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Abstract	
Properties	and	origins	of	 two	byproducts	 from	steelmaking	plants,	 slag	and	acidic	wastewater,	 are	
investigated	in	this	report.	The	slags'	suitability	as	neutralizing	agents	of	acidic	wastewater	from	the	
pickling	process,	with	regard	to	amount	of	slag	required	and	the	environmental	impact	of	the	produced	
byproducts	 is	 investigated.	 Currently,	 lime	 concentrate	 –	which	 is	 a	 finite	 resource	 –	 is	 used	 as	 a	
neutralizing	agent	at	steel	production	plants.	Because	one	of	the	most	abundant	components	in	slag	
is	calcium	oxide,	which	is	also	the	active	neutralizing	substance	in	lime	concentrate,	slag	is	a	potential	
neutralizing	agent.	A	total	number	of	eight	slags	–	four	slags	from	Outokumpu	Stainless	and	four	slags	
from	Sandvik	Materials	Technology	–	are	examined	and	compared	to	lime	concentrate.		

Theoretical	calculations	and	experimental	trials	are	performed	in	order	to	determine	if	slag	is	able	to	
neutralize	 acidic	 wastewater.	 The	 results	 show	 that	 all	 the	 slags	 are	 able	 to	 neutralize	 acidic	
wastewater,	but	not	all	slags	have	the	same	efficiency.	The	slags	from	SMT’s	AOD-converter	and	SMT’s	
landfill	 are	 the	most	efficient	 in	 terms	of	 total	amount	of	neutralizing	agent	 required	 to	neutralize	
acidic	wastewater.	The	results	show	that	approximately	four	times	more	dry	slag	substance	is	required,	
when	using	the	most	efficient	slag	than	when	lime	concentrate	is	used	to	neutralize	acidic	wastewater.	
The	environmental	and	economic	implications	of	the	results	are	discussed.		

Keywords:	Slag,	Neutralization,	Lime,	Lime	Concentrate,	Acidic	wastewater,	pH,	Landfill,	Byproducts		
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Sammanfattning	
Denna	rapport	undersöker	egenskaperna	hos	de	restprodukter	som	produceras	vid	ståltillverkningen,	
däribland	 slagg	 och	 surt	 avfallsvatten.	 Mer	 exakt	 bestäms	 slaggernas	 lämplighet	 att	 agera	 som	
neutraliserings	 reaktant	 i	 reningsporcessen	 av	 surt	 avfallsvattnet	 från	 betningsprocessen.	
Lämpligheten	mäts	i	mängd	slagg	som	krävs	vid	neutraliseringen	samt	restprodukternas	miljömässiga	
påverkan.	Idag	används	neutraliseringsmedlet	kalkkoncentrat	vid	stålverken,	vilket	är	en	ändlig	resurs.	
Då	 en	 av	 huvudsubstanserna	 i	 slagg	 är	 kalciumoxid,	 vilken	 också	 är	 den	 aktiva	 reaktanten	 i	
neutraliserings	 processen,	 genomförs	 experiment	 med	 slagg	 som	 neutraliseringsmedel.	 Totalt	
analyseras	åtta	slagger	–	fyra	stycken	slagger	från	Outokumpu	Stainless	och	fyra	stycken	slagger	från	
Sandvik	Materials	Technology.	Slaggerna	jämförs	med	referenstestersom	utförts	med	kalk	från	vardera	
företag.		

Teoretiska	 beräkningar	 och	 experiment	 utförs	 för	 att	 undersöka	 om	 slagg	 kan	 neutralisera	 surt	
avfallsvatten.	 Resultaten	 visar	 att	 alla	 slagger	 fungerar	 som	 neutraliseringsmedel	 för	 det	 sura	
avfallsvattnet,	dock	med	varierande	effektivitet.	Slaggen	från	SMT’s	AOD-konverterslagg	samt	SMT’s	
deponis	är	mest	effektiv	när	man	ser	till	tillsattsmängd.	Efter	vidare	beräkningar	kan	det	konstateras	
att	 det	 krävs	4	 gånger	mer	 torrsubstans	 vid	neutralisering	med	de	mest	 effektiva	 slaggerna	än	 vid	
neutralisering	med	kalkkoncentrat.	Ekonomiska	och	miljömässiga	innebörden	av	resultaten	diskuteras.		

Nyckelord:	Slagg,	Neutralisering,	Kalk,	Kalkkoncentrat,	Surt	avfallsvatten,	pH,	Deponi,	Restprodukter		
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Preface	
This	 report	 is	 a	 bachelor	 thesis	 for	 the	 program	 “Materialdesign”,	 or	 Materials	 Engineering,	 at	
“Kungliga	Tekniska	Högskolan”,	the	Royal	Institute	of	Technology.	The	work	is	performed	within	the	
strategic	innovation	project	Metalliska	Material	and	STRIM,	a	joint	venture	by	Vinnova,	Formas,	and	
Energimyndigheten.	Outokumpu	Stainless	in	Avesta,	Sandvik	Materials	Technology	in	Sandviken,	and	
KTH	are	the	main	collaborators.	The	overall	aim	of	this	report,	from	the	strategic	innovation	project’s	
point	of	view,	is	to	deliver	a	basis	for	decision-making.	
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Nomenclature	
AOD	 Argon	Oxygen	Decarburization	
EAF	 Electrical	Arc	Furnace	
ICP-AES	 Inductively	Coupled	Plasma	Atomic	Emission	Spectroscopy	
ICP-MS	 Inductively	Coupled	Plasma	Mass	Spectrometry		
O1	 Outokumpu	Stainless’s	EAF	slag,	without	Mo	
O2	 Outokumpu	Stainless’s	AOD	converter	slag,	with	Al	
O3	 Outokumpu	Stainless’s	slag	from	internal	storage	
O4	 Outokumpu	Stainless’s	landfill	slag	
OF	 Outokumpu	Stainless’s	flocculation	solution	
OTKS		 Outokumpu	Stainless		
OW	 Outokumpu	Stainless’s	acidic	wastewater	
pH	 power	of	Hydrogen	
PSD	 Particle	Size	Distribution	
S1	 Sandvik	Materials	Technology’s	AOD	converter	slag,	reduced	with	Al	
S2	 Sandvik	Materials	Technology’s	EAF	slag,	Cr	steel	
S3	 Sandvik	Materials	Technology’s	EAF	slag,	low	alloy	steel	
S4	 Sandvik	Materials	Technology’s	landfill	slag	
SF	 Sandvik	Materials	Technology’s	flocculation	solution	
SMT	 Sandvik	Materials	Technology	
SW	 Sandvik	Materials	Technology’s	acidic	wastewater		
Ar/Ar2	 Argon	
Ca	 Calcium	
Cr	 Chromium	
F	 Fluorine	
H	 Hydrogen	
Mg	 Magnesium	
Mn	 Manganese	
N	 Nitrogen	
O/O2	 Oxygen		
S	 Sulfur		
Si	 Silicon	
	
Al2O3	 Aluminum	oxide	
CaCO3	 Calcium	carbonate	
CaF2	 Calcium	fluoride	
CaMg(CO3)2	 Dolomite	
CaO		 Calcium	oxide	
Ca(OH)2	 Calcium	hydroxide	
Cr2O3	 Chromium	(III)	oxide	
FeO	 Iron	(II)	oxide	
FeSi		 Ferrosilicon	
FeSO4	 Iron	(II)	sulfate	
HCl	 Hydrochloric	acid	
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H2SO4	 Sulfuric	acid	
HF	 Hydrofluoric	acid	
HNO3	 Nitric	acid		
MgO	 Magnesium	oxide	
MnO	 Manganese	oxide	
P2O5	 Phosphorus	pentoxide	
SiO2	 Silicon	dioxide	
V2O5	 Vanadium	(V)	oxide	
	 	
Cr3+	 Chromium	(III)	ion	
Cr6+	 Chromium	(VI)	ion	
Fe3+	 Iron	(III)	ion	
H+	 Hydroxide	ion	
Ni2+	 Nickel	(II)	ion	
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1. Introduction	
In	 this	 report,	 properties	 and	origins	of	 two	byproducts	 from	steelmaking	plants,	 slag	and	
acidic	wastewater,	are	investigated.	Today,	the	steelmaking	companies	have	large	expenses	
linked	 to	 neutralizing	 process	 for	 acidic	wastewater	 and	 to	 handling	 of	 the	 slag	 produced	
during	steelmaking	processes.	These	expenses,	along	with	environmental	 factors,	motivate	
steel	 producers	 to	 find	 alternative	 ways	 for	 handling	 of	 the	 byproducts.	 This	 report	
investigates	one	of	those	options.	 

1.1. Objectives	and	aims	
The	overall	aim	of	this	report	is	to	investigate	the	possibility	of	replacing	lime	concentrate	with	slag	in	
neutralization	processes	at	 steel	production	plants.	The	steelmaking	and	surface	pickling	process	–	
whose	 byproducts	 are	 slag	 and	 acidic	 wastewater	 –	 is	 investigated.	 Therefrom,	 the	 prospect	 of	
implementing	a	new	neutralization	process	with	the	help	of	this	report	is	assessed.	A	study	done	by	
the	steel	producer	Outokumpu	Stainless	concludes	that	it	is	possible	to	use	slag	as	a	neutralizing	agent	
of	acidic	wastewater.	There	are	three	main	objectives	that	this	report	strives	to	fulfill.	With	the	help	of	
these	objectives,	the	aim	is	reached	and	discussed.		

• To	 confirm	 or	 to	 disprove	 the	 results	 from	 Outokumpu	 Stainless’s	 study	 with	 the	 help	 of	
experimental	trials.	 	

• To	give	an	indication	of	the	relative	efficiency	of	different	types	of	slags	as	neutralizing	agents.	 	

• To	 make	 economic	 and	 environmental	 analyses	 and	 calculations	 with	 the	 help	 of	 precise	
measurements;	hence,	the	feasibility	of	an	eventual	implementation	is	also	researched.	  

1.2. Method	
The	slags	evaluated	in	this	report	originate	from	different	steps	in	the	steelmaking	process;	therefore,	
they	have	different	compositions	and	characteristics.	Experiments	are	performed	using	a	total	of	eight	
slags	–	four	slags	from	Outokumpu	Stainless	(OTKS)	in	Avesta	and	four	slags	from	Sandvik	Materials	
Technology	 (SMT)	 in	 Sandviken	–	 as	neutralizing	agents	 for	 acidic	wastewater.	Reference	 tests	 are	
made	with	lime	concentrate	from	both	OTKS	and	SMT	to	evaluate	the	efficiency	of	the	slags	compared	
to	the	lime	concentrate,	which	is	used	at	the	steel	production	plants	today.	 The	efficiency	of	a	specific	
slag	as	a	neutralizing	agent	is	measured	with	the	amount	of	slag	type	needed	to	reach	a	pH	value	of	
nine.	 Two	 types	 of	 Inductively	 Coupled	 Plasma	 (ICP)	 analyses	 are	 used	 to	 determine	 the	 chemical	
composition	of	byproducts.	These	results	are	evaluated	to	determine	the	toxicity	of	the	byproducts.	
Based	on	 these	 results,	 further	handling	of	 the	byproduct	as	well	 as	 their	environmental	 impact	 is	
considered.	 
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1.2.1. Limitations	
This	report	is	limited	to	the	examination	of	acidic	wastewater	from	the	pickling	processes	at	OTKS	and	
SMT.	Experiments	are	 restricted	 to	 slags	 from	the	processes	performed	 in	 the	Electric	Arc	Furnace	
(EAF)	and	Argon	Oxygen	Decarburization	(AOD),	slags	from	respective	landfills,	and	slag	from	internal	
storage.	The	wastewater	from	the	neutralization	reactions	using	slags	from	SMT	is	analyzed.	Sediment	
and	gas	is	not	analyzed.	Wastewater	from	OTKS	is	not	analyzed.	The	experiments	are	performed	at	
laboratory	scale,	with	1000	milliliters	acidic	wastewater	per	trial.	The	acidic	wastewater	at	the	steel	
production	plants	contains	Cr6+,	which	is	a	toxic	element;	therefore,	a	reduction	to	Cr3+	is	made	with	
the	help	of	iron	sulfate.	During	this	investigation,	no	measures	are	taken	to	dispose	of	the	Cr6+	content	
in	the	acidic	wastewater.	It	follows	that	the	Cr6+content	in	the	wastewater	is	not	taken	into	account. 
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2. Background	
The	 following	section	provides	a	description	of	 the	stainless	steel	production,	surface	treatment	of	
stainless	steel	products,	and	the	byproducts	produced	in	these	processes.		

2.1. Steelmaking	process	
The	steelmaking	process	commences	with	one	of	two	manufacturing	methods:	ore	based	steelmaking	
or	scrap-based	steelmaking.	When	producing	steel	from	ore,	the	iron	ore	undergoes	a	reduction	and	
heating	 process	 in	 a	 blast	 furnace	where	 pig	 iron	 is	 formed.	 The	melted	 pig	 iron	 reaches	 its	 final	
composition	after	decarburization	in	the	oxygen	converter	and	addition	of	alloying	elements.	On	the	
other	hand,	steel	scrap	serves	as	the	ingoing	raw	material	during	scrap-based	steelmaking	processes.	
The	ingoing	raw	material	consists	of	scrap	of	different	origin,	internal	scrap	and	external	scrap,	often	
with	known	composition	that	 is	near	 the	wanted	end	composition	 (3).	For	stainless	steels,	 the	end	
composition	 is	 adjusted	 so	 that	 the	 steel	 contains	 at	 least	 12%	 Cr,	which	 gives	 the	 steel	 a	 strong	
resistance	against	surface	oxidation	(4).		

Neither	OTKS	nor	SMT	produce	steel	from	iron	ore;	instead,	both	companies	run	a	scrap-based	steel	
production.	During	2016,	87,1%	of	OTKS’s	raw	materials	used	for	stainless	steel	production	were	scrap.	
OTKS’s	 factory	 in	 Avesta	 produces	 hot	 and	 cold	 rolled	 sheets	 and	 strips	 of	 stainless	 steel	 (5).	 The	
steelmaking	company	SMT	used	81%	recycled	material	when	producing	steel	components	in	2012.	At	
SMT	 in	 Sandviken,	 products	 such	 as	 stainless	 steel	 bars,	 drill	 steel,	 tubes,	 special	 alloys,	 and	weld	
material	are	produced	(6).	Both	companies	strive	to	increase	the	amount	of	scrap	products	used	as	
ingoing	 raw	 materials	 in	 their	 steelmaking	 processes	 (1).	 As	 this	 report	 especially	 focuses	 on	
byproducts	from	scrap-based	stainless	steel	production	at	OTKS	and	SMT,	the	following	text	will	solely	
treat	this	type	of	production.		

2.1.1. Stainless	steel	production	
Firstly,	ferrous	scrap	is	loaded	into	an	EAF.	The	melting	process	commences	when	electrodes	in	the	
oven	form	an	electric	arc	with	the	scrap	bath,	thereby	transferring	an	immense	amount	of	heat	to	the	
scrap	metal.	The	electrodes	cause	an	uneven	melting	of	the	scrap.	In	order	to	increase	efficiency,	oxy-	
fuel	burners	are	used	and	substances	that	form	a	foaming	slag	are	added	(7).	At	OTKS,	electro	magnetic	
stirrers	are	also	used	in	order	to	increase	the	steel	melt’s	homogenization	(8).	After	the	loaded	scrap	
has	melted,	the	steel	melt	is	transferred	to	the	converter.	The	expended	slag	is	raked	off	the	steel	melt	
and	transferred	to	a	cooling	station	(9).	The	function	of	this	slag	is	presented	later	in	this	report	and	is	
referred	to	as	an	EAF-slag.		

