

Thermogravimetric analysis (TGA3eeAppendix A4

Well-shaped crystals suitable for single cry3talay diffraction measurements were growing
up byslow diffusion of acetone in tregueous solution of the purified product with the addition
of 0.5% w/w of agar gel and washed with ethyl eti#es.reported in Fig. 2.2a, the found
molecular structure for the sample corresgotml the already knowrjCo(Sug(H20)4]m

compound.
[Co(LB)2(H20)2]
Leaching time#4h.

CH-elemental analysig:ound:C% 35.15, H% 6.1({calculated folCoC4H46026, FW=809.53
g molt: C% 3561, H% 5.73)

FT-IR (ATR-mode, cm). 3276s; 2897r; 1728n; 1604s; 137dr; 1233v; 103%s; 877mw;
784w; 691vw.

Thermogravimetric analysis (TGA3eeAppendix A4
[Co(MB)2(H20)2]

Leaching time4h.
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CH-elemental analysigzound:C% 3.35, H%5.26(calculated folCoCGaH46026, FW=809.58
mol™t: C% 35.61, H% 5.73)

FT-IR (ATR-mode, crmt). 3300vbr; 2928br; 1736m; 159m)B64br; 1225mw; 1016vs; 916vw;
861vw; 784vw; 714vw

Thermogravimetric analysis (TGA3eeAppendix A4
[Co(It)(H 20)n]3
Leaching time#h.

CH-elemental aalysis. Found: C% 30.43, H% 2.86 (calculated for CosCisH18015,
FW=615.08g mol: C%29.3Q H% 2.94).

FT-IR (ATR-mode, crt). 3362/br; 2974w; 1543ss; 138%s; 1241s; 1144v; 947m; 877w;
830m; 768vw; 691w.

Thermogravimetric analysis (TGA3eeAppendix A4

Well-shaped crystals suitable for single crystaiby diffraction measurements were growing
up byslow diffusion of acetone in the aqueous solution of the purified product with the addition
of 0.5% wi/w of agar gel and washed with ethyl etBee Appendix A5 forables, data and .cif

file of the refined moleculastructure ofCo(It)(H20)2]s.

2.4.3Leaching experiments in attrition mode

Cobalt powder (0.16g) was reacted with the leaching solution (400mside a closed plastic

container housed on a Heidolph REAX 20 rotating system at a speed of 5 rpm.
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Chapter 3

Non-water selective biederived organic acid lixiviants for cobalt
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3.1Introduction

As described in Chapter 1, HM l#gycle involves thgroduction ofWC-Co wastematerials

that need a fine tuning of the Co content for making them reusable for practical purposes.
Hydrometallurgy may represent an attractive alternative to enietgysive thermal treatments,
providing, if well designed, a direct and s#iee dissolution of the binder phase leaving WC
matrix unreactedA promising attempt of hydrometallurgical leaching of Co fromMWW&HM

scraps was proposed using acetic acid (concentration: 3.6 M; pre§&uk®al, T: 4680°C; t:

2.6-6.5 days) in the msence of oxygerachieving a quite satisfactory 85% -@&aching
yield.[1] This fundamental finding demonstrated the possibility of usingfreeodly weak
organic acids as a valued alternative to the hazardous strong inorganic acids more widely used
in this field. Nevertheless, theffectiveness of this approach is in some way limited by the
relatively high pKa of the acetic acid which, indeed, require the addition of an external oxidant,
i.e. @ under pressurdép promoteleaching.Beside itsreadyavailability, the low solubility 6
gaseous ®in water heavily affects the reaction rate. In order to overcome this limitation
organic acids, such as acetic or formic acigexe proposed acting the presence @t stronger

and water soluble oxidantH2O., with promising resultf2] However, undesirable
oxidation/hydration phenomena were observed on the recovered WC particles' sddaces
mainly to the use of water as solv¢Bf andthe presence of a strong oxidizing agent such as
H20O2 able to interacbethwith W and WC[4][5][6][7][8] Recovered powders with 0% > 0.40
would result in poor quality HM tools. Thus, further thermal treatments under reducing
conditions arerequiredto achievethe desired powder composition for HM manufacturing
adding costly steps to the recovery proc@é® use of nomvater solvents for leaching sounds

as an intriguing alternative to water systems. To the best of our knowledge, to date no
solvometallurgy processes have been still propoBeel.working hypothesis that the use of
sustainable organic b@nts like alcohols instead of water on treating HM powders would be
particularly desirablebecause it promises to prevent undesired oxidation and hydration
phenomena on the WC surface. Moreover, besides some critical aspects such as cost and
flammability, they can be easily recycled at the end of the process avoiding wastewater
production. Amongalcohols, ethanol seems particularly appealing baimggod solvent for
several organic acids and consideregteensolvent beingenewable, increasingly avalile,

easy to transport, safe to handle, biodegradable, low in toxicity and largely produced from

biomasses, planendwasted materialg]
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In this context, Chapter 3 will descriltee use ofseveral organic acids idiluted alcoholic
solutionsas leaching agents for cobalt, also contained in the complex matrix e€CWC

recoverypowders.
3.1.1 Selectedeaching agents for cobalt iralcohol

Maleic and citric acids were chosen as optimal candidates fspo®ometallurgydue to their
good solubility in ethanol, relatively low cost, and the demonstrated capability in water to
couple oxidizing, by H with complexing properties (lower pkwith respect to the other tested

organic acidssee Chapter)2

HO
HO © o HO OH Q
m HOT‘/\)\OH
X o) o)
OH HO™ X0 0

Figure 3.1. Maleic (H:Mal), citric (HsCit) and succinic (ESuc) acids.

Besides its conventional low sustainable industrial production from bennateic acid is a
nontoxic compound whictcan beproduced through a greener procedsy fungi such as
Aspergillus mger, from renewable substraf@8] or synthesized through sustainable biomass
based feedstocks catalytic converdibi)] Citric acid is well-known to bebiodegradableeco
friendly, economicalnd safeand isproduced chemically from glycerol after being isolated
previously from the lemon juice as calcium citrfii2] Severalmicro-organismsincluding
bacteria, fungi and yetss were reported to bemployed to produce citric acid such as yeasts
Saccharomycopsis sfungusAspergillus nigeby fermentation of glucose or sucrg$é][13]

On the bass of similar considerationgpod solubility in methanol and demonstrated oxidizing
behavior in watersuccinic acid was also selected to be studied ate&hing agent in
methanol.

Finally, lactic acid was checked for reactivity in ethanol, asxample of aciavith negligible
oxidizing propertiesexpectingow reactionratestowards cobalt due to the low solubility of O

in alcohol.
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3.1.2. Test specimen definition

As introduced in Chapter 2, the real samples studied in this wo¥K@+€o recovery powders
(RC-627C and R&31L) generated during machining operatiofigiM manufacturingThe
Co content of the binder phases in the recovery powders was 19.554amd.26 respectively

(see details in Appendix Al and 2.1.2 segtion
3.2Results and Discussion
3.2.1Leaching experiments on Co powdein ethanol

With the view to study the chemical reactivity of the selected lixigitmwards metdic cobalt
in ethano] Co powders were reacted with a calculated excesa\dikHH3Cit and HLatethanol
solutions atconcentratioa ranging from 0.1 tdlM both at roomand refluxingtemperature
under magnetic bar stirringable 3.1 summarizes the found leaching times, in terms of times

of complete disappearance of Co powder, for the different agents and conditions.

Table 3.1. Indicative Co powder (20 mg) leaching times39mL of HoMal, HzCit and HLat
ethanolic solutionsat room temperatur@.T., 2025°C) as well as at refluwo(,78.4°C),on

varying the lixiviant concentratioriResults obtained as the average valtisvo independent

repetitions.

Acid Temp. Leaching time (h) at
0.1M 0.5M M
Hlat r. T. 48 40 38
n.a. 40 48
HsCit r. T. n.a. 12 12
D 9 7 4
H2Mal r. T. 3 3 2

As shown, HMal solutions demonstrated remarkabigh efficiency still at low concentration
level and room temperaturdissolving almost quantitatively Gmowder invery short times.
Although the reaction in water still provided satisfactory rates (3h at 0.5M)aHethanol
leaching adds the significant benefit of not being accompanied by undesirednmptex
precipitation during the process, thanks to the good solubility of the complex in ethanol.
Besides, citric acid demonstrated to achieve satisfactory ratdangoat the refluxing

temperature of the solvent still at low concentration level. It is worthy to note that further
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experiments were performed at highegCiH concentrations (up to 3M). Despite the Co

di ssolution rate i mpbhorv)eadense3g phase Wwas formecdat thel h 3 0
bottom of the flask makinthe separation phase of the cobalt complex by the leachate very
difficult. Finally, as expected, HLat demonstrated to be significantly less effective in ethanol
than in water both at roo temperature and at reflux (8840h, for both r.T an® in water and
ethanol, respectively), reasonably due to the low acidity of the compound still in ethanol and
the negligible presence of dissolvedi®the leaching solution.

On these bases, in ord® pursue the best ethanol solvometallurgy leaching agents and
conditions for real W&o samples treatmentsyMal 0.1-1M solutions were selected as the
most performing leaching systems at r.T., an@iHas most ecdriendly appealing reagent
working inrefluxing ethanol at concentrations not higher than 1M.

Thestudiedeaching reactiosin ethanol confirmed pathway and main obtaineec@Gmplexes

found for the corresponding reactions in water. While citrate complex precipitated from the
leachate in fom of powder and hence it was identified by the agreement of the fundamental
characterization (Ckelemental analysis, FIR and TGA) of the reaction product with
literature data, welshaped crystals dhe maleic acid leaching produdtjitable for single
crystal X-ray diffraction measurementwere growing up bglow diffusion of acetone in the
ethanolsolutionand identified as the know@o(HMal)>(H20)4] complex (see crystal structure

and parameters in Fig. 3> agreement with the bultharacterization (see Experimentdl}]

Crystal system | triclinic
Space group P-1

alA 5.1988(2)
b/A 7.2937(3)
c/A 9.2261(3)

a/° 109.0420(10)
p/e 104.9390(10)
v/° 92.4790(10)

Figure 3.2: Molecular structur@nd crystal parametefsr [Co(HMal)2(H20)4].[15][16]

Thus, the reactionsccur by oxidation and simultaneous complexation of the metal forming, in
a singlestage, the known compleg[Co(HMal)(H20)4] and[Cos(Cit)2(H20)n] by H-Mal and
HsCit, respectively, according to the followieguations:

Eq.3.1 Co + 2iMal + 4H0 © [Co(HMal)2(H20)4] + H2-

Eqg. 3.2 3Co+ 2H:Cit+ nH:O©  [Cos(Cit)2(H20)n] + 3H2-
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3.2.2Leaching experiments on Co powdewith H2Suc in methanol

As anticipated in Chapter 2,8uc leaching action in wateeemed to be based on the twofold

pathways involving Hand Q as oxidizing agents according to the following reactions:

Eqg. 3.3 Co + HSuc + nHO © [Co(Suc)(HO)] + Hz
Eg. 3.4 2Co + ©+ 2H,Suc+ (n-2)H,0 © 2[Co(Suc)(HO)n]

On thesebases, the reaction was run in methanol, whereddtribution to the reaction is
expected to be negligible. Even in this case, 20mg of Co powder were treated with a 0.5M
H>Suc solution at room temperature in an open flak under magnetic bar siifvegplution
quickly turned to pink and aoticeable gas evolution was observed when the reactionowent

and the recorded leaching time, in terms of completp@ueder dissolution, was about 5rs(

4h recorded in water). The slightly longer time found inlrarbl by water furtherly support

our hypothesis of a twofold process: 1)Sdc works well as complexing/oxidizing specie; 2)

the negligible concentration of.@h methanol solution limits the occurrence of the reaction of

eg. 3.4, lowering the reaction eat
3.2.3Leaching experiments on recovery powders

Figure3.3 shows the Cdeaching profiles, in terms of yield of leached cobalt (wt\V&}ime
(h), obtained by monitoring the amount of cobalt in the leachate of tH&2RC and R&31L
recovery powderf time by treatment of 500mg of test specimen with (aybl; (b) HsCit;
(d) HSuc alcoholic solutionsThe experimental conditions @acovery powdersnimic the
most balancedand comparable among the different acas)ditions applied to Gpowders,
in terms of acidsolution concentrationand volume (0.5M, 250mL), Co:acid molar ratio,
temperature and stirringThe Co amount in the leaate was determined by IGPES
measurements on measured aliquots of the so|utiowing drying and acidligestion (see
Appendix AB).

68



Acid
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Figure 3.3 Co-leaching profiles from R&27C and R&31L recovery powders on varying the

leaching timesLeaching system (0.5M): (a)-Mal, EtOH, r.T.; (b) HCit, EtOH, r.T andD;
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(c) HSuc, MeOH, r.TResults obtained as the average valuavofindependent repetitions.
Error bars reported as standard deviation.

Figure 3.3ashows thatboth test specimens reacted promptly to the leachiriy HMal
ethanolic solutionsobtaining a 96% vyield after just 1h and complete Co removal withiar3h
RC-627C, and 85% yield after 4h and a complete Co removal ifndBHRC-631L. Interesting
Interestingresults were also obtained by$lic methanolic solutions (Figure 3.3c) which
showed a good effectiveness, reaching 95% and 90% yields after 5h trefaniRGt627C

and RG631L, respectively. Even if a possible application of H2Suc in MeOH seemed
appealing and can be pursued, the comparative studySefcHvater and MeOH Cleaching
profiles, reported respectively Figure 23c and 3.3c, suggested to stleydrometallurgy as

the most performing approach for practical purposes. Unexpected trends were instead found for
HsCit leaching. As shown in Figure 3.3b, experiments both at r.TDandre performed in
order, on the one hand, to compare the differeathing systems in the same experimental
conditions (i.e. r.T.), and, on the other hand, to investigate on real samples the best conditions
previously selected on Co metal (see section 3.2.1) for the spegtitEtOH leaching system

(i.e. D). Focusing o room temperaturprofiles Co-dissolutionefficiency increasem the first
section of the curve, up to 88% in 8h for ®€7C and up to 85% in 10h for RE&31L.
Following, the yield of Co dissolutioseems to significantldeaease, showing@ trend over

time contrary to what was expected.similar, even more dramati¢tend over time was
observed under heating the systemmere an almost quantitative @assolution yield was
recorded after 4h, followed by a ready and continue decrease of the Co ansmlatiam In

order to correctly interpret the data, it is worthy to note the leaching profiles report the relative
amount of cobalt in the leachate with respect to the total amount of Co presents in the treated
aliquot of test specimeiheseoddresultssounded compatible with the precipitation of a low
solubility Co-containing compound andd us to investigate deeply the course of the reaction.

In agreement, a light pink insoluble compound was found mixed to the residue WC powder,
characterized by FIR spectroscopy as the know@o(ox)] (ox = GO4*; oxalate ion).
Moreover,High-Performance Liquid Chromatography (HPL®) the leachate pointed out the
presence of oxalic acid in solutiomhus we speculatedluring the reaction oxalic acid
formation takes place and leadb@ low solubility compoundlhis degradation phenomenon
thatis not uncommonvith HzCit, [12] leads tothe decreas@f Co-concentrabn in solution.
Despitethis hitch that discouraged us from continuing in this directiore to the found high
leaching rates of ¥Cit, its low cost and sustainability, as well as the very low solubility of the
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oxalate complex, experiments are in progredth the view to assess the possibility to
discriminate the phase of Co efficient leaching by the quantitative precipitation and recovery
of the [Co(ox)] product.

Noteworthy, profiles in Figure 3.2 highlighted also the higher leaching efficiency found
working on RC627C powder with respect to R&1L. This slightly different behavior can be
reasonably attributed to the lower values of the WC particles mean grain size and of the metallic

binder mean free pafi7]
3.2.4 Solid state characterization of the recovered WC powders after leaching

Among the several acid systems investigated for solvometallurgy, the one basedisaahe
HoMal seemed to be the most promising and worthy to be furtherly investigated for applicative
purposes. As anticipated in Chapter 2RD* and SEMEDS measurements demonstrated to

be diagnostic and fast tools for monitoring the leaching procegste3.3 compares the-p

XRD patterns for the R®27C sample before and after a 4h leachangp 0.5M HMal
ethanolic solutions with the patterns for Co metal e WC as references.

(c)

42 44 46 48 50 52

-
| s
i S S
. F%
gg

20

Figure 3.3P-XRD patterns of: a) W powder; b) Wgdwder; ¢) Co powder; dJC-627C before
Co-leaching; eRC-627C after 4h leachingith 0.5M HMal ethanolic solutiondn the zoom,
magnification of c¢), d and e). Patterns collected for the6RTO_ samples, before and after

leaching, were superimposable to those ofG2ZC sampleand are omitted.
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The XRD patterns plotted for R6E27C and R&31L samples before and after leaching, clearly
showed the disappearing of Co metal peaks after treatment, highlighting the dissolution of
cobalt in the HMal solution after 4h leaching. Furtmeore, the patterns collected after
treatment showed no changes in the other parts of the spectrum in terms of the disappearance
of existing species or the appearance of new peaks related to newly formed species. This
evidence demonstrates the capability ethanolic maleic acid solutions to dissolve Co
selectively leaving W and WC unreacted. The evidence related to the complete disappearing of
Co peaks in the RG31L pattern after 4 h leaching, seemed not completely in agreement with
the ICROES character&ion of the leachate which suggested a residual 5% Co in the powder
after treatment. A deeper investigation was hence done by SEM/EDS measurement8.4~igure

summarizes the SEM/EDS spectra collected or6RTL sample powder before and after 4h

leaching.

