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ABSTRACT: The supremacy of the mineral industry added to
the necessity to supply the world market demand justifies the
continuous research efforts for optimizing of the activities of
mineral resource utilization. In an approach of mineral
characterization, a grain-size analysis study of coarse and fine
aggregates of verdete rock was presented in this work. The
particle size distribution (PSD) of two samples of aggregates with
granulometry < 2.36 mm was experimentally obtained using
sieving techniques and adjustment to Rosin-Rammler-Bennet
(RRB) and Gates-Gaudin-Schuhmann (GGS) granulometric
distribution models. Both RRB and GGS models regressed well
to the experimental data, presenting correlation coefficient values
were extremely close between them approximately 0.99. The PSD
results indicated that 65.97% dry aggregates and 67.68% wet
aggregates had a particle size with mean diameter > 0.0050 mm;
a similar behavior of the grain-size distributions presented by dry
and wet aggregates; and a
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tiny presence of fine particles natural in the analyzed ore sample. The results suggested the suitability of the methodology to
predict the grain-size performance the verdete ore beyond to show itself as a contribution to the enriching of the mineral
characterization of the studied rock, as a potassium potential source for the mineral processing Brazilian industry.

1. Introduction

Technological advancements in  mineral
processing operations suggest that continuous
research efforts are required to minimize energy
consumption, optimize resource utilization, and
acquire products with the desired size distribution.
Size reduction is probably one of the most
fundamental and energy-intensive operations in the
mineral processing industry, consuming up until
4% of the electrical energy generated worldwide.
Comminution operations and grinding fineness
determination are important processes employed to
fracture coarse mineral aggregates and liberate
value-added materials. Estimations on energy
consumption in mining operations in the USA
indicate that 39% is used for beneficiation and
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processing operations, 75% of which is consumed
in comminution*?.

Grain size may be considered a fundamental
physical characteristic property of earth materials,
being relevant to their classification and geological
origin, as well as for its applications in geotechnics,
agricultural engineering, and industrial technology.
Moreover, particle size distribution (PSD)
influences various activities of resource and energy
utilization, and industrial processes, such as the
granular materials flow characteristics, flotation
and leaching processes, compacting and sintering
processes of metallurgical powders, coal
combustion process, settling time of cements,
among others processes. Particle size can be
determined using several techniques, between them
sieving, sedimentation, electrozone sensing,
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microscopy techniques, X-ray attenuation, and
laser diffraction®.

Several models and expressions have been
developed to describe the PSD of particulate
materials®. These models ranging from the normal
and log-normal distributions to the Rosin-
Rammler-Bennet (RRB) and Gates-Gaudin-
Schuhmann (GGS) models. RRB equation is
probably the most well-known distribution in the
chemical industries, widely used to analyze all
types of materials and GGS equation is another
uncomplicated popular model used in the metallic
ferrous mining industry’. RRB and GGS
mathematical models have been widely applied to
describe the size distribution of several particles
types, such as maize grains®; fenugreek seed’;
sorghum bagasse®; copper tailing’; babassu, canola,
castor seed and sunflower residual cakes®; particle
assemblages’, and several ores, such as quartz and
marble®; iron'’; uranium®*; phosphate®?; apatite’*;
chromite®*; among others. Other numerous
granulometric distribution models have also been
proposed for greater accuracy in estimating the
PSDs, but they have limit applications due to their
greater mathematical complexity™.

In Brazil, one of the most abundant potassium
silicates is regionally known as verdete, a
metasedimentary rock formed during the
Neoproterozoic era. Verdete is a greenish and
banded rock, which has fine granulometry and clay
matrix, and it is composed essentially by
glauconite, quartz, and kaolinite minerals and
potassium feldspars™. According to Santos et al.*,
the rock occurs in Serra da Saudade, Alto
Paranaiba Region (MG), geologically located in
the San Francisco Craton. The municipality of
Cedro do Abaeté is known to have reasonable
reserves of verdete (57.4 million tons)*’. Potassium
oxide (Kz0) high contents in the verdete rock were
reported in the literature®>'**, According to Silva
and Lana”’, the Cedro do Abaeté’s verdete may
contain until 14% of K>O.

