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Abstract

Microflotation campaign of a synthetic binary mixture of hematite and dolomite was carried out in order to evaluate the
potential of saponified cottonseed oil as a collector. Hematite content was determined by expeditious methods, namely
image analysis, pycnometry, and carbonate thermolysis by calcination. An algebraic reconciliation algorithm of
redundant data (via Lagrange multipliers) was developed to treat the raw data from the different analytical techniques,
aiming to increase the accuracy of the results, with the additional piece of information arising from product weighing,
by introducing a dummy variable. At the stage of the study reported here, the physicochemical conditions for the
selective flotation of hematite were not optimized; however, the results showed potential (both under acid and alkaline
conditions) for the selective anionic flotation of the hematite/dolomite system. Prospective tests evaluating the analytical
techniques employed showed pycnometry and calcination tended to be more reliable methods. Although the imaging
method has shown promise, it still lacks some improvement in procedure for greater accuracy. The minimization of
closure errors in mass balancing by using the mentioned optimization algorithm under constraints showed to be very
relevant for the adequate evaluation of the separation process, using very small samples, as in the case of microflotation.
Keywords: Fuerstenau cell; Cottonseed oil; Quick analysis; Lagrange multipliers.

Resumo

Campanha de microflotacdo duma mistura binéria sintética de hematita e dolomita foi realizada a fim de avaliar o
potencial do dleo de semente de algoddo saponificado como coletor. O teor de hematita foi determinado por métodos
expeditos, a saber: analise de imagem, picnometria e termélise de carbonato por calcinagdo. Um algoritmo de
reconciliacéo algébrica de dados redundantes (via multiplicadores de Lagrange) foi desenvolvido para tratar os dados
brutos obtidos pelas diferentes técnicas analiticas, visando a aumentar a precisdo dos resultados, com a inclusdo
adicional de informacdo consubstanciada pelas pesagens dos produtos, através da introducdo de variavel virtual. No
estagio do estudo aqui relatado ndo se otimizaram as condicdes fisico-quimicas para a flotacdo seletiva de hematita;
entretanto os resultados mostraram potencial (tanto sob condic6es acidas, quanto alcalinas) na flotacdo anibnica seletiva
do sistema hematita/dolomita. Ensaios prospectérios de avaliacdo das técnicas analiticas empregadas mostraram que 0s
picnometria e calcinacdo tendem a ser métodos mais confiaveis. O imageamento digital, embora tenha se mostrado
promissor, carece ainda de melhoria no procedimento, para maior acuracia. A minimizacdo dos erros de fechamento do
balango de massas pelo empreso do citado algoritmo de otimizacdo sob vinculos mostrou-se muito relevante para a
adequada avaliacdo do processo de separacdo empregando amostras diminutas, como no caso da microflotacdo.
Palavras-chave: Célula de fuerstenau; Oleo de carogo de algoddo; Analise simplificada; Multiplicadores de lagrange.
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Resumen

Se llevo a cabo una campafia de microflotacion de una mezcla binaria sintética de hematita y dolomita para evaluar el
potencial del aceite de semilla de algodon saponificado como colector. El contenido de hematita se determin6 mediante
métodos expeditos, a saber, analisis de imagenes, picnometria y termolisis de carbonatos por calcinacion. Se desarrollo
un algoritmo de reconciliacién algebraica de datos redundantes (via multiplicadores de Lagrange) para tratar los datos
brutos procedentes de las distintas técnicas analiticas, con el objetivo de aumentar la precision de los resultados, con la
informacion adicional derivada del pesaje del producto, mediante la introduccién de una variable virtual. En la etapa
del estudio aqui relatada, las condiciones fisicoquimicas para la flotacion selectiva de la hematita no fueron optimizadas;
sin embargo, los resultados mostraron potencial (tanto en condiciones acidas como alcalinas) para la flotacién aniénica
selectiva del sistema hematites/dolomita. Unos experimentos prospectivos de evaluacion de las técnicas analiticas
empleadas mostraron que la picnometria y la calcinacién tendian a ser métodos mas fiables. Aunque el método de
analisis de imagenes se ha mostrado prometedor, todavia carece de algunas mejoras en el procedimiento para una mayor
precision. La minimizacion de errores de cierre en el balance de masas mediante el uso del mencionado algoritmo de
optimizacion bajo restricciones demostro ser muy relevante para la adecuada evaluacion del proceso de separacion,
utilizando muestras muy pequefias, como en el caso de la microflotacion.

