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Abstract
As a common depressant of calcite and fluorite, sodium silicate presents the disadvantages of large dosage and incomplete 
depression effect. Improving the depression effect of sodium silicate on calcite and fluorite, reducing the amount of sodium 
silicate in mineral processing is of great industrial and economic importance. In this manuscript, a novel reagent scheme 
is proposed that adding a small amount of citric acid (CA) can greatly improve the depression effect of sodium silicate on 
calcite and fluorite. The flotation results suggest that the CA concentration to be added is 4 ×  10−4 mol/L and the sodium 
silicate concentration is 5 ×  10−3 mol/L; the recoveries of calcite and fluorite reach 0.9% and 1.1%, suggesting the two min-
erals have been depressed, completely. Theoretical analysis results indicate that the addition of CA dissolves calcium ions 
of the calcite and fluorite surface and decreases the calcium activation sites on the mineral surface. Then, the addition of 
sodium silicate adsorbs on the remaining calcium sites on the calcite and fluorite surfaces, further preventing the collector 
adsorbed on the mineral surfaces. DFT calculation further proves the depression mechanism of mixed depressant that sodium 
silicate is easy to adsorb on the surface of calcite and fluorite surfaces, while citric acid is difficult to adsorb on the surface 
of calcite and fluorite surfaces.
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1 Introduction

Fluorite and calcite, as the most common calcium miner-
als, usually coexisted with other minerals such as scheelite, 
lead–zinc sulfide, and rare earth [1, 2]. High-purity fluorite 
and calcite have a wide range of industrial demands [3, 4]. 
However, low-grade fluorite and calcite seriously affected 
the concentrate grade in the flotation process [5–7]. As such, 
removing low-grade fluorite and calcite from target minerals 
in mineral processing was of great industrial and economic 
importance [8, 9].

Flotation was an effective approach for the separation 
of impurity minerals from valuable minerals [10, 11]. In 
general, the surface properties of minerals such as hydro-
philicity changed observably by adding the depressants into 

the pulp to achieve the efficient depression effect [12, 13]. 
Hydroxypropyl starch, tartaric acid, carboxymethyl cellu-
lose, and sodium silicate were the most common depressants 
of calcite and fluorite [13, 14]. In contrast, sodium silicate 
was one of the most popular depressants [15]. As a result of 
the depressant sodium silicate, hydrophilic precipitates of 
calcium silicate were formed on the surface of fluorite and 
calcite that hydrosoluble sodium silicate components reacted 
with calcium ions to extrude the collector on the surface 
[16]. Meanwhile, the depression effect of sodium silicate 
on the fluorite was better under alkaline conditions [17, 18].

In reality, single calcium mineral depressants often 
exhibit some disadvantages, such as weak depressive power 
and high consumption of reagents because of similar sur-
face properties of calcium minerals and high reactivity with 
their conventional reagents [7, 19]. Developing and utiliz-
ing efficient depressants, such as the combination of depres-
sants and modified depressants, were the key to alleviating 
such problems [20]. Using a mixture of sodium silicate and 
 Pb2+ as depressants, Feng et al. [21] successfully separated 
scheelite from calcite by flotation.  Pb2+ reacted with sodium 
silicate, which was more likely to adsorb on the surfaces of 
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calcite and scheelite. The pre-adsorption of sodium silicate 
interfered with the adsorption of benzohydroxamic acid on 
the calcite surface and depressed the flotation. The combi-
nation of  Pb2+ and sodium silicate resulted in a significant 
reduction of the sodium silicate amount and an increase 
in the depression effect. Phosphates are widely used as a 
depressant for calcium minerals. This depressant is effective 
in increasing flotation selectivity, but the depressant usually 
causes serious issues, such as polluting the ecosystem and 
reducing the filtration speed of the tailings [22]. In addi-
tion, citric acid (CA) as a common anionic organic acid is 
widely used in various industries [23, 24], and the CA as 
one of the environmentally friendly agents had been stud-
ied as a depressant in mineral flotation [25]. For example, 
the mixture of CA and  Fe3+ could be used as an effective 
depressant for calcite using sodium oleate (NaOL) as collec-
tors [26]. Experiments indicate that the  Fe3+ species in the 
slurry reacted with citric acid first and then co-adsorbed on 
the calcium atomic sites on the calcite surface. On the other 
hand, the  Fe3+ species was first adsorbed on the oxygen atom 
sites on the surface of the calcite, and then the  Fe3+ species 
provided the adsorption sites for further adsorption of citric 
acid. As a result, the dosage of CA decreased, significantly. 
In summary, it could be found that combined depressants 
could greatly improve the depression effect of depressants 
and effectively reduce the dosage of agents.

