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SOLUBILITY OF COLEMANITE MINERAL IN CO2 — CONTAINING WATER
AND GEOLOGICAL FORMATION OF THIS MINERAL

Hüseyin GÜLENSOY and Mehmet Muhtar KOCAKERİM

İstanbul University, Faculty of Chemistry

ABSTRACT. — In this research, the solubility of colemanite samples in CO2-containing water —whether
in original or calcined form, at a series of temperature conditions—were studied. For solubility studies the
time, temperature and pH values were taken as parameters. Parallel to this, the tests on solubilities of the Mineral
in distilled water were also carried out in order to compare them with the solubilities in CO2-containing water.

The general equation for the solubilities of the hydrated boron Minerals in CO2-containing water is
shown as: xCaO.yB2O3.zH2O+xCO2+nH2O xCaCO3+2yH3BO3+[(z-3y) + n]H2O It was established
that the temperature and pH directly affected the solubilities. It was found that for the calcined Mineral,
z 0, the solubility of B2O3 in the crystal structure was higher with respect to original mineral.
Besides these, the solubilities of CaCO3 mineral (calcite) in different concentrations of boric acid solution
were investigated, in order to see to what degree the above reaction could be two-directional. At the end of the
studies, the theory about the hydrothermal formation of the hydrated boron minerals, was confirmed once
more. Parallel to this, causes of the presence of pseudomorph calcites, — especially those appearing in the
colemanite mines — could also be explained.

In addition, some results which would enlighten the chemical reaction for the productions of boric
acid and borax from boron minerals, were also put forward.

I. INTRODUCTION AND HISTORY

Although representing only a small percent of the earth's crust, a wide range of boron
minerals is known. Up-to-date, more than 50 boron minerals were discovered. However, only
a few occur in commercially important reserves such as, for example, colemanite.

Except the worldwide known minerals — such as ulexite, colemanite, pandermite and
tineal—practically all of the boron minerals discovered to date, occur mostly as local concentra-
tions within these deposits and complex minerals.

Boron minerals, and in particular colemanite, occur in very few areas, Western Turkey
being one of them. Colemanite occurrences of Turkey may be classified into four main groups,
as follow:

1. Kestelek locality, Mustafakemalpaşa, County, Bursa Province;

2. Bigadiç, Balıkesir Province;

3. Emet, Kütahya Province;

4. Kırka, Seyitgazi, Eskişehir Province.
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Various studies on the chemical properties', geology and the origin of the Turkish cole-
manite ores, occurring in the areas described above, have been carried out (1-6, 14, 19-22, 25).

Furthermore, detailed studies on the solubilities of colemanite and some other impor-
tant boron minerals in various acids, as well as physico-chemical studies concerning the me-
chanics and the solubility reactions of these minerals were determined (9-l3, 15, 24, 26, 31-36).
Along with the solubility of colemanite in acids, Its solubility in ordinary water was also studied
(I, 16, 28). Some studies on the solubility of boron minerals in basic medium were also carried
out (5, 6, 18, 27).

On the other hand, studies on the solubility of colemanite in CO2-containing water are
limited in number. In one of such studies, the production of H3BO3 by replacing the B2O3 con-
tained in colemanite with CO2 has been tried (4). Some other tests were carried out applying
another method where instead of colemanite, ulexite was used and its solubility in the CO2-
containing water was studied in detail (7). In another research, tests were made on the con-
version of colemanite into borax, by reacting colemanite with CO2 in sea water (16). And it
was stated that in this type of research the yield, at 5°C of temperature was around 75%.

There is another interesting research on the solubilities of various boron minerals— and
in this instance of colemanite—in EDTA solutions (8).

