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Abstract

With the rapid development of energy materials, an increasing amount of nickel is heeded worldwide and
the demand keeps increasing year by year.Simultaneously, efficient utilization of nickel process waste such
as slag is receiing more attention globally. Discarded smelter slags can also pose challenges of potential en-
vironmental damage or waste resources. Consequertly, recycling valuable metals from metallurgical pro-
cessing slagshy eco-friendly methods is of increasing importance as aresearch topic on a global scale

In this thesis, nickel smelter slag wasinvestigated asa potential resource of valuablemetals. Copper, cobalt,
and nickel in the slag not only substituted iron atoms in fayalite but also existed in the metal sulfide. A com-
parison was made between theleaching behavior of valuable metals in direct acid leaching and combined
leaching in alkaline and acid solutions. The effect of parameterson leaching behavior was learnt through an-
alytical techniques such as scanning electron microscopeenergy dispersive spectrocopy (SEM-EDS), atomic
absorption spectroscopy (AAS), X-ray fluorescence (XRF), and X-ray diffraction (XRD).

The results suggested thathigh-concentration alkaline leaching was efficient for fayalite disaggregation. The
best extraction results in direct acid |eaching (43% of copper, 70% of cobalt and 66% of nickel) were achieved
when nickel slag with 3 mm diameter was leached in 2 mol sulfuric acid at 70  for 4 hours. In combined
leaching, the same nickel slag was leached in 4 mol sodium hydoxide first for 2.5 hours. The residue from
alkaline leaching was further leached in 2 mol sulfuric acid for 5.5 hours, resulting in extraction levels of 89%
for copper, 100% for cobalt and 98% for nickel. Gravity separation and magnetic separation were not found
to bereliable for improv ing the grade of valuable metals in this nickel slagand they were not recommended.

Some challenges were observed such as decreasd the filtration performance due to silica gel formation.
This could be mitigated by using the appropriate filtering temperature ( ~ 70 ). Also, the use of hydrogen
peroxide was shown to decreasethe extraction of the target metals. It can be speculated thatthe releasing
silicate formed silica gel, which also prevented the diffusion of metallic ions into the solution . However, further
experiments and analysis are neededto clarify the mechanism.

Overall, this study compares the effect of direct acidleaching and combined leaching on copper, nickel, and
cobalt extraction with different parameters. Combined leaching was shown to dissolvethe fayalite phase thor-
oughly and enhance the extraction of target metals in more efficient manner than direct acid leaching. This

finding may pave the way toward valuable metals recovery from currently underutilized industrial slag.

Keywords Nickel smelter slag, combined leaching, direct acid leaching, valuable metals
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1 Introduction

Nickel is a metabf strategic significance in many industries, widakedin stainless
steel, hydrogen storage materials and power battévieddwide nickel consumption has
doubled between 2010 and 2021, from 1.465 to 2.851 million metric Kocleel has
attractedwidely interest fromscientiss worldwide because of its outstanding chemical
performancéMoskalyk and Alfantazi, 2002Nickel together with chromium is a domi-
nant alloy element in stainless steels, enabling corrosion prevention even under a high
temperatue. In stainless stée¢he element nicketompensates the decreasing toughness
broughtaboutchromium(Royal Society of Chemistry, 20224 protectivenickel oxide

film contributes to the stability of austenitic alloys at high temperatiifesiin et al.,
2019) The proportion of nickel used in stainless steel and alloys is about 85% of its global
annual production, while use in batteries is increasing, being ca. 8922(Government

of Canada, 2022)

Nickel is a necessary element in rechargeable batteries, soickelscadmium (N+Cd)
batteries, but also in nickehetal hydride (NiMH) andithiumion batteries usefibr ex-

amplein electric vehiclegChen et al., 2018)The use of nickel in batteries can reduce
battery manufacturing costs as well as dependence on cobalt in energy storage systems.
In Li-ion batteries, nicketontaining cathode materials come in many chemistries and
offer the highesenergy density. In nickel manganese cobalt (NMC) and nickel manga-
nese aluminum (NMA), the amount of nickel accounts for 33% and 80% respectively
(Nickel Institute, 202). According to the estimation of thidickel Institute, the global

share of nicketontaining batteries will increase form 39% in 2016 to 58% in 2BRp (

urel) (Nickel Institute, 2022)

However, heamount ofnickel smelter slagsa byproductcannot be ignored:here are
more than 20 thousand tonnes of final slag fraamickel line and 40 thousand tonnes
of slag fromacopper line every yed6aari, V., Latostenmaa, P., Yliniemi, J., & Ohenoja,
K., 2019) Excessive valuable metails the waste maycausedamageo thelocal envi-
ronment,natureimbalance andoss of metal resourcedn otherwords, nickel smelter

slag shoulde treated irsuch avay asto recycle the valuable metals
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This researctstudiesnickel smelter slag treatment by both physsgbaration and hy-
drometallurgical methods. The specific objectives of this thesis are as follows:

(a) To characterize nickel smelter slag element components, mineralogical compositions,
particle size, acid mine drainage (AMD) and molecular layer deposititD{M

(b) To analyze the effect of different parameters in acid leaching and combined leaching
on metal extraction such as leaching time, temperature, particle size, acid concentra-
tion, and solid/liquid ratio.

(c) To analyze the bottleneskn leaching such aghe silica gel problem and negative
influence of hydrogen peroxigdandto put forwardapossible solution fathesessues

in nickel smelter slag treatment.

The thesis includes the introduction and
cussitdmeevdars@haptaairl i2 er agruawi des iiemwf, or ma
the backgroupnidréeamemedpramaentof ni c.keQh aapntde r
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2 Literature review

In the literature review, nickel productidmoth globally andin Finland is introduced

The geologi@l features oboth nickel sulfide matte and lateriteresare presented. The
theory ofmetallurgcal methodsespecially flash smeltings also described~or nickel

smelter slags, the characteristics of different slags are compared and the application of
nickel slag as construoth materials an@secondary source of valuable metalslisted

Last but not least, the treatment methods are presented including both physical separation

(e.g., magnetic and gravity separation) and hydrometallurgical methods.
2.1 Global nickel production

Nickel production is increasing to meet the rapidly increadgmgand fonickel. Based

on the statistictéaken fromthe Statistavebsiteshown inFigure2, the worldwide mine
production of nicketeached2700 thousandhetrictons (kt) in 2021, up by 68.5%nce
2010(M. Garside, 2022)The top five producers of nickel 2021were Indonesiathe
Philippines, New Caledonia, Russia and Austratiaich is thesame as the top five in
2020 Figure2). The amount of Indonesian nickel production ranked fsincrease

from 760 thousand tons (2020) to 884 thousand torislj20p 16.35 thousand tons year

on year(GlobalData, 2021; US Geolagil Survey, 2021)This isthanks tothe expan-
sions of the Indonesian nickel industry and the application offmigbsure acid leaching
(HPAL) technology. These positive signals attract more investment to the nickel industry,

which contribuesto steag growth(GlobalData, 2021)
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2.2 Nickel production in Finland

In Finland, the amount of nickel productibasrisen from 10.6 thousanahetric tons
(2015) toa peak of 43.8 thousand tons (2018), increasing more thafolduasshown
in Figure3 (Garside, 2022)
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Figure 3.Mi ne production of nickel i n Fis)l and
(Garside, 2022)

In the Nordic region, the Fennoscandian shield is a geological corttiiéitprovides the
Nordic countries with mineral deposifg/eihed et al., 2008)n Finland, nickel is one of
the major products in messuch asevitsa, Kylylahti and Sotkamo Terrafame, as shown
in Table1 (Geological Survey of Finlan®022) The official website othe company

Boliden reportgproduction and smelting &5 to 35 thousand tonnes of nickel matte in



Rénskd, Sweden and Harjavalta, Finlari8oliden Graip, 2022) In addition, one to
two thousand tonnes of crude nickel sulfate witl2Z% nickel content, a byproduct of
copper productions sold in the marketBoliden Group, 2022)Also, the Nornickel re-
finery in Harjavaltahasa hydrometallurgical nickel refining proceds. addition the
companyTerrafameis developng the Sotkamo mineone of the largest sulfide nickel
deposits in Europe, supplyhigh-grade nickel for stainless steel, refineraasd smelters
(Terrafame, 2022)n Figure4 a) and b), thetatusof the mine, mine project,and nickel

mines are marked on the map.

Table 1.Operating metal mines in Finlaig@eological Survey of Finland, 2022)

Mine name Company Commodities
Sotkamo Terrafame Terrafame Ni, Zn, Co
Kevitsa Boliden Ni, Cu, Co, Au
Kylylahti* Boliden Ni, Cu, Co, Zn, Ag, Au

*Kylylahti mines were closed at the end of 2020.
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2.3 Nickel ores

The location of nickel reserves artie distribution of nickel minehave asignificant

effecton nickel production chains. According to the refgrMineral Commodity Sum-
maries 2021 there arenore than 300 milliometrictonsof landbased nickel resources
about 40% in sulfide ores and 60% in laterite offelsneral Commodity Summaries,
2021) Furthermore, deepea exploitation is a novel research direction becausieeof
considerable amount of metal depssitere (Heffernan, 2019)So far, however, there
has been very little commercial exploitatidoe tothe lack of regulation and industry

supervision.

The nickel content in nickel sulfide ores is usudigsthan 3%. Typical nickel sulfide
ores ardound, for example, in Jinchuan in southwestern CtRuater, 2016)Kotalahti
in Finland(Makkonen, 2015and Kambalda in AustralidMamuse et al., 2009)

Nickel ore includes nickel laterite ores and sulfidesofde laterite ixomposed ofour
layers: an unweathed protolith at thebasewith olivine and pyroxene minerals, a sapro-
lite layer conssting mostly of Mg and Ntrich silicates inthe second layer, a clagch
zone in the third layeranda limonite layer with iron oxides (yellow goethite and red
hematite) on tatop( St an k o v i [.Figute5 displays how diff2rént elements
are distributed inhelaterite zonéMyagkiy et al., 2019)In clay laterites, nickel ions can
replace iron ions ithe nontronitecrystal lattice, which contributes1.5% ofthe nickel
concentration in this laydr St a n k o v i I. In¢hesamolite layerfpedc@ntent of
Ni is up to 23% due tosubstitution of Mg, but up tas much a20% in garnieritaich
zones{ St ankovil. et al., 2020)

Since rock with rich mineral elementsuch asron, nickel, silicon, and magnesium) is
decomposed by hydrolysis, redox reactjcarsl the weatheing process, some mobile
ions dissolve in water anére complexed with other mineral substances. This explains
why nickel is concentrated in the middle zone (saprolite zone) but not at the top layer.
Following the transport of acidic waterj Nissolves first and then flow vertically, re-

precipitating after a series of chemical reacti@@isevillotte et al., 2006)
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In comparison tohetreatment of nickel laterite orebeprocessing of nickel sulfide ores
is relatively inexpensive and converié@rundwell et al., 2011a) ateriteoreswith a
high percentage of moisture require drying or calcining prior to further procéshingl,
2010) Nickel sulfide ores are mined from both opmrit and underground mines. After
mining, nickel sulfide ores are concentrated by flotation, and thecotiheentrates are
smeltedinto nickel matte and refined to produce a pure metal, as showigume 6
(Mudd, 2010)

nickel sulfide . .
ores concentrates nickel matte pure nickel

Figure6.Gener al processi sgModdni 26a&0) sul

However the high content of magnesium oxide and silicate in aggregatgrime nickel
sulfide deposits leads to difficulties in flotation preseg and prevents the concentration

of nickel sulfide org(Cui et al., 202Q) This is because the serpentine minerals form a

8



coating and attado the surface of the valuable minerdlkis meanshatthe concentrate
is diluted intheflotation procesg$Edwards, Kipkie and Agar, 1980Jhe grades of valu-
able metals in nickel sulfide ores yagreatly, which dictatesthe smelting process and
methods. A brief comparison between Jinchuan (Cl{gtagn et al., 2008 Allarechensk
TD (Russia)Yanishevskya et al., 2021and Talvivaara (FinlandPuhakka, Kaksonen
and Riekkolavanhanen, 2007 shown inFigure?.

