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Abstract: Compariia Minera del Pacifico (CMP) is the main iron producer on the Pacific coast of the
American continent. The Cerro Negro Norte (CNN) operation of CMP is facing important challenges,
such as the processing of low-grade ores containing complex gangue minerals which negatively
affect the performance of the magnetic separation, grinding and solid-liquid separation stages. CMP
is working on a program, aimed at optimizing the efficiency of the CNN plant, which considers a
rheological characterization of the slurries produced by the different ores treated, information which
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was used to correlate the Casson yield stresses with the solids content of the slurries taken from the
secondary grinding product. The results of this fitting process indicate that the yield stresses increase
with the % —325# Tyler mesh and with the percentage of minerals with a tendency to generate
Academic Editor: Saced Farrokhpay fines (MTF = smectite + illite/mica + talc + chlorite + kaolinite), and in contrast the yield stresses

decrease with the ore iron grade (Fe). For the tailings characterization, the results of settling rates
Received: 27 February 2021 and turbidity values of the supernatant obtained from tests with different GU samples show no
Accepted: 31 March 2021 significant differences. A linear regression model was used to correlate the results of yield stresses
Published: 5 April 2021 of compacted tailings with the chemical and mineralogical characteristics of the GU. The results of

the fitting process indicate that the MTF content in the head ore samples influence the rheological
Publisher’s Note: MDPI stays neutral ~ properties of the tailings, which correlates with the behavior of the secondary grinding product. The
with regard to jurisdictional claims in  increase in the GU iron grades also reduced the Casson yield stress. The experimental results were
published maps and institutional affil-  explained in terms of the microrheological effects and the physicochemical properties of the different

iations. types of phyllosilicates existing in the ore samples tested in this work.

Keywords: magnetic separation; grinding; tailings iron ores; phyllosilicates; rheology
BY

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article 1. Introduction

distributed under the terms and Compaiiia Minera del Pacifico (CMP) is the main producer of iron ore in Chile and on

conditions of the Creative Commons 16 Pacific coast of the American continent. In 2019, CMP produced 10,089 kt of iron and
Attribution (CC BY) ficense (https:// participated in 99% of Chile’s iron ore exports, with the most important products being

Zr;j;ivecommons'Org/hcenses/by/ pellets feed, self-melting and sintered pellets [1,2]. One of CMP’s mining operations is

Minerals 2021, 11, 386. https:/ /doi.org/10.3390/min11040386 https:/ /www.mdpi.com/journal /minerals


https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-0065-2178
https://doi.org/10.3390/min11040386
https://doi.org/10.3390/min11040386
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11040386
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/2075-163X/11/4/386?type=check_update&version=1

Minerals 2021, 11, 386

20f 15

Cerro Negro Norte (CNN) which is a mine-plant operation located in the Atacama region
in northern Chile. The CNN deposit is part of the Chilean Iron Belt and corresponds
to a spatial and temporal association between iron oxide-apatite (IOA) and iron oxide
copper gold (IOCG) type deposits. CNN started its operations in 2015 with the objective
of producing 4000 kt of iron concentrate per year. The company is currently focused on
developing a plan to address the challenges that the CNN plant will face in the near future,
i.e., low ore grades, and high concentrations of complex gangue mineral species in the
ores, which negatively affect the efficiency of the processing plant. CMP is working on a
program aimed at optimizing the efficiency of the CNN plant which considers a rheological
characterization of the slurries produced by the different ores treated, information which
will be useful to optimize the performance of the physical separation processes. A new
process diagram is also projected, as described in Figure 1, which includes stages of primary
grinding, rougher magnetic separation, secondary grinding in direct configuration, hydro-
separation and classification and finisher magnetic separation. In this new process, the
ore previously crushed to 100% —3 mm is first ground in the primary grinding stage to a
P80 = 312 pum, and then fed to two stages of rougher magnetic separation, i.e., a medium
intensity (3000 Gauss) and a low intensity stage (1000 Gauss); the rougher concentrate is
then ground in the secondary grinding to a P80 = 42 um, product which is then treated
in a hydro-separator to remove slimes; the underflow of the hydro-separator, which still
may contain coarse gangue particles, is afterwards classified in a 75 pm screen (200 Tyler
mesh) and the undersize stream is concentrated in a finisher magnetic separation stage
(1000 Gauss) to produce the final iron concentrate. The rougher and finisher tailings, the
slimes of the hydro-separator and the coarse fraction of the classifier are sent to thickeners
and then to a tailings dump.
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Figure 1. Flowsheet of the projected Cerro Negro Norte (CNN) processing plant.