According to the journal Brasil Mineral®, the
first mineral project of an industrial processing
plant of verdete rock recently was inaugurated in
Dores do Indaid, Minas Gerais State, Brazil.
Pioneer in the processing of this potassium rock,
the complex of the Kalium Mineragdo S.A.
disposes of a glauconite deposit located in the
municipalities of Serra da Saudade and Quartel
Geral in Minas Gerais, with total reserves of 218
million tons of ore and an average content of 10.6%
K>O. The mining process certified by Intertek
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predicts an innovative treatment through
processing techniques of crushing/grinding; acid
cure; aqueous lixiviation; liquid-solid separation;
crystallization;  thermic  decomposition; and
sulfuric acid regeneration. The company mining
intended the verdete rock use for the potassium
salts production, whose processed products may be
applicated as potassium fertilizers, for example,
seeking to supply part of great demand of the
potassium national market?.

However, a few previous scientific studies
worked with the verdete rock until recently. So far,
stand out researches involving chemical,
stratigraphic, petrographic and mineralogical
characterizations were performed'*****? besides
other technological studies based on thermal
treatment focusing on its reactivity increase?”*® and
its metal availability”*"**.  No meaningful
previous contributions were found that consistently
explored the particle size distribution of verdete
rock through grain-size analysis and adjustment to
RRB and GGS mathematical models.

In this context, based on the relevance of
continuous research efforts in mineral processing
studies, as well as on the lack of consistent
scientific contributions regarding particle size
distribution of the verdete rock through the grain-
size property, the present article delineates a new
study of grain-size of verdete coarse and fine
aggregates. For that, this work strives to describe
the particle size distribution of such aggregates
using sieving techniques and adjustment to Rosin-
Rammler-Bennet (RRB) and Gates-Gaudin-
Schuhmann (GGS) granulometric distribution
models, with the purpose of providing subsidies to
a verdete rock characterization as potassium
potential source for the mineral processing
Brazilian industry.

2. Experimental

Grain-size analysis of verdete rock was realized
at environmental conditions at room temperature
(298.15 K) under  atmospheric  pressure
(101,325 Pa). Initially, a representative sample of
20 kg of verdete rock from Cedro do Abaeté in
Minas Gerais was properly homogenized and
ground in a ball mill (Sew-Eurodrive, model
FA37B DRES80S4). The grinding product was
passed through a 2.36 mm sieve (8 mesh), getting
a sample with granulometry <236 mm.
Approximately 2.0 kg of verdete rock were
weighed on a balance (Urano, model UDC POP).
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The sample was subjected to the quartering method
of size reduction for homogeneous sampling using
a Jones riffle splitter (Gilson Company, model SP-
173). In the first step, the quartering method
divided the sample into two lots of aggregates of
1.0 kg each. Then, one of the lots was subjected
again to riffle splitter for apportioning in two lots
of 500 g, and so on; quartering was continued until
the obtention of two samples of 250.0 g each (A
and B).

Sample A (verdete rock dry aggregates) was
directly forwarded grain-size analysis. Sample B
(verdete rock wet aggregates) was previously
washed before of the granulometric test with
deionized water obtained from the purifier Gehaka
and dried in a kiln (Infinit, model EMT-200) at

Table 1. Grain-size analysis data of verdete rock dry aggregates.

373.15 K by approximately 2 h. The washing
procedure exclusively intended to remove possible
fine particles natural from the ore. The grain-size
analysis consisted of one series montage of
granulometric sieves and consecutive vibrating
sifting of the sample by 10 min under a frequency
of 10 Hz. For that, it was used one kit of seven
sieves of Tyler standard screen scale of 4, 8, 28, 35,
48, 100, and 200 mesh (Solotest, model 8X2) and
a vibrating sieve shaker (Solotest, model 8X2).
Posteriorly, the retained aggregates mass fractions
on each sieve were weighed on an analytical
balance (Shimadzu, model AW220). Tables 1 and
2 present the grain-size analysis experimental data
of dry and wet aggregates of verdete rock.

-4+8 3 3227 0.00
28 -8+28 0.5874 1955.05 0.0196 35.04
35 -28+35 0.4153 501.35 0.0050 159.67
48 -35+48 0.2937 354.50 0.0035 10.94
100 -48+100 0.1468 220.25 0.0022 14.10
200 -100+200 0.0734 110.10 0.0011 12.18
Bottom -200 9.15
0.94
Sum 242.00

4 +4
8 -4+8 3.3227 0.00
28 -8+28 0.5874 1955.05 0.0196 33.26
35 -28+35 0.4153 501.35 0.0050 162.42
48 -35+48 0.2937 354.50 0.0035 9.77
100 -48+100 0.1468 220.25 0.0022 11.59
200 -100+200 0.0734 110.10 0.0011 14.34
Bottom -200 7.15
1.45
Sum 240.00
58

Table 2. Grain-size analysis data of verdete rock wet aggregates.

