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Pure calcium is a bright silvery-white metal,
extremely soft and ductile. The metal oxidizes rapidly
in the presence of moisture or in a dry air at tempe-
rature above 300 °C [1,2]. Calcium reacts readily with
water, forming hydrated lime (calcium hydroxide) and
hydrogen. It melts at 845 °C, boils at 1420 °C, and
can be purified by distillation in an inert atmosphere

or in a vacuum.

Owing to its chemical reactivity with oxygen, cal-
cium never occurs naturally in the free state although
the compounds of the element are widely distributed
among geological materials. The main calcium-bear-
ing minerals are: the three carbonates - calcite, ara-
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THE POSSIBILITIES OF OBTAINING
METALLIC CALCIUM FROM SERBIAN
CARBONATE MINERAL RAW MATERIALS

Article Highlights

* Defined technological scheme of the calcium production from Serbian limestones

e The influence of operating parameters on CaCO; calcination was examined

e The dissociation is completed in 15 min at 1200 °C

e The satisfactory rate for CaO aluminothermic reduction is accomplished at 1200 °C in
2h

e The content of hardly evaporated metals in obtained Ca is very low

Abstract

We present experimental investigations that define both the technological
scheme of calcium production from limestone by aluminothermic process and
the basic operating parameters of the particular technological phases. The
limestone with high content of Mg, Na and K was used in the study. X-ray
analysis reveals that the samples contain mainly calcite with small amount of
dolomite. At first, the effects of temperature, time and granulometry on the
calcium carbonate calcination were examined. The dissociation process was
completed in 10-15 min at 1200 °C, and the dissociation rate increased with
decreasing particle size down to 5 mm. Afterwards, the aluminothermic reduc-
tion process of calcium oxide was investigated. At a temperature of 1200 °C
and vacuum of at least 3 kPa, the reduction process completed within 2 h. The
chemical composition of calcium oxide and calcium showed increased content
of magnesium oxide and alkaline oxides (especially sodium).

Keywords: limestone, calcination, calcium oxide, aluminothermic, cal-
cium.

gonite and dolomite; the sulphates - gypsum and
anhydrite; and fluorites in the form of fluorite or
fluorspar. Calcite is the major constituent of sediment-
ary rocks such as limestone, chalk, marble, dolomite,
eggshells, and pearls, while aragonite is the main
components of stalactites and stalagmites. Besides
its wide application [2-5], limestone is also the main
mineral used for metallic calcium production.

Calcium is an excellent reducing agent, and at
elevated temperatures it reacts with oxides or halides
of almost all metallic elements to form the corres-
ponding metal. Calcium is used in lead refining (for
removal of bismuth), steel refining (as a desulphurizer
and deoxidizer) and as an alloying agent for alu-
minum, silicon and lead. Calcium is also used in the
recovery of refractory metals (e.g., chromium, rare
earth metals and thorium) from their oxides and in the
reduction of uranium dioxide [3].

397



M. SOKIC et a/: THE POSSIBILITIES OF OBTAINING METALLIC CALCIUM...

Chem. Ind. Chem. Eng. Q. 20 (3) 397-405 (2014)

For the first time, in 1808, Davy prepared cal-
cium by electrolysis of anhydrous, molten calcium
chloride [4]. Over time, this old electrolysis process
for making calcium has been mainly substituted with
metallothermic processes. Now, pure calcium metal is
made by metallothermic reduction on an industrial
scale by reducing calcium oxide with molten silicon or
aluminium. Pure limestone or calcite is calcinated in a
kiln at 1000 °C to produce calcium oxide for alumino-
thermic reduction. The thermal decomposition of cal-
cite has been the subject of extensive research over
the last 50 years [5-11]. Hills [6] investigated the
calcium carbonate decomposition, and showed that
the decomposition reaction takes place on a definite
boundary between the undecomposed carbonate,
and the layer of porous lime formed outside it. The
rate of the reaction is controlled by the transfer of heat
to this reaction boundary, and by the transfer of CO,
away from it. Calcium oxide is ground and mixed with
aluminum powder. The mixture is heated up to 1200
°C, and the reduction begins producing calcium metal
and calcium aluminates [12]. The calcium is removed
from the slag by distillation in a vacuum and is being
condensed in a cold mold. Calcium alloys are pro-
duced industrially by various techniques such as
direct alloying or chemical reduction of the raw com-
ponents.

