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ABSTRACT

It is well documented that chemical additives (grinding aid “GA”) during grinding can increase mill
throughput, reduce water and energy consumption, narrow the particle size distribution of products,
and improve material flowability. These advantages have been linked to their effects on the rheology,
although there is a gap in understanding GA effectiveness mechanism on the flow properties. The present
study aims to fill this gap using different GAs (Zalta™ GR20-587, Zalta™ VM1122, and sodium hydroxide)
through batch grinding experiments of magnetite ore and addressing the mechanisms of their effects on
the rheology by an FT4 Powder Rheometer as a unique system. Experimental results showed that GA
improved grinding efficiency (energy consumption and product fineness), which were well-correlated
with basic flow energy, specific energy, aerated basic flow energy, and aerated energy. Moreover, the
rheometry measurement showed strong linear correlations between basic flow energy, specific energy,
and the resulting work index when GAs was considered for grinding, which confirmed the effect of GA on
ground particles’ flowability. Zalta™ VM1122, a polysaccharide-based grinding aid, showed the best
performance with 38.8% reduction of basic flow energy, 20.4% reduction of specific energy, 24.6%
reduction of aerated basic flow energy, and 38.3% reduction of aerated energy. It also showed the
strongest correlation between the grinding parameters and flow parameters (r > 0.93). The present
investigation shows a strong indication that the predominant mechanism of GAs is based on the

KEYWORDS

Energy; flowability; dry
grinding; FT4 Powder
Rheometer; grinding aid

alteration of rheological properties and identify Zalta™ VM1122 as the best GA.

1. Introduction

Grinding is an indispensable step in mineral processing to
reduce particles’ size and liberate minerals before they are
subjected to further separation processes. Grinding is charac-
terized by high energy consumption and low energy efficiency
(~ 1%) (Cheng et al. 2019; Liu et al. 1989; Napier-Munn 2015).
Moreover, grinding efficiency decreases as the particle size get
finer due to the increase in the inter-particle forces by the
electrostatic phenomenon (Choi, Lee and Kim 2009;
Prziwara, Breitung-Faes and Kwade 2018a). As a solution, the
use of chemical additives employed as grinding aids (GAs) in
grinding circuits (mostly in the cement industry) significantly
reduces the energy consumption (Ec), increases the through-
put, improves classification, and enhances material flowability
(Chipakwe et al. 2020a; Fuerstenau 1995; Hartley, Prisbrey and
Wick 1978; Orumwense and Forssberg 1992; Singh et al. 2018;
Toprak, Altun and Benzer 2018).

Although using GAs dates back to 1930, no agreed mechanism
on their effect exists (Fuerstenau 1995; Hao, Liu and Yan 2017;
Weibel and Mishra 2014). During grinding, the material flow plays
a pivotal role in the product particles’ properties (El-Shall and
Somasundaran 1984; Fuerstenau 1995; He, Wang and Forssberg
2004). Some mechanisms have been proposed for the effect of
GAs, which are mainly based on two principles, namely: the
chemico-physical effect on individual particles such as the surface

energy reduction (Rehbinder and Kalinkovaskaya 1932), and the
effect on the particle arrangement and material flow properties
(Klimpel and Manfroy 1978; Locher and Seebach 1972). In gen-
eral, the impact of GAs on rheology is accepted as the main
mechanism; however, no scientific knowledge substantiates this.
All these scenarios have been emphasized the importance of flow
characterization studies when GAs are considered.

There are several empirical techniques available for flow char-
acteristics such as shear cell testers, angle of repose, bulk density,
uniaxial compression test, Hall/Carnell method, tapped density,
and bed collapse (Divya and Ganesh 2019; Hare et al. 2015; Leturia
et al. 2014). These empirical techniques have poor reproducibility,
sensitivity and are largely user-dependent. Previous studies on the
influence of GAs on the flow behavior have been carried out using
empirical techniques (Csoke, Racz and Mucsi 2010; Prziwara,
Breitung-Faes and Kwade 2018b; Rajendran Nair and
Paramasivam 1999). Recent advances in the automated powder
rheometers have addressed these limitations and provide
a correlation between these different empirical tests and dynamic,
shear, and bulk properties (Freeman 2007; Hare et al. 2015; Leturia
et al. 2014). Hao Shi et al. (2018) highlighted the importance of
careful interpretation of these outputs from the automated powder
rheometers.

