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The final report on the programme of Agricola Research Centre 
(ARC) 2007 
 
 
 

   Summary 
 
The research program was named Agricola Research Centre (ARC) after the famous 
German scientist Georg Agricola, who lived during the 16th century and is generally called 
the “father of Mineral Processing and Metallurgy”. 
 
ARC gradually commenced its´ activities in 2001. The research program was created to 
provide long-term support to the Swedish Mining- and Mineral Industry and the Swedish 
Foundation for Strategic Research, together with LKAB and Boliden, allocated 40 MSEK 
for a period of 6 years. 
 
Research was focused on the surface properties of mineral particles with reference to 
industrial processes in Mineral Processing and Metallurgy. The achieved knowledge was 
intended to give rise to improved production and furthermore to new applications of 
mineral particles. 
 
The mining industries need a deeper understanding of the production processes to be able 
to control them better. The research program of ARC was basically inter-disciplinary, 
comprising fundamental research at different university departments as well as in industry 
and in total 20-25 senior researchers and PhD students have been employed. 
 

     The graduate training has been a very important and vital part of the 
      programme. Many new academic courses have been initiated and 
     accomplished and besides the PhD students in the ARC programme 
     other PhD students and staff from the whole University and the industry 
     have participated and benefited from the series of courses and seminars 
     by invited scientists (see A6). 

 
ARC has paved the way for an even more comprehensive collaboration between the Luleå 
University of Technology and the  Mining- and Metallurgical industry in Sweden. This is 
displayed by the establishment of new research programs, Hjalmar Lundbohm Research 
Centre (HLRC) funded by LKAB and “Gruvforsknings-programmet” funded by 
VINNOVA together with LKAB, Boliden Minerals and Lundin Mining. 
 
ARC has participated in an extensive international network of world leading research 
institutes like Ian Wark Research Institute in Australia and the exchange and collaboration 
will carry on in the future. 
 

    The objective of the programme 
 
     Agricola Research Centre (ARC) is an interdisciplinary research and   
     education programme in Mineral Processing and Metallurgy in order to   
      contribute to the development of the mining and mineral industries in  
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Sweden. 
This is accomplished by education of PhD-students as well as by performing research projects 
with industrial relevance and by establishing an internationally recognized centre of research 
and education.  
The activities of the centre are obliged to be at a very high international standard within 
specifically selected areas. 
 
We have chosen to focus our research on the surface properties of mineral particles, which are 
the result of comminution and grinding processes that are crucial operations in the production 
of metals and industrial minerals. 
The chemical and physical properties of mineral surfaces are of vital importance for all the 
unit operations (beneficiation, separation, bio-processing, agglomeration etc.) that follow after 
the grinding process. 
 
See figure 1 
 

Mineral Production Processes  
  

                   Rock drilling 
 
                  Blasting 
 
             Crushing 
 
   Grinding 
   

      Beneficiation  
          
 Bio-Processing 

 
       Separation  
 
   Agglomeration 
 
     Induration  
 
   Reduction   
  
Fig. 1 The common theme    =    Surface Properties of Mineral Particles       
 
   
The research of mineral surface properties may be classified as a part of inorganic surface 
chemistry, which, among other things, is reflecting surface reactions in aqueous suspensions. 
The surface properties originated from wetting, oxidation, dissolution and sorption reactions 
are of vital importance in all processes related to particles. 
This statement is well known and accepted in the mineral and mining industries. 
 
The ARC program was principally committed to fundamental research, which fits in to the 
industrial vision of the industrial needs in order to achieve further progress of the process 
understanding and control. 
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The research programme represents an implication of the concept “interface technology”, 
since mineral particle surfaces are representing boundary phases in many mineral processes 
e.g. mineral/water, mineral/air, mineral/mineral etc. 
 
The activities are separated in four principal areas with various conditions and objectives: 

1. Comminution of Minerals and Rocks 
 

The relation between particle characteristics as influenced by the comminution 
process and the effect on the subsequent operations 
Aim:  improved efficiency, increased grinding rate,  
utilization of mechanical activation 

 
2. Mineral surface reactions and chemical modelling 
 

Atomistic simulation, surface structure, sorption properties,  
flotation pulp models, froth dynamics and structure 
Aim: improved surface characterization, quantifying of  
surface properties, modelling of surface reactions 
 

3. Minerals Bio-processing 
 
 Metal bio-beneficiation, bacterial cell surfaces, bio-flotation, bio-    flocculation 
 Aim:  utilisation of micro-organisms in mineral processing 

 
4. Metallurgical properties of iron ore pellets 
 
 Agglomeration and induration, decrepitation, oxidation 
              metallurgy, swelling and softening, melting 

Aim:  improving pellet production, improving blast furnace  
 operation, developing new pellet composition 

 
The first two areas mainly relate to general issues while the last two areas concern more 
specific processes in Boliden Minerals (Nr 3) and LKAB (Nr 4) respectively. 
 
All the research areas were initiated and accomplished in contact with the participating 
industries even if all the research projects were approved from scientific bases. 
 
There are several scientific challenges, which have to be met by the researchers.  
 
They can briefly be condensed in the following points: 
 
      i) Description and characterisation of mineral surfaces and surface 
 interactions at the molecular level 

 
ii) Quantification of relevant properties and processes occurring at  
              surfaces,   i.e. beyond qualitative descriptions of mineral surfaces  
              at different conditions. 
   

       iii) Modelling of properties and processes and hence their prediction 
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The industry objectives are also manifold such as to establish a research center for scientific 
and technical exchange and to be supplied with well-educated research fellows for 
employment in key positions. 
 
The industrial vision is visualized in Fig.2, where the fundamental studies are integrated in a 
diagram of obligations with reference to the development of industrial processes. 
 
Fig.2 Industrial Vision 

 
Fundamental    
 

 
 

The general approach underlying the ARC program can be summarised as follows: 
 
The scientific basis of mineral processing is in many respects insufficiently understood. 
Significant improvements in existing processes are expected if this situation can be upgraded.  
On a molecular level, the common basis of the mechanisms underlying the various unit 
operations in mineral processing is the surface chemistry and the mineral surface reactions at 
the solid/liquid/gas interface.  
Hence the objective of the program is to understand the surface phenomena involved in 
mineral processing well enough, so that the results can be utilized for improvement of the 
existing processes and possibly the introduction of new methods of processing minerals.  
 