During	the	first	purification	step	at	both	OTKS	and	SMT,	the	carbon	content	in	the	steel	melt	is	reduced	
using	an	AOD	converter	(10).	Oxygen	and	argon	gas	 is	 injected	into	the	steel	melt	using	 lances	and	
nozzles,	causing	carbon	to	form	carbon	monoxide,	which	exit	the	steel	melt.	The	injected	oxygen	gas	
reduces	other	elements	as	well,	such	as	phosphor,	silicon	and	manganese	and	impurities	in	the	melt.	
Additionally,	alloying	elements	are	added	to	the	melt	to	achieve	the	desired	compositions	and	stainless	
characteristics.	 Before	 tapping	 of	 the	 steel	melt,	 the	 slag	 is	 raked	off	 and	 transferred	 to	 a	 cooling	
station	(4).	The	function	of	the	slag	in	this	step	of	the	process	is	presented	later	in	this	report	and	is	
referred	to	as	an	AOD-slag.		
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Upon	removal	of	the	slag	layer,	the	steel	melt	is	transferred	to	a	ladle	or	a	ladle	furnace	to	undergo	a	
series	of	refining	steps,	called	secondary	purification	steps.	Because	oxygen	gas	is	used	to	reduce	the	
carbon	content	in	the	melt,	the	quantity	of	oxygen	in	the	melt	is	relatively	high.	The	content	can	be	
reduced	if	the	oxygen	potential	of	the	system	is	lowered,	which	is	done	by	adding	components	with	a	
high	affinity	to	oxygen,	e.g.	silicon,	aluminum	and	calcium.	These	components	form	oxides	that	rise	to	
the	top	of	the	melt	and	are	absorbed	by	the	slag.	Elements	such	as	hydrogen	and	nitrogen	are	removed	
by	 bubbling	 argon	 gas	 through	 the	 melt.	 Homogenization	 of	 the	 chemical	 composition	 and	 the	
temperature	of	the	melt	have	to	be	controlled	with	the	help	of	stirring	and	heat	energy,	respectively.	
These	characteristics	play	an	important	role	during	the	next	step	of	the	steelmaking	process:	casting.	
Before	entering	the	next	step,	the	slag	is	again	raked	off	the	melt	and	transferred	to	a	cooling	station	
(4).	The	slags	that	originate	from	the	secondary	purification	processes	 is	not	 investigated	further	 in	
this	report.		

As	a	 final	 step	 in	 the	 steelmaking	process,	 the	molten	steel	 is	 casted	 in	 the	 form	of	 slabs,	blooms,	
billets,	or	ingots.	The	casting	is	of	high	importance	because	many	of	the	steel	products’	properties	are	
dependent	on	this	step.	Furthermore,	there	exists	a	large	span	of	molding	methods,	which	result	in	
different	properties	of	the	product.	At	OTKS	and	SMT,	primarily	continuous	casting	is	used.	During	this	
process,	molten	 steel	 is	 poured	 into	 a	 tundish	 and	 then	 gradually	 cooled	 along	 a	 copper	mold.	 A	
solidified	strand	shell	is	formed	on	the	outside	of	the	melt	and	is	then	intensely	sprayed	with	water	to	
cool	the	core	down	and	form	a	bar	of	steel.	The	bar	is	cooled	continuously	and	cut	to	form	slabs,	billets	
or	blooms.	Additional	 surface	 treatment	 steps	have	 to	be	 taken	 in	order	 to	enhance	 the	product’s	
surface	properties	(10).	Later	in	this	report	some	of	these	finishing	operations	are	discussed.		

2.1.2. Function	of	slag	during	stainless	steel	production	
The	slags	produced	during	steel	production	vary	in	composition	depending	on	which	process	the	slag	
originates	 from	 and	 the	 demands	 placed	 on	 the	 slag.	 In	 this	 report,	 slags	 from	 the	 EAF	 and	AOD-	
converter	processes	will	 be	examined.	 The	 following	 section	explains	 the	elements	 that	 are	added	
during	 these	processes	 in	order	 to	 form	a	 functional	 slag.	With	 the	obejctive	of	understanding	 the	
function	of	the	slag,	the	subsequent	paragraph	gives	a	brief	explanation	of	slag	basicity.	 

Slag	basicity	is	correlated	to	the	acid-base	definition	for	aqueous	solutions.	A	base	is	defined	to	be	a	
molecule	that	has	a	high	tendency	to	give	away	its	oxide	ions.	On	the	other	hand,	an	acid	has	a	high	
tendency	to	receive	these	oxide	ions.	The	basicity	of	the	slag	is	thereby	measured	by	the	slags	tendency	
to	give	away	oxide	ions	to	the	steel	melt	(7).	 

In	the	first	step	–	the	EAF	–	lime	concentrate,	dolomite	(CaMg(CO3)2)	and	calcium	fluoride	(CaF2)	are	
added,	forming	a	slag.	During	the	melting	of	the	scrap,	metallic	elements	in	the	steel	melt	are	oxidized	
and	absorbed	by	the	slag.	Hence,	a	top	slag	is	formed	because	the	oxides	have	a	lower	density	than	
the	steel	melt.	The	main	purpose	of	the	lime	concentrate,	dolomite	and	flouride	is	to	give	the	slag	the	
correct	basicity.	The	basic	slag	enables	S	and	P	refining	during	decarburization,	which	to	some	extent	
takes	place	in	the	EAF.	Valuable	metallic	elements,	such	as	Mn	and	Cr	also	form	oxides	absorbed	by	
the	top	slag,	which	is	undesirable.	Therefore,	a	reducing	agent	–	for	example	ferrosilicon	–	is	added	to	
the	 top	 slag	 to	 reduce	 the	metal	 oxides	 absorbed	 by	 the	 slag.	 Thereby,	 the	metallic	 elements	 are	
returned	to	the	steel	melt	(11).		
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In	addition	to	this,	the	dolomite	and	calcium	fluoride	improve	the	foaming	properties	of	the	slag.	A	
foaming	slag	is	of	great	importance	for	the	steel	producers	because	it	prevents	damage	to	the	interior	
of	the	furnace.	Foaming	slag	also	enhances	the	efficiency	of	the	process	by	increasing	the	heat	transfer	
from	the	arcs	to	the	steel	melt.	Apart	from	these	functions,	the	slag	also	acts	as	a	covering	layer	that	
protects	the	steel	melt	from	the	ambient	atmosphere	(7).	 

The	converter,	most	commonly	AOD,	is	the	operation	where	the	main	part	of	the	decarburization	is	
performed.	During	this	process,	a	slag	is	formed	with	the	addition	of	lime	concentrate,	dolomite	and	
calcium	fluoride,	which	fill	the	same	purpose	as	in	an	EAF	(7).	 

In	this	report,	three	different	slags	from	the	EAF	are	examined,	one	from	OTKS	and	two	from	SMT.	
Additionally,	one	AOD-slag	from	each	company	is	examined.	Their	exact	compositions	are	presented	
further	on	in	this	report.	At	all	steel	production	plants,	these	slags	undergo	a	metal	extraction	process	
to	minimize	the	metal	fraction	that	is	lost.	After	this	process,	the	remaining	sludge	contains	the	same	
elements	as	 the	 slags	mentioned	above,	but	with	a	 smaller	amount	of	metal.	 This	 sludge	 is	 in	 this	
report	called	a	landfill-slag.	Experiments	are	made	using	one	landfill	slag	from	OTKS	and	one	from	SMT.	
The	last	slag,	that	also	is	included	in	this	study,	originates	from	the	area	where	the	slag	is	stored	during	
cooling	and	is	hereon	after	called	slag	from	internal	storage.	 

2.1.3. Byproducts	arising	from	stainless	steel	production	
After	completion	of	the	steelmaking	process	and	processing	of	the	product,	the	result	is	one	or	more	
marketable	 products	 and	 several	 byproducts.	 The	 metallic	 byproducts	 associated	 with	 each	
marketable	product	 include,	but	are	not	 limited	 to,	 slag,	dust,	material	 from	particle	 filters,	excess	
materials,	and	faulty	products.	Byproducts	containing	only	metallic	elements,	such	as	excess	material	
from	lathing,	can	be	used	as	internal	scrap	in	the	electric	arc	furnace.	Depending	on	which	production	
step	 the	 byproduct	 arises	 from,	 it	 will	 have	 different	 properties	 and	 compositions;	 therefore,	 the	
byproducts	must	be	kept	separated	from	each	other.	 

In	order	for	the	circulation	of	steel	to	be	a	closed	cycle,	recirculation	of	the	products	and	byproducts	
must	be	accomplished	(12).	Accordingly,	for	the	products,	material	recycling	can	be	performed	after	
their	purpose	has	been	fulfilled.	At	this	point,	the	products	can	be	completely	re-melted	and	made	
into	new	products.	Byproducts,	which	arise	directly	from	the	product,	such	as	metallic	shavings	or	dust,	
are	brought	to	the	EAF	to	be	melted	again.	However,	byproducts	that	have	a	lower	metal	content	must	
be	refined	before	the	metal	fraction	can	be	reused	in	the	steelmaking	process	(1)	(2).	As	seen	in	figure	
1,	68%	of	all	the	byproducts	from	the	Swedish	steel	industry	during	2010	consisted	of	different	slags;	
therefore,	slag	is	quantitatively	the	largest	byproduct	from	the	steelmaking	process	(12).	 
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Figure	1:	Distribution	of	byproducts	produced	from	the	steelmaking	industry	in	Sweden	2010	(1)	

2.1.4. Treatment	and	handling	of	slag	
Strong	 economic	 and	 environmental	 forces	 drive	 OTKS	 and	 SMT,	 along	 with	 most	 steelmaking	
companies,	 to	maximize	 the	 use	 of	 all	 ingoing	 raw	materials	 and	minimize	 spillage	 of	 all	 outgoing	
materials.	Stainless	steel	products,	such	as	those	produced	at	OTKS	and	SMT,	contain	a	large	amount	
of	valuable	alloys.	Because	of	relatively	high	metal	prices,	there	is	an	economic	profit	in	recovering	as	
much	metal	content	as	possible	from	all	byproducts	(9).	After	the	slag	is	raked	off	from	the	steel	melt	
and	cooled	with	water,	a	preliminary	recovery	of	large	visible	metal	pieces	is	made.	Thereafter,	the	
slag	 is	 subjected	 to	a	 thorough	metal	extraction	and	an	end-of-life	 storage	process.	The	 recovered	
elements	can	be	used	as	ingoing	raw	materials	during	the	steelmaking	process.	 

Arrays	of	methods	are	available	for	the	extraction	of	metals	from	slag;	hence,	this	text	will	focus	on	
the	method	used	by	Harsco	Metals,	the	company	that	performs	metal	extraction	for	both	OTKS	and	
SMT.	Cooled	slags	from	the	different	steps	in	the	steelmaking	process	at	OTKS	and	SMT	have	a	size	
distribution	ranging	from	sand	grains	to	large	rocks.	The	process	begins	with	a	separation	step	where	
large	metallic	components	are	manually	removed	from	the	slag.	The	remaining	slag	is	fed	into	a	series	
of	 rotating	cylindrical	crushing	machines.	The	non-metallic	 fraction	becomes	a	slurry,	which	can	be	
removed	from	the	metal	fraction	gravimetrically.	The	slurry	is	transported	to	a	tank	where	a	polymer	
solution	enables	sedimentation	of	a	sludge,	which	in	this	report	is	referred	to	as	a	landfill-slag	(13).	 
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The	sediment	produced	during	the	metal	extraction	process	is	placed	in	a	sealed	landfill.	Water,	which	
leaches	from	the	landfills,	is	subjected	to	a	purification	process,	along	with	all	water	used	during	the	
metal	extraction	process.	During	2015,	OTKS	and	SMT	placed	a	sum	of	more	than	200	thousand	tons	
of	slag	in	landfills	(1)	(2).	The	cost	for	landfilling	depends	on	the	toxicity	of	the	slag,	but	the	total	cost	
for	both	OTKS	and	SMT	is	approximated	to	33	MSEK	per	year.	The	total	cost	of	landfilling	also	includes	
transportation	related	costs	(14).	The	landfills	will	eventually	run	out	of	space,	and	while	they	are	not	
harmful	to	the	environment	due	to	the	many	safety	measures	taken,	they	are	an	infringement.	In	order	
for	a	model	of	circular	economy	to	be	followed,	a	minimization	of	the	amount	of	landfilled	byproducts	
should	be	strived	for	(13).	As	mentioned	earlier,	steelmaking	companies	strive	to	minimize	spillage	of	
materials;	hence,	alternative	uses	of	slag	have	been	investigated	and	products	have	been	developed.	 

Currently,	a	small	fraction	of	the	slag	produced	in	Sweden	is	given	a	second	life	as	road	construction	
material,	coverage	material	 for	 landfills,	nutrient	 in	soil,	gravel,	and	as	cement	 (12).	Unfortunately,	
almost	exclusively	slag	from	the	blast	furnace,	that	has	been	air-cooled,	can	be	used	as	construction	
material	(15).	The	structural	integrity	of	the	slag	cannot	be	compromised	in	order	for	most	of	these	
applications	to	be	viable.	Fortunately,	using	slag	as	soil	nutrient	sets	no	requirements	on	the	slag’s	
structure.	The	high	content	of	CaO	in	the	slag	acts	as	a	neutralizer,	and	elements	in	the	slag	such	as	S,	
Mg,	and	P,	act	as	nutrients	for	the	soil	(16).	Lastly,	and	most	importantly	for	this	report,	a	study	done	
by	OTKS	in	2005	showed	that	it	is	possible	to	use	slag	as	a	neutralizing	agent	during	the	neutralization	
of	acidic	wastewater	from	OTKS’s	internal	processes	(17).	 

Although	there	exists	an	array	of	methods	for	recycling	slag,	the	majority	of	slag	is	extracted	of	metals	
and	placed	in	a	landfill	(12).	The	extracted	metals	eventually	enter	the	steelmaking	process	again.	Once	
a	slab,	billet,	or	bloom	is	casted,	steps	are	taken	in	order	to	enhance	the	properties	of	the	product.	
These	steps	are	described	in	the	following	section.	 

2.2. Surface	finishing	of	steel	products	
Due	to	high	temperatures	during	processing	of	the	steel,	an	oxide	scale	is	built	on	the	surface	of	the	
steel.	This	 is	a	result	of	alloying	atoms	reacting	with	oxygen	and	forming	a	scale	covering	the	steel.	
Underneath	this	layer,	a	Cr	depleted	layer	is	formed	as	a	result	of	atom	diffusion	at	high	temperatures.	
These	layers	are	presented	in	figure	2	below.	The	Cr	depleted	layer	has	poor	mechanical	strength	and	
lower	corrosion	resistance	than	the	base	material	(18).	 

