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Colemanite 2Ca0.3B,0,.5H,0 is a calcium borate mineral and can be expressed as the
basic material of industrial boric acid production. Boric acid is one of the most important
raw materials obtained by dissolving colemanite ore in acidic solutions or gases. This
study aims to determine an alternative reactant for boric acid production by examining
the dissolution behavior and kinetics of Ca?* passing into solution in propionic acid
solution saturated with synthetic flue gas of colemanite. For the first time in this study,
colemanite ore was dissolved simultaneously in a gas and acid environment. The use of
this acid and gas as a solvent is an alternative reactant due to the current process and
less occurrence of impurities originating from colemanite. In this context, the effects of
reaction temperature, solid-liquid ratio, grain size, acid concentration, and synthetic flue
gas flow rate parameters were investigated. According to experimental data, the amount
of Ca% passing into the solution has been observed that the reaction temperature,
acid concentration, and gas flow rate increase and the solid-liquid ratio and grain
size decrease. Experimental data were successfully correlated with linear regression
using the Statistica package program and analyzed according to homogeneous and
heterogeneous reaction rate models. It is seen that the dissolution of Ca?* passing into
the solution fits the "Avrami model" and the activation energy 26.83 kJ.mol" value also
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confirms this model.

1. Introduction

Boron and boron compounds are some of the most
important minerals in the world in terms of industrial and
technological applications. Boron reserves are widely
found in Turkiye, Russia, USA, and China. Turkiye
has approximately 72% of the world's boron reserves
[1]. Boron based minerals are undoubtedly one of the
most important underground ore of Turkiye in terms
of reserve amount and diversity [2]. Thanks to these
superiorities, boron minerals are important in obtaining
technological products and materials, contributing
to the production of environmentally friendly and
innovative technologies [3]. Although there are more
than 200 boron compounds in nature, only a few of
them have the opportunity to be used commercially
and industrially [4]. In terms of the amount of reserves
in Tdrkiye, tincal (Na,0,B,0,10H,0), colemanite
(Ca,B,0,,5H,0) and ulexite (Na,0,Ca0,B,0,16H,0)
minerals are widely found [5-7]. Although boron is a
nonmetal in group llIA, it sometimes shows metallic
properties [8]. Its different properties displayed in its
compounds with various metal or nonmetallic elements
allow the use of many boron compounds in industry.
These minerals are used in different applications in
the fiberglass [9], metallurgy, energy storage, defense

industry, waste disposal [10,11], nuclear applications
and catalysts, polymer industry [12], rubber, paint, and
textile industries [13]. In Turkiye, boric acid production
in industry consists of reaction of sulphuric acid with
colemanite [14].

As seen in Eq. (1), borogypsum is formed as a by-
product besides boric acid.

CazB6011H20 + 2H2804 + 6H20 4
6H3BO; + 2CaS0,2H,0 (1)

Kurtbas et al. dissolved the colemanite in a solution
of boric acid saturated with SO, gas, which is used
as an alternative solvent. The reaction was found to
be compatible with the first-order homogeneous model
and the E was found to be 50.15 kJ.mol"" [15]. Guliyev
et al. examined the dissolution kinetics of colemanite
in ammonium hydrogen sulfate presence and tried
to determine an alternative solvent for boric acid
production. It was determined that the diffusion control
from the product film with an activation energy of 32.66
kJ.mol" fits the model [16]. Kizilca and Copur dissolved
the colemanite in the presence of methanol in the
pressurized reactor environment and determined that
it followed the second-order homogeneous model with
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an activation energy of 51.4 kJ.mol' [17]. In the study
of Karag6z and Kuslu, colemanite ore was dissolved
with potassium dihydrogen sulfate. The suitability of the
process to the chemical reaction-controlled model was
determined and the activation energy was found to be
41.88 kJ.mol* [18]. Mumcu et al. provided dissolution
of colemanite ore in sodium bisulfate solution as an
alternative solvent. In a two-stage dissolution process;
the dissolution rate was defined from with diffusion-
controlled model from ash film with activation energies
of 3.4 kJ.mol" and 6.1 kJ.mol", respectively [14]. Sis
et al. investigated the dissolution of colemanite in an
aqueous medium in the presence of hydrochloric acid
and it was determined that the reaction rate conformed
to the Avrami model [19].