The purpose of this experimental investigation
was to define a technological scheme of the alumino-
thermic process for calcium metal production from
Serbian carbonate mineral raw materials. Also, the
basic technological parameters of the particular pro-
cess phases and necessary equipment for the diffe-
rent technological operations were determined.

EXPERIMENTAL

There are numerous limestone deposits that can
be used as a basis for elemental calcium production

)

in Serbia. Two samples from the deposits nearby
Cacéak (“C I” and “C II") and one sample from the
deposit “Strezovac” (S) were used in the calcination
and reduction experiments, due to the high calcium
content. These samples were firstly prepared by
grinding.

The dissociation degree dependence on tempe-
rature, time and sample size was investigated in order
to determine the optimal conditions for calcination
process. The dissociation degree of calcium carbo-
nate was determined based on the weight changes of
the samples during the calcinations process.

The apparatus scheme for investigation calci-
nation of calcium carbonate is shown in Figure 1. The
quartz reaction tube (1) heats up in resistance fur-
nace (7). The thermocouple is used for temperature
measuring (5). The speed of nitrogen inlet is regul-
ated by flow meter (6). The outgoing gas is over triple
gas outlet pipe (2) being directed to the exit through
the rinsing flask (4) or the gas analysis burette (3).

The investigation of dissociation degree at -0.14,
+0.14, -5 and +5 15 mm particle size fractions was
done at the same apparatus, after grinding and siev-
ing to obtain the appropriate sample size.

The aluminothermic reduction of calcium oxide
obtained from dissociation of calcium carbonate was
carried out in a laboratory heat-resisting steel retort.
The scheme is shown in Figure 2. The aluminum
powder is used as the reducing agent. Samples of
calcium oxide and aluminum mixtures were pressed
on hydraulic press at pressure of 15 MPa, and bri-
quettes with volume density of 2-2.2 kg/dm® were
obtained.

The retort body (2) is a heat resisting steel tube.
The retort bottom is calotte-shaped (1) and the flange
(3) with a rubber seal (4) is on the top of the cover,
which is water cooled (5). The retort is over a pipe
flange (6) connected to vacuum system. The conden-

Figure 1. Experimental set-up for the CaCO; dissociation process: 1 - reaction tube, 2 - outlet pijpe,3 - gas burette, 4 - rinsing flask,
5 - thermocouple, 6 - flow meter and 7 - resistance furnace.
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Figure 2. The retort for aluminotermic reduction process of CaQO: 1 - retort bottom,.2 - refort body, 3 - flange, 4 - rubber seal,
5 - water cooling, 6 - pipe flange, 7 - copper spiral, 8 - water cooled pipe, 9 - calcium condensate, 10 - funnel screen,
11 - stainless crucible and 12 - bricket.

ser is a water cooled pipe (8), at which is formed cal-
cium condensate (9). Thin layer of calcium conden-
sate is also formed on the retort walls cooled with
cooper spiral (7). The funnel-shaped screen (10) with
the 25 mm diameter hole is placed in the retort for
separation the metal vapor condensation room from
the reduction room. The stainless crucible (11) with
bricket (12) is placed in the reduction room.

The retort is being heated up to the reduction
temperature in the resistance furnace with silicate
sticks. The vacuum system is connected through the
retort flange (6) and flexible metallic pipe.

The crucible with prepared briquettes for reduc-
tion was put into the retort and both were placed in
the chamber furnace equipped with the vacuum sys-
tem.

To allow moisture evaporation, the retort was
left open up to 300 °C. Afterwards it was closed, the
vacuum system was turned on and the retort heated
up to 1200 °C. It was observed that the pressure in
the system increased in the temperature range of
600-700 °C, as a result of the degassing process. The
heating up to 1200 °C lasted about 5 h, while the
reduction process in all experiments lasted 2 h.
Thereafter, the retort was taken out from the furnace
and cooled under the vacuum. After opening, the
metallic calcium was removed from condenser and
placed in a desiccator. It was impossible to remove a
fine layer of condensate from the retort walls because
its highly developed surface was burned upon a
touch. The reduction degree was determined based
on the amount and composition of the remaining slag,
due to the inability to remove all the condensate.