 

 
Figure	2:	Schematic	illustration	of	the	two	layers	formed	on	the	metal	sheet	after	processing,	before	

pickling.	
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For	 further	 product	 specific	 processing	 of	 the	 steel	 these	layer	have	 to	 be	 removed	 because	 they	
complicate	 operations	 such	 as	 deformation	 of	 the	 material.	 Elimination	 of	 the	 oxide	 scale,	 using	
pickling,	enables	metallic	coating	of	the	steel	and	provides	a	smooth	impurity	free	surface.		Before	any	
pickling	processes	can	begin,	the	steel	sheets	passes	through	a	degreasing	step	in	order	to	remove	the	
friction	reducing	oil,	used	during	hot	and	cold	rolling	of	the	steel	(2).	

2.2.1. The	pickling	process	
Removal	 of	 the	 oxide	 scale	 and	 the	 Cr-depleted	 layer	 is	made	 in	 several	 different	ways,	 including	
mechanical	descaling,	electrolysis	and	acidic	pickling.	The	method	used	depends	on	multiple	factors	
such	as	product	type,	steel	quality,	and	demands	on	the	finished	product.	Often	steel	producers	use	
mechanical	descaling	and	electrolysis	as	a	pre-treatment	to	abrade	the	oxide	scale	before	performing	
acidic	pickling.	Performing	the	steps	in	this	order	facilitates	penetration	of	the	scale	by	the	acid;	hence,	
the	efficiency	of	the	pickling	process	is	increased	(20).	During	the	pre-treatment,	a	fraction	of	the	oxide	
scale	 is	 removed.	 In	order	 to	 completely	 remove	 the	 scale	 the	pre-treatment	 is	 followed	by	acidic	
pickling	(21).	 

The	typical	acidic	pickling	plant	consists	either	of	several	acidic	baths,	that	the	steel	sheets	are	dipped	
into,	or	a	long	bath	divided	in	different	sections	in	which	the	sheets	pass	through.	This	process	can	be	
seen	in	figure	3.	The	chemicals	used	in	the	pickling	process	vary	between	different	steel	producers,	
which	type	of	steel	the	pickling	process	is	designated	for	and	the	end	use	of	the	product.	Sulfuric	acid	
(H2SO4)	in	combination	with	a	mixed	acid	consisting	of	nitric	acid	(HNO3)	and	hydrofluoric	acid	(HF)	are	
commonly	used.	Stainless	steels	obtain	the	best	end	result	when	mixed	acids	are	used.	Hence,	this	
method	is	commonly	used	in	stainless	steel	production	(20).	In	mixed	acidic	baths,	the	main	task	of	the	
nitric	acid	is	to	remove	the	oxide	scale	and	the	Cr-depleted	layer.	Because	nitric	acid	also	is	a	strong	
oxidant,	ions	such	as	Fe3+,	Cr3+	and	Ni2+	are	formed	in	the	bath;	thence,	the	nitric	acid	is	consumed	with	
an	increased	metal	concentration.	 

On	the	other	hand,	fluoric	acid	has	the	main	function	of	preventing	oxide	layers	from	forming	on	the	
steel.	 Fluoride	 ions	 (F-)	 from	HF	 also	 form	a	 compound	with	 the	 ions	 obtained	 from	 the	oxidation	
described	above,	and	together	form	sludge	 in	the	acidic	bath.	Furthermore,	the	hydrogen	 ions	(H+)	
from	the	HF	contribute	to	the	formation	of	new	nitric	acid	molecules.	Because	these	reactions	take	
place,	the	mixed	acid	is	consumed	and	therefore	the	acid	bath	has	a	limited	lifetime	(18).	 

 

Figure	3:	Illustration	of	the	acidic	pickling	process	(29)	
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2.2.2. Byproducts	arising	from	the	pickling	process	
When	imperative	values	fall	short,	the	acid	is	substituted,	and	the	container	is	refilled	with	new	acid.	
At	OTKS	and	SMT,	the	consumed	acids	are	led	to	a	facility	whose	main	purpose	is	to	regenerate	active	
substances	in	the	acid.	An	acid	that	can	be	reused	in	the	same	application	once	again	is	rendered.	This	
process	prevents	 large	parts	of	 the	acid	mixture	 from	becoming	a	byproduct.	However,	during	 the	
acidic	pickling,	as	seen	 is	 figure	3,	 the	steel	sheets	are	continuously	rinsed	with	water,	 leading	to	a	
portion	of	acid	mixing	into	the	water.	The	acidic	wastewater	created	is	led	to	an	internal	purification	
plant.	When	electrolysis	 is	used	 in	the	pickling	process	the	electrolyte	 liquid	 is	also	 included	 in	this	
wastewater.	This	wastewater	contains	Cr6+,	which	is	very	reactive	(7)	(22).	 

The	wastewater	 arriving	 to	 the	 purification	 plant	 contains	multiple	 substances	 from	 the	 steel,	 the	
acids,	and	the	electrolyte.	Certain	values,	according	to	laws	and	local	regulations,	have	to	be	fulfilled	
in	order	for	the	water	to	be	allowed	to	be	released.	In	the	following	chapter,	the	limits	for	the	released	
water	are	presented	for	both	OTKS	and	SMT	(1)	(2).	 

2.2.3. Laws	and	regulations	
Laws	 and	 regulations	 referring	 to	 the	 wastewater	 include	 restrictions	 regarding	 both	 amount	 of	
wastewater	released	and	which	substances	the	water	is	allowed	to	contain.	In	addition	to	this,	there	
are	guidelines	as	to	which	pH	value	the	water	released	is	permitted	to	have.	The	neutralization	plant	
at	OTKS	is	allowed	to	release	20	m3/h	wastewater	as	a	daily	average.	In	table	1	below,	the	amounts	of	
substances	that	OTKS	and	SMT	are	allowed	to	release	is	presented.	In	addition	to	these	limitations,	
the	water	released	from	SMT	in	Sandviken	is	restricted	to	having	a	pH	value	between	6,5-12	according	
to	SMT’s	environmental	report	from	2015	(1)	(2).	 

 
Table	1:	Permitted	amount	of	substances	in	the	released	water	from	the	neutralization	plant	at	both	OTKS	

and	SMT	(3)	(4)	

Substance	 Requirements	on	composition	of	the	
released	water	from	OTKS	[mg/l]	

Requirements	on	composition	of	the	
released	water	from	SMT	[mg/l]	

Fe	 1,0	 -	
Cr	 0,5	 0,5	
Ni	 0,5	 0,5	
Cr6+	 0,1	 0,1	
Mo	 10	 -	

 
 

Table	2:	Composition	of	the	acidic	wastewater	from	SMT's	pickling	plant	

Substance	 Amount	[mg/l]	

Fe	 350	
Cr	 0,04	
Ni	 0,14	
Cr6+	 <0.02	
Mo	 3,80	
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When	comparing	table	1	and	table	2	it	can	be	seen	that	the	acidic	wastewater	from	the	pickling	process	
at	SMT	does	not	fulfill	the	restrictions	placed	on	the	water,	which	is	released	into	the	environment.	
The	pH	value	of	the	wastewater	from	the	pickling	process	at	both	OTKS	and	SMT	is	around	2,	which	
does	 not	 meet	 the	 requirements.	 For	 this	 reason,	 purification	 measures	 are	 taken.	 Once	 at	 the	
purification	plant,	the	wastewater	is	neutralized	so	that	the	water	can	be	reused	in	the	pickling	process	
or	led	into	the	local	water	supply.	The	following	section	will	describe	the	treatments	used	at	OTKS	and	
SMT	 today,	 including	 the	 neutralization	 with	 lime	 concentrate	 and	 the	 removal	 of	 unwanted	
substances.	 

2.2.4. Treatment	and	handling	of	acidic	wastewater	
At	 OTKS	 and	 SMT	 the	 acidic	 wastewater	 is	 purified	 using	 primarily	 a	 neutralization	 process.	
Neutralization	is	a	chemical	reaction	between	a	base	and	an	acid,	whereby	a	precipitate	is	formed.	The	
most	 commonly	 agreed	 upon	 definition	 is	 that	 a	 neutralization	 reaction	 is	 the	 formation	 of	 a	
coordinate	covalent	bond	(22).	At	OTKS	and	SMT,	the	neutralization	plants	use	similar	methodology;	
hence,	the	following	description	applies	to	both.	The	integral	ingredient	is	lime	concentrate,	which	is	
used	as	a	neutralizing	agent.	 

 
Figure	4:	Schematic	illustration	of	the	different	steps	included	in	the	neutralization	process	(5).	

Acidic	wastewater	is	collected	and	transported	to	the	neutralization	plant.	Here,	the	acidic	wastewater	
is	first	treated	with	lime	concentrate.	The	first	addition	of	lime	concentrate	at	OTKS	is	in	an	aqueous	
form	and	at	SMT	in	powder	form.	This	initial	step	raises	the	pH	value	in	the	solution	instantaneously;	
however,	 a	 greater	 increase	 in	 pH	 is	 achieved	 after	 a	 longer	 mixing	 time.	 The	 second	 step	 in	
the	neutralization	process	has	no	 impact	on	 the	wastewater’s	 acidity.	During	 this	 step,	 iron	 sulfate	
(FeSO4)	is	mixed	with	the	solution	in	order	to	reduce	Cr6+	to	Cr3+.	Thirdly,	a	pH	adjustment	is	made	if	
necessary	by	adding	aqueous	lime	concentrate	to	the	solution.	Throughout	the	neutralization	process,	
pH	measurements	 are	made.	Once	a	 pH	 value	 above	 nine	is	 reached,	 the	 sedimentation	 step	 can	
begin.	Flocculants	are	mixed	into	and	allowed	to	react	with	the	solution,	which	is	slowly	mixed	in	a	
tank.	 Precipitate	 –	 called	metal	 hydroxide	 sludge	 –	 forms	 and	 is	 collected	 using	 large	 automated	
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scraping	tools.	Finally,	the	remaining	water	is	released	into	the	local	water	supply.	Figure	4	present	the	
steps	included	in	the	neutralization	process.	The	precipitate	is	pressed	and	dried.	Aqueous	residues	
are	recirculated	into	the	neutralization	process.	The	final	precipitate	is	most	often	landfilled;	however,	
at	OTKS,	it	is	sometimes	used	as	flux	during	steelmaking	processes	due	to	its	high	CaO	content	(4)	(3).			
	
OTKS	and	SMT's	lime	concentrate	use	related	 to	 the	neutralization	 process	is	 approximately	
2000	tons	 per	year,	leading	to	a	 total	 cost	 of	approximately	 2,5	MSEK	per	 year	for	 both	
companies.	The	 expenses	the	 companies	 have,	in	 connection	to	the	purchase	 of	 lime	 concentrate,	
cause	an	aspiration	toward	making	use	of	the	high	CaO	content	in	slag	(6)	(7).		

2.3. Slag	as	a	neutralizing	agent	
Currently,	the	neutralizing	agent	used	at	OTKS	and	SMT,	along	with	other	industrial	companies,	is	lime	
concentrate	 in	 powder	 form.	 Crushing	 mined	 limestone	 that	 has	 a	 very	 high	 content	 of	 calcium	
carbonate	(CaCO3)	results	in	this	powder.	Limestone	is	used	in	an	array	of	different	applications,	from	
the	food	industry	to	cement	production.	Mining	of	limestone	is	a	finite	resource	(26).	 

Currently,	one	of	the	most	abundant	components	in	slags	during	all	steelmaking	processes	is	CaO	(2).	
The	CaO	in	the	slag	does	not	react	with	the	steel	melt,	and	thence	the	CaO	content	remains	unchanged	
upon	raking	of	the	slag.	An	effect	of	this	is	that	the	slag	byproduct	has	a	relatively	high	concentration	
of	CaO.	Once	the	slag	has	cooled,	its	physical	characteristics	are	similar	to	that	of	mined	limestone	with	
a	size	distribution	from	a	grain	of	sand	to	a	large	rock	(7).	 

To	conclude,	the	theoretical	possibility	of	using	slag	as	a	replacement	for	lime	concentrate	exists.	The	
slag	can	be	crushed	 into	a	powder	–	 in	a	similar	way	 to	how	mined	 limestone	 is	crushed	 into	 lime	
concentrate.	 There	may	be	 factors	 that	 inhibit	 the	 theoretical	possibility	 from	becoming	a	 realistic	
possibility.	This	report	will	attempt	to	confirm	the	theoretical;	thereafter,	the	limitations	preventing	
the	theoretical	results	from	being	confirmed	will	be	sought.	 
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3. Experimental	background	
With	the	aim	of	preparing	an	experimental	method,	a	background	study	of	the	necessary	reactions,	
methods,	 and	 equipment	 is	 made.	 Additionally,	 calculations	 regarding	 the	 theoretical	 CaO	
concentration	in	the	slag	and	amount	of	aqueous	slag	solution	needed	to	neutralize	acidic	wastewater	
are	made.		

3.1. Neutralizing	reactions	
In	order	to	be	able	to	simulate	the	neutralization	process	of	acidic	wastewater	at	OTKS	and	SMT,	an	
investigation	of	the	theoretical	premises	on	which	neutralization	reactions	occur	is	made.	As	stated,	
the	most	generalized	definition	of	a	neutralization	reaction	is	that	a	coordinate	covalent	bond	forms,	
meaning	that	both	electrons	in	the	electron	pair	belong	to	the	same	atom.	For	example,	neutralization	
reactions	in	aqueous	solutions	involve	a	H+	bonding	to	a	hydroxide	ion	(OH-),	and	thereby	forming	a	
coordinate	 covalent	 bond	 (22).	 Correspondingly,	 the	 neutralization	 reaction	 between	 calcium	
hydroxide	(Ca(OH)2)	and	hydrochloric	acid	(HCl)	is	given	in	equation	1	(27).	 

𝐶𝑎(𝑂𝐻)' 𝑎𝑞 + 2𝐻𝐶𝑙 𝑙 → 𝐶𝑎𝐶𝑙' 𝑠 + 2𝐻'𝑂(𝑙)  (1) 

The	 products	 from	 this	 reaction	 are	 precipitates	 and	 water,	 which	 is	 always	 the	 case	 when	
neutralization	 reactions	 take	place	 in	an	aqueous	 solution.	 Similar	 reactions	 can	be	 formulated	 for	
acids	in	the	acidic	wastewater;	yet,	the	precipitate	that	is	formed	is	the	vital	factor.	When	trying	to	
simulate	the	neutralization	process	at	OTKS	and	SMT,	it	is	vital	that	the	reaction	results	in	an	increase	
to	a	pH	value	of	at	least	nine.	 

In	order	to	ensure	that	the	neutralization	reactions	take	place	to	the	same	extent	when	using	 lime	
concentrate	as	when	using	slag,	a	theoretical	calculation	is	made.	In	this	calculation,	it	is	assumed	that	
CaO	 is	 the	 only	 active	 neutralizing	 agent	 during	 the	 neutralization	 process	 at	 OTKS	 and	 SMT.	
Additionally,	the	assumption	is	made	that	all	of	the	CaO	content	in	each	respective	slag	is	able	to	react.	
Table	3	presents	 the	CaO	contents	 in	each	slag,	and	an	average	value	 for	all	 slags.	The	origins	and	
physical	characteristics	of	the	slags	vary.	Nomenclature	and	specifications	are	also	found	in	table	3.	 

