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Abstract: Heterocoagulation can occur between fine siderite and hematite particles, which would result 
in the low efficiency of their separation during the flotation process. To date, there have been no mature 
methods to increase their separation efficiency. In this paper, citric acid was used as a regulator to 
enhance the slurry dispersion efficiency. Micro-flotation, scanning electron microscopy (SEM) analysis, 
settling tests, particle size measurements, zeta potential measurements and E-DLVO theoretical 
calculations were conducted in the investigations. A maximum recovery difference (53.98%) between 
siderite and hematite in their mixtures flotation was obtained. Settling tests confirmed that citric acid 
contributed to improving the dispersion degree of the slurry. SEM analysis indicated that citric acid 
could clean the surface of particles and weaken the coagulation between siderite and hematite, which 
were in line with the results of particle size measurements. The zeta potential measurements and 
Extended-Derjaguin-Landau-Verwey-Overbeek (E-DLVO) theoretical calculations indicated that the 
citric acid could adsorb on the siderite and hematite surfaces and decreased the surface charge, resulting 
in a visible increase of the repulsion energy between siderite and hematite particles. Therefore, citric 
acid can be applied to remove the easily-ground carbonate minerals first to improve the flotation 
performance of hematite in the separation process of carbonate-containing iron ores. 
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1. Introduction 

There is a rich resource of carbonate-containing iron ores in China with a deposit more than 5 billion 
tons. Generally speaking, siderite and anchorite are the primary carbonate minerals in carbonate-
containing iron ores (Luo et al., 2016a, Li et al., 2012; Yang et al., 2013). Rarely existing independently, 
siderite is often associated with magnetite, limonite, hematite and other iron minerals (Li et al., 2015); 
thereby carbonate-containing refractory iron ores come into being, such as iron ore processed in Dong 
Anshan flotation plant in China (Yin et al., 2010; Luo et al., 2017; Luo et al., 2016b). Due to the low 
hardness, carbonate minerals are easily ground to slime which tends to adhere to or cover on other 
minerals, resulting in similar surface characteristics and floatability of these minerals. This makes it 
extremely difficult to separate them even when the valuable minerals have been adequately liberated. 
Production practice displays that the presence of siderite significantly decreases the iron grade of the 
concentrate produced by the current reverse anionic flotation process (Zhang et al., 2007; Zhang et al., 
2008). To achieve the separation of carbonate-containing refractory iron ores, a two-step flotation 
process was designed and applied, by which siderite was floated and removed preferentially to 
diminish the negative effect in the first step and then anionic reverse flotation was used to produce high-
quality iron concentrate in the second step (Yin et al., 2010; Zhang et al., 2008; Shao, 2013). However, 
because of severe coating and heterocoagulation of siderite fines, a portion of hematite and quartz are 
entrained into the siderite concentrate to be lost in the first flotation step, causing a reduction of the iron 
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recovery in the second flotation step. To date, the effective separation of siderite from hematite is not 
yet achieved.  

For reducing coating and coagulation of fine particles to improve their flotation performance, it is 
crucial to clean the particle surfaces and get the particles dispersed effectively before the commencement 
of the separation process. At present, dispersants have been widely used in flotation for their preferable 
dispersive effectiveness and convenience in operation (Videla et al., 2016; Oats et al., 2010; Silvestre et 
al., 2009). So far common organic and inorganic dispersants have been applied to the flotation of coal-
slime, fluorite, bauxite, serpentine, galena, pyrite, fine hematite, etc. (Zhu et al., 2015; Luo et al., 2016c; 
Chen et al., 2014; Silvestre et al., 2009; Wei et al., 2013; Long et al., 2012). Citric acid (C6H8O7, H3L), 
named 2 - hydroxyl - 1, 2, 3 tricarballylic acid, has three carboxylate groups that can form soluble weakly 
bound complexes with metal ions. Given the application as a depressant (Zheng and Smith, 1997; Li et 
al., 2002), the utilization of citric acid as a dispersant was put forward (Luo et al., 2016c). Previous studies 
have demonstrated that citric acid can alleviate or prevent the coagulation of the bitumen–quartz system 
and effectively improve particles dispersion (Gan et al., 2009).  