To fill this gap, the FT4 Powder Rheometer as an advanced
system can measure the flow behavior while the powder is in
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motion, which is more representative of the process condi-
tions. In general, considering that flowability is not an inherent
property and a single characteristic is inadequate. There is
a need for a multivariate method that correlates results from
different empirical tests, such as the FT4 Powder Rheometer.
The stability and variable flow rate test method on the FT4
Powder Rheometer measures flow properties in a dynamic,
constrained forced flow environment that closely simulates
a grinding process in a tumbling mill.

For the first time, this investigation correlates the energy
expended (grinding parameter) to flow indices. Most of the
studies have focused mainly on particle properties such as
fineness, specific surface area, surface energy, and particle size
distribution as grinding parameters, not including energy
reduction (Chipakwe et al. 2020a; Hasegawa et al. 2000).
A recent investigation showed the effectiveness of additives as
GAs during the dry grinding of magnetite and suggested that
Zalta™ GR20-587, Zalta™ VM1122, and sodium hydroxide can
reduce energy consumption compared to dry grinding without
additive (Chipakwe et al. 2020b). This current study reports the
findings on the characterization of dry ground magnetite ore
flow properties using these additives. The ground materials in
the presence of these GAs at varying dosages were character-
ized using the FT4 Powder Rheometer. This investigation aims
to explore the probable mechanism for increasing the grinding
efficiency by modifying rheological properties at a mesoscopic
scale and correlating grinding performance with material flow
properties using Pearson correlation analysis. These findings
will provide a systematic way to design and optimize GAs.

2. Materials and methods
2.1. Materials and chemicals

For the study, a magnetite ore was received from LKAB
(Luossavaara Kiirunavaara Aktiebolag), mine in Malmberget,
Sweden. The sample contained magnetite of high purity

25000

(54-57% Fe;0,) (Figure 1), with quartz, ilmenite, actinolite,
albite, biotite, apatite, and diopside as gangue minerals with
a bulk density of 4.48 gcm ™.

The sample was initially crushed in a laboratory scale jaw
crusher to obtain the —2.8 + 1 mm size range and prepared for
milling (Figure 2). A narrow feed of —2.8 + 1.0 mm was used as
the mill feed to assess the grinding efficiency considering that
GAs are more effective on a narrow feed size (Hartley, Prisbrey
and Wick 1978). Zalta® GR20-587 (Commercial GA) and
Zalta™ VM1122 (Commercial viscosity aid) were obtained
from Solenis (Sweden), and sodium hydroxide (NaOH, analy-
tical reagent grade) was obtained from Kebo Lab (Sweden),
Table 1.

2.2. @Grinding tests

For the grinding experiments, a laboratory scale ball mill
(CAPCO, UK) was used with the parameters summarized in
Table 2. The GA dosages and variables™ selection criteria were
based on a randomized 3-level experimental design as described
elsewhere (Chipakwe et al. 2020b) and mill parameters from the
initial work of Mwanga et al. (2017). The procedure was devel-
oped for the Bond ball mill work index to carter for smaller
amounts of sample (220 g) than conventional procedures.

In control tests, no additives were used (referred to as
“reference test”), and for the other tests, one of the additives
was combined with the ore at three different dosages. The mill
conditions were kept constant for all the runs with replicates.
The grinding performance was quantified in terms of energy
consumption expressed as work index, material fineness, and
the particle size distribution. The grinding products were sub-
jected to particle size distribution after grinding. The recorded
energy, together with the Pgy from the PSDs were used to
calculate the work index based on Bond’s third theory, equa-
tion 1 (Bond 1961). Where is the work index (kWh/t), W is the
energy input (kWh/t), while and are the 80% of the mill
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Figure 1. X-ray diffraction pattern of the magnetite ore.
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Figure 2. A simplified flow chart of the experiments.
Table 1. Chemical and physical properties of the grinding aids.

Chemical and physical properties Zalta™ GR20-587 Zalta™ VM1122 Sodium hydroxide
Description Grinding aid Viscosity aid pH modifier
Classification Glycol-based Polysaccharide-based Alkaline
pH 8 4-7 14
Appearance Aqueous solution Liquid Crystalline solid
Color Yellow White White
Boiling point °C 100 98.9-103.3 1388
Flash point °C - 207 -
Water solubility Soluble - Soluble
Dynamic viscosity (mPa.s) 150 2.0-3.0 0.997
Density at 20°C (g/cm?) 1.20 1.06 2.13

Table 2. Grinding parameters considered for the milling experiments.