The nature of the research is truly inter-disciplinary and people with various background and 
qualifications are involved in the research program.  Thus different areas of chemistry 
(surface, inorganic, physical, analytical and organic) as well as physics, mathematics, mineral 
processing and metallurgy play active roles in the projects.  
 
An additional goal of the programme was to improve the scientific level and status of the 
research area in order to attract a new generation of young students to dedicate their activities 
in projects which are fundamental for the mining- and mineral industries in Sweden.  
 
 
 
 
 
 
1. History of the programme 
 
In 1998 Luleå University of Technology responded to an invitation from the Swedish 
Foundation of Strategic Research (SSF) to propose a new research program in Mineral 
Processing and Metallurgy with reference to long-term industrial needs.  
The Swedish mining industries, LKAB and Boliden Minerals, were very active in the process 
to develop a balanced research program, which could satisfy the industrial needs as well as 
the scientific demands. 
The application was handed in to SSF in 1999 and after a positive evaluation by international 
experts the application was approved in May, 2000. 

Fundamental 
knowledge 

Process 
understanding 

Process 
Modelling 

Process 
Control 
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The funding from SSF was approved on the condition that the related industries (LKAB, 
Boliden Minerals and MinFo) also took part in the financing of the program.  
The total allowance was limited to 40 MSEK (about 35% from Industry) and the research 
program was supposed to continue for about 6 years. 
   
The scientific level is commended by the production of PhD– and Licentiate theses as well as 
publications in well-established scientific journals with a referee system. 
The industrial needs have to be looked after within this frame, which excludes short-term 
projects of more or less “problem-solving” type. 
Contracts were established with each of the participating industries in which they pledged 
themselves to finance their shares of the research programme. The total sum from the 
industries was 15 MSEK distributed in the following way: LKAB 5.5 MSEK, Boliden 5.5 
MSEK and MinFo 4.0 MSEK. 
 We were told that this type of financing was very unique for the SSF programmes and could 
be considered as a new initiative and experiment by SSF to evaluate the possibilities of 
sharing the responsibility with the most involved industries.  

The research programme was named Agricola Research Centre (ARC) after the famous 
German scientist Georg Agricola, who was living during the 16th century and is generally 
called the “father of Mineral Processing and Metallurgy”. 
 
A board of directors was recruited and the first board meeting took place on 2001-02-07. 
Following board members were appointed by the vice-chancellor at LTU: 
 
Prof. Per-Olof Samskog, R&D manager, LKAB (chairman) 
Mr. Ulf Marklund, R&D manager, Boliden Minerals 
Mrs Marianne Thomaeus, R&D manager, MinFo  
Prof. Kari Heiskanen, HUT, Finland 
Prof. Krister Holmberg, CTH 
Prof. Willis Forsling, LTU (co-opted member, secretary)  
See Appendix 1 
Furthermore a representative from SSF (Karl-Olov Fentorp) was participating in our board 
meetings during the whole period of the program. 
 
Since then the board meetings have taken place twice a year until September 2006. 
All the protocols as well as other information and news have been available continuously on 
our home page on the net: 
http://www.ltu.se/tkg/avd/kgk/d310/d312/d771/Agricola 
  
The PhD student positions were announced during February-March 2001 and we got 18 
applications. Most of the applicants were interviewed during March-April and the first 
students were employed 2001-04-01. Then new students were recruited continuously during 
2001. 
 
The PhD students were recruited from different scientific disciplines as well as from industry. 
A few of the participants were actually employed by LKAB and Boliden Minerals and then 
they perform their studies as industry students. 
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They were, however, participating at the same conditions as the university students and their 
projects were chosen and approved from a scientific basis. 

The research activities were organized in four different areas, Comminution of Minerals and 
Rocks, Mineral Surface Reactions and Chemical Modelling, Minerals Bioprocessing and 
Metallurgical Properties of Iron Ore Pellets.  
Each area was directed by an area leader who was appointed by the board of directors. 
 
The managing group comprised following scientists: 
Prof. Eric Forssberg (1), Assoc.  Prof.  Allan Holmgren (2),  
Assoc.  Prof.  Hanumantha Rao (3) and Prof. Bo  Björkman (4). 
 
These people were responsible for the projects within their sphere of research and to submit 
progress reports to the director of the ARC program. 
 
Beside the area leaders at least one senior researcher was appointed in each area. They were 
all working part time (25-40%) with their individual projects and supervising of the PhD 
students.     
Every PhD student was supervised by at least two senior scientists from different divisions to 
secure that the competence of the whole research program was utilized.  
             
During the realization of the programme (2002) MinFo announced that the organisation could 
not live up to its commitment due to lack of subsidy from the government, which created 
trouble and induced many activities for a few years by the chairman and the program director.   
Consequently Mrs Marianne Thomaeus (MinFo) retired from the ARC Board. 
The situation was frequently discussed in the ARC board in order to avoid that SSF would 
reduce their part of the total financing in proportion to the reduced funding from industry. The 
SSF representative was helpful in our efforts to put things in order to carry on the research 
program according to the original plan. Then several efforts were made to replace MinFo´s 
share by support from other industries.  
 
Among other steps we visited METSO in Helsinki and presented the ARC programme to 
induce participation in the programme. Initially it looked very promising until the company 
performed a major reorganisation and its participation in ARC was no longer prioritised.  
 
Rio Tinto, which is a major mining industry, was not interested to support the whole 
programme but only in special projects that were “tailor-made” for them.  This was not 
practical to accomplish bearing in mind the long-term ambitions of ARC.  
 
Finally CBI agreed to participate in the ARC programme by financing an industry PhD 
student during a few years until Licentiate exam.  
The PhD student was employed in 2004 and examined in 2007. 
 
