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A B S T R A C T   

Reverse cationic flotation is the most known beneficiation method for the separation of fine hematite particles 
from silicates. In this process, the depression of the hematite surface is an essential factor. Thus, the development 
of environmentally friendly depressants plays a critical role. Tannin (TA) as a natural and eco-friendly organ
ic reagent has not yet been considered for such a purpose. Through the reverse cationic flotation, the depression 
effect of TA was investigated by single and mixture of minerals. Micro-flotation tests and wettability analysis 
based on contact angle measurements by the captive bubble method (CBM) were conducted. The surface 
adsorption mechanism of TA on the hematite and quartz was explored through turbidity, zeta-potential mea
surements, surface adsorption tests, and Fourier transform infrared (FT-IR) analyses. The micro-flotation results 
indicated that TA could selectively depress more than 90% of hematite, while its effect on quartz floatability was 
negligible (<8% depressing). Surface wettability analysis demonstrated that TA in the presence of 30 mg/L 
collector could significantly increase the work of adhesion of hematite from 135.5 to 143.1 erg/cm2, whereas it 
increased the work of adhesion of quartz from 117.1 to 120.7 erg/cm2. Surface adsorption analysis depicted that 
in the presence of 100 mg/L TA, the adsorption amount of TA on the hematite surface was 0.99 mg/g, while this 
amount for quartz was 0.17 mg/g (around 6 times lower than hematite). Turbidity measurements, applied to 
clarify the aggregation – dispersion behavior of pure minerals in the TA presence, showed that TA had a 
dispersion effect on the quartz particles, whereas TA caused hematite aggregation. Surface analyses proved that 
TA selective adsorption occurred on the hematite surface mainly by chemisorption. In contrast, poor physical 
adsorption was the main interaction between TA and the quartz surface.   

1. Introduction 

Reverse cationic flotation is known as the most efficient method to 
recover and separate fine iron oxides (hematite) from their associated 
minerals (silicates) (Manser, 1975; Araujo et al., 2005; Filippov et al., 
2014; Gibson et al., 2017; Fan et al., 2020; Tohry et al., 2021a). This 
process is only efficient when iron oxides are selectively depressed (Kar 
et al., 2013; Tohry and Dehghani, 2016; Veloso et al., 2018). The main 
role of depressants in the flotation of iron oxides is to hinder the 
adsorption of collectors on the surface of iron-bearing minerals (deac
tivate their surfaces), while having minimal adsorption on the gangue 
surfaces. Macromolecular depressants are widely known as useful re
agents to depress iron oxide minerals in reverse cationic flotation 

(Pavlovic and Brandao, 2003; Turrer and Peres, 2011; Kar et al., 2013; 
Filippov et al., 2014; Fan et al., 2020; Tohry et al., 2021a). Among 
various organic and non-organic depressants such as starch (Pavlovic 
and Brandao, 2003; Araujo et al., 2005; Filippov et al., 2013), dextrin 
(Raju et al., 1998), sodium silicate and its derivatives (Tohry and Deh
ghani, 2016; Tohry et al., 2019, 2021b), guar gum (Zhao et al., 2017; 
Turrer and Peres, 2011), humic acid (Dos Santos and Oliveira, 2007; 
Tohry et al., 2021a), carboxymethylcellulose (CMC) (Shrimali and 
Miller, 2016; Poperechnikova et al., 2017), etc., starch typically has 
been introduced as the most successful depressant for iron oxide min
erals (Pavlovic and Brandao, 2003; Kar et al., 2013; Filippov et al., 2014; 
Shrimali and Miller, 2016). 

Starch is classified as a polysaccharide, a group which is frequently 
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used for the reverse cationic flotation of iron ores (Pavlovic and Bran
dao, 2003; Araujo et al., 2005; Pearse, 2005; Ma et al., 2011; Turrer and 
Peres, 2011; Abdel-Khalek et al., 2012; Filippov et al., 2013; Kar et al., 
2013; Filippov et al., 2014; Veloso et al., 2018; Shrimali and Miller, 
2016; Bai et al., 2019; Fan et al., 2020). However, some studies have 
shown that starch and other polysaccharides adsorb on the quartz and 
other silicate mineral surfaces and render their surface hydrophilic 
(Filippov et al., 2013; Peçanha et al., 2019; Ming et al., 2020). This effect 
can be enhanced in the presence of Ca2+ and Mg2+ ions in the water 
process (Lelis et al., 2019). Moreover, it was reported that starch could 
depress some complex silicates through the reverse cationic flotation of 
iron oxides (Filippov et al., 2013; Veloso et al., 2018; Li et al., 2020). The 
gelatinization process (necessary for the preparation of starch solution) 
can also be considered another limitation (Araujo et al., 2005; Ma, 2012; 
Fan et al., 2020). In this process, a large quantity of NaOH or warm 
water is usually needed, leading to a high cost. Concerning these 
drawbacks, although starch is the most common industrial depressant 
for reverse cationic flotation of iron oxides, introducing potential al
ternatives is crucial (Zhang et al., 2019; Li et al., 2020). 

Polyphenols (mainly humate derivatives), another family of macro
molecular depressants, have been shown to be promising depressants for 
the iron oxides (Ramos-Tejada et al., 2003; Dos Santos and Oliveira, 
2007; Zhang et al., 2012; Veloso et al., 2018; Tohry et al., 2021a). Humic 
acid as a binder in the pelletizing process has been used and found that it 
can strongly adsorb on the surface of iron oxides (hematite and 
magnetite), while its adsorption on the quartz surface has been reported 
to be negligible (Zhou et al., 2014; Zhou et al., 2015). In the acidic pH, 
preferential adsorption of sodium lignosulfonate, a type of polyphenol, 
on the hematite surface was reported, whereas its adsorption on the 
quartz surface was negligible (Engwayu, 2015). Tannins (TA) are a type 
of polyphenols, which have been considered for flotation separation of 
different ore/minerals such as phosphate ores (Al-Fariss et al., 1992), 
jamesonite (Chen et al., 2011), sulfides (Sarquís et al., 2014), minerals 
containing strontium (Rutledge and Anderson, 2015), calcite and pyrite 
(Rutledge, 2016), chalcopyrite and pyrite (Han et al., 2020). TAs have a 
complex mixture of natural and non-toxic polyphenols with no fixed 
molecular structure which have many uses in different industries, 
including the manufacture of leather (Pizzi, 2019), wood adhesives 
(Pizzi, 1983, 2019), pharmaceutical and medical applications (Noro 
et al., 1999, Pizzi, 2008), antioxidants (Audi et al., 1999), wastewater 
treatment (Yu et al., 2001). 