In the present work, the interaction effects between siderite and hematite and the dispersion 
efficiency of citric acid in the separation of these minerals via flotation were investigated by micro-
flotation, settling tests, SEM analysis and particle size measurements. The ways that particles are 
dispersed by citric acid were analyzed using zeta-potential analysis and E-DLVO theoretical 
calculations. 

2. Materials and methods 

2.1. Materials 

The pure siderite and hematite sample used in this work were obtained from Anshan City, Liaoning 
Province, China. They were both carefully hand-picked, crushed, ground, and processed by gravity 
concentration and magnetic separation. Subsequently, the hematite was wet sieved to obtain a particle 
size fraction of -74 μm while the -18 μm fraction of siderite was prepared by the elutriation method. The 
particle size distributions of the siderite sample and the hematite sample show that the siderite and 
hematite were ground to almost 100% being -18 μm and -74 μm, respectively. The purity of the minerals 
was examined by X-ray diffraction spectra and chemical composition analysis which indicates that the 
siderite sample contained about 45.29 wt.-% Fe, and the hematite sample contained about 66.98 wt.-% 
Fe, that’s to say, the mineral samples were of high purity (hematite and siderite > 95%) and they meet 
the experimental requirement.   

Analytical grade citric acid was used as a dispersant of siderite and hematite. Chemical grade 
sodium oleate was employed as an anionic collector. Corn starch was used as a depressant of hematite, 
which was dissolved in distilled water at 50°C on a hotplate by the addition of 20 wt.-% sodium 
hydroxide (NaOH). The pH adjustments were made with dilute solutions of analytical grade NaOH 
and hydrochloric acid (HCl). Deionized water produced by an automatic adsorption-type ultra-pure 
water system was employed in all experiments. 

2.2. Methods 

2.2.1 Flotation tests 

The micro flotation experiments were performed in a mechanical agitation flotation machine at 1500 
rpm impeller speed. The pulp adopted in single mineral flotation test was prepared by adding 2.0 g of 
mineral and 20 cm3 of deionized water to the 30 cm3 tank and they were mixed for 1 min. Then the pulp 
pH was adjusted to the desired value, and the pulp was conditioned for 2 min. Starch and sodium oleate 
with their desired amount were separately added in sequence and then the pulp was conditioned for 2 
min with each reagent. The flotation was conducted for a total of 3 min. The floated and unfloated 
particles were collected, filtered, and dried. The flotation recovery was calculated based on solid weight 
distributions between the two products.  

The artificial minerals mixture flotation was conducted with an ore sample composed 2 g of -74 μm 
hematite and 0.4 g of -18 μm siderite. The sample was mixed with 20 cm3 of deionized water in the 
flotation cell for 1 min. The pulp pH was adjusted and then conditioned for 2 min. Afterwards, the 
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desired amounts of citric acid, starch and sodium oleate were added respectively in sequence and the 
system was again conditioned for 2 min with each reagent. Eventually, flotation was performed for 3 
min. The products were filtrated, dried, and weighed for assessing the recovery by 
potassium chromate volumetric analysis. All micro flotation experiments were carried out at room 
temperature (25 °C). 

2.2.2 Scanning electron microscope (SEM) analysis 

SEM experiments were carried out through a Hitachi S-3400N scanning electron microscope (Luo et al., 
2016c). Prior to examination, the obtained concentrate of the artificially mixed minerals flotation in the 
presence and the absence of citric acid were prepared and assembled on coded stubs. Afterward, the 
specimens were placed in a vacuum chamber and sputter-coated with a gold layer, and then examined. 
Photomicrographs of those particles with the effects of the coating and dispersion were taken. Finally, 
an Inca energy-dispersive spectrometer attached to the SEM was used to analyze the minerals in the 
SEM images. 

