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Interactions in Multi-Component Mineral Systems
Justiﬁcation: Understanding on these interactions is important for optimizing processes and
quality of products. Knowledge of surface speciation and chemistry of interfaces is essential.
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ARC-MMS (publications, 2008-2011)
Licentiates of Technology:
[1.] Ikumapayi Fatai Kolawole, “Flotation Chemistry of Complex Sulphide Ores.
Recycling of Process Water and Flotation Selectivity.” Licentiate of technology thesis,
Luleå University of Technology, December 2010, 58 pp, ISBN 978-91-7439-181-7.

[2.] Bhuiyan Iftekhar Uddin, “Characterization of Ore Green Pellets by Scanning
Electron Microscopy and X-ray Microtomography.” Licentiate of technology thesis,
Luleå University of Technology, April 2011, 40 pp, ISBN 978-91-7439-231-9.

Research Articles in Peer-Reviewed Journals:
7 published articles in Journal of Physical Chemistry A (two articles); Journal of
Microscopy; The Open Mineral Processing Journal; Vibrational Spectroscopy;
Inorganica Chimica Acta; Journal of Colloid and Interface Sciences.
5 conference peer-reviewed articles
A number of posters and 4 invited talks at conferences
7 manuscripts submitted and to be submitted shortly.
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ARC-MMS SUBPROJECT 1 
Flotation chemistry of complex sulphide ores- 
Recycling of process water
Tec. Lic. Ikumapayi Fatai Kolawole (Ph.D student)
Prof. Kota Hanumantha Rao (coordinator)
Björn Johansson, Andreas Berggren (Boliden)
Assoc. Prof. Allan Holmgren (co-supervisor)
Assoc. Prof. Lars Gunneriusson (potentiometric titrations,
from 2010)

AIM: To establish the effects of
two major species of Ca2+and
SO42- (present in process
waters) on the froth flotation
performance of sulphide
minerals

Chemical species and their composition range in
Boliden process water

 ARC-MMS

SUBPROJECT 1 
Flotation chemistry of complex sulphide
ores-Recycling of process water

Methodology: 
1. Hallimond ﬂotation of single pure sulphide minerals using
tapwater and water containing major components present in
process waters: SO42- and Ca2+
2. Bench scale ﬂotation of complex sulphide ores using
tapwater and process water and with tapwater in the
presence of Ca2+ and SO42-
3. Zeta-potential measurements
4. FT-IR measurements (surface speciation)
5. XPS measurements (surface speciation)

SUMMARY:
(most important findings)
 Calcium

and sulphate ions have a significant
depressing effect on chalcopyrite and activating effects
on pyrite in Hallimond flotation

 Singnificant

effects of calcium and not sulphate ions
were found on the zeta-potential of all the minerals
under study

 FTIR

and XPS revealed a presence of surfaceoxidised sulfoxy species on chalcopyrite and surface
iron and calcium carbonates at pH 10.5 in process
water and water containing calcium ions. These
surface species influenced xanthate adsorption.

 Bench

scale flotations shows that recovery increases
at elevated temperatures. A better recovery is obtained
at small concentrations of calcium and at elevated
sulphate concentrations in the pulp water

Future work (2011-2012)


To determine the atomic composition of surface species by
XPS measurement and to quantify variations in surface active
sites of sulphide minerals treated with Ca2+and SO42- using
potentiometric titration



To study effects of other minor species in process water, such
as reduced sulphur compounds (RSC) (sulfoxyanions with
sulphur in the oxidation state below VI), on sulphides flotation
by adsorption, zeta-potential, FTIR and XPS measurements



To find and to adopt best chemical recourses to overcome the
detrimental effects of the process water components



To perform pilot flotation studies based on the new chemical
recourses



ARC-MMS SUBPROJECT 2 
Molecular scale approach towards behaviour
of collectors on sulphide surfaces
Dr Anna-Carin Larsson (coordinator)
Prof. Sven Öberg

What happens to a collector when it adsorbs to a mineral
surface?
Important information for understanding selectivity in froth
ﬂotation of sulphide minerals 
Methodology:
13C and 31P solid-state NMR
combined with quantum
mechanical DFT calculations can
provide an answer on a
molecular level

