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ABSTRACT

Nowadays, boron and its derivatives are widely used in
industrial and technological areas. Boron minerals are the
main sources for obtaining pure boron chemicals in the usage
of different applications such as the defense industry, health,
industry, kitchen equipments, etc. In this paper, for the first
time, it has been reported the dissolution behaviors and
kinetics parameters of ulexite in the boric acid solution. To
solve ulexite by boric acid is important, because boric acid as
a solvent prevents the formation of impurities, and therfeore
our study is a first in the literature. In this context, the
dissolution of the ulexite has been investigated under various
experimental parameters such as temperatures, acid
concentration, solid/liquid ratio, particle size, dissolution rate,
and stirring speed. The experimental findings shown that the
dissolution kinetics of ulexite increase with an increase in
temperature and acid concentration and a decrease in particle
size, but decrease with mixing speed in the acid. Moreover,
the dissolution of ulexite in boric acid and activation energy
were evaluated. As a result, it was found that the dissolution
kinetics were compatible with the chemical control model and
the activation energy was 22.024 kJ mol™.

Keywords: Ulexite, boric acid, dissolution, kinetic, activation
energy.

Uleksitin borik asit ¢6zeltisinde ¢oziinme ve
kinetik parametre davraniglarinin incelenmesi

0z

Giintimiizde bor ve tiirevleri yaygin olarak endiistri ve
teknolojik alanlarda  kullamilmaktadir. Bor mineralleri
savunma sanayi, saglik, mutfak ekipmanlar1 vb. alanlarda
kullanilan saf bor kimyasallarint elde etmek icin ana
kaynaklardir. Bu calismada, ilk kez, uleksitin borik asit
cozeltisindeki ¢6ziinme davramglari ve kinetik paramaterleri
rapor edilmistir. Uleksiti borik asitte ¢6zmek 6nemlidir, ¢linkii
bir ¢6ziicli olarak borik asit safsizliklarin olusumun engeller
ve bu nedenle ¢alismamz literatiirde bir ilktir. Bu baglamda,
uleksitin ¢oziinmesi, sicakliklar, asit konsantrasyonu, kati/sivi
orani, partikiil boyutu, ¢6ziinme hizi ve karigtirma hizi gibi
cesitli deneysel parametreler altinda incelenmistir. Deneysel
bulgular, iileksitin ¢6ziinme kinetiginin sicaklik ve asit
konsantrasyonundaki artis ve partikiil boyutundaki azalma ile
arttigini, ancak asitteki karigirma hizi ile azaldigim
gostermistir. Ayrica, uleksitin borik asittteki ¢dzmesi ve
aktivasyon enerjisi  degerlendirildi. = Sonugta  dziinme
kinetiginin kimyasal kontrol modeli ile uyumlu oldugu ve
aktivasyon enerjisinin 22,024 kJ mol™ oldugu bulundu.

Anahtar Kelimeler: Uleksit, borik asit, ¢6ziime, kinetik,
aktivasyon enerji.

1. INTRODUCTION

Many different boron minerals such as borax, tincal,
colemanite, and ulexite are present and commercially
important. Generally, almost all of these minerals are
found in some different salt forms and all of these
minerals contain B203." The increasing demand for
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boron mineral in different fields such as ceramic and
glass industries, nuclear technology, refractors,
catalysts, polymer production, increases the importance
of boron minerals and derivatives. The examples of the
current studies on ulexite and boron minerals include
solidification of nuclear radioactive wastes, cementite-
based composite neutron protection properties, and
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effects on borates' portland cement.*”’ These boron
minerals mentioned are raw materials and used to
produce boron compounds.

Ulexite is one of the raw materials and sources of boron
elements used widely to produce boric acid, sodium
perborate, etc. Ulexite as a hydrate contain
sodium/calcium borate, and its formula has been
detected as Na20°2CaO-5BZO3.16HZO.8’10 Boron oxide,
sodium perborate, boric acid are some of the
compounds obtained from boron minerals and applied
commercially and widely in various applications. Boric
acid has a wide usage area to obtain the boron mineral
among these boron compounds. For example, various
chemicals like boron carbide, boron halides, organic
borate, borate carbide are produced using boric acid.
Alkaline and alkali borates, metals mixed, acidic
minerals, and crystallized boric acid are the other
chemicals that are produced from boron minerals.
Generally, commercial methods have been preferred to
fabricate boric acid'*? So far, various acids have been
used by reacted with boron minerals to obtain boric
acid.