They are mostly yielded via extraction from plants. Oxygen- 
containing functional groups in the structure of TAs facilitate their 
rapid and easy reactions with metallic ions (Rutledge and Anderson, 
2015; Pizzi, 2019; Fraga-Corral et al., 2020). All these caused that TA 
absorbed attention for its application in mineral processing. There are 
some reports which reported TA potential for its industrial application in 
mineral processing and extractive metallurgy e.g., as a depressant of 
sulfide gangue minerals in the flotation of jamesonite (Chen et al., 
2011), as adsorbent of ultrafine gold in bacterial oxidation method for 
treatment of primary sulfide refractory gold (Buah et al., 2015), as an 
adsorbent for precious metals from acidic leach liquor of circuit boards 
of spent mobile phones (Gurung et al., 2012). It has been proven that TA 
can be effectively used in the flotation of calcium-containing minerals 
and sulfides (Al-Fariss et al., 1992; Chen et al., 2011; Sarquís et al., 2014; 
Liu et al., 2016; Rutledge, 2016; Matveeva et al., 2017; Tangarfa et al., 
2019; Han et al., 2020). However, as an eco-friendly reagent, the 
depression effect of TAs on iron oxides through the reverse cationic 
flotation separation from silicates and their adsorption mechanisms 
have not been addressed yet. 

In this study, TA examined to depress hematite and separate it 
through reverse cationic flotation from quartz. For such a purpose, 
single micro-flotation tests were first done to expose the effects of TA 
concentrations and pH. Selective reverse cationic flotation of hematite 
from quartz was further examined using the mineral mixtures in the 
presence of ether amine as a cationic collector (in alkaline condition: pH 

~ 9.2). Contact angle measurements in different collector concentra
tions were done to determine the wettability of minerals in the TA 
absence and presence. The adsorption mechanism of TA on both mineral 
surfaces was determined by turbidity, zeta-potential measurements, 
surface adsorption tests, and Fourier transforms infrared (FT-IR) 
analyses. 

2. Materials and methods 

2.1. Mineral samples and chemicals 

Pure hematite and quartz were sampled from “Ferriferous Quad
rangle, Minas Gerais”, and “Mineração Jundu from Descalvado-SP”, 
Brazil, respectively. The high purity of the quartz sample (>98% of 
quartz) was confirmed by chemical analysis (Table I- Appendix A) and X- 
ray diffraction (XRD) (Fig. I- Appendix A). The potassium dichromate 
titration method was used to analyze the Fe and FeO content of hema
tite. Based on the results, the high purity of hematite was also confirmed 
(total Fe ~ 68.7%, FeO < 0.2% and SiO2 ~ 0.34%). Large pieces of the 
fresh minerals (both hematite and quartz) were selected by a visual 
survey to minimize cracks and impurities. They were kept for further 
cutting, polishing, and preparation of flat plates (diameter: 30.0 mm) for 
direct measurements of the contact angle by the captive bubble method 
(CBM). The rest of the samples were crushed by a hand-hammer and 
pulverized by a porcelain mortar. The size fraction of − 75 + 25 µm was 
used for the micro-flotation and adsorption tests, while the − 25 µm size 
fraction was used for the zeta potential, turbidity, and FT-IR 
measurements. 

As the hematite depressant, a commercial-grade TA was provided 
from TANAC S.A., Montenegro, Rio Grande do Sul, Brazil. TA used in 
this study is a commercial mixture of condensed tannins extracted from 
Acacia Mollissima tree bark (Southern Brazil). This type of TA bears 
many condensed polyphenols, preferably flavan-3–4-diol, which shows 
high molecular weight. TA, available in powder form, has a brown color 
including anionic character, free primary-care physician (PCP), mini
mum 93.5% active matter, and pH (aqueous sol. 20% w/v): 4.5–5.5. TA 
is soluble at room temperature, and it increases water viscosity and 
yields colloids (e.g., 40–45 wt%, 5 mPa s− 1 at 20 ◦C). The viscosity 
depends on the TA concentration, where a strong hydrogen bridge 
formed between the –OH groups and the water molecules is the main 
reason for this increase (Garcia et al., 2016). 

A commercial-grade ether amine 50%, neutralized by acetic acid 
(Flotigam®EDA, Clariant, Sao Paulo, Brazil) was used as the cationic 
collector. Solutions of the analytical grade of HCl and NaOH were pre
pared at the concentration of 1% (w/v) and used for the pH adjustment 
to acidic (2–4) and alkaline (7–11) conditions in zeta potential mea
surements and the rest of the experiments. Analytical grade acetone 
(C3H6O), and ethanol (C2H5OH) were also used to clean the flat plate of 
quartz and hematite before applying the CBM (Tohry et al., 2020). Casa 
Americana, Brazil, supplied all these chemicals. Distilled water was used 
in all experiments except turbidity measurements. In the turbidity 
measurements, deionized water was considered. Detailed analysis of the 
used water components was revealed in Table II and Table III, Appendix 
A. 

2.2. Micro-flotation tests 

In order to perform micro-flotation tests with well-defined pH and 
TA concentration, two divided series of tests were carried out. At the 
initial step, 5 tests were performed in the pH range of 7–10 to find the 
optimum flotation pH (in the presence of TA) for maximizing the he
matite recovery. It has been reported that in the pH range of 8–12, 
phenolate anions are in equilibrium in an aqueous solution (Smith and 
March, 2007; Garcia et al., 2016). These anions have a great tendency to 
metallic cations (Matveeva et al., 2016, 2017; Tangarfa et al., 2019; 
Fraga-Corral et al., 2020). In the second stage, the optimum TA 
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concentration was determined by applying the defined pH at the first 
step. At this stage, tests were conducted in the presence of 10, 60, 70, 80, 
90, 100, and 150 mg/L TA. Finally, by knowing the desirable pH and TA 
concentration, single micro-flotation tests were performed in the pres
ence of different concentrations of Flotigam®EDA. Micro-flotation of the 
mineral mixture was also carried out by considering the optimum con
ditions obtained in the single mineral micro-flotation tests. 