NMR spectroscopy: Different carbon sites have
different chemical shifts (different peak positions in
the spectra) depending on the electronic
environment around 13C nuclei
90.52 MHz solid state
13C CP/MAS NMR 
of potassium
iso-propylxanthate
powder

Spinning sidebands = “s”

s
s

s s s

s
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s

Xanthate adsorption/decomposition on PbS
(Larsson, Öberg, Lindberg, Sun, unpublished)
CS2-carbon 13C-enriched to provide stronger NMR signals

Decomposition products

3 mM Heptylxanthate (HX)
pH 8

3 mM Amylxanthate (AX)
pH 8
3 mM Ethylxanthate (EX)
pH 7.5



+ S
O2 +
OH- +

Surface adsorbed xanthate
stays more stable the
longer the alkyl chain is 

Eventually, the alkyl chain decomposes into
hydrophilic PbCO3 through intermediate steps

Summary of selected results
•

Adsorption of Xanthate Collectors on Sulfide Minerals
Studied by 13C CP/MAS NMR

Anna-Carin Larsson, Mats Lindberg, Zhong-Xi Sun, Sven Öberg, Willis
Forsling (to be submitted)


The longer the alkyl chain the more Xan is adsorbed on PbS



Xan decompose to CO32- - faster the shorter the alkyl chain is



Decomposition occurs through several steps

Summary of Results
•

A 31P CP/MAS NMR study of PbS surface O,O´dialkyldithiophosphate lead(II) complexes
Anna-Carin Larsson, Alexander V. Ivanov, Oleg N.
Antzutkin, Willis Forsling
J. Colloid Interface Science 327 (2008), 370-376



DTP ligands bind to PbS as surface complexes with the
e
terminal type of coordination



In addition, DTPs with branched alkyl chains
give bulk precipitation of Pb-DTP
complexes



Hydrolysis proceeds faster for DTPs with short chain alkyl
groups

Summary of Results
•

A 31P CP/MAS NMR Study of O,O´Dialkyldithiophosphate Collectors Adsorbed on
Sb2S3 Surfaces Combined with Crystal Structure
Determination of O,O´-Di-cyclo-hexyldithiophosphate
Antimony(III) Complex
Anna-Carin Larsson, Maxim A. Ivanov, Andreyy V. Gerasimenko,,
Alexander V. Ivanov (to be submitted)



DTPs chemisorb to the surface with
the bridging type of coordination
Chemical shift anisotropy shows that the
S-P-S angle is larger for surface complexes
than for crystalline Sb(DTP)3

Future work (later in CAMM)
 To

understand adsorption and decomposition of mixed
collectors (xanthate and dithiophosphates) on surfaces
of sulphide minerals

 13C

NMR will be used in identification of 13Cselectively labeled xanthates, while 31P NMR for
detection of dialkyldithiophosphates, twodimensional 31P-13C NMR will be used for studies of
proximity of xan and DTP simultaneously adsorbed
on mineral surfaces

 To

develop molecular level models for selectivity and
recovery in the froth flotation of sulphide minerals

ARC-MMS SUBPROJECT 3:
3D Data for Iron Ore Pellets
Iftekhar Uddin Bhuiyan (PhD student)
Dr Johanne Mouzon
Prof. Jonas Hedlund (coordinator)
LKABs green pellets are complex arrangements of:
•iron ore particles with a broad size distribution
•a binder (e.g. bentonite)
•additives (e.g. olivine)
•water
•porosity
It is this complex arrangement and interactions
between different components that determine the
wet and dry strengths of the pellets and
subsequently the ﬁnal porosity for oxidization and
reaction in blast furnaces  3D data are valuable!
Extreme High Resolution Scanning electron microscope (XHR-SEM)
Magellan 400 (installed at Division of Chemical Engineering, LTU, Oct 2009)

Micro-balling (LKAB)
magnetite powder
Water

rotation
3.5-5 mm seed
droplets by
spraying



Mixer
bentonite

feed

rotation

seed growth
by layering

ﬁnal green pellet

 
+

droplets
by spraying

seeds

feed

10-12.5 mm

fully grown pellets
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Cryogenic-SEM images of
Green Iron Ore Pellets (with and
without flotation reagent ATRAC)
AFRA

Reference

With ATRAC

Without ATRAC

”Black” spots in these images are air bubbles

Correlations? 3D Porosity  Mechanical strength of pellets?