Talvivaara, Finland

Allarechensk TD, Russia

Jinchuan, China

I T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
The grade of Cu, Co and Ni

Figure 7.Th & oppe r , cobaigtraMedhmee kei ckebmsubpi d
bott om,batthe gahteldredsenangas ar e 0. 0@yhakka, 0 0 8
Kaksonen and Riekkolanhanen, 2007; Zhen et al., 2008; Yanishevskya et al., 2021)

Manganese crusts and nodules on the ocean floameeenportantivenues foexploma-
tonwhen Hj al mar Thi el f ound n o-Glipdereos zonen t h
(CC2), a zone othesea floor withthelargest untapped collection of raearthelements

in the world(Heffernan, 2019)

The mineral deposits include abyssal plains with metallic nodakestatrich crust, and
massive sulfides abundant in noble mesalsh asopper, gold and silver. According to
the estimation of Jaes R. HeinHein et al., 2013)CCZ reservesontain27. 4 million
tonsof nickel while global terrestrial reservase 150 million tons nickeligures 8 and
9). Deepsea exploitation hagreatpotentialfor mineral collectioras long ashe negative
effectson the marine environment can Ib@ptunder control. So far, the technology of

deepsea exploitation and legislation tife international environment Banot matured



enough, which means commercial daga exploitation is likely to bring uncertain 1gsk
and hazarsito marine organiss Heffernan, 2019)
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2.4 Nickel metallurgy

Based on the characteristics and componeritseahinerals there are multiple metallur-
gical methods to produce nickel: encompassing pyrometal(ixigg et al., 1988; Kanig,
2021) hydrometallurgy( St ank ov i |, electromatallurgyFrez @t2aD, R012)
biological metallurgyZhen et al., 2008; Ferron, 2013; Riekkdanhanen and Palmu,
2013; Cui et al., 2020pr acombinationof the above

The metallurgical proceswy of sulfide matte and laterite org presented briefly in the
flow charts shown in Figes 10 and 11Sulfide ore is treated by flotation to produce
sulfide concentrates, and then smelted and converte@d mukelrich matte,as shown

in Figure6. Following smelting, different leaching and refining processes are utilized to
producenickel metal Figurel0) (Moats and Davenport, 2014here is also one unique
heap leaching process for nickel sulfide peg3 errafame (Finland). This plant operates
by applyingheap bioleaching with natural bacteria under subarctic conditiotisare-
covely of 99% nickel and zinc, 22% coppemnd 35% cobalt after secondary leaching
(Terrafame, 2022)

pressure acid leaching electrowinning
solvent extraction —C

nickel-rich chlorine leaching hydrogen reduction

matter
carbonyl refining

electrorefining

Figure 10.Fl ow char o ifcdhr maitdlelt o pModuseandcBe
port,. 2014)

As for laterite ore, the processing route depends on the compositiaasé. Saprolite

is the lower layer of laterite ore with lower iron and higher magnesmment treated

by apyrometallurgical process to produce slag and ferronielsshown inFigurell a).

A small amount of saprolite ore is smelted to matte and sent to matte refining from
sulfide process. Limonite as the upper layer in laterite ores with higher ironvantbig-
nesiumcontentis processed by hydrometallurgical methods: leachirfyigh pressure

and temperature, followed by sulfide precipitation or hydroxide precipitation by adjusting

11



the pH value The precipitates are eventually refined by hydrometallurgnethods to
produce nickel metal, as shownRigurell b) (Moats and Davenport, 2014)

()

saprolite laterite dewater & calcine pyrometallurgy ferronickel &
with carbon reduced feed (electric furnace) mattes
(b)

Metal
m m " m
laterite ores or
precipitates

Figure 11.Pr oce § s oiwgoritat eri te ores wiftimodi
f r oMoats and Davenport, 20114

Figure12 shows the flow of nickel extraction from raw-Niterite by smelting orat a
high temperaturéaig, 2021). The whole process can be regardedamsprisingthree

sections, including raw materials preparation, smelting and refining.
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The first use oflash smelting, as one of the most important pyrometallurgical methods,
was commissioned in Harjalta in 1949 for copper ores and in 1959 for nickel. Today
flash smelting is the most important smelting technology in copper and nickel production

in the world(Johto et al., 2018)

Nickel and copper production by flash smelticegn bemplemented wittlash smelting
furnace for smelting andn electric furnace for recovery, as shownFigure 13. Here,
ESP represents electrostatic precipitator whilesihds forelectric furnace, and FSF

refers to arthe abbreviation of flash smelting furngdéoats and Davenport, 2014)
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Drying Flash Smelting Heat Recovery Boller ESP Gas Cleaning Acid Plant
% il -
[ SMELTER |
Slag cleaning £F Slag

FSF Matte EF Matte

Figure 13.Fl ows heet of Bol i de n(Johtaatal.a2018) t a

Nickel and other metalare enrichednto a molten matte by (a) oxidizing sulfand re-
moving sulfur dioxide gas, (b) oxidizing and removing Fentsans ofmolten silicate
slag and (c) removingiangue with the aid aholten slagin flash smelting, the oxidation
reaction of sulfides is an exothermic process and most of the geneeateid used for

smelting.

Continuous airsilica flux, anddried sulfide concentraie.qg, pentlandite|. E& A;3)
and pyrrhotite & A3 )) are fed intathe furnace andprodue nickel sulfide, iron oxide
and sulfur dioxideSubsequentlyiron is removed by oxygetenriched air and silica di-
oxide at high temperature (120@5® ) in Peircé Smith convertersréactionl) (Moats
and Davenport, 2014; Bacedoni, Morevientas and Ris, 202Q)In addition sulfur re-

acts with oxygen and produces sulfur diexamff-gas. Since Fe oxidend unoxidized Fe

form two immiscible phases, and Fe is more active than Ni, Cu and Co, it is possible to

separate iron from mattes sisownin reactionl (Moats and Davenport, 2014)nox-

idized rickel, copper and cobalt eng insulfide matte.

c&R / C 3/E 00 &M | 0

After Ni smeling in theflash furnace, both sulfur dioxide gas and slag from the converter
arecollected separately-{gurel4). The slags sent into an electric matte settling furnace

to recover the lost nickel ithe Parce-Smith converting process. The sulfur dioxide gas

is shipped tcan acid plantafter cleanng by electrostatic precipitatiorRurified sulfur

dioxide is utilized in the productioof sulfuric acid.
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Copper Copper anodes Copper cathodes
PN COPPER SMELTER — (Cu 99 % e COPPER REFINERY (Cu 99,008 %)

Copper sulphate
Nickel sulphate

Process gases SULPHURIC Sulphuric acid

8 ACID PLANTS Liquid sulphur dioxide
Nickel Nickel matt
concentrates = Nickel matte

Figure 14.Ni and Cu production (Shairm,ofV. BoLate
Yliniemi, J., & Ohenoja, K., 2019)

The Pllowing steps othe BolidenHarjavalta process after smelting and refinement of
nickel matte are shown Figurel5. In two parallel circuitsheflash furnace (FSF) matte
and the electric furnace (EF) matte are leached separately in differedfitiors. The
output of the smelter includdoth intermediate products (metal sulfides and PGM con-
centrate) and higpurity metals inthe forms of nickel briquettes, cobalt powder, and
copper cathode@ukherjee, 1998)

Mickel
W Micke| Cathode
| Hydrogan
uction [
L
Hz

Nicks| Matal SHipping AMS Crystallisation
Red
NHZ-

04T

Cobalt Hydrogen Copper Sulphide
Reduction
m Cobalt Powder
H2

Iron Resdue

Figure15.F|l owsheétl bf and natc lBellei deano Hary aval
( Out o k(dmen gnd Taskinen, 2008)
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However, one disadvantage of flash smelting is that abowf4f6kel is lost in slag due
to thehigh oxidation degree, and the same phenameancerngobalt as wel(Mukher-
jee, 1998; M&inen and Taskinen, 2008)his sets aequirement for an electric slag
cleanng furnace to recyclsomeof thelost metal to ensurthatthe total loss of nickel in
the slag is less than 0.5@dlukherjee, 1998; Crundwell et al., 2011Igince the direct
Outokumpu flasksmeltingnickel (DON) process was invented in the p8sicond World
War in Finland, many innovatigrand upgradeof flash furnacehavecontributed to the
application of this technolggn the 20th centur{Kojo, Jokilaakso and Hanniala, 2000)
Boliden Harjawelta applied the new processthout the PeirceSmith converterri 1995
to simplify theexistingprocesgFigure 16)(Mukherjee, 1998)Whenthe DON process
was appliedthe total mass of matte increased from 36% to @8#the mass of waste
slag decreased from 64% to 3186ntributinga significant effect on the recovery effi-
ciency. Additionally, the recoveries of nickel, coppend PGMs werenaintainedat a
high level(M&inen and Taskinen, 2008)

Concentrate 100 % Concentrate 100 %
—— - ¥
¥.r ¥.»
—
FSF FSF matte 23 % FSF
P Pd >
> PS
To refinery converter
5 |
FSF slag 77|% FSF matte 46 %
Total recovery FSF slag 54{% .
to matte 69 % — HG Matte 36 %
EF rratte 26 % —
To Refi
EF matte 46 % o
: To ref 2 b
EF Qremnary EF Conv. slag 37 %
| > | Waste slag 64 %
(a) Waste slag 31 % 3 (b)

Figure16,A compari sonpobdoaocbalbh met ween a) th
traditional ftihdee -8 mimteh t cogv evi tihng proces
real ma (M&kihemn and Traskenen, 2008)

Anocthersignificant advancement took place in 1971 when Outokuawjapted oxygen
enriched air to break the bottleneck of Cu and Ni smettapgcity(Kojo, Jokilaakso and
Hanniala, 2000)Iin 2017, the flash furnace for nickelliarjavalta was rebuilt to replace

uniform coolingwith sectional cooling to enhance the heat transfer efficiency of the

16



furnace. Additionally, the increedwater cooling in the new design played an essential
role in prolonging the furnace life cyc{dohto et al., 2018)urther solidified nickel
matte is regarded as a feed material and mixed with gass accuateratio under the
control of the concentrate burnerachievegood and blecombustion in the DON pro-
cessg(M&inen and Taskinen, 2008)

All'in all, flash smelting has obvious advantaigesnergy utilizatiopwaste gas treatment

and improvement of metal recywd) (Habashi, 2005; Moats and Davenport, 20Egsh
smelting utilizes mosbf the heat originahg from iron and sulfur oxidation ithe con-
centrate feedSecond, flash smelting provides new insights into waste gas treairhent.