Figure 3.4 SEM micrographs and EDS spedind. %) of RC-631L; (a) before Cdeaching(W
= 73.44; Co = 25.87; Ni = 0.14andb) after 4h Cdeachingwith 0.5M HMal ethanolic
solutions(W = 99.37; Co = 0.67)
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As shown, SEM/EDS demonstrated slighgher sensitivitywith respect to the -XRD
measurements, being able to point outftfmmone handand theprogress of the Gteaching
process (through the lowering of Co peaks) and, on the other hand, the small residual amount
of Co in this sample afteth leaching.

It is worthy to note that, as shown, the WC matrix seems to remain unaffected by leaching
treatment, first requirement for a readyemaployment of the recovered material in HM
manufacturing. Furthermore, with the same aim, leaching tinmelsectuned in order to achieve

recovered powders with the desired Co amounts for production.
3.3 Conclusions

A selection of organic acidsH>Mal, HsCit, HoSuci were selected as potential leaching agents
for cobalt in alcohol, in order to provide neswlvometallurgy systems able to overcome
hydrometallurgy disadvantages. Among thersiil ethanol solutions demonstratedbe the

most promising for practical application achievinigh efficiency still at low concentration

level and room conditions witlw the addition of external oxidizing agents, dissolving almost
guantitatively and selectively Co from HiMaste in a short time and leaving the residual WC
unreactedThe experimentiighlighted also thepotentialof the proposed method to tune the
percenage of Co in the treated powders, meeting the compositional requirements of the
industrial HM manufacturing procesDespite slightly less effective, -Buc/MeOH
demonstrated to be a promising alternative #M&/EtOH solutions, when solvometallurgy
would be preferred to hydrometallurgyevertheless, the higher leaching efficiency as well as
the lower concerns related to tinelustrialuse of water with respect to MeOptompted us to

focus on its use in aqueous solutieimally, in the case of ECit, depite the effectiveness
found in shortime refluxing ethanol leaching reactions, degradation phenomena enhanced by
heating promote [Co(Ox)] precipitation and make the reaction less predictaitbers
experiments are in progress in orderptmint out a et of experimental conditions able to
discriminate the phase of leaching by the phase of precipitation avoiding undesired separation
processes between the residual Yvder and the insoluble @mmpound.

Based on the promising results obtained byMal solvometallurgy in EtOH, further
investigations addressed to the sagbeof the process, the metallurgical quality assessment of
HM artifacts obtained by recovered powders and the recyclability of Co metal, were performed

and the results of these studage described in Chapter 5.

3.4 Experimental®
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3.4.1Synthesisof Co-complexes by acid leaching in alcohol

Co metal powder (0.020g, 0.34mmol) was reacted with 0.050L of a 0.5M alcoholic leaching
solutionof the selected acid (EtOH forMal and HCit; MeOH for HSuc) in an open flask,
magnetic bar stirring (300 rpm) at room conditions (approximately 20°C and 1 atmMat H

and HSuc or at the refluxing temperature of the solvent (78.4°C) #@itHThe solutions
turned readily from colorless to brighink and the disappearance of Co powder occurred in
short time.The obtainedcobalt complegswereeasily precipitated from the leaching solution
through solvent evaporation and acetone washing. The drieds seéce subsequently

characterizeas follows.

3.4.2 Characterization of cobalt complexes
[Co(Mal)2(H20)4]

Leaching time: 4h; Yield: 81%

CH-elemental analysis.Found: C% 26.71; H% 3.71 (calculated for CaB14012,
FW=359.16g/mol: C% 26.75, H% 3.93).

FT-IR (ATR-mode, cmt). 3406br; 3362s, 3053w, 1678mh609vw; 1539br, 1465s, 1362
13605, 1223n, 1125br; 993vw; 894vw862, 663.

Thermogravimetric analysis (TGA3eeAppendix A4.

Well-shaped crystals suitable for single crystalay diffraction measurements were growing
up byslow diffusion of acetonim the aqueous solution of the purified product with the addition
of 0.5% w/w of agar gel and washed with ethyl eth#es.reported in Fig3.2, the found
molecular structure for the sample correspotw the already known [Cb{Mal)2(H20)4]

compound.

[Co(Suc)(H20)n]m

Leaching time:4h; Yield: 77%

See Chapter 2 for characterization.

[Co3(Clt)2(H20)2]®1=Cit
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CH-elemental analysis. Found: C% 27.67; H% 2.94 (calculated fa€igHy,023 FW=
782.8g/mol: C% 27.60; H% 2.81
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Chapter 4

Ligand-based leaching systems for solvometallurgy
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4.1 Introduction

Complexingorganicligands containing various donor atoms (like N, O, S...) have significant
importance in the fields of coordination chemistry because they are capable to form stable
complexes with different metal ion&s mentioned in Chapté, the coordination properties of

the ligands play a key role in favoring the leaching reaction and determining its pathway and
productgl] With the view to promote Co leaching in nraoidic environment, a careful
selection of organic ligands able to effectively coordinate the metal and of appropriate oxidizing
species, both safe and potentially recyclable, should be made. Among the Isgdisldfur

donor organic molecules widely demonstratedrtbapability to effectively coordinate Co(ll)

(3d’ configuration) and Co(lll) (Rtconfiguration) speciessmong then, Co(ll) compounds

with thiourea(tu) and its various substituted derivativae known since long tinf@] Despite
several different coordination numbers aggbmetries are found, the most common in the
presence of anionic species like halidey @fe the neutral tetracoordinated [Co(X3] with
tetrahedral geometjd][3] and the hexacoordinate [Co{Ri)2X2] with octahedral geometr
through a S,Ncoordination of the organic ligarjd] Similarly, Co(ll) and Co(lll) complexes

with the dithiooxamide (DTO, also known as rubeanic acid) and functionalized dithioxamides
are weltknown[4] While tetrasubstituted dithioxamides invariably give £h8lation, several
examples of \s-coordination were found with unsubstituted DTO. The hexacoordination with
octahedral geometry is the mostemon with both Co(ll) and (111)5] Due to the high stability

of its complexes with metals, DTO have been used for a long time in analytical chemistry as
selective precipitating agefi] or, attached on high surface area materials, as extractant and
pre-concentrating materials for €q7] Because it is stable, odorless, and commercially
available, DTO is an excellent alternative to thiol reagents or to toxic phosphines and arsines
often used asoftligands as well, which are fogimelling and often require strictly controlled

and harsh redion conditions. Besides the wide coordination chemistry sothdonors, cobalt

forms highly stable complexes also witlard-donors, as welknown and observed also in
Chapters 2 and o is indeed classified by the HSAB thebag aborderlineacid tha mean

it can effectively interact with bothard andsoftbases. Indeed, as observed for thiourea, Go(ll)
and Co(lll}urea complexes are wédhown[1] In these cases, O works as primary donor atom

and the octahedral geometry is preferred. In this cortastchaptemwill describe the use of

6 Hard-Softacidbase theory, Appendix A2.
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selected Sand Gdonor ligands belonging to the thiourea, dithiooxamide, dithiomalonamide

softdonors familiesand the corresponding urea, oxamide, malonatmgtd-donors families,

as complexing agents of new solvometallurgical leaching systems for Co froit@ KM

recovery powders, where iodine plays the rolegden oxidizing agent.lodine is a very
versatile ragent becauseshows appreciable oxidizing properties (EF E +0.54V) forming
I" which can, on the one hand, work as coordinating ligand and, on the othebaamute
easily oxidized back tozIf avor i ng
Moreover, iodinégs-donorligands mixtureslemonstrated twork aspowerfulleaching systems

in organic solventsvidely tested for the innovative and sustainable rai#éals recovery from
Hi-Tech scrap§3][9][10] Besides the cited ligandsjslthapter will present preliminary results
onCo-leaching obtained byhe HLat/l> mixturein ethanol, as a case study of a solvometallurgy
system based on buerived complexing agents. The selected complexing tagesed

throughout this study are summarizedahle 4.1

$abpointleasddngcessen.d

Table 4.1:Selection otomplexingused throughout this workFW=formula weight g/mol.

Softligands Hard ligands
Name Formula (FW)* Formula (FW)* Name
(acronym) (acronym)
Thiourea Tu), S O Urea ),
thiocarbamide I PIS Carbamide
[11][12] NN HoN™ “NH,
2 2 CHaN20 (60.06)
CHsN>S (76.12)
Dithiooxamide HoN S '9) @) N, NO
(DTO), \ dimethyt
rubeanic acid S NH, piperazine
—N N—CH :
[13] C2HaN2S2 (120.20) HC—N ) 3 '\%l,?rd_lo(r;e
CeH10N202 (142.19 (Me2pipdo)
Diphenyt s s O O Malonamide
dithiomalon @ @ (MA),
amide NHMNH HQNJ\/U\NHz Propane
(PhDTMA) C1sH1NS; (286.42) CsHeN202 (102.09) diamide
O Lactate ion
H3C ~ (Lat_)
0]
OH
C3Hs03 (89.07)
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4.1.1 Test specimen definition

Real samples studied in this chapter are the recovery powders of the HM manufacturing namely
RC-627C and R&31L already described in Chapter22].2 section. The Co content of the
binder phases in the recovery powders was 19.55 and 20.4 wt. %, respgsaeatietails in
Appendix 1 and 2.1.2 sectian)

4.2 Results anddiscussion

4.2.1 Leaching experiments onabalt powder by neutral ligands/l2 mixtures in organic

solvents

With the view to select the most promising leaching systems feaoighsolvometallurgy, an
extensive set of experiments were performed with the leaching systems obtained by coupling a
neutralsoft or hard-donor ligand with 4 in several solvents. 10mg of Co metal powder were
treated at room conditiorfs20°C, 1atm) with 50mlof organicsolution containing iodine and

the ligand to get &o:L:L molar ratio equal td:2:3 The reaction occurred under magnetic bar
stirring and maitored until all cobalt powder disappearetiable 4.2 summarizes leaching
times and experimental evidengesorded for all the performed reactions.

Table 4.2: Leaching times (h) and experimental observations forp@eder (10mg)
dissolution in 50mL of organic solutions containiagd6mg) and the ligand (Co:L molar ratio

1:3) at room conditionsThe reported results are theveragevalues of two different

expeiments.
Ligand Leaching time (h) Exp. Evidences
Solution (s) and precipitate (pp
EtOH | 'PrOH | EtOAc | Acetone| MEK | colors at the end of the reactio
Tu 2 n.a. n.a. 4 n.a. | s:dark green. No precipitates.
DTO ! ! 12 2 12 s: redbrown. Noprecipitates.
PhDTMA |1 ! 3 3 >24 | s: yellow (EtOH, EtOAc); darl
green (Acetone). No precipitate
U 6 14 14 6 12 s: red (EtOH), brown (Acetone

green (PrOH, MEK); vyellow
(EtOAc). No precipitates.
MA 13 10 10 13 10 s: red (EtOH,'PrOH, Acetone
EtOAc); yellow (MEK). Ppt:
black (EtOH, EtOAc, MEK)
yellow (Acetone!PrOH).
Mezpipdo | >24 | >24 >24 >24 n.a. | No noticeable reaction.
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n.a. not availablée:ligand insoluble in that solvent.

Despite the reaction pathway and products are not clarified yet because to datecoisalt
productwith DTO has been isolated and the characterization is still in progress, a variety of
different Cecomplexes were obtained depending on the ligand and the solvent, as pointed out
by the colors of the leaching solutions. Apart from thiotrased leaching, whereetlgreen
solution found suggested the knoWo(Tukl>] tetrahedral compound can be formed, this
behavior is quite typical for Co(lll) octahedral complexes where the color of the solutions,
given the solvent, allow an assessment of the ligand field strdagttiner investigations are
required for clarifying the obtained products, but some important considerations on the relative
efficiency of the different leaching systems can be made. Fisifydonor ligands in the
presence of iodine demonstrated tarkvanore effectively than the correspondimard-donor
ligands, achieving complete Co dissolution within 4h in EtOH and Acetone. Apart from the
affinity between the ligand and the metal ion, a further effect on the leaching efficiency may be
related to thevell-known interaction between-lands §-donor) and 4 (s-acceptor) still in
solution, which can promote the leaching reaction and worthy to be deeper investigated. These
preliminary results suggested to select Tu, DTO and PhDTMA as the most prongamds!

for practical application as well as the easily available andremudly EtOH and acetone as
solvents, making really effective the leaching reaction also if compared with the acidic systems
described in Chapter 2 and 3. As a comparison, Co mataleacted withpl(1:2 molar ratio)

in absence of ligands and in the same experimental conditions described previously, both in

EtOH and acetone for 4h, no noticeablef@ovder dissolution was achieved.
4.2.2Leaching experiments onP

On the bases ofthe results on Co metal powders, PWEtOH), DTO/b (acetone) and
PhDTMA/I, (EtOH) mixtures were hence tested on theZC and R&31L test specimens.
Leaching experiments on real WD recovery powders were carried out in the same conditions
appliedto Co metal powder. Specifically, 50mL of 0.01M organic solutions of the ligands were
reacted in an open flask with 0.050g aliquots of&&2ZC and RE&31L test specimens in the
presence of 86mg,lat room temperature under magnetic bar stirting.4.2 shows the Co
leaching profiles, in terms of yietaf leached cobalt (wt. %)stime (h), obtained by monitoring

the amount of cobalt in the leachates of the test specimetime. The Co amount in the
leachate was determined by KCEES on measured aliqwobf the solutionas detailed in
Appendix AG
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Leaching system Leaching profile
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Figure 4.1: Co-leaching profiles from R&27C and R&31L recovery powders (50mg) on
varying theleaching agent and times. Experimental conditions: [L] = 0.01}1=[6.8203M;
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solvent: EtOH (Tu, PhDTMA), acetone (DTO); r.T. and pressure; stirring. The reported results
are the average values of two different experiméit®r bars reported as stand deviation.

As shown, the threkeaching systems demonstrated to be very effective in cobalt dissolution
confirming and, in some cases, lowering leaching times on real samples. Specificafly, Tu/l
(EtOH) leaching system achieved completedxsolutionin 2h on RC627C and within 4h on

RC-631L. Similarly,the DTO/I> (acetone) leaching system achigwaomplete Calissolution

in 1h40 6 o 27 &d within 2h on RG31L. Finally, an unexpected increasing in
efficiency was found with PhDTMA/I(EtOH) leaching system that, in the face of 1h leaching

time found on Cepowder, demonstrated to remove completely Co from both the test specimens
within just 2060. Al so in this case, -6&HLiIi ght "
than RG627C which can be r@sonably attributetb the lower values of the WC particles mean

grain size and of the metallic binder mean free path of thé RC test specimemesides, no

reaction was observed by treating WC and W raw powders slitOH and acetone solutions.
4.2.3 Preliminary leaching experiments wittHLat/l 2 mixture in ethanol

The very promising results obtained by ramid solvometallurgy in the selective Co
dissolution from WECo powders, stimulated the selection of adévived ligand to be used

as a cas study,in a nonwater solvent coupled with for pursuing sustainability as much as
possible. Due to the widely applied production of HLat by agroindustrial waste fermentation,
Lat was selected aa bio-derived complexing agent.he experiments on Gaowder were
carried out at room temperature @858g of Cepowder with 25mL of HLat 1M and 1.6gih

a 1:4:1 Co:Latl> molar ratio The cited molar ratio was defined in order to provide Co with the
stoichiometric amount of oxidant and a slight excessoaiplexing agentThe reactions have
proven extremely effective, achieving completecCo s sol uti on in 456. | n
the reaction does not take place. Indeed, lowering the amount of fbditeaching reaction

did not reach completenegspving to be a limiting factor if a molar ratio Codqual to 1:1 is

not provided. Furthermore, the known complex [Co(i(Bl)O).] was isolated at the solid state

as the reaction product from the leachate, suggesting the reaction reported in Eq. 4.1:
Eq.4.1 Co + 2HLat 1+ 2H,O - [Co(Laty(H20)] + 2HI

On these bases, the first experiment orl@2 RG627C test specimen was run by using the

same experimental conditions reported abdaeen if the complete haracterization of the
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leaching solutiorand the residue solid sample are still in progrpssiminary results showed
an almost quantitativ€o dissolution within 24 hours.

In order to prevent undesired-bgactions, e.g. Etl formation which may be promoted in EtOH
by acids as in the reactid@@®o + 2HLat + 2EtOH +2- [Co(Latk(H20)] + 2Etl, the use of

lactate salts instead of HLat would be preferable for industrial purposes
4.3 Conclusion

In this chapter, new powerful neacid leaching systems based on the use of an organic ligand
andiodine in organic solvents, were discussed. Among the several tested mikilteaching
systembased owomplexingsoftS-donorligands, namely Tu, DTO and PhDTMAith iodine

in EtOH and acetoneerefound to be optimdior a selective and effectiveoalissolution The

most powerfulleaching system wa®und to bePhDTMA/I2 in EtOH being able to dissolve
almost quantitatively Co from both the available test specimens ir2Qustinutes at room
temperatureDTO and Tubased leaching systems were abladbive this result in more than
satisfactory 2 and 3h, adding the advantage to be commercially available with respect to the

PhDTMA ligand which, to date, is still not available on the market

These organic ligands and iodinewere selected to obtaihigh leaching efficiendes, as
confirmed by the obtained results. Leaching rates were feontparableand even more
performingthan those obtained in the caséhafleaching withbio-derivedorganic acids which
showthe lowest environmental impaétreliminay results obtained with the HLat/nixture

in EtOH seems to put together the power of this latter approach with #igeslinness and
low cost related to the use of bilerived substances. Finglihe use of safe complexing ligands
in organic solvets which does not produce toxic fumes when reacting as leaching ageht
the potential recyclability of the solvent and reactants after metal recovaeke, tlese systems
a very versatile, eadp-handle andyreentool for nonwater metal dissolution armgcovery.
The absence of large amounts of water, combined with the selectivity, efficiency, and eco
friendliness of the proposed solvometallurgy procsssjulates further investigations on the

obtained Cecomplexes and optimizations for larger scaleliappon.
4.4 ExperimentaP
4.4.11Leaching experimentson the Cobaltpowder with Tu/DTO/PhDTMA

50mL ofligand solutions (0.01M; Tu and PhDTMA in EtOH; DTO in acetone) and 86mg of
84



I2, were reacted in an open flask with 10mg of cobalt poawtieomtemperature and pressure

under magnetic bar stirring (300 rpemtil Co powder disappeared/hen the reaction went

on, the solutiorturned from dark brown to the final color (see Table 4.2). Co complexes of

DTO and PhDTMA wergrecipitated from the leacleaby concentration under vacuum and

diethylethemwashingThe characterization of the obtained products is still in progress.