4.6990

0.00 0.00 0.00 242.02 100.00
14.48 35.04 14.48 206.99 85.52
65.97 194.70 80.45 47.32 19.55
4.52 205.64 84.97 36.38 15.03
5.83 219.75 90.80 22.27 9.20
5.03 231.93 95.83 10.09 4.17
3.78 241.08 99.61 0.94 0.39
0.39 242.02 100.00 0.00 0.00

0.00 0.00 0.00 239.97 100.00
13.86 33.26 13.86 206.71 86.14
67.68 195.68 81.54 44.29 18.46
4.07 205.45 85.61 34.52 14.39
4.83 217.04 90.44 22.93 9.56
5.97 231.43 96.42 8.60 3.58
2.98 238.52 99.40 1.45 0.60
0.60 239.97 100.00 0.00 0.00
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Size parameters — number of particles (N, Eq.
1); arithmetic mean diameter (Da, Eq. 2);
volumetric mean diameter (Dvy, Eq. 3); surface
mean diameter (Ds, Eq. 4); Sauter mean diameter
(Dsauter, Eq. 5) — and surface parameters — external
surface (S, Eq. 6) and specific surface (S/M, Eq. 7)
— of the dry and wet aggregates of verdete rock
were measured from experimentally obtained data
and presented in Table 3.

N =223 () (1)

where: N = Number of particles (units); M =Total
retained mass in the grain-size analysis (g); b
factor assuming cubic format particle = 1; p
verdete rock density = 2.376 x 10° g mm=; x;
retained weight fraction of a group of particles in
the grain-size analysis; D; = nominal mean
diameter of that group (mm).

)

where: Da = Arithmetic mean diameter (mm); x; =
retained weight fraction of a group of particles in
the grain-size analysis; D; = nominal mean
diameter of that group (mm).

Dy = 3|—7— @)

where: Dy = Volumetric mean diameter (mm); xi =
retained weight fraction of a group of particles in
the grain-size analysis; D; = nominal mean
diameter of that group (mm).

Dry Aggregate
Wet Aggregate

28,430,655
31,789,452

13,685.593
13,935.833

Table 3. Size and surface parameters of verdete rock aggregates.

(4)
where: Ds = Surface mean diameter (mm); Xi =
retained weight fraction of a group of particles in
the grain-size analysis; D; = nominal mean
diameter of that group (mm).

DSauter

=7 )
N CH

where: Dsagser = Sauter mean diameter (mm); xi =
retained weight fraction of a group of particles in the
grain-size analysis; Di = nominal mean diameter of
that group (mm).

)

p

S= (6)
where: S = External surface (cm?); M = Total
retained mass in the grain-size analysis (g); 4
factor assuming cubic format particle = 6; x =
retained weight fraction of a group of particles in
the grain-size analysis; D; = nominal mean
diameter of that group (cm); p = verdete rock
density = 2.376 g cm’,

s _ (G
vl P (7
where: S/M = Specific surface (cm? g*); M = Sum
retained mass of sieves 28 to 200 mesh (g) A =
factor assuming cubic format particle = 6; x =
retained weight fraction of a group of particles in
the grain-size analysis; Di = nominal mean
diameter of that group (cm); p = verdete rock
density = 2.376 g cm’.

59.007 0.213 0.272 0.169 0.447
60.216 0.203 0.262 0.161 0.435
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3. Results and Discussion

Particle size distribution study of verdete rock
dry and wet aggregates was developed from the
mass values of the different particle size obtained
in the sieving operations converted to the
cumulative and percent mass fractions. Figure 1
shows the granulometric curves of dry and wet
aggregates. By assessing the retained fractions
percent values against the sieve sizes, it was
observed an increase in percentage weight retained
of the 28 mesh sieve (0.5874 mm) for 35 mesh
sieve (0.4153 mm) and a retained weight
meaningful decrease starting of sieve 35, as a
response to the decrease of opening size. So that
65.97% of dry aggregates and 67.68% of wet
aggregates were retained on 35 size sieve,
suggesting a particle size with 0.0050 < mean
diameter < 0.0196 mm.

