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a b s t r a c t

This study evaluated the performance of a new collector amide-amine compared with a

traditional etheramine in conventional reverse cationic flotation of a siliceous itabirite

sample of the Quadril�atero Ferrı́fero (d80 ¼ 116 mm, 40% Fe and 41.2% SiO2). Statistical

design of experiments was used to determine the influence of pH, collector and starch

dosages on mass and Fe recoveries, Fe and SiO2 grade in the concentrate, Fe grade in the

tailings and Gaudin's selectivity index (S.I). For the amide-amine, starch had no significant

effect on mass recovery and in the Fe and SiO2 grade in the concentrate. For the same

dosages, it was found that amide-amine was less selective than etheramine. However, at

higher dosages, at pH 8 and without starch, concentrates with Fe >65% and SiO2 <5%

grades were obtained, similar to the grades obtained with etheramine and starch at pH

10.5. The mass and Fe recoveries were higher and consequently, the Fe grades in the

tailings were lower. These results indicate that, despite the higher dosage required, amide-

amine is selective without starch, which is very interesting from the economic point of

view and simplification of the process route, implying a great potential for its industrial

application.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The depletion of the hematite iron ore reserves (>63% Fe) of

the Quadril�atero Ferrı́fero-Brazil, in parallel to the growing

demand for this commodity by the world market, led to the

use of siliceous itabirites (~30%e45% Fe) by the mines located

in this region. Usually, physical methods of gravity (jig,

Humphrey's spiral) and magnetic (medium and high field)

concentration are applied to size fraction >75 mm for
Lima).

y Elsevier B.V. This is an o
production of sinter feed (4%e6% SiO2). For size fractions

<75 mm, reverse cationic flotation is widely used for pellet feed

production (<2% SiO2) [1e7].

In cationic reverse flotation of iron ore at alkaline pH (9e10.5),

the starch gelatinized with NaOH is used as an iron minerals

depressant. Recent studies, made with alternative sources of

starch such as sorghum and residues from the food industry

(sugar cane bagasse and cassava wastewater) have shown

promising and more economical results than corn and cassava
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starches,used in industrialplants [2,8e10].Ethermonoamineand

etherdiamine, partially neutralized (30%e50%) with acetic acid,

are used as siliceous gangue collectors. These reagents have a

polar group [Oe(CH2)3] between the hydrocarbon chain and the

polar group NH2, which provides greater solubility compared to

primary amines originally used [1,2,10].

For a satisfactory performance of the reverse cationic

flotation of Brazilian itabirites with etheramines, a previous

desliming step is necessary for removal of particles <10 mm,

resulting in considerable losses of valuableminerals, which are

deposited in the tailings dams. These losses are even higher for

ores with high grade of LOI (loss of ignition) > 5%, associated

with goethite which are usually quite friable [1,11,12]. Another

factor for loss of selectivity of etheramines is the presence of

polyvalent ions in aqueous medium, which are electrostati-

cally attracted by the surfaces of iron minerals and quartz,

providing the adsorption of starch on the sites containing the

previously adsorbed ions. This presence also avoids the

adsorption of the cations of the collector in the quartz due to

the competition of these polyvalent ions with the etheramine

ions since electrostatic attraction is the main mechanism of
Table 1 e Reverse flotation of iron ore and slimes from deslim
amide-amine.

Sample (characteristics) Conditions of flotation

Main minerals (quartz and

hematite); SiO2 ¼ 30.8%,

Fe ¼ 45.2%, and d80 ¼ 139 mm.

Rougher tests in mechanical bench

solids; ground corn (600 g/t). Varia

and 11); 8 different amide-amines

500 g/t SiO2); etheramine (180 g/t S

Friable itabirite (hematite, quartz,

goethite and kaolinite);

SiO2 ¼ 34%, Fe ¼ 44%; LOI ¼ 0.6%

and d80 ¼ 92 mm

Tests in mechanical bench cell (ro

with the ore previously deslimed w

without addition of lime (50% solid

grits. Variables: dosages from 101

different amide-amines (AkzoNob

etheramines (Clariant) and pH (8.5

Slime (hematite, quartz, goethite

and kaolinite): Slime 1:

SiO2 ¼ 28.6%, Fe ¼ 45.2%, and

d90 ¼ 34 mm; Slime 2:

SiO2 ¼ 33.4%, Fe ¼ 39.6, and

d90 ¼ 38 mm.

Pilot tests in column flotation. Rou

and rougher/cleaner (slime 2) stag

of solids ¼ 20%e30%; starch (0, 493

amide-amine (Flotinor 5530) and e

(Flotigam EDA-C) (53e678 g/t); pH:

10.5.

