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Abstract: Flotation separation of calcite from fluorite is a challenge on low-grade fluorite flotation that limits the recovery and purity of
fluorite concentrate. A new acid leaching–flotation process for fluorite is proposed in this work. This innovative process raised the fluor-
ite’s grade to 97.26wt% while producing nanoscale calcium carbonate from its leachate, which contained plenty of calcium ions. On the
production of nanoscale calcium carbonate, the impacts of concentration, temperature, and titration rate were examined. By modifying the
process conditions and utilizing crystal conditioning agents, calcite-type and amorphous calcium carbonates with corresponding particle
sizes  of  1.823 and 1.511 μm were produced.  The influence of  the  impurity  ions  Mn2+,  Mg2+,  and Fe3+ was demonstrated to  reduce the
particle size of nanoscale calcium carbonate and make crystal shape easier to manage in the fluorite leach solution system compared with
the  calcium chloride  solution.  The combination of  the  acid  leaching–flotation process  and the  nanoscale  calcium carbonate  preparation
method improved the grade of fluorite while recovering calcite resources, thus presenting a novel idea for the effective and clean usage of
low-quality fluorite resources with embedded microfine particles.

Keywords: fluorite; calcite; nanoscale calcium carbonate; waste recovery

  

1. Introduction

Fluorite is the most important raw material in the fluorine
industry. It is widely used in traditional industries (e.g., me-
tallurgy,  construction,  and chemicals)  and strategic  new in-
dustries  (e.g.,  optics,  medicine,  and  new  energy)  and  is  of
great  significance  to  the  development  of  the  national  eco-
nomy [1–6]. Fluorite can be divided into three grades: acid,
ceramic,  and  metallurgical.  Fluorite  with  a  metallurgical
grade  of  65wt%–85wt%  is  mainly  used  in  iron  and  steel
smelting to lower the metal melting point. Meanwhile, fluor-
ite  with  a  ceramic  grade  is  85wt%–95wt%  is  used  to  pro-
mote  the  sintering  of  ceramics  and  improve  the  quality  of
porcelain  glaze,  while  fluorite  with  a  97wt%  acid  grade  is
commonly used to react with sulfuric acid to produce hydro-
fluoric acid [7]. As the demand for fluorspar resources grows
and single fluorite minerals are depleted, complex and hard-
to-sort  fluorite  minerals  are  gaining  traction.  Most  fluorite
deposits  are  syngenetic  minerals,  which  can  be  mainly  di-
vided  into  quartz-type,  calcite-type,  barite-type,  and  poly-
metallic symbiosis-type [8–9]. Given that calcite is the main
associated mineral [10], therefore, the efficient separation of

fluorite  and  calcite  is  the  key  to  unlocking  and  exploiting
these  resources.  Fluorite  and  calcite  are  both  calcium-con-
taining minerals  with close floatability,  and it  is  difficult  to
achieve  efficient  separation  by  traditional  beneficiation
methods, especially for calcite-type fluorite with fine chimer-
ic particle size and complex symbiosis [10–12].

Recent research has shown that acid leaching can separate
calcite particles that are difficult to separate from fluorite by
conventional  flotation  methods  and  further  dissociate  other
gangue particles to efficiently improve the grade of refract-
ory fluorite [13]. However, the high cost is one of the main
reasons that has limited the application of the acid leaching
process. In addition, the calcium leaching solution produced
during the acid leaching process proved to be a challenging
material  for  the  beneficiation  plants.  Using  acid  leaching
waste  to  prepare  high-value-added  products  is  an  effective
solution to this problem, bringing additional economic bene-
fits  by  reducing  the  cost  of  acid  leaching  and  solving  the
problem of treating waste while maintaining the efficiency of
the processing plant to protect the environment and save re-
sources. El-Sheikh and Rabah [14] synthesized calcium chro-
mate one-dimensional (1D) rods from tannery waste solution. 
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Luo et al.  [15]  studied  the  synthesis  of  calcium  carbonate
from the waste liquid of ammonia evaporation, while Korkut
et al. [16] used waste liquid from the synthetic soda ash in-
dustry to produce calcium carbonate, which is the most used
high-value-added product.

