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1. Ore reserves & production 



Source: IBRAM - Brazilian Institute of Mining 

Minas Gerais 
Carajás 

Brazilian Reserves 



Source: https://www.inthemine.com.br/site/estrutura-produtiva-do-minerio-de-ferro-no-brasil/ 

Brazilian Production (2020) 



The biggest producers (2020) 

Source: https://www.inthemine.com.br/site/estrutura-produtiva-do-minerio-de-ferro-no-brasil/ 



2. Typical sorts of ore & beneficiation  



Itabirite Main Minerals Secondary 
Minerals 

 
Standard Itabirites 
(50% < Fe < 60%) 

 
Fe-Oxides (*) 
Quartz 

Phylosilicates 
Dolomite 
Mn-Oxides 

 
Dolomitic Itabirites 
(50% < Fe < 60%) 

Fe-Oxides (*) 
Dolomite 

Quartz 
Phylosilicates 
Mn-Oxides 

Amphibolitic 
Itabirites 
(50% < Fe < 60%) 

Fe-Oxides (*) 
Amphibole 

Quartz 
Dolomite 

High grade 
Fe > 65% 

Hematite Quartz, magnetite, 
pyrophylite 

(*) Hematite, magnetite,  
martite, goethite. 

(soft and hard) 

Sorts of itabirite 



-0.15mm Tailings pond 

Generic flowchart (hard and soft itabirite) 



Evolution of the beneficiation over time 

Flotation Gravity & HIMS 

Time 



Industrial flowsheet adopted by Samarco to yield pellet feed 

Desliming & 
starch 
conditioning 

Primary 
grinding 
& sizing 

Flotation of fine particles 
X 

 Flotation of coarse particles 

Regrinding & 
flotation (-74µm) 

Pipeline 

Crushing 
& Screening 

D90=50𝜇𝑚 

D90=170𝜇𝑚 



3. Reverse cationic flotation of quartz  

3.1 Settled experience 



→  Corn starch: depressant  for Fe-oxides 
400-600 g/t – conditioning time > 5 min. 

→  Alkyl ether amine (*): collector for quartz 
200 g/ton(**) – short conditioning time 

(*) Neutralized with CH3COOH up to 50% 
(**) grams per ton of SiO2 

→  Flotation is carried out in basic medium 
 (9.0 < pH < 10.6) under 40-50% of solids (weight basis)  
or 18-25% solids (volume basis) 
→  Rougher, cleaner and scavenger. 

The quality of the iron 
concentrate varies 
according to the mine. 

Standard concentration 



- In the range of flotation pH (9.0-10.6) particles of quartz and 
hematite are negatively charged. 
- To promote the selectivity, it is mandatory to use starch to 
depress Fe-bearing oxides. 

The highest recovery occurs at 10.0<pH<10.6 ↔ [RNH3
+] = [RNH2] 

Model proposed by Gaudin-Fuerstenau (1976) 

Influence of flotation pH and amine species 



As pH>>10.5 

As pH≫ 10.5  → Precipitation of species NH2(s) 
 

The recovery of quartz decreases steadily 

Once in the past, a truck containing NaOH inadvertently 
poured its load in the tank of amine (instead of in the 
tank of starch) and then it occurred the formation of a 
gel that firmly adhered to the walls. It took many days 
to clean the tank. 



Research conducted in the 60’s by Iwasaki and co-
workers (USA) provides experimental evidence that 
amylopectin is a better depressant for Fe-bearing 
minerals than amylose. 
 
Peres and co-workers → Corn gritz (yellow flour) 
can replace purified starch (white flour) without 
jeopardizing flotation performance. Gritz is 3 times 
cheaper than purified starch. 