Ina study,13 colemanite was tested with sulfuric acid
under different experimental parameters to obtain boric
acid. However, forming gypsum as a precipitate
by-product and the presence of boric acid in the liquid

phase in this reaction are some of the harnesses such as
sulfate contamination that cause environmental
pollution. Furtherly, gypsum formation in the mentioned
reaction exhibits the other adverse effects on soil and
groundwater.”**> Therefore, many different methods
have been applied in various works. In these works, a
lot of reactants such as nitric acid, chlorides,
carbonate/sulfate of ammonia and caustic soda have
been used to obtain boric acid from different boron
minerals.”***® To reveal behaviors of leaching, some
different acids such as organic acids of citric acid, lactic
acid, acetic acid, gluconic acid have been tested on
different boron minerals."*?* However, while the
selectivity of organic acids is high, they are weak and
exhibit low activity.® Also, some inorganic acids such as
ammonium nitrate, sulfur dioxide saturated water,
sulfuric acid, hydrogen sulfate, ammonium chloride,
and phosphoric acid have also been used in various
studies related to ulexite. However, the mentioned
inorganic acids cause the formation of undesirable by-
products that prevent obtaining pure yield.”>*® For the
mentioned reasons, in this study, for the first time, we
investigated the behaviors of dissolution boric acid that
is a similar substance with B,0s; present in the
composition of ulexite. Table 1 summarizes some
studies conducted on ulexite and their activation
energies.

Table 1. Some studies related to ulexite and their kinetic results

Number Acid and solution Activation Reference
energy (kI mol ™)
1 Acetic acid 55.8 3
2 Ammonium acetate 415 16
3 Ammonium acetate 55.7 29
4 Ammonia solution saturated with CO, 55 30
5 Ammonium chloride 80 31
6 Oxalic acid 59.8 32
7 Boric acid 22.02 This study

In this study, we investigated the dissolution properties
of ulexite in boric acid solution under different
experimental parameters such as acid concentration,
temperature, solid/liquid ratio, and ulexite particle size.
Further, some activation parameters including activation
energy and fitting kinetic modes were also determined.
There is not available any papers related to boric acid in
the literature, so we think the investigation of boric acid
effect on ulexite dissolution is a very important issue.
Additionally, we think that the current study will add
novelties related to the extraction contents of boron
mineral, especially for boric acid content.

2. MATERIALS AND METHODS

2.1. Chemicals
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NaOH, HCI, EDTA used in the experiments were of
analytical degree and used without any purification, and
they were purchased from Sigma Aldrich. All glassware
was cleaned with deionized water and ethanol. The
ulexite used in the experiments was provided from
Balikesir city in Turkey. Ulexite was cleaned to remove
visible impurities and then crushed to obtain the desired
particle size for use in experiments.

2.2. Experimental procedure and the calculation of
B203 amount

The experimental route is based on that given
elsewhere.** Ulexite dissolution experiments were
carried out in a round bottom 250 ml flask at room
temperature and atmospheric pressure. The mixture was
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stirred using a thermostat mechanical stirrer to control
the temperature of the reaction medium. A typical
experiment was performed by transferring a 100 ml
boric acid solution into the reaction balloon and mixed
for 15 min to reach the equilibrium temperature.

After this time, the desired amount of ulexite was added
to this mixture and reaction launched at certain time
intervals. The dissoluted ulexite at the end reaction was
estimated by a complexometric technique conducted
using the calcium ion (Ca?*) determination method. ** In
this method, after the interactions of ulexite and boric
acid at the end of the experiment, the resulting solution
was filtered and then the amount of B203 in the latest
solution was determined by stochiometric using
reactions given below.

6HsBOs oy + 12H,0() = 6B(OH)s (a) + 6H30" ()
1)

N320.2C30.5Bzo3.16H20(k) + 6H30+ (aq) — P 2Na* (aq)
+2Ca”" (4 +10H3BO3 ) + 10H,0( 2)

Total reaction is summarized as

NaZO.ZCaO.SBZO3.16H20(k)+2H20(5) —p 2Na+(3q) +
2Ca?* (ag) + 6B(OH)y (ag) +10H,05) + 4H3BO34q) ©)

The calculation procedure of B,O; was carried out like
follows.

Firstly, a 10 ml solution taken from 100 ml solution and
diluted to 50 ml. 5 ml of the resulting solution was taken
and adjusted to pH 1 by adding NaOH solution. This
latest solution was titrated using miirecsil indicator and
0.02M EDTA solution.

Due to the equivalent grams of Ca?* and B,0s, the
conversion fraction of uleksit according to B,O; was
calculated from Eq. (4).