Nanoscale calcium carbonate is widely used in papermak-
ing [17], the plastics industry [18], the construction industry
[19], coating [20], the materials industry [21], environmental
protection  [22],  medicine  [23],  batteries  [24],  and  other  in-
dustries. The preparation of calcium carbonate with chemical
methods is divided into carbonization, double decomposition,
and biomineralization [25–27]. The crystalline forms of cal-
cium carbonate  include  amorphous,  aragonite,  vaterite,  and
calcite.  In  recent  years,  many  studies  have  focused  on  the
preparation  of  nanometer  calcium  carbonate  with  a  single
crystal, and small particle size has always been the focus of
calcium carbonate studies. The crystal type and size of calci-
um  carbonate  are  affected  by  process  conditions,  such  as
concentration,  temperature,  rate,  and  crystal  regulator
[28–31], the pH and CO2 loading also affect the formation of
calcium carbonate, and the increase in pH leads to an acceler-
ation  of  calcium  carbonate  nucleation  and  crystal  growth
[32]. Crystal type and morphology have direct effects on the
properties and application range of calcium carbonate. Not-
ably, the impurity ions have an important effect on the prop-
erties of nanoscale calcium carbonate, leading to the differ-
ence between the metal ion added system and the CaCl2 sys-
tem of nanoscale calcium carbonate.

Korchef  [33]  found  that  Fe3+ hindered  the  nucleation  of
calcium carbonate under relatively low unsaturated solution
conditions. Konrad et al. [34] reported that the different ACC
(amorphous calcium carbonate)  transformation mechanisms
and the sequences of minerals formed were controlled by the
Mg2+ concentration.  Goncharuk et al.  [35]  investigated  that
the FeCO3 crystals and MnCO3 crystals noticeably promoted
the crystallization of calcium carbonate through electrostatic
action.  Luo et al.  [15],  Korkut et al.  [16],  and  Chang et al.
[23] studied the preparation of calcium carbonate from waste
liquids  containing  calcium  from  the  ammonia  steaming  in-
dustry,  soda  ash  industry,  and  marble  waste,  respectively.
These  studies  on  the  preparation  of  nanoscale  calcium car-
bonate from calcium-containing wastewater offered new per-
spectives on the efficient use of fluorite acid leaching.

The purification of fluorite was conducted in the present
study to enhance the grade of fluorite concentrates by the acid

leaching–flotation process, and nanoscale calcium carbonate
was prepared from the acid leach solution. The leaching tests
and flotation tests were performed to investigate the best be-
neficiation conditions for the production of high-purity fluor-
ite  concentrates.  Furthermore,  the  morphology  and  crystal-
lization of nanoscale calcium carbonate under different con-
ditions were studied by taking the Ca2+-containing leaching
solution  as  the  raw  material.  Nanoscale  calcium  carbonate
with uniform particle size and excellent properties was pre-
pared by the double decomposition method. Metal ions were
added to simulate the influence of different impurity ions on
the  preparation  of  calcium carbonate,  after  which  the  main
reasons for the change of the properties in nanoscale calcium
carbonate were explored. Thus, an innovative way to utilize
low-grade fluorite is proposed in the current study. This ap-
proach not only realized the clean treatment of mineral pro-
cessing  waste  liquid  but  also  saved  the  raw  materials  re-
quired (e.g., limestone) for the synthesis of nanoscale calci-
um carbonate. It is also conducive to the efficient and clean
utilization of waste resources. 

2. Experimental 

2.1. Material and reagents

The low-grade fluorite used in the experiment was taken
from Hunan  Nonferrous  Chenzhou  Fluoride  Chemical  Co.,
Ltd. This material was analyzed by mineral liberation analyz-
er (MLA) and X-ray diffraction (XRD). The resulting XRD
patterns and chemical composition are shown in Fig. 1 and
Table 1, respectively.
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Fig. 1.    X-ray diffraction pattern of raw ore.
 

  
Table 1.    Chemical composition of raw ore wt%

Fluorite
(CaF2)

Muscovite
(KAl2(AlSi3O)(OH)2)

Orthoclase
(K[AlSi3O8])

Calcite
(CaCO3)

Quartz
(SiO2)

Chlorite
(Mg3[Si4O10](OH)2·
Mg3(OH)6)

Hedenbergite
(CaFe[Si2O6])

Other

72.88 0.99 0.50 15.01 0.95 1.09 0.81 7.77
 

Calcium  chloride  (CaCl2),  ammonium  carbonate
((NH4)2CO3),  sodium  carbonate  (Na2CO3),  citric  acid
(C6H8O7), manganese chloride (MnCl2), magnesium chloride
(MgCl2), and ferric chloride (FeCl3) were all analytical-grade.
Deionized water with a resistivity of >18 MΩ∙cm−1 was used
throughout the pure-material flotation experiments. 