Table	3:	Origin	of	and	CaO	content	in	the	slags,	along	with	an	average	CaO	content	of	all	slags	

Slag	Type	 Company	 Origin	 CaO	content	[wt%]	

O1	 OTKS	 EAF	 44,1	
O2	 OTKS	 AOD	 48,2	
O3	 OTKS	 Internal	slag	storage	 51,2	
O4	 OTKS	 Landfill	slag	 47,2	
S1	 SMT	 AOD	 48,0	
S2	 SMT	 EAF	 28,0	
S3	 SMT	 EAF	 28,0	
S4	 SMT	 Landfill	slag	 36,0	

Average	 	 	 41,3	
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In	the	calculations	2	and	3,	the	value	for	the	average	CaO	content	in	both	OTKS	and	SMT’s	slags	is	taken	
to	be	40%.	Although	 the	amount	of	 lime	concentrate	used	by	OTKS	and	SMT	varies	slightly	due	 to	
fluctuating	pH	values	of	incoming	wastewater,	there	are	set	guidelines	available.	At	both	plants,	the	
aqueous	 lime	solution	contains	approximately	20	weight%	 lime	concentrate,	which	entails	 that	 the	
solution	is	mixed	according	to	a	1	to	4	ratio	(25)	(9).	With	this	information,	the	following	calculations	
2	and	3	are	made.	 

250	𝑔	𝑙𝑖𝑚𝑒	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 = 250	𝑔	𝐶𝑎𝑂   (2) 
 

250	𝑔	𝑠𝑙𝑎𝑔 ≈ 100	𝑔	𝐶𝑎𝑂   (3) 
 

Therefore,	two	and	half	times	more	slag	than	lime	concentrate	is,	theoretically,	needed	to	neutralize	
acidic	wastewater.			

3.2. Amount	of	neutralizing	agent	
In	order	to	determine	the	theoretical	amount	of	slag	needed	to	neutralize	acidic	wastewater	to	a	pH	
value	 of	 nine,	 a	 pre-study	 is	 made.	 During	 this	 study,	 lime	 solution	 is	 used	 to	 neutralize	 acidic	
wastewater	with	the	help	of	iteration.	One	milliliter	of	lime	solution	is	added	at	a	time	until	a	pH	value	
of	nine	is	reached.	 

Following	 the	 pre-study,	 the	 results	 show	 that	 36	 milliliters	 of	 aqueous	 lime	 solution	 with	 a	
concentration	of	20	weight%	CaO	is	needed	to	neutralize	one	liter	of	acidic	wastewater	with	a	pH	value	
of	approximately	 two.	As	 stated	earlier,	 the	average	CaO	content	 in	 the	eight	 slags	 is	40	weight%;	
therefore,	neutralization	of	one	liter	of	acidic	wastewater	with	slag	theoretically	requires	36	milliliters	
of	aqueous	slag	solution	with	the	same	concentration	of	CaO.	In	order	to	achieve	this	concentration	in	
the	solution,	two	and	half	times	more	slag	powder	than	lime	concentrate	powder	is	required.	If	the	
amount	of	dry	substance	added	to	the	aqueous	slag	solution	is	the	same	as	when	mixing	the	aqueous	
lime	solution,	the	slag	aqueous	solution	would	have	a	concentration	of	eight	weight%	CaO.	This	entails	
that	 90	milliliters	 of	 slag	 aqueous	 solution	 is	 theoretically	 needed	 to	 neutralize	 one	 liter	 of	 acidic	
wastewater.	 

3.3. ICP	analysis	
The	 chemical	 composition	 of	 ingoing	 reactants	 and	 outgoing	 products	 from	 the	 experiments	 is	
measured	 using	 ICP	 Analysis.	 There	 are	 several	 types	 of	 ICP	 analyses:	 mass	 spectrometry,	 atomic	
emission	 spectroscopy,	 optical	 emission	 spectroscopy,	 and	 atomic	 absorption.	 The	 common	 factor	
among	these	is	that	a	high	temperature	plasma	source	ionizes	the	atoms	in	the	sample.	The	ions	are	
then	separated	and	detected	(28).	

The	samples	taken	out	from	the	experiments	are	submitted	to	ICP	Mass	Spectrometry	(ICP-MS)	and	
ICP	Atomic	Emission	Spectroscopy	(ICP-AES).	The	latter	method	separates	ions	according	to	their	mass	
by	leading	the	ions	through	a	thin	pipe,	whereby	the	speed	with	which	the	ions	pass	through	the	pipe	
is	 in	 proportion	 to	 their	 mass.	 The	 speeds	 are	 then	 compared	 to	 calibrated	 values	 (28).	 The	 first	
mentioned	method	detects	elements	by	analyzing	the	wavelengths	transmitted	when	the	sample	is	
ionized.	Each	element	has	a	unique	wavelength	based	on	photons	emitted	when	electrons	change	
energy	levels;	hence,	the	element	type	can	be	determined	(29).	 
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3.4. pH	analysis	
A	pH	value	 indicates	 the	relative	acidity	or	alkalinity	of	a	solution,	which	 is	most	often	an	aqueous	
solution.	In	the	term	pH,	the	“p”	stands	for	power	and	the	“H”	stands	for	hydrogen.	Subsequently,	pH	
measurements	give	an	indication	of	the	H+	activity	in	an	aqueous	solution.	A	high	H+	activity	is	present	
in	acidic	solutions	and	represented	by	a	low	pH	value.	The	generalized	expression	for	pH	is	given	by	
equation	4.	 

𝑝𝐻 = −𝑙𝑜𝑔?@ 𝑎AB → 10CDA = 𝑎AB    (4) 
 

The	activity	of	H+	is	represented	here	by	𝑎AB.	The	activity	is	defined	by	both	concentration,	C,	of	H
+	

and	the	activity	coefficient,	𝑓AB,	of	the	H
+	according	to	equation	5.	

	
𝑎AB = 𝑓AB×𝐶AB   (5) 

 
Factors	 that	 impact	 the	 activity	 coefficient	 include	 temperature,	 density	 of	 solvents,	 and	
characteristics	of	the	ions	present,	such	as	the	dielectric	constant	(8).		
 
In	 order	 to	 be	 able	 to	 quantify	 the	 pH	 value	 of	 a	 solution,	 the	H+	 activity	must	 be	 compared	 to	 a	
standardized	 value.	 An	 instrument	 designed	 to	 measure	 pH	 values	 has	 two	 electrodes.	 The	 first	
electrode	measures	the	potential	established	when	the	H+	in	the	solution	are	in	equilibrium	with	the	
ions	 in	 the	 electrode.	 The	 second	 electrode	 measures	 the	 potential	 established	 when	 a	 know	
substance	–	often	called	a	buffer	–	is	in	equilibrium	with	the	ions	in	the	electrode.	The	pH	value	given	
by	the	instrument	is	represented	by	the	difference	in	potential	between	the	two	electrodes.	A	pH	value	
of	7	 is	called	the	neutral	value	because	at	this	value	the	potential	 is	zero.	An	acidic	solution	has	an	
increasingly	 positive	 potential	 and	 an	 alkaline	 solution	 has	 an	 increasingly	 negative	 potential,	
compared	to	the	first	electrode.	The	Nernst	Equation	describes	the	relationship	between	Gibbs	free	
energy	 and	 electric	 potential,	wherefrom	the	 H+	 activity	 and	 thereafter	 a	 pH	 value	 are	 calculated.	
Equation	7	and	8	show	a	simplified	version	of	the	Nernst	equation	as	used	for	pH	measurements.		
 

Δ𝐸 = Δ𝐸@ − IJ
KL
ln	(𝐾)   (7) 

 
Δ𝐺 = Δ𝐺@ + 𝑅𝑇𝑙𝑛(𝐾)   (8) 

 
E:	Electric	Potential		

E0:	Standard	Electric	Potential		
G:	Gibbs	free	energy		

G0:	Gibbs	standard	free	energy		
R:	Ideal	Gas	Constant		

T:	Temperature	in	Kelvin		
K:	Reaction	Equilibrium	Constant		

 
As	only	the	H+	activity	is	considered	for	pH	measurements,	the	reaction	constant,	K,	is	equal	to	the	H+	
activity,	𝑎AB.	If	a	factor,	M,	is	applied	in	order	to	change	the	base	from	the	natural	logarithm	to	the	
normal	 logarithm	and	equation	7	and	8	is	applied,	the	Nernst	equation	can	be	expressed	as	seen	 in	
equation	9	(9).	
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Δ𝐸 = Δ𝐸@ − IJ
KSL

×𝑝𝐻   (9)	
 

Equation	9	presents	that	the	electric	potential	is	dependent	on	temperature	to	a	large	extent;	thus,	
temperature	 and	 concentration	 have	 the	 largest	 impact	 on	 pH	 measurements.	 Additionally,	 the	
reference	electrode	used	to	calibrate	the	pH	instrument	has	a	large	impact	on	the	values	produced.			

3.5. PSD	analysis	
To	determine	the	particle	size	distribution	(PSD)	of	the	lime	concentrate	and	slag,	a	splitting	process	is	
used.	 In	 the	 first	 step,	 the	 lime	 concentrate	 and	 slag	 powder	 is	 divided	 into	 different	 samples,	
representative	of	the	original	bulk	sample	(32).	A	total	number	of	eight	slags	and	two	lime	concentrates	
are	divided	and	enter	the	next	step	of	size	determination,	where	a	grain	size	distribution	is	determined.	 

When	measuring	the	grain	size	of	the	slags	and	lime	concentrate,	air	with	pressure	3	bar	accelerates	
the	samples	through	a	venture.	Following	this,	a	vacuum	source	drags	the	dispersed	sample	through	a	
measurement	cell	to	determine	the	grain	size	distribution.	The	measurement	cell	uses	laser	diffraction	
to	determine	the	size	of	the	grains,	by	measuring	the	light	scattered	when	a	laser	beam	hits	the	sample	
(33).	 

Because	 one	 of	 the	 slags,	 SMT’s	 landfill	 slag,	 got	 trapped	 in	 the	 venturi	 during	 the	 dry	 dispersion	
method,	giving	a	misleading	result,	a	wet	dispersion	method	was	performed.	A	similar	measurement	
cell,	which	is	compatible	with	water,	is	used.	The	slag	solution	is	dispersed	by	wetting	the	slag,	adding	
energy	to	improve	dispersion,	and	lastly	stabilizing	the	dispersion	(34).	The	energy	used	for	dispersing	
the	slag,	into	its	primary	particle	size,	is	applied	as	ultrasound.	Additionally,	the	sample	is	continuously	
stirred	 during	 testing.	 The	measurement	 cell	 uses	 laser	 diffraction	 to	 determine	 the	 grain	 size	 of	
particles,	by	measuring	the	parameter	called	obscuration,	which	is	the	loss	of	laser	light	through	the	
sample	expressed	in	percentage	(35).	 

	 	



	 16	

4. Experimental	procedures	
In	order	to	determine	if	the	theoretical	reactions	and	calculations	made	are	realistic,	an	experimental	
method	is	designed.	The	materials	needed	in	order	to	execute	the	experimental	trials	are	outlined.	
Furthermore,	a	description	and	schematic	sketch	of	the	methodology	is	given.		

4.1. Materials	
A	total	of	eight	slags	–	four	from	OTKS	and	four	from	SMT	–	are	used	during	the	experimental	part	of	
this	report.	The	chemical	composition	of	each	slag	is	determined	by	using	ICP	analysis	and	is	shown	
qualitatively	in	table	4.	 

Table	4:	The	chemical	composition	of	the	eight	different	slags	(10)	(11)	

Parameter	 O1	 O2	 O3	 O4	 S1	 S2	 S3	 S4	

S	[wt%]	 0,05	 0,06	 0,15	 0,08	 0,20	 0,15	 0,11	 0,15	
SiO2	[wt%]	 29,3	 23,20	 24,70	 24,8	 4,50	 24,00	 11,00	 20,00	
MnO	[wt%]	 2,30	 0,80	 0,30	 1,21	 0,48	 2,10	 5,80	 1,30	
P2O5	[wt%]	 0,02	 0,01	 0,02	 0,02	 0,01	 0,01	 0,19	 0,19	
Cr2O3	[wt%]		 5,60	 1,90	 0,70	 2,71	 1,20	 11,00	 7,10	 7,10	
V2O5	[wt%]	 0,13	 0,06	 0,04	 0,08	 0,05	 0,11	 0,14	 0,14	
Al2O3	[wt%]	 6,20	 14,10	 9,70	 9,51	 24,00	 5,70	 4,00	 6,40	
CaF2	[wt%]	 1,80	 2,90	 4,10	 4,00	 <10,00	 <10,00	 <10,00	 <10,00	
CaO	[wt%]	 44,10	 48,20	 51,20	 47,2	 48,00	 28,00	 28,00	 36,00	
FeO	[wt%]	 1,60	 0,50	 0,40	 0,60	 2,80	 9,40	 23,00	 8,10	
MgO	[wt%]	 8,90	 6,90	 5,50	 7,10	 2,80	 7,10	 10,00	 10,00	

 
Before	the	experimental	trials	may	begin,	the	grain	sizes	of	the	slags	are	reduced.	The	trials	strive	to	
be	of	similar	character	to	the	processes	at	OTKS	and	SMT.	The	lime	concentrate,	which	is	used	at	each	
respective	neutralization	plant,	has	a	main	grain	diameter	ranging	from	6	to	10	µm.	With	the	aim	of	
mimicking	the	lime	grains,	the	slags	are	all	dried,	crushed,	and	sifted	to	a	grain	size	of	less	than	1	mm.	
This	 is	also	done	 in	order	 to	 increase	the	surface	area	between	the	acid	and	the	slag;	 thereby,	 the	
reaction-kinetics	during	neutralization	are	increased	(7).		

4.2. Experimental	method	
In	order	to	investigate	the	neutralizing	ability	of	OTKS	and	SMT’s	slags,	experiments	are	designed.	The	
aim	is	to	create	a	premise	for	classifying	and	ranking	the	slags.	The	chemical	composition	of	each	slag	
differs	 in	both	metal	 content	and	CaO	content;	 therefore,	a	 relationship	between	a	 slags	ability	 to	
neutralize	an	acid	and	its	chemical	composition	is	also	desired.	The	amount	of	slag	and	the	time	needed	
to	neutralize	the	wastewater	are	measured	in	order	to	determine	the	effectiveness	of	each	slag.	All	
trials	are	designed	in	a	way	that	strives	to	be	representative	of	the	actual	neutralizing	process	at	OTKS	
and	SMT.	 

An	aqueous	neutralizing	agent	is	prepared	using	a	similar	concentration	of	lime	and	water	to	that	of	
the	solution	used	at	OTKS	and	SMT.	The	solutions	are	submitted	to	continuous	stirring	throughout	the	
experiment	 and	 sedimentation	 is	 achieved	 using	 OTKS	 and	 SMT’s	 flocculation	 solutions.	 The	 goal	
during	all	 trials	 is	 to	 increase	 the	pH	value	of	 the	 sample	 to	a	value	above	nine.	All	of	 these	 steps	
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correlate	to	steps	taken	at	each	neutralization	plant.	 In	 figure	5	a	flow	chart	 is	describing	the	main	
steps	in	the	process,	a	more	detailed	description	will	follow.		

 
Figure	5:	Flow	chart	of	the	experimental	method	

Primarily,	a	reference	trial	is	performed	where	OTKS	and	SMT’s	acidic	wastewater	is	neutralized	using	
lime	concentrate.	A	reference	trial	is	necessary	in	order	to	establish	a	basis	for	comparison	of	the	slags.	
During	the	reference	test,	two	milliliters	of	lime	solution	is	added	every	other	minute	until	a	pH	value	
of	above	nine	is	reached.	 