3 / waste gas formed in flash smelting is absorbed by sulfuric acid to avoid atmospheric
contaminatior(Kojo, Jokilaakso and Hanniala, 2000; Habashi, 20@5ddition, educ-

ing the PS converting step circulation is a key point to prevetalsieom beinglost in

therecycling proceséMoats and Davenport, 2014)
2.5Nickel smelter slag

Everyyear, a huge quantityf smelter slags with fayalite containing iron oxide and silica
dioxide are produced from Cu and Ni ores and concentrates by smelting and converting.
Surveys such as that conducted by Séaaari,V., Latostenmaa, P., Yliniemi, J., &
Ohenoja, K., 2019jrom Boliden Harjavalta have shown that there are more th@n 20
thousand tonnes of final slag frahme nickel line and 40 thousand tonnes slag fraime

copper line every year. Approximéte20 milion tons of copper smelter slage pro-

duced in China every yeé$hi et al., 2020)

Since valuable metals in smelter slagsh asobalt, nickel and coppeouldthe poten-
tially be recovered appropriately, the components of nickel smelter slag and possible

treatment methods are discusbetbw.
2.5.1 Components of nickel slag

In smelting and converting processes, fayalite slag is formed when iron sulfide is oxidized
to iron oxide andeacts with silica. In the slag, there is 32% to 52% iroth@form of

fayalite & A3 /E ) as the major phase and the remainder of irontrssiform of magnetite
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(& A ) as the minor phag&hen and Forssberg, 200Bhemain subject of this section
is thenickel smelter slag produced tine direct Outokumpu flasismelting (DON) pro-

cess.

As mentioned irSection2.4, DON technology is an advanced metallurgical method, de-
velopedoverthe last seventy yearsh& DON processhas beerappliedto treatmany

large mineral deposits worldwide. Sinite2 chemical characteristics of different nickel

ores are influenced by the local environment and geological conditions and there are op-
erational differences between smeltinggasses, the compositions of nickel smelter slag
can vary For example, the DON slag samples from Boliden Harjavalta in Finland in-
cluded92 wt.% olivine, 4.6 wt.% magnetite and 3.2 wt.% silicate glHssmineral com-
position ofasample fronSouth Africa contaiedolivine and magnetitenainly, with 85

wt.% and 15 wt.% irthe flash smelting slag, and 97 wt.% and 3 wt.% in the electric arc

smelting slagrespectivelyWaanders and Nell, 2013)

The composition of nickel slag from fosites:Bushveld Igneous Complex (South Af-
rica) (Waanders and Nell, 201,3jnchuan (ChinalLi et al., 2014) Harjavalta (Finland)
(Adedran, Yliniemi and lllikainen, 2021)and SelebPhikwe (Botswana)Ekosse et al.,
2005)is presentedh thepie chart inFigurel?. It illustratesthatbothiron oxide and silica
dioxide eactaccount fomore than 30 wt.% as tldleminant phases of the slddnerefore,
the nickel smelter slag is alsalled& A / 3 E klag.These nineral phases of nickel slag
mainly include olivine as a major component and magnetite as a minor comforent
addition to theelementgpresented ithepie chartgFigure 17) other trace elements may
alsoexistin the SelebPhikweslag such as7220 ppm Zn, 1040 ppm Co, 420 ppm Mn
and 150 ppm Ni.
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(a) Bushveld Igneous Complex, South Africa

W Ca, 1.06%
m Al, 1.98%
® Cu, 0.60%
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W Sj, 15.54% W Cr,0.21%
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(b) Jinchuan, China
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Figure 17.Ch e mi c a | compositions of ni ckel
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Olivine is a magnesiusiron silicate with different ratiwof - C 7& A . The onstituents
of the solid structure are fayalitg& @3 E )Y and forsterite{ C3 E). In theschematic of
the fayalite structure(Figure 18 a), the iron atomslfrown spherey are surrounded by
oxygen and silicon atosnin therealfayalite structure ofasampletheiron atoms can be
replacedwith the closest transition metals in the same period, such as nickel, cobalt and

copper atoms.

Figure 18 illustrates thdocationof elemens in the crystal latticeasshown by VESTA
software. Datan thefayalite structuréHazen, 1977and nagnetite structur@Haavik et

al., 2000)is taken fromAmerican Mineralogist Crystal Structure Database.

(a) fayalite

A

b

(b) magnetite

B

c

Figure1l8.Phase stajuayalrkemedaeiimeesente®dd by
bl ,aeke bbryowkHa z e n (Haali®etar.,)2000)
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2.5.2 Challengesposedby nickel smelter slag

When nickel production increases rapidly, the amount of nickel slag grows dramatically
at the same time. Several studies have investigated waste production and the negative
effectposedby discadednickel slag. Researdby lwan Susanto estimat¢hat the total
amount of nickel slag will reach 14.17 millionetric tons in 20192024 in Indonesia
(Susanto, Ranastra Irawan and Hamdani, 2020 study(Michaeli, Boltiziar and
Ivanova, 2009pn Sered nickel ore reports that about 6.5 to 8.5 mill@tric tons of
metallurgical waste asdumped inthe last 30 year®ver27 hectaresf plains neathe

River Vahin Slovakia

These large amousbf waste dispaa cause serious environmental conseBased on

the study from SlovakiéMichaeli, Boltiziar and Ivanova, 2009; Michaeli et al., 2021)
serious and irreversible damage has been caused by untreated slag. From 1963 to 1993,
the imported lowquality iron-nickel lateritic ore was treated by reduction roasting and
ammonia leaching, using more thfare thousandmetrictonsof caustic chemida every

year, forming abundant waste. The landfdl of the wasteresulted inissues withsoil
remediation. Although nickel production stoppedl1993, the landfilled metallurgical

waste became an environmeritakard causing harm tthelocal ecosystem, agricultair

development anthe health of residents.

Consequently, if nickel smelter slagstoredinappropriately, pollutiorf the local envi-
ronmentmay occur (e.g.soil contaminationgndrequring additional investmeniShen
and Forssberg, 2003jlowever, slag also contains valuable metals such as nickel and

may also be consideredsecondary raw matat.
2.5.3 Applications

If the accumulation of smelting slagdiscardedvithout any pretreatment, not ordye
the valuable metals wasted, b environmentmay alsobe contaminate€Shi et al.,
2020) Therefore, there has been increasing intenaglizing smelter slags as construc-
tion material, or as a seconda®gsource fometalsrecovey. Since the components of

copper smelter slag are quite similar to that of nickel smelter slalyiding a large
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amount of irorandsilicon and a small quantity ebpper, nickeland cobaltthe applica-
tions of copper smelter slag can be used for refetenc

First,oneestablished application for slag is to reuse it as raw material for functional ma-
terials or building materialdVang, 2016; Wang et al., 2021) has been suggestdtht
residuecontaining silica getould actas a moisture gel because the silica maé&ixains
stableand durable when adsamnlg frequently(Li et al., 2014) Someresearchers have
reported the application of copper slag in cement clinker production betause B /
major component withlow melting point can reduce the calcination temperature to save
energy(Wang, 2016)Besides, sinc& A 3 Bl$o providesiniron element, it is regarded
asa substitue for iron powderto improvecement clinker productiotihroughbetter per-
formance(Wang, 2016) However, when the particle size of concretsed materials is
smaller,the setting times longer. The smaller particles increase the density of bulk ma-
terials, but ovehigh densityhasadverse effects on concrete performafWeang et al.,
2021)

In addition, slagsontainingvarious metals are regarded as secondary resources for metal
recovery. In copper smelter slag from Yun@irina, 0.64 wt.% Cisin theform of # C8

(Shi et al., 202Qwhich isattractive for metal recoveryn theVale Inco nickel smelter,

the slag contains1 wt.% Ni, 11 wt.% Cu and 0.2 wt.% CdLi, Papangelakis and
Perederiy, 2009)Although the concentrations of vahla metals in the slag are riogh,

the total masamight be significant due tthe large quantities of slag-he anually in-
creasing mining of nickel ores ensutbatslag can be regarded astabde secondary

resourcen thefuturealsa

However,the complexityinvolvedin metals recovery may also lead to high processing
costs and chemical or energy consump(ihi et al., 2020)Therefore, 1 is urgeniy
neededo seektechnological innovations and soluticiosaddress metals recovery from

these underutilized secondary raw material fractions
2.6 Metals recovery fromNi-slag

In this section, the recovery methods for valuable metals from nickel smeltearslag

discussed, including physical methods and chemical metRbysical methods such as
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magnetic separation and gravity separatelg on the physical features dhe materials
involved Hydrometallurgical methodmplementmetalextraction via chemical/electro-
chemicalreactions into solution and the consequent solution purification and neetal

covery undedeterminedpressuretemperature and pihalue
2.6.1 Magnetic separation

Physical properties such as magnetic properties can be used to separate magnetic fractions
from raw materialsThis can be considered an enrichment metvit relatively large
capacity and low running coéXiong, Lu and Holmes, 2015Theworking principle of
themagnetic separatds presented in Figure 19 where separation occurs tieemag-
netic force is larger than the gravity of particl®, havinganimpact on themagnetic

particles to complete separatiffiong, Luand Holmes, 2015)
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Figure19.Pr i nci pl e of magneti csmagmertatci ogna.r t B
whi t enamgoret i ¢ Apahret intalgenset i ¢ force between
netic ;@Gahei glraheatrySacliredh& sout h sonfidhenor t
magrn&t ong, Lu and Hol mes, 2015)

The force relationship between the metyn force (upper) and gravity G (down) can

be written as mathematical equas@to 4:
£ q

A T 3 qQ XT0AA o
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1 C T

Wherel is the particle mas®; is themagnetic susceptibilityl ( 7E £t is the perme-
ability of a vacuum (constapt 1t A p 1w (7 ); His the magnetic field intensity
(A/m), grad (H) is the magnetic field gradiehtfi  , asin equation 53, is the distance

between two magnetic particles.