2.2.3 Settling tests 

Settling tests are another method to determine the dispersion degree of particle systems. The mixture 
sample weighing 24 g (4 g of siderite and 20 g of hematite) was added to a beaker containing 200 cm3 
water and was conditioned for 2 min with an electric agitator. The pH value was adjusted and the 
designated dispersant was added at an appointed dosage, and then the suspension was stirred for 3 
min respectively. An extra 1 min settling time for the suspension was provided. The overflow product 
(W1) and the underflow fraction (W2) were collected, filtered, dried, and weighed respectively. The 
dispersion degree (DD) (José et al., 2016; Silvestre et al., 2009) can be calculated as: 

1

1 2

100%×
+

=
WDD

W W  

2.2.4 Particle size measurements 

The particle size measurements of the flotation pulp in the absence and presence of citric acid were 
investigated using a Mastersizer 2000 instrument (Malvern Instruments, UK). The mixture sample 
weighing 2.4 g (0.4 g of siderite and 2.0 g of hematite) was added to the 30 cm3 flotation tank and then 
mixed for 1 min. The pH value was adjusted and the designated dispersant was added at an appointed 
dosage. Further, the pulp was conditioned for 3 min. Finally, some of the mixture was sucked out using 
a wide-diameter pipette and added to a beaker filled with 1 dm3 of deionized water. The particles were 
then stirred using an overhead impeller at 3000 rpm to maintain the particles in dispersion during the 
measurement (Liang et al., 2018). The size distribution of the particles was determined using the 
standard instrument software (Malvern Instruments, UK). 

2.2.5 Zeta potential measurements 

Zeta potentials of samples were measured with a Malvern Instruments Nano ZS-90 zeta potential 
analyzer (Yao et al., 2016). The mineral particles (pure siderite or hematite) were finely ground to -0.005 
mm in an agate mortar. A suspension containing 0.04 wt.-% solids (20 mg of minerals and 50 cm3 of 
distilled water) in 1×10-3 mol/dm3 KCl solution was agitated for 15 min with a mechanical agitator so 
that the particles were fully dispersed. The pH values of the suspensions were adjusted. At a constant 
temperature of 25°C, the zeta potentials of the mineral samples surfaces were measured in distilled 
water and then were measured again in the solution of citric acid at its given concentration. To assess 
the accuracy of the measurements, the zeta potential of at least three independent suspensions was 
evaluated, and the measurement tolerance was ±2 mV.   

2.2.6 Contact angle measurements 

The contact angle values of the hematite and siderite surfaces were determined by sessile drop 
experiments and were analyzed by a JC2000A contact angle goniometer. The pure mineral samples were 

(1) 
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polished and cut to a proper size approximately 2×1.5×1 cm, subsequently washed thoroughly with 
distilled water. Afterwards, half of the cleaned samples were immersed in distilled water at the 
corresponding pH value and the rest cleaned samples were immersed in the solution of citric acid at its 
predetermined concentration and pH value for 10 min, and then dried at room temperature in vacuum. 
A liquid drop was introduced onto the substrate by a microsyringe after the sample was located in a 
rectangular glass chamber. The needle was adjusted so that its tip was just above the sample surface. 
The measurements were conducted carefully for different liquid drops of 3-4 mm base diameter and 
repeated three times at least under each condition for the acquisition of average value with an accuracy 
of ±1∘(Gu et al., 2016 ). After acquiring the side view of the sessile drop, the half-angle algorithm was 
applied to calculate the contact angle values. 

2.2.7 E-DLVO theoretical calculations 

Calculations of the interaction energies between siderite and hematite particles based on the E-DLVO 
theory are employed to quantitatively evaluate the dispersing effect of citric acid. According to the E-
DLVO theory, the total interaction energy between particles mainly comprises the following 
components: Vander Waals interaction, electrostatic interaction, and hydrophobic or hydration 
interaction (Li et al., 2017). The total interaction energy (Hu and Dai, 2003) is given by  

TED W E HV V V V= + +                                                                     (2) 