Fe-bearing oxides are depressed by corn starch  



Preparation of starch: gelatinization 

Source: Ingredion® 

Cooking 

Leaching 

Best ratio starch/NaOH = 4.5-5.0  

Starch =500g/t     
Flotigam®EDA = 300 g/t 
Ore from Conceição Mine 



3. Reverse cationic flotation of quartz  

3.2 Influence of water quality 



Influence of water quality 
(the role played by hydrolyzed species) 

Water quality severely impacts the reverse cationic flotation of quartz, as hydrolyzed 
species MgOH+ and MnOH+ are able to adsorb onto quartz/water interface reducing the 
magnitude of zeta potential and even reversing its sign. 

MgOH+  →  10 < pH < 11 

MnOH+ →  9.5 < pH < 10.5 



→ Cations Ca2+ are able to compress the 
electrical double-layer of quartz/solution 
interface eventually reducing the magnitude 
of zeta potential of quartz particles; 
 
→ Cations Ca2+ may compete with cationic 
collector species R-O-R-NH3

+ for anionic sites 
at quartz/water interface; 
 
→ This problem commonly occurs when 
cationic reverse flotation of quartz is carried 
out with itabirite which is rich in dolomite (5% 
of dolomite in the flotation feed is sufficient to 
impact the flotation of quartz particles). 

Influence of water quality 
(the role played by Ca2+) 

Flotigam®EDA = 15mg/L 
Absence of starch 



3. Reverse cationic flotation of quartz  

3.3 Refractory ores 



Refractory ores 

The presence of dolomite increases the 
concentration of Ca2+ and MgOH+ in 
solution; 

Very fine particles of Mn-oxides or clays 
that exchange Mn2+ jeopardize the quality 
of flotation water; 
 
Hard itabirite demands enhanced grinding 
circuits; 

The Isoelectric Point (IEP) of amphiboles 
occurs at 3<pH<4, whereas IEP of quartz 
happens at pH≈2.  

The surface of the particles of 
amphiboles are less negatively charged 
than quartz particles and eventually 
show a poor flotation performance. 

Stronger collectors as diamines are required?  



3. Reverse cationic flotation of quartz  

3.4 The behavior of coarse particles 



Mass Recovery =  74-78%  Fe Recovery = 82-88% 

Coarse quartz particles (+0.15mm) show poor flotation response 

Particle size distribution and chemical composition of a 
typical hematite concentrate  



Kinetic constant = k = 
𝟏

𝟒
 Sb EK  

Why coarse particles exhibit a poor flotation performance? 

(1st order model) 

Sb = Surface bubble flux  [s-1]  

The phenomenon of particle/bubble detachment is caused by turbulence that exists inside 
flotation equipment. 
 
Detachment promotes a decrease in the value of  EP , delaying flotation kinetics and 
decreasing the recovery. 



When the content of SiO2 in the hematite concentrate is higher than 2.5%, mill 
men are “mentally programmed” to increase the collector dosage, aiming at 
increasing the flotation of quartz. 

However... In many occasions, the increase in the  
collector dosage decreases the recovery of quartz in 
the froth even more! 

High content of SiO2 in the concentrate is generally 
due to the presence of coarse particles of quartz 
that float very badly. 

Coarse particles are able to collide pretty well with 
bubbles, but fail to remain attached to them due to 
the existing turbulence in the flotation cells. 



The equilibrium could be idealized as an arm wrestling...  

The more collector is added to the flotation slurry, the 
lower is the value of the surface tension (𝛾) of 
flotation solution and eventually the value of contact 
angle (𝜃). Source: Oscan, 1992 



Critical surface tension of wettability of quartz after collector adsorption 

Resin-embedded 
 chunk of quartz 

Contact Goniometer (captive bubble method) 

Tensiometer (Wilhelmy plate method 

Collector dosage ↑ 
 𝛾𝐿/𝐺  ↓ 

cos 𝜃 ↑ 𝜃 ↓ 

Quartz floatability  ↓ 

Critical surface tension of wettability of quartz = 35.1 mN/m 



 
Minimum contact angle of quartz to promote the flotation 

of quartz particles 
------------------------------------------------------------------------------------------------------- 