(

fe, O 1t v

COAA

To attract a magnetic particle, the following terms muddtisfied written as equations
6and 7

£ ?
3 X LOAA C X

Since magnetic susceptibility and permeability are constants under a certain condition,
magnetic forcek is controlled by magnetic field intensity and gradiéwbrmally, the
magnetic sepation iscarried outunder atmospheric pressure @dhdmagnetic particles

are mixed with water asomeother solution. This meartisatthe effect of operating con-
ditions and other forces in the gravity direction should be considered ag<waly), Lu

and Holmes, 2015)Therefore, suffient magnetic force ithe magnetic field is the key

factorfor recoveing metals.
2.6.2 Gravity separation

Gravity separationis a reliable technigutar separahg minerals based on the specific
gravities (SG) of particles. This physical methmah be consideredostefficient and
chemicalfree Besides, gravity separation is relatively innocuous to the environment and
has beemleveloped into several applications, including jigs, spirals, shdlabes (wet

and dry), etc(Falconer, 2003)

Figure 20 presentswaet Deistertable forsegregahg nickel slagparticlesinto different

size fractions by horizontal aking and water flow.

24



/'Concentrate

/ Middlings
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When the shakintables move horizontally, the raw materiskeparated into two layers:
the fine particlesn the bottom layer and the coarse particles on the top if the particles
have the same density,light particles on the top and heavy patrticles at the bottom if the

particles havadifferent density, as shown Figure2l.
o M . Light

A L ) particles

Heavy
particles

Random bed of partlcles Segregated particles

Figure21.Segr egatti oheoif bgpmrmthaolr s h@ksmgk mand oD
2016)

Thetableconsst of a washing water pump, feed box aadlat surface with a series of
riffles along the moving directiorF{gure22 a). The washing water is used to transport
the particlesalongthe tilting surface. The riffles on the surface prevent partittas
being washed awaymediately With the helpof water flow and horizamal motion,the
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particles cross th&ablefrom the corner to the other end of the deck. The fine and high
specific gravity particles are transportedtbgriffles and arrive closest to the deekd
arefinally dischargd from theuppermost part of thable The coarse particles with low
specific gravity cross the riffles arate discharged from the lowest edge of table
(Falconer, 2003) The collected materials are categorized into three types: rougher
concentrate (fine and heavy partg}leniddlings (intermediate grains), and tails (coarse
and light particles), as shown kigure22 b).

(a) feed slurry

T wash waters

"‘.‘ _ »—\\

R :f_'j'*-——-i_ v ‘I"‘. I"‘-‘,\
\ — \

riffles |

\ cons >

EJPLITTER
\

TAILS

\
N N
rajrsi_“"l T SPLITT$ iéids
(b) -~ FLOW DIRECTION
cons (fine heavy grains) - —
mids (intermediate gralns) "\\

tails(coarse light)

SEGREGATION ACTION ACROSS THE SURFACE OF ATABLE

water ——»

SEGREGATION ACTION PROFILE FOR A RIFFLE OF ATABLE

Figure 22.Sh a k itarbd ea)evplkean b) cross antdhrepf o6f ek

(Fal coner, 2003)
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To control the separation efficiency, variables such as deck design, feed rate, wash water
flow, and particle density should be taken into account. For example, the anigée of
deck is inversely proportional to the weighttloé concentrate, i.ethe stepertheangle,

the lesgheconcentrationln addition a high riffle height is better for coarse feeds. Wash
water is added along the top of tableto keepthe particles moving smoothly, reducing

the solids packing on the deck.

The advantage @& wettableis high selectivity witha high upgrading ratio and flexible

adjustment since operators can observe the running state, avoiding the chaltseges
by different oresOnedisadvantage of gravity separatioftsdow capacity in comparison

to otherseparation method#shok and Denis, 2016)

2.6.3 Hydrometallurgical methods

Hydrometallurgical methods include several unit processes, starting frosh enrac-
tion usingacidic or alkaline solution (leaching), followed by solution purification (e.g.,
cementation, precipitatiQmndor separation (e.gsplvent extraction), and final recovery
of metalsfrom the purified solutionge.g., electrowinning). Thaim of leachingis to
achieveefficient metal extraction and goamlid/liquid separation properties such as
slurryfilterability .

2.6.3.1 Acid leaching

Acid leaching is frequently used in hydrometallurgy tesdive targeted metals in aicid
solutione.g., during thextraction of copper, cobakind nickel from copper or nickel
slags(Habashi, 2005)During process optimizatigrparametersuch astemperature,

pressure, acid concentration, sdiglid ratio, and redoyotentialmay be studied

Since highpressure acid leaching (HPAL) has some obvious advantages, many research-
ers have investigated HPAIxteaction and its kineticfLi, Papangelakis and Perederiy,
2009; Perederiy, 2011; Rivera et al., 2019; &hal., 2020)For examplePerederiyin-
vestigatedhe leaching performance of valuable metals from nickel smelter slags by high
pressure oxidative acid leachierederiy, 2011More than 95% Ni, Cand Cuwere

found to beextracted after 45 minutes leaching in 70 g/L sulfuric acid as258nd 6.2
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bar partial oxygen pressure. &mother study, wygen pressure acid leaching has been
applied for copper slagcheving more than 97% Cu recovery and less than 2% silicon
(Li et al., 2018)

The formation of silica gel leads to difficulties in filtration and crud formation problems.
In sulfuric acid leaching, iron (1) oxidis dissolvel and silica gel formed as reaction
8, given below(Wang et al., 20225ilica colloid formation prevents filtration after leach-

ing, resulting in the loss of metal extractid.i et al., 2018)
¢&A73/E O ¢( 3 1°9¢&A3AN ( 3[E AN P

Some solutions have been put forward to avoid difficult filtratfeor.example, drogen
peroxide has been utilized in acid leaching as an oxidant. Baraa(2002)s0lved the
problemby leaching copper slag (1.43% Cu, 0.72% Co, 20.7% Fe, 15.37% Sia with
combination of sulfuric acid and 50 vol.% hydrogen peroaid®3 and pH 2.5, achiev-
ing an overall recovery of 80% Cu, 90%,@md 90% ZnBanza, Gock and Kongolo,
2002) If hydrogen peroxide is addénlanacid environmentit is suggested th& A / / (
is produced via reactiorand 1Q(Banza, Gock and Kongolo, 2002)

&AL (3 ANo &A3 AN (/1 W
&A3ARN (/7 AN ¢(/ 1°9¢c&AIO(c (3 AN p T

Silica gel also prevents REE elemetdaching from bauxite smelter resid(fealayi,
Freeman and Okada, 2015; Rivera et al., 2019Rodolfo Marin RivergRivera et al.,
2019)utilized acid leaching ira titanium autoclave at 130 and the silicon dissolution
was less than 0.5 Wb sincethewater was evaporatet high temperature. Ithis case,
the hydrated silica content was controllatia low level. If the silicon concentration in
the solution is less than O, , there is no obvious silica gel formatigRivera et al.,
2019) Accor di ng f{FalayiFFaeenasag and Gkontag2pl@ecipitated and

dehydrated silica is easier to fili@eaction 11)

- 3E/0 ¢ 3/1 11 ¢g(/19¢-3/d(/1 3EI/EE]I OADAAIT A
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Some environmentallyriendly leaching approaches have been proposed to reduce chem-
ical consumption. In a study about valuable metals dissolution bypnégsure oxidative
acid leachng (HPOXAL), pyrrhotite tailingsnay provide additional sulfuric acid com-

poundedwith pyrite or pyrrhotite for nickel slag acid leaching,jmseaction 12
&M O pguvyC W/ TOoad&A O ¢(3/1 pC

The experimentivas accomplished bgo-leachingnickel dag with pyrrhotite tailings at

2508 and 6.2 bar partial oxygen pressure. The extraction of nickel, cobalt and copper
reacled95-97% after 45 minutes, which assimilar outcomed that ofnickel slag leach-

ing in 68 g/L sulfuric aciqPerederiy, 2011)

Biological leaching is one dheadvanced hydrometallurgical methods dudg@oten-
tially lower requirement foichemicals. Kaksone(Kaksonen et al., 201Bpplied acid
bioleaching irtherecovey metals from copper smelter slag. The solubilization of metals
after 39 day®sf leaching acteved 92% Cd, 63% Co, 68% Cu, 58% Fe, 43%aNd 65%

Zn. After leachingmetals were recovered as sulfide prdetpsatanadjustedoH value.

It is worth notingthat more than 98% Cu and 99% Zn precipitated at pt& and

0@y respectively(Kaksonen et al., 2011)

A similar ideawasapplied in another study. KinnunéRinnunen et al., 202@ompared
chemical leaching by . / and( 3/ and biological leaching to treat the copper slag.
Here ferric iron generated by microorganisms is a strong oxidation agent, which contrib-
utes tatheextraction of copper. The extractit@velsof chemical leaching (pH 1.%jere
higher than thseof bioleachingfor Cu (71% vs. 51%), Co (70% vs. 36%hd Zn (65%

vS. 44%).In addition,( . / performed slightly better than 3/ in preventing gelati-

nous phase formation.

Bioleachingcouldconsume less acid chemis&d some extety whichmay bebeneficial
considering sstainability and environmental aspects. Besides, the bioleaching residue
can be applied assupplementary cementitious material in calcium aluminate cement, to
obtain a building material with higher qualifi{innunen et al., 2020)Consideringhe

aforementioned aspects, bioleaching can potentially be an altertwedlag leaching.
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2.6.3.2 Combined leaching

In combiredleaching, sodium hydroxideas been used thisaggregate the silica network
first, followed bymetalsextraction bytheacid solutionlron in fayalite can be substituted
by other valuable metatich asNi, Co and Cu in various ratios. On the atom level, iron
is surrounded byilgca dioxide in the fayalite structur&igurel8a). If the mineral phases
can be decomposed by some chemieattions, the targeted elements Wwalreleasd,

which contributes tohe extraction of valuable metals.

NaOH solution in high concentration and high temperature can react with silica dioxide
to break the fayalite structuras reaction 18hown This offersa feasiblemethod for a
high degree oextraction othevaluable metals in the sldghang et al., 2021)

3E O ¢. A/ANo . A3FE AN (/1 po

However, the liberated valuable metaighe slag cannot dissolve in alkaline media, so
alkaline leaching must be combined with subsequent acid leachamgbired leaching
can be regarded as a combination of different legchnethods to obtain the optimal
extraction. The most commaonceptof combined leaching considers acid leaching for

metal dissolving and alkaline leaching for component separation.