In this manuscript, the depressive performance of sodium 
silicate and CA on calcite and fluorite was investigated via 
flotation experiments. Based on this, the depression mech-
anism of the mixed depressant CA/sodium silicate was 
revealed via Zeta potential measurement, ICP experiments, 
DFT computation, and adsorption experiments. This work 
presented an efficient and economically feasible approach 
for removing calcite and fluorite from target minerals. In 
addition, the investigation effectively lessens the dosage of 
agents, reduces environmental pollution significantly, and 
improves the depression effect of sodium silicate on calcite 
and fluorite. This study provided an important theoretical 
basis for the development of new depressants.

2  Experimental

2.1  Minerals and Reagents

The high-grade fluorite and calcite samples used in this 
study were acquired from Yunnan, China. A series of pro-
cesses, including manual selection, crushing, grinding, and 
sieving, were used to obtain the pure samples in the range 
of 74 to 38 μm. Analytical grade sodium oleate (NaOL), 
hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium 
silicate, and CA purchased from Shanghai Macklin Bio-
chemical Co., Ltd were used as the collector, pH regulators, 

and depressants, respectively. In addition, terpineol was used 
as frother.

2.2  Flotation Experiments

The XFG laboratory flotation machine with a volume of 
40 mL was carried out to float pure minerals and the impel-
ler rotation speed was fixed at 1900 r/min. In the initial 
phase, 38 mL of deionized water and 2 g of fluorite or calcite 
samples were introduced to the flotation cell. Then, the pH 
of the mineral suspensions was adjusted by adding NaOH 
or HCl. Next, the collector and the depressant were subse-
quently added to the mineral suspensions and agitated for 
2 min. Finally, terpineol oil was added as a frother. Accord-
ing to the weight distribution between the concentrates and 
tailings after artificial scraping, filtering, drying, and weigh-
ing, flotation recoveries for fluorite and calcite samples were 
calculated.

2.3  ICP‑OES Experiments

The concentration of  Ca2+ in the solution was investigated 
with an inductively coupled plasma emission spectrometer 
(ICP-OES). To begin, 2 g of the pure mineral was placed 
into a beaker containing 40 mL of deionized water and the 
mixture was stirred at 500 rpm with a magnetic stirrer. To 
achieve the ideal pH value, the pulp had to be adjusted dur-
ing this process. Then, different agents were added to the 
beaker based on the dosing sequence of the flotation process, 
and they were stirred for a preset time. Finally, the concen-
tration of calcium ions in the supernatant was measured to 
determine the dissolution of Ca ions on these surfaces.

2.4  Zeta potential measurements

Malvern Zetasizer Nano ZS90 was used to measure the zeta 
potential. Samples were freshly ground in an agate mor-
tar to a size of − 2 um. For each experiment, 50 mg of the 
pure mineral was added to 40 mL of aqueous KCl solution 
to form a suspension. The concentration of KCl was fixed 
at 5 ×  10−3 mol/L. Afterwards, reagents were added to the 
suspension, and it was stirred for several minutes. The sus-
pension was then conditioned by magnetic stirring, during 
which reagents were added to the suspension and condi-
tioned for a certain number of minutes. After standing for 
10 min, the supernatant was removed and used for the zeta 
potential measurements. The final results were averaged over 
at least three repeated measurements.

2.5  Density Functional Theory (DFT) Calculations

The interaction models of depressants on mineral surfaces 
were performed using the CASTEP program [27, 28]. 
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Generalized gradient approximation (GGA) using the Per-
dew–Wang generalized gradient approximation (PW91) 
functionals was adopted for the exchange–correlation func-
tional, while ultra-soft pseudopotential was implemented to 
describe the electro-ion interactions [29, 30]. The valence 
electron configurations considered in the study were F 
 2s22p5, Ca  3s23p64s2, and O  2s22p4. Pre-tested plane-wave 
cutoff energy of 340 eV was used for all calculations, and 
k-space sampling was performed using the Monkhorst–Pack 
scheme. For self-consistent electronic minimization, the 
Pulay density mixing method was adopted with a conver-
gence tolerance of 2.0 ×  10−5 eV/atom. The convergence cri-
teria for structure optimization and energy calculation were 
as follows: (a) energy tolerance of 2 ×  10−5 eV/atom, (b) 
maximum force tolerance of 0.05 eV/Ǻ, and (c) maximum 
stress of 0.1 GPa.