Thereafter,	 two	 sets	of	 experimental	 trials	using	 slag	aqueous	 solution	as	 the	neutralizing	 solution	
begins.	Four	slags	from	OTKS	and	four	slags	from	SMT	comprise	the	subject	of	the	experimental	trials.	
Two	trials	are	performed	for	each	slag	 in	which	the	slags	are	used	to	neutralize	acidic	wastewater.	
During	 the	 first	 set	of	 trials,	 two	milliliters	of	 the	aqueous	neutralizing	 agent	 is	 added	every	other	
minute	until	a	pH	value	of	above	nine	is	reached.	During	the	second	set	of	trials,	four	milliliters	of	the	
aqueous	neutralizing	agent	 is	added	every	other	minute	until	a	pH	value	of	above	mine	is	reached.	
Before	 each	 addition	 of	 neutralizing	 solution,	 pH	 measurements	 are	 taken.	 Figure	 6	 present	 a	
schematic	sketch	of	the	experimental	setup	used	during	all	trials.	Using	two	different	amounts	allows	
juxtaposition	to	be	established	between	mixing	time	and	amount	of	added	aqueous	neutralizing	agent;	
hence,	these	two	factors	can	be	isolated.	 

			
 

STEP	1
• pH	value	of	the	ingoing	acidic	water	is	taken
• Stirring	starts	for	both	the	acidic	waste	water	and	the	slag	/	lime	solution

STEP	2
• First	addition	is	made
• Timer	is	started

STEP	3
• pH	values	are	taken	every	minute
• Additions	of	2	respectively	4	ml	are	made	every	other	minute

STEP	4
• The	additions	cease	when	a	pH	value	of	9	is	reached
• 20	ml	of	flocculants	is	added

STEP	5
• The	water	and	sediment	is	separated	using	filter	paper
• ICP	analysis	is	made	on	both	water	and	sediment
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Lastly,	a	trial	using	the	most	efficient	slags	from	OTKS	and	SMT,	respectively,	is	performed.	During	this	
trial,	 the	total	amount	of	neutralizing	solution	required	to	reach	a	pH	value	of	above	nine	 is	added	
instantaneously.	Thereafter,	the	pH	value	of	the	sample	 is	recorded	every	thirty	seconds	until	a	pH	
value	of	above	nine	is	reached.	 

The	byproducts	of	the	neutralization	reaction	are	water	and	a	precipitate,	which	is	separated	using	
filter	paper.	The	pH	value	of	the	clear	water	without	precipitate	 is	also	measured.	The	weights	and	
amounts	of	all	ingoing	reactants	and	formed	products	are	recorded.	The	produced	water	is	subjected	
to	ICP	mass	spectrometry	and	atomic	emission	spectroscopy	analysis;	consequently,	the	slags	can	be	
evaluated	with	regard	to	environmental	regulations	and	economic	limitations.	 

  

Figure	6:	Schematic	illustration	of	the	ingoing	materials	used	during	the	experiments	

Magnetic stirrer 
 

Magnetic stirrer 
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Pipette 
 

Slag solution / 
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(2ml in the first 
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of trials) 
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5. Results	
The	results	presented	in	the	following	chapter	show	the	distribution	and	difference	of	particle	size,	
amount	of	aqueous	solution	added	and	neutralization	efficiency	for	the	trials.	The	following	results	
treat	 the	 characteristics	of	 the	 ingoing	materials	–	acidic	wastewater	and	 slag	–	and	 the	produced	
water.	 

5.1. Grain	size	distribution	
	Table	5	show	that	the	mean	grain	diameter	of	the	lime	concentrate	powder	from	OTKS	is	11	µm,	which	
is	11	µm	smaller	than	OS’s	slag	with	the	smallest	mean	grain	diameter,	O3.	For	SMT,	the	difference	
between	the	mean	grain	diameter	of	the	lime	concentrate	and	the	slag	with	the	smallest	mean	grain	
diameter	 is	176	µm.	Overall,	 the	slag	 types	with	the	smallest	mean	grain	diameter	are	O3	and	O4.	
These	 slag	 types	 originate	 from	 the	 internal	 and	 external	 slag	 storage,	 according	 to	 table	 2	 in	 the	
previous	 chapter.	 Table	 5	 show	 that	 between	 the	 biggest	 and	 smallest	mean	 grain	 diameter,	 the	
difference	is	more	than	780	µm.	The	mean	grain	diameter	for	OTKS’s	slags	have	a	variance	of	403	µm,	
ranging	from	22	µm	to	425	µm.	The	mean	grain	diameter	for	SMT’s	slags	have	a	variance	of	611	µm,	
ranging	from	182	µm	to	793	µm.		

 
Table	5:	Mean	diameter	for	the	eight	different	slags	and	the	two	lime	concentrates	

Neutralizing	agent	 Mean	Diameter	[µm]	

O1	 425	
O2	 470	
O3	 22	
O4	 84	
S1	 182	
S2	 701	
S3	 793	
S4	 200	

Lime	concentrate	SMT	 6	
Lime	concentrate	OTKS	 11	

 

5.2. Neutralization	efficiency	
In	this	section	the	results	linked	to	the	efficiency	of	the	neutralizing	agents	are	presented.	Both	time	
and	amount	added	are	taken	into	account.	The	result	represents	two	sets	of	trials,	the	first	one	with	
additions	of	2	ml	every	other	minute,	the	other	one	with	additions	of	4	ml	every	other	minute.	The	
results	in	this	section	also	includes	a	set	of	trials	where	the	entire	amount	of	neutralizing	agent	is  
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Figure	7:	Plot	displaying	the	course	of	neutralization	using	eight	different	slag	types	and	two	different	

lime	concentrates.	Additions	of	2	ml	neutralizing	solution	are	made	every	other	minute.	

Figure	7	is	a	representation	of	the	first	set	of	trials,	where	2	ml	of	neutralizing	solution	is	added	every	
other	minute.	Additionally,	a	plot	of	 the	second	set	of	 trials,	where	4	ml	of	neutralizing	solution	 is	
added	every	other	minute,	show	corresponding	results.	An	analogous	figure	for	the	second	set	of	trials	
can	be	 found	 in	appendix	 III.	 From	 figure	7	above,	 the	 relationship	between	 the	pH	value	and	 the	
amount	of	neutralizing	agent	added	is	presented.	Figure	7	show	that	there	is	a	variance	in	the	course	
of	 neutralization	 for	 each	 slag.	 It	 can	 be	 seen	 that	 S1	 and	 S4	 have	 the	most	 similar	 curves	when	
compared	to	the	curve	for	the	lime	solution	trials.		
	
There	is	a	range	of	neutralization	rates	and	amounts	needed	to	reach	a	final	pH	value	within	the	slag	
types.	The	lime	solution	reference	trials	from	OTKS	and	SMT	show	a	relatively	high	neutralization	rate	
compared	to	most	of	the	trials	using	slag.	Figure	7	show	that	in	most	trials,	 including	the	reference	
trials,	there	is	a	rapid	increase	in	the	pH	after	a	value	of	approximately	5	has	been	surpassed.	It	can	be	
seen	from	the	curves	of	 the	O1,	O2,	O3,	O4,	S3,	S2	trials	 that	a	 larger	total	amount	of	neutralizing	
solution	is	required	in	order	to	surpass	their	points	of	inflection	compared	to	the	curves	of	the	S1,	S4,	

0

2

4

6

8

10

12

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 102 106 110

pH
	v
al
ue

Neutralizing solution	addition	[ml]

Course	of	neutralization	with	an	addition	of		2	ml	every	other	minute

O1 O2
O3 O4
S1 S2
S3 S4
Lime	solution	Sandvik Lime	solution	Outokumpu
pH	value	9



	 21	

and	reference	trials.	The	following	table	illustrates	the	total	amounts	of	neutralization	solution	needed	
for	a	specific	change	in	pH	value	to	be	achieved.	

 
Table	6:	Total	amount	of	neutralizing	solution	required	to	reach	a	pH	value	above	9	for	each	slag	type	

respectively.	Data	is	given	for	the	first	set	of	trials	with	additions	of	2	ml	every	other	minute.	

 
 

Table	7:	Total	amount	of	neutralizing	solution	needed	to	reach	a	pH	value	above	9	for	each	slag	type	
respectively.	Data	is	given	for	the	second	set	of	trials	with	additions	of	4	ml	every	other	minute.	

	
Slag	type	

	
Start	value	[pH]	

	
Stop	value	[pH]	

	
Total	amount	solution	added	[ml]	

S1	 1,72	 9,88	 32	
S2	 1,80	 9,26	 96	
S3	 1,88	 9,27	 92	
S4	 1,85	 9,28	 32	
O1	 2,61	 9,08	 116	
O2	 2,49	 9,27	 132	
O3	 2,33	 9,19	 76	
O4	 2,45	 9,09	 120	

 
In	the	table	6	and	table	7	above,	the	start	values	for	pH	is	presented.	The	values	represents	the	pH	
value	of	OTKS	and	SMT’s	acidic	wastewater,	respectively.	Table	6	show	the	start	and	stop	values	for	
OTKS	and	SMT	vary.	For	the	first	set	of	trials	for	OTKS,	the	variation	is	0,09	for	the	start	values	and	0,1	
for	the	stop	values.	For	the	first	set	of	trials	for	SMT,	the	variation	is	0.27	for	the	start	values	and	0,58	
for	the	stop	values.	The	amount	of	neutralizing	solution	required	to	reach	a	pH	value	of	9,	independent	
of	the	start	and	stop	pH	value,	will	be	evaluated.	 

Table	6	and	table	7	show	the	amount	of	neutralization	solution	needed	to	achieve	an	increase	of	pH	
value	to	9	for	the	first	and	second	set	of	trials,	respectively.	From	both	tables,	it	can	be	seen	that	slag	
S1	and	S4	require	the	least	amount	of	neutralizing	solution	to	reach	a	pH	value	above	9.	The	first	set	
of	trials	for	S1	and	S4	require	24	ml	of	neutralizing	solution	each,	which	is	78	ml	less	than	the	trial	that	
requires	the	largest	amount	of	neutralizing	solution,	O4.	In	the	second	trial	set,	O2	requires	132	ml	of	
neutralizing	 solution,	 which	 is	 100	 ml	 more	 than	 the	 trials	 that	 require	 the	 smallest	 amounts	 of	
neutralizing	solution,	S1	and	S4.	 

	
Slag	type	

	
Start	value	[pH]	

	
Stop	value	[pH]	

	
Total	amount	solution	added	[ml]	

S1	
S2	
S3	
S4	
O1	
O2	
O3	
O4	

1,99 9,63 24 
1,72	 9,08	 88	
1,79	 9,10	 76	
1,75	 9,05	 24	
2,53	 9,12	 64	
2,50	 9,02	 90	
2,44	 9,08	 74	
2,51	 9,01	 102	
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When	comparing	OS’s	slags,	the	first	set	of	trials	show	that	O1	requires	the	least	amount	of	neutralizing	
solution.	During	the	second	set	of	trials,	O3	requires	the	 least	amount	of	neutralizing	solution.	The	
variance	in	total	amount	of	neutralizing	solution	required	for	OS’s	slags	is	38	ml	and	56	ml,	for	the	first	
and	second	set	of	trials,	respectively.	 

When	comparing	SMT’s	slags,	the	first	set	of	trials	show	that	S1	and	S4	require	the	least	amounts	of	
neutralizing	solution.	During	the	second	set	of	trials,	the	same	is	true.	The	variance	in	total	amount	of	
neutralizing	solution	required	for	SMT’s	slags	is	64	ml	for	both	sets	of	trials.	 

Table	6	and	table	7	also	indicate	that	for	all	slags,	the	total	amount	of	neutralizing	solution	added	is	
greater	 during	 the	 second	 set	 of	 trials.	 Adding	 four	milliliters	 of	 neutralizing	 solution	 every	 other	
minute	causes	the	total	amount	required	in	order	to	reach	a	pH	value	of	nine	to	be	greater.	The	slags	
S1,	 S4,	 and	O3	 show	 the	 smallest	 difference	 in	 total	 amount	 of	 neutralizing	 solution	 added	when	
comparing	the	two	sets	of	trials.	For	these	slags,	the	difference	is	less	than	or	equal	to	8	ml.	 

Table	8:	pH	values	before	and	after	sedimentation	of	the	precipitate	

Slag	type	 Value	before	sedimentation	[pH]	 Value	after	sedimentation	[pH]	

S1	 9,63	 10,46	
S2	 9,08	 7,61	
S3	 9,10	 9,19	
S4	 9,05	 7,99	
O1	 9,12	 8,48	
O2	 9,02	 8,97	
O3	 9,08	 9,37	
O4	 9,01	 8,86	

Lime	solution	SMT	 10,72	 7,10	
Lime	solution	OTKS	 9,63	 8,56	

 
Table	8	shows	that	after	sedimentation,	the	pH	value	of	the	water	decreases	in	most	trials,	including	
the	 ones	 neutralized	with	 lime	 solution.	On	 the	 other	 hand,	 the	 pH	 value	 for	 slag	 S1,	 S3,	 and	O3,	
increases.	For	OTKS,	 the	trial	whose	pH	value	decreased	the	most	was	O1,	with	a	decrease	of	0,64	
between	the	values	taken	before	and	after	the	sedimentation.	This	decrease	was	0,43	less	than	the	
decrease	in	pH	value	for	OTKS’s	lime	solution	trial.	For	SMT,	the	trial	whose	pH	value	decreased	the	
most	 is	S2,	with	a	decrease	of	1,47	between	the	values	taken	before	and	after	sedimentation.	This	
decrease	is	2,15	less	than	the	decrease	in	pH	value	for	trial	using	SMT’s	lime	solution	trial.	 
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Figure	8:	Plot	displaying	the	time	required	to	reach	a	pH	value	of	nine,	when	adding	the	neutralizing	agent	

all	at	once	

During	the	final	set	of	trials,	the	slags,	which	required	the	overall	least	amount	of	neutralizing	solution	
in	 the	 first	 and	 second	 trials	 from	 both	 companies,	 are	 used.	 The	 amount,	 which	 is	 added	
instantaneously,	corresponds	to	the	total	amount	of	neutralizing	solution	required	to	reach	a	pH	value	
of	9	in	the	previous	trials.	For	S4,	24	ml	of	neutralizing	solution	is	added.	For	O3,	74	ml	of	neutralizing	
solution	was	added.	Figure	8	shows	how	the	pH	value	varies	with	time,	after	addition	of	neutralizing	
solution.	In	figure	6	above	it	can	be	seen	that	S4	reached	a	pH	value	above	9	after	34,5	minutes.	This	
is	10,5	minutes	longer	than	during	the	first	set	of	trials,	where	2	ml	are	added	every	other	minute.	In	
figure	6	above,	it	can	be	seen	that	O3	reached	a	pH	value	above	9	after	55	minutes.	This	is	18	minutes	
less	than	during	the	first	set	of	trials,	where	2	ml	are	added	every	other	minute.	 