Each micro-flotation test was repeated three times in a Hallimond 
tube with 60 mL volume, and the average results are given in the results. 
Water was used as a background solution in all experiments because of 
its widespread use in industrial flotation circuits to separate minerals. A 
mechanical stirrer was used at a fixed speed of 1380 rpm. It has been 
reported (Rodrigues and Leal Filho, 2010) that maximum recovery of 
apatite and glass spheres was achieved in the Froude number range (Fr) 
of 0.1–0.6, where stirrer diameter/Hallimond tube diameter was equal 
to 0.7. Regarding the choice of stirrer rotational speed in mentioned 
research, 1380 r/min was considered in this study. Nitrogen gas, at the 
rate of 50 mL/min, was used in order to generate bubbles (Martinz, 
2009; Davidson, 2009; Mphela, 2010; Liu et al., 2017; Souza and Lima, 
2019; Lu et al., 2020). During each micro-flotation test, 1.0 g sample and 
around 55 mL pre-adjusted water with the desired pH were mixed in the 
micro-flotation cell. The slurry was conditioned by stirring for 1 min 
before the TA was added and conditioned for 3 min by stirring (except 
for the test without depressant), finally the collector at the desired 
concentration was added to the slurry and conditioned for 1 min. After 
conditioning, flotation was performed for 1 min, as proposed by 
Rodrigues and Leal Filho (2010), Lelis et al. (2016), Silva et al. (2019). 
The flotation products were collected by hand scraping rates of once 
every 2–3-second, filtered, dried at 40 ◦C and weighted separately, and 
the weight recovery was calculated. For the micro-flotation of the mixed 
minerals, the procedure was the same as the single mineral micro- 
flotation tests. 

The examined mineral mixture tests were done in 3 different “he
matite: quartz” weight ratios of 40:60, 60:40, and 80:20. Weight ratios 

are considered for simulating the low grade and high-grade iron ores 
containing silica, in which weight ratios of 40:60, 60:40, and 80:20 are 
indicating 27.6, 41.3, and 55.1% total Fe, respectively. In general, 
similar ratios for iron ore deposits containing silica could be observed 
worldwide (Table. 1). After yielding the flotation products, they were 
analyzed by potassium dichromate titration method to measure the total 
Fe content. 

2.3. Wettability 

The surface wettability of hematite and quartz was characterized by 
the contact angle measurements in the presence and absence of reagents. 
Goniometer DSA25 (supplied by Kruss, Germany) was adopted to carry 
out the contact angle measurements by the CBM. For the contact angle 
measurement, an air bubble was gently placed by a glass syringe 
endowed with a needle of diameter 0.487 mm on the mineral plate 
surface that pre-conditioned with collector and depressant. At least 4 
created contact angle values were considered for each measurement. All 
measurements were done at 22 ± 1 ◦C. For providing an accurate contact 
angle measurement, the points of intersection (the three-phase contact 
points of the system between the fitted bubble shape and the baseline) 
are measured automatically by the Kruss program. Young-Laplace, el
lipse, and circle fitting models that can fit the bubble boundary line and 
contour line are typical models for such an assessment. It was well un
derstood that for measuring higher contact angle values, mostly above 
40◦, ellipse fitting is more accurate and for small angles, Young-Laplace 
is the most reliable model. In the absence of TA, hematite, and quartz 
contact angles were measured with different concentrations of Flotiga
m®EDA (0, 2.5, 7.5, 15, and 30 mg/L). All these measurements were 
also repeated in the optimum pH and TA dosage, defined in micro- 
flotation tests, as well. 

Means of the measured contact angles and their standard deviations 
for each experimental condition were applied in Eqs. (1) and (2) for 
calculating the work of adhesion and spreading coefficient values where 
Wa = work of adhesion (erg/cm2), S = spreading coefficient (erg/cm2), 
θ = contact angle (degrees), γLV = surface tension of water (mN/m). The 
surface tension of distilled water was measured by a K100 Force tensi
ometer (Kruss, Germany). The standard deviation of work of adhesion 
and spreading coefficient (deduced by the laws of error propagation, 
according to Martinz, 2009) were calculated by Eqs. (3) and (4), 
respectively. where σγ = water surface tension standard deviation and 
σθ = contact angle standard deviation. 

Wa = γLV (cosθ + 1) (1)  

S = γLV(cosθ − 1) (2)  

σWa =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
γ (1 + cos[θ])2

+ γ2σ2
θsin[θ]2

√

(3)  

σS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
γ (cos[θ] − 1)2

+ γ2σ2
θsin[θ]2

√

(4)  

2.4. Adsorption experiments 

Adsorption experiments were conducted using the solution depletion 
method. 1.0 g of each pure mineral was added to a 40 mL solution (in a 
250 mL Erlenmeyer flask) with a known concentration of TA, and the pH 
value was set at the desired value. The flasks were placed in a digital 
horizontal shaker and agitated at 220 rpm for 2 h (at 22 ± 1 ◦C). The 
flasks were kept standing (without shaking) for 1 h to settle the sus
pended solids naturally. The supernatant was withdrawn with a 25 mL 
pipette, centrifuged at 6,000 rpm for 30 min in a laboratory centrifuge, 
and then the remaining TA concentration was measured by Helios Alpha 
UV–VIS Spectrophotometer from Thermo gamma metric (England) at a 
wavelength of 279 nm to determine the residual TA in solution. The 
adsorption of TA on the mineral surfaces was calculated from the 

Table 1 
Comparison between hematite: quartz ratios (used as the mixture minerals for 
the micro-flotation tests), and typical iron ores find worldwide.  