2.2. Acid leaching test

At 25°C, 100 g mineral was added into the beaker with a
magnetic stirrer, after which different volumes of HCl (var-
ied according to the liquid–solid ratio) was uniformly added
into the beaker for leaching. After the reaction, the solid–li-
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quid  mixture  was  filtered  and  separated,  and  then  the  solid
and liquid products were weighed, sampled, and analyzed in-
dividually. The experiment was repeated three times, and the
average values were obtained. 

2.3. Flotation test

As shown in Fig. 2, 500 g of leaching residue was added
into a 1.0-L single tank flotation machine for each test. After
pulp adjustment for 3 min, the pH regulator, depressant, and
collector were sequentially added to the flotation cell at inter-
vals of 3 min, and then flotation was carried out. The speed of
the flotation machine was 1992 r·min−1, and the speed of the
scraper was 15 min−1.  The froth products were collected by
an  automatic  froth  scraper  device,  after  which  the  products
were dried,  weighed,  sampled,  and tested before  the recov-
ery was calculated.
 
 

Tailings

pH regulator

Depressant

Collector

Leaching residue

Selective depressant

Concentrate Medium

Fig. 2.    Process flow diagram of flotation test.
  

2.4. Preparation test

About 50 mL the leached solution or CaCl2 solution was
measured, and the crystal regulator was added according to a
certain mass fraction (the mass percentage of the crystal reg-
ulator  to  the  theoretical  CaCO3).  Then,  50  mL  (NH4)2CO3

solution at the same concentration as CaCl2 was slowly ad-
ded  to  the  CaCl2 solution  using  a  peristaltic  pump.  After
measuring  the  reactions  at  different  reaction  temperatures
and  stirring  speeds,  the  calcium  carbonate  emulsion  was
filtered and washed, and the filter cake was dried at 60°C for
12 h until powdered white samples were obtained for further
testing. 

2.5. Measurements of properties

The ion content in the leaching solution was measured by
SPECTRO BLUE SOP full-spectrum direct-reading plasma
spectrometer (Inductively coupled plasma, ICP) according to
GB/T  23942—2009.  X-ray  spectra  were  obtained  by  XRD
analysis to determine the composition, component phase, in-
ternal atomic structure, and content of minerals. The cell size
was calculated according to XRD data using Scherrer’s for-
mula,  as  shown in Eq.  (1),  and the contents  of  vaterite  and
calcite were estimated from XRD data using Eq. (2) [15,36].
The  crystal  composition  of  the  product  was  analyzed  by

Fourier-transform  infrared  spectrometer  (FTIR),  model  IR-
Affinity-1, in which the measurement steps included powder
tablet  sampling,  blank background collection,  sample insert
and analysis, and data preservation. The micromorphology of
the  product  was  examined  using  scanning  electron  micro-
scopy (SEM, model JSM-6480A), in which the samples were
sprayed with gold for 15–20 min before testing; the test con-
ditions were magnified 5–300000 times, the working voltage
was 2 kV, and the working distance was 10 mm. The mineral
composition was measured using an MLA (MLA650).  The
particle size of the product was tested using a laser particle
size analyzer (MASTERSIZE2000),  in which the refractive
index of the test sample was set at 1.572, and the background
of  the  sample  was  determined  with  water.  Then,  the  dis-
persed sample was added, and the particle size was determ-
ined after the concentration stabilized.

D = Kγ/ (Bcos θ) (1)
where K is Scherrer constant, D is the average thickness of
grain perpendicular  to crystal  plane, B is  the width of  half-
peak height or integral width of measured sample diffraction
peak, θ is Bragg angle, and γ is X-ray wavelength (1.54056
Å).

fv = 7.691I110v (7.691I110v+ I104c) ; fc = 1− fv (2)
where I104c is the diffraction intensity of the calcite (104), I110v

is the diffraction intensity of vaterite (110), and ƒv and ƒc are
the  vaterite  and calcite  contents  in  the  precipitates,  respect-
ively. 