where VTED, VW, VE and VH are the total interaction energy, Van der Waals energy, electrostatic 
interaction energy, and hydrophobic or hydration interaction, respectively. The Van der Waals energy 
of a spherical particle and a platy particle (for fine and coarse particles) (Verwey and Overbeek, 1955; 
Schenkel and Kitchener, 1960) can be calculated as: 
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where H is the distance between two mineral particles; R is the radius of spherical particles; A11 and A22 
are the Hamaker constants of mineral 1 and mineral 2 separately; A33 is the Hamaker constant of water 
in vacuum; A132 is the effective Hamaker constant of mineral 1 and 2 in medium 3. The electrostatic 
interaction energy of different minerals (Pugh and Kitchener, 1971; Hogg et al., 1966) is usually 
determined by the following equation:  
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ln[1 exp( 2 ]q Hκ= − −                                                                   (7) 
Here κ is the Debye length which is 0.104 nm−1; εa=ε0εr, ε0, and εr are the permittivities of vacuum and of 
the solution (water is 78.5 C2J−1m−1), respectively and εa=6.95×10-10 C-2J-1m-1; φ01 and φ02 are the surface 
potentials of siderite and hematite, respectively. The polar interfacial interaction energy of a spherical 
particle and a platy particle (Israelachvili and Pashley, 1982; Claesson et al., 1986) is expressed as 
follows: 
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where h0 is the decay length, and its reasonable value seems to be about 1nm (Van Oss, 2006); H0 is the 
minimum equilibrium contact distance between particles and H0= 0.15nm (Van Oss, Giese, and 
Costanzo, 1990). V0 

H is the acid-base free energy per unit area between the surfaces, and it can be 
calculated by the following equation: 

0 - - - - - -
H 3 1 2 3 3 1 2 3 1 2 1 22[ ( - ) ( - ) - - ]γ γ γ γ γ γ γ γ γ γ γ γ+ + + + + += + + +V  (9) 
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where γ+ 
1 , γ+ 

2 , γ+ 
3 , γ- 

1, γ- 
2, γ- 

3 are the parameters of the polar components of the surface tension of material 
1, material 2 and medium 3, donating an electron or accepting a proton. γ- 

1 , γ+ 
2 , γ- 

2 can be calculated as 
(VAN OSS et al., 1990; VAN OSS et al., 1987; VAN OSS et al.,1988; VAN OSS et al., 1987; VAN OSS et 
al., 1989 )： 
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L and γd 
S , γ+ 

S , γ- 
S are the parameters of the polar components of the surface tension of the 

liquid phase and the solid phase and θ is the contact angle between the liquid and the solid. Because 
most oxidized minerals have a monopolar surface, for which, γ+ 

S ≈ 0 (Qiu et al., 1993), equation (10) can 
be simplified as:                         

(1 cos ) 2( )d d
L S L S Lθ γ γ γ γ γ− −+ = +  

Thus, by contact angle measurements with only two different liquids (both must be polar) with known 
γd 

L , γ+ 
L  and γ- 

L values and by using equation (11) twice, the values for γd 
S  and γ- 

S of siderite and hematite 
can be determined. 

The Hamaker constant can be determined by γd 
S  using the following equation (Bergström, 1997): 

-212.05 10 γ= × d
sA                                                                          (12)

 

3. Results and discussion 

3.1. The interaction effects between siderite and hematite 

The interaction of -18 μm siderite and -74 μm hematite in the flotation process was investigated. Firstly, 
Fig. 1(a) shows the siderite flotation recovery in the single mineral flotation and the mixtures flotation 
of siderite-hematite as a function of the pH value. The recovery of siderite in the flotation of mixtures 
increased steadily with the increase of pH value from approximately 5.4 to 9.0 and reached a maximum 
at about pH 9.0, and then decreased sharply with continually increasing pH from 9.0 to 11.2. There is a 
similar tendency in the recovery of siderite in single mineral flotation with increasing pH besides its 
optimal recovery is attained at about pH 10.0. As can be seen, siderite recovery in the artificial mixture 
flotation is about 20% higher than that in the single mineral flotation in pH range from 5.4 to about 9.6. 
In contrast, siderite recovery in the artificial mixture flotation is lower than that in the single mineral 
flotation in pH range from 9.6 to 11.2. This result indicates that the presence of hematite elevates the 
flotation recovery of siderite in pH range from 5.4 to about 9.6 and then brings it down in pH range 
from 9.6 to 11.2. 