Palabras clave: Celda de fuerstenau; Aceite de semilla de algodon; Andlisis expedito; Multiplicadores de lagrange.

1. Introduction

Vegetable oils (having triacylglycerols as their major components) have been used in several industrial applications due
to their low toxicity to humans and the environment, they come from renewable resources and are inherently biodegradable
(Erhan, 2005). In mineral processing, fatty acid salts from vegetable oils are already widely studied as collectors as anionic
flotation processes are concerned (Leja, 2004; Brand&o et al., 1994).

Vieira et al. (2005) investigated the performance of a few vegetable oils as collectors in calcite microflotation: castor
oil (Ricinus communis), palm oil (Cocos nucifera), pequi (Caryocar brasiliense) and sesame oil (Sesamum indicum). In turn,
Costa (2012) evaluated oils from buriti (Mauritia flexuosa), passion fruit seed (Passiflora edulis), inaja (Attalea maripa), Brazil
nut (Bertholletia excelsa), andiroba seed (Carapa guianensis) and agai (Euterpe oleracea) pulp as collectors in phosphate ore
flotation. Silva et al. (2015) studied the use of pequi oil in apatite flotation. Milhomem (2020) evaluated the applicability of
mango (Mangifera indica), pequi and palm oils in the microflotation of hematite (Fe;O3) and quartz (SiO>).

In order to evaluate the performance of vegetable oils on flotation, it is necessary to carry out experimental campaigns
on an increasing scale which, according to Chudacek et al. (1992), is divided into three methods, namely: microflotation, bench
cells and pilot plants.

The main purpose of microflotation tests is to understand the mechanisms of interaction between minerals and reagents,
leading to the definition of the best physicochemical conditions of the system (Luz, 1996). Nevertheless, forecasting technical
operational indicators, such as metallurgical recovery, product contents, and Gaudin's selectivity index, is — at this early stage
of process route development — only a secondary goal, if at all.

Microflotation studies are commonly carried out under controlled physicochemical and fluid dynamic conditions in
simplified systems, to better highlight the interactions between reactants and mineral surfaces. Furthermore, it is difficult to
determine the mineral contents in a system with a mixture of minerals due to the low mass used or even the lack of resources.
Especially in the case of using a Hallimond tube (Leja, 2004; Drzymala, 1994a; Drzymala, 1994b), which typically uses samples
of 0.001 kg (1.0 g). In contrast, the use of a Fuerstenau cell (Fuerstenau, 1964; Luz, 1996) less dramatic, since it typically
employs about 0.0020 kg (20.0 g) per experiment.

Milhomem (2020) carried out microflotation tests with synthetic mixtures of hematite and quartz, using a Fuerstenau
cell (employing total sample mass of 24.00 g). Magnetic separation with a rare-earth magnet and measurement of the specific
mass with a helium pycnometer were used to evaluate the content of the floated material, thus allowing the estimation of the

process performance.
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Although laboratories of large organizations have enough equipment to determine the content of minerals, many
laboratories of more modest enterprises do not use sophisticated instrumental methods for this, making the use of expeditious
methods extremely convenient to obtain the desired information, even if, as a counterpart, there is a loss of accuracy of the
quantifications. A promising technique is image analysis, which, until recently, required, as a rule, sophisticated instruments
(Milhomem & Luz, 2018).

Milhomem and Luz (2018) evaluated an accessible method to determining mineral content through colorimetry in an
educational laboratory using cell phones. Synthetic mixtures samples of hematite and quartz granules were used for the
evaluation, using the so-called color index, allowing the prediction of the proportion of hematite in mixtures with optically
contrasting materials. The analyzes were performed using two Android applications: Color Meter from VisTech Projects and
Color Analysis from Research Lab Tool, both presenting results in line with the additive system of RGB colors. This approach
has shown to be promising in the context of using very low-cost and easy-to-execute methods.