B, 03 amount passed to solution

(4)

X =
B, 03 Total B, 03 amount in the sample

The experimental parameters tested in this study are
given in Table 2.

Table 2. Experimental parameters tested on the dissolution ulexite in boric acid solutions

Parameters

Value

Acid concentration (% in wt)
Temperature (°C)

Partical size (mm)

Stirring speed (rpm)
Solid/liquid ratio (g mL™)

Time (min)

1,3,4,6*

30, 40*, 50, 60, 70

0.497, 0.348, 0.273, 0.177*
200, 300, 400*, 500
0.5/100, 1/100, 2/100, 4/100
3, 5, 10, 15, 20, 30, 40, 50

*Common parameters in all the experiments for dissolution ulexite in boric acid.

3. RESULTS AND DISCUSSION

3.1. The effect of temperature and acid

concentration on the dissolution rate

The effect of reaction temperature on the dissolution of
ulexite was studied at the temperatures of 30, 40, 50, 60,
and 70°C. The results obtained from the experiments are
graphed in Figure la. As can be seen from this figure,
the dissolution kinetics of ulexite increased with
increasing temperature. According to the Arrhenius
equation, the dissolution kinetics increased in direct
proportion to the exponential function of the heat.
Arrhenius equation is as follows:

k = koexp (-E/RT) )
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Where, E is activation energy (J mol™). R is universal
gas constant (J mol™® K™). T is absolute temperature (in
Kelvin). k is reaction rate. k, is reaction rate constant
and refers to the number of collisions.

The effect of acid concentration on the dissolution of
ulexite was investigated by using the acid
concentrations of 1, 3, 4 and 6% (w/w) at the reaction
temperature of 40°C, the particle size of 0.213 mm, the
solid-to-liquid 0.01 g ml™, and stirring speed of 400
rpm. The results of the experiments are graphed in
Figure 1b. As seen in Figure 1b, the dissolution rate
increased with rising acid concentration. Because of the
increase of acid concentration, the concentration of
H;O" increased in the solution. Herein, H;O" acts as a
reacting agent. These effects caused an increase in the
dissolution rate.
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Figure 1. Effects of a) temperature. b) acid concentration on
ulexite dissolution

3.2. The effect of particle size and stirring speed on
the dissolution rate

To explain the effect of particle size, ulexite particles of
0.497, 0.348, 0.273, 0.177 mm were prepared and tested
at 40°C, at a stirring speed of 400 rpm and at a
concentration of 6% (w/w) of 0.01 g ml™. The results
obtained are graphed in Figure 2a.

As seen in Figure 2a, the dissolution rate increased with
decreasing ulexite size. Effect of stirring speed on the
dissolution of ulexite was examined at 200, 300, 400,
and 500 rpm at a reaction temperature of 40°C, the
particle size of 0.177, solid-to-liquid of 0.01 g mI™ and
boric acid concentration of %6 (w/w).
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Figure 2. Effects of a) particle size, b) stirring speed on the
dissolution of ulexite.

As seen in Figure 2b, the stirring speed had little effect
on the dissolution of ulexite. Three different Kkinetic
models were tested of ulexite. Three different kinetic
models were teste to detect which parameter fits the
dissolution rate of ulexite in the boric acid solution. As
a result of these evaluations, the pseudo-homogeneous
kinetic models were evaluated. The calculations and
experimental results showed that the best kinetic model
was found to be a chemical reaction control model as 1-
(1-X)"? = kt.

Where, X is Xp, 0, given in Eg. (4). According to this
model, the graph of 1-(1-X)*? versus t at different
temperatures is shown in Figure 3.
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Figure 3. Agreement of experimental data with chemical
reaction control model at different temperatures.

3.3. Solid-to-liquid ratio on the dissolution rate
The effect of solid-liquid ratio on dissolution of ulexite

was investigated by taking 0.5/100, 1/100, 2/100, 4/100.
The results obtained are graphed in Figure 4.

1.2
1 -
0.8
S 0.6
=<
0.4 - —8—0.5 /100 g/ml|
07 - —8—1/100 g/ml
’ 2 /100 g/ml
0 —@—4 /100 g/ml
0 10 20 30 40 50
Time (min)

Figure 4. Effects of the solid-to-liquid ration on the
dissolution of ulexite.