147µm ↔  𝜃 ≥  38𝑜 

104µm ↔  𝜃 ≥  45𝑜 

Demanded values of 𝜃 
to float quartz coarse particles  



 
Minimum contact angle of quartz to promote the flotation 

of quartz particles 
----------------------------------------------------------------------------------------- 

Critical value of contact angle for coarse 
particles of quartz to float = 𝜃𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙  

𝜃𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 51o  

Values of 𝜃 (20o-24o) typically found 
in the industrial flotation circuit 
(𝛾𝐿/𝐺 =  51mN/m) of Brucutu are 

very much lower than the critical 
value of 𝜃 for coarse particles to float 
(𝜃𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 51o).   



Why flotation columns have bad reputation to concentrate 
 coarse particles of quartz and apatite?   
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Impeller´s Reynolds number > 105 

How particles detach from bubbles in columns? 

𝑅 = 𝑅𝑚𝑎𝑥  
𝑘𝑡

(1 + 𝑘𝑡)
 Mixing reactors 

𝑅 =  𝑅𝑚𝑎𝑥 (1 − 𝑒
−𝑘𝑡) Plug flow reactor 



Bubble dynamics in columns 

Only water Water + surfactants 



When a bubble rises in a water column, there is an increase in its diameter 
due to a continuous pressure relief 

A hypothetical flotation column located at 730m above the 
sea level (𝑃𝑎𝑡𝑚 ≈ 93 kPa) 
 
 Iron ore slurry containing  50% of solids (w/w), gas holdup of 
10% and specific gravity of 1,430kg/m3 (aerated pulp). 

Hydrostatic pressure = 𝑃ℎ𝑦𝑑  = 1,430 x 9,81 x z  

Overall static  pressure = 𝑃𝑒= 𝑃ℎ𝑦𝑑 + 𝑃𝑎𝑡𝑚  

∆P = Pi − Pe =  
4γ

db
 



The influence of the bubble external pressure on bubble equivalent 
diameter and contact angle 

Bottom 

top 

top 

Bottom 

On the top, 𝑑𝑏 ↑  and 𝜃 ↓  

On the top, We>1 → inertial forces dominate 
over surface forces; 

 
→ Detachment is more likely to happen on the 
top than on the buttom of the column. 



Flotation of coarse particles: columns x mechanical cells 

𝑅 = 𝑅𝑚𝑎𝑥  
𝑘𝑡

(1 + 𝑘𝑡)
 Mixing reactors 

𝑅 =  𝑅𝑚𝑎𝑥 (1 − 𝑒
−𝑘𝑡) Plug flow reactor 

Harsh hydrodynamic conditions either in mechanical cells or in columns contribute to 
particles detach from bubbles. However… 
 
 
Mechanical cells (mixing reactors) offer more opportunities for coarse particles to float, 
whereas columns (plug flow reactor) offer just a single opportunity for particles to float. 
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3. Reverse cationic flotation of quartz  

3.5 Depression of Fe-bearing oxides 



Samples of Fe-bearing oxides used in exploratory studies 



Floatability of samples containing Fe-bearing oxides in the absence of starch  
versus concentration of Flotigam®EDA (pH10.5) 
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Floatability of hematite with Flotigam®EDA 
 in the absence of starch at pH10.5 

→ Highest floatabilities (>90%) → samples containing  hematite >86% 

→ Lowest floatabilities (<37%) → samples that contain magnetite >57% or martite >70%. 



Floatability of hematite with Flotigam®EDA 
 in the absence of starch versus zeta potential (pH10.5) 

The most negative values of zeta potential can be 
associated to the highest floatabilities (except PXCE) 

The lowest floatabilities (>37%) were achieved 
with Fe-oxides that exhibit the least negative 
values of zeta potential:  ≤ -12mV. 

The use of depressant (starch) is a must for 8 
out of 9 mines. 
 