To determine the chemical composition of lime-
stone, slag and metallic calcium, the samples were
dissolved in mineral acids. The content of calcium
and magnesium was determined by volumetric (com-
plexometric) methods, while the content of other
admixtures was determined by atomic absorption

spectroscopy using a Perkin Elmer Aanalyst 300
spectrometer. To determine the calcination loss, the
limestone was calcined at 1100 °C.

The phase and mineralogy composition of lime-
stone samples were determined by XRD (X-ray dif-
fraction) using a Philips PW-1710 diffractometer and
transmitted light microscopy (Carl Zeiss-Jena,
LENAPOL-U).

Differential thermal analysis/Thermo-gravimetric
analysis (DTA/TG) analysis of the samples, each of
100 mg, was carried out on a Derivatograf 1500
device in air atmosphere, using alumina as the refer-
ence material, with the heating rate of 10 °C/min.

RESULTS AND DISCUSSION

The chemical composition of the limestone
samples is presented in Table 1. In comparison with
the required limestone composition for alumino-
thermic process (54.5% CaO, up to 2.5% R,0;
(Al,O3+Fe503), 0.5% MgO and 0.1% Na,O+K,0), the
samples (Table 1) are not high-grade. The contents of
CaO and R,0; are satisfying, while the contents of
MgO and Na,O+K,O are higher than the required
amounts.

Table 1. The chemical composition (%) of used limestone samples

Sample
Component
Cl cl S

Ca0 53.65 53.72 54.13
MgO 1.18 1.52 0.98
AlLO3 0.19 0.03 0.13
Fe 04 0.15 0.18 0.24
SiO; 1.21 0.39 0.67
Na,O 0.09 0.16 0.19
K0 0.03 0.02 0.05
Loss of annealing 43.36 43.88 43.48
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The X-ray diffraction analysis and light micro-
scopy were used to determine the mineralogy and
phase composition of samples. The X-ray diffracto-
grams of the samples with minimum and maximum
magnesium content (S and C Il) are presented in
Figure 3a and b. Figure 3a shows the presence of
calcite, while Figure 3b shows the presence of calcite
and dolomite.

Crystals and aggregates of calcite are shown in
Figure 4, obtained by transmitted light microscopy.

The DTA/TG analysis of the limestone samples
is presented in Figure 5. The obtained DTA curves of
both C | and C Il samples show endothermic peaks,
because the dissociation process is followed by endo-
thermic heat effect. Since the DTA curves show only
one clearly defined peak, it can be concluded that the
calcium carbonate is solely in the form of calcite,
while aragonite is not present in the samples.

Calcination of calcium carbonate

The calcium carbonate dissociation degree
dependence on temperature and time is shown at
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Figures 6-8. The dissociation degree dependence on
grain size and time for the S sample is shown in
Figure 9.

The process rate can be assessed by mea-
suring the dissociation degree dependence on time
and temperature. From these measurements it can be
concluded that the dissociation rate is approximately
the same at appropriate temperatures, for both
sample site “Ca¢ak” samples C | and C Il (Figures 6
and 7). Thus, the dissociation is completed in 10 min
at temperature of 1200 °C, and in 30 min at 1050 °C.
The dissociation rate for sample “Strezovac” (S) is
slightly lower, so the process is completed in 15 min
at 1200 °C, and in 45 min at 1050 °C. The reason for
this is significantly higher proportion of calcite larger
particles in the sample S.

The investigation of the limestone particle size
influence on the process rate shows as expected that
the process rate increases by grinding the limestone
(Figure 9). When fragmentation is less than 5 mm, the
process rate does not differ significantly, because the
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Figure 3. X-Ray diffractogram of the S (a) and C I/ sample (b).

Figure 4. Crystals and aggregates of calcite: Magnification: 10x;, Il nicols.
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Figure 5. DTA/TG Analysis of the C I (a) and C Il sample (b).
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Figure 6. The dissociation degree dependence on the temperature and time for the C | sample.
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Figure 7. The dissociation degree dependence on the temperature and time for the C Il sample.