Co-DTO complex
FT-IR (ATR-mode, cm). 3390/w; 3164br 2968vw 2120m; 1996/w; 190%r; 168%r;
1483/s; 13305, 125w; 1159m; 1093n; 983w; 903/w; 86Cs; 750w, 70lvw; 634vw; 567m;
S512/w.
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5.1 Introduction

Chaptes 2-4 introduced and discussed thelective Cdeachingsystems investigated in this
work with the view to select the most promising solvonhetgical processes for both
environmental and industrial purposes. Acid and-acid leaching agents bearing complexing
properties were checked accordingly, and compared each other in terms of chemical behavior,
efficiency and ecdriendliness, also takingnto account the solvents where the reactions
occurred. On the basis of our screening, thanks to its low cost, high efficiency towards both Co
powder and Co contained as a binder in the real@@@owders and large availability through
agroindustrial wast fermentation, HLat was selected as the most interesting case study for
industrial application among the biterived organic acids working in watéue to its ready
availability from dairy waste dark fermentatidfiLat action is strictly related to th@esence

of an oxidizing specie (Class 2 acid), i.e. oxygen in water amddthanol, which makes the
reaction working anevhose availability during the reaction affects leaching tirtediluted
aqueous solutions (0.5M) demonstrated high efficienay sefectivity being able to almost
completely remove Co from 0.5g of recovery powders in around 4h at room conditions.
Against, HMal demonstrated to be largely the most promising acidic leaching agent with
oxidizing behavior working in nowater solventand its action is accompanied by lgas
evolution(Class 1 acid). In the studied conditioits ethanolic solutions were alile dissolve

almost completely Co in 4lFinally, H>Suc was selected among the most interesting bio
derived species due to its twidaeactivity (Class 3 acidyith H*-oxidizing action supported

by O, in open flask conditions, that increase the efficiency, as demonstrated by comparing
water (2.2.2 section) and methanol (3.2.3 section) experim@&uspite thee highly
encouraging pteminary results, industrial requirements for application furtherly involve
optimal conditions in terms of reageaitsd solvents consumption, definition and management

of critical process parameters, minimum L/S ratio for plant design, efficiency testadlen

up experimentsMoreover, the achievement by leaching of MG powders with the desired
composition- Co% < 10,0%: <0.4%; C W ratio = 1:1- for direct reemployment in HM
production, would be really desirabl€hus, for these acids further studeddressed to the
process setip and products recovery and quality assessment, were performed supported by the
environmental and sanitary group of the DICAAR (UniCa)d F.1.L.M.S. corp. for increasing

the technology readiness level (TR9)m the experirantal proof of concept (TRL 3) to the

full validation of the technology in lab (TRL 4) and following technology validation in relevant

" This part of the work was conducted with the help of MSci students, Stefano Trudu and Martifid[Clera.
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environment (TRL 5), abere describedifferently, dthough solvometallurgy based on the
use of noracid ligandsd denonstrated to be the most powerful tool for carrying the Co
leaching out, theob early stage of the experimentation still requires furthsights before
being able to move on to the next validation phase and will be the starting point of following

studies.
5.11 Definition of the test specimen

Real samples studied in this chapter are the recovery powders of the HM manufacturing namely
RC-627C andRC-631L already described in Chapter 2, 2.1.2 section. The Co content of the
binder phases in the recovgrgwders was 19.55 and 20.4 wt. %, respectiyede details in
Appendix Al and 2.1.2 section).

5.2 Results anddiscussion
5.2.1 Setup of operative conditions: Liquid/Solid (L/S) ratio

With the view of meeting industrial requirements for technolodreaisfer and impramg the
sustainability of the process, experiments addressed to limit the amount of leachisguagjent
solvens were performed. Specifically, attempts to fix the Bnd molar ratio tolower values
than theprevious 1:4 (0.5g of test gecimen approximately 20 wt. % CfAcid] = 0.5V;
Volume = 0.2500, but providing the cobalt a calculated excess of lixiviamil the acid
concentration to a still low 1M, were performdthe experiments wer@stly carried outon
0.375g of Cepowder with1M solutions at room temperature under magnetic bar stirring,
monitoring the time of complete disappearance of Co powder from the reaction Vassel.

5.1summarize£o-leaching yieldsand experimentaionditionsapplied on Cepowder.

Table 51: Co-leaching from0.375gCo powderby varying theCo:Acid molarratio by using
magnetic bar stirringAcid]=1M. *Calculated values referring to the corresponding amounts

of recovery powders 20 wt. % Co.

L/S* Volume Co:Acid Leaching time (h)
(mL) Molar ratio HLat (H20) | H2Su(H20) | H2Mal (EtOH)
14 25 14 7-8 9 6
28 50 1:8 6 6 5
42 75 1:12 6 6 5

As shown keepingall other conditiondixed, as the excess of reagent increases, the leaching

times decreasdn all casesCo:Acid 1:8 molar raticceemedjuarantee the minimum excess of
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that allow the leaching to be almost quantitative in a short time. A further increase to 1:12 does

not show a significant time reduction.

On these bases, 18.8g RC-631L samplewere treated in an open vessel with 0.250 and
0.500mL of HLat 1M at room conditions under mechanical stirring. In this caskeaCloing
yields were determined by IGBES on digested aliquots of the leachate as detaikpopendix

A6. Table 5.2 and Fig. 5.1 summarize thel€aching yields recorded the reported conditions

and leaching profiles, respectively.

Table 5.2: Co-leaching from18.8gRC-631L by varying the L/Snd Co:HLat molaratio by

using mechanical stirringHLat]=1M.

Mechanical stirring
L/S ratio (L/kg) Leaching Time | Yield (%)
(Co:HLat molar ratio) (h)

4 34

6 43

14 8 54

(1:4) 24 78

48 96

4 33

6 36

28 8 49

(1:8) 24 100

48 100

100
90
80

70

—a— /5 28 MS
—e—L/S 14 MS

Yield (%)

60

50 |
40

30

0 ‘ 10 20 30 40 50
Time (h)
Figure 5.1: Co-leaching profileson RC-631L sampleshown as Calissolution yeld (%) vs

time (h) by varying L/S ratigl4 and 28) bynechanical stirring.
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Table 52 andFig. 5.1 pointed ouagain that /S = 14 /kg (1:4 molar ratio)jseemsdoesnot

meet efficiency requirementsgedng at least 48 hours foa completecobalt dissolution.
Nevertheless, it can be consideredrenacceptable if thinking that a recovered powder with a
tuned WCG(5%)Co composition can be achieved in 24ihcreasing the L/S ratio up to 289

and, hence, to 1:8 Co:HLat molar ratiocreased Co dissolution efficiency from 78 to 100% at

24 hourswas bund Despite the leaching times were longer than those found guo®der,

results obtained by this L/S sap seemed satisfactory obtaining almost quantitative Co
dissolution within 24h. Furthermore, such an increase of leaching time with the amount of
starting material (0.375g Co powders 3.75g of Co in 18.8g RG31L) supported the
hypothesis of a key role of dissolved oxygen in the reaction rate which was worthy to be deeper

investigated.

In the case of bMal and HSuc, experiments on both RE27C andRC-631L samples were
performed on 0.500g aliquots providing the powder 7 mL &l ethanol solution and43uc
water solution ([Acid] = 1M; Co/Acianolar ratio = 1:4; L/S ratio = 14L/kgJ he experiments
tried to highlight the Céeaching yields in contdons more suitable for industrial plants, able,
at the same time, of providing recovered powders with the desiredC@V€mpositionln
these conditionsin the face of a substantially lowered amount of employed reagéets,
leaching reactions in #Mal led to amore tharsatisfactory89% and 82% cobalt removal in 4h
for RC-627C and R&31L respectivelycorresponding to recovered powders with about-WC
(3%)Co andWC-(4%)Co composition. SimilarlyH>Suc leaching provided34% and 79%
cobalt dissolution in 9fior RC-627C and RE&31L respectivelycorresponding to recovered
powders with about W@4%)Co andWC-(5%)Co compositionCo-dissolution yields were
determined by ICROES measurements on 3 digested leachate aliquots after 4 and 9h leaching,
respectively.These resultglemonstratd the suitability of the improved, more sustainable,
operating condition$or providing WGCo powders with a properly tuned composition and,

hence, ready to be-employed in the HM manufacturing process
5.2.2 Studying theoxygendion effect on Coleaching byaqueousHLat solutions

The influenceof the oxygen available for the reactimas deeply investigatesbmparingCo-
metal leachingimes with and withoutforcedaerationconditiors, as summarized Table 5.3
As shown significantly shorter times were found for @Gmachingexperiments performed
through forcedaeration,confirming the relevanteffect of Q on the reactionHowever, to
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confirm the key role of oxygen in this leaching reaction, an additional experimentwigsi c
out using é&apromatespirometer

Table 53: Effect ofthe oxygenatioifforced aeration biplowing airthrough a thin glass tupe

on the metallic cobalt leaching time.

\% [HLat] Co pH Leaching time (h)
(mL) (M) (mg)
50 1 357 1.7 Natural Q ForcedO;
13 3-4

The respirometer is a system typically used for the measurement of the biochemical oxygen
demand (BOD) in water, or the amount of oxygen that is consumed during the decomposition
of organic mattem soils or compostsThe system consists of a flask containing the sample,
connected to a sensor and a generator. At the time when tharettsxygen consumptio(i.e.

in absence of any other gas production due to the specific reaction inyawed)ectrode
system detds the depression in the flask and suppliparaeled amourdf oxygen.Flasks are

placed in a thermostated bath at 20°C under magnetic bar stifigné.2 shows the profile of

ned

oxygen consumptiomsleachingt i me det er mi

by ofrésgironfiettyn u s u a |
to the Q-dependant HLat leaching reaction

200

150

100

Consumption [mgO2]

50

T T M T v T T T T 1
0 1000 2000 3000 4000 5000
Time [min]

Figure 5.2: Metallic Coleaching reaction witB.1L of HLat 1M under Sapromat respirometer
conditions oxygen consumption curvAmount of Co powder: 0.714q9.

The monitoring of oxygeronsumption allows to estimate the end of the reaction, represented
by the achievement of the plateau of the cubeng the onlyelement within the system that

consumeoxygen (HLat solution does not consume oxy@eBespite longer leaching times
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(approxmately 30h) were found using this metHbitl points out some relevant aspects of the
leaching reaction. Specifically, the amount of oxygen consumption {htly@ing the reaction
almost reflected the stoichiometric need: in the face of 193artiggdreticdly required by the
reaction (0.27g&gCo), 180 mg®@ were consumed during the experiment, confirming the
primary role of Q in the leaching reactiorexperiments carried out at various pH values
obtained by adding a controlled amount of NaOH(aq) to #x€hiag solutionpointed out that

at pH above 4.5, formation a@bundant precipitains (oxides and hydroxides of Co(ll) and
(11N), occurred in agreement with the literat{8¢ Against, pH < 4.5 prevented oxides and
hydroxides formation allowing the reaction to occur efficiently towards [CoflthAD)]
complex formation. This is a key point, becaulse tormation ofinsoluble byproducts is
undesired in selective leachingppesses. Furthermore, despite the pH of 1M HLat solutions is
1.7, more complex systems where HLat and bty coexist in concentration depending on

the chemical equilibrium (such in the case of solutions obtained by dark fermentation of
carbohydrates;e® Chapter 6) may be also used without forcing the system at pH values lower
than 3.9, pH of the HLat/Labuffer solution at 25°C, with mot negligible saving of chemicals
(e.g. HCI). These results were confirmed by applying the same methods to theersecov
powders. Before testing the powders, experiments were run in the same experimental conditions
of raw WC and W powders in order to highlight possible oxidation phenomena on these
materials which can be detrimental for the final WG recovered powders anticipated in
Chapter 1 (section 1.3). Fig. 5.3 shows the ddnsumption profiles, obtained by using

Sapromat respirometer, for WC and W powders in the presence of a 1M HLat solution.

As shown, tungsten does not consume oxygangsten carbideon theother hand, consumes
a small and linearly increasing amount ofr@aching 12.5 mg®value (0.145 mgagWC h)
after 30 hours (average leaching time found for cobalt powdgi3. finding that should be
taken into account assessing globat@nsumption ding the process confirms the knowledge

of slow but occurring oxidative phenomena involving WC.

8 Sapromat respirometer works in a "static" mode, suppling parceled amounts of oxygen in the head space of the

closedreactor. This delivering mode does not favor, from a kinetical point of view, the oxygen availability for the

leaching reaction, resulting in longer leaching times with respect to those recorded even just in an opéisflask.

delivering modesould limitthe availability of oxygen in the liquid phase and thus the rate of the leaching reaction.
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Figure 5.3: O. consumption profiles for WC and W powders (2.86g) in the presence of 0.1L
of 1M HLat solution.

Finally, further leaching tests wemgerformed for defining the best oxygenation system.
The reactions were carried out in open beakers, using 0.2L of a 1M HLat solutions and 1.47 g
of metallic cobalt powder. As shown in Fig. 5.4, the solutions were mechanically stirred in a
jar test equipmerand air was blown through the solutions by a thin glass tube providing large
bubbles and, for comparison, a porous stone providing fine bubbles, both powered by a small

air compressor. Each experiment was performed twice.

(A)

Figure 5.4: Fine bubble (A) and large bubble (B) oxygenation systems at the start of the
leaching reaction.
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Table 5.4 summarizes conditions and results obtained by 4h leag&kisigown, the fine bubble
system is significantly more efficient and manages to almospletety leach the Co in 4 hours.
These results were also confirmed by increasing the scale of the experiment, obtaining an
almost quantitative Co dissolution in5h by treating2.94g and 5.89g of Co powder with
respectively 0.4 and 0.8L of HLat 1Nihis result suggests presumably the fine bubble diffuser
provides available oxygen with a rate compatible with its consumption by the reaction.

Table 5.4:Cobalt(1.47g)leaching efficiency withiHLat (1M, 0.2L) undefarge and fine bubble
aeration.*Determined ly ICP-OES on the leachate and obtained as average values of two

independent experiments.

Aeration Leaching yield [6]* Leaching systems after 4h
system treatment

Large bubbles 61.5

Fine bubbles 925

5.23 Scaleup of the solvometallurgy process

Herein, a larger scale experiment was performed on 300 g -&3C with a HMal ethanol

solution (1M, 4.2L) in order to obtain a treated sample in amount compatible with assessing
scalability and testing the recovered materials. The leaching reactiopevfasmed at room
conditions for 6h into a 5L mixing reactor equipped with a mechanical stirring (400 rpm) in the
L/S=14L/kg. After 6 h, the reaction was stopped and the resulting mixture separated by gravity
filtration and collected for characterizatid@P-OES determinations of cobalt on the leachate

and the solid residue after digestion demonstrated that, under the reported conditions, around
the 70% Co was removed leaving a 6% Co into the solid reaaddeagreed with the SEM/EDS

solid state characteation on the W&o recovered powder, as shownFig. 5.5 Thus, the

final compositional resustof this experimenarein line with the need for tuning the amount of

Co, providing good quality W{based recovered powders with a Co content lower than 10%.
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Further experiments are in progress in order to provide a robust relationship between the starting
test specimen composition and the required leaching time for obtaining the desired final Co

percentage.
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Figure 5.5 SEM micrographs and EDS spectra of-BELL: (a) beforeand(b) after 6hH>Mal
(1M, EtOH) Caoleaching at room conditions.

97



5.24 Scaleup of hydrometallurgy leaching processs

Larger scale experimentvere performedalso for HLat and kBuc hydrometallurgical
treatmentsA HLat solution (1M, 7L, L6=14for limiting the amount of solutigrwas reacted

with 650g of RC631L powderin the presence of forced aerationa 30L mixing vessel.
Stirring was provided by bubbling air from the bottofithe vessel through spherical porous
stones connected to an air compressor (see Fig. 5.6). Leaching reaction was monitored from 1
to 24h by sampling the leachate and analyzing for Co the digested aliquots-DER see
Appendix A6 for details Fig.5.7 shows the leaching profile for the process.

Under the above conditionsCP-OES measurements on the leachate showed/aaf9Co
dissolution occurredin 24h This data fully agreed with the corresponding 4CBS
characterization of the digested solicngde where aVC-(5,7%)Co composition was found
Furthermore, these results were supported by XRD and SEM/EDS solid state characterization
on the recovered powder which highlighted the lowering of cobalt peaks and a residual amount
of cobalt in the final mdture. Fig. 5.8 and 5.9 show respectively the XRD patterns and
SEM/EDS plots and powder micrographs, before and after 24h Hilat€hing.
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(@)

(b)

Figure 56: (a) Thermostated doubigall 30L mixing vessel equipped with motovariator for

mechanical stirring, pH control and distillation line; (b) Forced aeratiengekperiments.
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Figure 5.7: Co-leaching pofile for the scaleup experiment orRC-631L powder (650g)with
HLat (H20, 1M) under aerated conditions.
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Figure 5.8: P-XRD patterns oRC-631L: a) before and)lafter 24h leaching with HLat ¢,
1M)/O2 at room conditions.
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Figure 5.9:SEM micrographs and EDS spectra of-BELL:a) before and}after 24h leaching

with HLat (H.O, 1M)/C; at room conditions.