In a similar approach, Neuppmann (2019) also quantified the hematite and quartz contents of microflotation through
image analysis. The quantification consisted of analyzing pixel histograms generated by the IrfanView® software. First, a
calibration curve employing binary mixtures with controlled quartz proportions was constructed, using a cheap digital
microscope (with USB connection) to take the images. Subsequently, in sequence, an algorithm based on the use of Lagrange
multipliers with the inclusion of a virtual (dummy) variable was used, according to the procedure recommended by Luz (1999),
to add the informational load from the mass balance itself (via the weighing of the test products). This virtual component had its
fictitious grades chosen in such a way as to numerically reproduce the mass recovery from the scale measurements. Their results
indicated coefficient of determination (the linear correlation coefficient squared) of 95.99 % with respect to the experimental
data cloud.

Hematite (Fe-Os) and dolomite (CaMg(COs),) are two minerals that present divergent features, not only in terms of
color, but also in density, and mass calcination loss. Naturally, the decomposition of carbonates at high temperatures, with the
release of carbon dioxide, results in a substantially greater loss than that experienced by hematite, which, when pure and dry, has
zero loss. Considering the pure composition of the double carbonate, dolomite has a molecular mass equal to 0.18440 kg; the
complete thermal decomposition (thermolysis) yields 30.41 % CaO; 21.86 % MgO and 47.73 % CO,, according to the following
reactions (Aliyul et al., 2022; Sampaio & Almeida, 2008):

CaMg(COs3)2 = MgO + CaCO3 +CO; [4Hr = +117 kJ/mol] (A)

CaMg(COs); » MgO + CaO + 2 CO; [4Hr = +164 ki/mol] (B)

In the precedent reactions the figures inside the square brackets are the endothermic enthalpy of reaction.

However, due to impurities containing hydroxyls or water of constitution (or even adsorbed water from air), heating
often results in the evolution of these volatile constituents (generally minor losses). This aspect is relevant when dealing with
hydrated iron mineralogical phases, such as goethite. In the occurrence of magnetite, heating in kilns without atmosphere control
can falsify the results, due to the addition of oxygen in the sample, resulting from the magnetite oxidation. All these aspects
emphasize the convenience of combining pycnometry, imaging, and calcination information.

This article aimed to highlight the use of algebraic techniques to gain accuracy in mass balancing, applied to systems
where the samples are very small, greatly hindering the potential of conventional analytical techniques, as occurs in
microflotation. To contextualize the problem, the potential of saponified cottonseed oil as an anionic collector in the selective

flotation of the hematite/dolomite system was prospectively selected as an example that points out possible technological novelty.
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2. Materials and Methods

The particle size adjustment of the dolomite was performed using a ball mill and the classification was done by wet
sieving, using the samples whose sizes are between 212 um and 105 um. In order to increase the purity of the hematite material,
the sample was subjected to wet magnetic separation and the magnetic concentrate used in the subsequent assays. Regression
analysis of the hematite particle size distribution was performed using the Easyplot® software. The cumulative distributions
studied were those from Rosin—-Rammler, Gates—Gaudin—-Schumann, Hill, Gaudin—Meloy, and Harris.

The thermal decomposition of the samples was determined by thermogravimetric analysis (TG) and its derivative.
Thermogravimetric analysis was carried out employing a thermobalance Model TGA Q50 V20.10, from Quantachrome
Instruments. Heating ramp was 0.166 K/s, ranging from room temperature up to 1,273.1 K in nitrogen atmosphere under flow
rate of 1.66 x 10°® m3/s. X-ray diffractometry (total powder method) was performed with a X'Pert3 Powder diffractometer from
Malvern Panalytical, using a copper anode tube (A = 1.5406 x 101 m), under 45 kV of potential difference, 40 mA current, with
angular scanning from 5° to 90°. About 50 g of sample were previously comminuted in an orbital ring and cylinder pulverizer.
The diffractogram was generated by Data Collector software and interpreted using Highscore Plus software, which performs a
Rietveld refinement.