The analyses of the colemanite samples taken from the Kestelek colemanite ore beds,
27 km east of Mustafakemalpaşa, have shown that these samples are entirely composed of
CaCO3. Judging from the external appearance of these samples, they consist of coarse mono-
clinal crystals. However, the crystal system of the known calcite (CaCO3) minerals is hexagonal
or rhombohedral (e.g. calcite and aragonite). Thus, it may be concluded that the samples taken
from this locality are calcite minerals of pseudomorph structure. It is equally possible to conclude
that the composition of the colemanite crystals, i.e. 2CaO.3B2O3.5H2O, has been converted
into CaCO3 as a result of their contact with the CO2-containing waters occurring in nature
throughout the geological ages, with their monoclinal external appearance preserved. To
strengthen such a view, however, detailed understanding of the solubility of colemanite in CO2-
containing waters is essential: and this may be expressed by the following formula:

2CaO.3B2O3.5H2O+2CO2+nH2O 2CaCO3+6H3BO3+(n-4)H2O

The principal object of these studies was to understand the degree of reversibility of
this reaction and to explain the formation of the pseudomorph calcite crystals, as well as to
clarify the geological formation of these minerals. Thus, tests were carried out on the solubility
of colemanite samples, in their original as well as calcined forms at a series of temperatures,
in water containing CO2 at various time and temperature conditions.

Colemanite samples used in the present study were obtained from the collection of the
Department of Industrial Chemistry of the İstanbul University, while the calcite (marble) used in
the comparative studies was supplied by the Geology Department, Faculty of Science, Univer-
sity of Ankara.

The samples of colemanite and calcite (marble) used in this study, although very pure,
were re-analyzed prior to investigations and their compositions were determined to be 27.29
% CaO, 50.80 % B2O3, 21.79 % H2O for colemanite, and 55.92 % CaO, 43.94 % CO2

for marble. The B2O3/CaO ratio of colemanite having the above composition, is 1.86 by weight.
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II . CALCINATION STUDIES

METHODS AND APPARATUS USED

Static method was applied in calcination tests. For this purpose the samples were heated

at predetermined temperatures unti l they reached a fixed weight. A normal muffle furnace was
used for these tests.

The main purpose of the present study was to obtain necessary calcined material to be
used m the tests and determine the relationship between the thermal decomposition and solu-

bihty of the calcined material, since the thermolysis of the colemanite mineral has been pre-
viously studied in great detail by many workers ( I , 30).

Samples were calcined at 50, 100, 150, 200, 250, 300, 350, 400,450, 500, 550, 600 650

and 700 C temperatures, which were considered sufficient. Loss of water (that is decrease in
weight) of colemanite under increased temperatures is shown graphically in Figure I.
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The product resulting from the calcination process has a different composition, which
is due to the loss of water. Table I shows the composition of samples calcined at a series of
temperatures and can be used in the comparison of the solubilities of various calcination
products in CO2-containing waters.

III. STUDIES ON SOLUBILITY

METHODS AND APPARATUS

1. Solubility in distilled water: Colemanite samples in their original and calcined forms
were ground to a 100-mesh fineness, and solubility of 1.0000 gr of the samples in 100 ml of dis-
tilled water with afixed pH value (pH=5.5) was determined. Solubility tests at unvariable rate
of stirring and room temperature, during a definite duration of time, were conducted; the
residual unsoluble matter was strained and weighed, and the percentage of the dissolved portion
of the 1.0000-gr sample was determined. Values thus obtained can also be expressed in
terms of «mgr sample/100 ml water».

2. Solubility in CO2-containing water: The conditions for this test were identical except
that a CO2-saturated medium was used. Tests were carried out at room temperature and
at 50°C, for I, 2 and 3-hour periods.

3. Similar tests were further repeated with 100 ml of NaOH solutions, with pH = 12,
with and without CO2, at room temperature and at 50°C.

4. To establish the reversibility of solubility, 1.0000 gr of calcite sample was dissolved
in 100 ml of H3BO3 solutions (I %, 2 %, 3 %, 4 % and saturated). For these tests the time
and temperature were taken as variable parameters.

5. The pH values of the solutions resulting from tests I, 2, and 4 were determined.

6. Amounts of CaOand B2O3 resulting from solvation tests carried out in CO2-contain-
ing water were determined. Similarly, the CaO amount in the solutions resulting from tests
carried out and described in paragraph 4 were also determined.
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a. For the tests of CaO: The sample solution was made alkaline by the addition of NH3,
and the determination was carried out complexometrically using the disodium EDTA solution
method.

b. For the test of B2O3: Titration was carried out by usin mannitol in standard solution
of NaOH.