Exceptfor precipitating metal ionsan alkaline solution is also apptiein the silica gel
reaction to reduce the filtering limitatiompartedby silica acid.Meng L. etal. (2015)
disaggregated th& A3 /E phase from copper slag byeans oNaOH and then the alka-
line residue wateachedn anacidsolutionunder different conditions. The optimal con-
ditions for alkaline disaggregation were under 23@r 4 hours whertthel/s ratio was

5:1 andthe alkali/dust mass ratiwas1.5:1. Inthe subsequerit. / ( / leaching,
the extraction of Fe and Cu reached 44.&nd 99.9% respectively, and the content of
As, Cu and Pb in the treated slags met the requiremétite environmental standards
(Zhang et al., 2021)

Since the connecti@rbetweenthe Fe-O-Si bondare broken, more valuable metals are
released intthesolution and leaching efficiency in acggdimproved(Zhang et al., 2021)

The process of valuable metal liberation from fayalite is illustrat&lgare 23.
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(Zhang et al., 2021)

The silica gel can beirned intohigh-purity silica by NaOH dissolution and silicate acid-
ification. Wang(Wang et al., 2022applied sulfuric acid leaching to dekie more than
98% metalsextraction of Cu, Co, Niand Zn from copper a (Jinchuan, China) ithe
process cycleThen the silica acid gel was dissolved NaOH solutionto produce

. A3 E /Finally, the acidification of. A3 E Mas carried out to produce 99.9% pure
silica (Figure24) (Wang et al., 2022)

Copper slag

e HH:s0;

. L« |3 N
s £ CN
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Hematite Eiltrate Filtrate :
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| Extraction High purity silica
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separation andttlse cfal amueafafinlaeo@@iamyreialn2082)
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3 Materials and methods

Based on the theoretical introductiabove areliable experiment plan is introducbd-

low, including both metélirgical methods and physical separation methods stlihse-
guentanalysis and characterizatiohtheleaching solution samples and residues are also
providedhere such asatomic absorptio spectroscopy (AAS), Xay diffraction (XRD)

and scanning electron microscopy with energy dispersive spectroscopyEBEM

3.1 Raw material characteristics and preparation

The nickel smelter slagse in this thesis workvasfrom Boliden Harjavalta Oy iffrin-

land. This nickel slag is a granular slag.

The mrticles inthe black ashhavea light metal luster orthe surface which can be ob-
served under lightMoist particles with uneven particle sizes have agglomerattdtein

sample material. The average paeisize is about 3 mnirigure25).

Figure 25.NTC k-8 | agt hHeaorm aval ta smel ter.

The mineralogical composition measured by XRD (GFiJand is shown inFigure26.

The mass fraction of the mineral phases in nickel slag inslgdid%fayalite, 14.1%
magnetiteand 1.5%silicate glassHere, clay witha size fractionof less than 2 micran
was used for diffraction and Rietveld refinement by HighScore softwaseutilized for

quantified analgis
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In addition thechemical compositions dfieraw materiad were analyzed by Xay Min-
eral Services Finland using XRF,asshown inTable2. Major elements were analyzed
on pellets using the Fundamental Parameter apprdoaehaw material consistdof iron
(38.8%) and silicon (14.%), mainly inthefayalite phase. Additionally, thmaterial con-

tainedvaluable metalsuch a<Cu, Ni, and Co.

33



Table 2. Multi-element analysis by XRF apellet (Method 180XO) (X-ray Mineral

Services Ltl.)
Element | Value (%) | Element | Value (%)
Cr 0.114 Cs 0.002
\Y 0.010 Sh 0.009
Cu <0.3 Si 14.3
Ni <0.3 Ti 0.392
Co <0.3 Mn 0.030
Ba 0.014 Mg 441
Zn 0.027 Ca 1.12
Pb 0.005 Y 0.0006
La 0.004 Leco C 0.011
Ce 0.002 Leco S 0.268
Ga 0.0025 Ag 0.002
Fe 38.5 S 0.273
Sn 0.001 Bi 0.003
w 0.001 Cl 0.078

Usually, the environmental influence and physical effect of mineral acid water are meas-
ured by acid mine drainage test work. When acidification and heavy metals discharge
occurin mine tailings, the leachate with rich metal ions forms acid mine drainage. If the
oxygen inthe surrounding is sufficient, mosof the ferrous iron will oxidize to ferric

iron while& A (
tion 14(Nadirov and Mussapyrova, 2020)

precipitatesvill form at apH between 2.and3.5, asshownin reac-

T&A3pb pt(Oot&A ( Y3/ pé¢ pT

In Table3, the threshold value, the lowand higher guideline valsare used tgeparate
the metal concentration intmur categories from lowest to highestigure 27). The

threshold and lower guideline values (one and tam for samples obtagd from
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agricultual fields and the threshold and higher guideline valoas (o four)arefor all
sampleqTdh et al., 2016)

threshold the lower the higher
value guideline value guideline value
. . . >
1 2 3 4

Figure27. Re | at i on s hinteh rbees hweelech v al ue agnudi diehlei nle
v alsiure A(WD etal., 2016)

Th e ifi €able 3represents that the gulde values have been definbdsed oreco-

l ogi cal ri sks. The symbol At 0 mdbdasedon t he
health riskslf the risk of groundwater contamination is higher than normal in concentra-
tions below the lower guideline valueethubstances are marked with the Igipér(Min-

istry of the Environment Finland, 2007, 2013)
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Table 3.Contamination analysis of acid mine drainage test W&tkofins Environ-
ment Testing Finland)

Cortamination | Naturalconcentration| Threshold | Lower guide-| Higher
threshold AMD (mg/kg) value line value guideline
Substance (sym (mg/kg) (mg/kg) value
bol) (mg/kg)
Antimony (Sb) | 0.02 (0.010.2) 2 10 /t 50 /e
Arsenic (AsY p | 1(0.1-25) 5 50 /e 100 /e
Mercury (Hg) | 0.005 (<0.00%0.05) | 0.5 2/e 5/e
Cadmium (Cd) | 0.03 (0.010.15) 1 10 /e 20 /e
Cobalt (Co) /p | 8 (1-30) 20 100 /e 250 /e
Chrome (Cr) 31 (6-170) 100 200 /e 300 /e
Copper (Cu) 22 (5110) 100 150 /e 200 /e
Lead (Pb) 5(0.1-5) 60 200 /t 750 /e
Nickel (Ni) 17 (3-100) 50 100 /e 150 /e
Zinc (zZn) 31(8-110) 200 250 /e 400 /e
Vanadium (V) | 38 (10115) 100 150 /e 250 /e

The analysi®f the neutralization for acid mine drainage is reportetable4. Usually,
alkaline reagentsuch asNaOH or carbonaté A # Are used for increasing the pH value
to form metal precipitation. Compared witte AMD of steel slag with glass élsemajor
component, the neutralization potential is aboud Z8kg # A # And most ofheresid-
uals are in the form of aluminusilicatesand iron oxidegZiemkiewicz, 1998)As rec-
ommendation in this studZiemkiewicz, 1998)an additional basevas addednto the

solution to reduedischarges of metal.
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Table 4.Nickel Slag Acid Mine Drainage (AMD) results (Eurofins Environment Testing
Finland (Jyvékyl3).

Analysis Unit Result
Sulfur (S) % 0.27
Total carbon (TC) % <0.05
Acid potential AP) kg CaCQ/ tonne| 8.4
Neutralization potential (NP) kg CaCQ/ tonne| 47

Net neutralization potential (NNP) | kg CaCQ/ tonne| 39

Neutralization potential ratio (NPR) 5.6

Net acid productiopotential (NAPP) kg H.SQy/ tonne | <0.3

NAG pH 4.5 kg H2SQy/ tonne | -
NAG pH 7.0 kg H2SQ4/ tonne | 0.080
NAG-pH 6.8
Electrical productivity 25 mS/m 211

Sincethe relatively high specific surface arkasa positive influence on reaction rate
(Nadirov and Mussapyrova, 2020)pth fine particle samples and coarse particle samples

werestudiedand are described below

To increase the leaching rate constants by the reduction of activation energs cerder
tain temperatur@adirov and Mussapyrova, 202®gll milling is applied to prepare the
fine particle samples. Here, the sampith a volume 0f5.67 literswas ground in a la-
boratory scale ball millType 14MK3/9,TechnicalResearclCenter of Finland,)A 500
gram sample was added into 0.6 litefsvater and gsund with 5.5 kg ball mass for 30
minutes. After grinding, all samples were driéB33 in anoven (Jouan). Then both

particle size distribution and components were analyzed.
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A comparson ofthe coarse and fine samplasshown in Figure 28) and b) Visually,
the particle size ahemilled sample looks more uniform. The quantitative size distribu-
tion measurement waegormed by laser diffraction particle size analysis (Mastersizer

3000)(Nuorivaara and Serr@uerrero, 2020)

(@)

Figure 28. Nt k esll a g

ball milling.

The sizedistributionreportcarried out afAalto Universityshowed that the average diam-

eter ofthefine particles was 0.3 mmand the other size featuraedisplayed inTableb.

(b)

from Harjavalbya af-mdreutdd s

Compared with thenmilled sample size, it was about ten times smaller. The sample size

distributions by volume density and cumulative volume are displayEjure29.

Table 5. Particle size distribution afickel slag after 30ninutesofb a | |
(Tommi Rinne Aalto University).
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The phaseesultsof the milled sample measured by SEHBDS is shown iTable6. The

olivine phase, mainly fayalite, ithe milled sample accounts for more than 99%. Alt-

houghthe magnetite phase did not show in the SEMS report, one speculation is that

the Feoxide phase includeragnetite.

Table 6. Mineral liberation analsis (MLA) of the milled sample by SEMEDS (GTK
Espoo laboratories)

Sieve fraction | < 0.063 0.0630.100 | 0.1060.150 | 0.1560.250

(mm)

Phase Area | Mass | Area | Mass | Area | Mass | Area | Mass
%) [(%) (%) | (W) | () | (%) |(%) |(%)

Olivine_Fa 97.86 | 99.01 | 97.90 | 98.87 | 98.85 | 99.36 | 98.59 | 99.18

Ni metal phase| 0.06 |0.06 |0.01 |0.01 |0.00 |0.00 |0.01 [0.01

Pyrite 0.05 [0.05 |0.07 |0.08

Fe-oxide 0.08 [0.07 |0.08 |0.07 |0.07 |0.06 |0.12 [0.11

Unclassified |1.34 |[0.79 |1.51 |0.88 |0.95 |0.55 |1.22 [0.71
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Sieve fraction 0.2530.500 0.10G60.150 0.1530.250
(mm)
Phase Area | Mass Feature Area Feature Area
(%) | (%) (%) (%) (%) (%)
Olivine_Fa 99.51 | 99.72 97.3 99.1 88.2 99.6
Ni metal phase | 0.03 | 0.04 0.1 0.0 0.4 0.0
Fe-oxide 0.10 |0.12 15 0.5 1.2 0.1
Quartz 0.00 |0.00 0.3 0.0 9.2 0.2

Since nickel sulfide, copper sulfidend iron sulfide are all in the same hexagonal crystal
structure and the atom radre close (162 for nickel 126v for ironand 128 for cop-
pen, atoms substitute each other to form NiS, CuS, &esternary compound in differ-
ent metals rati® Thisassumpion wasverified by SEMEDS observation. Additionally,

sulfides in slag could also originaterin matte droplets.