The microflotation assays were carried out in a Fuerstenau cell (Figure 1) only with the collectors at a concentration of
20 mg/L, in duplicate, with 0.024 kg of a mixture of minerals (being 12 g of each), and with an initial pH of 5.0, 6.1, 7.2, 8.3,

and 9.4. All tests were performed in duplicate. Experiments with depressants have not been carried out.

Figure 1 — Fuerstenau cell (1 — stopcock for gas injection; 2 — porous plug (glass frit); 3 — cell supported by clamps; 4 —

froth overflow; 5 — mechanical impeller axis).
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Source: Authors’ own elaboration.

Before applying the image analysis method to the microflotation samples, a calibration curve was constructed with
methodology based on the work of Neuppmann (2019). Aliquots of 0.0001 kg (0.1 g) of binary mixture of hematite and dolomite
were used in the following proportions of hematite: 0 %, 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 %, and 100 %.
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The samples were weighed in a Petri dish and as the samples contain binary mixture, it was necessary to separate the
minerals to facilitate the image analysis. For this purpose, a vibrating table was used which, due to the difference in density,
made the dolomite particles separate more easily. After this process, the most detailed scattering of the particles was carried out
with light taps on the side of the Petri dish. Subsequently, some photos were taken using a smartphone and a light table to avoid
shadows in the images.

Using the IrfanView® software, the image background was converted to red, the hematite particles to black and the
dolomite particles to white dots. A pixel histogram was generated indicating the percentage of the three colors. Figure 2 shows

an example of particle spreading on Petri dish and the image obtained after color treatment.

Figure 2 — Example of: a) particle dispersion and b) the image after color treatment.

Source: Authors’ own elaboration.

The grade of each mineral was calculated using Equation 1:
Cm1
tmp = —————— 1
m Cm1 + Cm2 ( )
Where: tm1 — grade (content) of mineral 1 in sample [-]; cmi — mass fraction of mineral 1 (from the proportion of
projected area inferred from the pixel histogram, after image binarization) [-]; cm2 — mass fraction of mineral 2 (from the

proportion of projected area inferred from the pixel histogram, after image binarization) [-].

The samples resulting from microflotation underwent the image analysis process whose applied methodology was the

same described above. Subsequently, the levels were determined by the pycnometry method.

The grade by pycnometry was determined using the Gay-Lussac water pycnometer method, without Archimedean thrust
correction (as recommended by Shoemaker et al. (1996), for extra high accuracy determination). After determining the density

of the material, the grade of each mineral was calculated using Equation 2:

_ Pm (Pr — Pm2)

= 2
Pr(Pm1 — Pm2) @

tm1

Where: tn1 — grade (content) of mineral 1 in sample [-]; pm1 — density (specific mass) of mineral 1 [kg/m3];
pm2 — density (specific mass) of mineral 2 [kg/m3]; pr— density (specific mass) of mineral mixture [kg/m3].
Historical data on density determination by water pycnometry have revealed that the good estimate of uncertainty for

this technique (in terms of relative error) was 0.177 %.
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Once the densities were determined, the dried pycnometry samples were poured into properly labeled crucibles and
calcined at 1,173 K (900°C) using a muffle kiln for 10,800 s (3 hours). The grade of each mineral was calculated according to

the mass loss of the thermolysis process, using Equations 3, 4 and 5:

9= fn 3
tg =
fa=tn
m
= 7
9= ©
th =1- td (5)
Where: t« — dolomite grade in sample [-]; g — residual fraction after calcination [-]; mi — initial mass before

calcination [kg]; m¢+— final mass after calcination; fn — residual mass fraction of hematite inferred from the thermogravimetric
assay [-]; fa — mass residue of dolomite inferred from the thermogravimetric assay; tn — hematite grade in sample [-].