It is of main relevance for the company to evaluate the performance of the processing
plant described in Figure 1 when it is fed with geological units (GU) of varying physical,
chemical and mineralogical characteristics. Understanding the rheological behavior of the
slurries produced by the different GU is the first step in order to optimize the physical
separation stages of the plant, and for the development of geometallurgical models which
will help to enhance the plant performance.
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The objective of this work is to characterize the slurries generated using GU of varying
physical, chemical and mineralogical characteristics through rheological measurements.
The slurries under study were obtained from the secondary grinding product and from
the tailing thickener underflow. The rheological data were correlated with the physical,
chemical and mineralogical characteristics of the different GU.

2. Materials and Methods
2.1. Samples

Ore samples of 6 GU (M1 to M6) obtained from different zones of the CNN mine
deposit were used in this work. It has to be noted that these samples were taken directly
from the mine and then crushed to 100% —3 mm to be used in the experiments as head
samples (Figure 1). These GU were defined in CNN using classification attributes such
as iron grade, metallurgical tests, lithology, oxidation zone and spatial location. It should
be noted that, according to the block model, these GU represent 94% of the mass to be
processed by CNN during the next 24 years, which justifies their use in this study. Table 1
shows some GU classification attributes, and Table 2 shows the X-ray diffraction (XRD)
mineralogical composition of samples M1 to M6. Slurries were prepared using the process
water of the CNN'’s processing plant. The main characteristics of the process water are
displayed in Table 3.

Table 1. Geological units (GU) classification attributes of samples M1 to Mé.

GU Classification Attributes

Sample
Fe Grade (%) Grade Oxidation Zone Lithology
M1 27.63 Low Oxided Metandesite altered
M2 32.46 Medium Primary Metandesite altered
M3 38.44 High Oxided Metandesite
M4 29.19 Low Primary Metandesite
M5 31.96 Medium Oxided Metandesite
M6 4257 High Primary Metandesite

Table 2. X-ray diffraction (XRD) mineralogical composition of samples M1 to Mé.

Mineralogical Composition (%)

W

E 2 % 2 [} 2 ) S ) L

s & EF s £ £ F £ g gz
Sample 2 g = 5 < s £ g 2 =~ 5 &  MTF

= ¢ 7T 5§ § & & ¢ 3 E £ 3

& ep k] a o 5} g g = 5 &1

E = B = = o © E X
M1 48 168 54 05 568 157 013 031 011 011 048 019 120
M2 3.5 184 0.3 0.6 684 8.9 016 023 011 011 040 0.16 1.00
M3 18 16 03 04 725 86 000 017 010 000 056 013 096
M4 2.3 252 03 03 593 8.9 000 022 013 009 064 019 1.26
M5 107 206 02 01 611 73 000 019 011 007 061 016 114
M6 17 174 0 0 758 5 015 018 009 007 051 011 097

MTF = minerals with a tendency to generate fines = smectite + illite/mica + talc + chlorite + kaolinite.

Table 3. CNN process water characteristics.

Parameter Magnitude Units
Alkalinity MO 15 ppm
Total hardness 791 ppm
Calcic hardness 717 ppm

Total solids 2400 ppm

Solids in suspension 250 ppm

Chlorides 420 ppm

Al Not detected
Ca 416 ppm

Zn Not detected
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Table 3. Cont.