Hematite : 
Quartz mixture 

Ore type Reference 

Ratio Total 
Fe (%) 

Origin Charactrization 

80 : 
20 

55.1 Samarco mining 
complex, Minas 
Gerais, Brazil 

53% total Fe, 20–23% 
SiO2 (quartz) 

Houot, 1983 

Sawyer Lake deposit, 
Schefferville, 
Canada 

High-grade hematite 
containing 80% 
hematite with 
intergranular quartz 

Conliffe, 
2014 

60 : 
40 

41.3 Banded Iron 
Formation (BIF) 
deposit, Central part 
of Botswana, South 
Aferica 

54.4% hematite, 
44.0% quartz, 1.1% 
magnetite and 0.5% 
goethite minerals 

Ramakgala & 
Danha, 2019 

Sanje iron ore, 
Nampundwe area of 
Zambia, East Africa 

48.9% hematite 
(34.2% total Fe) 
containing 38% SiO2 

Siame et al., 
2019 

40 : 
60 

27.6 BIF ores, Odisha iron 
ore mine, India 

Hematite (35–40%), 
cherty quartz 
(60–65%), 26.5% 
total Fe, 61.2% SiO2 

Krishna et al., 
2013 

Yeravninskiy iron 
ore deposit, Russia 

40% hematite, 60% 
quartz 

Konovalov, 
1970 

East Anshan 
hematite ore, China 

38% hematite (30.5% 
total Fe), 55.5% 
quartz 

Song et al., 
2002 

Iron ore deposit at 
Wadi Halfa area, 
Sudan, Northeast 
Africa 

45.3% hematite, SiO2 

content: 47.5% 
Seifelnassr 
et al., 2013  
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difference between the original and residual concentrations (Eq. (5)). 

qe =
(C1-C2) V

m
(5) 

Where qe is the equilibrium adsorption capacity of adsorbent (mg/g), 
V is the volume of the solution (L), C1 and C2 are the initial and final 
concentrations of TA (mg/L), and m is the weight of the minerals added 
into the solution (g). 

Freundlich (Eq. (6)) and Langmuir (Eq. (7)) adsorption iso
therms were used for realizing the adsorption mechanisms between 
minerals and TA. By plotting log qe against log Ce in the Freundlich 
model and plotting 1/qe against 1/Ce in Langmuir model, factors of n 
and KF (mg/g(L/mg)1/n) for Freundlich model and qm (mg/g) and KL (L/ 
mg) factors for Langmuir adsorption isotherm can be achieved, 
respectively. 

logqe = logKF +
1
n

logCe (6)  

1
qe

=
1

qm
+

1
KLqm

1
Ce

(7)  

2.5. Zeta potential measurements 

Zeta potential measurements were performed using a Malvern zeta 
sizer (nano – ZS90). 50 ± 1 mg mineral sample was added to a 100 mL 
solution with the adjusted pH, and reagent concentrations (different for 
each experiment). The suspension was conditioned by magnetic stirring 
for 3 min. During the conditioning, the pH value was checked and kept 
constant. During the solution conditioning, a pH-meter electrode was 
located inside the solution, and the pH value was monitored, continu
ally. The pH was kept constant by dipping an impregnated needle with 
the pH modifier. The suspension was left to stand for 5 min to allow the 
settling of the particles. The supernatant was removed (around 3 mL) 
and used for the zeta potential measurement. All of the experiments 
were conducted at 22 ± 1 ◦C, and the results were the mean of three 
repeated measurements. Zeta potential measurements were performed 
at TA concentrations of 10, 30, 60, 100 and 150 mg/L at pH ~ 9.2 and 
pHs of 2, 4, 7, 9 and 11 in the presence of 100 mg/L TA or its absence. 

2.6. Turbidity measurements 

Turbidity could give information on the state of dispersion or 
agglomeration of powders in a liquid. Knowing these two phenomena 
can help determine the mechanism of interaction between mineral 
particles and reagents in an aqueous solution. Turbidity measurements 
were performed by a Thermo Scientific turbidity meter (Model: 
AQUAfast II Orion AQ2010). Exactly 1.0 g of each pure mineral was 
added to a 100 mL pre-conditioned solution (in different TA concen
trations at pH ~ 9.2), and then stirred for 3 min. After that, the sus
pensions were kept standing for 5 min to allow particle settling, and then 
10 mL supernatant (from a constant height for all solutions) was picked 
as experimental samples. All measurements were done at 22 ± 1 ◦C. 

2.7. FT-IR spectroscopy 

FT-IR was used to detect the molecular environment and the 
composition of the TA functional groups on the surface of pure minerals 
before and after conditioning. The FT-IR analyses were performed with a 
Bruker Equinox-55 FT-IR analyzer (Germany) in the scanning range 
between 400 and 4000 cm− 1. For conditioning samples, 1.0 g of each 
pure sample was added into an aqueous solution of TA (100 mg/L), and 
conditioned for 2 h (pH ~ 9.2). Particles were filtered and dried at room 
temperature for 24 h. The mineral sample was mixed with potassium 
bromide, by 1% weight ratio, at room temperature, and the spectra were 
recorded at a resolution of 4 cm− 1. The spectra of pure minerals, before 

treatment by TA, were measured for comparison purposes. 

3. Results and discussion 

3.1. Micro-flotation 

In order to determine the optimum pH value for maximizing the 
depressing effect of TA on the hematite, micro-flotation tests were per
formed in different pHs with 100 mg/L TA and 30 mg/L Flotigam®EDA 
(Fig. 1). Since in the reverse cationic flotation of iron ores, the main goal 
is to achieve the maximum recovery of iron oxides in the immersed 
phase along with considering the lowest destructive effects on float
ability of gangue minerals, a relatively high value of the depressants 
(100 mg/L) should be considered for the process (Vidyadhar et al., 2002; 
Filippov et al., 2013; Severov et al., 2016; Shrimali et al., 2018; Meng 
et al., 2019; Tohry et al., 2021b). Moreover, it has been reported that in 
concentrations more than 1.0 * 10-4 M of cationic collectors, maximum 
floatability of most silicate minerals can be achieved (Filippov et al., 
2013; Filippov et al., 2014; Severov et al., 2016; Tohry et al., 2021a). 
Thus, 30 mg/L (1.4 * 10− 4 mol/L with regarding molecular weight of 
215.37 g mol− 1) for Flotigam®EDA (Nunes et al., 2011), was consid
ered. On the other hand, considering such concentration, the depressant 
selectivity on both gangue and valuable minerals will be clearly defined. 