3. Results and discussion 

3.1. Acid leaching test

Hydrochloric acid was used as the leaching agent during
the  acid  leaching  test,  in  which  HCl  reacted  with  calcite
gangue to remove calcite and further dissociate fluorite min-
erals. The reaction principle is shown in Eq. (3). To explore
the optimum conditions for acid leaching, the impacts of the
dosage of HCl, leaching liquid–solid ratio, and leaching time
on the leaching effect  were investigated.  The grade and re-
covery rate of leaching slag are shown in Fig. 3. As can be
seen, with the increase of the dosage of HCl, fluorite grade
increased  significantly  and  then  leveled  off,  after  which
the recovery of fluorite decreased slightly. The grade and re-
covery  of  fluorite  increased  along  with  the  rise  in  the
liquid–solid ratio before remaining constant.  The grade and
recovery  of  fluorite  initially  increased  and  then  marginally
decreased  as  the  leaching  time  was  extended.  According
to the acid leaching condition experiment, considering fluor-
ite  grade  and  recovery,  the  optimum  conditions  for  acid
leaching are as follows: liquid–solid ratio of 2:1, HCl dosage
of 0.3 mol, and leaching time of 2 h. Under these conditions,
fluorite grade increased from 72.56wt% to 87.94wt%, with a
recovery rate of 97.63%. The results showed that acid leach-
ing mainly  dissolved most  of  the  calcite  in  the  fluorite  and
further  dissociated  other  gangues  that  were  connected  to
fluorite  via  calcite,  which was conducive to  the  subsequent
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flotation operation.

2HCl+CaCO3 = CaCl2+H2O+CO2 (3)
 

3.2. Flotation test

The flotation experiments were conducted using leaching
slag as raw material. In the flotation process, sodium carbon-
ate, HS, water glass, and acidized water glass was used as pH
regulator, collector, coarse inhibitor, and selecting inhibitor,
respectively.  Both  the  reagent  system and  the  physical  and
chemical variables have an important effect on flotation [37].
The optimum flotation conditions were pH value of 11, col-
lector dosing of 300 g·t−1,  water glass dosing of 2000 g·t−1,
and  100  g·t−1 for  acidized  water  glass  through  the  experi-
mental conditions. The flow chart of the acid leaching–flota-
tion process is shown in Fig. 4. Under these conditions, the
grade of CaF2 and recovery of different samples are shown in
Table  2.  Without  acid  leaching  but  under  the  same  condi-
tions, the grade and recovery of the flotation sample are shown in
Table 3. A comparison of the two processes revealed both the
acid  leaching  and  the  flotation  processes  effectively  im-
proved the grade of fluorite more efficiently than other meth-
ods.  Furthermore,  the  grade  of  fluorite  increased  from
87.94wt% to 97.26wt% after the acid leaching–flotation sep-
aration. 

3.3. Preparation  of  nanoscale  calcium  carbonate  from
leaching solution
 

3.3.1. Process condition test
The  pH  of  the  leaching  solution  was  adjusted  to  7  by

adding Ca(OH)2; under neutral conditions (pH = 7), most of
the  metal  ions  formed  hydroxide  precipitates  and  were  re-
moved by filtration. In this way, we obtained a preliminary
impurity  removal  leaching  solution,  which  can  be  used  to
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3 min
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Concentrate Medium
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Fluorite flotation

Leaching solution

Fig. 4.    Proces flow chart of acid leaching–flotation.
 

Table 2.    Grade and recovery of the products in the acid leaching–flotation process

Sample Yield / % Grade of CaF2 / wt% Recovery of CaF2 / %
Raw ore 100.00 72.18 100.00
Magnetic concentrate 1.56 48.00 1.04
Magnetic tailings 98.44 72.56 98.96
Leaching residue 80.13 87.94 97.63
Leaching solution 18.31 5.24 1.33
Flotation concentrate 55.08 97.26 74.22
Flotation middling 8.91 68.19 8.42
Flotation tailings 16.14 67.02 14.99

 

Table 3.    Grade and recovery of the products in the flotation process

Sample Yield / % Grade of CaF2 / wt% Recovery of CaF2 / %
Raw ore 100.00 72.03 100.00
Magnetic concentrate 1.56 48.00 1.04
Magnetic tailings 98.44 72.41 98.96
Flotation concentrate 47.64 87.28 57.73
Flotation middling 28.48 62.45 24.69
Flotation tailings 22.32 53.39 16.54
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prepare nanoscale calcium carbonate.  Next,  experiments on
the process conditions were conducted to prepare nanoscale
calcium carbonate products with uniform crystal shapes and
excellent  properties.  The  experiments  with  Ca2+ concentra-
tion (c), temperature (T), and titration rate of (NH4)2CO3 (V)
were  studied,  respectively.  The  XRD  spectra  of  nanoscale
calcium carbonate of different concentration tests are shown
in Fig. 5. The cell size and relative contents of calcite and va-
terite were calculated by Eqs. (1) and (2) according to XRD
data,  respectively.  The  summary  of  crystal  type  and  size
changes is shown in Table 4, and the SEM images of nano-
scale calcium carbonate are shown in Fig. 6.