Also in the case of Fbuca larger scalexperiment or650g of RC-631L, applying the same
conditions reported above for HLat, waesried out in absence of forced aeration. The solution
was stirred mechanically and left to react with the powder for 24h at room conditiogas H
evolution was observed. After this treatmergundthe 48%of Co wasfound in the leachate

(by ICP-OES measurements). This result was confirmed by R characterization (see
Fig. 5.10 that highlighted a relevant residual amount of Co compatible with a supposed WC
(12%)Co composition.

T 2 T M T b T
30 40 50 60
20

Figure 5.10 P-XRD patterns of R&31L (6509): a) before and lafter 24h leaching with
H2Suc (HO, 1M) at room conditions.
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On the bases of this not completely satisfactory reaufurther experiment, addressed to
improve effectiveness pointing out a relationship with the presence of availalite e

reaction, was attempted. In this case, 1500RGf631L test specimen were treated under

mixed oxygenation conditions for 50h. Specifically, the mixture was stirred mechanically for

24h without forced aeration (PART 1), as done in the previousrgment, then a repeated
sequence of mechanical stirring without forc
aeration from the bottom of the vessel (156)
2), monitoring the Cdeaching yieldsn the time throughout the experimeRig. 5.11shows

the Caoleaching profile for this twsstage process, highlighting by colors the data related to the

two parts of the experimemART 1 of the experiment fully reproduced the yields obtained by

the firstscaleup attempt, providing a 48% @tssolution in 24h, as expected by applying the

same unoxygenated experimental conditions. PART 2, showed instead a significant increase of
effectiveness, reachiran85% Caodissolution yield after 5QfT his two-stes approachs based

on the cited class 3 behavior og$lic and \as addressed to improve efficiency limiting

material oxidation phenomena as much as possiitdortunately, the frequency of data
collection during this phase and the unavoidable long temgapa in the monitoring, did not

all ow to higlslaiwg lotot & 0p @ s ®in bidugple buathearcrease of 0 t h
effectiveness can be reasonably related to the forced aeration conditiotws thaefound

increased slope of the trend
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Figure 5.11: Co-leaching pofile for thescaleup experiment ofiRC-631L powder (1500gyvith

HoSuc (BHO, 1M) without aeration for 24h (red color, PART 1) and under mixed aeration
conditions (no aeration,fortdad i agr dtoiromM 5f6ora
(black color, PART II).
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The leaching yield calculated by IGPES measurement on the leachate after 50h treatment,
fully agreed with the corresponding IGPES characterization of the digested solid residue
where aWC-(3.1%)Cocomposition was found, as well as with the SEM/EDS characterization

(seeFig. 5.12.
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Figure 5.12: SEM micrographs and EDS spectra of -BELL: a) before and )after 50h

leaching with HSuc (HO, 1M) undemixed aeration conditions.

Final compositional resudtin the residual mixtures were found, for all the samples treated by
affordable conditiondn perfect line with the aim of this study which ne¢al tune the cobalt
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content of HM waste powders to vakit10% Co as required for direct and profitable re

employmenin HM manufacturing
5.25 Metallurgical quality control (MQC) and assessment of the W@&ecovered powdes

C and O content in the WCo powders suitable to be directly employed in HM manufacturing

is a critical parameter for obtaining HM tools with performing properinekeed as anticipated

in Chapter 1 (section 1.3)e copresence of C and O into a \Aase powderdower theC
content of the mixture during the sintering phase, affecting the final properties of the HM
material due to the occurrence of thecatledh-phase in the final material.

Table 5.5 reports the optim&l and O elementatomposition vales for WGCo powders
suitable for HM manufacturing, as well as C and O contents found in the recovered powders

from hydro and solvemetallurgy scalaip processes.

Table 55: Desired and found* C and O percentage composition for-@@Crecovered
powders. Obtained as the average value of thmeasurements. Appendix Al for method.

C (%) O (%)
Optimal WGCo powder 5.70 ¢0.40
HMaletony-recovered powder 5.99 0.65
HLat@aqyO2-recovered powder 6.24 1.60
H2Sugagyrecovered powder 11.8 11.60
H2SugaqfO2-recovered powder 6.93 3.88

The very little excess of C and O into the recovered matdrmin HMal treatment,
demonstrates that massive hydration/oxidation phenomena on the sas\piell as the
retention of the most part of organic substances from the surfagareanted by using the
proposed solvometallurgy procassethanol, making this material suitable for application in
HM manufacturing. Against, WCo powders recovereafter hydrometallurgical treatments
showed to be the most critical in terms of C and O content. Very high O% values were found
for all the treated samples in water, with the highest value recorded for tHaeratad leaching
system. This odd evidence ns&yggest that hydration phenomena of the-8u@ace may occur
beside the oxidative phenomena pointed out through respirometry experiments. Also the
retention of unwashed organic leaching agents/complexes may occur, affeQiete@ental
analysis. WGCo pavders with this kind of composition are unsuitable for direct application in
HM manufacturing. For this reason, thermal treatments under inert environment (1000°C, 2h,
N2; Appendix A3 fordetailg were attempted for improving the quality of the powder&lda
5.6 summarizes the-O elemental analysis recorded for the treated samples.
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Table 5.6: C and O percentage composition for W08 recovered powders after thermal

treatment.
C (%) O (%)
Optimal WGCo powder 5.70 ¢0.40
HLat@aqyO2-recovered powder 5.65 0.19
H2Sugagyrecovered powder 6.02 0.40
H2SugaqyO2-recovered powder 5.93 0.14

As shown, thermal treatments demonstrated to be able of driving powders composition within

the desired ranges, making these samples suitable for HM production.

In order to process the recovered powders and test their quality in HM manufactioeing,
treated R&31L powder with HoMal ethanol solutionwas selected as a case stuass
homogenized by labcale ball milling as detailed Experimental (5.4.1 sectiorthen shaped

and sintered in forms of small bars to undergo Metallurgical Quality Control (M@C)Co
powdersobtained by HLat and #$uc leaching are still under study. MQC procedures are
detailed in Appendix Al. The results of the MQC procedure areatell inTable 5.7, where

the valueof density, hardness (HV10 and HRA), coercitive force (Hc) and magnetic moment
saturation {) related to the pristine W.Co powder (R@31 L), are also reported for

comparison.

Table 5.7: Results of the MQC on bars obitad by sintering the recovered FB31L powder
after leachingvith a 0.5M HMal/EtOH solutioncompared with the same values related to the

use of the pristine powder.

Density Hardness Hc® a@ Optical
Microscopy
glcn? HV10 HRA | Oe | Gendlg | 2006®  1500x
RC-631 13.36 933 855 | 94 139 A02 i
pristine
RC-631 1488 | 1609 | 923 |228| 92 AO4 | d-phase
treated

(1): Coercive force; (2): magnetic moment at saturai@nmagnification according to ISO 4499

The MQC of bars obtained by the treated powder satisfactorily show these artifacts possess all
the metallurgical features, i.e. density, hardness, coercitive force and magnetic moment

saturation, typical for HM materials containing around the 6% of Coid8gs optical
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microscopy highlightethe presence of a small unwanted but expected amodsltdse gee
Fig. 513) relatable to the previously cited little excess of C and O into the powder.

Figure 5.13: Optical microscopy image (1500x) of a sinteaatifact obtained by R®&31L

powder after | eaching. The dar kesiphaser eas poi

When a small excess of O is present in the recovered powder, a correction of the powder
composition during blending process, through dddition of C as high purity carbon black,

can overcome t he ocphase. Meus @ ean bef definitely gased thatd
recovered powders obtained applying the proposed solvometallurgy method fully meet the

requirements for HM manufacturing.
5.2.6 Cobalt recoveryfrom the leaching solution

Following the leaching phase, that is one of the most critical aspects on the whole recovery
process, the enhancement of Co in a form suitable for application is a further issue of industrial
interest. Besids the possible applications of the complesxtas,® a series of separation &
recovery processes for achieving Co metal anabxide (CoO/CeQs), were approached.

9 A research activity developed in collaboration with Imperial College London, \Witprgroup, Dept. of
Chemistry, demonstrated the [Co(L&)-0).] and [Co(Mal}(H20)4] display significant catalytic activity in the
esterification reaction of alcohols with acetic anhydride, under sefiemtconditions and low catalytic
loading.[4]
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The first approach is the selective complex crystallization from the leachate (see Expaim
Chapters 2 and 3) providing the sesithte compound which can undergo following thermal or
electrochemical treatments.

Very interesting preliminary results were also obtained, at the Green Chemistry Center of
Excellence, Dept. of Chemistry, Unragty of York, in the selectiveiquid-to-Solid extraction

of Co-complexedrom the solvometallurgy leachates by using Starbd@t@bon®is a family

of carbonaceous mesoporous materials derived from waste polysacch{ai#/iesS) after
carbonization in the range 1:800°Cwhichhave been used for adsorption in a low cost process
requiring no templates or hazardous chemif&ldt is considered to bgreenand sustainable
because it is made from renewable materials using a cleangimudprocess, as detailed in
Appendix A7 Specifically, Starbon® mesoporous materials with various surface
functionalities, were prepared eyxpanded stardiroughcarboniationin furnaceat different
temperature$350, 400 and 800°¢. Among he synthazed Starbons®the one prepared at
350° (called S350) the richest in terms of functional growss checke for solidphase
extractionof cobalt from HLat and bMal leaching solutions. Specifically, for each case study,
a 1:4 diluted solution was prepdréfom the leachate and passed through 100mg of S350 in a
solid-phase extraction apparatus (§ég 5.14.

Figure 5.14:Solid-phase extraction apparatus.

Extraction efficiency was determined by UV/Vis spectrophotometry through a colorimetric
methodbased on the comparison of the absorbance of the diluted solution before and after
extraction with a calibration curve at the specific wavelength of the complex absorption (both

around 520nm).
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The preliminary results showed that, while no cobalt beingaeted fromH>Mal ethanolic
solution, about 10% diCo(Laty(H20):] was extracted from the HLat aqueous solutio

single experimentExperiments can be, in principle,-men several times for improving the
extraction yield Carbonaceous materials likéaBoon® enriched with the metal value, can be
sent to oxidative thermal degradatioaturning the extracted metal, presumably, in form of
metal oxide On the bases of these preliminary results, further experiments are in progress for
improving extractionconditions and yields, the final recovery of the metal as well as for
functionali zing Ssoftdomors fositekasinguektracian effciensy anch

selectivity.Appendix A7 describethe preliminary functionalization attempts.

Electrowinningwas checked as a suitable technique for cobalt metal recovery from the leaching
solution Preliminary experiments were performeéditectly on HLat and bkBuc aqueous
leachatesinto a twaelectrode cell with 12 mm graphite rods under galvatiostanditions, as
detailed inExperimental(5.4.2 section)Differently, for the HMal process, a 0.5M water
solution of the recovergo(HMal)2(H20)4] complex was prepared starting from the isolated
complex and treated in the described ¢BNo currentvalues,300mA and 100mA for 10 and

30 minutes respectively, were investigated resulting in 51.7 mdooh 17.2 mA/crcurrent
density figues at the cathode, respectivetyall cases, Caonetal deposition to the cathode was
observednd energy efficiencspanning from Zto 87%- specifically, 74% for HLat, 87% for

HMal and 77% for HSuc solutions calculated as the ratio between the theoretical charge to
get the amount of metallic Co at the cathode and the total amount of charge transferred through
the cell, were found. The loss of efficiency is reasonably attributed to the expected cathodic by
process 2H + 26 - Hzoccurring in water, in agreement with the experimental evidence of gas
evolution to the cathode during the electrowinning. Figk5 &nd 516 show the SEM/EDS
characterization of the Gmetal deposits to the cathode in the two setepdrted conditions,

obtained from th¢Co(HMal)2(H20)4] solution as a case study.
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Figure 5.15: Picture (a), SEM micrograph (b) and EDS characterization (c) of the metal deposit
obtained to the cathode under 100mA, 30 min, conditions. No peaks were detected up to 30

keV (the corresponding part of the spectrum has been omitted).
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Figure 5.16: Comparison of the morphology, by SEM images, of the two metal cobalt deposits
obtained to the cathode at: a) 100 mA, 30 min; b) 300 mA, 10 min.
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These results are stifit an early stagand the optimization of the electrowinning process
exceed the focus of this work, btlhey demonstrate the capability of the metal complexes to
work as valued precursors for @uetal by electrochemical reduction. The further benefit

related to the use of electrowinning is the contemporary restoration of thengaolution.

Finally, cdoalt recovery was also investigated by thermal treatment of the sclid@Gplexes

in oxidizing andreducing environmentSpecifically, heating ramps (3°C/min) up to 500 and
1000°C, were applied to 5g aliquots of the different complexes in a horizontal ovdtigsee
5.17), as detailed ifExperimental(5.4.3 sectioy with the view to recover cobalt in form of
oxide, when kating in Q atmosphere, or as a metal powder, by heating ungdérsg-shown in

Fig. 5.18 a series of rethrown, grey and black powders were obtained by treatment of the
different pink Cecomplexes in oxidizing and reducing atmosphere. The charactemizatio

theserecoveed powdesis still in progress.

Figure 5.17:. Lent ond s oven for t her mal treat ment s

environment.
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Figure 5.18: Recovered powdersby thermal treatments of [Co(HMalH20)4],

[Co(Laty(H20),] and [Co(Suc)(H0)4] at 500 and 1000°C under oxidizingGnd reducing

(H2) environment.

5.3 Conclusions

In this chapter a focus on the @aching process sap and scalability for pursuingdustrial
application were pointed out with specific reference to three representative and interesting cases
of Class 13 acids: HLat and FBuc in water in the presence of, ®>Mal in ethanol. The
performed experiments allowed to strongly support theeabbxygen in HLat and #$uc action

in water and in finding the best operative conditions, in terms of L/S ratio and Co:Acid molar
ratio as well as pH values, for moving to the seadgrocess. Under these premises, HLat and
H>Suc water solutions demoretied to achieve satisfactory Gxaching dissolution on larger
scale within 24h at room conditions under forced aeration, provitisgectively WE
(5.7%)Co and W€3.1%)Co recoveregowders, which can be made suitable for use in HM
manufacturing after utergoing a 2h thermal treatment at 1000°C for removing the excess of C
and O. On the other hand;Mal solvometallurgy demonstrated very high efficiency reaching
WC-(6%)Co in just 6h on the larger scale without addition of any external oxidizing specie and
preventing oxidizing/hydrating phenomena on the material. Finally, several ways for Co

enhancement were approached with more than satisfactory preliminary results, specifically in
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the case of the electrowinning process on the leachates, which allow,tehento recover Co
metal and to restore the leaching solution. On the bases of the obtained results, a TRL 5
technology validation in relevant environméngeems to be reachedl leastfor the leaching

phase of these processes.
5.4 Experimentaf©
5.41 Physical, mechanical and magnetic characterization

The metallurgical quality control was investigated on the sintered mat&egisvery powders
before/after treatmentere homogenized by ledrale ball milling for 72 h in ethanol and with

a 3:1 HM balls to powder ratio in a stainlesteel jar. Samples in forms of bars (according to

ISO 33272009 were sintered at 1500 °C under Ar (35 bar) in a standard sinterHIP (Hot
Isostatic Pressingjrocess.[6] The sintered test specimens underwent density, hardness (HV10
and HRA), coercitive force (Hc) and magnet.

conventional protocols and operative conditions.[7][8][9]
5.4.2Electrowinning experiments

The electrowinning experiments were investigated on the leaching solutions obtained after
scaleup process. However, 200naliquots ofleachateyere employed in a twelectrode cell

with 12 mm graphite rods dke electrode at room tempéeuae. The electrowinning process

was carried out in galvanostatic conditions using AMEL Instruments Mod. 7050
Potentiostat/Galvanostat. 300 mA and 100 mA current values were applied to the cell for 10
min and 30 min respectively that resulted in 51.7/on& and 17.2 mA/crhicurrent density
figures at the cathode. At the endeafch &periment, the amount of deposited migtatobalt

was estimated by a mass increase of the cathodic electrode and the current etidoehatied

by dividingthe charge needl to get the amount of metab at the cathode and the total amount

of charge that was transferred through the cell.
5.4.3Thermal treatments on cobalt complexes

Cobalt recovery from cobalt compleswas investigated by thermal treatment in oxidizing,
reuci ng and neutr al e n VA preavaighiechamouatof materida nt o n 6 s
2-5g) underwent a heating ramp ub@or to 1000°Cwith a heating rate of 3°C/min, 0.5 atm,

10 This part of the work has been carried out at FILMS corp.
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and left at the reached temperature for 2h before cooling down to eoopetature.
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Chapter 6

Agroindustrial secondary sources of lactic acid for HM waste enhancement
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6.1 Introduction

On the basis of its demonstrated remarkabletireyctowards Co in very mild conditions, the

high quality of the recovered products when its solutions are applied on complex wastes like
HM recovery powders, its low cost and environmental impact, as well as the possibility of its
production starting &m agroindustrial wastes, lactic acid was identified as the most intriguing
and appealingase study for industrial purposes among the several leaching systeens
proposedAmong agroindustrial wastes, dairy wastes are attracting specific attentitsmtbee

key role they play in the European economy, especially in the Mediterranean countries, where
activities such as livestock farming are considered relevant in economic, social and
environmental termslue to the global wide and spread production & amnd milk derivatives

(170 million tons of milk were produced in 2017 in EU and transformed into a wide range of
dairy products]1] In this framework, wide knowledge has been grown up by the environmental
sanitaryengineering research group of thedAR (University of Cagliari) in th@alorization

of the residues of the dairy industry producing organic asidshydrogethrough fermentative
processef2][3][4][5] Cheese whey anstottaare the mainmesiduesof dary industry with a
specific production of 0-8.9L per liter of processed milk. They are also the ones earning the
highest concerns in terms of environmental impact, due to their high organic substances loading
(quantified through the most common envir@mtal parameters such as the COD and BOD
Chemical Oxygen and Biochemical Oxygen Demand, respectiegiyal to 560102 and 2760

g/L). In the past, agricultural land spreading and/or direct use for animal fereeliathe most

widely applied solutions facheese whesnanagement. Nowadays, these practices are no longer
considered sustainable due to concerns about the potential adverse effects on the environment
and animal health conditiofd] so more appropriate alternatives need to be exploteda

circular economy perspective, efforts at looking for efficient reuse or recovery of
materials/energy from any valuable waste stream originated by the production cycles need to
be boostedTo this respect, ambitious valeation options aiming at producing biochemical
from organic wastestreams addressed to answer the need of raw material preservation and
waste preventignare highly desirable and included in the waste management aims of EU
regulationd6] With this view, recently, controlled dark fermentation processes of these
secondary materials for direct production of HLat leaching solutions with the desired features
for selective metals dissolution, were penied and here applied to HM waste material for

implementing a really sustainable circular economy model appealing for infij$8iy.
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All the mentioned above, together with the strict EU regulations on toxic materials
management, namely REACH and SEVESO Il direct[@snake the design of sustainable
circular economy models in HM manufacturing based on the use of enhanced dairy wastes,

appealing both for industriaind environmental purposes.
6.2 Results and discussion
6.2.1 Controlled dark fermentation processes for HLabased hydrometallurgy

Dark fermentation process is a versatile tool which can be carried out in a controlled mode for
achieving selectively thalesired products] Specifcally, HLatbased aqueous leaching
solutions, with the view to promote the highest rates of-figdlity recovered materials (Co
and WC) directly employable in HM manufacturing, require the following optimal features

- low residualcarbohydrategroteirs and fats content;
- high lactic acid concentration (between 0.1 and;1M)
-pH ¢ 4.