Parameter Magnitude Units
Cu Not detected
Fe 0.04 ppm
pH 7.6

Turbidity 0.58 NTU

2.2. Procedures

2.2.1. Slurry Preparation

The process diagram described in Figure 1 was simulated at laboratory-scale following
the flowsheet presented in Figure 2, which includes stages of primary grinding (1), rougher
magnetic separation (2), secondary grinding (1), hydro-separation (1), classification (1)
and finisher magnetic separation (1). Slurries from sampling points A and B representing
the secondary grinding product and tailings, respectively, were characterized through
rheological measurements and settling tests in the case of the tailings. The operating
conditions and the equipment used in this work are described in Table 4.

Primary
grinding
— Hydro
Soughexl Separator
— Rougher2 [*=—1 Screen (75 pm)
Finisher
Sec.o nc}ary «<—]  magnetic
grinding separation
¢ Fe
Concentrate
Tailings ©

o Sampling points

Figure 2. Process diagram used at laboratory-scale to generate the slurries characterized in the study.

Table 4. Operating conditions and equipment.

Stage Equipment Dimensions Ore and Ball Charge Pulp Conditions
20 kg ore; balls charge .
1. g ’ g 0,
Primary grinding Torque mill (w = 47 rpm), Salas Ing. 181: ig om 25 kg of 1.5”, 21 kg of 1.25”, 55% szl;drs Ic;)ntent,
abem 20 kg of 1” and 21 kg of 0.75” P
Rougher magnetic Eriez-Salas drum magnetic separator D! 304 cm 30% solids content,
separator 1 (1000 Gauss, w = 30 rpm) L1 19cm 4.6 L/min
Rougher magnetic Eriez-Salas drum magnetic separator D304 cm 30% solids content,
separator 2 (750 Gauss, w = 30 rpm) L 19cm 4.6 L/min
5 kg ore; balls charge .
1. g 4 g 0,
Secondary grinding Marcy ball mill 181" g’g S om 17.5 kg of 1.25",9.8 kg 1.0”, 80% S(;loldrs ICI(I)ntent,
ol am 42 kg of 0.75" and 3.5 kg of 0.5 P
: . Hydro-separator including magnetic D! 41 cm o .
Hydro-separation flocculator H' 313 cm 13% solids content
Screen 200# screen
Finisher separation Eriez-Salas drum magnetic separator D! 304 cm 30% solids content,
P (750 Gauss, w = 30 rpm) L% 19cm 4.6 L/min

1 D: diameter; L: length; H: height; w: rotation speed.
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2.2.2. Rheological Characterization of the Secondary Grinding Product

Preliminary tests showed that, depending on the experimental conditions, the product
of the secondary grinding stage contained +0.1 mm particles which made it unsuitable
for the use of concentric cylinders to measure rheology. For this reason, the rheological
characterization of the secondary grinding product was performed using the method
referred to as the infinity gap approach. This method is based on the work done by Krieger
and Maron (1952, 1953, 1954) [3-5] and Krieger and Woods (1966) [6], who solved the basic
equation for coaxial rotational rheometers for various sets of boundary conditions, which
resulted in Equation (1).

0= ./T'ffm’f 1)

where Q) is the angular velocity of the inner or outer cylinder, f(7) = 7 is the shear rate at
the point of measurement of the shear stress T and 71 and 7, are the shear stresses exerted
on the inner and outer cylinders, respectively. This is a general expression valid for steady
flow in rotational rheometers which can be solved for the special case where a cylindrical
bob rotates in an infinite cup [7], a configuration in which the presence of +0.1 mm particles
does not significantly affect the quality of the rheological measurements. In the infinite
gap approach configuration, the shear stress on the cup (72) becomes zero in Equation (1),
and the resulting expression can be differentiated with respect to the shear stress on the
bob (71) to obtain Equation (2), which indicates that the shear rate can be obtained from
the slope of a graph of Ln((2) versus Ln(ty). It must be noted that although Equation (2)
assumes complete shearing across the infinite gap between the bob and cup, it is also valid
for suspensions that display yield stress [7].