According to the results shown in Fig. 5(a) and Table 4,
when  the  concentrations  of  the  reactant  were  0.25  mol·L−1

and  0.5  mol·L−1 nanoscale  calcium  carbonate  was  calcite
(100wt%); when it rose to 1 mol·L−1, nanoscale calcium car-
bonate  was  calcite  mixed  with  vaterite  (20wt%  calcite  and
80wt% vaterite); and when it further increased to 2 mol·L−1,
the  nanoscale  calcium  carbonate  was  vaterite  (100wt%).
These results can also be found by comparing the SEM im-
age of Fig. 6(a) and 6(b); that is, when the concentration in-
creased from 0.5 to 1 mol·L−1, the morphology of nanoscale
calcium carbonate changed from calcite type to mixed type.
The increasing amount of concentration was conducive to the
conversion  of  calcite  to  vaterite.  In  particular,  with  the  in-
crease  in  reaction  concentration,  the  high  relative  content
of  ions  in  the  solution  promoted  the  formation  of  vaterite;

therefore,  the  higher  the  reaction  concentration,  the  easier
the  process  of  converting  nanoscale  calcium carbonate  into
vaterite [15].

According to the size changes in Table 4, the cell size of
nanoscale  calcium  carbonate  decreased  with  the  increasing
concentration, but the average particle size increased due to
the formation of cells at such high concentrations. In particu-
lar,  when  the  concentration  is  high,  the  cells  form  rapidly,
and the growth time of cells becomes shorter, resulting in a
decrease in cell size. However, this is more likely to agglom-
erate at a high concentration, resulting in an increase in the
product’s  particle  size.  Therefore,  lower  concentration  was
more  conducive  to  the  formation  of  calcite-type  nanoscale
calcium carbonate with lower particle size, uniform size, and
low degree of aggregation.

As  the  temperature  increased,  the  crystalline  form  of
nanoscale calcium carbonate transformed from calcite to va-
terite. According to the XRD spectra of Fig. 5(b), when the
reaction temperature was 25°C, the crystalline form of nano-
scale calcium carbonate was 100wt% calcite,  and when the
temperature rose to 80°C, nanoscale calcium carbonate was a
mixture of calcite and vaterite (65wt% calcite and 35wt% va-
terite),  as  shown in  the SEM images of Fig.  6(c),  in  which
some vaterites were formed on the surface of calcite at 80°C.
The saturation required for the nucleation of calcium carbon-
ate crystals was in the following descending order: calcite >
vaterite > aragonite. With the increase in temperature, the sat-
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Fig. 5.    X-ray diffraction spectra of nanoscale calcium carbonate prepared at different conditions: (a) at Ca2+ different concentra-
tions; (b) at different temperatures; (c) at different titration rates.
 

Table 4.    Changes in size and crystal type of different conditions

Condition Product
Ca2+ Concentration /
(mol·L−1)

Temperature /
°C

Titration rates /
(mL·min−1)

Relative content
of calcite / wt%

Relative content
of vaterite / wt% Cell size / nm Particle size / μm

0.25 25 3.6 100 0 208.1 ± 1.3   2.535 ± 0.058
0.5 25 3.6 100 0 138.2 ± 0.7   2.667 ± 0.032
1 25 3.6 20 80   46.3 ± 0.3   4.538 ± 0.063
2 25 3.6 0 100   34.5 ± 0.2   6.225 ± 0.046
0.5 25 3.6 100 0 138.2 ± 0.7   2.667 ± 0.032
0.5 50 3.6 88 12 210.1 ± 0.8 12.155 ± 0.089
0.5 80 3.6 65 35 278.2 ± 0.9 33.333 ± 0.120
0.5 25 1.2 100 0 267.8 ± 1.0 18.540 ± 0.098
0.5 25 2.4 100 0 195.8 ± 1.0   8.186 ± 0.054
0.5 25 3.6 100 0 138.2 ± 0.8   2.667 ± 0.032
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uration  of  the  solution  decreased.  Therefore,  elevated  and
low temperatures favored vaterite and calcite, respectively.

Furthermore,  the  particle  size  and  cell  size  of  nanoscale
calcium carbonate increased with increasing temperature; in
particular,  the  particle  sizes  were  2.667  μm  at  25°C  and
33.333 μm at 80°C. This means that the higher the temperat-
ure, the more favorable the growth of crystals; furthermore,
the  obtained  calcium  carbonate  particle  size  also  increased
with the increase in temperature [38]. As the temperature in-

creased, the nucleation of calcium carbonate crystals was ac-
celerated,  thus  facilitating  their  aggregation  into  irregular
particles.  According  to  the  comparison  of  the  SEM images
(a)  and (c)  in Fig.  6,  the  morphology of  calcium carbonate
was irregular, and the crystal shape fluctuated when the tem-
perature  increased  to  80°C.  Therefore,  25°C  can  be  con-
sidered the optimal condition in the temperature experiment,
which  can  prepare  nanoscale  calcium  carbonate  products
with small particle size (2.667 μm) and uniform crystal (cal-
cite type).