SEM images and EDS spectfithe nickel slag sample (250500 and 63 100 sieve
fractions)are shown in Figure 3@able7 lists elementacompositionat different meas-
uring points However the total concentration of elements in the sample cannot be deter-
minedfrom the semiquantitative measurembnt only the composition of each meas-

urement point.

Figures 30 @) and g arein higherresolution and the brigiwhite dots are enlarged in
Figures 30 b) and d. Four compounds were identified, including the quaternary com-
pound sulfide& A . E # O 3)atpoins1, 3 and 4; pyrite & A Bat point 5; fayalite

(& A3 EYat poins2, 6 and 7 and magnetite§ & ) at point 6. litould behypothesizd

that valuable metaksuch asickel, cobaltand coppeoriginatedfrom the sulfide. Trace
amountsof magnesium, aluminupand calcium appeared the fayalite and magnetite

as expected.

However, there w&s no obviousnickel, cobalt and comp substitution irthe fayalite,
which wasthe reversd of the previousexpectation. Thisvasidentified bythe alkaline

leaching experiment. If the extraction of valuable metals impravesganghatsodium
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hydroxidesolutionhas a positiveffecton fayalite disaggregation. The impravextrac-

tion also verifigl thatthe metals (Cu, Co, NWerelocated not only inhesulfide but also

in the fayalite because metal sulfides dot dissolve in alkaline medi&hromiumwas

detected irthemagnetite as well in the possible form of ik chromite& A # Owith

a cubic crystal structure, which wése same as the structumeentioned n

report(Perederiy, 2011)

Perederi

Table 7.Componentlements atletected poirstby XRF of nickel slag(wt.%) (X-ray

Mineral Services Finland Qy

Spec | O Na | Mg | Al Si S K Ca | Ti Cr Fe Co | Ni Cu Total
1 1.06 16.6 | 3.3 | 70.3 | 8.50 | 100.0
2 397 |04 |12 |25 |165 | 038 [ 06 | 23 | 05 35.4 100.0
3 1.19 1.38 7.58 79.3 | 10.4 | 100.0
4 16.9 4.82 72.2 | 5.93 | 100.0
5 54.5 45.4 100.0
6 35.5 1.2 14 | 6.14 02 |05 |11 |10 52.6 100.0
7 40.2 (04 | 16 | 1.7 171 | 031 |05 |17 |04 35.7 100.0
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3.2 Experimental setup in leaching

As mentioedin Chapter2.5.1, valuable metals atoraach asopper, nickel and cobalt
arepossible occurring as sulfider contained irfayalitein form of substitutional atoms

of iron. Thus, two leaching strategia®reinvestigated.

First, acid leachingvascondictedto dissolvethe iron oxide and metallic oxide to form
asolution containing metallic ions. Then metallic iavererecovered by precipitation in
the following processSecondthe raw materialwas first treatedoy high-concentration
sodium hydroxide solution to form filterable A3 /E , and theracid leachingvascon-
ductedto release metal ions frothe alkaline leaching residu&ince boththe fayalite
and glass phadead a high silicon contenthe fayalite phas @uld be deconstructed by
the highconcentration sodium hydroxide solution and metal ions released sulise-

quentacid leaching.

The chemicals used in the experingamere sulfuric acid (95%, 1.4 kg/L, VWR Chemi-
cals), nitric acid (65%, 1.84 kg/L, VWBhemicals), hydrogen peroxide (50 wt.%, Sigma
Alorich, Germany), sodium hydroxide granules (Caelo), copper, nickel, cobalt and iron
standard solution for AAS (1000 mg/L4 mg/L in 2 wt.%( . /, SigmaAldrich), and

deionized water.

In thecurrent work, aid leaching experiments were perfornmat@ constant temperature
under differentcontrolled parametes. Leaching experiments were performed in a 1L
glass reactor placed in a thermostatic water bath (Aqualirgs, Lauda, Germany). The
reactowas shut with a glass cover and silicon corks for acid leaching. Adiade plas-
tic impellerwasdriven by an overhead stirrer (Vos 16, VWR, Finland) at380 rpm.

All the generated gasegereroutedto a condensingube is connected tie ventilation

of the fume hood, as shownkigure31.
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Figure3l. Experi mept &brséhe acid | eaching expc¢
stirrer, 2) condensing tube, 3) glass re
trodki,spogsabl e wipes, 6) wash bottle, 7)

For the parameter design, MODDE softwes&s usedThe major parameters were tem-
perature, particle size, leaching time, aalikiline concentration, liquitolid ratig and

hydrogenperoxide volume.

The experiment plan for acid leaching is showmable8. The ampleof 0.3mmparticle

size wasmilled andthe 3 mm particle size samples unmilled. To verify the positive

effect of hydrogen peroxide reported in some resesitaflies the experiment with the

best metals extraction was repeated. To learn more about the effect of hydrogen peroxide,

additional experiments with 2 vol.% and 10 vol.% hydrogen peroxide were carried out.
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Table 8. Acid leaching experiment pldor nickel slag

Number | Temperature Particle | Leaching | Sulfuric acid| Acid Solid (/ I/s
/3 size time/hour | concentration volume | weight | volume | ratio
/mm / (mol/L) /ml I (ml/g)
1 70 3 4 2 500 50 10:1
2 70 0.3 4 2 500 50 10:1
3 90 0.3 4 4 500 150 10:3
4 90 3 4 4 500 150 10:3
5 90 3 4 2 500 50 10:1
6 70 3 4 2.04 490 50 10 10:1
7 70 3 4 2.22 450 50 50 10:1
8 25 3 4 2 250 25 10 10:1

Theaim of thesecondeaching strategwas to destroy the fayalite structure by alkaline
leaching first, and theleachingthe residue of alkaline leaching @&m acid solution to
release more valuable metals. The alkaline leaching experiment equipasentde-
signed as shown iRigure32, because less chemical reactant is motealsigfor reacting

in asmall reactor and came mixed completely by magnetic stirring. To ensure the anti
corrosion property ofhe glass reactor, a pretest was administevhdreby4 molL so-
dium hydroxide solution was heated in a glass Erlenmeyer flask for 4 hours uader 90

From observatiortheakaline solution @ not react withithe smooth glass surface.

The dium hydroxide and the samplethre 250 ml Erlenmeyer flask were heatexl a
heating plate and stirred by the magnetic stirrer (IntéaBP0-400 rpm. The temperature
was measuredsing a thermometer. Here the tube had two functions. It was conrtected
the condense tube when the reaction started and the end ®&xm abovethe liquid
level to condense the evaporation (the left onEigure 33). When collecting samples,
the tube was connectéala syringe (Henk&ass, Wolf GmbH) and the emdisinserted
into liquid (the right one ifrigure33).
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Figure32.Exper i mept alokattthee al eaching exper i me
mometer, 2) water bath, 3) magnetic stir.]

control ,armt) rteusdbceet.or ,

Figure33. Tube for | i quid samples (Coingeinsati on

The alkaline leaching experiment plan is showiable9 and the acid leaching plan for
alkaline residue igivenin Table10. In combined leaching, the practicalitiestiog acid
leaching part were similar tbose ofdirect acid leaching experimentsal&. One excep-

tion to the experiment operatiowasexperiment B2, where the acid leachingaskept

at 703 for 5.5 hours but the starting point of sample collection was at 180 minutes (3
hours). The meaning tiieexperiment numbsiin Tablel10, e.g.,A-1, is that acid leach-

ing experiment AL used the alkaline leaching residuem experiment A. The loss of
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metals during alkaline leaching was considered wifierextractions of metals were cal-
culated for thesubsequerdcid leaching part.

Table 9. Alkaline leaching experiment pldar nickel slag

Number| Temperature Particle| Leaching | Alkaline Alkaline | Solid Liquid /
/3 size time/hour | concentration volume weight | solid ratio
/mm / (mol/L) /mi /g (ml/g)
A 50 03 25 2 200 20 10:1
B 50 3 25 2 250 25 10:1
C 90 3 25 2 250 25 10:1
D 90 0.3 25 4 700 70 10:1

Table 10.Acid leaching experiment pldar alkali treated raw material (nickel slag)

Number| Temperature Particle | Leaching | Acid Acid Solid Liquid /
/3 size time/hour | concentration volume weight | solid ratio
/mm / (mol/L) /ml /g (ml/g)
A-1 70 0.3 25 2 500 50 10:1
B-1 70 3 25 2 500 50 10:1
C-1 70 3 25 4 500 150 10:3
D-1 70 0.3 25 4 500 150 10:3
D-2 70 0.3 5.5 2 500 50 10:1

For leaching liquid collection durintihe experiments, % ml liquid samples were col-
lected by syringe at 30, 60, 90, 120, 1803 240 minutes for acid leaching and 30, 60,
90, 120,and150 minutes for alkaline leaching. The suspended solids in liquid were sep-
arated bya syringe filter (Whatman, UKpr filter paper (Whatman, GE Healthcare Life
SciencesUK) with al.2 pm pore size.

The redox potential was monitored to observe possible changes in the leaching reactions.

Throughout the experimentte redox potential was measured bByedox potential
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voltmeter(vs Ag/AgCI electrodejRedox Au ORP electrode, Mettler Toledo, Germany)
at 30, 60, 90, 120, 188nd 240 minutes for acid leaching and 30, 60, 90, 120, 150 minutes

for alkaline leaching.

After the leaching experiments, filtration of the pregnant leadbtem (PLS) was per-
formed undemvacuumenvironmenusing a Buchner funnel and WhatrkarGrade 597
filter paper (Whatman, Code 42, CAT NO.14420) with a 2.5 pm pore size. The preg-
nant leach solutions and samples were sasget) gplastic sample tube WR company)

for AAS analysis to measutbe extraction curves of different metals.

The cake obtained from the primary filtration was washigid deionized water. fienthe
washed cake and wastewater were filtarsghgthe same filter paper under vacuum or
atmospheric pressure. After thitewashed cakes were dried in the oa¢853 for 48

to 72 hours.
3.3 Analysis methods

The leaching solution collected ihe acid and alkaline leaching experimentere ana-
lyzed for Ni, Co, Cuand Fe using atomic absamt spectrometry (AAS)ThermoFisher
Scientific). The analysis requires sablestandard solutions. The nickel, cobalt, irand
copper reference standard solutions were X090 ( 4mg/L) from SigmaAldrich, and

the concentration of nitric acid the standard solutiowas 2 wt.%.

The sample solutions for AAS tesg were diluted by 2 wt.% nitric acid 10 times for Cu,
Co, and Nj and 100 times for Fe. This is because there was sideyable difference in

themetal concentrations.

The pH valus of PLS wereroughly measured byH meter PLS werediluted by deion-
ized water inLOO timesandwere measured yH meter The acid consumptiopercent-
agewastheratio between the leaving acadter leaching experimerind thetotal acid
before experimeniThe leaving acid after experiment could be estimated by the final pH

value.
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X-ray powder diffraction for analyzing the phase distribution and chemical congitue
was carried out by GTKBeforethe XRD analysis, each sample was observed uader
optical microscope to estimate the particle types and size distriblitien.the dry sam-
ple for XRD was successfully made by the nrig an acetone suspension an agae

mortar.