The experimental results indicated that in the pH region from 8 to 
9.2, hematite was well depressed with TA. However, at pH 9.2, hematite 
recovery in the froth phase met its lowest level (around 9%). On the 
other hand, since the optimum pH range for efficient flotation separa
tion of silicate gangues with cationic collectors is located in the range of 
9–10.5 (Smith, 1963; Laskowski, 1989; Manser, 1975; Vieira and Peres, 
2007; Filippov et al., 2010), the pH value of 9.2 was selected to conduct 
all the other experiments. The pH value above 9.2 caused further he
matite particles to find their way into the froth phase (around 34% 
floated at pH 10). As mentioned, TA bears phenolic groups (–OH), and 
the dissociation of these functional groups occurs in the pH range 9–9.5 
(Garcia et al., 2016). Eq. 8 shows the reaction of phenol dissolution to 
phenolate at the alkaline pH: 

Phenol+H2O = Phenolate + H3O+ (8) 

It has been documented that polyphenols during interaction with 
water in the neutral and alkaline pHs dissociated to the negatively 
charged components such as –HO– and –COO–. In the case of TA, hy
droxy groups at alkaline pH (depend on dissociation constant of reagents 
containing phenolic groups) converted to phenoxide ion/phenolate 

Fig. 1. Effect of TA on the floatability of pure hematite (in the presence of 30 
mg/L Flotigam®EDA and 100 mg/L TA) at different pH values. 
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(negative agents). Consequently, a greater tendency was formed to 
interact with other ions, i.e., Fe ion (Hem, 1960; Norgren and Lindström, 
2000; Matveeva et al., 2016; Matveeva et al., 2017; Tangarfa et al., 
2019; Fraga-Corral et al., 2020). Indeed, in our case, at pH ~ 9.2, the 
concentration of non-ionic species (phenol) equals anionic species 
(phenolate); thus, the repulsion between phenol and phenolate groups 
on the hematite surface could be minimized. These phenomena maxi
mized the adsorption of tannin on the hematite surface. At pH > 9.5, TA 
molecules became increasingly negative, and the zeta potential of he
matite rendered increasingly negative, as well. Electrostatic repulsion 
between hematite and TA was expected to occur. On the other hand, the 
increasing scarcity of FeOH groups on the hematite surface as well as 
phenol groups in bulk aqueous solution jeopardized interaction between 
TA and hematite. Hem (1960) also reported that at pH 10, parts of tannic 
acids are undissociated and unavailable for complexing. Due to the lack 
of TA adsorption on the hematite surface, hematite interacts with col
lector molecules and floats. Since at pH around 9.2, a strong interaction 
between the hematite surface and TA occurred, and TA significantly 
depressed hematite (a desirable result for the reverse flotation), this pH 

value was selected to conduct all the other experiments. 
Micro-flotation test results also showed that by increasing the TA 

concentration at a constant pH of 9.2, the hematite recovery in the 
immersed phase was increased (Fig. 2). There is a lack of TA molecules 
in the low TA concentrations (<50 mg/L) to adsorb on the hematite 
surface (Fig. 2), and to depress it. This led to the recovery of more than 
80% of hematite particles by the cationic collector. However, as the TA 
concentration in flotation solution increased from 50 to 70 mg/L, the 
adsorption of TA molecules on the hematite surface was increased 
significantly, and eventually, the hematite recovery sharply decreased. 
Hematite recovery in the immersed phase reached around 91% and 96% 
in the presence of 100 mg/L and 150 mg/L TA concentration, respec
tively. These outcomes revealed that the TA was a powerful depressant 
in the reverse cationic flotation of hematite. Such strong depression of 
the hematite has also been reported by other phenolic compounds (Dos 
Santos and Oliveira, 2007; Veloso et al., 2018; Tohry et al., 2021a). 

The flotation recoveries of the hematite and quartz were explored as 
a function of Flotigam®EDA concentration in the absence and presence 
of 100 mg/L TA (Fig. 3). It was shown that the quartz recovery in the 
whole range of Flotigam®EDA concentration was higher than the he
matite. This result is consistent with previous studies where quartz 
higher floatability than iron oxides through the reverse cationic flotation 
was reported (Araujo et al., 2005; Filippov et al., 2013; Filippov et al., 
2014). These outcomes illustrated that TA could negligibly depress 
quartz, whereas increasing the Flotigam®EDA concentrations showed a 
negligible effect on the hematite recovery. A slight depression effect of 
TA on the quartz surface could be related to the physical interaction 
between the silanol groups of quartz surface and TA molecules. Such an 
interaction between silanol groups of silicates and reagents containing 
phenolic hydroxyl groups has been reported by Zhou et al. (2014, 2015) 
and Tohry et al. (2021a). 

Although using 15 mg/L of the collector could also lead to hematite 
depression, but in order to assess the maximum TA depression power, its 
depression effect was examined in the presence of 30 mg/L collector, 
where the maximum floatability of quartz and hematite were obtained 
in the absence of TA. In the presence of 30 mg/L Flotigam®EDA and 100 
mg/L TA, the floatability of quartz was around 90%, and recovery of 
hematite in the froth phase was lower than 10%. These results estab
lished the selective depression effect of TA on the hematite through the 
reverse cationic flotation system. 

Micro-flotation tests of the mixed pure minerals (different weight 

Fig. 4. Iron recovery and Fe grade of achieved iron concentrate from hematite 
and quartz mixtures flotation (in the presence of 30 mg/L Flotigam®EDA, 100 
mg/L TA, and pH value of 9.2). 

Fig. 3. Floatability of hematite and quartz as a function of Flotigam®EDA 
concentration at pH ~ 9.2 (in the presence and absence of 100 mg/L TA). 

Fig. 2. Effect of TA concentration on the hematite recovery at pH 9.2 and 30 
mg/L Flotigam®EDA. 
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ratios) demonstrated promising results for the efficient separation of 
hematite from quartz (Fig. 4). An incremental trend in the Fe grade and 
Fe recovery was observed by increasing its mass ratio (Fig. 4). In other 
words, by decreasing the mass ratio of quartz, in the mixtures, the 
metallurgical responses of reverse cationic flotation markedly improved. 
For instance, in the mass ratio of 80:20 (hematite: quartz), 1 stage 
flotation could achieve a concentrate with 66.6% Fe grade and 87.7% Fe 
recovery. It indicated that the addition of TA could selectively separate 
these two minerals by flotation. 