Brucutu slime (hematite, quartz,

goethite and kaolinite);

SiO2 ¼ 24.3%, Fe ¼ 41.2%,

LOI ¼ 7.7% and d80 ¼ 45 mm.

Amide-amine (Flotinor 16939 - Cla

starch. Mechanical bench flotation

pH (9.5,10.5, and 11), 250e700 g/t c

Column flotation (rougher) with hi

conditioning (HIC) at pH 10.5, 20e2

e700 g/t of collector.

Slime from Vargem Grande 2 mine

e Vale (hematite, goethite,

quartz, kaolinite, muscovite and

chlorite), SiO2 ¼ 31.1%,

Fe ¼ 44.3%, LOI ¼ 2.2% and

d80 ¼ 20 mm.

Pilot tests with column flotation (r

operated in series with the industr

Amide-amine (Flotinor 5530 e Clar

in the absence of depressant and p
adsorption of amines onto the negatively charged mineral

species [1,2,13]. For this reason, some studies of synthesis and

application of new cationic reagents of the amide-amine type

were carried out, aiming at replacing the etheramines for: i)

iron ores, using depressant, including the investigation of the

influence of Ca in aqueous medium and ii) slimes from

desliming step of iron ores by column flotation, without

depressant. See the summary of these studies in Table 1.

As observed in Table 1, the studies carried out, with tailings

from the desliming process of iron ore flotation plants of the

Quadril�atero Ferrı́fero [16e18], using amide-amine, were very

promising in the concentration of slimes without starch.

However, until recently there was no detailed study of char-

acterization of these reagents and their effect on the surface

properties of quartz and hematite, the main contaminant and

iron mineral presented in siliceous itabirites. Those data

would give some predictability of their performance both for

slime flotation and for flotation of size fractions of ores usu-

ally fed in industrial plants.

Due to the aforementioned reasons, Rocha et al. [19] car-

ried out studies of characterization of an amide-amine
ing step of iron ores from the Quadril�atero Ferrı́fero with

tests Comments References

cell:50%

bles: pH (9.5

(300, 400 and

iO2).

Best result obtained with 500 g/t at

pH 11 with N-(2-(2-aminoethyl-

amino)ethyl)-dodecanamide: ~4%

SiO2 in the concentrate, similar to

etheramine; and ~6% Fe2O3 in the

tailings.

[14]

ugher/cleaner)

ith and

s); 500 g/t corn

to 242 g/t of

el) and

, 9.5 and 10.5).

Similar performance of amide-

amine (MDB 1521) and etheramine

(Flotigam EDA-C). Best result at pH

8.5 in the presence of Ca2þ (<2%
SiO2 in the concentrate and ~20%

Fe in tailings).

[15]

gher (slime 1)

es. Percentage

e1273 g/t);

theramine

8.5, 9.5 and

Best results for slime 1 (no starch,

amide-amine > 150 g/t, pH ¼ 10.5):

Fe >62% and SiO2 <4% in the

concentrate, and a Fe recovery

>90%. Increase of the percentage of

SiO2 in the concentratewith starch.

For slime 2: Fe <55% in the

concentrate, with both collectors

and the presence or absence of

starch.

[16]

riant) without

: 20% solids;

ollector.

gh intensity

5% solids, 500

Best results in mechanical flotation

(concentrate >48% Fe, recovery of

Fe >80%, >15% Fe in the tailings) at

pH 10.5 and collector >300 g/t. In

the column the best results (%Fe in

concentrate ¼ 49% and

tailings ¼ 10%, recovery of

Fe¼ 90%) was obtained with 500 g/t

of collector.

[17]

ougher stage)

ial plant.

iant) (160 g/t)

H 10.5.

High selectivity in the absence of

starch. On average, 53% Fe in the

concentrate was obtained,

recovery of 91.5% Fe and silica

recovery in foam of 53.1%.

[18]
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Table 2 e Factors studied in the bench flotation tests.