The data were applied in a mathematically redundant data matching algorithm, based on minimization under constraints
using Lagrange multipliers (Wills, 2006; Vasebi et al., 2012; Hodouin, 2010), with inclusion of a virtual variable (according
preconized by Luz, 1999). In the present case the virtual variable chosen had dummy contents adopted in such a way as to be
numerically compatible with the mass recovery from weighing the products. Knowing that the effective grade of the feed was
50.00 % (by sample preparation) and choosing the concentrate content equal to that obtained by pycnometry (which was the
more accurate method) for hematite, the value of the tailings content that was compatible with that known mass recovery. That

is, according to the equation (Luz, 1999):

— (f* —c" X R:nas)
(1 - R;nas)

t* (6)

In precedent equation, t*, f*, ¢c* and R*mas Stand for, respectively, tailing, feed (50 %), concentrate (the same figures of
hematite from pycnometry), and mass recovery (from scale weighting) for the dummy variable.

With the results of the floated and non-floated grades of each method, values of relative error of the feed were calculated
as 0.04 %, related to the relative error from the precision balance. Due to the lack of adequate historical series, the approximate
relative error, referring to calcination tests was 3 %, for the pycnometry was 1.77 % and for the image analysis 4 %. In turn,
since the hematite content in non-floated concerning the dummy variable is a rational type of function (as can see in Equation 6)

the relative error associated with this parameter was calculated by the following equation:

O+ Or:\? (0c\%2 (Og: 2
S () ) () 0
t f c Rmass

The Greek letter sigma above stands for standard deviation. The estimate adopted for the relative error of dummy tailing

content, taking into account the preceding equation was 0.15 %.

The adjusted mass recovery was calculated by Equation 8.

(i —t). (¢ — ty)
R _ Zi=1
mass 2?=1(Ci _ tl) (8)

Where: Rmass — adjusted mass recovery [-]; fi— hematite grade in the feed from analytical method i [-]; ti —hematite

grade in not floated product from analytical method i [-]; ci — grade of floated hematite from the analytical method i [-].
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Subsequently, the adjusted grades were calculated by subtracting the raw contents by the adjustment values for all flows

(feed, floated and non-floated) that are obtained through Equations 9, 10 and 11.

[fl - Rmass- Ci — (1 - Rmass)- ti]

8:(i) = 9)
4 1+ ernass + (1 - Rmass)2
5C(i) — _{Rmass[fi - ZRmass- G — (1 - Rrr;ass)-ri]} (10)
1+ Rmass + (1 - Rmass)
5t(i) _ _{(1 - Rmass) [fl - Rmass- Ci — (1 - Rmass)- ti]} (11)

1+ Rznass + (1 - Rmass)2

Where: s (i) — feed adjustment value for method i; dc (i) — float adjustment value for method i; ot (i) — non-float
adjustment value for method i.

To enhance the analysis of the microflotation results, the Gaudin selectivity index and the metallurgical recovery of
each test were obtained through Equations 13 and 14.

The Gaudin's selectivity index (SI) is the geometric mean between the worthy constituting recovery and gangue rejection
and can be calculated by the Equation 13 (Gaudin, 1975; Luz, 2016).

c t
SI :\/ x Jangue (13)

Cgangue t

The following nomenclature applies in the preceding equation: ¢ — content of the valuable component in the
concentrate [-]; Cgangue — content of the gangue in the concentrate [-]; t — content of the valuable component in tailing [-];
tgangue — content of the gangue in tailing [-].

The metallurgical recovery can be calculated by the Equation 14 (Gaudin, 1975; Wills & Napier—Munn, 2006; Luz,
1996).

_c(f-9

“Fe-o .

Where: f — hematite grade in the feed [-]; t — hematite grade in tailings [-]; ¢ — hematite grade in concentrate [-].

3. Results and Discussion
3.1 Mineral characterization
The Figure 3 presents the values of the size distribution of the hematite (cumulative passing through). The results show

dso of 76.08 um and one can observe that the material is practically free of slimes (particles less than 10 um).
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Figure 3 — Size distribution of the hematite.
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Source: Authors’ own elaboration.

Harris distribution has shown higher goodness-to-fit for the particle size data (solid line in Figure 3), and the coefficient

of determination (the linear correlation coefficient squared) for this regression was R? = 0.99174. The resulting equation is:

x a-b x 1.8178711-2026
y=1-|1- =1-|1-(——— 12
[ (xmax) ] [ (148 ,um) ] (12)

The Figures 4 shows the thermogram for the hematite sample under inert atmosphere, depicting both the relative mass

loss with the progress of heating, as its derivative in time.