Starch did not depress the sample which is rich 
in magnetite (PFMAG). 



Depression of Fe-bearing oxides by corn starch 
(Flotigam®EDA= 231-462g/t, pH10.5) 

50g/t → Lowest floatabilities (< 10%) were 
achieved with PFMAG and PFMQ   

500g/t → Lowest floatabilities (<10%) were 
achieved with PFGOE, PXFN, PEAL, PEFN.  



The sample PEFA shows the highest 
content of -37µm (67,1%). Perhaps 500g/t 
of starch was not sufficient to depress all 
the Fe-bearing oxides. 

PXCE → 98%  of hematite  

         PEAN → 91% of hematite     

Depression of Fe-bearing oxides by corn starch 
(Flotigam®EDA= 231-462g/t, pH10.5) 

Both samples bear the highest 
content of platy-shaped 
hematite (specularite) 



Mine of Brucutu  
- 20% of Fe in the flotation tailings in 2015 
- A reference in specularite (~38%) 



Starch adsorbs onto hematite particles by surface complexation  

RAJU, B. G.; HOLMGREN, A.; FORSLING, W. (1998) Complexation 
mechanism of dextrin with metal hydroxides.  J. of Colloid and 
Interface Science, 200, pp. 1-6. 
 
RAJU, B. G.; HOLMGREN, A.; FORSLING, W. (1997) Adsorption of 
dextrin at mineral/water interface.  J. of Colloid and Interface Science, 
193, pp. 215-22. 



M = Ca2+

M =
Fe3+/Fe2+

M = Al3+

Surface complexation Model  
(Forsling and co-workers) 

Because calcite and apatite are Ca-
bearing minerals, the starch 
preference towards calcite cannot 
be fully explained by the model 

Sodium oleate = 15 mg/L 
pH=10.2  



Ca-Ca distances (D) on the minerals´ surface may vary according to 
the crystallographic plane exposed to starch adsorption 



Fitting number model 

Mineral surface: 
Distances (D) between Ca-Ca sites on 
selected crystallographic  planes (hkl) 

Structure of the depressant 
Distances (d) between OH groups 
along depressant´s structure 

Macromolecules were built by using Polymer 
builder module (2.0 Cerius environment running 
on Silicon Graphics 5.1 IRIX operational system).  
Structures minimized by “Dreiding Force Field”. 

Minerals’ structure were 
constructed by “Crystal 
Build Module”. 



Fitting number model 

D = m*d 

 “
D

” 
 o

n
 a

 s
e

le
ct

e
d

 (
h

kl
) 

p
la

n
e

 o
f 

 t
h

e
 m

in
e

ra
l c

ry
st

al
 

 “
d

” 
 o

n
 t

h
e

 p
o

ly
m

e
r´

s 
st

ru
ct

u
re

 

matching number = m Ratio OH/Ca = 𝑅𝑂𝐻/𝐶𝑎 = 
𝑚+1

2
  

𝐹𝑇𝑜𝑡𝑎𝑙 =  𝐹𝑖 

𝐹𝑖 =  
𝐹1𝐹2

𝑅𝑂𝐻−𝐶𝑎
 = 

2𝐹1𝐹2

(𝑚+1)
 



Fitting number model 

𝐹𝑇𝑜𝑡𝑎𝑙 =  𝐹𝑖 

𝐹𝑖 =  
𝐹1𝐹2

𝑅𝑂𝐻−𝐶𝑎
 = 

2𝐹1𝐹2

(𝑚+1)
 

D = m * d 
Calcite (101) 

D = m * d Apatite (001) 



Fitting number model 

 FTotal → varies between 0 and 100  
𝐹𝑖 =  

𝐹1𝐹2

𝑅𝑂𝐻−𝐶𝑎
 = 

2𝐹1𝐹2

(𝑚+1)
 