Percent retained / %

70% -
60% -
50% -
40% -
30% -
20% -
10% - r

0% - . . . . .
0 400 800 1200 1600 2000

Nominal mean diameter / um

=—o—Dry aggregates
——\\et aggregates

Figure 1. Granulometric curves of verdete rock dry and wet

aggregates.

Figure 2 illustrates the grain-size distribution
curves of verdete coarse aggregates and Fig. 3 the
grain-size distribution curves of verdete fine
aggregates. The evolution of the PSD regarding the
nominal sieves opening size revealed a distribution
with a profile characterized by a decrease of
cumulative percent retained in case of the coarse
aggregates and an increase of cumulative percent
passing of the fine aggregates along of the sieving
operations, as expected. The sieving experiments
conducted with the wet aggregates (sample B) was
previously washed and posteriorly dried intending
to remove possible fine particles natural from the
ore. It is relevant to emphasize that these particles
cannot be confused with fine aggregates with
potassium appreciable contents generated by ore
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fragmentation processes. As could be seen in Figs.
1, 2 and 3, the granulometric curves of dry and wet
aggregates exhibited extremely similar profiles
suggesting the hypothesis that the verdete ore
mother-sample had not an appreciable amount of
natural fine particles sufficient to create a
significant differentiation between the
granulometric distribution of the A and B samples.

3 100% =—o—Dry aggregates
c

< 80% ——\Wet aggregates
(D)

S 60% -

SR

& 40% -

g

= 20% -

=

E 0% . .
o 0 2 4 6

Nominal sieve opening size / mm

Figure 2. Grain-size distribution curve of verdete dry and wet
coarse aggregates.

100% -
(@]
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<
S 60% -
o
S 40% -
o
<L 20% —o—Dry aggregates
s =—\\et aggregates
2 0% . : ,
3 0 2 4 6

Nominal sieve opening size / mm

Figure 3. Grain-size distribution curve of verdete dry and wet
fine aggregates.

Table 3 lists size and surface parameters of
verdete rock's aggregates calculated as defined in
equations earlier (Egs. 1-7) after grain-size analysis
via sieve classification. Obtained results for
particles number, external and specific surfaces,
and mean-diameters showed two particle-
populations, the first one composed by dry
aggregates and the second population by wet
aggregates, with parameters values very similar.
Arithmetic, surface, and volumetric mean-
diameters obtained values corroborated a particle
mean diameter > 0.0050 mm, as foreseen by
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granulometric curves results. Sauter mean diameter
obtained values expressed a larger mean diameter
of the dry particulate matter as compared to the wet
particulate matter by taking into account the
volume-to-surface area ratio.

Grain-size analysis adjustment of verdete rock
aggregates was provided by granulometric
distribution models of the Rosin-Rammler-Bennet
(RRB) and Gates-Gaudin-Schuhmann (GGS),
whose nonlinear and linearized equations were
presented in Eqgs. 8, 9, 10, and 11, respectively.
Table 4 summarizes intrinsic parameters and
nonlinear and linear equations of the RRB and
GGS models determined from the obtained
experimental data and Fig. 4 shows the
granulometric  distribution curves and the
linearized curves of the RRB and GGS models for
verdete rock dry and wet aggregates.

n

where: X; = passing weight fraction of a group of
particles in the grain-size analysis; ¢ = ﬁ Di=

nominal mean diameter of that group (um); n =
uniformity coefficient that stands for the width of
PSD; D' = characteristic particle diameter
(reflecting the particle size of most particles).

-

InX;=m.InD; —m.lnk

(10)
(11)

where: X; = passing weight fraction of a group of
particles in the grain-size analysis; Di = nominal
mean diameter of that group (um); k = maximum
particle diameter of the distribution (size modulus)
that locates the distribution in overall size spectrum
(um); m = distribution modulus, that measure the

X, =1- o~ (29) (®) broadness of the size distribution.
In(lngp) =n.InD; —n.ln D' 9)
0 T T T T 2
el GGS (Dry aggregates) Y = 1.0388 x - 8.0327 (R2 = 0.9985
RRB (Dry aggregates) y =1.3203 x - 9.4941 (R2=0.9873)
et GGS (Wet aggregates)  y =1.0754 X - 8.2925 (R2 = 0.9930)
-1 | =w=—RRB (Wetaggregates) v =1 3626 x - 9.7867 (R? = 0.9856)
Linear (GGS (Dry aggregates)) | 0
Linear (RRB (Dry aggregates))
Linear (GGS (Wet aggregates)) —_
- -2 7 Linear (RRB (Wet aggregates)) ?
> =
= =
- -2
-3 A
-4 -4
3 4 5 6 7 8
In D:

Figure 4. Linearized curves of the Rosin-Rammler-Bennet (RRB) and Gates-Gaudin-Schuhmann (GGS)
mathematical models for verdete rock dry and wet aggregates.