Collector type Factors Levels

Low High

Amide-amine (Flotinor 10118) pH 8 10.5

Collector dosage (g/t) 50 100

Starch dosage (g/t) 0 200

Etheramine (Flotigam 7100) Collector dosage (g/t) 50 100

Starch dosage (g/t) 0 200
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(Flotinor 10118 e synthesized by Clariant do Brazil) and the

effect of this reagent on the surface properties of quartz and

hematite. In those studies, selectivity windows from 47% to

80% were found in the separation of quartz from hematite in

the pH range 6e10.5, without starch. In order to confirm the

results obtained in the previous study of Rocha et al. [19],

bench flotation tests using the same amide-amine (Flotinor

10118) were performed with a typical feed sample for the

conventional flotation stage (size fraction <150 mm). In addi-

tion, were carried out comparative tests with an ethermono-

amine acetate (Flotigam 7100 e synthesized by Clariant do

Brazil), normally used in industrial circuits of iron ore flotation

in Brazil. The results of these studies are following presented.
2. Materials and methods

2.1. Characterization of the iron ore sample

This study used a sample (~60 kg) of iron ore from a mine

located in the western region of the Quadril�atero Ferrı́fero-

Brazil. This sample was provided by Vale S.A. with the gran-

ulometry used in conventional flotation. Then, it was sub-

mitted to homogenization and quartering processes to obtain

aliquots, which were used in the characterization of the ore

(physical, mineralogical and chemical) and for flotation tests.

The specific mass of the sample studied (average of the

values obtained in 3 scans) was determined by helium pyc-

nometer, model Quantachome Ultrapyc 1200e (medium

sample holder), operating under the following conditions:

target pressure of 17 psig, automatic equilibrium time, purge

time of 4 min and temperature of 23 �C. The size distribution
Fig. 1 e - Size distribution curve (a) and X-ray
was determined bywet sieving, using the Tyler series of sieves

from 300 mm to 38 mm and by the laser granulometer (CILAS

1064) for the size fraction <38 mm.

The main mineralogical constituents of the iron ore were

determined by X-ray diffractometry (total powder method). For

this, aPanAlyticalX ’Pert 3PowderX-raydiffractometerwasused

equipped with copper tube (lKa ¼ 1.5406 �A), operated at 45 kV,

40 mA. The diphratograms were collected by the Data Collector

software, with scan range 2Ɵ (5�e90�) and collection time of

15 min. The interpretation of the dilphrograms obtained was

performed with HighScorePlus software, using the PDF-2 data-

base of ASTM.

The chemical composition of the iron ore sample and

flotation test products (Fe, SiO2, P, Al2O3, Mn, TiO2, CaO, MgO)

were determined by X-ray fluorescence (Thermo Fisher Sci-

entific Nilton XL3t XRF Analyser). LOI was determined through

gravimetry, calculating the percentage of sample mass loss

when compared to a known initial mass, after remaining for

1 h in a muffle oven at 1000 �C. Both the determinations of the

chemical composition and the LOI were carried out in the

Chemical Laboratory of Timbopeba-Vale.

2.2. Flotation tests

Bench flotation tests were performed using mechanical cell

CDCmodel CFB-1000-EEPNBA, operating at 1100 RPM and 1.5 L

vat. The reagents used were: Flotinor 10118 (amide-amine)

and Flotigam 7100 (ethermonoamine acetate) with concen-

tration of 1% w/v, both supplied by Clariant of Brazil, as col-

lectors; corn starch (maisena-Duryea) gelatinized in the ratio

4:1 (starch:NaOH), with a concentration of 1% w/v, as

depressant; NaOH and HCl (Synth) as pH regulators. Collector
diphratogram (b) of the iron ore sample.

https://doi.org/10.1016/j.jmrt.2022.02.039
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and starch solutions were prepared daily. Based on published

iron ore flotation studies, some conditions were kept con-

stant: pulp with 45% solids, conditioning time of 5 min with

starch and 3 min with collector. The collection time of the

floated was fixed at 3 min. During this time, the pulp volume

was supplemented with tap water at pH previously adjusted

at the same pH value of the assay being performed [7,13,20].

The MINITAB 17® software was used for the two-level

design of experiments with replication and analysis of the

results obtained for both collectors studied. In a previous

microflotation study, with concentration of 5 mg/L of amide-

amine, the floatability of quartz and hematite at pH values 8

and 10.5, without starch, was 82%, 94%, 35%, and 14%,

respectively. Under these same conditions, the zeta potential

was 9 and e5 mV for quartz and 9 and e15 mV for hematite.

In the absence of reagent, the zeta potential of quartz was

�23 mV and �32 mV, and of hematite was �13 mV and

�17 mV, at pHs 8 and 10.5, respectively. These values showed

a change in the zeta potential of minerals more significant at

pH 8 than at pH 10.5. The pKa of the reagent is equal to 8.2 [19].

For these reasons, in addition to collector and depressant

dosages, pH was also evaluated in the factorial design of ex-

periments only for amide-amine (planning 23). In the case of

etheramine (planning 22), the pH was set at 10.5, which is

common in the mining industry [1,2,11,13,20]. The dosages of

collectors (50 and 100 g/t) were based on values compatible

with industrial practice and studies reported in the literature

[7,13,20]. Table 2 summarizes the factors and levels studied.