Meanwhile, the titration rate had no obvious effect on the
crystal type of nanoscale calcium carbonate products. In fact,
the nanoscale calcium carbonates all are calcite according to
the XRD spectra shown in Fig. 5(c). From the SEM images
of Fig. 6(a) and (d), we can see that the particle size of nano-
meter calcium carbonate with a titration rate of 1.2 mL·min−1

is much larger than that of 3.6 mL·min−1. At the titration rates
of 3.6 and 1.2 mL·min−1, the particle sizes of nanoscale calci-
um carbonate were 2.667 and 18.540 μm, respectively. The
particle size of the product decreasesd with the increase in ti-
tration rate. This is because the smaller the titration rate is, the
longer  the  reaction  time is,  and the  cell  size  of  the  product
gradually  increases  with  the  increase  of  the  reaction  time.
Thus,  the  particle  size  of  nanoscale  CaCO3 decreased  with
the increase of the droplet acceleration of the CaCl2 solution. 

3.3.2. Crystal regulator test
Next, citric acid was used as a crystal regulator in the ex-

periments. The XRD and FTIR spectra of nanoscale calcium
carbonate prepared by adding citric acid at different concen-
trations are shown in Fig. 7. The SEM images of nanoscale
calcium  carbonate  with  a  citric  acid  dosage  of  5wt%  are
shown in Fig. 8, and the changes in crystal type and particle
size of nanoscale calcium carbonate are shown in Table 5.
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Fig. 7.    (a) X-ray diffraction spectra and (b) Fourier transform infrared spectra of nanoscale calcium carbonate prepared at differ-
ent citric acid dosages.
 

According  to  the  XRD spectra  of Fig.  7(a),  with  the  in-
crease of citric acid, the characteristic peak of calcite gradu-
ally weakened and finally became the characteristic peak of
calcite amorphous. FTIR was used as the further characteriz-
ation  method,  and  the  resulting  FTIR  spectra  in Fig.  7(b)
showed that 714, 875, 1080, and 1422 cm−1 were the charac-
teristic peaks of calcite when the mass fractions of citric acid

were 0, 1%, 2%, and 5% [39], and with the increase in citric
acid concentration, the characteristic peak of calcite centered
on  714  cm−1 weakened  continuously.  When  the  mass  frac-
tion of citric acid was 5%, the peaks at other locations were
almost constant but lacked a distinctive vibration peak at 714
cm−1.  Furthermore,  an  additional  shoulder  appeared  near
1422  cm−1,  which  was  a  typical  characteristic  peak  of
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Fig. 6.    Scanning electron microscopy images of nanoscale cal-
cium  carbonate  prepared  at  different  concentrations:  (a) c =
0.5 mol·L−1, T = 25°C, and V = 3.6 mL·min−1; (b) c = 1 mol·L−1,
T = 25°C, and V = 3.6 mL·min−1; (c) c = 0.5 mol·L−1, T = 80°C,
and V = 3.6 mL·min−1; (d) c = 0.5 mol·L−1, T = 25°C, and V =
1.2 mL·min−1.

Q.Q. Lu et al., Preparation of high-purity fluorite and nanoscale calcium carbonate from low-grade fluorite 1203



amorphous calcium carbonate [40]. Thus, it was once again
proved that the nanoscale calcium carbonate was amorphous
when the concentration of citric acid was 5wt%.

The  SEM  images  of  amorphous  calcium  carbonate  at
5wt%  citrate  dosage  are  shown  in Fig.  8.  Citric  acid  pro-
moted the conversion of calcite-type nanoscale calcium car-
bonate to amorphous. Citrate ions can be strongly adsorbed
on the surface of CaCO3 due to the presence of three negat-
ively  charged  polar  carboxyl  groups,  thus  reducing  its  sur-
face  energy  and  making  CaCO3 stable  in  amorphous  form
[39].  Amorphous  calcium  carbonate  is  a  preferred  material
for  pharmaceutical  and  medical  applications  [41].  At  the
same time, our results showed that the crystal growth process
was  inhibited,  the  particle  size  was  reduced,  and  the  nano-
scale aggregates were formed. As shown in Table 5, calcite
with a particle size of 1.823 μm and cell size of 11.0 nm was
prepared when the mass fraction of citric acid was 2%, and
amorphous  nanoscale  calcium  carbonate  with  an  average
particle size of 1.511 μm was prepared when the mass frac-
tion of citric acid was 5%. Thus, by adjusting the dosage of
citric  acid,  the  particle  size  of  nanoscale  calcium carbonate
can be decreased.
 