"2 () @

In this study, rheological flow curves (7 vs. ) of slurries taken from the secondary
grinding stage (sampling point A in Figure 2) were measured using the infinite gap ap-
proach. The rotating surface (the bob) in these experiments was a vane of 0.5 cm diameter
and 6 cm height, dimensions that were chosen to meet the recommendations by Fisher et al.,
(2007) [8] to reduce end effects. A Haake Rotovisco VT550 (ThermoFisher, Waltham, MA,
USA) rotational viscometer was used with the vane rotating at different rotational speeds
in a beaker of 30 cm diameter and 20 cm height. The shear stress was calculated using
Equation (3), which assumes that the slurry sample yields on a cylindrical surface of radius
equal to the vane radius (r,), and that the shear stress exerted on the top and bottom ends
of the vane is negligible with respect to the shear stress on the cylindrical surface.

2T

T~ 7D2H, ©)

where T is torque, and D, and H, are the vane diameter and height, respectively. The
equilibrium T was measured at varying values of (2 and Equation (2) was used to calculate
the shear rates.

The slurry samples obtained from the secondary grinding (sampling point A in
Figure 2) were tested at 3 different conditions of particle size, i.e., 50, 60 and 70% —325#
Tyler mesh (45 um). At each condition of particle size, 4 different values of solids contents
were tested, i.e., 76, 78, 80 and 82%. It has to be noted that the solids contents were
selected based on the industrial conditions of CNN. The rheological data were fitted
using the Casson model presented in Equation (4) [9] from which the Casson yield stress

was obtained. 12
/2 =724 () )

where 7. is the Casson yield stress and 77, is the equilibrium viscosity at high shear rates.
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It is known that particles settling is an important source of errors that has to be
taken into account during the design of rheological experiments for slurries of particles of
high density suspended in low viscosity suspensions [10]. In this situation, settling will
take place and the solids concentration will vary along the vertical axis of the concentric
cylinder rheometer. Consequently, the torque measured on the moving cylinder will
not represent the behavior of the overall suspension and the results will be erroneous.
In this work, the slurry samples obtained from the secondary grinding had high solids
concentrations (>76% by weight) and no settling was observed during the period of time
of the rheological experiments.

2.2.3. Settling Tests and Yield Stress of Tailings

Samples of tailings obtained from sampling point B in Figure 2 were subjected to
settling tests, using 25 g/t of flocculant IXOFLOC 1920 AP (provided by IXOM, Centennial,
CO, USA). These tests were performed in 1 L glass cylinders at pH 8.5, adjusted using lime,
and at variable compaction times of 0.25, 0.50, 1.00 and 24 h. Due to the characteristics of
the process, in particular the contribution of water coming from the hydro-separator, the
tailings slurries were strongly diluted and had a solids concentration of approximately 5%.

The yield stresses of the compacted tailings were measured using the vane
method [11,12]. In this method, the vane is gently introduced into the slurry and rotated at
a constant speed of 0.1 rpm to measure the torque required to keep the rotational speed
constant as a function of time.

The curve obtained from the vane test usually shows a linear relationship between
torque and time at the beginning, and then a non-linear relationship until the maximum
torque (T},) is reached. Nguyen and Boger (1983, 1985) [11,12] proposed that yielding
occurred at T}, the point at which the interparticle network broke down completely and
the energy needed to keep the rotational speed constant decreased. Nguyen and Boger
(1985) [12] proposed that the total torque exerted on the cylindrical surface generated by
the vane at T, could be correlated with the yield stress according to Equation (5).

Dy/2
Ty = (gD%To) Hy, + 47‘[/0 7. (r)r*dr )
where r is the vane radius, Ty is the yield stress and 7. (r) is a radial stress distribution
function at the top and bottom ends of the vane. Equation (5) shows that if yield stress
measurements are performed using vanes of different heights and constant diameters, a
plot of T, versus Hj is a straight line with the intercept equal to the integral term, and the
yield stress can be calculated from the slope (ZD31).