3.2. Wettability results 

The work of adhesion for quartz and hematite was calculated based 
on the contact angle as a function of Flotigam®EDA concentration (both 
in the presence and absence of TA). The outcomes (Figs. 5 and 6) 
illustrated that the work of adhesion for both quartz and hematite was 
decreased by increasing the collector concentration. This means 

Flotigam®EDA decreased the hematite and quartz surface energy. These 
results agreed with Zhang et al. (2010) that showed the Wa values for an 
aqueous solution of cationic collectors decreased with an increase in 
their concentrations. The minimum Wa value was reported at the initial 
stage of the cationic surfactant bilayer formations at the quartz-water 
interface, where the cationic collector concentrations were relatively 
close to critical micelle concentration (CMC). These outputs are 
consistent with the micro-flotation results, where by increasing the 
collector concentration, the floatability of both quartz and hematite was 
increased (Fig. 3). The high hydrophobicity of both hematite and quartz 
in the presence of Flotigam®EDA was also reported in some in
vestigations (Lelis et al., 2019, 2020), where quartz indicated a higher 
hydrophobicity than the hematite. Wettability results (Figs. 5 and 6), 
agreed well with the most recent studies (Lelis et al., 2019, 2020), which 
demonstrated the quartz surface energy all through the increasing the 
collector concentrations were significantly lower than the hematite. 
These facts depicted the higher interest of the treated quartz particles 
toward the air phase (more hydrophobic). 

The spreading coefficient results (spreading of one liquid over solid 
phase) also indicated a similar pattern for these two minerals. Through 
flotation separation, a high negative spreading coefficient value is 
desirable (Leja, 1982). Results declared that at the same condition, the 
wetting of the hematite surface by water, in the presence of Flotiga
m®EDA is higher than the quartz surface. It meant that the quartz hy
drophobicity was higher than the treated hematite, which confirmed the 
micro-flotation test outcomes. These phenomena could be due to the 
higher electrostatic attraction of ether aminium ions on the quartz sur
face than hematite. The contribution of the hydrogen bonds between the 
silanol groups on the quartz surface with the ether aminium ion could 
also be considered (Smith and Scott 1990; Churaev et al. 2000; 
Vidyadhar et al. 2002; Lelis et al., 2019). 

These outcomes (Fig. 6) also revealed that the hematite treated with 
TA, had a greater work of adhesion than the hematite samples without 
TA, which should be translated to a greater affinity of the TA treated 
hematite to water. It showed that TA had a significant depressing effect 
on the surface of hematite, compared to the quartz, even in the presence 
of Flotigam®EDA. The spreading coefficient of the treated hematite with 
TA, in the collector presence, also confirmed its surface was getting 
completely wet. On the contrary, quartz had a different behavior 
(Fig. 5), where both its work of adhesion and spreading coefficient 
amounts in TA presence were less than the hematite. It was indicated 
that the addition of TA had a minor effect on the quartz wettability in the 
presence of Flotigam®EDA. It was consistent with the micro-flotation 

Fig. 5. Wettability parameters of quartz treated with and quartz treated with 
TA as a function of Flotigam®EDA concentration (in the presence of 100 mg/L 
TA and pH value of 9.2). 

Fig. 6. Wettability parameters of hematite and hematite treated with TA as a 
function of Flotigam®EDA concentration (in the presence of 100 mg/L TA and 
pH value of 9.2). 

Fig. 7. Adsorption amount of TA on the hematite and quartz as a function of TA 
concentration (pH ~ 9.2). 
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results, where quartz still had excellent floatability even in the presence 
of TA (Fig. 3). 

3.3. Surface adsorption results 

The adsorption of TA on the quartz and hematite surface showed that 
the amount of the adsorbed TA on these mineral surface was enhanced 
when its equilibrium concentration was increased (Fig. 7). However, in 
the whole TA concentration range, the adsorption density of TA on the 
hematite surface was much higher than the quartz surface. When TA 
concentration reached 100 mg/L, the adsorption amount of TA on the 
hematite surface was 0.99 mg/g, while this amount for quartz (at the 
same concentration) was 0.17 mg/g (around 6 times lower than hema
tite), illustrating that TA had a strong adsorption interaction with the 
hematite surface compared to quartz. Tohry et al. (2021a) reported that 
the adsorption of polyphenol (Humic acid) on the iron oxide surface 
(hematite) is based on the formation of a chemical complex on its sur
face. In general, adsorption test results also proved that TA adsorbed 
more strongly on the surface of hematite than quartz, which is consistent 
with the other reported results. 

Freundlich and Langmuir isotherm equations fitted the adsorption 
equilibrium data. The results (Table 2) depicted that the Freundlich 
isotherm model was more suitable to declare TA adsorption on the 
mineral surfaces due to its larger correlation coefficients. The value of n 
for hematite and quartz was obtained at 1.79 and 0.49, respectively. 
This implied that the interaction between hematite and TA is much 
stronger than quartz. 

3.4. Zeta potential measurements 

Based on the zeta potential measurements, the IEP (isoelectric point) 
of bare quartz and hematite occurred at pH ≤ 2 and around 4.2, 
respectively (Fig. 8). These results are in good agreement with the re
ported IEPs in other investigations (Leja, 1982; Carlson and Kawatra, 

2013; Peçanha et al., 2019; Fan et al., 2020). Zeta potential values of 
hematite and quartz, over the investigated pH range and in the presence 
of 100 mg/L TA, were negative and became almost more negative by 
increasing the pH values. The same effects were documented for other 
depressants containing carboxylate and phenolic groups on the iron 
oxide and quartz surfaces (Zhang et al., 2012; Zhou et al., 2014, 2015). It 
was stated that carboxyl, phenolic hydroxyl, and hydroxyl groups in the 
polyphenol structure after ionization in a solution could lead to a 
negative charge on particle surfaces. These reagent ionizations increased 
in the alkaline condition and caused an intense zeta potential reduction 
(Zhang et al., 2012; Fraga-Corral et al., 2020; Han et al., 2020). 