Fig. 1(b) presents the hematite flotation recovery in the single mineral flotation and the mixtures 
flotation as a function of pH value. The recovery of hematite in the mixed minerals flotation improved 
up from 19.46% to 59.04% with the increase of pH value from 5.4 to 7.1 and then was close to leveling 
off in pH range from 7.1 to 9.0, afterward decreased obviously to about 10% and finally remained steady 
with increasing pH value to 11.2. The hematite recovery in the single mineral flotation increased firstly, 
then declined and finally stabilized with the increase of pH value from 5.0 to 11.0, and got the high point 
of 40% at pH 6.6. The result indicates that the presence of siderite significantly influenced the flotation 
of hematite. Compared with the single mineral flotation of hematite, the presence of siderite leads to an 
obvious improvement of the hematite recovery in the pH range from about 5.0 to 10.0; this is to say, the 
floatability of hematite is improved owing to siderite. 

Fig. 1(c) shows the recovery of siderite and hematite in the single mineral flotation as a function of 
pH value. The recovery of siderite in the single mineral flotation was higher than that of hematite over 
the whole investigated pH range, suggesting that the inhibitory effect of corn starch on hematite was 
stronger than that on siderite, which is consistent with the literature (Yin et al., 2016; Luo et al., 2014). 
Obviously, it is easy to separate hematite from siderite in pH range from 8.1 to about 11.0 especially at 
pH 10.0 when there is no other coexisting mineral. 

The recovery of siderite and hematite in the mixtures flotation as a function of pH value is presented 
in Fig. 1(d). It can be observed from Fig. 1(d) that the variation trends of these two recovery curves were 
nearly the same. It is important that the differential values between the recoveries of siderite and 
hematite in the mixtures flotation were smaller than that in the single mineral flotation (see Fig. 1(c)), 

(10) 

(11) 
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which indicates that it becomes difficult to separate hematite from siderite in the flotation of artificially 
mixed minerals.  

In order to reduce the recovery of hematite in siderite concentrate, citric acid was employed in their 
flotation separation. 
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Fig. 1. Recovery as a function of pH value: siderite (a) and hematite (b) in the single mineral flotation and the 

mixtures flotation; siderite and hematite in the single mineral flotation (c) and the mixtures flotation (d) (sodium 
oleate concentration: 150 mg/dm3; corn starch concentration: 20 mg/dm3, the single mineral sample: 2.0 g of -18 

μm siderite or -74 μm hematite; the mixtures sample: 0.4 g of -18 μm siderite and 2.0 g of -74 μm hematite) 

3.2. Effect of citric acid on separation of siderite from hematite 

The recoveries of siderite and hematite as a function of citric acid concentration in their mixture flotation 
at pH=9.0 are presented in Fig. 2. Compared with the absence of citric acid (0 mg/dm3), its addition 
reduced both recoveries of siderite and hematite whereas the degree of reduction in hematite recovery 
was larger than that in siderite recovery. Particularly, the largest gap between their recoveries (53.98%) 
occurred when the citric acid concentration was 20 mg/dm3, and the recoveries of siderite and hematite 
were 82.99% and 29.01% at that point, respectively. The decrease of the hematite recovery indicates that 
hematite was depressed effectively by starch thereby was prevented from entering into siderite 
concentrate because the dispersion of particles was improved by adding citric acid. 

SEM analysis of mineral particles in the foam of the mixtures flotation was conducted, and the SEM 
micrograph is presented in Fig. 3(a). As evident in Fig. 3(a), numerous siderite fines adhered to the 
coarse hematite particles. After coated with siderite fines, hematite particle surface has the similar 
properties as siderite particles. Thus, the inhibitory effect of corn starch on hematite is weakened due to 
the inhibition effect on siderite is slighter than that on hematite, and then the floatability of hematite is 
elevated. Besides, the coating of siderite on hematite surface results in a reduction of the active points 
on the hematite surface for the adsorption of starch, thus decreasing the inhibitory effect (Luo, 2014). 
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Accordingly, an appreciable increase in the hematite recovery was caused, which promotes the 
inclusion of hematite particles into the siderite concentrate during their flotation separation. 
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Fig. 2. Recoveries of siderite and hematite in the mixtures flotation as a function of citric acid concentration 

(sodium oleate concentration: 150 mg/dm3; corn starch concentration: 20 mg/dm3; pH: 9.0) 

Coarse hematite particles whose floatability was elevated can serve as carriers for fine siderite 
particles (Li et al., 2017). The flotation efficiency for the siderite particles on the coarser hematite particles 
is higher due to a more appropriate particle size for flotation. Thereby the siderite recovery in the 
mixtures flotation was increased (in Fig. 1(a)).  