401



M. SOKIC et a/: THE POSSIBILITIES OF OBTAINING METALLIC CALCIUM...

Chem. Ind. Chem. Eng. Q. 20 (3) 397-405 (2014)

100
90
80 -
e 704
o 604
=
=] J
Q
S 50
c
S 1
B 404
g 1 —m— 900°C
8 304 —e—1000°C
a 1 —A—1050°C
20 ] —w—1100°C
104 —e—1150°C
| —<4—1200°C
0 , , . . .
0 10 20 30 40 50 60

Calcination time, min

Figure 8. The dissociation degree dependence on the temperature and time for the S sample.
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Figure 9. The dissociation degree dependence on the granulation at 1150 °C for the S sample.

maximum dissociation degree is achieved in approx-
imately the same time of 15 min. The required quan-
tity of calcium oxide needed for aluminothermic reduc-
tion was determined after the dissociation process.

Calcium oxide aluminothermy

For reduction process with aluminum the three
samples of calcium oxide were used:

- the sample of calcium oxide obtained from
limestone calcination deposit “C I,

- the sample of calcium oxide obtained from
limestone calcination deposit “C II” and

- the sample of calcium oxide obtained from
limestone calcination deposit “S”.

The chemical composition of calcium oxide
samples is presented in Table 2.
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Table 2. The chemical composition of calcium oxide (%)

Sample
Component
Ccl Cll S

Ca0 94.71 95.68 95.79
MgO 2.09 2.73 1.74
AlL,O3 0.38 0.06 0.25
Fe,O3 0.24 0.34 0.43
SiO, 2.17 0.69 1.16
Na,O 0.18 0.29 0.34
K0 0.054 0.04 0.08

The chemical composition of calcium oxide
shows increased content of magnesium oxide and
alkaline oxides (especially sodium), Table 2, which is
undesirable for the calcium aluminotermic process.
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Magnesium oxide and alkaline oxides (sodium and
potassium) are reduced together with calcium. Being
easily evaporative metals, they evaporate at lower
temperatures than the calcium and they are being
condensed together with calcium. Metal obtained in
this way has increased content of magnesium and
alkaline metals. The manipulation with metallic cal-
cium, which has increased content of alkaline metals,
is very difficult because of their high reactivity and
ignitability. Weight loss of calcium oxide due to calcin-
ation should not exceed 0.2%. For this reason, the
calcium oxide obtained by calcination process must
be protected from moisture and carbon dioxide
absorption before aluminothermy process.

The discontinuous retort process was chosen for
laboratory investigation of calcium oxide reduction.
Charge preparation for reduction was carried out by
mixing of components and their briquetting. The alu-
minum powder is used as the reducing agent. The
measured amount of calcium oxide and aluminum pow-
der samples were homogenized by long-term mixing.

The briquettes had satisfactory strength and did
not smash by falling to the floor from a height of 0.7
m. The values of 6.8 MPa was obtained by crushing
resistance testing at the hydraulic press. However, it
should be noted that the briquettes should be charged
in the reduction retort immediately after pressing,
because they could be broken up after a few hours
due to absorption of moisture and carbon dioxide
from the air; otherwise they must be stored in her-
metic containers.

Aluminothermic reduction process is carried out
according to the following reaction:

14Ca0 + 6Al = 5Ca0-3Al,0; + 9Ca + Q @)
which can be replaced by:
33Ca0 + 14Al = 12Ca0-7Al,0; + 21Ca + Q (2)

Stoichiometric amount of aluminum, calculated
according to Eq. (2) is 17 wt.% of charge. The charge
with 20 wt.% Al was used for experiments. The
required vacuum for conducting experiments was at
least 3 kPa, to prevent oxidation of obtained calcium
[13]. The satisfying rate of reduction process is car-
ried out at temperature of at least 1200 °C. Due to the
highly exothermic process, the charge for experi-
ments weighed only 0.1 kg, so the reduction was
completed within 2 h.

Calcium metal vapors originated in the reaction
space are directed towards condenser where calcium
was condensed. The residual slag after reduction
represented a useful refractory material.

The chemical composition of obtained calcium
from different starting materials is shown in Table 3.

By analyzing the chemical composition of the obtained
calcium (Table 3) it can be concluded that the content
of hardly evaporated metals (Fe, Cu, Ni and Si) is
very low, what meets the requirements for the calcium
of commercial quality. Extremely low content of alu-
minum indicates that there was no mechanical trans-
fer of aluminum particles to the place where the met-
allic calcium vapor condensed. It was expected that
magnesium, sodium and potassium contents are higher
in calcium, because the contents of these metals
were higher than allowed in the starting material.
Since these metals are reduced by aluminum and
since they are more evaporative then calcium, they
condensed together. As the condenser construction
did not allow fractional condensation of metal vapors,
their presence in calcium was inevitable.