Solubility tests in water containing CO2, as well as in basic solutions, were carried out
in an apparatus, as shown in Figure 2.

CONCLUSIONS

1. Solubility in distilled water

Tests were carried out at room temperature for a period of one hour only. The percent-
age of the solubility of 1.0000 gr of calcined c lemanite sample in 100 ml of distilled water
(pH=5.5) and the pH values of the resulting solutions under increased calcination temperatures
are shown in Table 2.

2. Solubility in CO2-containing water

A. Tests performed at room temperature. — Results obtained from the solubility tests of
the original and calcined colemanite samples performed at room temperature in CO2-con-
taining water are given in Table 3. The values given in this Table relate to the tests conducted
for a period of one hour only.
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The study of Table 3 will show that the rate of solubility of the colemanite samples test-
ed, is proportionate with the calcination temperature and that the solubility of B2O3 con-
tained in the mineral is much higher, as shown in columns 6 and 9. The values given in column
10, on the other hand, further confirm this fact. Actually the B2O3/CaO ratio, which is only
1.86 in the original sample, is in the range of 15.50-17.50 in calcined samples, at temperatures
higher than 450°C. Data thus obtained clearly indicate that the B2O3 contained in the sample
is dissolved as the calcination process advances, whereas CaO remains in solid phase, forming
CaCO3 after reacting with CO2.

Similar tests were repeated with testing times increased to two and three hours. Results
obtained, however, were more or less identical: the volume of the tested material was
unchanged and a certain degree of saturation and equilibrium was attained as shown by the
following equation:
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Comparison of the values given in Tables 3 and 2, however, shall clearly show that,
although the rate of solubility is considerably higher in the case of tests conducted in CO2-
containing water, the difference is not in direct proportion to the calcination temperature.

Figure 3, on the other hand, shows that the solubility of the samples tested in CO2-
containing water is closely related to the calcination (decomposition) of colemanite. Calcination
curves given in Figure 3 further indicate that the solubility values of the colemanite samples are
maximum at the temperature interval where colemanite is entirely decomposed.
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8. Tests performed at 50°C temperature. — Results obtained from the so lub i l i ty tests

of the original and calcinated colemanite samples in CO 2 -containing water, at 50°C temperature,

are shown in Table 4. The values given express the s o l u b i l i t y tests carried out for one hour.

Comparison of the values given in Tables 3 and 4 shows that the solubi l i ty of the calcined

colemanite samples in CO2-containing water increases with the increase in temperature of the

solvent. However, this is not the case when the temperatures of the calcined samples exceed

450°C.

It is further evident from the comparison of these tables that the solution process at

50°C develops rather in favor of B2O3 (see last column in both Tables).

The graph given in Figure 4 shows the solubility of the calcined colemanite samples in

CO2-containing water as directly proportional to temperature of the solvent.

When s i m i l a r tests were carried out increasing the t ime of procedure to 2 or 3 hours,

results obtained were not much different.
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However, it should be noted that the solubility of B2O3 in CO2-containing water at 50°C
is much higher, as can be also observed in Figure 5.

Figure 5 shows the solubility of the B2O3 and CaO components of the mineral under
increased calcination temperatures. Time of procedure: 3 hours.

It should, however, be noted that although the rate of solubility of CaO, compared to
that of B2O3, seems to be considerably lower, the Ca++ ions found in the solution are, in fact,
converted into CaCO3 by reacting with CO2 present in the solution. Taking also into consid-
eration the pH values of the solutions, the CaO of the mineral which appears as dissolved is,
actually, a bicarbonate formed as the result of the following reaction:
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3. Solution of crystals

Parallelly to the above-described studies, solution tests were also conducted on the cole-
manite crystals weighing I gr each, and using the same apparatus and methods. Table 5 summa-
rizes the results of the tests carried out at room temperature and at 50°C during I, 2 and 3
hours.

The study of the values given in the tables clearly shows that the solubility of colemanite
crystals is directly proportional to temperature and time. Moreover, it can be said that this
solubility process develops clearly in favor of B2O3, because the B2O3/CaO ratio of 1.86 ob-
served in the original crystals is considerably higher in the resulting solutions.