Furthermore, during the performance of ARC, LKAB decided to donate 100 MSEK to LTU 
for continuing research with reference to the mining industry sector.  
By this donation the total commitment from industry to the research area must be considered 
as well accomplished.  
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A mid-term evaluation of ARC by the scientific advisory board (Prof. Per Stenius, Prof. Brij 
Moudgil and Prof. Peter King) was arranged in Kiruna (LKAB), where all the participants 
(PhD students and staff) presented their projects followed by open discussions and comments.  
 
Before this occasion Prof. Per Stenius visited LTU where he discussed with all the 
participants in the programme individually and wrote a report on his findings. 
The evaluation process was initiated by the program director and confirmed by the ARC 
board to secure the scientific level and deliveries compared to the original objectives. 
 
The written reports of the evaluators were sent to SSF, LKAB, Boliden and they were also 
presented on the web homepage of the programme. 
 
The last sentences of the evaluation made by professors Peter King and Brij Moudgil are: 
“Given the comparatively small resources available and wide range of scientific interests of 
the people involved the progress of the Centre during the initial period is impressive. The 
standard of the scientific work is uniformly high and the potential for some really important 
research findings is, if anything, better than envisaged when ARC was established. The 
interests and skills of the participants form a unique mix and therein lies the strenght of the 
Centre. With better coordination and greater commonality of effort a remarkebly strong 
research centre could emerge” 
 
To sum up the programme was very favourably reviewed from scientific point of view but a 
few of the evaluators expressed some criticism on the collaboration between different 
disciplines in the programme. They were concerned about how the experience and expertise at 
all participating subject fields could be taken care of. 
Having this said it would be appropriate to share some thoughts about the positive and 
negative experiences from running an inter-disciplinary programme like ARC at the 
university.  
 
ARC includes various disciplines such as Mathematics, Chemistry, Mineral Processing and 
Metallurgy as well as R&D departments in industry. 
All these disciplines are characterized by different views and backgrounds with reference to 
scientific traditions. Some of them devote themselves to rather short-term engineering 
projects of more or less “problem-solving” type, other disciplines are deeply engaged in intra-
scientific questions while still others prefer to get a free disposal of a fixed amount of money 
to spend to the best of their ability.  
 
However, with reference to the instructions from SSF the research activities should not 
primarily aim at solving the currently existing problems in industry but to increase the level of 
knowledge in the area of mineral processing by applying new ideas and experimental methods 
mainly based on concepts from fundamental research. 
The different approaches and views of the participating staff from different disciplines were 
continuously discussed and challenged during the whole period of the program which now 
and then caused clashes that obstructed the collaboration from time to time.  
 
The program directory requested written research plans and time tables regularly from the 
applicants and stake holders of research projects to be able to assure the quality and to keep 
the “track” of the programme, which sometimes gave rise to complaints. 
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However the resolute attitude of the program director was continuously supported by the ARC 
board and by the experts in the advisory board who were very positive and encouraging 
during the whole period. 
 
The scientific output of the programme was generally very satisfactory and the results will be 
presented in detail below. 
 
Even if the different attitudes and culture at separate university divisions gave rise to some 
struggle and debate they were usually very stimulating in the long run. These experiences will 
certainly facilitate the collaboration in subsequent research programmes (Hjalmar Lundbohm 
Research Centre and ARC – MMS (Multi-component Mineral Systems) from VINNOVA). 
 
One of our goals has been to create an internationally recognized centre, which would 
influence the research and development of the Swedish mining and mineral industry in a long-
term way.  
In that respect it was vital to establish collaboration and create an international network with 
the world-leading centres of excellence in the field. 
 
ARC has been visited by about 15 internationally well-known scientists from different 
universities and institutes for a longer a shorter period of time. These experts from many 
different countries like Australia, Russia, India, China, United States, Canada, Netherlands 
and Hungary have presented courses and seminars, supervised and discussed with PhD 
students, as well as acted as evaluators, opponents and members of examination committees at 
PhD dissertations etc. 
See Appendix 3 
 
Their separate contributions of visiting scientists will be described in detail below. 
 
ARC has then established a widespread international network and by a additional funding, so 
called Institutional Grant, from the Swedish Foundation for International Cooperation in 
Research and Higher Education (STINT) we have created a special scientific exchange and 
initiated collaboration projects with Ian Wark Research Institute (IWRI) in Adelaide, 
Australia. 
This collaboration has induced several exchange visits and PhD students and senior 
researchers from the ARC program have spent working periods at IWRI.  
 
Among other things the exchange program has introduced the benefits and practicality of 
solid-state NMR in the area of mineral surface studies to the researchers from IWRI and they 
have now started to use similar equipment as applied in the ARC programme. 
 
 
 
2.  Scientific results of the programme 
 
The research programme represents an implication of the concept “interface technology”, 
since mineral particle surfaces are representing boundary phases in many mineral processes 
e.g. mineral/water, mineral/air, mineral/mineral etc. 
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All the research areas were initiated and accomplished in contact with the participating 
industries even if all the research projects were approved from scientific bases. 
 
The long-term goals of the research program are associated with the industrial and technical 
applications, which are of the concern for the participating industries.  
The fundamental scientific objectives may be described in the following way: 
 

i) The mineral surface properties and interactions with the  
            environment need to be evaluated and described on a  
             molecular level. 

                   The mineral processes in the mining industry are very complex  
                   and the research approach has to involve relevant  
                   simplifications that still correspond to and depict reasonably  
                   realistic conditions. 
 

ii) The surface reactions should be possible to quantify in order to obtain the 
range of optimum conditions in the industrial process. 

 
iii) Reliable and robust modelling techniques should be 
             developed aiming to the prediction of mineral surface  
             activities in different environments. 

   
Having the industrial and scientific goals in mind all the projects are performed in the 
interface between scientific demands and long-term industrial needs, which often compose a 
challenge to the scientists and PhD students in the programme. 
After applications from the managing group and discussions in the board of directors 
following research projects were approved during 2001. 
All the projects include a time plan which is signed by the PhD student and the supervisors. 
 