2∗2.5∗5.0

(1+1)
 = 3.81 

2∗5.0∗17.39

(2+1)
 = 7.61 

2∗2.5∗2.90

(5+1)
 = 1.55 

𝐹𝑇𝑜𝑡𝑎𝑙 =  𝐹𝑖 = 51.5 

D= d*m 



Fitting number model 

 FTotal → varies between 0 and 100  
𝐹𝑖 =  

𝐹1𝐹2

𝑅𝑂𝐻−𝐶𝑎
 = 

2𝐹1𝐹2

(𝑚+1)
 

2∗6.12∗1.45

(1+1)
 = 2.98 

2∗6.12∗1.45

(3+1)
 = 2.11 

2∗12.24∗1.45

(7+1)
 = 2.11 

𝐹𝑇𝑜𝑡𝑎𝑙 =  𝐹𝑖 = 8.5 

2∗4.08∗1.45

(6+1)
 = 1.30 

Starch-Apatite (001) 

D= d*m 



Values of Ft for apatite and calcite 

The model indicates that starch  adsorbs preferentially onto calcite´s surface instead 
of apatite´s surface. 



4. Handling of pellet feed 

4.1 Critical velocity for coarse particle settling in 
pressurized pipes; 
 
4.2  Wind drag simulation of pellet feed during 
railway transportation; 
 
4.3 Fast elimination of moisture from iron ore 
concentrates by blowing heat and dry air.  



From its origin (mine/mineral processing plant) to the ports, hematite concentrates 
must be conveyed by large distances (500-900km). 

1 

2 
3 4 

1. Railway from Carajás-PA to São Luís-MA 
2. Railway from Minas Gerais to Vitória-ES 
3. Railway from Minas Gerais to Itaguaí-RJ 
4. Waterway from Mato Grosso to Buenos Aires 

(Argentina)  

There is much concern on: 
 
(a) the environmental impact of railway  

transportation of concentrates on 
neighboring communities; 

 
(b) How to carry out hydraulic convey of sinter 
feed without previous grinding (-74µm)? 



Modelling the critical velocity (𝑽𝑪) for coarse particles settling 
 into pipelines 

1. Quartz 
2. Platy shaped hematite 
3. Granular (rounded) 

hematite 

Sphericity function (Ψ) is an assessment of how closely a particle 
approaches a spherical configuration. 

Ψ = 
𝑠

𝑆
 

It is the ratio of the surface of a sphere (s) 
which has the same volume as a particle 
which exhibits surface area S. 

Determined by 
the percolation 
of gas through 
packed beds 



Although a population of hematite particles show  an overall value of 
sphericity function  (Ψ = 0.38),  the rounded particles (0.50 < Ψ  < 0.58) 
behaved in a different way than platy-shaped particles  (0.27 < Ψ  < 0.33)  



Why Fe-concentrates (pellet feed) from different mines emit 
 dust in different amounts during the conveying by railway? 

1 2 

3 

1. Fábrica Nova (PXFN) 
2. Brucutu (PXBR) 
3. Conceição/Cauê (PXCE) 



Wind drag simulation of sinter feed during railway 
transportation 

The model gave subsides for dust control along the railway 

“Samarco Award” – ABM (Brazilian Association for Metallurgy, Materials 
and Mining) 



The model was enhanced by approaching new variables (U,T) 
 and considering ore piles  

%𝑷 = 𝑲 .𝑯−𝟒.𝟑𝟕𝜳−𝟏𝟖.𝟓𝟗𝑭𝟕.𝟖𝟖𝑽𝟑.𝟕𝟖𝑼−𝟐.𝟔𝟑𝑻𝟏.𝟖𝟖 

K = Empirical  constant: 
𝑠

𝑚

3.78
𝑜𝐶−1.88 

 
H = Ore´s moisture content (%); 
 
Ψ = Sphericity function; 
 
F = Content of fines (%) 
 
V= Wind velocity (m/s) 
 
U = Relative moisture in the air (%) 
 
T = Air temperature (oC) (dry bulb) 

 
 



Decrease in iron ore moisture content to achieve the limits  
posed by the International Maritime Organization (IMO) 

TML = “Tolerable Moisture Limit”  
The highest moisture content an ore can exhibit 
to embark on a ship to avoid accidents. 