CAPCO Jar mill @115 x 132 mm

Grinding media Steel balls (graded 10-36 mm), 19 vol.% filling

Mill speed 114 rpm, 91% of critical speed

Mass of sample 220 g, ore:balls ratio — 0.16 w/w, top size < 2.8 mm
Grinding time 30 minutes

product and feed sizes (um) respectively. The resulting pro-
ducts were prepared for analysis of flow characteristics using
the FT4 Powder Rheometer (Figure 2).

1 1

W:lO.Wi(W)—ﬁ (1)

2.3. Flow characterization

The ground material’s flowability was measured by an FT4
Powder Rheometer (Freeman Technology Ltd, UK, now part
of Micromeritics, USA). The instrument comprises a twisted
blade, piston, or shear head, which can be rotated and moved
axially in the sample whilst measuring the rotational and axial
force. There are different modes, namely stability and variable
flow rate test, shear test (rotational), and aeration test based on
force, velocity, and torque. A 40 cm?® volume of each ground
sample was measured and pre-conditioned to homogenize the
sample for rheometry. All test were carried out in 25 mm
diameter glass vessels: a 25 cm’ vessel for the stability and
variable flow rate test, a 10 cm® vessel for the shear test, and
a 35 cm’ vessel for the aeration test (although the sample
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volume for aeration tests was 25 c¢cm’), following the FT4
Powder Rheometer operating procedures (Leturia et al. 2014).

2.3.1. Stability and variable flow rate tests

The test procedure lowers a rotating blade into the powder at
a defined axial and rotational speed and then bringing it up out
of the powder at the same speed, measuring the torque and
axial force at all times. The first seven test cycles use an axial
speed of 100 mm/s blade tip speed to assess the constant blade
motion’s resistance. The remaining four cycles use decreasing
axial speeds, starting at 100 mm/s and then 70, 40, and 10 mm/
s, to measure the resistance’s dependence on blade speed. In
between each test cycle, the powder is conditioned (the blade
moves through it in a pre-defined way) to remove the previous
test’s effect and restore the powder to a consistent starting
condition. During both the downward and upward movement,
the torque and axial force required to move the powder bed
were measured and used for different calculations. This stan-
dard test produces data that are then used to determine: Basic
Flowability Energy, BFE (energy required to move the blade
downwards during the seventh test cycle), Specific Energy, SE
(the energy required to move the blade out of the powder
during the seventh cycle divided by the mass of the sample),
Stability Index, SI (the ratio of the total energy consumed by
the seventh test cycle to that consumed during the first test
cycle), and Flow Rate Index, FRI (the ratio of the energy
consumed during the cycle at a blade speed of 100 mm/s to
that at 10 mm/s).

2.3.2. Aerated tests

An aeration test was also conducted on the different blends to
assess the flow behavior in an aerated environment. Different
airflow rates were used successively (0, 2, 4, 6, and 10 mm/s)
from the cell’s bottom. The blade’s torque and axial forces are
recorded during the blade’s downward movement (tip
speed = 100 mm/s) to give the total energy (TE) consumption.
The successive increment of the airflow rate reduces the energy
to give a minimum, which implies total fluidization of the bed.
The corresponding total energy (TE) value gives the aerated
energy (AE), while the reduction in energy as the airflow
increases gives the aeration ratio (AR) (the ratio of the energy
consumed during the test cycle with no airflow to the aeration
energy). The basic flow energy in the aerated environment
(A-BFE) is also determined.

Table 3. Effect of grinding aids on the grinding parameters and flow indices.

2.4. Statistical analysis

All the measurements were performed in duplicate and based
on a series of different batches, and the mean values are
reported. Statistical analyses were conducted using analysis of
variance (ANOVA) at a 95% significance level using Origin Pro
9.0 (OriginLab, USA. The association between the parameters
was assessed using Pearson correlation “r” analysis. “¢” is
a linear factor determining relationships among variables to
show their dependency. It ranges from —1 to +1. The sign of the
r-value indicates the magnitude of a relationship, and its abso-

lute value shows its strength.