From a biochemical point of viewdark fermentation involves a phase of conversion of

carbohydrates, initially present in the form of lactose, into lactic addn thefollowing

reaction
Eqg 6.1:
CH,0OH
o3 CH,0H oH
CH,0H K OH o 3
OH 0O OH
OH . OH +HO- 2 Q" -4 Zo)\\(
OH OH 0
OH
OH
Lactose Glucose Lactic acid

Conventionabtlarkfermentatiorprocesses addressed to favor lactic acid productioogaied

out at pH between-3, in order to guarantdacto-bacteria a reaction environment suitable for
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their survival, as the accumulation of lactic acid determines their inhibiéilatedto the
lowering of the pHNevertheless, this approach provides a fermented solution which does not
meet the criteria requed for working as a metal leaching solution, due to the high pH (around
6) that favors Co oxides and hydroxides precipitation, as-kmeNvn and observed in the

experiments described in 5.2.2 section.

To simultaneously achieve the three objectives merdiabeve, twaonsecutivgphasesvere

investigated:

- Phase I: involve a strictpH control to 6 by dosing NaOWl as it guarantekthe most
favorable conditions for the production of ladiicid (present mainly in form of lactate, at this
pH value};[5]

- Phase II: pHvaskept urcortrolled and fermentation contindevith the production of lactic
acid until the substrate exhaedor the solutionreache an acidpH that inhibits bacteria. In
this phasethe pH spontaneously lowers as a result of the ptaguof lactic acid by

fermentation and not neutralized by the addition of the base.

Therelativeduration ofthe two phases is a key point for achieving solutions with the desired
propertiesPhase | is crucial for the efficient conversion of carbohydratedantic acid while
Phase |Ito spontaneouslyarryingthe fermentatiomutto the desired pHimiting the costs of

any pH-regulatingreagers. For finding the right balance between the two phases able to
provide asimultaneous almost complete consuimpof the carbohydrates and final gHt, a
monitorable parameteelated tothe systentonditions which highlights Phase | to Phase Il

switch point, needed to be identified.

Duration times of the two phases demonstrated to be a hardly reproducibletea@amthese
materials where no specific inoculation was made. Satisfactory results were instead obtained
by monitoring the [HLat]/[carbo] ratio during controlled fermentation (where [HLat] and
[carbo] are the molar concentration of produced lactic aod @esidual carbohydrates,

respectively).

YForthe sakeofsenmiplci t y, throughout this Chapter, wherever no
and AHLato are used with the widest meaning of produc
Eq. 6.1, the real form of the existing specie iusoh (undissociated HLat or Labn) depending on the pH and/or
competitive equilibria.
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Fig. 6.1 shows the molar fractions of HLatHia) and carbohydratescmg along the
fermentation profilevs [HLat]/[carbo] ratio as well as the final pH value achievable by the
solution if Phase Il would start in those [HLat]/[carbo] ratio conditions (see Appendix 8 for
methods). This graph was obtained by monitoring the three parameters, [HLat], [carbo] and
final fermentation pH, of aliquots subsampled during the time by a single cheese whey
fermentation run at pH 6 (see fermentation reactidfign 6.2 and underwent Phase Il (with

no pH control) in separate reactors thermostated at 39°C.

7 1,2

6 1,0

5 L —
. e S 0,8
D_ 4 L ——
Tg 4 — .
= 0,6 ;

3

—&— pH
0,4

2 X (Hiat)

1 X (carbo) 0,2

0 0,0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
[Hlat]/[carbo] [-]

Figure 6.1 HLat and carbohydrates molar fractiar) Curvesvs[HLat]/[carbo] parameter and
pH values of the final solutions obtained when Phase Il starts in those [HLat]/[carbo] ratio
conditions. The rectangle indicates the PhaseRhase Il switch zone. See Appendi%o8

methods.

As shown inFig. 6.1, a final pH in the desired range (around 4) can be reached by setting the
[HLat)/[carbo] parameter between 4 and 5, obtaining at the same time high carbohydrates
conversion yields to HLat which results in highat and, correspondingly, lovecamo

Noteworthy, this parameter showed to be completely independent from the duration time of the
two phases, being highly reproducible on different kind of dairy waste samples (either whey or

scottg, depending just on theasting amount of carbohydrates.
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Figure 6.2: BIOFLO 110 reactor for dark fermentation (New Brunswick Scientific; Bio

Command Lite software).

For the leaching experiments described in this chapteretheehtation was carried oah a
cheese whegampledoy a dairy in Southern Sardinf@able 6.1for details)by thetwo phases
proposed approach, as detailed in Appendix &hase | the pH was kept constant at the value
of 6 by suitably dosing a solution of NaOH 2.5 M. The Phase Il was startedeaftting a
value of [HLat]/[carbo] of 5.6 and was completed with the stabilization of th€fipad pH:
4.09; [HLat]=0.35M; [carbo]=0.02M)

In the view of the specific field of HM waste valorization, despite the optimal compaosition in
terms of HLat and sedual carbohydrates concentration of the obtained solution, the residual
amount of proteins and fats should be taken into account because they may represent undesired
impurities which can affect the quality of the recovered WC powder. An approach baked on

use of ethanol as ardgpblvent for precipitating hydreoluble proteins, demonstrated to be
suitable to purify the fermented solution allowing, at the same time, the recovery of valuable
proteins namely UHactalbumin b-lactoglobulin serumalbumin and immunoglobulin and

ethanol recycling.
For these reasonthe fermented¢dheese whey underwethireepre-treatments:

1. Preliminary settlingand separation
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2. addition of ethanol with an ethan@rmentedvheyvolume ratio 3:30 precipitate the
part of hydresolublesubstancemsoluble in EtOH

3. Centrifugation and recovery of ethanol.
The purified fermented solution was then sent to the leaching phase on recovery powders.
6.2.2 Hydrometallurgy with fermented cheese whey solutions
Preliminary experimentsn recovery pwders were performed on the RG1L test specimen.

The experiment was carried auging a fine bubble aeration system and a mechanical stirring
system for 4 hoursusing 0.400L of fermented whey 0.35M and 5.18g of test specimen
according to a 1:8 acid:Camolar ratio, in agreement with the previous-getwhen using
commercial HLat solutions (see Chapter 5). In these conditions, the 4h leaching yielded the
50% Co dissolution on the real material. Despite the found leaching yield was lower than
expected, its reasonablasit can be related to the lower HLat concentration in the fermented
whey with respect to the commercial HLat solution, depending on the starting amount of
carbohydrates in the cheese whey. This result seems, instead, very promising pairitieg

direct applicability of the fermented whey to \WI®-based powders for the selective Co
dissolution and suggests that, on the one hand, longer leaching times may improve dissolution
yields and, on the other hand, concentration processes of th®rsohay provide a more
effective leaching and improve L/S ratio for industrial purposes.

6.2.3 Circular economy model for bioderived HLatbased hydrometallurgyon HM wastes

On the basis of the really satisfactory results of the agalprocess (5.2.4 section) and the
preliminary results related to the direct application of aqueous leaching solutions obtained by
controlled dark fermentation of cheese whey, an attempted a¥siduolly closedloop circular

economy model in HM manufacturing is here proposed and outliréd.i%.3
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Figure 6.3 Outline of a possible circular economy model in HM manufacturing based on the
use of dairy wastes as precursors ofl€ching saltion. DF: Dark Fermentatior; Aerobic

leaching in water solution; decantation® a washing and drying® b electrowinning.

The proposed outline is based on the hypothesis of three main stakeholders: dairy industries,
Dark Fermentation (DF) farms and HMamnufacturing industries. Alternative models may
entrust DF activity directly to dairy or HM manufacturing industries. Anyway, the first phase

of activities is related to the cheese whey valorization, which involves collection, controlled
two-phase DF, as @l as purification & recovery of the most part of valued substances for
limiting waste production and marketing the products. The output of this phase is a customized
leaching solution that would represent the input stream of the HM hydrometallurgysproces

which consists of three main phases:
- Phase 1: selective leaching in forced aerobic environment
- Phase 2: decantation and liquid to solid separation

- Phase 3: metal value recovery (3a: washing and drying of WC-aampdoyment; 3b:
electrowinning of théeachate which obtains Co metal, restoring the leaching solution

for a new run).

In principle, this is an almost closegcle process with relatively low environmental and

financial costs. Indeed, cheese whey is valorized preventing irregular dispasalay & low
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value fields and it represents a loest input for the processo6trolled DF does not require
specific inoculation and use a negligible amount of chemicals (Na®kEan benefit of the
warmth of cheese whey, if it is ready fermented afteductionandEtOH used for compound
purification can be recycled (as well as water obtained by concentrai@emented whey,
hence, represents a low cost and sustainable material for hydrometallurgy. For its part, the
proposed hydrometallurgical prosedoes not require further reactants, except for the oxygen
which can be furnished to the reaction by forced aeration. The leaching times can be also finely
tuned in order to obtain the desired-@oount in the recovered WC powders to be sent to the

following HM production phases. The most critical aspects are related to:

- washing and drying of the WC powder obtained after leaching (phase 3&r removal of
interfering species like residual organic substances (which can ingenerate an excess of C and O
in the material) as well as water molecules (which can increase the content of O), nevertheless
EtOH used for washing can be recycled and residual organic substances can be valorized as
energyas well as the heat typically developed by HM plants can be vadbiiz the part of

hydrometallurgical process where heating is necessary;

- electrowinning (phase 3b)where the energy efficiency is around 75% in water due to the
H*/H. by-process to the cathode besides Co depositind recovery of leaching solution
which is expected will limit wastewater production, even if a strict assessment of the quality of

the recycled solution is still in progress.
6.2.4 Perspectives in the use of bioderived lactate sajtdlolvometallurgy’

Nonacid ligand/4 solvometallurgy demonstrated to be a powerful but gentle tool for the
selective Cdeaching from HM wastes. Despited®nor organic ligands showed the highest
efficiency in metal dissolution when in the presence of the oxidizing specie, great interest is
attracting the Latl> (EtOH) system because, beside the more than satisfyirgjsSolution

rates, lactate species can be suitably produced from dairy wastes through DF. Indeed, as
anticipated previously, DF can be carried out in a controlled mannarr&uipg a final solution

with the desired characteristics. Recent results by the environmental sanitary engineering group
of DICAAR,[5] demonstrated that high concentration lactate solutions with negligible amount
of undissociated HLat and residue carbohydrates can be obbgireadying out DF at 39°C,

under pH control at 6 by dosing NaOIH order to be used in solvometallurgy, the fermented
wheymust be deprived of watekppendix 8 reports details on applied DF processes.
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The fermented whey prepared for the present study wakedreinder fully controlled pH 6
conditions and then underwent a first decantation/separation of the insoluble organic matter,
then it was driedh an oven at 5@80°C(seeFig. 6.49. Ethanol washing of the dried fermented
whey allowed to extract lactasalts from the whole solid mass to the solution, leaving treeck

organic substance insoluble in ethafsaleFig. 6.4b).

Figure 6.4: Fermented cheese whey after drying (a) and following extraction with EtOH (b).

The main advantageof this approach are related to the possibility to achieve, in one stage, a
purified lactate solution of the desired concentration. For leaching purposes, a 1M lactate
solution was prepared.

The leaching experiment waarried out or82.5gthe RG627C recovery powder wit#h40mL

of the prepared solutioithe powder was reacted under magnlegicstirring for 24 hours and
using b asthe oxidant. The Co:HLak molar ratiowas 1:4:1. Despite he leachateand the
recovered powder astill under chareterization, the initial dark brown solution turned to pink

when the reaction went off, assessing the effective occurrence of the leaching

On the bases of these preliminary but satisfactory results and the results recordgmbam€o
(4.2.3 section)an attempted design of a fully closémbp circular economy model in HM
manufacturing based on this new process is here proposed and outhigdin
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Figure 6.5: Outline of a possible circular economy model in HM manufacturing based on the
use of dairy wastes as precursors ofl&€hing solution. DF: Dark Fermentation;leaching

reaction in ethanok, decantation® a washing and drying® b electrowinning.

Also in this case, the proposed outline exploits dairy industries, Dark Fermentation (DF) farms,
and HM manufacturing industries, as main stakeholders. The cheese whey valorization phase
now involves collection, controlled DF at pH=6, drying (spray drying s¢erns an appealing
solution), lactate extraction in ethanol. The extraction solvent can be recycled in order to store
and put on the market an easier to handle solid powder, which can be swtanigtituted

adding ethanatlirectly in the leaching planThe residue organic substancesmarily whey
proteins, can also be valorized. The ethdeathingsolutionwould represent, together with |

the input stream of this HM solvometallurgy process which consists of three main phases:
- Phase 1: selectideaching at room conditions
- Phase 2: decantation and liquid to solid separation

- Phase 3: metal value recovery (3a: washing and drying of WC-aampdoyment; 3b:
electrowinning of the leachate which obtains Co metal, restoring the leaching solution

for anew run).

With respect to the previously proposed hydrometallurgical system, in the present process,

leaching requires the addition efds oxidizing agent. lodine is a costly but very powerful and
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recyclable reagent. It makes the reaction more effidieant low solubility oxygen does in
water. Moreover, ethanol is a more costly and flammable solvent respect to water but highly
recyclable andjreen The third phase of metal value enhancement promises to be particularly
appealing. Indeed, recovered WC ¢@mposition tuned W€o0) powders should be cleaner
than found in the hydrometallurgical process, both in terms of residual organic residues and
hydration (negligible in nomvater solvents), requiring less washing as well as thermal
treatments before femgdoyment for industrial purposes. Electrowinning is expected to deposit
Co by reduction at the cathode and obtaibyl oxidation from 1to the anode, restoring the

leaching solution.

6.2.5 Comparing the leaching systems in terms ofe&en chemistry

Green chemistry metrid40] represent a suitable tool for comparing the envirental impact
expected for different reactions addressed to obtain the same products or for similar reactions
with the same focuand this can be helpful for comparing gfreposed processes with respect

to the more conventional hydrometallurgy systems

Table 6.1 summarizes the metrics calculated for the two leaching reactions discussed in this

chapter and reported in Eq. 6.1 and 6.2:

Eg. 62 2HLat+WGCo + Q- [Co(Latk(H20),] + WC
Eq. 63 2Lat + WC-Co + b+ 2H0- [Co(Latl(H20);] + WC + 2t

The first consideration is that both these reactions occurs almost quantitatieetyngle stage
and selectively, so they can be graded as highestepomy reactions. Besidexynsidering
[Co(Latk(H20)2] and WC aghe desired productg&tom Economy AE) is calculated to be
100% and 64.7% for Eq. Band Eq. 6, respectively. These valsisuggest an almost full
conversion of the reactants into the valued products, for the Egwbile lower grade of
conversion is found for Eq. &.given the 1spedes are not involved in the valued products.
The impact of this parameter can be asseddintently thinking the role oflat the end of the
recovery process, being the spetiat restore 4 by electrowinning. Further important
information comes from Miss Productivity (MP)This parameter points out the percentage of
valorized material in the procesBhis parametealso seems favar Eqg. 62, with a 52.3% MP,
with respect Eq. 8, with a significantly lower 10.8% MP. These values are calculated taking
into account a 100% vyield of the main -Complex. MP calculated for solvometallurgy is
heavily affected by the neaqueous solvelitEtOHT whod mass is added at the denominator

of the fraction. Noteworthy, EtOH is an environmentally sustainable solN&eti(among the
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most sustainable solvents) and it is fully recyclable preventing wastewater production. On the
other end, water is not included in the MP calculation of the hydrometallurgy process, as well
as gaseous Qvhich is provided to the reactiomolwing air. These very important aspects can

be pointed out by calculating the E Factor, which puts in relationship the amount of desired
products with the amount of generated wastes and represents a good connection between the
laboratory and the industtiscale .Despite a strict evaluation of the E Factor is hard to be done
and would come from an industrial application of the process, this is expected to approach zero
if all the fractions generated by the reaction are treated under a Circular Econaomy Visi
Indeed, E Factor may assume very different values depending on the rate of reagents and
solvents recycling at the end of the process. Approximated E Factor values found f& Eq. 6.
and 63 are 16 and 8.7, respectively, if no recycling of solvents eaching agents is applied,
approaching to zero if all the fractions are well managed. In the case of solvometallurgy,

recycling procedures and wastewater prevention seem easily to be pursued.