The XRD instrument at GTK isa Bruker D8 Discover (A25) powder diffractometer,
equipped with LYNXEYE XE-T detector (semiconductor silicon strip in2 mode).
TheX-ray tube (line focus) anode material is copper, and the wavelartgided are Cu
KW@=1.5406 27, 1C64KYW ;, (Cu KU average = 1.
=1.3922 A The phase identifications (qualitative analysis) were done using Bruker EVA

6.0 software andCDD (International Centre for Diffraction Data, Powder Diftian

File) PDF-4 Minerals 2022 database that contains only naturally occurring inorganic

crystalline phase@ninerals).

The electron optical worlwascarried out athe SEM Laboratoryat GTK. Mineral con-
centrations were analyzed usingse@anning electron microscope (SEM)a Hitachi
SU3900modelequippedwith an Oxford Instrument&-Max 20 mnt EDS- spectrometer
(SDD). The run conditions were: 20 kV acceleration voltageaahehA probe current.
The samples were analyzed using Aztec software. The quallitg &DS analyses is semi
-quantitative, and the results are normalized to 100%.

3.4 Gravity separation

Gravity separation was divided into two steps,sistimg ofsample milling and gravity
separationKigure34). The crushed nickel slagf less than 3.35 mm wdisst ground by
astainlesssteel rod mill. About 3 kg of nickel slag was grodod40 minutes in three 1

kg batches. The solids content in grinding was about 62.5 % and the final grinding fine-
ness was D845 pym.

The gravity separatioof nickel slagwvas donaisingas ma | | A Dei tabledhed s h a
ground feed material was fed lbyvibrating feeder, through the funnel on the shaking

table(Figure34). The solids feed rate was about 8 kg/h dredsolid content was about
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11 %. The mass of concentréde through the shakintablewas rathetarge so cleaning

was done onctr concentrate collection.

@

| g ‘)

Figure 34.1 ngaeosf gr avity separation (a)tabge
(b) the gravity separ ataibd ®TKf) ni cke

3.5Magnetic separation

The magnetic separation for nickel slagsearried out by GTK, whseprocess islivided

into solids grinding and magnetic separation.

Prior to magnetic separatioal kg batch of crushed nickel slagith adiameterof less
than 3.35 mm) was groutid athe stainlesssteel rod mill. The solids content in grinding
was alout 62.5% and the roslas8 kg. After 60 minutesf milling, the grinding fineness
reacled D80~163 pm Figure36).

After grinding, the feed materigl5% solid sampleyvas mixed irabucket and fed with

a peristaltic pump t@ low-intensity magnetic drumeparator (LIMS 0.07 T). The mag-
netic flux density irthefield was 0.07 Tesla (Tkigure35illustrates how the lownten-

sity magnetic drum separator sepadlategnetic product 1 (M1) and nonagnetic prod-

uct 1 (NM1). Then the NM1 was cleaned once withediumintensity magnetic drum
separator (MIMS) witha larger magnetic flux densitgf 0.3 T. The collected products
wereclassified by their magnetic characteristic, including M2 and NM2 (also called final

tailings).
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4 Results- Leaching of nickel slag

This chaper focugson the effect of leaching parameters on extraction and component
change imsolid residue. The effect of temperature, particle size, solid/liquid ratio, and
the amount of hydrogen peroxide are compared and discussed h$jootieesesre put

forwardbasedn the liquid analysis and solid characterization results.
4.1 Acid leaching

The effecs of particle size, temperature, and hydrogen peroxide on valuable metals ex-
tractionwere comparedA comparison oftie extractions in experimentssB is shown

in compared Table 8.

( / decompose efficiently into water and releagd@xygenwithin rapidly at high tem-
peratureTherebre,( / should be added into the leaching reactor slowly to erisate

the acid solution will not spill out due to oxygen gas emission. In experiment 7,&0 ml
50 vol.%( / was added at a rate of 12.5 ml/hour. In experiments 6 to 8, the concentra-

tion of sulfuric acid was 2 mfl when the hydrogen peroxide was added.

In experiments 6 and 7, the dilution of sulfuric acid concentratsaursedy the additional
of hydrogen peroxidevasexamined The concentration of diluted sulfuric at¢idd tobe

the same as that in the other experiment (2 mol/L).
4.1.1 Effect of particle size

The effect of particle size on extraction in acid leachirgvwestigated in the experi-
ment seriesln Exp. 1, the extraction of copper, cobaétnd nickelin the 3mm sample
reached 43%, 70%and 66%, respectivelyt 180 minutes, but then slightly dpmad by

about 4% in the last 60 minutes.

In Exp. 2, the metal extraction of the milled sampéachedh peakof about 16%of cop-
per, 35%of cobalt and 36%of nickel from 120 to 80 minutesunderthe same leaching
conditions(Figure 37) Themetalsextractionwassignificantly lowerthanwith the milled

particles, and the extraction peaks were reached slightly earlier thatheitoarse
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particles. Metals extraction slightly deassl during the last hour of leaching. The de-

velopment of the extractions with milled particles is displayeBigure 37 asa black

line.
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However, when the sulfuric acid concentration increased to 4 mol/L and the temperature

was raised to 98 , the influence of particle size on the extractwasreversedFigure

38). In Exp 3, the extractiofrom thefine samples fluctuated slightly, reachimpeak at

4h where 41%, 55%nd 63%were obtainedor copper, cobalt, andickel, respectively

Oneassumpion is thatthe improvemenin concentration anthe specific surface area

havea positive effect on the improvement tbie reaction rate becausiee effectivemo-

lecularcollision number continued incraag athigh temperature.
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For coarseparticles in the 3mm sample(Exp. 4), the extraction reachealpeak at 1.5
hours butwasonly onefifth of the extraction of fine particle¢Exp. 3). During the re-
maining 2.5 hours, the extraction of metals friimacoarse samp$adecreased slightly,
asshown in Figure 38. This wasmost likely due tahelarge amount of silica gel, pre-
venting metal dissolution and absorbing valuable metal ions. In this caseinberof
extractedvaluable metals in the PLS was limited e silica gel, and even more than

50% of copper was lost thesilica gel. The silica gel problem will be discussedhore
detailin Chapter4.3.2.
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Theleachingresidue was analyzed by XRD to stutig components and phases. Since

Exp. 1 resulted in the higheshetals extractions anihere was a largextraction gap

betweenExp. 1 andExp. 2, theresidus from Exp. 1 (3mm, 7@ ) andExp. 2 (0.3mm,

703 ) were analyzed. Since phases in the nickel slag are not homogepadhe
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microscopic scale, samples were saddiy tha different shape characterigtisuch as

bulk sample and specific sample (e.g., spherules and crust), and then their compositions

were measuresleparately.

When the background was elevated betwespating valuesf 6 8 2.58, all samples

contairedamorphous phasedoweverno quartavasdetected by XRD ieithersample.

The lulk materialdrom Exp 1 werehighly hygroscopic, giningmoisture and recrystal-
lizing in air. The detected phageshown inFigure39, including& A3 /  and calcium
sulfate# A 3 &sthe major component. lis worth noting that new phases volatle
+ &K C&A! 13/ p ¢ / (minor) and rhomboclage & 8 /  1( / (ma-
jor) appearedfter the sample was dried in a desiccator. This miesther elements
in addition to divalent iron (including K, Mg, A& A ) had crystallized upon sample
drying. Here,the oxidization of iron ions may alseaveplayed a role in stabilizing the

volatile structure inthedesiccator.

[T Exp -2 buk
- 1 Exp 12, bulk after desiceator storage
5.000— | PDF 01-074-1332 Fe{S04)(H20} Szomalnokite, syn
1 PDF 00-037-1498 Ca504 Anhydrite, syn
FDF 01-070-1820 {H502)Fe{S04)2{H20)2 Rhomboclase, syn
|1 POF 00-020-1368 K2FeSAIFe3(504)12:18H20 Voltaite

4.000—

5"
R R R R R O L R N I N R A S S S RS ' I SR TR TR LA KRR KRR R KRR KRR R RN RAE] e
19 13 10 8 7 8 5 4 3 2 18 18 17 1 15 1.4 13 12 1.1 1

d (Coupled TwoTheta/Theta) WL=1.54060

Figure39. X-r ay di ffracticagkrpbenf of esamgl after
i nagt @)(Pasi HeTKkil @

For the sample from Exf2, although the crust fragments had differdagjrees ostiff-

ness, the major constituents iregrspherules and powdéorm includedFe -silicate
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& & C 3 E /(fayalite) and magnetit& A in Figure40 a), and inthe amorphous

particlesthe phases contaed calcium sulfate hemihydratteA 3 /T@®( / , as shownn
Figure40 b).

Compared witlthe samplein Exp. 1, the moisture itheresidue samplan Exp. 2 seems
less.

| PDF 04-011-6667 Mg0.75Mn0. 15F e 1.10(SI04) Fayaite. Mg-beanng
|_POF 00-019-0629 Fe+2Fe2+304 WQrElilE_ syn

IR L LN L T L AT LR RN KA T N T T S S T T SN S I | I e T L O T S R R R R PR R RN R R A AU AT A
19 13 10 8 7 6 5 4 3 2 1 7 1.5 3 1

d (Coupled TwoTheta/Theta) WL=1.5406¢
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4.1.2 Effect of temperature

For the coarse sampdé a3 mm size in sulfuric acid solution, the increasing temperature
hada negative influence on the metal extractionFlgures 41 a) & c), the extraction of
thesamplein Exp. 5 leachingat 903 was extremely beneficiah theinitial 30 minutes
However the metals extraction of copper, cobahd nickedecrease by 31%, 2446, and
27%, respectivelyduring the last 60 minutesMore research is required to clarifiyis
unexpected changegardinghe leaching mechanism of nickel slag at high tempeature

However, the extraction of metals at¥0in Exp. 1 kept increasing linearly until peaks
of 43%for copper, 70%or cobalt and 66%or nickel were reacheduringthe 3% hour.
Althoughthere was aimilar decline inthelast 60 minutesamparedwith the leaching
behaviorat903 , the relatively low leachigptemperature seensprovidea more relia-

ble leachingenvironment
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4.1.3 Effect of hydrogen peroxide

Theeffect of hydrogen peroxide anetalsextraction was negative, which medhatthe
more hydrogen peroxide added, the lother extraction of the metalslere, three exper-
iments were performed with varying hydrogen peroxide concentsatidith the excep-
tion of the volume of hydrogen peroxiddge other leaching parameters were maed
constantAmount of0, 1Q and 50 miof 50 vol% hydrogen peroxide were addedhe
three reactorsf Exp. 1, Exp 6, and Exp 7, respectively. Hereb0 mlof hydrogen per-
oxide was added tinereactoratarateof 12.5 ml/h.