5.3. Byproducts	
The	byproducts	produced	during	the	experiments	are	comprised	of	unknown	amounts	of	substances	
and	are	sent	to	external	parties	to	undergo	ICP	analysis.	The	substances	in	SMT’s	wastewater	when	
using	lime	concentrate,	S1,	S2,	S3,	and	S4	as	neutralizing	agents,	respectively,	are	presented	in	table	
9.	The	table	 includes	critical	substances,	which	are	 limited	by	 local	 laws	and	regulations.	No	results	
regarding	OTKS’s	wastewater	is	presented,	as	stated	in	the	limitations	of	this	report.	 

Table	 9	 shows	 that,	 when	 neutralizing	 the	 acidic	 wastewater	 using	 S1	 and	 lime	 concentrate,	
respectively,	 the	produced	water	 fulfills	 the	restrictions	placed	on	 it,	and	may	be	released	 into	the	
environment	without	further	treatment.	 
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Because	 the	 amount	 of	 produced	water,	when	 using	 S2	 as	 neutralizing	 agent,	was	 not	 enough	 to	
evaluate	 all	 substances,	 the	 amount	 of	 Cr6+	 cannot	 be	 determined.	 Fe,	 Cr,	 Mo	 and	 Ni	 fulfill	 the	
restrictions	and	the	water	can	be	released	into	the	environment	if	the	amount	of	Cr6+,	if	measured,	
does	not	exceed	the	permitted	value	0,1	mg/l.	 

Table	 9	 shows	 that	 both	 slags	 S3	 and	 S4	 produce	 water	 with	 a	 higher	 value	 of	 Cr6+	 than	 SMT	 is	
permitted	 to	 release.	When	using	S3	as	neutralizing	agent,	 the	water	also	has	a	higher	value	of	Cr	
content,	6	mg/l,	than	the	permitted	value	of	0,5	mg/l.	The	water	produced	during	the	neutralization	
process	using	S3	and	S4	needs	to	be	further	treated	before	it	can	be	released	into	the	environment.	 

 
Table	9:	Composition	of	the	water,	after	neutralization	with	the	different	slags	and	lime	concentrate	

respectively,	after	sedimentation.	

Substance	 S1	 S2	 S3	 S4	 Lime	conc.	

Cr6+	[mg/l]	 0,04	 -	 6,4	 0,12	 0,03	
Fe	[mg/l]	 <0,05	 <0.05	 0,07	 0,11	 0,12	
Cr	[mg/l]	 0,04	 0,03	 6,00	 0,25	 0,04	
Mo	[mg/l]	 0,79	 0,58	 1,20	 1,40	 2,00	
Ni	[mg/l]	 0,02	 0,03	 0,46	 0,37	 0,12	
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6. Discussion	
This	chapter	discusses	two	main	parts	of	the	results:	neutralization	efficiency	and	byproducts	produced	
during	the	neutralizing	process	using	slag	as	a	neutralizing	agent.	These	values	are	compared	to	the	
reference	 trials,	 using	 lime	 concentrate.	 The	 main	 cause	 of	 these	 results	 is	 also	 investigated	 and	
evaluated.	 In	 addition	 to	 this,	 an	 investigation	 of	 the	 possibilities	 to	 and	 requirements	 on	 an	
implementation	 is	 incorporated	 into	 this	 chapter.	 Furthermore,	 the	 environmental	 end	 economic	
impact	of	such	an	implementation	is	evaluated.	 

6.1. 	Neutralization	efficiency		
As	an	overall	result,	it	can	be	seen	that	a	pH	value	above	9	is	reached	in	all	trials.	This	result	shows	that	
all	slags	included	in	this	thesis	can	be	used	as	neutralizing	agents	for	acidic	wastewater	produced	at	
both	companies.	However,	the	total	amount	of	slag	solution	required	to	reach	the	target	pH	value	has	
a	range	of	66	ml	in	the	first	set	of	trials	and	100	ml	in	the	second	set	of	trials,	which	indicates	that	the	
efficiency	of	the	slags	differs.	 

6.1.1. Efficiency	in	terms	of	amount	of	neutralizing	agent	
The	slags	that	required	the	smallest	total	amount	of	additions,	in	both	the	first	and	second	set	of	trials,	
are	slags	S1	and	S4;	therefore,	these	slag	types	will	be	discussed.	S1	and	S4	follow	the	same	trend	as	
the	plots	from	the	reference	test	using	lime	concentrate.	In	trial	2,	when	lime	concentrate	from	SMT	
is	used,	a	total	amount	of	14	ml	of	lime	solution	is	required	to	reach	a	pH	value	above	9.	This	shows	
that	 in	 order	 to	 neutralize	 the	 acidic	 wastewater	 from	 SMT,	 10	 ml	 more	 neutralizing	 solution	 is	
required	when	using	 slags	 S1	or	 S4	 compared	 to	using	 lime	 concentrate	 as	 the	neutralizing	 agent.	
However,	the	difference	in	concentration	of	the	 lime	solution	and	the	slag	solutions	must	be	taken	
into	account.	The	lime	solution	has	a	concentration	of	approximately	20	weight%	dry	substance	(lime	
concentrate),	the	slag	solutions,	on	the	other	hand,	have	a	concentration	of	approximately	40	weight%	
dry	substance	(slag).	These	values	correspond	to	6,9	volume%	dry	substance	in	the	lime	solution	and	
15,2	volume%	dry	substance	 in	the	slag	solution.	Calculations	are	made	using	a	value	for	the	slags’	
density	of	3,5	g/cm3(38),	for	the	lime	concentrate’s	density	of	3,4	g/cm3	(39)	and	for	waters	density	of	
1	g/cm3.	The	result	of	these	calculations	are	presented	in	table	10.	 

Table	10:	Caluculated	Vol	%	dry	substance	in	the	neutralizing	solution	among	with	corresponding	amount	
of	dry	substance	of	each	slag	and	lime	concentrate	required	to	neutralize	1	liter	of	acidic	wastewater	

Neutralizing	
agent	

Amount	Neutralizing	
agent	[ml]	

Dry	substance	
[V%]	

Density	
[g/cm3]	

Dry	
Substance	[g]	

O1	 64	 15,15	 3,5	 33,93	
O2	 90	 15,15	 3,5	 47,71	
O3	 74	 15,15	 3,5	 39,23	
O4	 102	 15,15	 3,5	 54,07	
S1	 24	 15,15	 3,5	 12,72	
S2	 88	 15,15	 3,5	 46,65	
S3	 76	 15,15	 3,5	 40,29	
S4	 24	 15,15	 3,5	 12,72	

SMT	lime	 14	 7,14	 3,4	 3,40	
OTKS	lime	 26	 7,14	 3,4	 6,31	
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Table	10	show	that	the	dry	substance	of	lime	concentrate	from	SMT	required	to	neutralize	one	liter	of	
SMT´s	acidic	wastewater	to	a	pH	value	above	9	with	an	ingoing	pH	value	of	around	1,8	is	3,22	g.	The	
dry	substance	of	slags	S1	and	S4	required	for	one	liter	of	SMT’s	acidic	wastewater	to	reach	a	pH	value	
above	9	with	an	ingoing	pH	value	around	1,8	is	12,8	g.	To	conclude,	an	addition	of	almost	4	times	more	
dry	substance	is	needed	when	neutralizing	with	the	most	efficient	slag,	compared	to	the	traditional	
neutralization	process	using	lime	concentrate,	when	using	the	most	efficient	slag,	in	terms	of	necessary	
amount	of	neutralizing	agent.		

6.1.2	Impact	of	the	mean	grain	size	on	the	amount	of	neutralizing	agent	
A	smaller	grain	size	of	the	particles	in	the	neutralizing	agent	entails	a	larger	surface	area	between	the	
acidic	wastewater	and	 the	neutralizing	agent.	When	comparing	 the	 results	 from	 the	neutralization	
efficiency	(figure	5)	with	the	results	of	the	grain	size	distribution	(table	3),	no	clear	correlation	can	be	
seen	between	mean	grain	diameter	and	amount	of	neutralizing	solution	required	to	reach	a	pH	value	
above	9.	In	figure	9,	the	relationship	between	the	efficiency	in	terms	of	amount	of	neutralizing	agent	
required	to	reach	a	pH	value	of	9	and	the	mean	grain	diameter	is	presented.	One	correlation	that	figure	
9	show	is	that	the	neutralizing	agent	with	the	smallest	mean	diameter	is	the	same	as	the	most	efficient	
neutralizing	agent	in	terms	of	amount	of	neutralizing	agent.	The	neutralizing	agent	in	this	case	is	the	
lime	concentrate	from	SMT,	which	has	a	mean	grain	diameter	of	6,14	µm.	When	evaluating	the	slag	
with	the	smallest	mean	diameter,	O3,	it	can	be	seen	that	this	slag	is	in	fourth	place	when	neutralization	
efficiency	 in	 terms	of	 amount	added	 is	 evaluated.	 S1	and	S4	–	 the	most	efficient	 slags	 in	 terms	of	
required	amount	of	neutralizing	agent	–	have	a	mean	grain	diameter	of	182	and	200	µm,	respectively,	
which	 is	approximately	30	 times	 larger	 than	the	 lime	concentrate	 from	SMT.	Even	though	no	clear	
correlation	between	the	neutralization	efficiency	regarding	amount	added	and	the	mean	grain	size	is	
seen,	this	difference	must	be	taken	into	account	for	further	evaluation.		
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Figure	9:	Plot	displaying	the	amount	of	neutralizing	solution	required	to	reach	a	pH	value	above	nine	in	

relation	to	mean	grain	diameter	of	the	dry	substance	

6.1.3	Impact	of	the	CaO	content	in	the	slag	on	the	amount	of	neutralizing	agent		
Earlier	in	this	report,	it	is	stated	that	CaO	is	the	only	active	neutralizing	agent	during	the	neutralization	
reactions.	Theoretically,	the	slag	with	the	highest	CaO	content	should	be	the	most	efficient	regarding	
amount	 of	 neutralizing	 solution	 required	 to	 reach	 a	 pH	 value	 above	 9.	 Comparing	 the	 results	 of	
neutralization	 efficiency	 (table	 2)	 with	 the	 chemical	 composition	 (table	 4),	 no	 such	 distinct	 linear	
relationship	can	be	seen.	The	relationship	is	presented	in	figure	10.	However,	the	CaO	molecules	in	
the	lime	concentrate	are	hydrated	into	Ca(OH)2	when	mixed	with	water,	which	may	not	be	the	case	
for	the	CaO	molecules	in	the	slag.	The	CaO	molecules	may	be	bonded	to	oxides	or	metals	in	the	slag,	
preventing	them	from	being	able	to	react	with	the	acidic	wastewater.	 
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Figure	10:	Plot	displaying	the	amount	of	neutralizing	solution	required	to	reach	a	pH	value	above	nine	in	

relation	to	the	CaO	content	in	the	slag	

No	direct	connection	can	be	seen	regarding	the	mean	grain	diameter	and	CaO	content	in	the	slags	and	
their	efficiency,	respectively.	However,	a	combination	of	the	two	may	give	a	hint	as	to	what	causes	the	
variation	of	neutralizing	properties	among	the	slags.	When	evaluating	the	most	efficient	slags,	S1	and	
S4,	the	results	show	that	they	have	a	relatively	small	mean	grain	diameter	and	a	relatively	high	CaO	
content.	With	that	said	it	can	also	be	concluded	that	O3,	for	example,	has	a	smaller	mean	diameter	
and	a	higher	CaO	content	and	shows	a	lower	efficiency	than	both	S1	and	S4.	Figure	9	and	figure	10	
show	that	the	slags	from	SMT	(S1,	S2,	S3	and	S4)	show	a	larger	correlation	between	both	CaO	content	
and	efficiency,	and	mean	grain	diameter	and	efficiency	than	the	slags	 from	OTKS.	Furthermore,	no	
correlation	can	be	seen	between	efficiency	of	the	slag	and	its	origin.	 

6.1.4	Efficiency	in	terms	of	neutralization	time	
The	time	taken	to	neutralize	the	acidic	wastewater	to	a	pH	value	of	9	during	the	experimental	trials	is	
not	an	indication	of	the	time	it	would	take	if	slag	were	implemented	as	a	neutralizing	agent.	Reasons	
for	this	are	that	the	time	is	applicable	only	for	2	ml	or	4	ml	additions	every	other	minute	and	for	the	
neutralization	of	1000	ml	of	acidic	wastewater.	Fortunately,	the	trials	can	be	compared	to	each	other,	
and	therefrom	a	basis	can	be	established	for	discussing	each	slag’s	neutralization	time.	
	
Comparison	of	the	first	and	second	set	of	trials,	where	2	ml	and	4	ml	additions,	respectively,	are	made	
every	other	minute	 shows	 that	 the	 total	neutralization	 time	 is	 longer	 for	 the	 first	 set	of	 trials.	The	
decrease	 in	total	reaction	time	between	the	first	and	second	set	of	trials	 is	not	proportional	to	the	
change	in	amount	of	neutralizing	solution	needed	to	reach	a	pH	value	of	9.	All	slags	required	a	shorter	
neutralization	time	and	more	neutralizing	solution	during	the	second	set	of	trials,	when	compared	to	
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the	first	set	of	trials.	The	reaction	time	–	meaning	the	time	taken	for	neutralizing	reactions	to	take	
place	–	is	most	likely	a	dominating	factor.	This	entails	that	the	total	mixing	time	plays	a	more	dominant	
role	than	the	amount	of	neutralizing	solution	that	 is	added	to	the	acidic	wastewater.	However,	the	
difference	in	reaction	time	required	for	neutralization	to	a	pH	value	of	9	between	the	two	sets	of	trials	
is	not	the	same	for	all	slags.	S1	and	S4	both	require	8	additional	minutes,	while	S4	and	O4	both	require	
approximately	40	additional	minutes.		
	
When	these	results	are	compared	to	the	reference	trial,	all	slag	solutions	required	a	longer	reaction	
time.	SMT’s	fastest	slag,	which	required	the	shortest	reaction	time	to	reach	a	pH	value	of	9	during	the	
first	 set	 of	 trials,	 is	 70%	 slower	 than	 SMT’s	 reference	 trial	 when	 1000	ml	 of	 acidic	 wastewater	 is	
neutralized.	Correspondingly,	OTKS’s	fastest	slag,	which	required	the	shortest	reaction	time	to	reach	
a	pH	value	of	9	during	the	first	set	of	trials,	is	150%	slower	than	OTKS’s	reference	trial	when	1000	ml	
of	acidic	wastewater	is	neutralized.		Implementing	these	slags	during	neutralization	processes	would	
increase	the	process-time	by	a	factor	of	approximately	1,7	and	2,5,	respectively.	An	explanation	for	
this	 may	 be	 that	 the	 slags	 have	 at	 least	 four	 times	 greater	 mean	 grain	 diameter	 than	 the	 lime	
concentrate.	As	mentioned	previously,	the	surface	area	of	the	slags’	grains,	which	is	able	to	react	with	
the	acidic	wastewater,	is	much	smaller	than	for	the	lime	concentrates’	grains.		
	