The variables analyzed were mass and Fe recoveries, Fe and

SiO2 grades in the concentrate, Fe grade in the tailings and

selectivity index of Gaudin (S.I.). Later, based on the analysis

of the results obtained from the experimental planning's,
complementary tests were performed to optimize the best

conditions for the amide-amine collector applicability.
3. Results and discussion

3.1. Characterization of the iron ore sample

The specific mass of the iron ore studied is 3.67 g/cm3, which

is consistent with specific masses of ores from Quadril�atero

Ferrı́fero [11,20]. This result was used to calculate the ore

mass used in bench flotation tests (1003.5 g).

Figure 1 shows the size distribution curve (a) and the X-ray

diphratogram (b) of the iron ore sample used in this study,

whose chemical composition and LOI by size fraction is pre-

sented in Table 3. As can be seen in Fig. 1(a), the sample

presents a d80 ¼ 116 mm, 7.3% of the particles above 150 mm

and 12% smaller than 10 mm (slime), which is consistent with

the size distribution of siliceous itabirites usually fed in con-

ventional industrial flotation process [1,7,20].

As can be seen from Table 3, the global Fe grade of the

sample is 40% and the main contaminant is SiO2 (41.2%). It is

observed that the coarser fraction (>150 mm) presents high Fe

grade (61.0%) and the SiO2 grade (11.6%) ismuch lower than in

others size ranges. Fe is evenly distributed through the par-

ticle size fractions<150 mm,while SiO2 is in greater proportion

(47.5%) in the size fraction �75 þ 38 mm. When observing the

others components, it can be noted that, although in low

https://doi.org/10.1016/j.jmrt.2022.02.039
https://doi.org/10.1016/j.jmrt.2022.02.039


Fig. 2 e Influence of pH, starch and amide-amine dosages on mass recovery (a), Fe recovery (b), Fe grade in the concentrate

(c), SiO2 grade in the concentrate (d), selectivity index e S.I. (e) and Fe grade in tailing (f).
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grades, they are major in the fraction <38 mm, mainly Al2O3

(2.25%) and LOI (2.35%), which are associated with the pres-

ence of gibbsite (Al(OH)3) and goethite (FeO.OH) (Fig. 1(b)),

which commonly occur in the finer particle fractions [11,12].

By means of stoichiometric calculations, using the global

grades of SiO2, Al2O3 and LOI, and the theoretical chemical

formulas of some minerals identified in the X-ray diphrato-

gram, it can be concluded that the sample studied consists of

41.2% quartz (SiO2), 2.8% goethite (FeO.OH) and 1% gibbisite

(Al(OH)3). Although it is not possible to determine the pro-

portion of magnetite and hematite by the results of chemical

analyses (absence of FeO grade), it can be inferred that this

sample has a high proportion of hematite (Fe2O3), since the

magnetite peaks (Fe2O3.FeO) were very small (Fig. 1(b)). In

studies of mineralogical semi-quantification by optical
Fig. 3 e Influence of starch and amine dosages on mass recove

grade in the concentrate (d), selectivity index e S.I. (e) and Fe g
microscopy performedwith an iron ore sample from the same

deposit, a proportion of approximately 12% of magnetite was

determined in it [20].

3.2. Flotation tests

Figures 2 and 3 present the cube graphs for themean values of

the design of experiments results for amide-amine and

etheramine, respectively. Table 4 summarizes the estimated

effects and coefficients on the response variables studied for a

95% confidence level.

Higher mass and Fe recoveries are observed for amide-

amine (Fig. 2(a) and (b)) than for etheramine (Fig. 3(a) and

(b)). Inverse effect was observed for selectivity indexes (Figs. 2

and 3(e)) and Fe grades in the tailings (Figs. 2 and 3(f)). At pH 8
ry (a), Fe recovery (b), Fe grade in the concentrate (c), SiO2

rade in tailing (f).
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and 100 g/t of amide-amine, concentrates were obtained with

~59% Fe and ~15% SiO2, both with and without prior condi-

tioning with starch. Table 4 shows that the starch dosage (B)

has no significant effect on the response variables Fe and SiO2

grades in the concentrates obtained. That is consistent with

the results of the hematite and quartz microflotation tests,

where the possibility of selective separation between the two

minerals in the pH values 8 to 10.5 was verified using only

amide-amine without starch [19]. As reported in the litera-

ture, the extra NH group in the secondary amide in the amide-

aminemolecule favors the formation of hydrogen bonds with

the ionized silanol groups (SieO) on the quartz surface, in

addition to the electrostatic attraction of the positive ion.