4. Tests of continuous solubility

Solubility tests so far carried out for maximum 3 hours time indicated that, when condi-
tions are right, crystals could be dissolved completely. For this purpose, tests were made in
order to attain complete solution of the colemanite crystals at room temperature by using an
apparatus shown in Figure 6.
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A crystal sample of approx. 5-gr weight is placed in a vessel (A), where distilled water
flows from reservoir (B) with a flow rate of 50 ml/hour. A carbon dioxide flow, supplied by a
CO2-tube, is sent to vessel (A), at a stable rate. The overflow from vessel (A)—which is regularly
agitated—passes through pipe (C) and is gathered in vessel (D), where previously some NaOH
was placed. When vessel (D), which is I liter in volume, is filled, it is replaced by an empty one,
and the amount of B2O3 in the vessel is measured.

This test was successfully conducted until the total B2O3 content of 5-gr crystal in vessel
(A) was transported to vessel (D). This solubility test was carried out at room temperature.
After the process of solution was completed, i.e. the total B2O3 content of the crystal sample in
vessel (A) was transported to vessel (D), it was analytically proved that a CaCO3 mass, equiv-
alent to the CaO content of the crystal, remained in vessel (A).

Thus, the following results were obtained:

Similar tests were also carried out using ulexite mineral and it was observed again that
the crystal was completely dissolved, and replaced by CaCO3 (7).

Table 6 summarizes the results obtained from continuous solubility tests.

Thus, it was established that both in the case of colemanite and ulexite minerals, the
B2O3 — which is an acidic anhydrite — may be replaced by CO2 — which is another acidic anhy-
drite— when sufficient amount of CO2 is present in the CO2 — containing water. In conclusion,
it may be definitely stated that with time the boron mineral can be converted into CaCO3.

5. Solubilities in basic medium

At the same time similar solubility tests were carried out, in a pH=12 medium, in
water with and without CO2, for a duration of 2 hours. These tests were conducted at room
temperature and at 50°C. Solubility results obtained under these conditions and depending on
various calcination temperatures are shown in Table 7. The values given in this Table express
percentage of the matter of one gram of sample dissolved in 100 ml of solvent.
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Thus, from this study, it may be concluded that although the rate of solubility of the
mineral in CO2-containing medium, at lower calcination temperatures, is relatively higher, the
difference between the rates of solubility disappears with increasing calcination temperatures.

Furthermore, it cannot be said that temperature alone affects the rate of solubility of
colemanite. However, as shown in the graph of Figure 7, the solubility of colemanite in a media
with and without CO2 reaches the maximum value between 350-400°C, when the mineral
structure undergoes complete decomposition.

This is a very important point since the product obtained at the same calcination tempe-
rature in tests, carried out previously, proved to be highly active in terms of solid-phase che-
mical reactions (8)

6. Solubility in boric acid (H3BO3)

To establish the reversibility of solubility of colemanite in CO2-containing water, which
is expressed, in general, by the following equation

xCaO.yB2O3.zH2O+xCO2+nH2O xCaCO3+2yH3BO3+[(z-3y) + n]H2O
as described at the beginning of this article ("Studies on Solubility"), I.000gr of sample, weighed
prior to each test, was dissolved in H3BO3 solutions of various degrees of concentration. For
these tests time and temperature were taken at variable parameters. The results obtained are
given in Table 8.

Values given in Table 8, relate to tests carried out for 30 minutes. However, in another
test, with the time set at 60 minutes, no important changes were observed.

The figures given in the table show that the degree of cencentration of the boric acid
clearly affects the rate of solubility of the tested material.

It should, further, be noted that the pH values of the resulting solutions are much higher
compared to the pH of the solvents used in the tests. The difference between the pH values of
the solutions (and the solvents) being in the range of 2.0-2.5, is due to the presence of Ca++
ions in the solution, liberated from the calcite phase.

With the increase of the solvent temperature to 50°C, the rate of solubility of the marble
(calcite) mineral in boric acid, was affected negatively, i.e the rate of solubility was considerably
lower compared to the rate of solubility at room temperature. This is best illustrated in Table 9,
where the rate of solubility of the calcite mineral in boric acid at 50°C is given.