In this work, the vane procedure was applied using 4 different 4-bladed vanes con-
nected to a Haake VT550 rheometer (ThermoFisher, Waltham, MA, USA). The vanes had a
constant Dy of 2.0 cm, and different H; of 3.0, 4.0, 5.0 and 6.0 cm. The tested slurry samples
were placed in a beaker in which the vanes were gently introduced into the slurries. The
beaker to vane height ratios, and beaker to vane diameter ratios were chosen to be larger
than 3 to reduce the rigid boundary effects [11-14]. In this work, the compacted tailings
displayed solids concentrations higher than 65% by weight, and settling was not observed
during the period of time in which the vane test was applied.

3. Results
3.1. Rheological Characterization of Secondary Grinding Product

Figures 3 and 4 show the rheological flow curves of slurries obtained from the sec-
ondary grinding stage prepared using samples M1 to M3, and M4 to M6, respectively. As
was previously indicated, these tests were carried out at different particle sizes (% —325#
Tyler Mesh). Some data points at a high solids content are missed, because at these con-
ditions the measured torque exceeded the maximum achievable by the Haake Rotovisco
VT550 rheometer. The rheological flow curves show that all the slurries tested display a
pseudoplastic behavior and that the experimental data can be reasonably fitted using the
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Casson model (Equation (4)). Figure 5 shows the Casson yield stresses as a function of the
solids contents of the slurries taken from the secondary grinding product. Yield stresses in-
creased with solids content and with decreasing particle size (% —325# Tyler mesh increase),
which agrees with the fundamentals of the rheology of mineral suspensions [15].
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Figure 3. Rheological flow curves of slurries obtained from the secondary grinding stage which were prepared using
samples M1 to M3 ground to different particle sizes.



Minerals 2021, 11, 386

8 of 15

250

M4: 50% -3254%

Solids content

200 | @ 76% 80%
A 78%= Casson model
©
[
o« 150
0
]
B
1]
—
<
]
<
n

M4: 60% -325%

Solids content
T @ 76%® 80%
A 78%— Casson model

M4: 70% -3254

Solids content
® 76%® 80%
A 78%= Casson model

M5: 50% -325%

M5: 60% -325%

M5: 70% -3254

200 Solids content i Solids content Solids content
© 76%% 80% ® 76%® 80% © 76%® 80%
A 78%— Casson model A 78%= Casson model A 78%— Casson model
&
«» 150 e N
w0
k= /‘)/r%
(2]
&
e 100 ~ b
wn
(4
A_A
50 b
W /.__H_'__._._-__Q_.i—l—.——o—r—v—-—l
[J
0 T T T T T T T T T T T T T T Il T
M6: 50% -3254 M6: 60% -3254 M6: 70% -325¢
Solids content Solids content
200 o o b b
© 76%m 82% ° 76%m 82% 2
A 78%= Casson model A 78%— Casson model ..
] ¢ 80% ® 80% Solids content
O_i 150 B 4 ® 76%m 82%
§ A 78%— Casson model
3 ./._’._J,H——-——I—-"‘"_'—_' ¢ 80%
12}
: i W
e 100
wn

0

T T
20 30 40 50 60 7

Shear rate, s°1

T
0 10

Figure 4. Rheological flow curves of slurries obtained from the secondary grinding stage which were prepared using

T T
30 40 50 60

Shear rate, s™1

T T
80 90 100 10 20

samples M4 to M6 ground to different particle sizes.

70 80 90 100 10 20 3

40 50 60 70 80 90 100

Shear rate, s1



Minerals 2021, 11, 386 9 of 15
220
200 1 Sample M1 ]| Sample M2 1| Sample M3
® 50%-325¢ ® 50%-325¢ ® 50%-325¢
180 4 | ® 60%-325¢ 1| & 60%-325¢ 1| & 60%-325¢
B 70%-325¢ B 70%-325¢ B 70%-325¢
160 B .
~
@ 140 ] ]
4
=]
« - - -
5 120
v
2,100 7] ]
=
2 80 E ]
1%}
<
U ¢ ] ]
407 ] ]
20 ] ]
0 T T T T T T T T T T T T T T T
200 4 Sample M4 ]| Sample M5 1| Sample M6
® 50%-325¢ ® 50%-325¢ ® 50%-325¢
180 | ¢ 60%-325% 1| & 60%-325¢ 11| & 60%-325¢
B 70% -3254 B 70%-325¢ B 70%-325¢
< 160 b E
~
# 140 E E
4
=]
« - - -
< 120
v
2,100 4 ] ]
=
2 80 E E
1)
<
Y 601 ] ]
40 ] ]
20 4 1 h
0 : - R Rt e T I e e e I