Figure 4 — Thermogram of the hematite sample.
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Source: Authors’ own elaboration (modified from the instrument output).
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The curve of the thermogravimetric analysis of hematite shows a process of mass loss (curve 1, in green), possibly
related to the release of volatile matter from the sample until approximately 523.1 K (250 °C), with a mass loss around 0.31%.
The derivative curve (curve 2, in blue) shows two peaks associated with this process, at temperatures of 303.1 K (30 °C) and
323.1 K (50°C). This mass loss may correspond to the elimination of water, physically bound by van der Waals forces and kept
by hydrogen bonding (Rocha et al., 2009; Souza et al., 2020).

Another mass loss of 0.56 % occurs in the range from 523.1 K (250 °C) to 698.1 K (425 °C), with peaks between
548.1 K (275 °C) and 573.1 K (300 °C) and another at 698.1 K (425 °C) in the derivative curve. This mass decrease corresponds
to the loss of hydroxyl, which indicates the possible presence of goethite in the sample that, according to Leonel (2011) and
Salama et al. (2015), its dehydroxylation occurs in the range of 499.1 to 698.1 K (226 to 425 °C).

According to Rocha (2008), the mass loss in the range of 773.1 to 873.1 K (500 to 600 °C) may be related to the loss of
hydroxyls from clay minerals, therefore, the loss of hematite from 698.1 K (425 °C) onwards may be related to this phenomenon.

According to Millan et al. (2016), two mass losses are expected in dolomite samples (curve 3, in green) related to
decarbonation of its constituents, the first being of MgCO3 between 673.1 and 873.1 K (400 and 600 °C) and the second of
CaCOs3 between 873.1 and 1176.1 K (600 and 900 °C). During the process, water loss from hydroxyls can occur in clay minerals
processing around 758.1 K (485 °C) (Soares et al., 2014) and/or in the range of 773.1 to 873.1 K (500 to 600 °C) (Rocha, 2008).

Figure 5 — Thermogram of the dolomite.
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Source: Authors’ own elaboration (modified from the instrument output).

These phenomena can be observed in Figure 5, especially between 873.1 and 1073.1 K (600 and 800 °C), where the
largest peak in the derivative curve (curve 4, in blue) can be noted. Between 673.1 and 873.1 K (400 and 600 °C) there is a lower
mass loss, which may be related to the amount of MgCOj3 present in the sample or even due to other components, such as clay
minerals. The whole process resulted in a total mass loss of 52.85 %.

In turn, Figure 6 shows the X-ray diffractogram for the iron ore sample, which identified the presence of the following
mineral phases: goethite, hematite, quartz and kaolinite.
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Figure 6 — X-ray diffraction analysis of the hematite sample.
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Majority presence of hematite (green peaks) and goethite (blue peaks) can be observed in the diffractogram. These
results confirm the thermogravimetric analysis regarding the possible minerals found in the sample, and indicate the presence of

quartz in the sample.

Figure 7 shows the X-ray diffractogram for the dolomite sample, which identified only dolomite in the sample.

Figure 7 — X-ray diffraction analysis of the dolomite sample.
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Source: Authors’ own elaboration (modified from the instrument output).
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Although the thermogram analysis indicated the possible presence of clay minerals, the X-ray diffratometry did not
confirm this assumption and as can be seen by the presence of only one type of peak (blue), the material used only presented the
presence of dolomite.

3.2 Calibration curve

Figure 8 shows the calibration curve constructed for hematite grade for the image analysis method.

Figure 8 — Calibration curve for hematite grade (samples: 0.1 g).
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Source: Authors’ own elaboration.

As can be seen in the calibration curve, the grades found through the histogram in relation to the actual values are very
close, showing a linear correlation with determination coefficient of 99.93 %.

3.3 Microflotation tests
Tables 1 and 2 shows the values of hematite grades in the floated and non-floated material inserted in the algorithm

(raw data before data reconciliation).

Table 1 — Grade determination concerning microflotation with saponified oleic acid.