3. Results
3.1. Grinding tests

Table 3 shows both grinding parameters and flow indices of the
ground products from different blends. It can be observed that
GAs reduce the number of coarse particles (+150 um) for certain
dosages compared to grinding without additives. The results
showed interesting phenomena for sodium hydroxide and
Zalta™ GR20-587 with an initial increase in grinding perfor-
mance and a decrease after 0.05 wt. % dosage. It was shown
that using an optimum grinding aid dosage makes it possible to
reduce energy consumption and increase the product fineness.
The observed phenomena point to an optimum dosage; thus, the
flowability allows effective particle breakage. High GA dosages
result in high flowability, which affects particles’ capturing, with
the particles being easily pushed out of the active grinding zone
resulting in a poor grinding efficiency (Prziwara, Breitung-Faes
and Kwade 2018a; Schonert 1996; Chipakwe et al. 2020a). It was
reported that grinding performance depends on the type and
dosage of GAs while Zalta™ VM1122 showed the best perfor-
mance in terms of reducing the work index and increasing the
fineness production, followed by sodium hydroxide and lastly,
Zalta™ GR20-587 (Chipakwe et al. 2020b).

3.2. Effect of GAs on flow properties

Flow characterization of different GAs and dosages were car-
ried out using the stability and variable flow rate and aeration
tests. The application of GAs generally improving flowability,
as depicted in Figure 3. Both the stability and variable flow rate
and aeration tests show that flowability increases with increas-
ing GA dosage for the examined range.

Grinding parameters Flow indices

Dosage Work index Fineness Size range, um BFE SE SI A-BFE AE

Condition wt.% kWh/t Pgo pm +150 —150 + 38 -38 m)J ml/g [-] m)J m)J
Reference 0 18.0 181 219 53.2 24.9 1237 8.0 13 831 106.7
Zalta GR20-587 0.03 17.2 160 234 55.8 20.8 903 8.7 13 768 119.5
0.05 13.2 156 25.0 53.6 21.4 458 7.4 0.4 855 109.0
0.1 149 180 225 53.7 23.8 743 71 1.2 620 65.3
Zalta VM1122 0.03 14.4 146 24.7 56.7 18.6 961 9.3 1.1 985 107.2
0.05 143 144 253 56.3 18.4 881 10.5 0.9 677 83.2
0.1 124 143 23.2 583 18.5 757 6.4 14 627 65.8
Sodium hydroxide 0.03 13.2 157 245 55.0 20.5 886 8.0 15 670 98.8
0.05 12.8 150 25.0 54.9 20.0 928 8.2 1.1 848 116.9
0.1 13.8 167 235 54.7 21.8 980 6.9 1.0 516 62.9




3.2.1. Basic flow energy (BFE) and stability indices (Sl)

The experimental results show that all grinding aids signifi-
cantly reduce the BFE, which indicates improved flowability in
the presence of GAs with varying magnitude depending on the
type and dosage (Figure 4). The higher BFE for the reference
test (indicated by dashed lines) compared to tests that included
GAs indicates that the high resistance to flow is inherent in the
ore powder. The BFE data for the different GAs with varying
dosages shows both Zalta™ GR20-587 and sodium hydroxide
have a similar profile of an initial decrease in BFE then sudden
increase after 0.05 wt% and 0.03 wt%, respectively.
Conversely, increasing the concentration of Zalta™ VM1122
results in improved flowability for the ranges investigated.
Zalta” GR20-587 reduces the flow energy requirement by
62.9% at 0.05 wt.% dosage, whereas Zalta™ VM1122 has
a 38.8% reduction at 0.1 wt.% and sodium hydroxide gives
a 28.3% reduction at 0.03 wt.% dosage. The stability indices
(Figure 5) show that Zalta™ VM1122 results in higher stability
compared to Zalta™ GR20-587 and sodium hydroxide.

MINERAL PROCESSING AND EXTRACTIVE METALLURGY REVIEW e 5

Generally, powders with a stability index between 0.9 and 1.1
can be considered normal stable powders (Bian et al. 2015). All
the experiments show SI values out of this range except for the
tests that used Zalta™ VM1122 at 0.05 wt.% (SI = 0.95). In
general, all the experiments with Zalta™ GR20-587 and sodium
hydroxide have low stability, which indicates high chances of
segregation or disintegrating during flow (Freeman,
Technology 2007). However, the samples that contained
Zalta™ VM1122 (0.95-1.35) indicate the minimum deviation
from the SI range, suggesting a low tendency to agglomerate
compared to the other examined GAs.