3  Results and Discussions

3.1  Flotation Experiments

The dosage of sodium silicate and pH value had to be 
determined before investigating the depression effect of 
sodium silicate and CA on calcite and fluorite. The effects 
of NaOL concentration and pH value on the floatability of 
fluorite and calcite are illustrated in Fig. 1a and Fig. 1b. 
From Fig. 1a, under natural pH, the NaOL displayed an 
excellent collecting ability for both fluorite and calcite, 
which is attributed to the chemisorption of NaOL on 

fluorite and calcite [15, 16]. When the NaOL concentra-
tion reached 8 ×  10−4 mol/L, the recoveries of fluorite and 
calcite reached 85.77% and 87.22%, respectively. With 
increasing concentrations of NaOL, the recoveries of fluo-
rite and calcite remained almost constant. From Fig. 1b, 
the relatively low flotation recoveries of the two minerals 
at weakly acidic pH might be related to the  Ca2+ produced 
by calcite and fluorite dissolution, causing the precipita-
tion of NaOL and reducing the level of acid soap formation 
[31]. In addition, the flotation recoveries increased with 
the increase of pH, reaching the maximum at pH 9.5. The 
maximum recoveries of fluorite and calcite were 91.2% 
and 90.7%. As indicated, the optimal NaOL concentra-
tion and pH of fluorite and calcite flotation were fixed at 
8 ×  10−4 mol/L and 9.5, respectively.

Figure 1c and Fig. 1d displayed the effects of the single 
depressant (sodium silicate or CA) concentrations on the 
floatability of fluorite and calcite at the optimal condi-
tion. From Fig. 1c, the recoveries of fluorite and calcite 
decreased significantly when the sodium silicate concen-
tration was increased from 5 ×  10−4 to 5 ×  10−3 mol/L. 
The recoveries of fluorite and calcite reached 24.3% 
and 14.3% when the sodium silicate concentration was 
5 ×  10−3 mol/L. With the increase of sodium silicate con-
centration, the recoveries of fluorite and calcite did not 
decrease significantly. From Fig. 1d, the recoveries of 
fluorite and calcite were influenced to a certain degree 
by a high CA concentration. The recoveries of fluorite 
and calcite decreased from 62.53% and 74.78% to 14.39% 
and 20.45% when the CA concentration increased from 

Fig. 1  Effect of a NaOL 
concentration, b pH, c sodium 
silicate concentration, and d CA 
concentration on fluorite and 
calcite flotation
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1 ×  10−5 to 4 ×  10−4 mol/L. Single depressant displayed a 
certain depressive effect on fluorite and calcite, while the 
dosage was large and the depressive effect was imperfect.

From Fig. 2, the recoveries of fluorite and calcite sig-
nificantly decreased with the increase of mixed depressant 
(the mixture of CA and sodium silicate) dosage. When 
the concentration of CA was 5 ×  10−5 mol/L, the recover-
ies of fluorite and calcite reached 30.1% and 33.1% at the 
sodium silicate concentration of 1 ×  10−4 mol/L. However, 
at the sodium silicate concentration of 5 ×  10−3 mol/L, the 
recoveries of fluorite and calcite were only 6.3% and 5.7%, 
respectively.

Furthermore, at a CA concentration of 4 ×  10−4 mol/L, 
the recoveries of the two minerals further decreased with an 
increase in the sodium silicate concentration, and the recov-
eries of fluorite and calcite reached 0.9% and 1.1%, respec-
tively, at the sodium silicate concentration of 5 ×  10−3 mol/L. 
The results of flotation suggested that the depression effect 
of the mixed depressant CA/sodium silicate was more 
advantageous than that of the single depressant sodium sili-
cate or CA.

3.2  Solution Chemical Calculation of CA Solution 
and Sodium Silicate Solution

The hydrosoluble component of the sodium silicate and CA 
solution affected the adsorption form of the flotation reagent 
on the mineral surface and further affected the floatability 
of fluorite and calcite. The equilibrium reaction formulas 
in sodium silicate and CA solutions are given in Table 1 
[17, 26].