Table 6.1. Selection ofgreen chemistrynetrics applied to the hydrometallurgical aing t

solvometallurgical processes.

Metrics Mathematic expression Calculated value
Eq. 6.2 Eq. 6.3
AE | Atom Economy | Bm. w. desir exd 0[ 100% 64.7%
[11] Bm. w. reagent
MP | Mass Mass desired ] 52.3% 10.8%
Productivitf1o] | Tot al mass used
16 8,7
EF | E Factor Total wast (WC, Co.metal (WC, Co.metal
recovery; 1o recovery; no
[12][13] Mass of pr o ecyclingof |recycling of
leac. solutions) leac. solutions
Towards 0O Towards O
(WC, Co metal| (WC, Co metal
recovery, recovery;
coordinated coordinated
and free and free
reagents, reagents,
solvents solvents
recycling) recycling)

With respect to the use of more conventional strong inorganic acids in wateppli@tions

of both these two leaching processes seems more sustainable. Inorganic acids kken&iNO
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H.SQ are efficient leaching agents for cobalt. Nevertheless, they are not selective leading to a
deep transformation of the W@atrix (formation of H;WQO4) which requires following
treatments for obtaining back the desired WC for HM manufacturing. Besideayéiegrmful

to operators and their action is accompanied by undesired toxic gases evoluti@mn\N&R,
respectively) in large amounts. For these reasons, the step economy and AE of the reactions
involved, are expected to be lower than those calcufatetie proposedHLat-based systems.

The expected higher MP of these systems is cotnat@nced by higher values for the E factors

due to lower rates of reagents recyclability and strongly acidic wastewater production.
6.3 Conclusions

On the basis of thprevious results of leaching methods based on the use-déhiad lactic

acid, two possible approaches for the implementation of profitable and sustainable circular
economy models have been proposed pointing out their advantages and disadvantages. A
comparison of molecular scale sustainability through the application of green chemistry
metrics, also compared with conventional hydrometallurgical methods, was discussed. Despite
the final assessment of the whole techr@alironmentafinancial sustainabty on industrial

scale would come only by a full configuration pikitale application, the preliminary results
discussed above seem promising and appealing. In this framework, dairy wastes demonstrated
to be a valued substrate and dark fermentatiom@guing and versatile tool for producing
leaching solutions for both hydrand solvemetallurgy. The DF controlling strategy proposed

here for producing lixiviants with the desired features for hydrometallurgy represents a unique
solution that optimizethe quality and quantity of the products obtained as well as the efficient
use of resources and chemicdlbe valorization at one time of two relevant wastes, cheese
whey and WGECo recovery powes, which to date represent environmental concerns, is the
key point that suggested us to select Hhased methods as our case study for both hydro
acidic and solvenon-acid-metallurgy and inspired the two circular economy models proposed

here.
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Chapter 7

Conclusions and perspectives
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7.1 Overall conclusions

Starting from scope this thesis wanted to pursue, i.e. the design and application of new
solvometallurgical methods for a sustainable, effective and selective metals recovery from the
complex matrix of HM recovery powders, hazardous wastes of HM manufectuth the aim

of implementing aircular economy model CEMf industrial interest, the following primary
results have been obtained:

In PART |

1) a series of bialerived organic acids, nameh} at, HoSuc, HLB, HMB, Rlt and HArg
were found to be effectiveeaching agents for cobalt from WCb wastes through
hydrometallurgy, dissolving almost quantitatively Co in aqueous solutions at low
concentration level (0.5M) and room conditions in very short timeh(for treating

0.1-0.5g of recovery powder) andaeng the residual WC unreacted;

2) an attempted classification that discriminate organic acids on the basis of the specie
involved as oxidant in the leaching process in watérqiHO,) - where Class 1 acids
behave as oxidants through,HKClass 2 need £for leaching, Class 3 follow the two
pathways- allowed to properly saip the experimental conditions for practical
application;

3) two new compounds, i.e. [Co(It)¢B)2]s and [Co(MBY(H20).], were firstly isolated in
this work by leaching reaction and tf@mer also characterized by single crystal X

Ray diffraction;

4) among the organic acids selected for solvometallurgy inweder solvent, EMal
ethanolic solutions demonstrated to be the most promising for practical application
dissolving almosguantitatively and selectively Co from Hiastes in a short time

without the addition of external oxidizing agents and leaving the residual WC unreacted;

5) H>Suc/MeOH demonstrated to be a promising alternative-daHEtOH solutions,
when solvometallurgy wad be preferred to hydrometallurgy;

6) Tu, DTO and PhDTMAA mixtures in EtOH and acetone demonstrated to be powerful
S-donor ligands leaching systems for cobalt, being specifically PhDTMiA¢l most
powerful dissolving almost quantitatively and select@®e from 0.5g of W@&Co
powders within 2006;
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7) Lat/l; mixture in EtOH seemed to couple etendlinness (biederived) and
efficieny (4506 | eaching ti me) and benefits
solvent of solvometallurgy, key point for highlystainable and profitable potentially

wastewatefree processes.
On the bases of PART | results, in PART I

8) experimental setip addressed to move towards industrial application was obtained for
HLat and HSuc in water in the presence ob @d HMal in ethanol, optimizing
oxygenation conditions for the formers and reagent/solvent economy (optimal L/S ratio

and Co:Acid molar ratio) for all the selected systems;

9) scaleup experiments for HLat/©and HSuc/Q hydrometallurgy on 650g and 15009
of WC-Co powdes, respectively, obtained W(G.7%)Co and W&3.1%)Co recovered
powders within 24h at room conditions under forced aeration, which can be made
suitable for use in HM manufacturing after undergoing a 2h thermal treatment at 1000°C
for removing the excess @fand O;

10) scaleup experiment for bMal (EtOH) solvometallurgy on 300g WCo powders
demonstrated very high efficiency reaching W8%)Co within 6h without addition of
any external oxidizing specie and preventing oxidizing/hydrating phenomena on the

materal, very promising for industrial purposes;

11) Starbon® soliephase extraction seemed promising for cobalt recovery from the HLat
leachate, as well as the precipitation of-&@mplexes from the solution by solvent

evaporation ansvashing with acetone &t0;

12) electrowinning demonstrated to be a suitable tool for depositing Co metal and restoring

the leaching solution;

13) a TRL 5- technology validation in relevant environmé&rgeems to be reached at least

for the leaching phase of the latter three procgsse

14) dairy waste underwent dark fermentation in controlled conditions providing, on the one
hand, a hydrometallurgical leaching solution based on high HLat and low carbohydrates
contents and, on the other hand, a simshed dry product rich in lactatelsawhich
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can be used as precursor of ethanolic lactate solutions for solvometallurgy in the
presence of iodine;

15) On the bass of the satisfactory preliminary leaching results of these two fermented
cheese whey solutions, two innovatEMsfor HM manufacturingvere proposed and
tentatively assessed for sustainability by green chemistry metrics on the leaching
process. The valorization at one time of two relevant wastes, cheese whey a&d WC
recovery powders, which to date represent environmeonigeens, is the key point that
suggested us to select Hizdsed methods as our case study for both hgdidic and

solvo-nonacidmetallurgy and inspired the two proposedMs
7.2 Work in progress andperspectives

The satisfactory results obtained hystwork and the commitment of the partners involved in

the project, stimulate further studies.

Among all the experiments in progress, such as the isolation and characterization of the leaching
products with &lonor ligandsAmixtures, recovered Co by c@hexes by thermal degradation,

etc.,

With the view of fully implement the proposed CEMs moving on a fsitatle, experiments

regarding:

- the effect of residual organic substances (proteins and fats) present in the fermented
cheese whey solutions on theaeered WC powder;

- the systematic study on leaching conditiorssleaching results for performing a
multivariate analysis addressed to predict the leaching times for achieving the desired
final WC-Co composition given the characteristics of the input regopewderand,
specifically for the Latl> (EtOH) system,

- the efficiency study on Wo powders;

- the metallurgical quality assessment of the recovery powders;

- the electrowinning recovery of Co metal from EtOH solutions by restoring the leaching

solutions;are in progress and rise great interest.
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Further challenges will be faced in the next future, primarily:

- the application of these findings to other kind of HM wastes, like scraps and regenerated
powders, widening the industrial interest andegheironmental impact of the proposed
approach;

- the study of selective leaching systems, based on the knowledge of this work, for other
Co-containing scraps such asibn batteries, or more complex multimetallic systems

like waste electric and electronigudpment.
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A1l Test specimen characterization andnetallurgical quality control (MQC)

1. Test specimen characterization
1.1 Sample digestion and ICFOES chemical analysis

0.5 g WCbasedpowder aliquots were reacted with 1L o#®3 30%,y in the presence of 10

mL of concentrated nitric acid and fluoric acid by heating at around 150°C for 15 min since the
reaction became vigorous, then left to react at room temperature. 15 mL of tartesm@ion

was added to the mixture for preventing tungstic acid precipitdtipri0 mL of HO. were

also added before making a proper dilution with deionized water. The freshly prepared solutions
were analyzed for Co, Fe, Ni, Ta, Ti, Nb, Cr, Cu, Mo, V, via Inductively Coupled Plasma
Optical Emission Spectrometry (IGPES, Hoiba Jobin Yvon JY 2000 series, Thermo

Scientific) after appropriate dilutions.

Table 1 Metal composition (wt. %) of the recovery powders {X1L and RG627C) used
throughout the present study.
Elements | W Co Fe Ni Ta Ti Nb

RC-631L | Wt. % 78.26 |20.40 |0.08 032 |0.27 |0.40 |0.27
RC-67C | Wt. % 79.4 1955 |0.05 |0.22 |0.25 |0.40 |0.13

1.2 Powdersoxygen and carbon analysis

The amount of oxygen psent in the powder was determined usind-B€CO RO400infrared
spectrometrywith calibration standard (0.0366 + 0.0006) OxygenNitrogen analyser in a

helium atmosphere. Firstly, a graphite crucible was placed in the instrument, and was out
gassed to ensure there was no oxygen present. About 0.05 mg of powder was weighed and
placed in the loading head and once the instntrwvas closed, the powders were dropped into

the crucible. The crucible was heated to ZD@t a pressure of 1.5 bar for 5 minutes. The
contents were then analysed to determine the amount of oxygen present in the \Mhedeas,

the carbon contain was téeminedby infrared spectrometry, using LECO WC 230, with

calibration standard (86 £ Q05) %carbon analyzer.
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Table 1 C and Ocontent(wt. %) d RC-631L and R&627C.

Sample Elemental analysis
(wt. %)

C O

RC-631L 4.94 0.58

RC-627C 4.93 0.59

2. Mechanical properties of sintered cemented carbides

The metallurgical quality control was investigated on the sintered materials. Hence, the
recovery powders before/after treatmemtre homogenized by ledrale ball milling for 72h

in ethanol and with a 3:1 HM balls to powder ratio in a stairdésal jar. Samples in forms of

bars (according to ISO 3327) were sintered at 1500 °C under Ar (35 bar) in a standard sinterHIP
(Hot Isostdéic Pressing) process. The sintered test specimens underwent density, hardness
(HvVv10 and HRA), coercitive force (Hc) and m:

under conventional protols and operative conditioff.
2.1Transverse rupture strength (TRS)

Transverse mpture strength is a standangasuremenh cemented carbidel is a combination

of shear strength, compressive strengtid tensile strengttand hence is useasa general
measure of thetrength of WEcemented carbid@] The principle idoreaking a test pieceihg

freely on two supports by application of a force at the midpoint of the spder conditions

of shortterm dynamicapplication of the forcg4] The fixture for testing shall have two freely
lying support cylinders (rollers) with a fixed distance between them and a freely lying force
cylinder (rolle). The three cylinders shall be of equal diameter between 3, 2 and 6 mm.
alternatively, the force may be applied by a ball having a diameter of 10Thrensupport
cylinders and the force cylinder or ball shall be made of tungsten carbide hard metal iWhich w
not be visibly deformed by the applied force

The procedure involves placing a test piece flat and centrally on the support cylinders so that
its length is perpendicular to the lengths of the support cylinders. Then, bring the force cylinder
or ball gradually into contact within the test piedetypical TRS tesset up and measurement
resultsfor cemented carbideseillustrated inFig 1.11. Accordingto Norm ISO 3327 1982,

the TRS value (R) of the samples is calculated using the equation:
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Where: F = force required foacture the test piece (N)
L = distance between supports (mm)
b = width of test piece perpendicular to its height (mm)
h = height of test piece parallel to the direction of application of the test force (mm)

Rom = transverse rupture strength valueNitmn?
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Figure 1. Schematic illustration of thERS process according to Not®O 33271 1982
2.2 Hardness

Hardness is the resistance to plastic deformation. It is one of the most important requirements
for cemented carbide applicatiorss reportedabove, lardnesss related tahe nature of the
composition and microstructure of the We€mented carbide since it varies wikie amount

and distribution of the binder, WC grain size and degree of pof6$jtj Factors with the

most profound influence on apparent hardness are the volume fraction and patrticle size of the
carbide phasehe hardness is higher and higher with increasing carbide volume fraction and
decreasing carbide grain sizg All the WC-Co composite grades are characterized by
extremely high hardness values, generakpressed in terms of Vicke(slV) hardnes or
Rockwell HRA) hardnessalthough the widely accepteabdel is theVickers (HV).[6][7]

According to normSO 3878 (Hardmetal Vickers haraess test),lte Vickers hardness was
designed in the 1920s by engineers from the Vickers Company in Entjlemdharacterized

by the imprint made by anndeterunder a given load for 15 secondibe indenter is formed of
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a squareébased diamond pyramid whose oppofaces make an angle of 136he applied load

is betweerD.807 N (HV 1)and490.3 N (HV 50), with preferred force 294.2 N (HV)3Uhe
diagonalof the impression is of the order of 0.5 mm, the measureimeatried out using a
microscope The Rockwell hedness standard dates from 1932 dredtest consists to apply a
charge of60 N and measuring the penetrating degfttheindenation According to Lee and
Gurland [6] the hardness of cemented carbidan be related to microstructural properties

according to théollowing equation:
Hece = HweVweC + Heo( 1 wdCV

WhereHcc is the hardness of cemented carbide, ktice in situ hardness of WC, Hg the
in situ hardness dhe binder phasé/wc is the volume fraction of the WC phase, C is the WC

contiguityandHwc & H coare expressetespectively by:
Hwe=13.5+7.2/4? and Hco= 2. 98 Y 3.9 /| &

Whered i s the carbide grain size and & is bin

mean fregath aree x p r e s s, wldle theaobtamed hardnesalueis expressed in GPa
2.3Fracture Toughness Kc

Fracturetoughness is the resistance of the material to crack propagation and is independent of
specimen size, geometry and finish. Fracture toughness is a measure of the energy required for
mechanical failureSince he binder phase is ductilié can absorb engy and go under plastic
deformation. Low carbide volume fraction and large grain size of WC enhance toyghness
which means it shows the inverse relationship concerning hardness. As fracture toughness is
not an intrinsic material property, it depends ndy@m the material itself but alsan the size

of the defecten thematerial being fractured. Fracture toughness is ustggdlgrted in terms of

Kic, which is known as critical stress intensity fac{8i[9]

The fracture toughness can be estimated through the formula:
Kic=0r (U £)42

WhereK c is in (MPa),lr is the stress required to propagate an interior crack of length<c,

a canstant dependent on the precise crack shape (close to unity)8]f]1n the hardmetal
field, the stress intensity factor is often kenxded according to the Palmqvist toughness
methodobgy (ISO 28079).
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2.4Density measurements

The density of the samplesusuallydetermined bA r ¢ h i me d e sAdter gintering,¢he p | e
samplesare grounded to remove the @h surface layer antb dean fromthe graphite
residual from the sintering process. However, the density of a correctly sintered sample will be
close to the theoretical density (the density that the sample would have if no voids were.present)
[10] Fig 1.12describstheAr ¢ hi me d e sacording tdNorniSE B369 1975.