The SEM micrograph of mineral particles in the foam product with 20 mg/dm3 of citric acid was 
presented in Fig. 3(b) to verify the dispersing effect of citric acid. As can be seen, the surface of hematite 
particle has been much cleaner though there are a few siderite fines adhering on the surface of the 
hematite particle, proving that the coating and aggregation have been exactly weakened by citric acid. 

   

Fig. 3. SEM images of mineral particles in the foam product of the mixtures flotation: (a) without citric acid; (b) 
with citric acid at a concentration of 20 mg/dm3 

The dispersion degrees (DD) of the siderite and hematite mixtures as a function of citric acid 
concentration are presented in Fig. 4. When the citric acid concentration is increased from 0 to 20 
mg/dm3, the DD of the mixtures raised from about 7.2% up to 11.9%. At higher citric acid 
concentrations, the increase in the DD of the mixtures was much slower. The settling tests indicated that 
citric acid has a great dispersing effect on mineral particles in the slurry, which is in good agreement 
with the SEM analysis. 

For the mixture of siderite (-18 μm) and hematite (-74 μm) treated with or without citric acid at a 
concentration of 20 mg/dm3, the size distributions of particles in the pulp were obtained using a 

(b) (a) 
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Malvern Mastersizer instrument, as shown in Fig. 5. Compared with the size distribution of particles in 
the absence of citric acid, the amount of fine particles with the size of -48 μm (especially -18 μm) in the 
mixture increased while the amount of coarse particles with the size of +48 μm decreased after adding 
citric acid. The decrease in the size of some aggregate confirmed that the particles were indeed 
dispersed. Comparison of this result with the SEM analysis showed good agreement: citric acid can 
clean the surface of particles to get them dispersed and reduce the coating and aggregation, consistent 
with an increasing dispersion degree of the pulp in the settling tests 
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Fig. 4. Dispersion degree of the mixture (siderite-hematite) as a function of citric acid concentration 
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Fig. 5. The volume size distributions of the particles in the pulp (0.4 g of -18 μm siderite and 2.0 g of -74 μm 

hematite) 

3.3. Mechanism of citric acid to disperse siderite and hematite 

The zeta potentials of siderite and hematite as a function of pH value in the presence and absence of 
citric acid are depicted in Fig. 6. Compared to the absence of citric acid situation, the zeta potential of 
both siderite and hematite evidently decreased over the whole investigated pH range in the presence of 
citric acid at 20 mg/dm3. The species distribution diagram of citric acid at its concentration of 1.04 × 
10−4 mol/dm3 (20 mg/dm3) as a function of pH value is presented in Fig. 7. According to the results in 
Figs. 6 and 7, it can be acknowledged that citric acid absorbs onto the siderite and hematite surface as 
H2L- (3.1≤pH＜4.9), HL2- (4.9≤pH＜6.4) and L3-( pH≥6.4), decreasing the zeta potentials of siderite and 
hematite surfaces in corresponding pH values and increasing the electrical double-layer repulsion 
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between particles (Luo et al., 2016c). Consequently, the coagulation is reduced and the dispersion of the 
system is promoted. 

Previous studies indicated that no chemical adsorption occurs when citric acid adsorbs onto the iron 
minerals surface (Luo, 2014). Because the siderite or hematite surfaces are negatively charged at pH 9.0 
(Fig. 6), there is no electrical double-layer adsorption between minerals and citric acid. It is likely that 
citric acid adsorbs physically onto the minerals by hydrogen bonds which can be formed via O–H3L 
and OH–mineral surfaces in an alkaline environment (Luo et al., 2016c). 
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Fig. 6. Zeta potentials of siderite and hematite as a function of pH value in the presence and absence of citric acid 
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Fig. 7. Species distribution diagram of citric acid 1.04 × 10−4 mol/dm3 as a function of pH value (Hu et al., 1998) 

Static contact angles are also measured in this study to acquire the correlated parameters for the E-
DLVO theoretical calculation. Table 1 gives the average contact angle values at the siderite and hematite 
surfaces in the presence and absence of citric acid (20 mg/dm3) in distilled water and glycerin at pH 9.0. 
Table 2 shows the known values of the surface energy components of water and glycerin. The surface 
potentials, Hamaker constants and values of components of the surface energy of siderite and hematite 
are calculated on the basis of Eqs. (11) - (12) and presented in Table 3.  