The formulas for calculating the distribution of sodium 
silicate and CA under different pH conditions were as 
follows:

According to Formulas (1) to (15), the distribution coef-
ficient of each component of sodium silicate solution and 
CA solution could be calculated, and the results are shown 
in Fig. 3.

As depicted in Fig. 3, the existing forms of sodium 
silicate in solution were mainly Si(OH)4, SiO(OH)3

−, 
and  SiO2(OH)2

2− components. When the pH gradually 
increased from 6 to 11, the component of SiO(OH)3

− in 
the solution gradually increased, and Si(OH)4 gradually 
decreased. Furthermore, the hydrolysis and dissociation 
of CA in the solution produced CA,  CA−,  CA2−, 
and  CA3− substances. When the pH of the solution 
gradually increased from 4 to 10, the component of 
 CA3− in the solution gradually increased, and CA,  CA−, 
and  CA2− gradually decreased. Combined with the results 
of the flotation experiment, it could be found that sodium 
silicate mainly existed in the form of SiO(OH)3

− at pH 9.5, 
and CA mainly existed in the form of  CA3−.
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Fig. 2  Floatability of fluorite and calcite as a function of mixed 
depressant concentration

Table 1  Reactions and corresponding reaction constants [17, 26]

Reactions Reaction constants

SiO
2(am) + 2H

2
O = H

4
SiO

4 Ksp = 10
−2.71 (1)

H
2
SiO2−

4
+ H+ = H

3
SiO−

4
K

H

1
= 10

12.56 (2)
H

3
SiO−

4
+ H+ = H

4
SiO

4 K
H

2
= 10

9.43 (3)

H+ + CA3− = CA2−
K

H

11
= 10

6.396 (4)

H+ + CA2− = CA−
K

H

12
= 10

4.761 (5)
H+ + CA− = CA K

H

13
= 10

3.31 (6)
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3.3  ICP Experiments

Flotation results indicate that calcite and fluorite were 
depressed strongly by the mixed depressant (CA/sodium 
silicate). To investigate the mechanism of sodium 
silicate and CA on the f luorite and calcite surfaces, 
the dissolution of  Ca2+ on calcite and fluorite surfaces 
was analyzed, and the results are shown in Fig.  4. 
From Fig. 4a, the  Ca2+ solubility of calcite and fluorite 
surfaces decreased gradually with the increase of sodium 
silicate concentration, due to the sodium silicate specific 
adsorption capacity on minerals and the reduced  Ca2+ 
solubility [32]. From Fig.  4b, the  Ca2+ solubility of 
calcite and fluorite surfaces increased gradually with the 
increase of CA concentration, suggesting that CA could 
reduce the  Ca2+ on the calcite and f luorite surfaces. 
Combined with the results of flotation experiments and 
solution chemical calculations, it could be found that 
sodium silicate might adsorb on the surface of calcium-
containing minerals.

3.4  Zeta Potential Experiments

Figure 5 gives the results of zeta potential measurements 
on fluorite and calcite with different reagent schemes. From 
Fig. 5, calcite and fluorite exhibited an isoelectric point at 
pH 8.8 and pH 8.2, respectively, which were in the range 
of previous reports [18]. As a result, sodium silicate dis-
played an obvious effect on calcite and fluorite surfaces. 
Sodium silicate significantly reduced the zeta potential for 
calcite and fluorite with an average decline of 40 mV and 
30 mV in the pH range of 4–10, respectively, suggesting 
that sodium silicate adsorbed on the surfaces of calcite and 
fluorite. However, CA reduced the zeta potential for calcite 
and fluorite with an average decline of 4 mV and 2 mV in 
the pH range of 4–10, respectively, suggesting that that CA 
did not favorably adsorb on the surfaces of calcite and fluo-
rite. Moreover, the results indicated that CA dissolved the 
calcium activation sites on the mineral’s surface, resulting in 
a decrease in the amount of the collector on the calcite and 
fluorite surfaces, as well as sodium silicate adsorbed on the 

Fig. 3  Species distribution 
diagram of a sodium silicate 
and b CA in the solution as a 
function of pH

Fig. 4  Dissolution of  Ca2+ with 
different a sodium silicate and b 
CA concentrations
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surface of calcium minerals, which impeded the adsorption 
of the collector.