Image analysis Pycnometry Calcination

pH Floated Non-floated Floated Non-floated Floated Non-floated

5.0 30.16 % 64.74 % 43.24 % 53.78 % 43.35% 56.44 %
6.1 41.78% 51.49% 45.62 % 54.00 % 46.07 % 50.12 %
7.2  46.21% 49.79 % 52.15% 46.81 % 44.06 % 52.24 %
83 44.05% 51.89 % 51.96 % 46.11 % 47.02 % 51.98 %
9.4 27.86 % 64.24 % 23.26 % 75.84 % 36.37 % 61.57 %

Source: Authors’ own elaboration.

11


http://dx.doi.org/10.33448/rsd-v12i1.39831

Research, Society and Development, v. 12, n. 1, 29912139831, 2023
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v12i1.39831

The results indicate hematite concentration in the non-floated material, mostly at pH 5 and 9.4. Furthermore, at pH 5.0
and pH 6.1 the values of the pycnometry and calcination methods tend to be closer, whereas at pH 7.2 and pH 8.3 the proximity

is found between the image analysis method and calcination.

Table 2 — Grade determination concerning microflotation with saponified cottonseed oil.

Image analysis Pycnometry Calcination

pH Floated Non-floated Floated Non-floated Floated Non-floated

50  36.56 % 63.71 % 31.55% 56.14 % 45.49 % 52.28 %
6.1 3481% 55.72 % 38.59 % 50.76 % 49.10 % 48.98 %
72 39.73% 62.54 % 42.59 % 55.37 % 50.69 % 46.54 %
83 4571% 52.08 % 36.58 % 62.89 % 34.29 % 63.62 %
9.4  4051% 56.08 % 35.19% 61.82 % 46.35 % 51.84 %

Source: Authors’ own elaboration.

For cottonseed oil, the methods of image analysis and pycnometry were the ones that presented the closest results, at
pH 5, 6.1 and 7.2. Hematite was also concentrated in non-floated material, but its values tended to be higher at pH 5 and 8.3.

In general, both collectors showed low hematite grades in the floated material. These results indicate that in the floated
material there is a higher concentration of dolomite than hematite. Taking into account the results obtained, the possibility for
adoption of an anionic reverse flotation circuit can be carefully considered.

The Table 3 and Table 4 show the metallurgical recovery and the Gaudin selectivity index (SI) of hematite, depending
on whether one is considering direct flotation route for hematite (and dolomite depression) or reverse flotation route (with
depression of hematite and flotation of dolomite).

Table 3 — Metallurgical recovery and Sl of the microflotation with saponified oleic acid.

Metallurgical recovery SI

pH  Floated Non-floated  Direct route  Reverse route

5 38.79 % 61.21 % 0.67 1.50
6.1 4425% 55.75 % 0.84 1.19
7.2 39.39% 60.61 % 0.97 1.03
83 49.93% 53.07 % 0.97 1.03
94 32.88% 67.12 % 0.41 2.47

Source: Authors’ own elaboration.

The metallurgical recovery in the floated material was low at all pH, which can be confirmed by the values of the
selectivity index in the direct and reverse routes. In this case, the best recovery was at pH 5 and 9.4 considering the reverse route.
However, it must be emphasized that a microflotation campaign does not have as its primary and direct goal the optimization of
the circuit, in terms of metallurgical recovery and product contents. This goal is, as a rule, reserved for the subsequent stages of

flotation at bench and pilot scale, when developing a new ore processing route.
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Table 4 — Metallurgical recovery and Sl of the microflotation with saponified cottonseed oil.

Metallurgical recovery Si

pH Floated Non-floated Direct route  Reverse route

5 51.43% 48.57 % 0.64 1.57
6.1 53.26% 46.74 % 0.75 1.33
7.2 40.96 % 59.04 % 0.79 1.26
8.3 30.03% 69.97 % 0.62 1.61
94 39.71% 60.29 % 0.66 151

Source: Authors’ own elaboration.

As with oleic acid, the reverse route has higher selectivity index values. The difference is due to the metallurgical
recovery values which, in this case, are higher at pH 8.3 and 9.4 in the non-floated material.