The observed phenomena can be attributed to factors such
as PSD, particle shapes, and bulk density (Liu et al. 2017). The
different blends besides the PSD varied with GAs, which often
resulted in a narrower PSD compared to the reference test
(Table 3). Liu et al. (2017) used coal powders with different
PSDs and showed that a small difference could significantly
affect material flowability. The wide PSD had high isostatic
tensile strength (a measure of cohesion) and compressibility,
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Figure 3. Effect of GAs on flow indexes a) Basic flow rate b) Specific energy c) Basic flow energy-aerated d) Aerated energy.
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which gives a denser packing compared to a narrow PSD.
Moreover, high packing density implies the bed’s efficient
packing, which means that high values of BFE will be needed
to move the bed. In the stability and variable flow rate testing,
the material’s compressibility influences the measurements due
to the blade’s flow zone, which depends on the material bed.
The narrow PSD (better uniform particle size) in samples that
contain GAs can be linked with improved flowability (Yun
et al. 2018). From these outcomes, it can be concluded that
powders with GAs require less energy compared to grinding
without GAs, which results in improving flowability.

3.2.2. Specific energy
Specific energy (SE) measures the powder flowability when it is
unconfined or at low-stress levels (i.e., the blade lifting the powder

T
Zalta™ VM1122

T
Sodium hydroxide

during its upward movement). SE is an accurate measurement for
assessing the influence of cohesive/adhesive forces from inter-
particle interactions as opposed to compressibility for the BFE.
Both BFE and SE depend on physical properties such as particle
size, shape, and texture (Gnagne et al. 2017; Nan, Ghadiri and
Wang 2017). Exploring the effect of GAs and their different
concentrations on the SE values shows that the reference test’s
SE gives a value of 8.02 m]J/g, indicating that it has moderate
cohesion forces (Figure 6). Zalta” VM1122 demonstrated the
lowest SE at 0.1 wt. % (6.38 m]J/g). The cohesion magnitude is
only reduced at certain concentrations, and it is higher than the
reference test for some concentrations. While Zalta™ GR20-587
decreases the SE with increasing concentration, Zalta™ VM1122
and sodium hydroxide give an increase at low concentrations but
then a decrease with increasing dosage. The fact that the SE
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Figure 6. Influence of GAs on specific energy in different conditions.

decreases with an increase in the GA concentration, which agrees
with findings that GAs reduce the inter-particle forces, decreases
the degree of cohesion and improves flowability. These trends
agree with reported results by other investigations, which docu-
mented a decrease in SE when reduced cohesion (Katsioti et al.
2009; Prziwara, Breitung-Faes and Kwade 2018a).

3.3. Aerated tests

Considering that grinding is a dynamic process and, on the
industrial scale, the dry milling process is airflow assisted, the
aeration test is regarded adequate and informative for explor-
ing the potential effects of GAs (Zhang et al. 2019). Generally,
the GA experiments’ A-BFE measurements are low compared
to the reference test (except for Zalta™ VM1122 - 0.03 wt.%).
This shows that using GAs can improve the powder’s fluidiza-
tion and facilitate transportation (Figure 7). Like the other
energy measurements, A-BFE depends on cohesion, particle
shape, texture, and density. In general, particles with more
cohesive forces are difficult to fluidize (low AR and higher
AE). For all the GAs, 2 < AR < 20, which implies an average
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Figure 7. Influence of GAs on the aerated basic flow energy in different dosages.
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sensitivity to aeration, is typical of powders with moderate
cohesion (Freeman, Technology 2013). (Table 4).

3.4. Correlating the flow properties and the grinding
parameters

As discussed, all GAs reduce work index and increase product
fineness during grinding, varying with GA type and dosage.
Although the flow properties depend on several factors and are
not an intrinsic property, some correlations have been established
between the grinding parameters and flow indices. Pearson cor-
relation assessments show that all samples’ work index is well
correlated to the BFE and SE when r > 0.70 (Figure 8). These
indices reflect the ease of material movement (flowability) as the
GAs reduce the cohesive forces. The linear correlation between
the work index and BFE suggests that low BFE values would lower
energy consumption. The SE also has a considerable correlation
with the work index. This relationship implies that high SE values
would result in lower energy consumption and finer particle size.
These findings point out too high flowability in sodium hydro-
xide, affecting the efficacy concerning size reduction. By
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Table 4. Aeration test results for various conditions in the presence and absence
of GAs.