3.5  DFT Calculation

Firstly, a (3 × 3 × 1) super-cell of fluorite and calcite was 
constructed, and geometry optimization was performed. The 
cleavage planes of fluorite and calcite were the fluorite (111) 
surface and calcite (104) surface [33, 34]. Then,  CA3− and 
SiO(OH)3

− were situated on the mineral’s surface, and the 
interaction was simulated. The interaction models are shown 
in Fig. 6 and Fig. 7.

Density functional theory (DFT) of quantum mechan-
ics was used to simulate the adsorption of SiO(OH)3

− and 
 CA3− on the calcite (104) surface. Figure 6 presented the 
models of SiO(OH)3

− and  CA3− interaction with the cal-
cite (104) surface. SiO(OH)3

− and  CA3− were perpendicu-
larly placed on the calcite (104) surface. Initial distances 
of Ca-O1 and Ca-O2 bonds were 2.025 Å and 2.127 Å for 
Fig. 6a and Fig. 6b, respectively, which were less than the 
sum of the radii of the O atom and Ca atom. As shown in 
Fig. 6c and Fig. 6d, after  CA3− and SiO(OH)3

− interacted 
with the calcite (104) surface, the Ca-O1 bond length was 
2.246 Å, which was smaller than the sum of the radii of 
Ca and O (2.63 Å). Similarly, in the case of  CA3− interact-
ing with Ca atom on the calcite (104) surface, the Ca-O2 
bond length was 2.496 Å, which was right in the bond-
ing range. In addition, when SiO(OH)3

− and  CA3− were 
adsorbed on the calcite (104) surface, the adsorption ener-
gies were − 17.33 eV and − 0.54 eV respectively. The results 
suggested that the adsorption of SiO(OH)3

− on the calcite 
(104) surface was much stronger than the adsorption of CA 
on the calcite (104) surface. Figure 7 presents the models 
of SiO(OH)3

− and  CA3− interacted with the fluorite (111) 

Fig. 5  Zeta potentials of calcite and fluorite with different reagents

Fig. 6  The interaction models. 
a Before SiO(OH)3

− adsorption 
on the calcite (104) surface. b 
Before  CA3− adsorption on the 
calcite (104) surface. c After 
SiO(OH)3

− adsorption on the 
calcite (104). d After  CA3− 
adsorption on the calcite (104) 
surface
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surface. SiO(OH)3
− and  CA3− were perpendicularly placed 

on the fluorite (111) surface. Initial distances of Ca-O1 and 
Ca-O2 bonds were 1.996 Å and 2.372 Å for Fig. 7a and 
Fig. 7b, respectively, which was less than the sum of the 
radii of the O atom and Ca atom. Similarly, in the case of 
 CA3− interacting with the Ca atom on the fluorite (111) sur-
face, the Ca-O2 bond length was 2.362 Å, which was right 
in the bonding range. In addition, when SiO(OH)3

− and 
 CA3− are adsorbed on the fluorite (111) surface, the adsorp-
tion energies were − 10.19 eV and − 6.06 eV, respectively. 
The results suggested that the adsorption of SiO(OH)3

− on 
the calcite (104) surface was much stronger than the adsorp-
tion of CA on the fluorite (111) surface (Table 2).

4  Conclusions

Single mineral flotation results indicated that sodium sili-
cate and CA presented a certain depressive effect on calcite 
and fluorite, and the depression effect of mixed depres-
sants on calcite and fluorite was obviously better than that 

of a single depressant. When the concentration of CA was 
4 ×  10−4 mol/L and the sodium silicate concentration was 
5 ×  10−3 mol/L, the recoveries of calcite and fluorite reached 
0.9% and 1.1%. The theoretical analysis results illustrated 
that the addition of CA dissolved calcium ions from the cal-
cite and fluorite surface and decreased the calcium sites on 
the mineral surface. Next, the addition of sodium silicate 
adsorbed on the remaining calcium sites on the calcite and 
fluorite surfaces prevented the NaOL adsorbed on the min-
eral surfaces. The synergistic interaction of both CA and 
sodium silicate depicted a strong depression effect on calcite 
and fluorite. DFT calculation further illustrated that sodium 
silicate was easy to adsorb on the surface of calcite and fluo-
rite surfaces, while citric acid was difficult to adsorb on the 
surface of calcite and fluorite surfaces.
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