Another factor is the effect of steric impediment, due to the

higher volume of the molecule, which probably affects the

reagent adsorption on the hematite [17,21,22]. In addition, the

best performance of amide-amine (pka¼ 8.2) at pH 8may also

be related to concentration of ionic (~50%) and molecular

(~50%) species of the reagent. Themolecular species, between

two ionic species of the reagent, when adsorbed on the quartz

surface (IEP ¼ 1.8) avoids electrostatic repulsion between the

polar heads of the cations. There is also the tendency of he-

matite coagulation, due to the predominance of van der

Waals's attractive forces for pH near its isoelectric point

(pH ~7) [1,23e25].

Table 4 shows that for etheramine, differently than what

was observed for amide-amine, starch had a significant effect

for all response variables analyzed, except for S.I. The effect

was more pronounced on mass and Fe recoveries, which is

consistentwith several studies reported in the literature using

etheramine as a collector [2,7,10]. As can be seen in Fig. 3, the

quality of the concentrates obtainedwith etheraminewithout

starch can also be considered satisfactory (Fe grade in

concentrate>64%andSiO2<6.0%).However, bothmassandFe

recoveries were lower, especially for the 100 g/t collector

dosage.Basedonthebestresultsobtainedforamide-amine(pH

8 and without starch) and the higher values of mass and Fe

recoverieswhencompared toetheramine (compareFigs. 2 and

3), complementary tests were performedwith increasing dos-

ages of amide-amine under these conditions. The results are

shown in Fig. 4, which also presents the best result obtained

with etheramine acetate used as a comparison standard (pH

10.5, starch¼ 200 g/t and etheramine¼ 100 g/t).

Figure 4 shows that the best result obtained was for the

dosage of 150 g/t of amide-amine (Flotinor 10118), as there is

an increase of ~5% in the Fe grade and a decrease of ~9% in the

SiO2 grade in the concentrate obtained when compared to the

dosage of 100 g/t of this collector. Both the Fe and SiO2 grades

in the concentrate, as well as the selectivity index for the

condition described above, are similar to those obtained in the

standard assay with etheramine (Flotigan 7100). However,

there is an increase of ~6% and ~9% in the mass and Fe re-

coveries, respectively. The Fe grade in the tailing is 4% lower.

The dosage of 250 g/t of amide-amine for pulp with 45% solids

corresponds to 203 mg/L, which is higher than the critical

micellar concentration (CMC) between 100 mg/L and 150 mg/L

of this reagent, determined through the Du Nouy method by

Rocha et al. [19]. Therefore, the worsening of the results of the

response variablesmay be related to the formation ofmicelles,

which are colloidal particles precipitating as slime coating on

https://doi.org/10.1016/j.jmrt.2022.02.039
https://doi.org/10.1016/j.jmrt.2022.02.039


Fig. 4 e Influence of increased amide-amine dosage onmass recovery (a), Fe recovery (b), Fe grade in the concentrate (c), SiO2

grade in concentrate (d), selectivity index (e) Fe grade in the tailing (f). Standard (Etheramine ¼ 100 g/t, pH ¼ 10.5 and

starch ¼ 200 g/t).
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the surface of minerals, thus decreasing the selectivity of the

process [24]. Despite the dosage of amide-amine being 50%

higher than the etheramine, it was evident the possibility of

the iron ore flotation (coarse feed of conventional industrial

flotation as the sample here studied: d80 ¼ 116 mm) without

starch, in addition to greater mass and Fe recoveries than the

levels obtained with etheramine. Recent studies have also

shown promising results with the application amide-amine

collector for flotation of iron ore slimes [16e18].
4. Conclusions

Based on the results of bench flotation tests performed with

the sample studied,when using amide-amine and etheramine

as collectors at the same dosages, it was verified that themass

and Fe recoverieswith amide-aminewere considerably higher

than with etheramine, but with higher SiO2 grade in the

concentrate. For dosage of 150 g/t of amide-amine, at pH 8,

without starch, it was obtained a concentrate with Fe >65%
and SiO2 ~5%, compatible with the levels obtainedwith 100 g/t

of etheramine, 200 g/t of starch and at pH 10.5. Despite the 50%

higher dosage of amide-amine, the mass and Fe recoveries

were respectively 6 and ~9% higher than those obtained with

etheramine, clearly making viable the possibility of flotation

of iron ore without starch as a depressant. Hence, the data

obtained in this study is very interesting, from both the eco-

nomic and flotation management point of view, due to the

decrease of a process variable.
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