N
N

75 76

80 81 8 8 74 75 76 77 78 79 80 81 8 8 g 75 76 77 78 79 80 81 82 83 84

Solids content, wt.% Solids content, wt.% Solids content, wt.%

Figure 5. Casson yield stress as function of solids content of slurries obtained from the secondary grinding stage prepared

using samples M1 to M6 ground to different particle sizes.

An exponential model presented in Equation (6) was used to correlate the Casson yield
stress with the solids content of the slurries taken from the secondary grinding product.

T = ae’s 6)

where S is the solids content, and a and b are empirical constants which depend on particle
size and on the chemical and mineralogical characteristics of the GU (Tables 1 and 2).
Constants a and b were correlated with the characteristics of the ore samples using linear
regression models, as shown in Equations (7) and (8).

a =Ag+ A1 X1+ A Xp+ -+ AnXy 7)

b= By + B1 Xy +ByXo + -+ By Xy (8)

where Xi and Ai/Bi are ore physical/chemical/mineralogical characteristics and exper-
imental fitting constants, respectively. Table 5 displays the values of Xi and Ai/Bi, and
Figure 6 shows the comparison between the yield stresses obtained using Equation (6)
and the experimental values. The results of the fitting process indicate that constants Ai
and Bi, and as a result the yield stress, increase with the % —325# Tyler Mesh and with
the percentage of minerals with a tendency to generate fines (MTF), and in contrast these
parameters decrease with the ore iron grade (Fe). The correlation of the concentrations of
amphiboles, plagioclase, tectosilicates and magnetite with the yield stress is evident, but it
is not so easy to be explained at this stage of the research program.
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Table 5. Physical, chemical and mineralogical characteristics of the ore samples Xi, which influence
the yield stress and the experimental fitting constants Ai/Bi.

i Xi Ai Bi
0 5.0 x 1077 —1.2 x 1071
1 —325#, % 2.1 x 10710 25 x 1074
2 Amphiboles, % —3.9 x 1077 31x1073
3 Plagioclase, % -9.1 x 107° 7.0 x 1073
4 Tectosilicates, % -1.5x 1078 1.1 x 1072
5 Magnetite, % —3.6 x 1077 34 x 1073
6 Fe, % ~1.5x107? —6.3 x 1070
7 MTE, % 2.4 x 107 8.7 x 1074

MTF = minerals with a tendency to generate fines = smectite + illite/mica + talc + chlorite + kaolinite.

300
|| R2=0.92
250 -
“ ]
[
7 200 -
g ]
@ <O
= 150 4
9 202
==
- ]
7 100 - 2 ¢
(4]
O N4 °
1 202
50 N
0 T T T T T I T I
0 50 100 150 200 250 300

Modelled yield stress, Pa

Figure 6. Comparison between the experimental Casson yield stress and values obtained using

Equation (6).

3.2. Settling Tests and Rheological Characterization of Tailings

Figure 7 shows the position of the pulp/water interface as a function of time during
the initial 15 s of the settling tests. The settling rate calculated from the slope of the linear
section of the curve (initial 3 s), and the turbidity of the supernatant after 12 h are displayed
in the insert. The analysis of the average values and the standard deviations of these two
parameters indicate that there are no significant differences for the tailings obtained by
feeding the plant with different GU. It is important to note that the high settling rates in
this case are due to the low solids contents of the tailings.
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Figure 7. Position of the pulp/water interface as a function of time for the initial 15 s, as measured
from settling tests of tailings taken from point B in Figure 2.

Figure 8 shows the Casson yield stresses of the compacted tailings as a function of
solids contents. The results show a wide variety of rheological behavior of the tailings
slurries obtained from the processing of the different GU.