During	 the	 third	 and	 last	 trial,	 the	 total	 amount	 of	 neutralizing	 solution	 mixed	 with	 O3	 and	 S4,	
respectively,	is	added	instantaneously.	The	total	neutralization	time	required	to	reach	a	pH	value	of	9	
during	these	trials	is	not	the	same	as	for	the	first	and	second	set	of	trials.	For	O3,	the	neutralization	
time	is	less	than	for	the	first	trial	set	–	where	2	ml	additions	are	made	every	other	minute	–	and	greater	
than	for	the	second	trial	set	–	where	4	ml	additions	are	made	every	other	minute.	For	S4,	the	opposite	
is	true.	From	this,	it	can	be	understood	that	the	neutralization	time	is	dependent	on	several	factors,	
and	not	solely	dependent	on	amount	of	neutralizing	agent.		
With	all	of	this	in	mind,	the	neutralization	time	can	be	concluded	as	being	an	effect	of	several	factors,	
including	grain	size,	amount	of	neutralizing	agent,	and	the	character	of	the	slag	molecules.	In	order	for	
an	efficient	neutralization	process	to	be	plausible,	most	or	all	of	the	factors	must	be	present.		

6.2. Byproducts	
The	results	from	the	ICP	analysis	of	the	water	produced	during	the	neutralization	reaction	using	slag	
and	the	neutralization	reaction	using	lime	concentrate	are	similar.	Most	of	the	critical	values	are	within	
the	permitted	limits	given	by	local	 laws	and	regulations.	The	hexagonal	Cr	content	is	outside	of	the	
permitted	 limits	 for	 slag	 S3	 and	 S4;	 however,	 Cr	 can	 be	 reduced	using	 iron	 sulfate.	 The	 necessary	
amount	 of	 iron	 sulfate	 has	 not	 been	 investigated	 in	 this	 report.	 Once	 this	 amount	 has	 been	
determined,	the	water	will	be	allowed	to	be	released.	 

The	 sediment	 from	 the	 neutralization	 reaction	 using	 slag	 has	 not	 been	 investigated,	 but	 can	 be	
assumed	to	be	similar	to	the	sediment	produced	when	using	lime	concentrate.	 

6.3. Implementation	
There	are	 three	main	questions	pertaining	 to	 the	possible	 implementation	of	 slag	as	a	neutralizing	
agent	of	acidic	wastewater	at	steelmaking	plants.	Are	the	slags	able	to	neutralize	acidic	wastewater	
effectively?	Are	the	produced	byproducts	within	restrictions	and	limitations	placed	on	the	steelmaking	
plant?	Are	the	processes	in	place	compatible	with	using	slag?	 
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The	first	question	is	answered	in	the	preceding	text.	Additionally,	the	possibility	of	using	a	combination	
of	slag	and	lime	concentrate	exists.	This	solution	would	perhaps	increase	the	efficiency	of	the	process	
so	 that	 the	 same	or	 close	 to	 the	 same	 rate	of	neutralization	obtained	 today	 can	be	achieved.	 The	
capacity	at	the	neutralization	plant	must	remain	at	a	level	which	allows	for	neutralization	of	all	of	the	
incoming	acidic	wastewater.	The	second	question	will	be	answered	when	ICP-MS	and	ICP-AES	analysis	
has	 been	 performed	 on	 the	 byproducts	 produced	 during	 the	 experimental	 trials.	 Lastly,	 the	 third	
question	 remains	 unanswered.	 There	 are	 several	 aspects	 to	 take	 into	 consideration,	 including	 the	
purification	 steps	 taken	 beyond	 neutralization,	 the	 underlying	 logistics,	 and	 the	 equipment’s	
compatibility.	 

At	the	neutralization	plant,	iron	sulfate	and	flocculation	solution	are	mixed	into	the	acidic	wastewater	
to	reduce	Cr6+	to	Cr3+	and	to	promote	sedimentation,	respectively.	The	amounts	of	these	two	chemicals	
needed	 when	 slag	 is	 used,	 as	 a	 neutralizing	 agent,	 are	 not	 examined	 in	 this	 report;	 hence,	 a	
determination	of	these	amounts	must	be	made.	Additionally,	the	character	of	the	precipitate	formed	
when	flocculation	solution	is	mixed	into	the	acidic	wastewater	may	not	be	compatible	with	current	
processes.	 During	 the	 experimental	 trials,	 the	 precipitate	 looked	 very	 similar	 for	 all	 slags	 when	
compared	to	the	reference	trial;	however,	the	viscosity	of	the	wastewater	before	sedimentation	may	
be	too	high.	This	is	an	aspect	that	should	be	considered	in	the	future.	
	
The	slag	used	during	the	experimental	trials	is	submitted	to	mechanical	crushing	and	sifting	whereby	
the	grain	size	is	reduced	and	the	metal	content	is	decreased.	As	there	is	a	small	correlation	between	
mean	grain	diameter	and	neutralizing	efficiency,	a	similar	size	reduction	would	need	to	be	performed	
as	a	part	of	the	implementation.	As	this	processes	does	not	take	place	at	the	steel	plants	today,	a	new	
process	needs	to	be	designed	or	delegated	to	an	external	company.	As	previously	stated,	the	metal	
content	in	the	slags	after	they	have	been	raked	off	their	respective	steel	melts	is	relatively	high;	hence,	
metal	 extraction	 is	 performed,	 which	 poses	 a	 logistical	 situation.	 The	 slags	 would	 need	 to	 be	
transported	from	the	steelmaking	plant,	to	the	metal	extraction	plant,	and	then	to	the	neutralization	
plant.	A	system	for	performing	these	preparatory	steps	effectively	would	need	to	be	devised.	 

This	 report	 gives	 an	 indication	 of	 the	 amount	 of	 each	 respective	 slag	 needed	 to	 neutralize	 acidic	
wastewater;	yet,	the	reaction	time	also	has	a	significant	impact	on	the	total	amount	of	necessary	slag	
solution.	 To	 determine	 the	 amount	 of	 and	 concentration	 of	 slag	 needed	 to	 neutralize	 acidic	
wastewater	 at	 OTKS	 and	 SMT,	 a	 set	 of	 full-scale	 trials	 needs	 to	 be	 performed.	 The	 flow	 of	 acidic	
wastewater	during	neutralization	processes	at	OTKS	and	SMT	is	imperative	when	determining	the	vital	
amount	of	slag	needed.	Furthermore,	the	vital	amount	of	slag	is	also	dependent	on	which	type	of	slag	
it	is,	meaning	that	this	factor	must	also	be	determined	during	full-scale	tests.	 

The	results	show	that	it	is	possible	to	use	slag	as	a	neutralizing	agent	and	calculations	show	that	only	
8	000	tons	of	slag	per	year	is	needed	for	the	neutralizing	process.	Because	this	is	only	a	fraction	of	the	
slag	produced,	the	companies	may	consider	finding	additional	applications	for	the	remaining	slag.	For	
example,	 the	 slag	may	be	 sold	 to	 companies	 using	 lime	 concentrate	 to	 neutralize	 acids	 and	 acidic	
wastewater	today.	 
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6.4. Economic	impact	
To	evaluate	the	economic	impact	of	replacing	the	lime	concentrate	with	slag,	to	act	as	a	neutralizing	
agent,	the	stainless	steel	producers’	expenses	are	further	discussed.	The	current	expenses	linked	to	
the	neutralization	process	consist	of	purchases	of	lime	concentrate,	landfilling	of	slag	and	hydroxide	
sludge	and	general	 transportation	costs.	 Implementing	 the	use	of	 slag	would	most	 likely	affect	 the	
annual	 expenses	 that	 the	 companies	 have	 linked	 to	 the	 neutralization	 process.	 Firstly,	 the	 lime	
concentrate	 costs	 would	 be	 eliminated	 and	 the	 landfilling	 costs	 for	 slag	 would	 be	 reduced.	
Furthermore,	the	costs	for	landfilling	of	the	sediment	from	the	neutralization	process	would	increase,	
because	 a	 greater	 amount	 of	 sediment	 is	 produced	 when	 neutralizing	 with	 slag	 instead	 of	 lime	
concentrate.	 

Given	the	costs	related	to	the	handling	of	the	slag	and	acidic	wastewater	today,	calculations	regarding	
the	costs	after	an	implementation	of	slag	in	the	neutralization	process	are	made.	Table	11	present	the	
theoretical	changes	in	costs	if	 implementing	S1	or	S4	as	a	neutralizing	agent	at	SMT	instead	of	lime	
concentrate.	All	calculations	are	based	on	the	results	presented	in	this	report.		

Table	11:	Economic	impact	at	SMT	if	lime	concentrate	is	replaced	with	slag	S4	or	S1in	the	neutralization	
process	

Post	 Change	in	Cost	[SEK/year]	

Purchase	of	lime	concentrate	 -1	629	363	
Landfill	cost,	slag	 -832	260	

Landfill	cost,	sediment	 +3	972	242	
Sum	 +	1	465	619	

	

Table	11	show	that	the	cost	of	approximately	1,6	MSEK	per	year	for	purchase	of	lime	concentrate	will	
be	eliminated.	In	addition	to	this	approximately	500	tons	of	slag	will	instead	of	being	landfilled	be	used	
in	 the	 neutralization	 process.	 Thence,	 the	 landfilling	 costs	 of	 slag	 for	 SMT	 are	 reduced	 with	
approximately	0,8	MSEK	per	year.	However,	when	neutralizing	with	slag	instead	of	lime	concentrate	a	
greater	 amount	 of	 dry	 substance	 is	 required	 which	 also	 entails	 a	 greater	 amount	 of	 sediment	
produced.	Assuming	that	the	sediment	produced	has	a	similar	composition	as	the	sediment	produced	
using	 lime	 concentrate	 as	 the	 neutralizing	 agent,	 calculations	 conclude	 an	 increase	 in	 the	 cost	 for	
landfilling	the	sediment.	Table	11	show	that	SMT’s	costs	would	increase	by	approximately	1,5	MSEK	
per	year	if	S1	or	S4	were	to	be	implemented	as	neutralizing	agents	of	acidic	wastewater.		

Table	12:	Economic	impact	at	OTKS	if	lime	concentrate	is	replaced	with	slag	O3	in	the	neutralization	
process	

Post	 Change	in	Cost	[SEK/year]	

Purchase	of	lime	concentrate	 -1	010	000	
Landfill	cost,	slag	 -1	302	840	

Landfill	cost,	sediment	 +3	888	635	
Sum	 +	1	575	795	
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The	most	efficient	slag	for	OTKS	was	O3.	Assuming	OTKS	would	use	this	slag	as	the	neutralizing	agent	
of	acidic	wastewater	 instead	of	 lime	concentrate,	the	changes	in	costs	presented	in	table	12	would	
preside.	Table	12	shows	that	the	 landfilling	costs	will	be	reduced	with	approximately	1,3	MSEK	per	
year.	 This	 change	 correlates	 to	 a	 reduction	of	 approximately	8000	 tons	of	 landfilled	 slag.	 Table	12	
shows	that	altogether	OTKS’s	costs	would	increase	by	approximately	1,5	MSEK	per	year,	if	O3	were	to	
be	implemented	as	the	neutralizing	agent	of	acidic	wastewater.	 

6.5. Environmental	impact	
The	prominent	environmental	issue	currently	associated	with	slag	is	the	landfilling	process.	A	life	cycle	
analysis	of	materials	used	during	steel	production	shows	that	a	large	fraction	of	ingoing	materials	are	
lost	 when	 landfilling	 is	 performed.	 A	 sustainable	 steel	 production	 is	 not	 possible	 when	 ingoing	
materials	are	lost,	instead	of	being	reused.	OTKS	and	SMT	both	use	primarily	scrap	metal	as	ingoing	
material	during	steelmaking,	which	is	a	step	towards	a	more	sustainable	production	where	materials	
are	 recirculated.	 However,	 handling	 of	 byproducts	 is	 also	 a	 part	 of	 creating	 a	 sustainable	 steel	
production,	as	they	are	also	a	part	of	the	life	cycle	of	materials.	Additionally,	landfills	grow	with	every	
batch	of	slag	stored.	In	Sweden,	strict	regulations	exist	preventing	landfills	from	releasing	dangerous	
chemicals	 into	 surrounding	nature.	Despite	 regulations,	 there	exists	 a	 risk	 that	 spillage	occur,	with	
unknown	damage.	The	larger	the	landfills	become,	the	greater	their	intrusion	on	nature	and	the	risk	
associated	with	them	becomes.	For	all	these	reasons,	a	minimization	of	the	amount	of	slag	brought	to	
landfills	has	positive	outcomes.	 

The	prominent	environmental	 issue	currently	associated	with	neutralization	of	acidic	wastewater	 is	
the	usage	of	lime	concentrate.	Limestone	is	a	finite	resource,	with	already	depleting	amounts.	Using	
finite	resources	in	abundance	is	not	in	line	with	sustainability	goals.	Furthermore,	lime	concentrate	is	
used	both	 during	 the	 steelmaking	 process	 and	 the	 neutralization	 process.	 The	possibility	 of	 taking	
advantage	of	the	lime	concentrate	in	the	slag,	and	using	this	during	neutralization	processes	minimizes	
the	amount	of	raw	virgin	lime	concentrate	used	during	steel	production.	Although	this	implementation	
would	not	result	in	a	total	elimination	of	raw	lime	concentrate	during	steelmaking,	the	amount	would	
be	significantly	reduced;	therefore,	one	more	step	towards	a	sustainable	steel	production	is	achieved.	
During	 the	 neutralization	 process,	 two	 products	 are	 produced:	 water	 and	 a	 precipitate,	 called	
hydroxide	sludge.	Because	a	larger	amount	of	dry	substance	in	order	to	mix	the	aqueous	slag	solution	
and	 a	 larger	 amount	 of	 slag	 solution	 is	 added,	more	 precipitate	 forms	 during	 the	 trials	 using	 slag	
solution	compared	to	the	reference	trials	where	lime	solution	is	used.	At	both	OTKS	and	SMT,	most	of	
the	 precipitate	 is	 landfilled,	 similarly	 to	 how	 the	 slag	 is	 currently	 landfilled.	 Correspondingly,	 the	
amount	of	precipitate	that	is	landfilled	may	increase	if	slag	is	used	as	the	neutralizing	agent,	which	is	
not	 a	 desired	 or	 positive	 outcome.	 It	may	 be	 possible	 to	 optimize	 the	 neutralizing	 solution	 or	 the	
neutralization	process	so	that	the	amount	of	precipitate	produced	does	not	increase.	 

As	mentioned	during	the	background	chapter,	OTKS	has	been	able	to	use	the	precipitate	formed	during	
neutralization	 of	 acidic	wastewater	 as	 flux	 for	 slag	 during	 steelmaking	 processes.	 Primarily,	 this	 is	
possible	because	of	the	high	Ca	content	in	the	precipitate.	Using	slag	as	a	neutralizing	agent	may	have	
an	impact	on	the	precipitates	ability	to	act	as	flux.	This	is	an	aspect	that	should	be	examined	further.	
Important	to	note	is	that	not	a	majority	of	OTKS’s	precipitate	is	used	for	this	purpose.	 
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7. Conclusion	
Neutralizing	acidic	wastewater	from	the	pickling	process	using	slag	from	the	steelmaking	process	 is	
possible;	hence,	replacing	lime	concentrate	with	slag	is	a	feasible	implementation.	Although	the	slags	
are	 as	 effective	 as	 lime	 concentrate,	 they	 are	 not	 as	 efficient	 in	 terms	 of	 neutralizing	 ability.	 The	
amount	of	neutralizing	agent	and	the	neutralization	time	necessary	to	decrease	the	acidity	of	the	acidic	
wastewater	is	greater	with	slag	as	the	main	neutralizing	agent,	compared	to	the	reference	trials	using	
lime	 concentrate.	 In	 order	 to	 determine	 the	 optimal	 conditions	 during	 neutralization	 processes,	
further	studies	and	full-scale	experiments	must	be	performed.	 