In Turkiye, an average of 385 thousand tons/year of
boric acid is produced from the reaction of colemanite
with H,SO,, while 855-1155 thousand tons/year of
borogypsum is produced two to three times this
amount [8]. Since the B,O, contained in the structure of
borogypsum will dissolve with rainwater, it mixes with
soil and water and causes environmental pollution [20].
H,SO,, a strong acid used in the industrial process,
provides the dissolution of limestone, dolomite
containing Ca?" and Mg?" in colemanite structures,
and clay structures containing Mg?". When these
minerals react with sulfuric acid, which is a strong
acid, or dissolve with boric acid, a significant amount
of ions pass into the solution, which will reduce the
efficiency of the process [21]. The only source of these
impurities is not the clays in the structure, but also the
SO,*impurity coming from sulfuric acid.

This must be carried out in an environment that will not
affect the side minerals or will affect them only slightly,
to eliminate the situations that will cause environmental
pollution and the impurities coming from the colemanite
structure and H,SO, [22]. Acetic acid, propionic acid,
and similar acids with longer carbon chains can be
used for this purpose [23]. Studies on this subject have
shown that impurities passing into solution in reactions
carried out with organic acids can be controlled [23].
In this study, to minimize the problem of impurities in
boric acid production, we reduced the dissolution of
side minerals in the ore and used propionic acid as a
solvent together with synthetic flue gas to determine
the maximum dissolution conditions of the ore. It is
more advantageous to use propionic acid because it
has weaker acidic properties than H,SO, and acetic
acid and its boiling point is higher than acetic acid.
Thus, the low amount of evaporated acid provides an
advantage for the environment and health. Calcium
propionate Ca(CH,CH,COQ), is formed as a by-
product in the production of boric acid from propionic
acid and colemanite. Calcium propionate, which
also has commercial value, is widely used both as a
preservative additive in bakery and bread and in the
food industry for protective bacteria and fungi [24].
In addition, while boric acid is produced from sulfuric
acid, waste gypsum, which causes environmental
pollution, is prevented from polluting nature. Dissolving

colemanite in a propionic acid solution saturated with
synthetic flue gas produces purer boric acid and does
not create an extra economical situation for removing
impurities. In addition, instead of borogypsum, which
creates environmental pollution, calcium sulfide
(CaS0,0.5H,0), which has high added value, is
formed. Sulfuric acid is generally used in known
methods of producing boric acid. Gases such as CO,
or SO, are also used in the literature. Compared to
the usual methods using sulfuric acid, in the process
will require additional investment costs. For the first
time in this study, colemanite ore was dissolved
simultaneously in a gas and acid environment. The
use of this acid and gas as a solvent is an alternative
reactantdue to the current process and less occurrence
of impurities originating from colemanite. On the other
hand, it is thought that the properties of the boric acid
obtained will be purer in terms of sulfate, calcium, and
magnesium. There is no study in the literature on the
simultaneous dissolution of colemanite in both gas
and acidic solution environments. For this reason, the
investigation of the dissolution effect in propionic acid
solutions saturated with synthetic flue gas is of great
importance in terms of literature.

There is no study in the literature on the simultaneous
dissolution of colemanite in both gas and acidic solution
environments. For this reason, the investigation of the
dissolution effect in propionic acid solutions saturated
with synthetic flue gas is of great importance in terms
of literature. In addition, a new reactant for boric acid
production will be determined.

2. Material and Methods
2.1. Material

The colemanite ore used in the experimental procedure
was obtained from the Emet Boric Acid Factory of Eti
Mine Works. Visible impurities on the mineral were
cleaned and ground with a grinder in a laboratory
environment. Sieves in different size ranges in ASTM
E-11 standards are divided into fractions of 100-150,
150-250, 250-400, and 400-600 uym with a Restch
A-5200 brand vibrating sieve device. In the kinetic
calculations, the arithmetic average of these particle
sizes was used. The moisture in the ore was completely
removed by keeping the experiment samples in an
oven at 100°C until the mass change ceased. The
propionic acid of 99% purity used in the study was
obtained from Merck and synthetic flue gas (13%
S0,, 7% O,, and 80% N,) was obtained from Ankara
gas companies. Chemical analysis of colemanite was
determined by atomic absorption spectrophotometric
and titrimetric gravimetric methods, and the results
are given in Table 1. According to the table, the ore
used contains 34.21% B,0, and 19.24% CaO, and
this value indicates that the ore used contains 67.12%
colemanite. Also, the CaO percentage coming from
colemanite is 9.3% and the CaO percentage coming
from non-colemanite sources is 9.94. The latter is
found in the form of calcite in ore.
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Table 1. The chemical composition of colemanite.