It should, nevertheless, be noted that the solubility of colemanite mineral is directly
proportional to temperature.

In other tests carried out, parallelly, precipitated CaCO3 and limestone of known com-
position were used. However, the results were not very different from those obtained for cal-
cite (marble).
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CONCLUSIONS

I. It was determined that the solubility of colemanite mineral in CO2-containing water
is relatively higher when the sample is in calcined form as compared to the colemanite in its
original form, and the maximum solubility of B2O3 takes place at temperatures between 450-
600°C. At this temperature interval, colemanite appears in the form of an anhydrite calcium
borate having a composition of 2CaO.3B2O3. In this case, the geological formation of the cole-
manite mineral may be explained as follows:

As is known, the boron elements are of magmatic origin. After the solidification of the
initial magma, the subsequent, relatively more acidic portion of the magma, penetrates through
interstices and fissures the previously crystallized mass of the initial magma, thus forming the
first boron minerals, such as tourmaline, axinite and other silicate minerals containing boron
(17).

As concerns the primary boron minerals thus formed, they were subsequently dissolved
in CO2-containing water, giving off their B2O3 content. On its way, the CO2-containing water
reacted, whenever encountered with the CaCO3, MgCO3, FeCO3 and similar minerals, which
were dissolved and converted into bicarbonates. In this way, lakes were formed in favorable
drainage basins by the water containing soluble salts, e.g. H3BO3 and Ca(HCO3)2, and the sub-
sequent evaporation that takes place in these lakes may have led to the formation of hydrobo-
rate minerals of known composition.

The increases in temperature of CO2-containing water increases the speed of solubility,
thus accelerating the formation of minerals such as described above.

It is known that boron minerals generally occur in beds of Cenozoic age, where the
occurrence of volcanic rocks is also common. These volcanic rocks — mostly represented by
dacites and andesites —are overlain in their upper layers by altered limestones which, subse-
quent to their dissolution, as described above, may have assimilated the boron minerals in the
form of calcium components.

From stratigraphical viewpoint, the uppermost part of the boron deposits is represented
by limestone, followed by marls, volcanic clay, basal marls, volcanic tuffs and andesites.

Water containing boric acid, which derived from the dissolution of the boron element
contained in the volcanic masses, can be found in some areas even today. Typical example of
such hot springs, is the «soffioni» near Toscana, Italy (29).

The formation of hydrothermal boron minerals (e.g. colemanite, pandermite, ulexite,
etc.) was completed during Tertiary (17).

Figures 8, 9, 10 and II clearly show that colemanite and other boron minerals (in
particular ulexite) occur in the Neogene areas.
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2. Throughout geological ages, the hydrated boron minerals, formed in the manner
described above, dissolved again as a result of being in continuous contact with the CO2-con-
taining waters, and their B2O3 content was replaced by CO2. In conclusion, it may be stated
that this process led to the formation of boron minerals observed especially in the vicinity of
Kestelek, where along with the boron ores (a sort of coarse sandstone) some formation locally
called «kefeki» were discovered.

Boron minerals (in particular colemanite) being in contact with the CO2-containing
water have been, with time, entirely converted into calcite (CaCO3). It should, however, be
noted that although ordinary calcite normally has hexagonal system, calcite resulting from the
above-described process has monoclinal structure, which fact leads us to assume that the boron
minerals occurring in Kestelek, are actually only pseudomorph calcite.

3. Solubility tests carried out in basic medium in CO2-containing water also contribute
to the understanding of the reactions taking place during the production of borax (Na2B4O7

I0H2O) from colemanite (and other calcium borate minerals as well).

4. It was further proved that, under favorable conditions, H3BO3 can be produced
from calcium borate ores using only CO2 and H2O.

5. Provided that the tests are performed in a stable medium, the reaction expressed as
xCaO.yB2O3.zH2O+xCO2+nH2O xCaCO3+2yH2BO3 + [(z-3y) + n]H2O

may be reversible with time. It should, however, be noted that when the CO2-containing water,
acting as a solvent in this process, is continally refreshed the above reaction may work entirely
in favor of the right-hand side.

Manuscript received January 26, 1977

Translated by : Filiz DİKMEN
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