The	most	efficient	slags,	when	examined	according	to	the	experimental	methods	used	in	this	report,	
are	SMT’s	AOD	slag	and	landfill	slag.	These	slags	require	four	times	more	neutralizing	solution	and	70%	
more	neutralization	time	in	order	to	reach	a	pH	value	of	9,	when	compared	to	the	reference	trial	using	
SMT’s	lime	concentrate.	Replacing	lime	concentrate	with	one	or	both	of	these	slags	would	currently	
entail	an	additional	cost	of	approximately	1,5	million	SEK	per	year	for	each	company.	In	the	future,	
landfilling	may	not	be	a	possible	solution	for	handling	slag;	therefore,	using	slag	as	a	neutralizing	agent	
may	be	an	option.	Furthermore,	the	costs	of	landfilling	may	increase	due	to	local	restrictions	and	the	
cost	of	finite	lime	concentrate	may	also	increase.	Additionally,	optimizing	the	neutralization	process,	
by	for	example	decreasing	the	grain	size	of	the	slag,	may	decrease	the	calculated	costs	and	the	amount	
of	necessary	slag.	In	conclusion,	using	slag	as	a	neutralizing	agent	may	become	profitable	in	the	future.	 

From	an	environmental	point	of	view,	implementing	the	use	of	slag	during	neutralization	processes	
both	minimizes	the	virgin	lime	concentrate	consumption	and	amount	of	landfilled	slag,	which	are	both	
positive	outcomes.	However,	this	report	has	not	taken	into	account	the	impact	of	the	sludge,	which	is	
landfilled	 after	 the	 neutralization	 process.	 Replacing	 lime	 concentrate	with	 slag	would	most	 likely	
increase	the	amount	of	produced	sludge,	and	thereby	also	the	amount	of	landfilled	sludge.	A	second-	
life	use	for	the	sludge	should	be	investigated	further	before	implementing	slag	as	a	neutralizing	agent.	
The	toxicity	of	the	water	produced	using	SMT’s	slags	falls	within	the	permitted	limits,	for	S1	and	S4,	
which	are	the	most	efficient	slags.	Assuming	that	the	sediment	produced	when	using	S1	and	S4	has	a	
similar	composition	to	the	sediment	produced	when	using	lime	concentrate,	it	would	be	possible	to	
landfill.	This	would	enable	replacement	of	lime	concentrate	with	slag	S1	and	S4	from	SMT.	 

Furthermore,	the	neutralization	process	and	the	process	for	treatment	of	slag	used	at	the	steel	mills	
may	need	to	be	adjusted	according	to	the	demands	which	slag	imposes.	This	report	concludes	that	a	
new	purpose	 for	 the	steelmaking	processes	quantitatively	 largest	byproduct	–	 slag	–	could	be	as	a	
neutralizing	agent	of	acidic	wastewater.	The	methodology	and	results	presented	here	are	a	foundation	
for	further	investigations	into	a	plan	for	implementing	slag	as	a	neutralizing	agent	during	neutralization	
processes,	at	steel	mills	and	potentially	facilities	elsewhere.	 
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Appendix	I;	Slag	physical	character	after	crushing		
 
 
 	

Figure	11:	Crushed	and	sifted	slag	O1	that	
originate	from	the	EAF	 

Figure	12:	Crushed	and	sifted	slag	O2	that	
originate	from	the	AOD	converter 

Figure	13:	Crushed	and	sifted	slag	O3	that	
originate	from	the	internal	slag	storage	 

Figure	14:	Crushed	and	sifted	slag	O4	that	
originate	from	the	landfill 
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Figure	15:	Crushed	and	sifted	slag	S1	that	
originate	from	the	AOD	converter	

Figure	16:	Crushed	and	sifted	slag	S2	that	
originate	from	the	EAF	process 

Figure	17:	Crushed	and	sifted	slag	S3	that	
originate	from	the	EAF	process 

Figure	18:	Crushed	and	sifted	slag	O1	that	
originate	from	the	landfill 
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Appendix	II;	Detailed	description	of	the	experimental	trials	

Materials	
• pH	measurement	instrument	
• Magnetic	stirrer	(total	of	2	available)	
• 2000	ml	beaker	
• Slag	(8)	
• Acidic	wastewater	(2)	
• Lime	concentrate	
• Iron	sulfate	
• Flocculation	solution	
• Filter	paper	
• Containers	for	sample	collection	
• Timer	
• Time	Chart	

Preparation	of	slag	
1. Crushing	with	a	“jaw	crusher”,	twice	if	necessary	
2. Screening	and	separation	into	a	size	of	0	to	0.6	mm	
3. Remaining	fractions	are	kept	in	case	more	slag	powder	is	needed	
4. (Size	distribution	analysis?)	
5. Cr6+	analysisà	if	high,	all	experiments	must	be	performed	in	an	air	tight	chamber	

Trials	
During	all	trials	the	temperature	is	set	as	constant	at	room	temp.	
Assumptions:		

• Density	of	water	is	equal	to	1	g/ml	
• Lime	concentrate	contains	100%	CaO	
• Average	amount	of	CaO	in	all	slags	is	40%	
• CaO	aqueous	solution	based	on	report	done	by	Outokumpu	
• Flocculation	solution	amount	needed	based	on	Outokumpu’s	report.	

Pre-study:	Investigation	of	Lime	Concentrate	needed	to	neutralize	OW	and	SW	to	pH	9		
1. CaO	aqueous	solution	is	prepared	

a. 20	weight%	CaO	
2. 250	ml	OW,	1	ml	CaO	solution	per	minute	
3. pH	measurements	according	to	time	table	
4. Results:	9	ml	CaO	solution	needed	to	neutralize	250	ml	OW	(pH	10,2	reached)	

Reference	trial	using	Lime	concentrate	
1. CaO	aqueous	solution	is	prepared	using		OTK’s	Lime	concentrate	for	the	first	reference	and	

SMT’s	Lime	concentrate	for	the	second	reference.	
a. 10	g	CaO,	40	g	H2O	(20	weight%	CaO)	

2. 1000	ml	OW,		in	the	first	reference	trial,	and	SW	in	the	second	reference	trial,	,	is	placed	in	
beaker	
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3. CaO	aqueous	solution	is	added	gradually	during	magnetic	stirring	(according	to	the	
timetable).	

4. At	0	min,	pH	is	recorded,	and	then	2	ml	Lime	solution	is	added.	After	this,	CaO	solution	is	
added	every	2	min.	pH	values	are	taken	every	minute,	always	before	addition	of	CaO	
solution.	

5. At	or	near	pH	9	no	more	additions	of		Lime	solution	are	made.	
6. When	the	pH	value	is	stable,	an	addition	of	flocculants	is	made	(40	ml	for	OTKS	and	20	ml	for	

SMT)	.	
7. The	solution	is	stirred	until	flocculation	is	complete;	a	sediment	layer	and	a	clear	water	layer	

is	formed.	
8. The	solution	is	filtered,	separating	the	sediment	material	from	the	clear	water.	
9. A	labeled	cup	and	a	labeled	canister	are	prepared	for	the	sediment	and	the	water,	

respectively.	Each	of	these	is	weighed.	
10. The	sediment	and	the	clear	water	are	placed	in	their	containers.	These	are	weighed	and	the	

weight	is	recorded	both	on	the	containers	and	in	the	excel	document.	

Trials	3.1,	4.1,	5.1,	6.1,	7.1,	8.1,	9.1	and	10.1	
1. A	slag	aqueous	solution	is	prepared	using	the	slag	powder.	

a. 250	g	slag	à	100	g	CaO;	Amount	slag=2.5	x	amount	CaO	used	in	Trial	1&2	(based	on	
average	amount	of	CaO	in	all	slags)	

b. approx.	20%	CaO	
c. 50	g	slag,	80	g	H2O,	double	batch	

2. 1000	ml	acidic	watseater	from	OTKS	and	SMT	respectively	is	placed	in	beaker	
3. Slag	aqueous	solution	is	added	gradually	during	magnetic	stirring	(according	to	timetable).	
4. At	0	min,	pH	is	recorded,	and	then	2	ml	Slag	solution	is	added.	After	this,	Slag	solution	is	

added	every	2	min.	pH	values	are	taken	every	minute,	always	before	addition	of	Slag	
solution.	

5. At	or	near	pH	9	no	more	additions	of	Slag	solution	are	made.	
6. When	the	pH	value	is	stable,	an	addition	of	flocculants	is	mad	(	40	ml	for	OTKS	and	20	ml	for	

SMT)	.	
7. The	solution	is	stirred	until	flocculation	is	complete;	a	sediment	layer	and	a	clear	water	layer	

is	formed.	
8. The	solution	is	filtered,	separating	the	sediment	material	from	the	clear	water.	
9. A	labeled	cup	and	a	labeled	canister	are	prepared	for	the	sediment	and	the	water,	

respectively.	Each	of	these	is	weighed.	
10. The	sediment	and	the	clear	water	are	placed	in	their	containers.	These	are	weighed	and	the	

weight	is	recorded	both	on	the	containers	and	in	the	excel	document.	

Trials	3.2,	4.2,	5.2,	6.2,	7.2,	8.2,	9.2,	10.2	
1. A	slag	aqueous	solution	is	prepared	using	slag	powder.	

a. 250	g	slag	à	100	g	CaO;	Amount	slag=2.5	x	amount	CaO	used	in	Trial	1&2	(based	on	
average	amount	of	CaO	in	all	slags)	

b. approx.	20%	CaO	
c. 50	g	slag,	80	g	H2O,	double	batch	

2. 1000	ml	OW	is	placed	in	beaker	
3. Slag	aqueous	solution	is	added	gradually	during	magnetic	stirring	(according	to	timetable).	
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4. At	0	min,	pH	is	recorded,	and	then	4	ml	Slag	solution	is	added.	After	this,	4	ml	Slag	solution	is	
added	every	2	min.	pH	values	are	taken	every	minute,	always	before	addition	of	Slag	
solution.	

5. At	or	near	pH	9	no	more	additions	of	Slag	solution	are	made.	
6. When	the	pH	value	is	stable,	an	addition	of	flocculants	is	mad	(40	ml	for	OTKS	and	20	ml	for	

SMT).	
7. The	solution	is	stirred	until	flocculation	is	complete;	a	sediment	layer	and	a	clear	water	layer	

is	formed.	
8. The	solution	is	filtered,	separating	the	sediment	material	from	the	clear	water.	
9. A	labeled	cup	and	a	labeled	canister	are	prepared	for	the	sediment	and	the	water,	

respectively.	Each	of	these	is	weighed.	
10. The	sediment	and	the	clear	water	are	placed	in	their	containers.	These	are	weighed	and	the	

weight	is	recorded	both	on	the	containers	and	in	the	excel	document.	

Trial	11.1:	using	slag	O3		
1. A	Slag	aqueous	solution	is	prepared	using	O3	

a. 250	g	slag	à	100	g	CaO;	Amount	slag=2.5	x	amount	CaO	used	in	Trial	1&2	(based	on	
average	amount	of	CaO	in	all	slags)	

b. approx.	20%	CaO	
c. 50	g	slag,	80	g	H2O,	double	batch	

2. 1000	ml	OW	is	placed	in	beaker	
3. At	0	min,	pH	is	recorded.	After	this,	72	ml	slag	aqueous	solution	is	added	all	at	once.	
4. After	this,	pH	values	are	taken	every	30	seconds.	
5. At	or	near	pH	9	flocculation	solution	is	added.	
6. The	solution	is	stirred	until	flocculation	is	complete;	a	sediment	layer	and	a	clear	water	layer	

will	form.	
7. The	solution	is	filtered,	separating	the	sediment	material	from	the	clear	water.	
8. A	labeled	cup	and	a	labeled	canister	are	prepared	for	the	sediment	and	the	water,	

respectively.	Each	of	these	is	weighed.	
9. The	sediment	and	the	clear	water	are	placed	in	their	containers.	These	are	weighed	and	the	

weight	is	recorded	both	on	the	containers	and	in	the	excel	document.	

Trial	11.2:	using	slag	S4	
1. A	Slag	aqueous	solution	is	prepared	using	S4	

a. 250	g	slag	à	100	g	CaO;	Amount	slag=2.5	x	amount	CaO	used	in	Trial	1&2	(based	on	
average	amount	of	CaO	in	all	slags)	

b. approx.	20%	CaO	
c. 50	g	slag,	80	g	H2O,	double	batch	

2. 1000	ml	SW	is	placed	in	beaker	
3. At	0	min,	pH	is	recorded.	After	this,	24	ml	slag	aqueous	solution	is	added	all	at	once.	
4. After	this,	pH	values	are	taken	every	30	seconds.	
5. At	or	near	pH	9	flocculation	solution	is	added.	
6. The	solution	is	stirred	until	flocculation	is	complete;	a	sediment	layer	and	a	clear	water	layer	

will	form.	
7. The	solution	is	filtered,	separating	the	sediment	material	from	the	clear	water.	
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8. A	labeled	cup	and	a	labeled	canister	are	prepared	for	the	sediment	and	the	water,	
respectively.	Each	of	these	is	weighed.	

9. The	sediment	and	the	clear	water	are	placed	in	their	containers.	These	are	weighed	and	the	
weight	is	recorded	both	on	the	containers	and	in	the	excel	document.	
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Appendix	III;	Results	
 

Neutralization	time	
The	second	set	of	trials	show	similar	results	as	the	first	set	of	trials.	Bellow	a	table	with	results	from	
the	second	set	of	trials	can	be	found.	In	this	set	of	trials	an	addition	of	4ml	every	other	minute	was	
made.	
 
 

 
Figure	19:	Plot	displaying	the	course	of	neutralization	using	eight	different	slag	types.	Additions	of	4	ml	

neutralizing	solution	are	made	every	other	minute	
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Appendix IV; Sediment residues 
 

 
Figure	20:	Sediment	from	trials	1	and	2	using	lime	concentrate	from	OTKS	(Trial	1)	and	SMT	(Trial	2)	as	

neutralising	agents.	

  

Figure	21:	Sediment	from	trials	3.1	and	3.2	using	
slag	O1.	Addtions	of	2	respectively	4	ml	made	
every	other	minute. 

Figure12:	Sedinment	from	trial	4.1	and	4.2	using	
slag	O2.	Additions	of	2	respectively	4	ml	made	
every	other	minute. 
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Figure	13:	Sediment	from	trials	5.1	and	5.2	using	
slag	O3.	Addtions	of	2	respectively	4	ml	made	
every	other	minute 

Figure	24:	Sediment	from	trials	6.1	and	6.2	using	
slag	O4.	Addtions	of	2	respectively	4	ml	made	
every	other	minute 

Figure	25:	Sediment	from	trials	7.1	and	7.2	using	
slag	S1.	Addtions	of	2	respectively	4	ml	made	
every	other	minute 

Figure	26:	Sediment	from	trials	8.1	and	8.2	using	
slag	S2.	Addtions	of	2	respectively	4	ml	made	
every	other	minute 
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Figure	27:	Sediment	from	trials	9.1	and	9.2	using	
slag	S3.	Addtions	of	2	respectively	4	ml	made	
every	other	minute. 

Figure	28:	Sediment	from	trials	10.1	and	10.2	
using	slag	S4.	Addtions	of	2	respectively	4	ml	
made	every	other	minute. 
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