Component B,O,

Ca0 H,0 MgO Moisture Others

% 34.21 19.24 14.66

1.72 0.71 29.46

Measurements were made with the Bruker brand
D8 Discover model, which is based on the X-Ray
diffraction method (XRD), which is based on the
principle that each crystalline phase refracts X-Rays in
a characteristic pattern depending on its unique atomic
arrangements. SEM is a type of electron microscope
that obtains images by scanning the sample surface
with a focused electron beam. Analyzes were carried
out with the Carl Zeiss brand Sigma 300 VP model,
which works according to the logic that electrons
interact with the atoms in the sample and produce
different signals containing information about the
topography and composition of the sample surface.
XRD and SEM analyses of the structural analysis of
the colemanite ore were performed and are given in
Figure 1 and Figure 2.
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Figure 1. XRD analysis of colemanite ore.
2.2. Methods

The parameters and levels of the kinetic study
experiments were determined considering the
preliminary test results and literature information. The
theoretical acid amount and excess acid concentrations
that should be consumed in the dissolution reaction of
colemanite and propionic acid were determined. Fixed
parameters indicated with a symbol of (*) in Table 2
were used to determine the effect of a parameter more
clearly in dissolution experiments. The particle size is
given in Table 2. in the form of two size ranges and
the arithmetic mean value of these two dimensions
is used in kinetic calculations. The experimental plan
and number of the study are given in Appendix 1.

Date: 22 Aug 2022
X Time: 12:2231
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Figuré 2. SEM image of colemanite ore.

In this study, experiments were carried out under
atmospheric pressure and in a double-walled 500 mL
glass reactor. Polyscience SD20R-30-A12E brand
temperature circulator was used to keep the solution
in the reactor at a certain and constant temperature
during leaching. Mechanical mixer with Scilogex
0S20-Pro brand tachometer with digital display for
homogenization of the solution and mixing, Aalborg
brand GFC17 model digital flow meter for sending
synthetic flue gas to the reactor at a certain flow rate,
and Value VE-225SV brand vacuum pump was used
in the filtration stage of the experimental solutions.
The experimental system used during solving in the
laboratory is given in Figure 3.

Figure 3. The system used in the exprimental studies.

Table 2. The parameters and levels used in the experiment.

Parameters Levels
Reaction Tempureture (K) 283,293,303*,313,323
20,40*,60,80

Particle Size (pm)
PA Concentration (M)
E SFG Flow Rate (L/min)

A
B Solid/Fluid Ratio (g/L)
c
D

100-150,150-250,250-400*,400-600

0,0.3375,0.675,1.335
0.05,0.10%,0.15

*Parameter that remains constant while examining the effect of another parameter.
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In the dissolution process, propionic acid/water
at the desired rate is taken into a 500 mL double-
walled glass reactor, and then it reaches the desired
temperature. The solution, which reached a specific
temperature, was saturated with synthetic flue gas
containing SO, and then the dissolution reaction was
started by adding colemanite ore. Solutions in the
form of suspensions were taken and filtered at certain
times within 60 minutes, which was determined as the
total dissolution time. At the end of the experiment, the
entire suspension solution was filtered and the solid
residue was dried at ambient temperature.

The radiation emitted from the hollow cathode lamp
used specifically for the measured element was
passed through the existing flame measured by a
segmented solid-state detector and analyzed with
a Shimadzu AA-7000 model Atomic Absorption
Spectrophotometer. The amount of in the experiment
samples taken was determined with an Atomic
Absorption Spectrophotometer and was stated as
the percent solution passing rate in the calculations.
Fourier Transform Infrared Spectrophotometry (FTIR)
analysis was performed to determine the structure of
the solid residue formed due to the experimental study
and the presence of functional groups. Measurements
were made with the Bruker Tensor Il Diamond ATR-
FTIR device, which has a resolution of 4 cm™ and
a wavelength between 400 and 4000 cm™. Kinetic
modeling data were determined from percentage
solution passing values with the help of the Statistica
10 package. In Eq.(16), the exponential constants (a, b,
¢, d, m) and the regression coefficient (r?) in the kinetic
model were calculated statistically using the Statistica
10 package program, and the Arrhenius constant (A)
and the activation energy (E) were calculated using
the Arrhenius graph.