 
 
List of Approved Projects 2001: 
 
Proj 
nr 

Projekt 
leader 

university, 
institution 

Projekt title Totally 
approved 
kkr 

Time-
period 

1 Eric 
Forssberg 

LTU, Kemi och 
metallurgi (KM) 

Modelling techniques with 
application to comminution 

1000 01-04 

2 Yanmin 
Wang 

LTU, KM The effect of intensive grinding on 
crystal structure and enthalpy 

250 01-02 

3 Allan 
Holmgren 

LTU, KM Orientation of collectors at mineral 
surfaces 

1000 01-03 

4 Willis 
Forsling 

LTU, KM The coordination chemistry of 
dithio-reagents and metal ions in 
solution, in solid state and at mineral 
surfaces 

1850 01-05 

5 Willis 
Forsling 

LTU, KM Surface reactions during grinding in 
mixed sulfide systems 

150 01-02 

6 Oleg 
Antzutkin 

LTU, KM Mineral surface reactions studied by  
ss-NMR 

2200 01-04 
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7 Lars 
Gunne-
riusson 

LTU, KM Surface complex modelling of mixed 
mineral systems 

2250 01-05 

8 Swarna 
Prabhakar 

LTU, KM Correlation between Wollastonite 
surface energetic structure and 
flotation behaviour 

150 01-01 

9 Allan 
Holmgren 

LTU, KM Adsorption/desorption kinetics of 
collectors at mineral surfaces in 
aqueous solution 

2240 01-05 

10 Allan 
Holmgren 

LTU, KM Computer aided atomistic simulation 
of mineral surface reactions 

2250 01-05 

11 Åke 
Sandström 

LTU, KM Characterisation of sulfide mineral 
surfaces during bio-leaching 

250 01-02 

12 Bo 
Björkman 

LTU, KM The influence of raw material 
properties on magnetite concentrate 
green pellet strength and 
oxidation/sintering behaviour 

1000 01-04 

13 Guang-
quing Zuo 

LTU, KM Influence of the operation in blast 
furnace on the pellet behaviour 

250 01-02 

 
 
This list of initial projects was continuously upgraded and completed with new ones as the 
students finished their exams and new applications and ideas were introduced. 
 
Below is a report on the research projects in Agricola Research Centre, 2001-11-27 including 
the PhD students (red colour), visiting scientist (blue), Senior researchers (black) 
 
      1.  Correlation between Wollastonite surface  
 energetic structure and flotation behaviour   
 Dr Swarna Prabhakar, Ass. Prof. Hanumantha Rao,  
 Prof. Willis Forsling 
      2.  Mineral surface reactions studied by ss-NMR      
 Dan Sandström,  Assoc. Prof. Oleg Antzutkin, Assoc. Prof Allan 
                  Holmgren 
     3.  Surface reactions during grinding in mixed sulfide systems 
 Benoit Drouet, Prof. Willis Forsling. Assoc. Prof. Allan  
                  Holmgren 
     4.  The coordination chemistry of dithio-reagents  
 and metal ions in solution, in solid state and at  
 mineral surfaces 
 Anna-Carin Larsson, Daniela Naydenova,  
 Assoc. Prof. Oleg Antzutkin, Prof. Alexander Ivanov  

5. The influence of raw material properties on Magnetite green 
              pellet strength and oxidation/sintering behaviour   
 Seija Forsmo, Prof. Bo Björkman, Prof. P-O Samskog 
   
6. Orientation of collectors at mineral surfaces   

 Margareta Lidström-Larsson, Assoc. Prof. Allan Holmgren,  
 Prof. Willis Forsling 
    7.  Surface complex modelling of mixed mineral  
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 systems     
 Mathias Jarlbring, Dr Lars Gunneriusson, Prof. Willis Forsling 
     8. Investigation on effect of intensive grinding on  
 crystal structure and enthalpy of carbonate  
 minerals in a stirred ball mill and/or a  
 vibration mill    
 Dr Yanmin Wang 
    9. Modelling techniques with application  
 to comminution    
 Kent Tano, Assoc. Prof. Bertil Pålsson, Prof. Eric Forssberg  
    10. Characterisation of sulphide mineral surfaces 
 during bio-leaching    
 Dr Åke Sandström, Dr Lars Gunneriusson  
    11.  Atomistic simulation of mineral surface reactions  

 Tarun Kundu, Pär Hellström 
 Assoc. Prof. Hanumantha Rao, Assoc. Prof. Sven Öberg,  
 Assoc. Prof. Allan Holmgren 
    12. Adsorption-/desorption kinetics of collectors  
 at mineral surfaces in aqueous solution   
 Andreas Fredriksson, Assoc. Prof. Allan Holmgren, Prof. Willis 
                  Forsling 
    13. Influence of the operation in the blast furnace  
 on the pellet behaviour    
 Dr Guangquing Zuo 
 
This project list reflects the situation at he beginning of 2002 and now all the PhD students are 
finished with their exams, a new generation of PhD students has been recruited and finished 
exams (see A7), several other visiting scientists have been connected to the program and new 
senior researchers have been employed. 
 
Actually the space is too limited to allow a complete report on all projects during the whole 
period. 
 
The total number of publications in scientific journal is very high (see A4) and the output 
includes more than 100  

 
3.  The “graduates” of the programme 

 
The graduate training has been a very important and vital part of the programme.  
Many new courses have been initiated and accomplished and besides the PhD students in the 
ARC programme other PhD students and staff from the whole university and industry have 
participated and benefited from the series of courses (see A6). 
 
The teachers of the courses are generally very qualified scientists from different parts of the 
world.  Besides lecturing in the courses these experts were involved in the research projects 
run by the PhD students. The students got the opportunity to discuss and to get input from the 
leading experts in relevant subjects. 
 
The complete list of PhD students employed in the programme is given in A7. 
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Most of the students (8) are working in different mineral and metallurgical industries, four 
others are still at the university in different positions and three students have returned to their 
home countries (France, India, Iran) after graduation.  
 
Since practically all industrial processes need engineers and technicians with an inter-
disciplinary background and interest, the PhD students with different backgrounds have been 
recruited. Consequently PhD students with a background in physics have worked on surface 
chemistry projects and a chemists have been introduced to projects in mineral processing and 
metallurgy. Their inter-disciplinary background may make them more attractive for 
employment in industry. 
 