3. 4. Kinetic evaluation of ulexite dissolution in boric
acid solution

Chemical kinetics explains the progress of reactions,
reaction steps, which eaction factors are connected,
product formation conditions. Chemical reactions can
occur in one phase (homogeneous reactions) or in more
phases (heterogeneous reactions). The process used to
dissolve the desired or undesirable products in a
solution containing more than two phases are called
leaching.*>*®
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Reaction systems are divided into two according to their
phases as follows.

1. Homogeneous reactions: In such reactions,
substances react and form in a single phase. Phases may
be solid, liquid or gas. Homogeneous reactions can be
studied catalytically or non-catalytically.****

2. Heterogeneous reactions: These reactions take place
in at least more than two phases. There are some factors
such as interface areas, temperature, pressure, the shape
of the reaction wvessel, fluid-phase diffusion
characteristics that affect reaction rate. The systems
used heterogeneous reactions have some properties such
as solid-liquid compositions, the formation of a product
surrounding solid vyield, the variation of volume and
shape of a solid product during the reaction. The

variation shape of solid products and solid/ liquid
42-47

interaction can cause undesired results. The
reactions that will occur are listed below.

A (fluid) + B (solid) — Fluid Products (6)
Fluid + Solid Reactants — Fluid Products @)
Fluid + Solid Reactants — Solid Products (8)

Fluid + Solid Reactants — Fluid and solid product (9)

Solid Reactants — Fluid products (10)

Solid Reactants — Fluid and solid products (11)
In reactions with the excessive liquid phase, the
concentration is considered to remain constant during
the reaction.”**>***4" The equations that is applied to
systems where such a liquid component is constant and
our evaluations of the results for different models are
given in Table 3.

The kinetics of the reaction between ulexite ore and
boric acid were analyzed graphically and statistically
using homogeneous and heterogeneous reaction models.
The value of R? was found as 0.9821for the diffusion
controlled kinetic model (Table 3), and this indicated
that the diffusion control model from the fluid film was
valid.

3.4.1. Dependence on particle size and acid
concentration

Using the results of experiments with particle sizes of
0.497, 0.348, 0.273, 0.177 mm, affecting the conversion
speed, 1— (1 — X) */? values are obtained graph against t.
From the slope of the plot in Figure 5a, the apparent rate
constant (ky) values for each fraction were calculated.
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Table 3. Integer rate equations and regression coefficients for reaction kinetics

Rate equations Rate control types R?
kt = -In (1-X) The homogeneous first phase reaction model 0.7277
Kt = 1- 3 (1-X)%% + 2(1-X) Ash (or product) for fixed-size particle diffusion-controlled 0.9447
- from the film. '
kt=1- (1-X)* Controlled chemical reaction model. 0.9799
— 1 (1512 Diffusion from the fluid film for the shrinking sphere
kt=1- (1-X) controlled. 0.9821
Kt=1- (1-X)2° Diffusion from the fluid film for shrinking sphere 0.9818

controlled (small ones).

The relation between the initial rate and particle size,

k =k (Rp)* (12)
where, K is reaction rate. k; is reaction rate constant. Rp
indicates particle size. a is a constant depending on the
number of particles. k; can be expressed as follows:

ki = ko [C]o” (S/L)° (St.speed)” e ERT (13)
where Ky is reaction rate, ko is the reaction rate constant
depends on stirring speed, [C]o indicates initial acid
concentration (M). S/L is solid-liquid ratio. St.speed
indicates mixing speed. E is activation energy. R is
universl gas contant (8.314 J mol™ K™). T is temperatute
(K). b, ¢, and d are constants.

On the other hand, the linear form of Eq. (12) can be
given as follows:

Ink=Ink; +alnRp (14)
The plot of In k versus In (Rp) is shown in Figure 5a.

From the lope of this plot, The value of a was found to
be -9412.

The results calculated in Eq. (12) gives Eq. (15).

k = kl (Rp) —-0,9412 (15)
While analyzing the effect of acid concentration on
conversion rate and the values of 1-(1-X)"?, the plot of
In (k) versus In (Cy) was obtained by using boric acid
solutions of 1%, 3%, 4%, and 6% (Figure5b).

Relatioship between reaction rate constant (k;) and acid
concentration can be given as follows
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ki = k. [C]o° (16)
From the linear form of this equation, the values of In k;
against In[C], values were plotted (Figure 5b) and the
value of b was found as 0.4420 from the slope of the
obtained plot. Accordingly, Eq. (17) can be obtained as:
ki = k2 (Rp) % [C] o ***° (17
Here k, is independent of particle size and acid
concentration.