3. Results and Discussion
3.1. Reactions

The ionization reaction of propionic acid in an aqueous
solution can be written as:

CH;CH,COOH5q) + H,0 —
CH3CH,CO0G, ) + H30%q) (2)

Decomposition reactions of synthetic flue gas into ions
in aqueous medium are as follows.

SOz () S SOz (aq) (3)
SOZ (aq) + Hzo d H302—aq) + Hsog(aq) (4)
HS03 (aq) + H20 = H30(,q) + SO03aq) (5)

In addition to the reaction in Eq.(2), H,0O" ions formed
in Eq.(4) and (5) reactions dissolve the colemanite
ore and form boric acid according to the following
reactions.

2Ca0.3B,0.5H,0(s) + 2H;0(,,, =
2Cayg) + HzBeOT1 ag) + 7H20  (6)

HzB603] (aq) + 2H30,q) + 5H20 S
6H3BO3 (aq.s) (7)

Due to Eq.(6) and Eq.(7) H,O" ions surrounding the
particle decrease, and the acidity value of the solution
increases. Eq.(8) shifts to the right and the SO/
concentration increases.

When Ca** and SO, > ions in the solution reach sufficient
concentrations to ensure [Ca*][SO,*][H,0]**>K_,
calcium sulfite half mol aqueous Ca803.0.5H20(ss,
known as hannebachite, is formed.

Ca%;q) + Sogzaq) + 0.5H20 -
€aS030.5H,04) (8)

The total reaction is given below Eq.(9):

2Ca0. 3B2035H20(S) + ZSOZ(g) + 5H20 —
Z(CaSO30.5H20(S)) + 6H3BO3(aq.S) (9)

Thus, a layer consisting of solid boric acid formed
according to reaction 7 and calcium sulfite
(CaS0,0.5H,0) formed according to reaction 8 will
form around the unreacted core. CaSO,0.5H,0 is
solid and insoluble in water, but solid boric acid is
soluble in it. For this reason, at any moment, a tight
solid boric acid + CaS0,0.5H,0 layer controlling the
reaction rate will form around the unreacted core and
this layer, there will be a porous layer of CaS0O,0.5H,0
layer including does not affect the reaction rate.
X-ray diffraction and FTIR results of the solid residue
occurring during experimental studies, seen in Figure
4 (a) and (b) confirm this.

3.2. Effect of Parameters

The effects of particle size, reaction temperature,
propionic acid concentration, solid/liquid ratio, and
synthetic flue gas flow rate on Ca** passing into SO,
saturated solution were investigated. The graphs of
fractions of Ca?* passing to solution versus time were
determined using the parameters and levels indicated
in Table 2. For the kinetic calculation, the dissolution
fraction of Ca?* in the solution was calculated according
to the Eq.(10).

. . . Amount of Ca?* in solution (m
Dissolution fraction X4} = T me) - (10)
The amount Ca?* in original ore (mg)

3.2.1. Effect of reaction temperature

Temperature is one of the most essential factors for
dissolution kinetics. The effect of reaction temperature
on the passing of Ca? ions in the structure of
colemanite into solution was investigated at 283,
293, 303, 313, and 323 K. The graph of the obtained
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Solide residue
Hannebachite CaS0;.0.5H,0
CaC0; - CaS0,.2H,0

€aS0,.2H,0
Caco,
Cas0;.2H,0
€a$03.0.5H,0

Intensity (cps)
N
(=)
[=]
o
Ca$0:.0.5H,0
€aS0,.0.5H,0

Ca$03.0.5H,0

1500
1000 1
0 T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60

2 Theta (deg)

(b) 12

o
o
Transmittance [%]

1111.92

4000 3000 2000 1000 0
Wavenumber cm™*

Figure 4. a) X-ray diffraction and b) FTIR results of the solid residue obtained in experiments.

dissolution percentages versus time is given in Figure
5. Since the kinetic energies of the molecules increase
exponentially with the increase in temperature, it
increases the collision rate of the molecules per unit of
time [2,23,25,26]. For this reason, it is seen in Figure 5
that the increase in the reaction rate and the amount of
Ca? passing into the solution in the agueous medium
with the increase in temperature.

0 10 20 30 40 50 60
t (min)
Figure 5. Effect of the reaction temperature on Ca? released
during the dissolution of colemanite in SFG-saturated
solution.