Figures 42 a) & c) display the extraction curves of copper, cobaitd nickel at 120
minutes and 240 minutes as the volume percentage of hydrogen peroxide increased. A
sharp dropn extractionoccurredvhen hydrogen peroxideasadded irtwo experimeng.

The extraction o€opperdecreasdby 31%andthat of cobalt and nickel reducbyg 19%.
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However,the metal loss in leaching did not increase when more hydrogen peroxide was
addedlIn Exp.6 andExp. 7, with 2 vol.% and 10 vol.% hydrogen peroxidespectively

the copper exactiondecreasedrom 31% and 28% to 11% the last two hours. For
cobalt and nickeln generathe extraction stayeatthe same leveFigure £ d) displays

the redox potential ifexp. 1, Exp. 6, and Exp. 7. Compared with pure acid leaching,
additionalhydrogen peroxide did increase the redox poteniihichindicated that part

of thehydrogen peroxide contribudeo the fayalitedecomposition
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In addition to concentratiotemperaturenay haveaneffect onhydrogen peroxidesince
it decomposegefficiently into water and oxygen under high temperautere the leach-
ing behaviorat253 (Exp. 8) and 703 (Exp. 6) wascomparedAn amount ofLO ml of
50 vol.% hydrogen peroxide was added to two reactors independeartiplesof 3mm
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particle size weréeached in a 2 mol/L sulfuric acid solutionari0:1 ml/g I/s ratidor
240 minutes

Fromthe extraction resultshownin Figure43, the positive effect brouglatboutby the
temperature was mable When leaching was carried catt253 in Exp. 8, the metal
extractionvalueswere not optimal athey wereall less than 10%At 703 (Exp. 6), the
extraction developmesitof copper and nickel were similar to each other. The extraction
reached aurning point at 120 minutes, stayiata plateau with 48% of cobalt and 42%
of nickel. However, the extraction of copper decreased sharply from 48% tdurir®g

the last houraphenomeannevident in several of tHeaching experimeni{®.g., Exp5).

The analysis and discussion carftnendin Chapter4.3.1
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4.2 Combined leaching

The highconcentration sodium hydroxide solution reactethviayalite to releassome

of thevaluable metals ithealkaline PLStherefore the loss of metals should be consid-
ered. The metals mass fractigdnswere recalculatedsingthe extraction data of 4 mol/L
NaOH alkaline leaching=or example,iie newd in alkaline leaching residue changed
from 38.5 wt.%to 38.47 wt.% of iron.

However,5 was only applied inhe 4 mol/L NaOH alkaline leaching residue. The
of the2 mol/L NaOH leaching residuemainedatthesame level since the released-
uable metal in alkaline leaching could be ignored. Hire calculation ob wasap-
proximatebecause some interference factors cannot be igndreetailed calculation is
shown in Chapter 6.1.

4.2.1 Effect of pretreatment

In Exp. D, nickel slag (0.3 mm) as leached in 4 mol/L sodium hydroxide solution for
2.5 hours irn10:1 ml/g I/s raticat 90 3 . The alkaline leaching residue in experiment D

was used as the samplesimbsequerdcid leachingExp D-1 andExp D-2 (Figure44).

Based orprevious research, leaching time and temperaturkegressus for acid leach-
ing. Generally speakinghe longetthe leaching time, the high¢he metal extractionin
addition,the effective leaching time for pure acid leachan@06 903 only lasedfrom
1.5 to 2 hours irexperimentl 8 5. Therdore, it could be leached in two stepsa rela-
tively low temperaturesuch a®53 and 503 ) by sulfuric acidor 2 to 3 hoursand then
leachedat 703 for 2.5 hoursThis pretreatmentacilitatesthe optimal extractiorwith

less energyvaste.
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leaching leaching
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™~
Exp D-1 Exp D-1
Exp D 25°C, 2h 70°C, 2.5h
0.3 mm, 90°C, :
4mol/L NaOQH,
25h, I/s10:1 Exp D-2 Exp D-2
50°C, 3h 70°C, 2.5h

Figure 44.Fl ow c Ea.p{l a@ExdD-2 .

Before normal acid leaching, boExp. D-1 andExp. D-2 includeda pretreatment to
extend the leaching tinet arelativdy low heating temperature. In this case, the optimal
alkaline leaching temperature coulddiadied The samples were leachattoom tem-
perature (23 ) for 2 hoursm Exp. D-1 butat50 3 for 3 hours irExp. D-2 acid leaching.
After pretreatmenteachingwas stopped by filterinthe acid solution andolid sample.
Thenthe temperaturef the sulfuric acidwas increased to 70 from 253 and 503 ,
respectively The samples were continuously leached in 2 mol/L sulfuric acdlbl

ml/g I/s ratioat 703 for 2.5 hours

In Figures 45 a) & ¢), the extraction curvesuggesthat the pretreatmefdr alonger time
andat ahigher temperaturbad more positive effects on valuable metals extraction in
general.Exp. D-2 was a good exampleThe extraction of copper, cobalnd nickel
climbed toa peak (89% for Cu, 102% for Cand 99% for Ni) at 120 and 90 minutes,
and then fell back to 74%, 85%nd 81%respectively during the last houn. this case

the reasotfior the extractiorexceedingl00%is explained in Chapter 6.1.

However,the extraction in ExpD-1 maintaineda stable level in the last hour, which
seems more reliable than the leaching route in Bxg. A possible research direction in
the next step is tieachatahigh temperature until reaching maximum extraction and then

leachng ata relativdy low temperaturen thefinal period to prevent metal loss.
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4.2.2 Effect of particle size

The effect of particle sizevas studiedn Exp. A-1 andExp. B-1. These two samples in
0.3 mm (ExpA-1) and 3 mm (ExgB-1) were both leached in 2 mol/L sodium hydroxide
solution for 2.5 hours ia10:1 ml/g I/s raticat 503 . Then the alkaline resideé and B
were leached in 2 mol/L sulfuric acid solution for 2.5 houra k0:1 ml/g /s ratioat
703 .

In Figure46, both the extraction of fine and coarse saraptereased linearly ithefirst
half hour.The formerwas shown taeacha stable plateau for the last houachievwng
69% for copper, 74% for coba#tnd 87% for nickel. In combined leaching, the fine sam-

ple shaved better performance in metal extractions.
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The cobalt and nickel seemgmidissolve more rapidly than copperthrefirst half hour
buttherate ofincrea® slowed down in the following two hourA.similar leaching trend
for cobalt and nickel asobserved witlthe0.3 mm sample. It was inferred that the cobalt

and nickel were at the same position in the crystal location in the milled sample.
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4.2.3 Effect of alkaline leaching

Figures 47 a) & c) displays the extraction of Cu, Cand Ni of 3mm samples by acid
leaching (Exp1) and combined leaching (ExB-1). And Figures 47 d)-f) illustratethe
extraction of Cu, Coand Niof 0.3 mm samples by acid leaching (E®pand combined
leaching (ExpA-1). Since the leaching times in direct acid leachingtaedcid leaching
part of combined leaching were 4 hours and 2.5 hours, respectively, itndadsecom-
pare the extractiotrends
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The extraction performance of milled parteVeastheopposite. Fothe0.3 mm samples
(Figures 47 d) & f)), the value ofthe red dots representing the extraction of combined
leachingwasall more than three times that thie black dots of direct acid leaching
every caseThis result ishesame as the conclusion foundGhapter4.2.2 that theun-

milled sample performed betten combined leaching artiatmore metal ions were ex-

tracted from the milled sample in direct acid leaching.
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0.3 mm sampl es b®2(9ciachd eaoothii mgeAdl BExpm.c hi n
( represents al¢irdefl ecraosmibtiiongedandndcachi ng.

4.2.4 Comparison of constituents in residues

The components itheresidue of Exp2, Exp D and ExpD-2 (Table 11) werecompared
by SEMEDS. Three experiments reflect the influence of alkaline leachinthenom-

ponents.

Table 11.Experiment parameters in Ex®, Exp D and ExpD-2.

Alkaline Leaching Acid Leaching
Parameters | NaOH | Size | T Time | I/s € nN'E|Size | T Time | I/s ratio
M /mm |/ /h ratio | /M /mm |/ /h
Exp 2 2 0.3 70 4 10:1
Exp D 4 0.3 90 | 25 10:1
Exp D-2 4 0.3 90 | 25 10:1 | 2 0.3 70 55 10:1

The characterization dhe residue of Exp2 (Table 1) by SEM-EDS isillustrated in
Figures 48 a) andb) and the elements are listedTiable12. These provide potentiébr
speculation thawith theexceptof themajoiity of fayalite,someof theiron inthefayalite
was substituted by the chromium and nickel in the same gréugré4ip) in a random
ratio. Furthermore, it was also possible to form chromit& # O (Kaksonenet al.,
2011) Nickel and chromiunwereusually observed simultaneoustyan Fe-Cr-Ni phase,
which wasverified by several tested pointBigure49). It was assumed that these two

elementavereat equivalent locations itihe crystal.
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Table 12.Element distributiorby SEMEDS at poins 53 and 98 with nickel and chro-
miumin Exp. 2 samplgwt.%) (SEM Laboratory of GTK, Yutong Xiao)

Spectrum | O Mg | Al Si Ca |Cr Fe Ni Total

Spectrum 53 14.8 {0.84 | 1.03 | 8.88 | 0.64 | 12.1 | 54.8 | 6.73 | 100

Spectrum 9§ 15.1 | 1.17 |1.11 | 851 |0 12.8 | 54.4 | 6.78 | 100

Figure 49.El e ment niapfNiof plaas?2 T eBEdBEM Lt 0n,g
SEM Laborat.ory of GTK)

Barium was foundand isdisplayed inFigures 50 a) and . The brightareacontainsa
high percentage of bariuriigble13), so the possible component wad\ 3 /3Z ora
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mixture of barium sulfide and fayalite. tineelement map ifigure51, the barium sulfide

was verified.

Table 13.Element distributiorby SEMEDS at point 71in Exp.2 residuéwt.%) (SEM
Laboratory of GTK, Yitong Xiao)

Spectrum Label| O Si S Fe Ba | Total
Spectrum 71 29.03|11.81| 11.34| 3.52 | 44.3 | 100

fpectrum 71

Figure50.SENED®S magés measur ement gmi 2tx g7almpwiet |
(Yuton®@EKI Baborat.ory of GTK)
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Map Data 1

Figure51.SEM i mage and el eamedntSinRaopfse &gopri nSy, rBe
(Yuton&EKIi Baborat.ory of GTK)

Copper was seldom detectadhe residueAs shown bytested point 65 ifigure52 and
its element distribution iTable 14, copper could exist ithe form of copper sulfide,

ferrite, or substituted atoms in fayali(€hi et al., 2020)

Table 14.Element distribution at point 68 Exp. 2 samplgwt.%) (Yutong Xiaq SEM
Laboratory of GTK)

Spectrum Label | O Al Si S Fe Cu Total
Spectrum 65 27.68 | 0.86 15.34 |17.89 |3.09 35.14 | 100
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