 

Table 5.    Changes in size and crystal types of different citric
acid dosages

Citric acid dosage /
wt%

Crystal
type

Cell size /
nm

Particle
size / μm

0 Calcite 138.2 2.667
1 Calcite 63.3 2.322
2 Calcite 11.0 1.823
5 Amorphous 1.511

  

3.4. Comparison  of  the  leaching  solution  and  CaCl2

systems

Impurity  ions  in  the  leaching  solution  may  have  an  im-
portant  role  in  the  preparation  of  nano-calcium  carbonates.
Thus, the nano-calcium carbonates prepared by the leaching
liquid  system and  the  CaCl2 system under  the  same  condi-

tions were compared to further explore the formation mech-
anism of nano-calcium carbonate in the leaching solution and
explore  the  role  of  impurity  ions.  In  particular,  the  XRD
spectra, SEM spectra, and size of nanoscale calcium carbon-
ate  under  the  CaCl2 system and  the  leached  liquid  systems
were compared, as shown in Figs. 9 and 10, and Table 6. Un-
der the same conditions, the calcite-type calcium carbonates
with a particle size of 2.667 μm were prepared by the leach-
ing  liquid,  and  the  calcium  carbonates  (30wt%  calcite  and
70wt% vaterite)  with a  particle  size of  9.491 μm were pre-
pared by CaCl2.  The results showed that nanoscale calcium
carbonate products in the leaching liquid system more likely
transformed  to  calcite  type,  and  the  cell  size  and  average
particle  size  of  nanoscale  calcium  carbonate  products  de-
creased  compared  with  those  produced  using  the  CaCl2

system.
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Fig. 9.    X-ray diffraction spectra of nanoscale calcium carbon-
ates prepared at different systems.
 

 
 

(a) (b)
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Fig.  10.     Scanning  electron  microscopy  spectra  of  nanoscale
calcium carbonates prepared at different systems: (a) leaching
solution system; (b) CaCl2 system.
 

According  to  ICP  detection  (Table  7),  the  impurity  ions
with  high  concentrations  in  the  leaching  solution  included
Mn2+, Mg2+, and Fe3+. To explore the reason for the change in
the nanoscale calcium carbonate products of the leaching li-
quid, the main ions in the leaching solution were introduced

 

1 μm 2 μm

Fig.  8.     Scanning  electron  microscopy  spectrum of  nanoscale
calcium carbonate with a citric acid dosage of 5wt%.

 

Table 6.    Comparison of the changes in size and crystal type between the leaching solution and CaCl2 systems

System Relative content of calcite / wt% Relative content of vaterite / wt% Cell size / nm Particle size / μm
Leaching liquid system 100   0 138.2 2.667
CaCl2 system   30 70 408.0 9.491
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and  compared.  Under  the  same  conditions,  MgCl2,  MnCl2,
and FeCl3 were added to the CaCl2 solution with mass frac-
tions  (relative  to  the  mass  of  CaCl2)  of  0.9%,  0.33%,  and
0.08%,  respectively,  to  prepare  nanoscale  calcium  carbon-
ates.  The  test  results  of  nanoscale  calcium  carbonate  are
shown in Fig. 11 and Table 8.
 
 

Table  7.     Main  elemental  composition  of  the  leaching
solution  mg·L−1

Ca Fe Mn Ba Mg Al
36004 28.6 321.7 0.8 119.4 0.5
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Fig.  11.     X-ray  diffraction  spectra  of  nanoscale  calcium  car-
bonate prepared at different systems.
 