3.2.2. Effect of solid-liquid ratio

The effect of solid/liquid ratio on Ca?* ions in the
colemanite structure to passing into solution was
investigated at 20, 40, 60, and 80 g.L" ratios. The
graph of the amount of Ca?* ions passing into the
solution versus time is shown in Figure 6. As shown in
Figure 5 the increase in the solid/liquid ratio to causes
a decrease in the dissolution rate of Ca?*. This situation
is due to the increase in the amount of reactant per
unit solvent. Similar results were observed in the
dissolution of colemanite ore in methanol, ammonium
hydrogen sulfate, and sulfuric acid solutions [16,17,27].
On the other hand, the mass of Ca?* ions passing to
the solution under the same conditions increases as
the solid/liquid ratio increases. As a matter of fact, at
the end of the 60-minute experiments at 20, 40, 60
and 80 g.L" solid/liquid ratios, the fractions of Ca*
ions passing into the solution were 71.5, 64, 60 and
54%, respectively, while the mass values of Ca?* ions
passing into the solution were 982, 1605, 2142 and
3225 mg, respectively.

The physical values of the boric acid formed can
be calculated or measured. For example, if 50% of
colemanite is dissolved at a solid/liquid ratio of 20 g.L ™,
10 g of colemanite will be used, 5 grams of which will be
dissolved and 4.44 g of H,BO, will be formed. Therefore,
the boric acid concentration will be 4.44g/0.5 L = 8.88
g.L". Since this is a low concentration, the calculable
properties of boric acid and the yield of boric acid have
not been calculated. Kinetic studies are performed at
low solid/liquid ratios and only kinetics and reaction
mechanisms are evaluated in these studies.
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Figure 6. Effect of the solid/liquid ratio on Ca?* released
during the dissolution of colemanite in SFG saturated
solution.

3.2.3. Effect of particle size

The effect of particle size on Ca?* ions in the colemanite
structure passes into solution was investigated using
fractions of 100-150, 150-250, 250-400, and 400-600
pum. The graph of the passing values of Ca?* ions into
solution versus time is given in Figure 7. As seen in
Figure 7, as the surface area of the amount of solid
per solution amount increases with the increase in
grain size, the amount of Ca2* passing into the solution
decreases. Therefore, it is expected that the decrease
in particle size will increase the Ca?* dissolution rate.

3.2.4. Effect of acid concentration

The effect of the propionic acid concentration on the rate
of Ca?* ions in the colemanite structure was examined
at the concentrations of 0 M, 0.3375 M, 0.675 M, and
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So3
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Figure 7. Effect of the particle size on Ca? released during
the dissolution of colemanite in SFG saturated solution.

1.355 M. The graph of the passing values of Ca?" ions
to solution versus time is shown in Figure 8. As seen in
Figure 8, the increase in propionic acid concentration
increases the conversion rate of Ca?"in the solution.
This situation is thought to increase the hydronium
ion (H,0*) in the solution with the increase of the
propionic acid concentration and thus accelerate the
reaction mechanism [12, 28]. According to Equation 9,
the solid CaS0,0.5H,0 formed around the unreacted
core has a more porous structure than the absence of
propionic acid. For this reason, the dissolution reaction
is expected to occur faster. If there is no propionic acid
in the solution, the dissolution is carried out by the
ions formed by the SO, in the SFG passed through
the solution according to reactions 3-5. H,O* ions
dissolve the colemanite ore according to reactions 6
and 7. When Ca* and SO,* ions in the solution reach
sufficient concentration, hannebachite (CaSO,0.5H,0)
is formed according to reaction 8. When propionic acid
is added to the reaction medium, reactions 6-8 occur
faster as the propionic acid concentration increases.
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0.5

0.4

03

Ca in solution (%)
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0 10 20 30 40 50 60

t (min)
Figure 8. Effect of PA concentration on Ca?* released during
the dissolution of colemanite in SFG saturated solution.