Type of grinding aid  Dosage (wt.%)

Aerated energy (mJ)  Aeration ratio

Reference 0 106.7 7.6
0.03 119.5 6.4
Zalta™ GR20-584 0.05 109.0 79
0.1 65.3 9.6
0.03 107.2 9.4
Zalta™ VM1122 0.05 83.2 8.1
0.1 65.8 9.6
0.03 98.8 6.8
Sodium hydroxide 0.05 116.9 73
0.1 62.9 84

considering the aeration test indices, significant correlations can
be observed for work index and fineness with A-BFE and AE
results, especially for the Zalta™ VM1122 case. This relation
implies that the increase in fluidization results in improved trans-
port, which also affects grindability.
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Work Index, kWhit

Figure 8. Pearson correlation of grinding parameters and flow properties.

4. Discussion

In general, all these outcomes demonstrate that flow properties
influence the grinding process, which is evident from the grinding
parameters (Table 3). Several studies have concluded that material
transport (flowability) plays an important role in throughput and
energy consumption in ball milling (He, Wang and Forssberg
2004; Orumwense and Forssberg 1992). As particle size decreases
during grinding, particle-particle forces become more significant,
leading to agglomeration and coating of grinding media, which
reduces impact (Hasegawa et al. 2000; Prziwara, Breitung-Faes and
Kwade 2018a; Sohoni, Sridhar and Mandal 1991). The grinding
process can enhance by improving the grinding rate or reducing
the agglomeration rate. The influence of grinding aids on BFE, SE,
A-BFE, and AE has been illustrated, which are a measure of inter-
particle forces and are known to retard size reduction in commi-
nution (Kojima and Elliott 2014, 2012; Prziwara, Breitung-Faes
and Kwade 2018a). However, it is clear that an upper limit exists in

Zalta™ GR20-587
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SE, mJig 0.2000
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terms of the GA concentration for each additive. This result agrees
with established knowledge of grinding performance that an opti-
mum dosage exists for each GA. It shows an optimum amount of
GA molecules required to form the particle coating to ensure the
neutralization of electrostatic charges.

Consequently, GA molecules continue to be beneficial as
long as the inter-particle forces exist, after which negative
effects start appearing (Liu et al. 1989). It appears that at higher
dosages, the excess GA results in more packing and less com-
pressibility, creating a large flow zone, increase volume frac-
tion, and, consequently, high flow energy. On a mesoscopic
scale, it can be agreed that grinding aids reduce particle-
particle interactions by forming a film around the particles,
and aiding flowability. This phenomenon confirms the noted
difficulties in determining the optimum GA dosage as it
depends on GA type, process conditions, particle surface prop-
erties, equally complex like determining flow properties. These
facts generate a need for a particle scale based study that will
investigate the influence on breakage mechanisms. The study’s
findings support the conceptual premise that the main
mechanism of grinding aids is based on the material arrange-
ment properties, although inconclusive to disprove other
mechanisms. This term is supported by the good correlation
between grinding efficiency (energy consumption and fine-
ness) and the flow indices (BFE, SE, A-BFE and AE). The
grinding efficiency increases by increasing flowability to
a maximum, after which it starts to decrease.

Despite the obvious advantages of GAs in mineral processing,
further work is still required to address some limitations.
Considering that the processes supporting the improved grinding
efficiency associated with GAs have no sound scientific backing,
making trial and error the main criteria in the design and devel-
opment of such chemistries. This fact generates a need for
a particle scale based study together with molecular modeling
that will investigate the influence on breakage mechanisms and
link them to chemistries of the GAs. On the other hand, the
application of GAs in mineral processing is limited by the high
cost of the chemical additives making their economic justification
difficult, although potential revenue can be saved. Research of
cheaper alternatives such as Zalta™ VM1122 - a polysaccharide-
based grinding aid containing dextrin, a starch derivative, presents
an opportunity for a cheaper, biodegradable, and less toxic alter-
native for use in grinding circuits (Caballero et al 2003).

5. Conclusions

Results indicated that all the used chemical additives are satis-
factorily effective grinding aids and resulted in improved mate-
rial flowability compared to grinding without additives (in the
examined dosage range). There exist an upper limit to the
dosage at which GAs are beneficial for each additive. Zalta™
VM1122 results in a 38.8% reduction of the basic flow energy
(BFE), 20.4% reduction of specific energy (SE), 24.6% reduc-
tion of the aerated basic flow energy (A-BFE), and 38.3%
reduction of the aerated energy (AE). A significant correlation
was found between grinding efficiency (including work index)
and flow indices. Grinding aids increased grinding efficiency by
altering the flow properties, i.e., decreased flow energy and
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cohesive forces. The predominant GA mechanism is based on
the alteration of rheological properties.
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