Based on Eqs. (2) - (12), the total interaction energy between siderite and hematite particles in the 
presence and absence of citric acid at pH 9.0 are calculated and presented in Fig. 8. It can be observed 
that the addition of citric acid could increase the energy barrier and the repulsion energy between 
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siderite and hematite obviously, which makes the heterocoagulation more difficult. It can be concluded 
that citric acid can contribute to a greater dispersion of the pulp by enlarging the total E-DLVO energy 
between particles. 

Table 1. Average contact angles with and without citric acid in distilled water and glycerin (∘) 

Minerals 
Siderite Hematite 

No citric acid With citric acid No citric acid With citric acid 
Water 66 40 38 21 

Glycerin 80 95 91 75 

Table 2. Surface tension parameters of water and glycerin 

Species 
γ 

L  
( mJ/m2) 

γd 
L   

( mJ/m2) 
γ+ 

L   
( mJ/m2) 

γ- 
L  

( mJ/m2) 
Water 72.8 21.8 25.5 25.5 

Glycerin 64 34 3.92 57.4 

Table 3. Surface potentials, Hamaker constants and values of components of the surface energy of siderite and 
hematite 

Species 
Siderite Hematite 

φ01 

( mV) 
A 

(10-20J) 
γd 

S   
(mJ/m2) 

γ- 
S  

(mJ/m2) 
φ02 

(mV) 
A 

(10-20J) 
γd 

S  
 (mJ/m2) 

γ- 
S  

(mJ/m2) 
No citric acid -14.2 3.92 19.11 37.17 -27.9 0.45 2.19 132.66 

With citric acid  -35.0 0.21 1.00 139.31 -44.5 2.06 10.06 121.07 
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Fig. 8. Total interaction energy between siderite and hematite particles in the presence and absence of citric acid 

According to the results obtained above, the dispersion effect and mechanism of citric acid in the 
flotation separation of siderite and hematite can be explicitly elucidated by the schematic diagram in 
Fig. 9. Fig. 9(a) illustrates that many fine siderite particles with strong attraction severely adhered on 
the surface of coarse hematite particles which were brought onto the air bubble to float into the siderite 
concentration during the flotation without citric acid. By comparison, when citric acid was added into 
the pulp and adsorbed on the surface of minerals, their surface properties were improved and the 
repulsion between them was elevated. Thus, some undesirable behaviors such as coating and 
aggregation are avoided. As Fig. 9(b) displays, a good dispersion of particles is achieved by adding citric 
acid, and siderite can be separated from hematite effectively. 
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BubbleBubble Floatation

(a) Heterocoagulation without citric acid： Hematite Siderite
 

    

Bubble Floatation Bubble

(b) Dispersion with citric acid：  Citric acid  
Fig. 9. Eliminating coating and coagulation effects of particles in flotation due to the dispersing effect of citric acid 

4. Conclusions 

The flotation separation of siderite from hematite has been conducted. In this study, the recoveries of 
siderite and hematite in the mixtures flotation were higher than that in their single mineral flotation, 
which was obviously due to the heterocoagulation between siderite and hematite, resulting in the low 
separation efficiency of siderite from hematite. Citric acid, which was used as a regulator, increased the 
separation efficiency between siderite and hematite, and a maximum difference between their 
recoveries of 53.98% was obtained. SEM analysis and settling tests suggested that citric acid could clean 
the surface of particles, weaken the coagulation between siderite and hematite, and enhance the 
dispersion degree of the slurry. In addition, the decrease of aggregate size also confirmed that the 
dispersion between particles was improved by citric acid. The zeta potential measurements and E-
DLVO theory calculations demonstrated that the citric acid could adsorb onto the surfaces of siderite 
and hematite, resulting in decreasing the surface charge and visibly enlarging the total repulsion energy 
between siderite and hematite particles, which might explain the dispersion mechanism of citric acid in 
flotation separation of siderite from hematite. This study is significant for improving the flotation 
performance of iron ores that contain carbonate minerals by removing the carbonate minerals 
preferentially. 
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