The solubilities of MgCO3 [42], CaCO3 [43], FeCO3 [44],
and MnCO3 [42,45] decreased sequentially under the condi-
tion  of  pH  7  at  25°C  [46].  The  XRD  spectra  showed  that
Mn2+ promoted the transformation of nanoscale calcium car-
bonate  from vaterite  to  calcite  because  Mn2+ was  incorpor-
ated into calcite lattice to form a CaCO3–MnCO3 solid solu-
tion [45,47], in which Mn2+ entered into the calcium carbon-
ate lattice to form groups. This resulted in the formation of a
layer of manganese-based compounds on the surface of va-
terite and a barrier between the species of vaterite, which pre-

vented  the  aggregation  of  spherical  particles  and  promoted
the formation of cubic calcite [45,48]. Mg2+ and Fe3+ inhib-
ited the conversion of nanoscale calcium carbonate from va-
terite to calcite. In particular, Mg2+ and Fe3+ entered the cal-
cite lattice and replaced part of Ca2+ in calcite, resulting in lat-
tice distortion and difficult formation of calcite nucleus [35].
MgCO3 has a high solubility, and its entry into the CaCO3 lat-
tice  resulted  in  the  change  of  transformation  pathway  of
amorphous  calcium carbonate  to  calcite  [42].  The  different
transformation  mechanisms  of  amorphous  calcium  carbon-
ate and the resulting crystal forms are controlled by the Mg2+

concentration in the reaction solution, in which the higher the
Mg2+ concentration, the more it inhibits the calcite formation
[47]. Furthermore, Fe3+ reacted with carbonate to form sider-
ite (FeCO3) and inhibit calcite [43]. The inhibition effective-
ness  of  iron  ions  on  calcium  carbonate  crystallization  de-
pends strongly on the solution supersaturations, where it be-
comes  greater  at  lower  supersaturations  [33].  Mn2+,  Mg2+,
and  Fe3+ all  adsorbed  on  the  surface  of  the  nanoscale
meter calcium carbonate and inhibited the growth of the cell,
thus reducing the particle size of nanoscale calcium carbon-
ate [30].

Compared  with  the  products  of  the  CaCl2 system,  the
crystal  type  in  the  leaching  solution  system  was  mainly
changed by the influence of Mn2+, which may be due to the
higher content of Mn2+ in the leaching solution than other im-
purity ions, resulting in a dominant influence compared with
others. Our results showed that the particle size reduction was
caused by the joint influence of Mn2+,  Mg2+,  and Fe3+.  This
finding is  of  great  significance for  the preparation of  nano-
scale  calcium  carbonate  from  a  leaching  solution.  Further-
more,  the  crystalline  form  of  nanoscale  calcium  carbonate
can  be  regulated  by  controlling  the  concentration  of  metal
ions (Mn2+,  Mg2+,  and Fe3+) in the process of removing im-
purities  at  the early stage of  preparation.  At the same time,
the  effect  of  metal  ions  on  reducing  the  particle  size  can
be  fully  maximized  to  prepare  nanoscale  calcium  carbo-
nate  products  with  expected  crystalline  form  and  small
particle size.

  
Table 8.    Changes in size and crystal type of different ions

Added ion Specific gravity of calcite / wt% Specific gravity of vaterite / wt% Cell size / nm Particle size / μm
CaCl2 system   30 70 408.0 9.491
Mn2+   55 45 378.3 7.431
Mg2+   10 90 403.4 8.020
Fe3+     5 95 382.4 9.432
Leaching solution 100   0 138.2 2.667

  
4. Conclusions

Low-grade fluorite can be efficiently purified by the acid
leaching–flotation process. Under the optimal process condi-
tions, the grade of fluorite increased to 97.26wt%, and the re-
covery was 74.22%. A reaction concentration of 0.5 mol·L−1,
pH  value  of  7,  titration  rate  of  3.6  mL·min−1,  and  reaction
temperature of 25°C were found to be the ideal process con-

ditions.  Calcite-type  calcium  carbonate  nanoscale  particles
with  cell  sizes  of  138.2  nm  and  average  particle  sizes  of
2.667 μm were created under these processing conditions. By
adding 2wt% citric acid to the leaching solution, the particle
size  of  calcite-type  nanoscale  calcium  carbonate  was  re-
duced  to  1.823  μm.  After  adding  5wt%  citric  acid  to  the
leaching solution, the calcite-type nanoscale calcium carbon-
ate was transformed into an amorphous type, and the particle
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size was decreased to 1.511 μm.
Due to the effects of the dissolved metal ions in the leach-

ing  solution,  the  nanoscale  calcium  carbonate  generated  in
the leaching liquid system tended to be transformed into cal-
cite,  and its  particle  size was reduced when compared with
the results of the CaCl2 system. Moreover, Mg2+ and Fe3+ en-
hanced  vaterite  formation,  whereas  Mn2+ promoted  calcite
production. The preparation of nanoscale calcium carbonate
products  with  the  anticipated  crystalline  form  and  particle
size was made possible by fully utilizing the action of metal
ions on particle size reduction and crystal type modification. 
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