We have chosen this inter-disciplinary approach well aware of that these students may need a 
longer time for their education due to their background but in return they may introduce 
alternative trains of thought.  
 
It can be concluded that the PhD students in industry have contributed a lot to the ARC 
programme through their background and detailed knowledge of the processes.   
Actually a programme like ARC would not have been the same without these students and it 
is easy to recommend future programmes to accept and encourage PhD students in relevant 
industries. 
 
A general conclusion of the inter-disciplinary appointment of PhD students is that the success 
of the individual student is more due to personal qualities than specific education background.  
Ambition, power of concentration, working capacity and curiosity proved to be very decisive 
characteristics of well-doing. 
 

4. Impact of the programme – to industry and society 
 

Before starting the programme SSF indicated that the main focus should be on long-term 
research contributions and not restrict ourselves to solve the industrial and technical problems 
of today. 
 
This approach was strongly supported by the LKAB and Boliden Minerals and fitted well into 
the industrial vision of the program. 
  
Consequently the research projects were very much oriented towards the use of recently 
developed scientific methods, experimental and theoretical studies on a molecular level and to 
create new models to describe and predict the behaviour of mineral particles in various 
processes. 
Then projects aiming at direct applications in current industrial unit operations have been less 
prioritized compared to attempts to achieve new and deep information of the processes on a 
molecular level. 
 
Considerable efforts have been made to develop and establish new techniques for mineral 
surface studies “in situ” as well as to use “old” ex-situ experiments in a new way.  
A general concept has been to introduce a multi-instrumental approach to the surface studies 
and to utilize the fast development of computer aided techniques and programs to observe and 
explain mineral surface reactions. 
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However, having this said, there are results from the research programme that obviously may 
be more or less directly useful for the industry.  This statement applies particularly to the 
work performed by the PhD students in industry, who have obtained experimental and 
theoretical results that in many cases have been directly applicable to industrial production. 
(See A12) 
 
Below we have presented some of the research areas and projects in more detail and included 
the impact they may have on the future development of industrial processes. 
 
The main mineral resources of the Boliden mines are consisting of metal sulphides. 
The complex sulphide ores are fine-grained, intimate associations of chalcocite, chalcopyrite, 
sphalerite and galena freely disseminated in the dominant pyrite or pyrrhotite, and which 
contain valuable amounts of silver and gold. The increased bulk recovery of many complex 
minerals, the increased rejection of iron sulphides, improved scavenging of precious metals 
and the selective separation of valuable minerals from other somewhat related minerals is an 
extremely complicated problem. 
 
Key operations after mining and crushing processes are grinding and froth flotation of 
aqueous mineral mixtures. 
In the froth flotation pulps the mineral surfaces are modified by addition of flotation reagents 
like collectors and depressants in order to achieve separation and concentration of valuable 
minerals. 
 
Some of the activities in the ARC programme were aimed at understanding the chemical 
reactions in the flotation pulp and the basic surface reactions at the solid/water interface.  
The collector is the heart of the flotation process, because it produces the hydrophobic film on 
the mineral surface.  Thiol collectors used commercially today contain a sulphur atom bonded 
to carbon or phosphorous. The common commercially used thiol collectors include xanthates, 
dithiophosphates, thionocarbamates, mercaptobenzothiazole and xanthic esters. 
 
In the ARC programme the surface reactions of sulphide minerals are studied by integrating 
in-situ FT-IR and Raman spectroscopy, SEM and CP/MAS NMR measurements.  
 
These studies also involve kinetics of collector adsorption in aqueous suspensions. 
 
The metal sulphides examined are ZnS, PbS, CdS, NiS, Cu2S and CuFeS2.  
These minerals represent the vast majority of the valuable metal sulphides in Sweden, which 
are concentrated and separated by froth flotation. 
 
In our studies we have established the surface adsorption and speciation as well as solid and 
liquid complexes in the flotation pulp as a function of pH and concentration. 
 
 
A few examples of research projects conducted within ARC are: 
 
 i)        The spin of nuclei P-31, C-13 in the dithiophosphates,  

           N-15, C-13 in thiocarbamates, Cu-65, Pb-207 and Cd-113  
            in the various metal dithiolato complexes were utilized to 
            aquire structural information of the surface species 
           formed on mineral particles by means of CP/MAS NMR  
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           in combination with Electron Microscopy and X-ray 
           Diffraction. (See further details below) 
ii)  Atomistic simulation techniques are applied to predict the  
           structure  and mineral surface properties such as  
           hydration at  various cleavage planes, dislocation at  
           interfaces, surface induced solubility and surface energy.  
          (See example below) 
iii) Surface interactions in aqueous suspensions of mixed minerals 

studied by means of Potentiometric titrations in combination with 
Electron Microscopy  and FT-IR Spectroscopy (See some results 
below) 

iv) Adsorption kinetics of flotation reagents on mineral surfaces in 
aqueous solution studied by in-situ ATR Spectroscopy. (See further 
details below) 

v) Industrial PhD-projects at LKAB include continuous modeling of a 
tumbling mill by measuring the force acting on the lifter when it hits 
the charge inside the mill as well as the influence of raw material 
properties on magnetite green pellet strength and oxidation/sintering 
behaviour. 

     (See details below) 
vi) A PhD-project at Boliden Minerals was dealing with the fluorine 

toxicity in bioleaching systems. Experimental tecniques include X-
ray Photoelectron Spectroscopy and Optical Microscopy in 
combination with thermodynamic calculations.       

 
The vibration spectroscopy studies are performed adopting an ATR technique, where a metal 
sulphide was synthesized on crystals of ZnS or Ge and subsequently used for in-situ 
adsorption experiments. The experimental set-up is shown below (see fig.3) 
 
 

               Fig. 3 
 
 
An aqueous solution of the collectors was pumped over the crystal and the adsorption was 
monitored by recording spectra at certain reaction time intervals. 
By utilising polarised light, both the preferred orientation as well as the adsorption kinetics of 
the individual reagents and a mixture of them could be established.  
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The influence of surface activation with copper ions with reference to flotation of sphalerite 
was examined with the same technique. 
 