The results of the Tables 3 and 4 show, in most cases, a higher value of the metallurgical recovery and Gaudin selectivity
index in the non-floated material. These numbers contribute for the consideration that the system is an anionic reverse flotation.
Although these parameters are effectively adjusted in the bench flotation phase, such information was calculated to verify the
interaction of the reagents with the mineral particles and not the operational optimization.

The results of the adjusted hematite grades for both saponified collectors are illustrated in Figures 9 and 10, along with

the actual grades determined by each method.

Figure 9 — Hematite grades in the floated material as a function of pH.
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As can be seen in Figure 9, at pH 5 and 9.4 the greatest discrepancy of values between some methods and the value
adjusted by the algorithm is found. Furthermore, the image analysis method tends to present grades that are farther from the

adjusted grade.
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Figure 10 — Hematite grades in the floated material as a function of pH.
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In this case, there was a greater variation in the contents of the methods in relation to the adjusted content, mainly
calcination and image analysis.

The results of Figure 9 and 10 indicate a variation in the values found by each method that can be justified by the
sensitivity of each one during the process. For the oleic acid, the results of pycnometry and calcination were closer. For
cottonseed oil, the data tended to disperse more, with some values close between pycnometry and image analysis.

To be used in imaging process, the method of dispersion in very fine particles does not present a good efficiency and
requires more caution. The finer the particles are, the greater the tendency to form lumps. In addition, the hematite ultrafine
particles have a lighter color, which makes it difficult to distinguish them from the colors of the dolomite in the picture. Therefore,
the procedure would be much better applied to coarser particles.

The pycnometry and calcination methods requires attention in weighing since the equations used demand maximum
precision so that the values do not deviate from the real.

Regarding the algorithm, it can be noticed its adjustment according to the values used for the calculations, tending to
the results of pycnometry and calcination, since they are methods more accurate than image analysis.

More detailed studies of the microflotation process are suggested, with a greater number of variables in order to
determine the relative error of each method to increase the reliability of the results. In addition, the implementation of
improvements in the image analysis methodology, such as the use of coarser materials, determining the morphometric features

of the particles, improving the way particles are dispersed to use a more representative sample quantity.

4. Conclusion

Although the hematite contents recovered for both oils did not present significant results, cottonseed oil can be
considered a potential collector at alkaline and acid pH, if a reverse anionic flotation rout is adopted. By way of clarification, it
should be emphasized here that at the current stage of the research reported here, no attempt has been made to selectively depress
one of the minerals with the addition of a depressant (such as starch, sodium hexametaphosphate, quebracho, tannin, and many

others), which would most likely lead to a much greater contrast in the selectivity window, under the studied pH range.
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In addition to the incremental contribution to the knowledge of the hematite/dolomite system in the context of froth
flotation, this paper has categorically evidenced that the accuracy of simple analytical approaches in binary systems in
microflotation can be enhanced by redundant data compatibility algorithms, resulting in process parameters with more reliable
values.

Analyzing the procedures separately, it is noticed that pycnometry and calcination tend to be more reliable, since they
are intrinsically linked to conventional quantification techniques, however they are quite sensitive in relation to the weighing of
materials.

As far as image analysis is concerned, even though this method poses greater challenges in the implementation of the
procedure, it shows promise in quantifying the contents of binary samples. However, the use of coarser grained minerals is
indicated in order to facilitate the grains separation/individualization and image treatment. In addition, as a recommendation for
caution in its use, the morphometric features of the particles (especially their lamellarity) should be preventively determined, so
as not to cause statistical bias when quantifying the masses through the areas projected by the particles. Anyway, these
morphometric differences can be accounted for by using a calibration curve (with samples of known contents).

Of course, for a better use of the algorithm, it is necessary to use more precise information, such as the actual relative
errors of each method. In general, with less uncertain information, the application of the algorithm can be advantageous to obtain
results that converge to a theoretical value as close as possible to the real one.

As a final remark, as a suggestion for future research in continuity with this work, the methodological extrapolation to
include, for instance, magnetic separation (or the sample magnetic susceptibility) is recommended. In addition, the careful survey
of the metrological uncertainties of each of these expeditious analysis methods will increase the result reliability for the redundant

data reconciliation algorithm used here.
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