Table 3. Impurities content in calcium (%)

Sample
Component -
Cl Cll S Ca, commercial grade

Fe 0.006 0.0074 0.010 0.01
Cu 0.040 0.025 0.033 0.05
Ni 0.003 0.007 0.005 0.01
Mn 0.150 0.190 0.170 0.10
Al 0.015 0.023 0.006 0.50
Si 0.065 0.001 0.016 0.20
Mg 3.360 4.170 2.750 0.10
Na 0.290 0.450 0.590 -

K 0.082 0.064 0.119 -

The vacuum refining distillation with fractional
condensation of metal vapors in a specially cons-
tructed condenser was necessary to obtain calcium
refined from impurities. Residual slag after reduction
process in the form of solid sintered product remains
in the crucible. After grinding, the chemical compo-
sition of slag samples was examined and it is pre-
sented in Table 4. The ratio of CaO and Al,O; in the
slag according to the phase diagram of CaO-Al,O,
system [14] shows that the metallothermic reduction
process does not occur, according to Eq. (2).

Table 4. The chemical composition of slags (%)

Sample
Component
Cl cll S

Ca0 54.70 57.38 55.62
Al+Al,0; 39.68 38.96 40.08
MgO 0.98 1.44 0.88
Fe,O3 0.51 0.63 0.81
SiO; 3.85 1.31 2.15
Na,O 0.09 0.12 0.17
K0 0.034 0.031 0.0425
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CONCLUSION

Increased content of magnesium, sodium and
potassium was determined by chemical analysis of
limestone. XRD and light microscopy analysis
showed that calcium is present in the form of calcite
and dolomite, and the magnesium in the form of
dolomite.

The examination of calcium carbonate disso-
ciation shows that the dissociation rate is approx-
imately the same at appropriate temperatures. Thus,
the dissociation is completed in 10 min at 1200 °C,
and in 30 min at 1050 °C. The dissociation rate for
sample “Strezovac” is slightly lower, so the process is
completed in 15 min at 1200 °C, and in 45 min at
1050 °C.

The charge was prepared by mixing of com-
ponents and briquetting. The aluminum powder was
used as the reducing agent. The total briquetting
pressure was 15 MPa, where the obtained briquettes
had a density of 2-2.2 kg/dm®.

The charge with 20 wt.% Al was used for expe-
riments. The required vacuum for conducting experi-
ments was at least 3 kPa. The satisfactory rate of
reduction process is carried out at temperature of at
least 1200 °C. Due to the highly exothermic process,
the charge for experiments weighed just 0.1 kg, so
the reduction completed within 2 h.

The chemical composition analysis of obtained
calcium shows that the content of hardly evaporated
metals (Fe, Cu, Ni and Si) is very low. The magne-
sium, sodium and potassium contents are higher
because these metals are reduced by aluminum and
they are more evaporative than calcium.

The chemical composition analysis of slag and
phase diagram of CaO-Al,O; system showed that the
metallothermic reduction process does not occur,
according to Eq. (2).
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Eksperimentalnim istraZivanjima su definisani kako tehnoloska sema dobijjanja kalcjjuma iz
krecnjaka aluminotermijskim procesom tako i osnovni radni parametri pojedinih tehno-
loskih faza. Uzorci kreCnjaka koji su korisceni u radu imaju visok sadrZzaj Mg, Na i K.
Rendgenska analiza je pokazala da uzorci uglavnom sadrze kalcit i u manjoj kolicini dolo-
mit. Na pocetku je ispitan uticaj temperature, vremena i granulometrijskog sastava na kal-
cinaciju kalcijum-karbonata. Vireme trajanja procesa disocijacije je 10-15 min na 1200 °C i
povecava se sa smanjenjem velicine cestica do 5 mm. Nakon toga, ispitana je alumino-
termijska redukcija kalcijum-oksida. Na temperaturi od 1200 °C i vakuumu od 3 KPa pro-
ces redukcije se zavrsava za 2 h. Analiza hemijskog sastava kalcjjum-oksida i kalcijuma
pokazuje povecan sadrZaj magnezijjum-oksida i oksida alkalnih metala, posebno natri-
Jjuma.

Kiljucne reci: krecnjak, kalcinacifa, kalcijum-oksid, aluminotermija, kalcijum.
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