Generally the adsorption kinetics is relatively slow and during the conditioning time used in 
flotation (≈ 15 min) the surface coverage was about 10-20% of a monolayer. 
The surface activation of sphalerite with Cu(II) ions increased the adsorption rate.  
The experimental method and the results achieved are described in two PhD theses. 
 
CP MAS NMR has proven to be a useful tool in these studies. This technique is considered to 
be quite insensitive at the concentration levels valid for froth flotation, but this statement did 
not turn out to be true. 
On the contrary we have (for the first time) demonstrated that mineral surface reactions can be 
verified with this technique at collector concentrations below 0.1 mM for mineral surfaces 
with an area of > 10 m2/g. (See Fig. 4) 
 

 
 
Fig. 4.   
 
Dithiophosphates form CuxLy complexes when adsorbed on chalcocite surfaces 
In our studies we have utilised the spin of the nuclei P-31, C-13 in the dithio-phosphates, N-
15, C-13 in the dithiocarbamates, Cu-65, Pb-207 and Cd-113 in the different metal dithiolato 
complexes to achieve structural information of the species formed. 
 
Correlations between the P-31 chemical shift anisotropy and the molecular structure in 
polynuclear O,O’-dialkyldithiophosphate Zn(II) and Ni(II) complexes are established by 
means of CP/MAS NMR and ab-initio quantum mechanical calculations. 
 
The internal distance and characteristics of separately adsorbed collector molecules are 
established by introducing special pulse activation sequences and double quantum evaluation 
filtering techniques in the NMR experiments. 
The coordination of adsorbed collectors on galena (PbS) and sphalerite (ZnS) was found to be 
different.   
The adsorption of dithiophosphates on sphalerite occurred by bridging coordination (see Fig. 
5) while the corresponding adsorption on galena is monodentate. 
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The latter coordination scheme implies a more dense layer and possibly faster kinetics of 
adsorption which indicate the different behaviour in the flotation pulp. 
 
The experimental methods used are described in more detail in the publications and  
theses, which are found in A4 and A7.  
 
 
 

 
 
Fig. 5 
 
 
The main product of LKAB is iron ore pellets with a very high quality.  
In a few ore bodies the magnetite is intimately mixed with apatite at rather  
low concentrations.   
Since the phosphate content has to be kept at a very low level (<0.1%) a 
 Reversed flotation process is introduced.  
 
In the ARC programme we have studied the interaction between magnetite,  
apatite and flotation reagents in order to minimize the influence of flotation  
reagents on the following agglomeration process.  
The ultimate goal is to produce pellets with optimal qualities in the blast 
furnace. 
 
One result of the activities in the ARC program is a model of the surface  
speciation in an aqueous suspension of magnetite/apatite as a function of  
pH (Fig. 6).  
 
This model can be used to predict the prerequisite for an optimal mineral 
 separation. 
 
In Fig. 6 the approximate location of the domination surfaces species in an  
Aqueous suspension of apatite and magnetite (maghemite) is shown as a  
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function of pH. 
The speciation is based on results from potentiometric titrations of aqueous  
mineral mixtures. 
Additional information is obtained from CP MAS/NMR, SEM images and  
Raman  spectroscopy. 
At the pH range of flotation (8.5 -9) the iron mineral surfaces are slightly 
 negatively charged while the apatite surfaces are slightly positively  
charged. 
Then a negatively charged collector seems to preferable to make a  
separation and flotation of apatite. 

 
 

                        
 
           ≡PO3FeOH2

+         ≡PO3FeOH          ≡PO3FeO-                
             ≡PO2FeOH2

+          ≡PO2FeOH     ≡PO2FeO- 
      ≡P=O                 ≡P=O            ≡P=O 
                                            ≡CaOH2

+               ≡CaOH        ≡Ca(OH)2
- 

                      ≡FeOH2
+           ≡FeOH        ≡FeO-   

 
pH      4                5                 6              7                8               9             10  

 
Fig.6. 

 
 
Atomistic simulations represent a methodology that has been successful in predicting the 
structures and properties of a range of minerals including crystal morphology, surface 
structure and adsorption behaviour. 
The main emphasis of our work has been to develop and apply these simulation techniques in 
understanding the mineral surface, dislocation and interfaces, hydration at different cleavage 
planes, the effect of additives in modifying the structure and stability of the mineral surface 
etc. 
 
The results comprise surface hydration, surface induced solubility and surface energies of 
industrial minerals like wollastonite, calcite and fluorite. 
 
Fig. 7.  Water Adsorption on Reconstructed Wollastonite Surfaces 
 
 
 
 
 
 
 
 
 
 



 19 

A view of water adsorption on wollastonite (A) {100},and (B) {001} surface where water 
is shown as space filled and the crystal as Si tetrahedral unit and oxygen and calcium as 
balls.  
Colour Key: green- Ca, red- O, gray- Si, white- H 
                                                                 
Adsorption of xanthates and dithiophosphates at ZnS(100, 110 and 111) surfaces was also 
successfully modelled at ab initio level. In this work pseudo-potentials were used in 
combination with density functional theory (DFT) based on localized basis sets. 
Many different calculation methods and basis sets were examined. The results showed that 
chemical properties like most probable geometrical structure as well as vibration frequencies 
could be calculated efficiently using DFT and the MP2 method in combination with local 
density approximation (LDA). Raman as well as infrared spectra of adsorbed species could be 
calculated. Theoretically simulated spectra gave excellent support for the interpretation of 
experimental results from vibration spectroscopy and the enrgy optimization together with 
calculated tilt angles of the alkyl chains of adsorbed molecules could explain the large tilt 
angles obtained from the experiments.  
One of the models used in these calculations is shown in Fig. 8 and a full description of the 
calculation methods constitutes PhD thesis. 
 