3.4.2. Dependence on solid/liquid ratio and stirring
speed

Using the values of 1-(1-X)? and the results of
experiments performed on the conversion rate with
solid/liquid ratios of 0.5 / 100, 1/100, 2/100, 4/100
g ml™, Figure 6a was obtained according to the linear
equation of Eq. (18).
ky = ks (S/L)* (18)
where, k, is the reaction rate, ks is the reaction constant
and c is a constant depends on solid/liquid rate. Figure
6a shows the plot of In (S/L) against In k,. The value of
¢ fom the slope of the plot in Figure 6a was found
-0.6450. According to this, the following equation can
be obtained

k2 - k3 (Rp) -0.9412 [C] 0.4420 (S/ L) —0.6450 (19)
Where k; is reaction rate, ks is the reaction rate constant,
Rp is particle size, [C] is concentration, S/L is
solid/liquid ratio.
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N
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Figure 5. a) The plot of a) In (k) versus In Rp, b) the plot of
In (k;) against In C,.

The data of 1- (1-X) *? values and the results of the
experiments of mixing speeds of 20.9439, 31.4159,
41.8879, 52.3598 radians / second of the conversion
speed change were used in obtaining of Figure 6a using
the linear form of Eq. (20).
ks = kq (St.speed)® (20)
Where, k; is reaction rate. k4 is a rate constant
independent of the mixing speed. d is the exponential
constant.Figure 6b shows the plot of In ks against In
(St.speed). The value of d was determined as 0.0582
from the slope of the plot in Figure 6b.

According to this, Eqg. (21) can be obtained.

k3 - k4(Rp) —0.9412 [C]0.4420 (S/L) —0.6450 (Stspeed) 0.05809
(21)
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Figure 6. The plot of In a)(ky) against In S/L ratio, b) The
plot of In (k) versus In (St. speed).

Where, ke is reaction rate. k, is a rate constant in
dependent of particle size. [C] is acid concentration, S/L
is solid/liquid ratio. St.speed is mixing speed.

3.4.3. Dependence on reaction temperature

While examining the effect of reaction temperature on
the conversion rate, the results of experiments with
temperatures of 303, 313, 323, 333, and 343 K were
obtained. Reaction rates obtained from the result of the
experiments at different temperatures were used to
obtain the Arrhenius graph in Figure 7. Arrhenius
equation gives the change between reaction rate
constant k, and reaction temperature (Eq. 22).

ks = ko.e B/RT (22)
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Assuming that there is a relation of the shape, 1/T
values are graphed against In k, values (Figure 7) and
activation energy and Arrhenius constant were found
from the slope of the plot obtained.

-8.4 T T

0.0p28 - 0.003 0.0032
-8.6 e,

0.0p34

1/7 (K)

Figure 7. The plot of In k4 versus 1/T for ulexite reaction in
boric acid.

The speed expression representing the transformation of
the ulexite ore in the boric acid solutions by replacing
the a, b, c, d, E and k, values that show the effect of the
parameters examined according to these results, a
mathematical model was obtained as given below:

17 (17X)1/2 — k4(Rp) -0,9412 [C]O 0,4420 (S/L) —-0,6450

(St.speed) 0,05809e—2649,1226 T (23)
Where k4 is independent of paricle size. Rp is particle
size. [C]y is initial acid concentration, S/L is solid/liquid
ratio. St.speed is mixing speed.

4. CONCLUSIONS

In summary, the findings of this study can be expressed
as follows:

The common values of the parameters used in the
experiments are: particle size 0.177 mm, boric acid
concentration 6%, mixing speed 400 rpm, solid/liquid
ratio 1/100 g ml™, reaction temperature 40°C. And the
following equations can be revealed

1- (1-x) "2 = kt (24)

k = ko (Rp)® [C]o” (S/L)° (St.speed)” e ERT (25)
Herein, the values of a, b, ¢, d and -E/R values were
found as a: -1.013, b: 0.4579, c: -0.650, d: 0.0545,
E/R: —2649.1226, respectively.
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By replacing these values, the speed expression
representing the transformation of ulexite ore in boric
acid solutions can be given as follows:

1— (l_x)l/Z — [ZOZ(RP) —1,013[C]00,4579(S/L) -0,650

(St.speed)0,0545e —2649,12/ T] t (26)

Herein, it has been obtained as a mathematical model.

In this study, it was found that the dissolution rate
increased with the decrease in the particle size, the
solid/liquid ratio, the acid concentration, and the
reaction temperature. The mixing rate did not change
the dissolution rate much. In all the experiments in
which common parameters were kept constant, it was
found that the best dissolution occurred at a temperature
of 70°C for 40 min.
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