3.2.5. Effect of synthetic flue gas

The effect of SFG on the rate of the passing of Ca?
ions in the structure of colemanite into solution was
investigated at 0.05, 0.10, and 0.15 L/min flow rates.
The graph of the solution pass values of Ca?* ions
versus time is shown in Figure 9. As seen in Figure
9, the increase in the synthetic flue gas flow rate

increases the Ca?* dissolution rate. As seen in Eq.(4)
and Eq.(5), the increase in synthetic flue gas flow
rate increases the H,O* ion concentration and this
increases the dissolution rate of colemanite. Here, as
the flow rate of SFG increases, the instantaneous SO,
concentration in the solution increases. In this case,
reactions 3-5 shift to the right and the formation rate
of H,0" ions increases. This increases the speed of
reactions 6-8.
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Figure 9. Effect of synthetic flue gas flow rate on Ca?
released during the dissolution of colemanite in SFG
saturated solution.

3.3 Kinetic Analysis

Chemical kinetics is a field that enables the derivation
of mathematical models describing the rates and
mechanisms of the reactions, the direction in which
the reaction takes place, and the effects of chemical
reactions on the rate and chemical reactions. The
chemical reaction can occur in a single phase
(homogeneous reaction) or multiple phases
(heterogeneous reaction). The dissolution kinetics of
Ca?* in solutions saturated with SO, in the synthetic
flue gas content of colemanite ore were analyzed
according to homogeneous and heterogeneous
models. The reaction rate equations were tried by the
rate control mechanisms and the regression (r?) values
were obtained as in Table 3.

The reaction model with the highest r? resistance
is considered the step controlling the rate. It was
determined that the “Avrami” model was the most
suitable model and a kinetic model was derived that
represents the process in line with the effects of the
parameters. This result is also consistent with the
observation of calcium sulfite crystals on colemanite
particles.

The reaction rate expression of the Avrami model is
seen in Eq.(11).

ktm = -In (1-X) (11)
If the logarithm of Eq.(11) is taken;
Ink + mint = In[—In(1 —x)] (12)

Eq.(12) is obtained.
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Table 3. Reaction rate equations were tried in modeling and r? values found

Equations Speed Control Models r?

kt™ = -In (1-X) Avrami 0.931
kt= 1-3(1-X)*® + 2(1-X)  Ash film diffusion control for fixed-size spheres 0.850
kt = -In(1-X) 1. Pseudo homogenous reaction model 0.528
kt= X /1-X 2. Pseudo homogenous reaction model 0.912
kt = X2 Ash film diffusion control for fixed-size flat plate 0.724
kt = X + (1-X)In(1-X) Ash film diffusion control for fixed-size cylinder 0.820

The graphs of Int versus In[-In(1-x)] for different
temperature values are given in Figure 10. The Ink was
determined from the value at which each temperature
line intercepts the ordinate.

2.4

2.2 .
& 283K r=0.9285

20| a293K r=0.9079 >
18 | <303k r-0.9426 .

16 313K r’-0.9444

) ~+-323K r’=0.9878 * -
1.4 . A

1.2
1.0 ° . &
0.8
0.6
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0.2
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InIn{1-X)1
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-
a o -
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int
Figure 10. Variation of In[-In(1-X)] versus Int for different
reaction temperatures.

30 35 4.0 45

The graph shows that each temperature line forms
a curve. The reaction rate constant k, which is
dependent on the temperature, is found from the slope
of temperature lines in Figure 10 and is used to identify
the relation between k and T in the Arrhenius equation
[29,30].

k= Ae /Rr (13)

Eq.(14) is obtained by taking the natural logarithm of
Eq.(13).

Ink = InA — E/pr (14)

The Arrhenius graph in Figure 11 is obtained by
graphing Ink versus 1/T(K) for each temperature value
The activation energy (E) was calculated as 26.83
kJ.mol" and the Arrhenius constant (A) was calculated
as 8.9¥10° from the slope and y-intercept of the
Arrhenius graph, respectively. The determination of the
activation energy of the process as 26.83 kJ.mol ", that
is, not above 40 kd/mol, confirms that the dissolution
rate of the process is controlled by diffusion from the
Avrami model [31]. Similar results were obtained by
dissolving colemanite, nitric acid, ammonium hydrogen
sulfate, oxalic acid, and ulexite in perchloric acid and

2.4

2.0

1.6
y=-9.1232+3.227%
r?=0.9861

-Ink

1.2

(3

0.8

3.0 3.1 3.2 33 3.4 3.5 3.6
1/T(K)*1000
Figure 11. Arrhenius graph of the dissolution reaction of
colemanite.

CO, solutions [16,32-35].
k = A(KS)?(D)?(C)¢(GD)de /Rt (15)

Eq.(16) is obtained if the open form of the rate constant
(k) in the Avrami model is written in Eq.(15).