 
 
The industry PhD-projects at LKAB include continuous modelling of a tumbling mill because 
autogenous (AG) and semi-autogenous (SAG) mills often operate in an unstable state due to 
the difficulty to balance the rate of replenishment of large ore particles from the feed with the 
consumption in the charge. This has led to an increased interest in obtaining an accurate and 
direct measurement of mill load and the behaviour of the mill charge. A problem in 
attempting to measure those parameters is to find a sensor that is both robust and sensitive 
enough for continuous on-line measurement. 
 
Techniques that measure the force acting on the lifter when it hits the charge inside the 
 mill have got an increased interest recently because of the ability to combine it with DEM 
modelling. This study presents measurements from a pilot mill with a strain gauge sensor 
(CCM) mounted on a metal plate inside a rubber lifter that directly responds to changes in 
mill load and charge behaviour.  
 
The results have a direct application in the LKAB production. 
 
 
 

Fig.8.  Modelling of heptyl-
xanthate adsorption on  
sphalerite 
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Another PhD-project at LKAB covers the influence of raw material properties on magnetite 
concentrate green pellet strength and oxidation/sintering behaviour. 
 
 
 
Fig.10 

 
 
 
The aim of this work was to quantify changes in green pellet oxidation and sintering 
behaviour due to changes in raw material properties. 
Analytical measuring methods for raw material characterisation are developed and correlated 
to pellet properties in pilot scale experiments and even in full production scale. 
 
A laboratory measuring method has been developed to measure the reactivity of olivine 
additive during induration of iron ore pellets. The results have been applied at LKAB 
Svappavaara production plant. The pellet quality increased and savings have been made in 
olivine grinding costs. 
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A PhD-project at Boliden Minerals deals with the fluorine toxicity in bioleaching systems. 
The activity of micro-organisms is influenced by the chemical environment. High 
concentrations of As or Cl- can ruin the bacterial activity. Thiocyanate and mineral oils have 
proven to be toxic even at the ppm-level. The toxic level of As is depending on the type of 
bacteria and redox-level. As(V) is less toxic than As(III) and thermophilic bacteria are less 
tolerant than mesophilic ones. 
There are indications that the presence of fluoride is toxic even at low concentrations. The 
toxic level is depending on the concentrations of metal ions in the leachate e.g. Al(III) that 
forms strong complexes with F-. 
 
As illustrated by the described activities some of the research projects in ARC are directly 
applicable to industrial processes while others are aiming at a long-range aquiring knowledge 
of relevant mineral surface properties in particle technology. 
 
Other accomplished projects in the ARC program refer to the stability of flotation froth, the 
importance of dixanthogen as well as oxidation products of other collectors in flotation, the 
influence of electrochemical reactions on dry and wet grinding of mineral mixtures.  
 
As mentioned before the role of the PhD students in industry has been very central in the 
ARC programme through their background and detailed knowledge of the processes.   
 
The only drawback may be that since these students often are sharing their studies with in 
house obligations which may from time to time post-pone their exams.  
  
In return the industry students have testified about the personal and professional benefits they 
have achieved by their participation in the ARC programme. It has increased their self-
confidence, opened up for new national and international net-works with academic 
institutions and extended their understanding and importance of mineral surface chemistry. 
 
An important objective with the ARC programme has been to improve the status of research 
activities in the area of mineral processing and metallurgy. The mineral and metallurgical 
industry has sometimes been considered as a “matured” and not very inspiring domain for 
young researchers who want to make an impact and be of service to society. 
We are happy to say that this aim is fully met. 
All the students have been aware of the importance of this industry for the Swedish economy 
and the motives for major efforts in R&D activities. 
We have to make talented young women interested to devote themselves to research in this 
area. 
The ARC programme has generated some successful female scientists who took their PhD 
during this period. 
One of them, Seija Forsmo, is now a very appreciated expert in the LKAB organisation and 
two others, Anna-Carin Larsson and Daniela Rusanova-Naydenova, have both got first prize 
awards from the university and industry for their PhD theses with reference to flotation. 
 
The status and role of ARC has been one of the cornerstones in the establishment of Hjalmar 
Lundbohm Research Centre (HLRC) financed by LKAB and the recently started 
“Gruvforskningsprogrammet” funded by Vinnova and some of the mining industries in 
Sweden (LKAB, Boliden Minerlas and Lundin Mining). 
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The budget of HLRC is about 15-20 MSEK/year (in total 100 MSEK) and in the Vinnova 
programme LKAB, Boliden Minerals and Lundin Mining committed themselves to contribute 
with in total 50 MSEK.  
 
The impact of the program to industry is obvious from the statements by two leading research 
directors of LKAB and Boliden. 
 
 
Lars Eric Aaro, Research Director of LKAB: 

- LKAB constitutes one of the world-leading producers of iron ore products. To 
maintain that position in the future, permanent research efforts are necessary to further 
develop the manufacturing processes and make them more effective. 

- ARC is an excellent example of how the collaboration between industry and university 
should be managed in order to achieve a scientific basis for industrial R&D. 

 
 
Ulf Marklund, Research Director, Boliden: 

- Boliden is one of the leading base metal mining and melting companies in the world 
with operations in Sweden, Finland Norway, Ireland and Canada. 

      Boliden´s main products are copper, zinc, lead, gold and silver.   
      Exploration, technical  R&D, environmental work and recycling of  
     base metals are also issues of strategic importance for the company. 
- In order to improve productivity and environmental performance Boliden has 

established own research departments and is also supporting and taking an active role 
in technology and environmental RTD activities within the universities in Northern 
Sweden. 
ARC is an illustrious example of this strategy. 
   

 
In A 5 the out-turned activities in the ARC programme are reported. Besides these activities 
the students and staff have presented their results at one of the industry sites at least once 
every year to inform the sponsors and to get input from them.  
  
As seen in A5 the activities of ARC and the research programme and have attracted attention 
in various mass media like Swedish Radio and Television (SR and SVT), as well as in “SVT 
Kunskapskanalen/vetenskapslandet” and in journals like Ny Teknik, SvD, NK and NSD.  
 
The information and messanges in the articles were always very positive and have contributed 
to the status of the programme in the general public, at the industries and at the university. 
 