Metodo di Archimede

d,p 299.7%d,

Componente D
(g/cm?) pray
- . \T H Metodo & Archimed per s misura dells &
Ni 8.9 ¢ P
WC 15.56 il
TiC 4,52 I
TaC 14,40 -
TiN .44 .
Vo2C 5.04
Crac2 6.74 d — P aria
Wi Lo
C 5.48 F, aria  *lig : n I
djrq , @ Cgmfl

Figure 2: Density measurement according to 1S859i 1975
2.5Magnetic properties

The measurement of he bi nder p h a prapértes stick asr coemtavity raredt | C
magnetic saturatignn cemented carbides make it possible to perform quickdestructive
quality control tests. The coercivity and magnetic saturation tests give information about the

effectiveness of the sinteringgmess and some information about the microstrugg)f&l]

2.6 The Coercivity (Hc)

Coercivity isthe value of thenagnetic field required to demagnetize the samples after it has
been magnetized up to saturatitirhas rather a complex meaning, as it is related at the same

time to (a) the WC grain size, (H)e amount of W solveth the metallic binder and (c) the
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homogeneity character of distribution of the metallic binder, i.e. the status reached by sintering.
In spite of such complexity, the coercivity value is very useful to MQC when an acceptable
range is defined for each gi& on an experimental basis an exampletis used to compare

the size of WC grains of different materials after sintering to detect whether there has been an
unexpected grain growth or nd@j According tolSO Norm 33261 1975,the coercivity is high

when tle Co content is low and/or WC grain size is fine, and low when the Co content is high
and/or the WC grain size is coarse. Free carbon, which also leads to increased WC grain growth
also reduces thealue ofcoercivity. The measuremenmstrument consistof two sectionsa
magnetic field generator and a magnetic field measuring unit. For performing the measures, the
sample is attached to a wooden sample holder and placed in the magnetic fielteddnera

the magnetic cojl12]
2.7 Magnetic saturation (Ms)

Magnetic saturation is used as an indirect, quick and reliable method of measuring the carbon
content of sintered cemented carbidee Huvantage of this method is the linear relationship
between théungstercontentin the metallic bindeand the values of the magnetic saturation in

the ragion of interestin particular, the magnetic moment at saturation of théo&e metallic

binder educes with an increasing amount of tungsten solved in @kt equilibrium that

value is a function of the material total carbon contémg parameteican beaccurately
estimated by magnetic saturation measuremdtisre are exceptions for this rule, i.e. when

high carbon alloys are quickly cooled from the sintetamgperaturgl3]
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A2 Hard-Soft acid-base theory
Complex formation can be described as a Lewis-bage reaction:
M+ nL= MLn (M=Metal- Acid, L=Ligand Base ML,=Complex Adduct)

HSAB Theory is a qualitative concept introduced by Ralph Pearson to explain the stability of

metal complexes.

Hard acids and bases are typically small and relativelypwarisable, where&oftacids and

bases are larger and more polarisable, as described ifkéte ta

Hard species Soft species
Small ionic radii, high positive charg( Large ionic radii, low positive charg
strongly solvated, empty orbitals in tl completely filled atomic orbitals an
Acids | valence shell, high energy LUMOge.g.| with low energy LUMOS (e.g. zero
alkaline and alkaline earth metal catio| oxidation state metals, heavy transiti
light transition metals in high oxidatig metals in low oxidation state)

state)
Small ionic radii, strongly solvate( Large ionic radii, intermediat
Basis* | highly electronegative,  weakly | electronegativity, highly polarisab

polarisable and with high ener¢ and with low energy HOMO4ge.g. I,
HOMOS? (e.g. F, CI, H,O, OH, RO, | H, R,CN", CO, RSH, SR SCN, PR;,
NOs, SO, ClOs, 0¥, NHg) alkenes)

3 owest Unoccupied Molecular Orbital (LUMOPHighest Occupied Molecular Orbital
(HOMO). *Bolded and underlined species behave as donor atoms towards the metal cation.

Borderline species with intermediate properties are identified as well: Acielg. SA*, F&*,
Co*, Ni?*, CU#*, Zre*, RUY, RIEY, Ir®*; Basis-  e.g. Br, py, SO\, NOy, SQ.

HSAB Principle: According to the HSAB conceptard acids prefer binding tbhard bases to
give complexes with main ionic character, whersaft acids prefer binding teoft bases to
give complexes with main covalent character.

NB: The driving force related to the matching of species with simit& héiture is additional
to other factors that contribute to bond strength between atoms (relate®/chiargeste

negativity/orbital overlap/acibase strength).
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A3 Materials and methods

1. Materials and chemicals

All chemicals were of reagent grade and used as purchased by Sigma Md@¢h 96%;
Acetone, technical grade; &t 99%; MeOH 99.8%;maleic acid, 99%; Lactic acid, 99%
Succinic acid, 99.5%; Citric acid, 99.5%; Itaconic acid, 99%; Lactobionic acid, 97%;
Maltobionic acid, 97%.L.-Arginine acid, 98%Rubeanic acid 97%; Thiourea 99%; Urea 99%;
N, Midnethykpiperazine2,3-dione 99%) without any purificationCobalt powder was used

as purchased bymicore (Extrafine, > 99.5 wt%, 1.3 un¥/C-Co recovery powders (RC
627C and R&31L), were provided by F.I.L.M.S. Corp. (OMCD Group, Anzola d'Ossola
(VB), Italy).

2. Solid-state chamacterization and treatment methods

Wherever not indicated differently, characterization and treatments have been performed at
DICAAR.

2.1 CHN-elemental analysis

Elemental analysis was carried out in double for C and H on a dried solid sancpleatif

complexusing a LECO CHNG628 equipment.
2.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysisas performed at GCCHniversity of York, ona Netzsch STA

409 equipment. A praveighted amount of material (ca. 50 mg) underwent a heating ramp up
to 1300°C, with a heating rate of 5°C mtinnder a mixed atmosphere of air (100 mL¥)iand

pure nitrogen (20 mLmit.

2.3 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transforminfrared spectroscopy was conductdGCCEUniversity of Yorkon a
Bruker Vertex 70 FAIR spectrometer in attenuated total reflectance (ATR) mode. All the
spectra were recorded using a resolution of 2! @md 32 scans each for background and

samples.
FT-IR spectra of [Co(HMa}(H20)4] and CoDTQOcomplex (still under chacterization), were
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recorded by a Jasco HR6300A spectrometer equipped with a ATR PRO ONE (diamond
crystal) in the 400@00 cm! spectral range, ris. 4.0 ¢in50 scans.

2.4 Single-crystal X-Ray diffraction

Well-shaped singlerystals wereanalyzedby Prof. L. Marchio, University of Parman a
Bruker D8 Venture Photonldiffractometer. The crystal was kept at 160 K during data
collection. Using Olex2 the structure was solved with the SheP$Tructure solution program
using Intrinsic Phasing anéfined with the ShelXE.refinement package using Least Squares

minimization.
2.5Powder X-Ray diffraction

Powder XRay diffraction patterns were recorded by Dr. Stefano Cara, IGAG_CNR Cagliari,
by aRigaku Geigerflex DMax diffractometer operating with Ctube at 30 kV and 30 mA

(mineral identification was carried out by comparison with the JCPDS File |Z85).
2.6 SEM/EDS

Scanning Electron Microscopy and Energy Dispersive Spectroscopy were performed at GCCE
University of York, by means of a SEM/EDS JEOL JSBDOF equipment.

SEM/EDS characterization of WCo materials described in Chapter 5 was performed at
FILMS, by a JEOL JSM 5500LV equipment.

2.7 Thermal treatment of cobalt complexs

Cobalt recovery from cobalt compleswas investigatecdt FILMS by thermaltreatment in
oxidizing,redici ng and neutr al e n v iApreweigketad amoanhof a L e n
material(ca. 25g) underwent a heating ramp up500 or to 1000°Cwith a heating rate of
3°C/min, 0.5 atm, and left at the reached temperature for finebeooling down to room

temperatue.
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A4 Thermogravimetric Analysis of Co-complexes

1. General discussion

The thermal analysis proféde recorded for cobalt complexes ([Co(Latk(H20)];
[Co(HMal)2(H20)4]; [Cos(Cit)2(H20)2]; [Co(LB)2(H20)2]; [Co(MB)2(H20)2];
[Co(Suc)(HO)4]; [Co(It)(H20).]3), undermixed atmosphere of air (100 mLminand pue
nitrogen (20 mLmif) (heating ramp up to 1300° rates of 5C mint), are reported below.

The behavior shown by the different compounds is very sinstterying a first decomposition

stage, occurring approximately at 200°C, reasonably associated with the loss of the coordinated

water moleculesThe second decomposition observed in the range3280C) is related to the
organic ligand decomposition and suggeslie formation of an intermediate product,

reasonably a nestoichiometric metal oxide like GOs, as observed previously for similar

compounds[1] Such an assumption is proved by the existence of the third decomposition step,

where a continuous mass las$ributed to oxygen evolving is registered with the expected
formation of CoO[1]
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2. Thermal degradation profiles
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Figure 1. Thermal

decomposition curve (TG)

foa) [Co(HMal)2(H20)4],

(b)

[Co(H2Su)(HO)4], (c) [CoLak(H20)], (d) [Co(It)(H20)2]3, (e) [Co(LB)2(H20)2] and (f)

[Co(MB)2(H20)].
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A5 Single-crystal X-Ray diffraction characterization of [Co(It)(H 20)2]s

X-Ray diffraction measurements performed by Prof. L. Marchio, University of Parma (IT).

1. Molecular structure of [Co(It)(H20)2]s

Figure 1. Molecular structur¢Co(lt)(H20).]s complex!? Color legend: blue, Co; red, O; grey,
C; white, H.

2. Tables

\ Table 1Crystal data and structure refinement for CoItZ_Om_a.\
Identification code [Colt2_0m_a |
[Empirical formula |C15H24C0:018 |
[Formula weight l668.12 |
[Temperature/K [200.0 |
ICrystal system lorthorhombic |
ISpace group |Pbca |
/A 19.9809(13) |
lb/A [14.5548(14) |
c/A [15.3513(19) |
0/ A |90 |
b/ A |90 |
b/ A |90 |
Volume/A? [2230.1(5) |
Z 4 |
‘J cakg/CI’T'?> H1.990 ‘
e / mtm 12.296 |

12 Single crystal Xray diffractometric studies were performed by Prof. Luciano Marchio, Dipartimento di Scienze
Chimiche, della Vita e della Sostenibilita Ambientdlmiversity of Parma (IT).
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IF(000) 11352.0 |
Crystal size/mrh [0.05 x 0.04 x 0.03 |
[Radiation IMoKU (& = 0.7107

20 range for data collectior]|5.598 to 51.694 |
Index ranges 12 O W70 OL %1 80 (1|
Reflections collected 73713 |
Independent reflections  [[2145 [Rut = 0.1107, Bgma= 0.0274] |
[Data/restraints/parameters|2145/18/192 |
(Goodnessf-fit on P 11.051 |
Final R indexes [I>=2 ()] ||R.=0.0274, wR=0.0776 |

|

|

Final R indexes [all data] ||R.=0.0363, wR = 0.0800
LLargest diff. peak/hole / e'#(0.70£0.57

Table 2 Fractional Atomic Coordinates (x16) and Equivalent Isotropic Displacement Parameters
(A2x10%) for Colt2_0m_a. Usqis defined as 1/3 of of the trace of the orthogonalisedJdensor.

|_Atom_| X | y | z [ Uew |
ICo2 15000 15000 5000 13.48(14) |
ICol 16438.0(3) 16858.3(2) 15603.5(2) [16.09(13) |
O1A 15496.0(18) 16300.1(12) 14472.8(12) 119.2(4) |
(01A1  |[7044.7(18) 14677.7(12) 14977.4(14) 22.1(4) |
(04A 14680.8(18) 14236.9(12) 13868.4(12) 1129.5(4) |
03w |[7432.8(19) |7822.8(13) 14861.0(14) [25.0(4) |
(02A1  |8025.2(18) 16008.4(12) 5329.1(14) 23.4(4) |
o1w  [4886(2) 17777.1(14) 15928.7(16) 126.9(5) |
02w |[7272(3) 17253.7(16) 16789.1(16) 127.6(5) |
I03A 15909(2) 13504.4(14) 2891.8(15) 135.9(5) |
(02A 16211(3) 17233.1(15) 13429.8(15) 141.5(6) |
IC1A 15580(3) 16545.5(18) 13674(2) 23.9(6) |
IC4A 5452(3) 14223.6(18) 13195.6(19) [25.1(6) |
Ic2A 14865(4) 15954(2) 13013(2) 137.5(8) |
IC3A 5720(4) 15137(2) 12769(2) 142.1(9) |
IC5A 16610(5) 15217(3) 12168(3) 71.7(15) |
IC1A1  ||8052(3) 15197.6(17) 15057.3(19) [20.4(6) |
IC2A1  |9370(20) 14813(15) 14660(8) [21(2) |
IC4A1  |j9310(6) 14306(5) 13978(5) 138.5(16) |
IC3A1  [9410(20) 14793(15) 14914(9) 23(2) |
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Table 3 Anisotropic Displacement Parameters (A10% for Colt2_0m_a. The Anisotropic displacement
factor exponent takes the form:-2" h%a*?U11+2hka*b*U 12+ € | .

‘ Atom “ Uu1 H U22 H Us3 “ U23 H U1 H U2 ‘
ICo2 [105(3) |[12.9(2) [17.03) |-0.71(18) [0.83(19) |-0.58(16) |
ICol |13.32) |[14.17(19) [20.8(2) |-2.08(13) ]0.58(14) |-0.18(12) |
01A  ]20.1(20) 17.9(8) [19.6(11) ||1.7(7) 118 |27 |
01A1 |14.5(10) |15.7(9) I36.212) |-3.18)  [3.7(8)  Jj0.5(7) |
04A  |21.6(9)  |[19.3(9) [17.6(10) |-3.0(7)  |3.6(8) 417 |
O3W  [25.3(10) |17.6(9) 132.2(12) |-1.8(8)  [4.9(9) I-5.6(7) |
(02A1 [13.5(9) |[19.2(9) 137.4(12) |-7.28)  |0.7(8) 11.6(7) |
01w  |19.3(11) |[28.3(11) [33.2(13) |-1.6(9)  |-0.9(10) |i4.8(8) |
02w [28.3(12) [j31.5(11)  [23.1(22) |-8.7(10) |-8.4(11) ]j10.9(9) |
03A  |42.3(13) [30.5(11)  [34.913) [-1.9(10) ][19.2(11) |[4.4(9) |
02A  |67.8(16) |j31.5(11)  [25.2(13) [4.9(10)  |j0.2(11)  |}-23.7(11) |
ICIA  |29.3(15) |[18.5(12) [23.9(16) |3.5(11) |-2.6(12) |-2.3(10) |
IC4A  |25.2(14) |[27.9(14) [22.2(15) |-6.4(12) |3.3(12) |5.7(11) |
ic2A  |61(2) 126.5(14)  |[25.4(17) |6.2(13) |-8.8(15) |-10.7(14) |
IC3A  |65(2) 132.916) |[28.6(19) |-6.6(14) |16.6(18) |-16.5(16) |
CsA  Joo@)  Ja52) [70@) 3@ [433) |10 |
IC1A1 [14.8(13) |16.6(12) |[29.8(16) Jo0.1(11) |j0.0(12) |1.7(10) |
C2a1 J123)  R7(2) [246)  |-85) 5(5) 11(2) |
Can1 J16(3) |44 l464)  |-143)  |6(3) 103) |
C3a1 J16(3)  R5(2) [28()  |-12(5)  J45) [o2) |

\ Table 4 Bond Lengths for Colt2_0m_a. \
|Atom|[ Atom || Length/A |[ | Atom | Atom ][ Length/A ]
[Co2 |[01A! [2.1168(17[]04A |Col* ][2.1083(17
[Co2 J01A [2.1168(17[]04A |C4A ]1.288(3) ]
[Co2 ][01A1]2.0943(18[[02A1[C1A1][1.252(3) ]
[Co2 [01A1][2.0943(18]][03A |[C4A 1.234(3) |
[Co2 Jj04A [2.0863(18[]02A C1A ][1.241(3) ]
[Co2 Jj04A! |2.0863(18[|C1A C2A ][1.510(4) ]
Col [01A ][2.1348(19[][C4A |[C3A |1.506(4) |
[Co1 [04A! ]2.1084(18]][C2A ][C3A |1.511(5) |

l

|

|

[Co1 Jo3w ][2.0630(19][C3A |[C5A |1.286(6)
[Co1 J02A1]2.0536(18[|C1A1C2A1[1.55(2)
[Col Jo1w [2.106(2) []c1A1]C3A1]1.50(2)
[Co1 02w ][2.083(2) [][c2A1c4A1]1.282(19)
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01A |[c1A [1.279(4) [Jc2A1]Cc3A1Y[1.495(8) ]
(01A1|c1A1]1.264(3) [][C3A1[C2A171.495(8) |