200
1| Sample
180 | ® w1
4 B M
1604 & W
q v M5
140 4| > Mo
.
(4]
P~ 120 -
7
g
5100
5 ]
@ 80
pS ]
60 -
40
20
O T T T T T T T T T T T T T T T T T T

64 65 66 67 68 69 70 71 72 73 74
Solids content, %

Figure 8. Casson yield stresses of compacted tailings as a function of solids content.
The best fitting of the experimental values of yield stresses was obtained using

Equation (9). Figure 9 shows the comparison between the experimental yield stresses
of tailings and the values obtained from Equation (9). The results of the fitting process
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indicate that the solids concentration, MTF content in the head ore samples and the ore
grade influence the rheological properties of the tailings, which correlates with the behavior
of the secondary grinding product.
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Figure 9. Comparison between the experimental Casson yield stress of tailings and the values
obtained using Equation (9).

4. Discussion

The rheological behavior of suspensions of particles dispersed in a continuous medium
depends on the phenomena taking place at an inter-particle scale, which are the so-called
micro-rheological effects. The macroscopic rheological behavior can be predicted from
the microscopic interactions between the particles dispersed in suspension, phenomena
which is the study subject of micro-rheology [16,17]. Klein (1992) [10] distinguished four
micro-rheological effects, i.e., hydrodynamic, electro-viscous, aggregation and granulo-
viscous. The hydrodynamic effects mainly occur from the resistance produced as a result
of the presence of dispersed particles and from the liquid squeezing that takes place as
particles approach each other; the electro-viscous effects arise from the interactions between
electrical double layers generated around the particles, which affects energy dissipation; the
aggregation effects are caused by the action of attractive interparticle forces (e.g., van der
Waals forces); and finally, the granulo-viscous effects are related to physical interactions
between particles such as particle impacts, inter-particle friction and particle packing. The
relative importance of these micro-rheological effects depends on various properties of the
suspension that can be classified as physico-mechanical, i.e., solid content, density, shape,
size and size distribution of the particles, and physico-chemical variables, i.e., pH, ions,
surfactants and other chemicals [18]. The electro-viscous and aggregation effects are more
important at small particle sizes (<20 pm) with both effects being more significant at high
solid contents.

The experimental results obtained in this work indicate that the rheological behavior of
the slurries treated strongly depends on the physical, chemical and mineralogical charac-
teristics of the GU head samples. The solids concentration, which is a physico-mechanical
variable, strongly affects the yield stresses of the studied slurries; the iron grade also cor-
relates with the rheological data, most likely because this chemical variable is indirectly
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related to mineralogy and in particular to the concentrations of plagioclase and tectosili-
cates. The concentration of minerals with a tendency to generate fines (phyllosilicates) also
affects the experimental yield stress, which is in agreement with what is expected from the
micro-rheology theory. Previous studies showed that the presence of phyllosilicates particles
dispersed in suspension strongly affected pulp rheology and the efficiency of the mineral
processing plants [19-25]. The problems caused by dispersed phyllosilicates particles are
usually reduced by doing slurry dilution, which reduces pulp viscosity and disperses fines
and ultra-fines. In some cases, the blending of phyllosilicate-bearing ores with less prob-
lematic ores is also considered, but this procedure is sometimes limited to mine planning
definitions. Phyllosilicates are classified into four groups: serpentine group, clay minerals
group, mica group and chlorite group [26], among which minerals of the clays (smectite and
kaolinite), mica and chlorite groups were present in the samples tested in this work.