Image analysis
Spherical Porosity Distribution

Stereological unfolding was used in the analysis of pores
having different shapes, i.e. “converted” to spherical shape
pores with the same volume

Air Bubble Size Distribution from 2D SEM
Micrographs (after Stereological Unfolding)

(a) REF Sample

(b) FLOT Sample

Mean size = 102 μm
Bubble porosity = 2.84%

Mean size = 88 μm
Bubble porosity = 6.68%
22

Image analysis
Spherical Porosity Distribution
According to the
analysis of SEM
images the ﬂotation
reagent (Atrac)
entrapped more air
bubbles and the size
fraction of pores
between 10 and 150
μm is increased. 

3D Porosity  Mechanical strength of pellets?

X-ray Microtomography

FLOT Sample
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X-ray Microtomography
Air Bubble Size Distribution

(a)

(b)

REF Sample

FLOT Sample

Mean size = 112 μm
Bubble porosity = 2.62%

Mean size = 100 μm
Bubble porosity = 5.21%
25

Results on porosity in green iron oxide
pellets (from different methods)
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Conclusions


Image analysis of SEM micrographs of green pellets is
an efficient technique for the characterization of bubble
porosity and packing porosity and for quantification of
the former.



When extra flotation reagent was added prior to balling,
the bubble porosity increased by a factor of 2.4 and the
median bubble diameter was decreased slightly.



The comparison between SEM and XMT data has
shown good agreement between the two methods.



Mercury porosimetry provides information on total
porosity and the throat size distribution rather than the
porosity due to entrapped air bubbles.
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Future Works (subproject 3, 2011-2012)


More advanced image analysis of SEM micrographs will
provide information about packing porosity in iron ore
pellets (magnetite, olevine and bentonite particles) and
their morphology in the vicinity of air bubbles.



Direct observation of the microstructures of wet
agglomerate by cryo-SEM will provide information for
understanding of how bentonite acts as a binder. High
resolution SEM images of dried green pellets will provide
complementary information.



Synchrotron X-rays microtomography provides submicron
resolution and may be useful for further high resolution
studies of the 3D microstructure in the pellets.



To develop models describing correlations between 3D
porosity and the mechanical strength of pellets
28

FUTURE (after 2012): ARC-3REE (Rare-Earth Elements)?
Discussions during a regular ARC meeting, June 3, 2010:
“Concern grows over China’s dominance of rare-earth metals”
by David Kramer in Physics Today, May 2010:
“A supply of neodymium, dysprosium and terbium needed for new
advanced materials will be very tight already in 2015”
-> Nd2Fe14B permanent magnets, 1.5 T (in computers, engines of
hybrid cars (a “Prius” motor-generator contains ca 1 kg of Nd)
-> Ni-metal hydride batteries contain ca 10 kg of lanthanum.
-> Wind turbine generators contain ca 240 kg of permanent
magnets
-> China produces 120 000 ton REE-oxides and the rest of the
World produces only 10 000 ton REE-oxides!!!

FUTURE: ARC-3-REE
(Rare-Earth Elements)?
-> 0.4-0.7% of REE associated predominantly with apatite
(accumulated tailings in Aitik (Boliden), LKAB)
-> A new application entitled “Agricola Research Centre –
Rare Earth Elements” was submitted to SSF in Feb. 2011
(applied for 19.6 Mkr, 2012-2016)
Vision:
“To develop novel technologies for concentration, extraction
and separation of Rare Earth Elements (REE) from tailings of
sulfide ores, and from waste and process waters using
methodology based on titanium-phosphate and titanium
hydroxide ion exchangers and novel halogen-free boron
based ionic liquids as well as hydrophilic-hydrophobic
switchable ionic liquids.”
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