11-X,1-Y,1-Z; 22-X,1-Y,1-Z

| Table 5 Bond Angles foEolt2_0m_a. |
| Atom ||Atom||Atom || An g I\D\Atom |Atom|Atom| Angl |
[01A |Co2 |01A! [180.0 []02W |Col [O1W ][84.93(10)]
[01A1][Co2 J01A ]91.95(7)[]Co2 [O1A JCo1 [97.61(8) ]
[01A1][Co2 JO1A |88.05(7)[]Cc1A [O1A |Co2 [129.13(17
[01A1Cco2 |01A! |91.95(7)]][C1A |O1A |Col ][130.09(17
[01A11Co2 |01A! |88.05(7) |][C1A1 |O1A1[Co2 ][129.74(16
[01A11Co2 |01A1]180.0 [][Co2 JO4A |Col* ][99.40(8) ]
[04A™ [co2 |01A |[78.86(7)]][C4A |O4A |Co2 ][125.76(16
[04A! [Co2 JO1A! [101.14(7]|C4A [04A |Cot* [127.83(16
(04A |co2 |01A! |78.86(7)|]|C1A1 |02A1[Col ][130.75(18
(04A |co2 |01A ]101.14(7|]01A |C1A |C2A ][117.0(2) ]
[04A co2 |01A1]90.90(7) | ][02A |C1A [O1A ][123.3(3) ]
[04A! [co2 |01A1Y90.90(7) [[[02A |C1A [C2A ][119.7(3) ]
[04A o2 |01A1Y89.10(7)[][04A |C4A |C3A [116.2(2) ]
[04A! [Co2 01A1]89.10(7)[|03A [C4A [04A [122.5(3) ]
[04A! |[co2 |04A ]180.0 []l03A |C4A |C3A ][121.2(3) ]
[04At |co1 |o1A [77.97(7)]][C1A |C2A |C3A ][110.4(3) ]
(03w [Co1 |01A ]91.24(8)]][C4A |C3A |C2A ][119.1(3) ]
(03w [Co1 |04A! [169.07(8]][C5A |C3A [[C4A ][121.0(4) ]

l

|

|

|

|

|

(03w [Co1 Jo1w ]93.03(8)][][c5A |C3A [C2A [119.8(3)
(03w |[Co1 JJo2w |95.87(9)[[[01A1 |C1A1]C2A1 [114.8(8)
(02A1]co1 |01A |86.77(7)]/[01A1]C1A1[C3A1]118.2(8)
(02A1Co1 |04A! [91.84(7)][[02A1]C1A1[01A1][125.4(2)
(02A1][Col 03w |85.71(8) |[[02A1 [C1A1]C2A1 [119.2(8)
[02A1][Co1 01w |176.68(9][02A1 [C1A1[C3A1 [116.1(8)
(02A1][Co1 JJo2w 92.13(9)][[[C3A1 [C1A1]C2A1 [14.7(9)
01w |[Co1 JO1A ]96.34(9)[|c4A1]c2A1]C1A1 [119.3(15)]
(01w [Co1 |04A! |89.96(8) |][C4A1 |C2A1]C3A1Y[128.0(10)]
(02w co1 |01A |172.70(8]][C3A17C2A1|C1AL][112.2(8) ]
(02w |[Co1 [04A! |94.86(9) [|c2A1?Cc3A1C1AL [121.5(8) ]

11-X,1-Y,1-Z; 22-X,1-Y,1-Z
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Table 6 Hydrogen Atom Coordinates (A%L@ndlsotropic Displacement Parameters
(A%x10°) for Colt2_Om_a.

|__Atom | X | y | z | Ve |
IH3WA 17343 8380 5090 138 |
IH3WB 7048 7875 14342 138 |
HIWA 14310 7544 6339 140 |
H2AA 14667 16322 2486 145 |
IH2AB 14004 15738 13259 145 |
IH5AA 7109 14696 1986 186 |
IH5AB 6767 15798 11905 86 |
HAAA 10109 14138 3682 146 |
IH4AB 8467 14098 3769 146 |
H3AA 9362 14140 5088 128 |
H3AB 9578 14802 14278 |28 |
IH2WA 7850(40) 16980(20) |7020(30) 133(10) |
H2WB 16890(40) [7440(20) 17130(30) 125(10) |
H1WB 14340(40) 17810(30) 15600(30) 135(11) |

| Table 7 Atomic Occupancy for Colt2_0m_a. |
\Atom HOccupancﬂ]AtomHOccupancy\D\Atom HOccupancﬁ
|
|
|

Ic2A1]0.5 [[c4ado.5 [[H4AA]0.5
[H4ABJ[0.5 [[c3aio.5 [[H3AA]0.5
H3AB|[0.5 [ L

Experimental

Single crystals of &H24C03018 [Colt2_0m_a] were []. A suitable crystal was selected and []
on a Bruker D8 Photonll diffractometer. The crystal was kept at 200.0 K during data
collection. Using Olex2 [1], the structure was solved with the ShelXT [2] structure solution
program using Iminsic Phasing and refined with the ShelXL [3] refinement package using
Least Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H.
(2009), J. ApplCryst. 42, 338B41.

2. Sheldrick, G.M. (2015). Acta CrysA71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst71, 38.
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Crystal structure determination of [Colt2_0m_a]

Crystal Data for C1sH24C03018 (M =668.12 g/mol): orthorhombic, space group Pbca (no. 61),
a=9.9809(130A, b=14.5548(14A, c = 15.3513(194, V=2230.1(5A%, 2=4,T=

200.0K, e(MoKU) = 2.296 mmt, Dcalc=1.990g/cn®, 73713 reflections me
200 51.694A) Ri2014A®, Ryna=i09274) which were used in all

calculations. The finadR; was 0.0274 (I > &(1)) andwR. was 0.0800 (all data).

Refinement model description
Number of restraints 18, number of constraintaunknown.

Details:

1. Fixed Uiso
At 1.2 times of:
All C(H,H) groups
At 1.5 times of:
All O(H) groups, All O(H,H) groups
2. Uiso/Uaniso restraints and constraints
C2A1 &4 C2A1 &4 C3A1 a4 C3A1: within 1.7A with sigma of
sigma for terminal atoms of 0.008

Uani s(C3A1) & Ueqg, Uanis(C2A1) & Ueg, Uanis(C3A1) & L
Uani s(C2A1) & Ueq: with sigma of 0.01 and sigma for t
3. Others

Fixed Sof: C2A1(0.5) C4A1(0.5) H4AA(0.5) H4AB(0.5) C3A1(0.5) H3AA(0.5)

H3AB(0.5)

4.a Rotating group:
O3W(H3WA,H3WB), O1W(H1WA)

4.b Secondary CH2 refined with riding coordinates:
C2A(H2AA ,H2AB), C3A1(H3AA,H3AB)

4.c X=CH2 refined with riding coordinates:
C5A(H5AA H5AB), C4A1(H4AAHAAB)

This report has been created with Olex2, compiled on 2018.05.29 svn.r3508 for OlexSydePlsdseowif there are any errors or if you would like
to haveadditional features.

3. CIF file (available in electronic format).
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A6 ICP-OES characterization of leachates

1. Sample digestion

From 100 to 5000uL ofeachate kguots underwent microwave digestiday a Milestone
ETHOS1apparatugquippedwith an HPR1000/10S higpressure segmented rotor, an ATC
400CE automatic temperature control and a Terminal 640 with easyCONTROL software
Samples underwentraicrowave program consisting of two steps lasting 10 minutes each, at
the temperature of 200°@&hd microwave power up to 1000Whe samples were introduced

in TFM vessels and dried. Mixtures of HMN@5%, 4 mL),H>SCQs (96%, 4 mL) and BED
(deionized, 2 mL).

2. ICP-OES characterization

Digested samples were diluted 1:100 or 1:1000 (depending aathgled aliquot) by &%
HNOz solution in deionized waterand analyzed bynductively Coupled Plasni®ptical
Emission SpectroscopyGP-OES)with a Perkin EImerOptima DV 7000with respect to 5
point calibration plots in the 0.010 ppm range fo€o. Accuracy was tested by periodical

measurement of standard solution samples.

Themetalrecoverywas calculated using the following equation:
Egqa R(%) — pnm

where:R (%) = metal recovery yieldn: = mass (g) of Co extracted into the leaching solution,
andm; = mass (g) Co metal in the starting sample.
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A7 Starbon® materials

1. Introduction

This work was performed at GCCE, University of York, UK.

Green Chemistry, which isne ofthe most important new aspects of chemjsgrylefined by
Anastas and Warndj] as achemicalapproactthat reduce or eliminate the use and generation

of hazardousubstances iprocessesandit is governed by 12 Principles as lisfadl

1- Prevention:tiis better to prevent waste than tedr or clean up waste after it has been
createdl
2- Atom Economy synthetic methods should be designed to maximize the incorporation

of all materials used in the process into the final prqduct

3- Less Hazardous Chemical Synthesekerever practicable, syntie methods should

be designed to use and generate substances that possess little or no toxicity to human health and
the environment

4- Designing Safer Chemicalshemical products should be designed to affect their desired
function while minimizing theitoxicity;

5- Safer Solvents and Auxiliariethe use of auxiliary substances (e.g., solvents, separation
agents, etc.) should be made unnecessary wherever possible and innocuous when used

6- Design for Energy Efficiencyenergy requirements of chemical proses should be
recognized for their environmental and economic impacts and should be miniatimddcing
synthetic methods at ambient temperature and presseepossible

7- Use of Renewable Feedstocksaw material or feedstock should be renewaltleera

than depleting whenever technically and economically practicable

8- Reduce Derivativesinnecessary derivatization (use of blocking groups, protection/ de
protection, temporary modification of physical/chemical processes) should be minimized or
avoided if possible, because such steps require additional reagents and can generate waste
0- Catalysis:catalytic reagents (as selective as possible) are superior to stoichiometric
reagents

10- Design for Degradatiorthemical products should be designeds at the end of their
function they break down into innocuous degradation products and do not persist in the

environment;
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11- Reattime analysis for Pollution Preventicanalytical methodologies need to be further
developed to allow for redime, in process monitoring and control prior to the formation of
hazardous substances

12 Inherently Safer Chemistry for Accident Preventisabstances and the form of a
substance used in a chemical process should be chosen to minimize the potential for chemical
acciders, including releases, explosions, and fires.

Adoption of green chemistry practices and principles thrabhghuseof renewable feedstock

can save the chemical industry $65 billion by 202(3]

According to the 7 principlelse of Renewable Feedstopk&aste material from plants or
animals have attracted a great interest in wief their availability, inexpensive and
sustainability{4] Thus, Starch (HACS) is one of the most abundamnéwablenaterialsvhich

can be easily available from many plaaisd has a naturally nanchanneled biopolymer
structure which can hesedas a templatgs] Starch is the major storage carbohydrate in higher
plants; it is found primarily in the seeds of cereals and legumes, and in the tubeystarad r

potato, yam and cassal@].It consists of two major components: amylose, a litldr4) D-

glucan polymer; and amylopectin, a branchid-4 and 16) D-glucan polymef6][7] It can

be alsoa carbohydrate extracted from agricultural raw materials which is widely present in
literally thousands of everyday food and ffond applicationsThe starch molecule consists

of a large number of glucose units joined by giida bondslt is produced by all vegetables

as an energy store. In Europe it is extracted almost exclusively from potatoes, wheat and
maize[8]

Recently, carbonaceous mesoporous materials (Starbon®) derived from waste polysaccharides
(HACS) after carbonization from 100 to 800h@ve been used for adsorption, in a low cost
process rguiring no templates or hazardous chemif@jdt is considered to be green and
sustainable because it is made from renewable materials using a clean production process.
Gracia A.M.et al[9] demonstrated that Starbons@e& ecti ve materi al s f
adsorption and separation of ralat

However, in the literature, many analytical separation procedures have been described such as
liquid extraction, supercritical fluids, microwave and solid phase extraction ($3&¢JE3mong

them, SPE seems the most interesting because homely, easy to use and not require any chemical
interaction[9][10]

Due to the diversity othis surface functional group, the expanded starcBtamon®can be

easily chemically modifiefil1] Hence, the aim of this study is to synthetize a new material by
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using a soft/hard donor ligands like dithiooxamide/oxamide to be supported on
StarchStarbons®as potential filter for selective extraction of cobalt from the leachate of hard
metals (WCGCo) waste by means of solid phase extraction (SPE).

According to Shuttleworth et al.,[3he synthesis ofStarbon®is based on using expanded
polysaccharides as precursor negating the need for a templatingaagetite method of
preparation comprises #& key words as described on figure bellow.

| EXPANSION e
[ Starch. HyD ’..:..4 Gelatinistion |
: c
. i o
: ! E 2
' Retrogradation ! a
/l'—‘ 8 !
28 i " | ’
[ EI0H J . | Solvent exchange | |
\_3--;,-:{ ........... - Porous
Expanded Sgag & Gel Block
Pectin ‘ ".“_..___‘::.- g
Expanded
Alginic acid
Z Mesoporous
= a Starch
. &
% E
%1' l 2nd stage heating Q.
- 120-700°C

4

STARBON

oTr
o

3d stage healing
700-1500°C

MESOPOROQUS
CARBON

Starbon modification:
Br,, 0, H,S0,, RCI

NH,, RNH,, RSH, ArNH,

CARBONISATICN

Figure 1. Method of Starbon preparation according to Shuttlewetrtl.[5]

The principal methodology to producardstarbon® comprises many different stages. Firstly,
Starch (typically from high amylose corn starch) is gelatinized by heating in wadker
microwaves at a temperature of 45 for 10 minuteg10g:70 mL (w/v) ratioper vessél The
resulting viscous solution is cooled in the fridge to 5°C for typically two or three days to yield

a porous gel for retrogradation. Then, the water in the gel is subsequently exchanged with the
lower surface tension solvetibutanol (30% wt). In té final stage the mesoporous starch is
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doped with 5% op-toluene sulfonic acid and dridxy freezedried. The expanded starch was
carbonized ima furnaceat different temperatures (35000 and 800°Q to obtain a range of
mesoporous materials with varicgigrface functionalities (S350480and S800, respectively

Figure 2 shows the occurrence of functional groups on Starbons® with the temperature and

relative properties.

Hydrophobicity of starbons
tunctional groups

- -
M mnjh:me e
A L ( ”“ﬁ i ”l’l“
N | i 1 ) L g T
1 o g
o Am'm ' i
DH Stability
Measoporous
Starch Stable in
100 aprotic solvents,
PC o alcohols, acetone.
Stable in boiling
170 toluene.
220 Stable in boiling
water,
200
450 Stable to acid
and base
600 solutions
1r T
& UL ¥
Mesoporous
Carbon

Figure 2. Functional groups occurrence in Starbons® under different thermaltiomsdas
reported by Butarin et g5][12]

Starbon® 350 was employed in this study in order to tryfutsctionalizaton using
dithiooxamide and thioureligands In a typical preparation, 2 g of dry Starbon was mixed
together with 20 mL of ethanand 0.5g of eachsoft sulfur donor organic molecules.
Experiments were carried oat reflux O ,78.4°C)for 48h under magnetic bar stirringnder
these conditionsyhen the reactions went otine solutions turned fromrange and uncolored
for DTO and Tu experiments, respectively, a light red which suggestd a reaction with
Starbon occurred in both caseéster cooling the solid produstwere collected from the
mixture bycentrifugation and washeskveral timesvith ethanol until thevashing solution

remained uncolored he characterization of these solid products is still in progress.
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2. Characterization of expanded starch and S358400

FT-IR
l— EXSTRD
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Figure 3: FT-IR OF EXPANDED STARCH, S350and $400

The characteristic absorbance band centered at 331@omesponds to ® stretching
vibration. The broadness of bands indicates strong hydrogen bonding. The characteristics peak
at 2930crmt correspond to @& symmetrical vilbation stretching and the peak around 1625cm

lis due to the water tightly bound to the starch. The Characteristic peak at d&fioaspond

to C-O stretching vibration. The peak at 1000toorrespond to bending and stretching in the
expanded starch. The AR spectrum of Starbon® 350&400 shows a narroud Gtretching
vibration centered around 3000 ¢nfollowed by a carbonyl stretching vibration around 1700

cmit. The characteristic peakaamd 1200cr correspond to C=0 stretching vibration.
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Simultaneous Thermal Analysis
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Figure 4. TGA OF EXPANDED STARCH & S350 & S400

The first decomposition stage whioccurs at approximately QfC is associated with loss of
water, and any residual sehtin the expandedstarch who known to contain approximately
10% bound water in its native stafehe major decomposition corresponds to the breakdown
of the expanded starchackboneand its point of inflection is around 2UD. The point of
inflection who corresponds to the major mass loss temperature, signifying the breakdown of

Starbo® is around 400°C.
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13C NMR Solid state
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Figure 5: 13C CRMAS NMR spectra oprepared Starbon®.

According toWarren et a[13] the'*C CRMAS NMR spectra of starch showe differences

in chemical shift displacements due to the change in the conformation of the gluctan chain. The
signals observed at 61.8, 82.1 and 101 ppm are attributegl ©©:@&nd G in expanded starch
respectively. The signal around 72ppm is assigned,t@and G.[7]

3. Solid Phase Extraction (SPE)

The synthetized5350 was used for soligphase extractiorfior the Cecontaining leaching
solutions. A series of diluted solutions (of 500, 400, 300, 200 and 100ppm) were pi@pared
starting from the leadtes of lactic acid in water and maleic acid in ethanol, containing
approximately 2000ppm diCo(Lat)(H20);] and [Co(HMal)2(H20)4], respectively. These
solutions were used for building a calibration plot by-M spectrometry in order to assess,

by coloimetric method at the typical wavelength of absorption of the complex (around 518nm),
the lowering of absorbance of a solution undergone S350 solid phase adsorption. On these bases
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the absorbance at 518nm of the 500ppm solutions of the two leachate®eoeded before
and after being passed on to 100mg S3&tked layem a solid phase extractor (Figure 6).

Figure 6: Solid-phase extraction apparatus.

UV-Vis measurementss the calibration plotabove, showedthat, while no cobalt being
extracted fromH2Mal ethanolic solution, about 10% fEo(Lat)(H20)2] was extracted from

the HLat aqueous solutiabout10% of cobalt in a single experiment
4. SEM/EDS ANALYSIS S350 after SPE

In order to highlight the presence of the extracted cobalt on the Starboer®an@EM/EDS
measurements were performed on the dried pavediar extractionUnfortunately, the amount
of extracted cobalt was below the detection limit of the technique, so no information can be

extrapolated by this characterization.

Furtherexperiments are required to clarify efficiency, rates and mechanism of extraction.
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Figure 7: SEM/EDS characterization of S350 used as solid phase extractant for
[Co(Lat)(H20).] leaching solutions.
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