Clay minerals can be described as soft anisotropic and hydrated phyllosilicates, usually
present in suspension as small plate-like particles that comprise unit layers stacked like
a deck of cards, with a crystal structure of units consisting of sheets of tetrahedrally
coordinated silica in combination with octahedral alumina or magnesia [27-30]. Clay
mineral particles are highly anisotropic, irregular and heterogeneous in shape, with pH-
dependent charges on the faces and edges, different modes of aggregation and a high
specific surface and cation exchange capacity in the case of swelling clays. All these
particularities of the clay minerals strongly influence pulp rheology through mainly electro-
viscous and aggregation effects, which was previously reported by Uribe et al., (2016) [18].
Different species of clay minerals have a diverse type of behavior when they are dispersed
in aqueous solutions [31-33]. Kaolinite and smectites are typically-found clay minerals.
Kaolinite is a 1:1 clay consisting of alternating layers of silica tetrahedra and aluminum
hydroxide octahedral (T-O), which are held tightly together by hydrogen bonding, which
explains why kaolinite swelling in water is minor [34]; kaolinite particles have two different
surfaces created during particle breakage, i.e., the basal silica-like faces which are negatively
charged over a wide range of pH, and the alumina-like edges which are positively charged
on the neutral-acidic range of pH [35-38], which explains the tendency of these particles to
aggregate and affect the rheological properties of mineral suspensions. Smectites belong
to the 2:1 layer clay minerals, and a single platelet is composed of three layers where one
octahedral aluminum-oxygen layer is sandwiched between two tetrahedral silicon-oxygen
layers [28,34]. These mineral particles can also be modeled as laminar particles, with faces
and edges with the basal silica-like layers carrying a permanent negative charge, and the
edges’ charge depending on pH [24]. Distinctive properties of smectites are swelling and
low critical coagulation concentrations (cK) [31], which explains why these types of clay
minerals strongly affect rheology. Other phyllosilicates such as micas, talc and chlorite are
also anisotropic and generate aggregation, which also affects rheology.

As is presented in this work, the rheological behavior of the slurries obtained from the
secondary grinding product and from the tailing thickener underflow depended on the
physical, chemical and mineralogical characteristics of the head samples. The rheological
data show a correlation with the solids concentrations, the MTF and with the ore iron
grade. The effect of the MTF can be explained by the physicochemical characteristics of
the different phyllosilicates, which comprise this group which strongly affect the micro-
rheological effects and thus the macroscopic behavior of the slurries. The fact that yield
stress values decrease as iron grade increases has to do with the fact that there is an inverse
relationship between grade and the MTF content, as can be seen in Table 2. The different
physical, chemical and mineralogical characteristics of the ores to be treated in the CNN
processing plant will strongly affect the performance of the grinding, and the magnetic and
solid-liquid separation stages. A research program intended to study the efficiency of the
different unit operations of the CNN processing plant under different physical, chemical
and mineralogical conditions is undergoing. As was previously said, an understanding
of the rheological behavior of the iron ore slurries is the first step to optimize the physical
separation stages of the CNN plant, and to develop new geometallurgical models.
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5. Conclusions

The rheological flow curves of slurries obtained from the secondary grinding product
displayed a pseudoplastic pattern, and the experimental data were reasonably fitted using
the Casson model.

An exponential model was used to correlate the Casson yield stresses with the solids
content of the slurries taken from the secondary grinding product. It was shown that
the yield stresses increased with the solids concentration, % —325# Tyler mesh, and with
the percentage of minerals with a tendency to generate fines (MTF); in contrast, the yield
stresses decreased with the ore iron grade (Fe). Amphiboles, plagioclase, tectosilicates
and magnetite affect the yield stress, but further work is needed to better understand this
observed experimental correlation.

The results of settling tests and the rheological characterization of tailings showed
that the settling rates and turbidity values of the supernatant measured from tests using
different head ore samples showed no significant differences. A linear regression model
was used to correlate the results of yield stress of the compacted tailings with the physical,
chemical and mineralogical characteristics of the ore samples. The results of the fitting
process indicate that the solids concentration, the MTF content and the iron grade ore
strongly influence the rheological properties of the tailings, which correlates with the
behavior of the secondary grinding product.

The experimental results were explained in terms of the microrheological effects and
of the physicochemical properties of the different types of phyllosilicates existing in the
ores samples tested in this work.

As was previously said, an understanding of the rheological behavior of the iron ore
slurries is the first step to optimize the physical separation stages of the CNN plant, and to
develop new geometallurgical models.
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