 
 

5.  Impact of the programme - to the academic system 
 
 
The ARC programme has acted as a door opener to a more extensive collaboration 
between the mining- and mineral industry in Sweden and Luleå University of Technology 
(LTU). 
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The industry is considering LTU as their home university for education and research and 
the activities related to the mining and mineral industry is prioritized by the faculty as most 
important for LTU. 
 
The research activities at LTU comprise the whole range from prospecting for new ore 
deposits to process metallurgy of iron and sulphide ore. 
 
New research programmes like Hjalmar Lundbohm Research Centre (HLRC) from LKAB 
and Gruvforskningsprogrammet (VINNOVA, LKAB, Boliden, Lundin Mining) with the 
demands for inter-disciplinary collaboration have implied new connections and interfaces. 
 
The experience and findings from the ARC programme has also resulted in a new name of 
the Chemistry division after the retirement of Prof. Willis Forsling (2007), namely 
“Chemistry of Interfaces”.  
 
The recently appointed professor and new head of the chemistry division (Chemistry of 
Interfaces) at LTU is Prof. Oleg Antzutkin. 
 
Our industry partners have announced that they prefer a continued activity of ARC in the 
future. It is in their interest that the implementation of the inter-disciplinary network and 
the formation of research groups across boundaries between engineering and science like 
in the ARC programme are carried on.  
  
Practically all relevant questions at issue in industry are of that nature. 
 
ARC has established a widespread international network and by an Institutional Grant 
from the Swedish Foundation for International Cooperation in Reserach and Higher 
Education (STINT), ARC has created scientific exchange and collaboration projects with 
Ian Wark Research Institute (IWRI) in Adelaide, Australia. Joint projects with reseracj 
groups and institutes in India, Canada, South Africa and United States have been 
accomplished.  
The collaboration and exchange will continue and include new staff members and PhD-
students from Luleå University of Technology. 
 
     
 
6. Lessons from the project 

 
It is very important to draw up a very clear vision and goals with respect to the scientific 
work as well as to other activities in a long-term programme like ARC. 
 
The organisation and leadership are most important and the Programme Director has to be 
a person who can not be called in question from objective reasons. 
 
The competence, composition, ambition and activity of the board of directors are crucial 
for the success of the programme. The relation and mutual trust between the programme 
director and the board are decisive factors.  
It has to be concluded that the cooperation between the Board and the Programme Director 
has worked extremely well during the whole period. 
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The Board meetings  was always supplemented with a representative from SSF (Karl-Olov 
Fentorp) and his constructive participation and contribution was very much appreciated. 
 
One lesson from ARC is that the Program Director should have been spared from less vital 
economic issues to have more time to concentrate on the scientific questions. 
 
The Program Director was usually taking care of all administrative duties himself or in 
cooperation with the chairman of the Board (Per-Olof Samskog) including evaluation of 
proposals, following-up of projects and economic reports, personal management, secretary 
at Board meetings, scientific annual reports to SSF etc. 
 
The funding from the ARC programme corresponded to 40% of the working hours of the 
Programme Director. This was supplemented with some administrative help from the 
adminstrative department (25%) regarding the annually economic report to SSF, the 
economic issues related to the Board meetings  and arrangements of meetings with the 
staff and PhD students in the programme.  
The administrative arrangements were a bit on the small side.  
 
It is more or less unavoidable that there will be discussions and complaints about the 
dividing of financial support among the participating research groups and the reasons for 
all decisions have to be transparent and well substantiated. 
 
Both PhD students and senior researchers were intended to participate in the projects. 
Naturally one would expect that the results obtained from projects run by senior 
researchers would be faster and even more trustful. 
 
We were taught by experience that the main research results were obtained by the PhD 
students and their supervisors.  
The projects involving only senior scientists were generally not equally successful.  
 
One reason may be that ARC programme could only afford to finance senior lecturers on a 
part time basis.   
Since all the OH costs, office and laboratory, telephone, library costs etc are based as a 
percentage of the salary and have to be charged from the salary costs (at LTU) which make 
the wage per hour of the senior staff very high. 
 
At the same time the ARC research programme included many aspects of mineral 
processing and metallurgy and there was a legitimate request of at least one part time 
senior research project including a senior lecturer in each area.  
 
It was soon found out that the time for research of an individual senior lecturer should not 
be less than 40% of the total working time. In the ARC programme we worked with two 
different options, 25% and 40%, to make it possible for more people to participate and 
qualify for an independant academic carrier and to receive additional funding from other 
sources by producing scientific papers and results. 
 
An impression from this experience is that 25% time for research is too limited to make a 
lasting imprint on the commitment of the individual senior scientist. 
 



 25 

Generally the production and results from projects run by senior scientist are disappointing 
and a lesson for the future is to keep up the working time for them to at least 40 % at the 
expense of the number of participating senior lecturers. 
 
This experience is now used in the HLRC program and the senior scientists are now 
contracted with 50% of their working hours. 
 
 
7. Outlook  

 
The ARC programme represented a more comprehensive collaboration between  Leleå 
University of Technology and the mineral and metallurgical industry (LKAB and Boliden) 
in Sweden than ever before. 
 
Many psycological gaps between industry and academia were filled up and  a new 
exchange for thoughts was established.  
 
The program created a mutual respect for each other and the in many respects different 
conditions for our work.  
This was most likely especially important for the university people, who very often restrict 
themselves to interdisciplinary problems. 
 
Hopefully the ARC programme has paved the way for the interdisciplinary work which is 
needed for applications in the mineral and metallurgical industry. 
 
The industry has found it fruitful and valuable to continue the collaboration through 
recently established research programmes like Hjalmar Lundbohm Research Centre funded 
by LKAB (100 MSEK) and in “Gruvforskningsprogrammet” funded by Vinnova, LKAB, 
Boliden Minerals and Lundin Mining (100 MSEK). 
 
When the ARC programme was very much focused on long-term questions and to improve 
the experimental techniques and computer modelling the research activities in the new 
programmes are taking advantage of these findings. 
We are also concentrated on even more complex systems which are relevant for the 
industry.   
 
 
 
    
 
  
 