These results (Fig. 8) also demonstrated that TA adsorbed more 
strongly on the hematite surface than the quartz surface, due to the 
negative shifting of zeta potential of the treated hematite with TA, rather 
than the bare hematite, compared to the TA treated quartz. At pH 9.2, 
zeta potential of hematite changed from –23.37 mV to − 42.80 mV (Δζ 
~ − 19.43 mV) and quartz shifted from − 41.10 mV to − 36.60 mV (Δζ~ 
+4.50 mV). These variations indicated that the TA adsorption occurred 
on the hematite surface via a strong non-electrostatic/chemical inter
action, while a weak physical interaction was dominant for quartz. 
However, the bare quartz surface showed a higher negative zeta po
tential than bare hematite, leading to a considerable electrostatic 
repulsion between quartz and the TA anionic species and reduce their 
adsorption. Zhou et al. (2014) showed a considerable electrostatic 
repulsion between anionic functional groups of humic acid, such as 
–COO–, and silanol groups of quartz. They concluded this phenomenon 
caused the insignificant adsorption of humic acid on the quartz surface 
(Zhou et al., 2014). It has also been reported that polyphenols exhibit a 
specific affinity for metal ions. They can easily interact with metal ions 
and act as a depressant for metallic minerals (Mahiuddin et al., 1992; 
Malan, 2015; Rutledge, 2016; Fraga-Corral et al., 2020). Since hematite 
is a metallic mineral containing a high density of Fe cations, it can 
accommodate TA higher adsorption on its surface compared to quartz. 

3.5. Turbidity measurements 

In order to acquire a better understanding of the mechanism of 
interaction of TA on the quartz and hematite, turbidity measurements 
were carried out in the presence of different TA concentrations at pH ~ 
9.2 (Fig. 9-a). The TA-treated quartz supernatant turbidity slightly 
increased by increasing the TA concentration, which meant the dis
persity of quartz in the pulp was increased by adding this depressant. 
This result depicted that the treated quartz particles were stabilized via 
repulsive electrostatic forces between the charged particles. This point 

Fig. 8. Zeta potentials of hematite and quartz at different pH values in the 
presence of 100 mg/L TA. 

Fig. 9. Turbidity and zeta potential of hematite and quartz suspensions as a 
function of TA concentration at pH ~ 9.2. 

Table 2 
Freundlich and Langmuir constants of TA adsorption on hematite and quartz 
surfaces.  

Minerals Freundlich parameters Langmuir parameters 

n KF R2 qm KL R2 

Hematite  1.79 8.1 × 10-2  0.99  1.03 5.0 × 10-2  0.93 
Quartz  0.49 1.0 × 10-5  0.95  5.0 × 10-3 1.5 × 10-2  0.87  
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was also observed in another investigation (Engwayu, 2015), where it 
was indicated that lignosulfonate dispersed the silicate particles at both 
high and low pH values. By increasing the TA concentration, the zeta 
potential of quartz decreased slightly (Fig. 9-b). These results showed 
negligible TA adsorption on the quartz surface, which was in good 
agreement with the obtained results from adsorption and wettability 
experiments. 

Unlike the quartz, hematite showed different behavior in the 
turbidity measurements, where by increasing the TA concentration, a 
decreasing trend in the hematite turbidity was seen (Fig. 9-a). This trend 
depicted that hematite particles aggregated with the addition of TA. This 
aggregation is expected to result in the hematite particles’ flocculation, 
leading to improved surface wettability and hindering their flotation 
(Figs. 3, 5, and 6). This phenomenon, the depression of iron oxides by 
polysaccharides, has been widely reported (Schulz and Cooke, 1953; 
Pinto et al., 1992; Engwayu, 2015). The same was reported for the 
lignosulfonate interaction with hematite at pH 5.5 (Engwayu, 2015). It 
has been noted that the aggregation of a mineral in flotation is often 
beneficial to its depression (Engwayu, 2015, Shrimali et al., 2018; Gu 
et al., 2019). These results (Fig. 9-b) showed that by increasing the TA 
concentration, hematite zeta potential significantly increased, which 
demonstrated the powerful adsorption of TA on the hematite surface 
(chemical adsorption). At pH 9.2, since the hematite surface and TA 
have a high negative charge, electrostatic repulsion would have 
occurred between them. Still, the presence of dense Fe sites on the he
matite surface and their high affinity to interact with TA, led to over
coming the repulsive forces. As a result, the TA strong interaction with 
the mineral surface of hematite would be expected. 

3.6. FT-IR analysis 

The FT-IR spectrum for TA is presented in Fig. 10-a. In the FT-IR 
spectrum of TA, the band at 3404 cm− 1 is related to the phenolic –OH 
stretching vibration. Two peaks at 2919 cm− 1 and 2852 cm− 1 belong to 
the CH stretching vibrations. The bands at 1617 cm− 1, 1341 cm− 1, and 
1456 cm− 1 are attributed to –C = C– of the aromatic ring, carboxyl 
carbonyl (carbonyl group), and carboxylates groups (Mahiuddin et al., 
1992; Zhang et al., 2012; Erdem et al., 2013; Muhoza et al., 2019). The 
absorption peak at 1030 cm− 1 and the absorption peaks in the ranges 
844 cm− 1 to 466 cm− 1 are assigned to the vibration of C–O–C and the C- 
H bands, respectively. With attention to TA characterization and the 
presence of oxygen-containing functional groups like carboxyl, 
phenolic, and hydroxyl in its chemical structure, there is a strong pos
sibility of interaction between surfaces of metallic minerals with TA. 