%𝑷 = 𝑲 .𝑯−𝟒.𝟑𝟕𝜳−𝟏𝟖.𝟓𝟗𝑭𝟕.𝟖𝟖𝑽𝟑.𝟕𝟖𝑼−𝟐.𝟔𝟑𝑻𝟏.𝟖𝟖 

Moisture content in the air played a 
more significant role in dust generation 
(a result from water evaporation) 

6% of moisture is a critical value 



Escoamento do ar 

The experiments indicated the need of blowing dry air (3-5 g of water per kg of air) 
against the ore  flow in conveyor belts  or transference chutes. 

Critical moisture 

Critical moisture ≈ 6% 

The destruction of the capillaries partially filled by water could enhance the decrease 
of moisture in the pellet feed 





Granted charters around the world 



6. Concluding remarks 



Concluding Remarks 

 
1) Reverse cationic flotation of quartz from standard itabirite has been conducted for 

more than 40 years: 

 

- Desliming before flotation is mandatory to avoid excessive frothing; 

 

- Cationic reverse flotation of quartz is carried out in basic medium (9.0 < pH < 10.5), using 
starch (corn or manioc) as depressant for Fe-bearing oxides and alkyl (C10) ether amine as 
collector. 

 

-Traditional reagent scheme fails to concentrate dolomitic and amphibolitic itabirite; 

 

- Water quality is an issue, mostly when contaminated by Ca2+, Mg2+ and Mn2+ ; 
 

 

 



 
2) High contents of SiO2 in the final concentrate jeopardize the quality of sinter feed. This 
problem happens because: 
 
-Poor flotation of coarse particles of quartz  (+0,10mm) at reverse cationic flotation is a 
problem. Higher contact angles and/or enhanced equipment (that produce less 
turbulence) are required do improve the rejection of quartz; 
 

-  Because the detachment of particles from bubbles are likely to occur in either 
mechanical or column  cells, the bad reputation of the latter to float coarse particles seems 
to be related to the fact that mechanical cells are mixers whereas columns are plug flow 
reactors. This way,  due to the higher internal slurry recirculation offered by mechanical 
cells, detached hydrophobic coarse particles will have more opportunities to collide with 
bubbles and float. 

Concluding Remarks 



Concluding Remarks 

 

3) About the depression of Fe-bearing oxides with corn starch: 

 

- Corn starch is prepared by leaching with NaOH (gelatinization) and the best mass ratio of 
starch/NaOH lay in the range: from 4.5:1 up to 5:1; 

 

- It is not mandatory to use purified starch (white flour). The yellow flour (gritz) is 3 times 
cheaper and also very effective; 

 

-Corn starch depresses magnetite, martite and goethite very well at low dosages (50g/t), 
but it fails to depress 100% of hematite even at a dosage of 500g/t when hematite shows 
high amount of platy-shaped particles (as it occurs in Brucutu mine). The use of tannins 
could improve the depression of hematite. 

 

 
 

 

 



Concluding Remarks 

 

4) Regarding the handling of pellet feed 

 

- Pellet feed yielded from iron ore in which hematite particles show platy-shaped habitus 
(mostly specularite) exhibit greater propensity to be levitated and spread by the air; 

 

- In pipelines, platy-shaped particles tend to concentrate in the top of the pipe, whereas 
rounded (granulate) particles in the bottom; 

 

- To meet the specifications posed by the International Maritime Organization (IMO), 
concentrates must show moisture degree lower than the TML (Tolerable Moisture Level). 
In the yards of the ports, to make fast and small corrections in ore moisture before loading 
the ships, a process based on blowing dry and heat air was developed by Vale Institute of 
Technology (ITV). 
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