Both RRB and GGS granulometric distribution models regressed well to the experimental PSD data, as can

be seen in Table 4. The models accuracy was assessed using the correlation coefficient (R?). The found R?
values were extremely close between them, all circa 0.99, suggesting good quality experimental data. It can
be asserted, even if in a tenuous way, that the higher R? values of GGS model (nearest 1 unit) suggest a slightly
more suitable distribution of Gates-Gaudin-Schuhmann model, as compared to Rosin-Rammler-Bennet model,
to represent PSD of verdete rock dry and wet aggregates.
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Table 4. Rosin-Rammler-Bennet (RRB) and Gates-Gaudin-Schuhmann (GGS) mathematical model
parameters and determined equations.

In [ln =1.3203 In D;

13203
) 0.9873
Dry 1.3203 1,327.2517  Xi= 1 - el ) ] ’ — 9.4941
Aggregate k m D 1.0388
GGS X = (—) In X; = 1.0388 In D; — 8.0327 0.9985
2,281.6915  1.0388 1~ \2281.6915
n D’ D\ In [ln( ! )] = 1.3626 In D,
RRB _ (13166761 1-X; ’ : 0.9856
Wet 13626  1,316.0261 Xi=1- el ez | — 97867
Aggregate D 1.0754
GGS k m X = (_L) In X, = 1.0754 In D; — 8.2925 0.9930
1~ \2232.9620

According to Liu et al.*>, D' and n parameters of
RRB distribution model play a dominant role in the
determination of the distribution characteristics, in
other words, the PSD of any particle system
described by using this model can be distinguished
with values of D' and n. Lower values of m
parameter of GGS distribution model suggest that
more fine aggregates, more large particles (coarse
aggregates) and fewer particles in the middle range
will be produced®. Comparing the RRB and GGS
models parameters obtained for dry and wet
aggregates, it was observed a good convergence
between the found values, corroborating the
hypothesis that the ore mother-sample did not have
an amount of fine particles sufficient to create
appreciable differentiation between the A and B
samples, as foreseen in results obtained by
granulometric curves and size and surface
parameters.

Due to the lack of studies in the literature
dedicated to the description of the particle size
distribution of the verdete rock aggregates and its
modeling through RRB and GGS models, the work
presented here suggests the suitability of the
methodology proposed by means of sieving
techniques for predicting the grain-size
performance the verdete rock beyond enriching its
mineral characterization. The developed study
could be optimized and enlarged in the purpose to
corroborate the described forecasts and to increase
of the results representativeness. In this sense, it is
recommended to use the method described with
other verdete ore granulometry and coming of
other mineral reserves, as well as to realize the
sieving experiments in triplicate.
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4. Conclusions

A grain-size analysis study of verdete rock and
adjustments to the Rosin-Rammler-Bennet (RRB)

and Gates-Gaudin-Schuhmann (GGS)
granulometric ~ distribution ~ models  were
satisfactorily ~ developed  through  sieving

techniques with sieves of Tyler standard screen
scale of 4, 8, 28, 35, 48, 100, and 200 mesh. Both
RRB and GGS granulometric models regressed
well to the experimental particle size distribution
data, presenting correlation coefficient values were
extremely close between them approximately 0.99.
The PSD results suggested that: 65.97% dry
aggregates and 67.68% wet aggregates had a
particle size with mean diameter > 0.0050 mm; an
extremely similar behavior of the grain-size
distributions presented by samples of ore dry and
wet aggregates; and a tiny presence of fine particles
natural from the analyzed ore sample. The results
suggested the suitability of the methodology
proposed by work to predict the grain-size
performance the verdete ore beyond to show itself
as a contribution to the enriching of the mineral
characterization of the studied rock, as a potassium
potential source for the mineral processing
Brazilian industry.
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