The FT-IR spectra of TA, pure hematite, and the hematite treated 

with TA (Fig. 10-b and c) showed the characteristic bands of hematite 
appeared at 469 cm− 1, 553 cm− 1, and 1025 cm− 1 corresponded to the 
Fe-O vibration (metal-O) and –OH stretching vibration (Pavlovic and 
Brandao, 2003). The newly emerged peak at 630 cm− 1 in the FT-IR 
spectrum of hematite after treatment with TA indicated the formation 
of a new band between Fe-O bonds located on the hematite surface and 
functional groups of TA containing hydrogen molecules (Fe-OH). The 
shifted and deformed peaks of 1025 cm− 1 to 896 cm− 1, which were also 
strengthened after adsorption, potentially showed a strong chemical 
interaction between C–O stretch from carboxylic acids and the hematite 
surface. The band of 553 cm− 1 in the bare hematite spectrum shifted by 
19 cm− 1 to 572 cm− 1, represented the formation of a hydrogen band 
between the TA molecules and the hematite surface. Moreover, the O-H 
band of the blank hematite at 3423 cm− 1 shifted to 3413 cm− 1. This 
indicates that phenol functional groups of TA are adsorbed on the he
matite surface (H-bonding). 

The TA treated hematite surface showed (Fig. 10) new peaks, which 
appeared at 2919 cm− 1 and 2851 cm− 1, and attributed to the stretching 
vibrations of the –CH2 and –CH3 from the TA spectrum. These bonds 
confirmed that the TA molecules were adsorbed on the hematite surface. 
Four new peaks emerged at 1629 cm− 1, 1564 cm− 1, 1465 cm− 1, and 
1394 cm− 1 could be carbonyl and carboxylate groups of TA that inter
acted with the hematite surface by chemisorption (Mahiuddin et al., 
1992; Zhang et al., 2012, Tohry et al., 2021a). Since many TA peaks 
emerged in the hematite spectrum, it was deduced that TA was adsorbed 
on the surface of hematite by forming stable and powerful bands, 
something that was also confirmed in the adsorption experiments zeta 
potential measurements. Characteristic bands for quartz particles were 
observed at 1085 cm− 1, 778 cm− 1, and 458 cm− 1 (silanol groups and 
–OH corresponding bands) (Fig. 11). By treating quartz with TA, new 
characteristic peaks did not appear in the quartz + TA spectrum (Fig. 11- 
c). However, new weak peaks of 2920 cm− 1 and 2852 cm− 1 were 
detected in the quartz + TA spectrum, which indicated the absorption of 
TA on the quartz surface. Moreover, a small shift (4 cm− 1) without 
deformation can be observed in the surface of quartz after treating with 
TA (in the 3428 cm− 1), which illustrated that TA interacted with the 
quartz surface by very weak H-bonding (physical interaction). These 
results were consistent with the adsorption and zeta potential results, 
where partial absorption of TA was observed on the quartz surface. 
Therefore, in the micro-flotation and surface wettability experiments, 
partial depressing of quartz particles and a minor decrease in their hy
drophobicity were observed. 

Fig. 10. FT-IR spectra of (a) TA, (b) hematite, and (c) hematite treated with 
100 mg/L TA. 

Fig. 11. FT-IR spectra of (a) TA, (b) quartz, and (c) quartz treated with 100 
mg/L TA. 
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4. Conclusion 

The effect of TA and its adsorption mechanism on the hematite and 
quartz minerals in the reverse cationic flotation of iron oxides were 
investigated through micro-flotation, wettability, and various adsorp
tion studies. Micro-flotation results of single pure minerals indicated 
that TA at a concentration of 100 mg/L and pH ~ 9.2, in the presence of 
30 mg/L ether amine, could selectively depress hematite and had a 
negligible effect on the quartz floatability. TA depressed more than 90% 
of hematite particles under these conditions and less than 8% of quartz 
particles. Mixture micro-flotation results also depicted that hematite 
could selectively separate from quartz, where only in one stage flotation, 
a concentrate with 66.6% Fe grade and 87.7% iron recovery could be 
achieved. Wettability analysis showed that the quartz hydrophobicity in 
the presence of Flotigam®EDA was higher than the hematite in the same 
condition. Floatability and work of adhesion of quartz in the presence of 
30 mg/L Flotigam®EDA were 97.1% and 117.1 erg/cm2 and for he
matite 83.1% and 135.5 erg/cm2, respectively. The TA addition 
decreased hematite hydrophobicity (Wa = 143.1 erg/cm2) much more 
than the quartz (Wa = 120.7 erg/cm2). 

Surface adsorption and zeta potential assessments demonstrated that 
a slight amount of TA was adsorbed on the quartz surface, compared to 
the TA amount that was adsorbed on the hematite surface. These out
comes were confirmed by Freundlich isotherm model constants, where n 
value for hematite and quartz was obtained 1.79 and 0.49, respectively 
(indicating stronger adsorption of TA on the hematite surface than the 
quartz). In agreement with adsorption and zeta potential outcomes, 
turbidity results illustrated that TA dispersed quartz particles in the 
suspension, while hematite particles were aggregated by adding the TA. 
This also resulted in the selective interaction of TA with hematite par
ticles. FT-IR results illustrated that both H-bonding and strong chemi
sorption were the TA adsorption mechanisms on the hematite surface, 
while there was a poor physical TA adsorption on the quartz surface. 

Regarding the TA promising depression effect on hematite particles 
through its reverse cationic flotation separation from quartz, exploring 
the effect of different condensed tannins on various hematites, based on 
their sources and liberation degree should be considered in the batch 
scale and by using high tech surface analyses such as Time-of-Flight 
Secondary Ion Mass Spectrometry (ToF-SIMS). 
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Appendix A:. Characterization of material 

See Fig. I 
See Tables I–III 

Table I 
Chemical compositions of hematite and quartz samples (based on wt%).  

Mineral SiO2(%) Al2O3(%) Fe2O3(%) MnO(%) MgO(%) CaO(%) Na2O(%) Others(%) Fe(%) FeO(%) 

Quartz  98.8  0.05  0.9  0.01  0.05  0.05  0.1 < 0.05  – – 
Hematite  0.34  –  –  –  –  –  – –  68.7 < 0.2  

Fig. I. XRD patterns of the hematite and quartz.  

Table II 
The distilled water analysis.  

Salinity (EC 106) T.D.S (ppm) Co3
2–(ppm) Cl- (ppm) So4

2- (ppm) Ca2+ (ppm) Mg2+ (ppm) Na+ (ppm) K+ (ppm) T.H (ppm) 

< 2 < 1.2 N.D.  1.0 N.D.  0.3  0.2  0.8  0.2  2.5  
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