In(1-X3}) = A(KS)?(D)P(C)¢(GD)de /rrm (16)

The a, b, ¢, d, m exponential constants in Eq.(16) were
calculated using the Statistica 10 package program
with multiple regression method, and the Arrhenius
constant and the activation energy were calculated
using the Arrhenius graph. The obtained data are
written in the appropriate places in Eq.(16), and the
mathematical version of the Avrami model is obtained
in Eq.(17).

In(1—X2!) = 8.9 » 103(KS)~0675(D) 019
(C)°279(GD)*435¢ ™ /Rri0362 (17)

The theoretical dissolution percentage values of Ca?
in Figure 12 were calculated using Eq.(17) in the
Statistica 10 package program, and the experimental
dissolution percentage values were calculated using
the Avrami model equation. Sorting the theoretical
percent dissolution and experimental dissolution
percentage values on the same diagonal in the
graph shows that the experimental and theoretical
transformation results of the model chosen for this
process are in harmony with each other.
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Figure 12. Harmony of experimental and theoretical
conversion values.

4. Conclusion

In this study, an alternate reactant was proposed for the
production of boric acid, and the kinetics of Ca?* were
studied in the dissolution of colemanite in a propionic
acid solution saturated with synthetic flue gas in an
atmospheric pressure environment. This study has
shown that the kinetic model of the dissolution process
of colemanite mineral in propionic acid solutions
saturated with synthetic flue gas can be expressed
by the Avrami model due to the crystallization of the
product and by-products on the mineral surface. It was
also determined that the precipitation of CaS0O,0.5H,0,
CaCO,, and CaSO,2H20 on the mineral surface made
it difficult for the diffusion of H,O" to the unreacted
mineral surface. Following results were obtained;

* As the reaction temperature, acid concentration, and
synthetic flue gas flow rate increase, the amount of
Ca? passing into the solution and its rate of passing
increase. The same results were obtained in studies
on the effect of temperature increase and increase in
acid concentration on the dissolution of colemanite.

 As the solid-liquid ratio and grain size increase, the
Ca?" ions that pass into the solution decrease.

» Weakly acidic propionic acid and synthetic flue gas
containing low SO, can dissolve colemanite ore for
boric acid production. It is suitable as a new solvent
reactant for a boric acid production process which
the generation of environmentally harmful by-
products (borogypsum) is minimal.

* Homogeneous and heterogeneous models were
tried on the experimental results to determine
the dissolution kinetic model of Ca?* that passes
into solution in an aqueous medium. It has been
determined that the process fits the Avrami model
[In(1-X) =kt™]. The activation energy was found to be
26.83 kJ.mol™.

* A mathematical model based on the specified
parameters was derived.

-In (1-Xca2*) = 8.9%103(KS)0-675(D)0-19
(C)0-279(GD)0:435 g-26.83/RT 0.362

Symbols
A : Frequency factor
a, b, ¢, d, m : Model constants
C : Propionic acid concentration (M)
D : Average particle size (um)
E : Activation energy
GD : Synthetic flue gas flow rate (mL/min)
k : Reaction rate constant
L : Liquid amount (mL)
PA : Propionic acid
R : Ideal gas constant
[8.314 kJ.(kmol.K) "]
r : Regression coefficient
] : Solid amount (g)
SFG : Synthetic flue gas
T : Temperature (K)
t : Time (min)
X : Conversion fraction
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Appendices

Appendix-A1

Table A1. Kinetic study experiment plan.

Experiment Reaction Solidll_=luid Par_ticle Acid ) SFG Flow
No Tempureture Ratio Size Concentration Rat_e
(K) (g/L) (um) (M) (L/min)
1 183 40 250-400 0.675 0.10
2 293 40 250-400 0.675 0.10
3 303 404 250-400 0.675 0.10
4 313 40 250-400 0.675 0.10
5 323 20 250-400 0.675 0.10
6 303 60 250-400 0.675 0.10
7 303 80 250-400 0.675 0.10
8 303 40 250-400 0.675 0.10
9 303 40 250-400 0.675 0.10
10 303 40 100-150 0.675 0.10
1" 303 40 150-250 0.675 0.10
12 303 40 400-600 0 0.10
13 303 40 250-400 0.3378 0.10
14 303 40 250-400 1.335 0.10
15 303 40 250-400 0.675 0.05
16 303 40 250-400 0.675 0.15
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