
ASIAN JOURNAL OF CHEMISTRYASIAN JOURNAL OF CHEMISTRY

INTRODUCTION

Dissolution of inorganic compounds in aqueous solutions
is considered as chemical process. Dissolution of boron minerals
in aqueous solutions is one of special importance in hydrometa-
llurgical processes. Boron is known as an element and attracts
due to its strategic importance and having industrial impor-
tance. Boron minerals are important resources of Turkey. The
dissolution of boron minerals is a key stage in hydrometa-
llurgical processes and very important in aqueous systems.
They are found in the form of borates (oxides) in nature. The
main boron minerals are ulexite (Na2O·2CaO· 5B2O3·16H2O),
colemanite (Ca2B6O11·5H2O), tincal (Na2 B4O7·10H2O), kernite
(Na2B4O7·4H2O), datolite (Ca2B2O5·Si2 O5·H2O) and
hydroboracid (CaMgB6O11·6H2O). They can be employed as
raw materials in some industries1-4. One of the most important
minerals is ulexite, a hydrated calcium-sodium borate. It is a
type of hydrated calcium borate with a monoclinic crystal
structure and contains many clay minerals. It is used to produce
boric acid5,6. Boric acid is the most common product of the
boron minerals. It is used as starting material in the preparation
of many boron chemicals4-7.

There are many studies in the literature connected with
optimization of the dissolution of ulexite and other chemicals
in different aqueous solutions. Aycan et al.8 used the Taguchi
method to determine optimum conditions for the dissolution
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of ulexite in perchloric acid solutions. They chose parameters
such as solid-to-liquid ratio, reaction time, particle size and
acid concentration for optimization process. They took as
constant the stirring speed and the reaction temperature in the
experiments. They determinated 0.1 g/mL for solid to liquid
ratio; 215 µm for particle size; 24 min for reaction time; 500
rpm for stirring speed; 30 °C for reaction temperature and 2
mol/dm3 for acid concentration the optimum conditions. Under
these conditions, the boric acid extraction from ulexite was
reached a value of 99 %. Küçük9 used the Taguchi method to
determine optimum conditions for the dissolution of ulexite
in NH4Cl solutions. He chose between 50-87 °C for reaction
temperature, 0.05-0.20 g mL-1 for solid-to-liquid ratio, 1-4 M
for NH4Cl concentration, 5-25 min. for reaction time and (-850
+ 600)-(-90) µm for particle size the ranges of experimental
parameters found to be 87 °C, 0.05 g mL-1, 4 M, (-300 + 212)
µm and 18 min, respectively. Under these optimum conditions,
the dissolution percentage of ulexite in NH4Cl solution was
98.37. Küçük et al.10 used the Taguchi method to determine
the optimum conditions for the dissolution of ulexite in
ammonium sulphate solutions. The reaction maintained
between 60-88 °C for reaction temperature, 0.05-0.15 g mL-1

for solid to liquid ratio, 5-20 min, for reaction time and (-850
+ 600)-(-90) µm for particle size the ranges of experimental
parameters. They identified to be 88 °C, 0.1 g mL-1, -90 µm
and 20 min, respectively. Under these conditions, the predicted
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and experimental dissolution percentages of ulexite in ammo-
nium sulphate solutions were 98.60 and 98.36, respectively.

Küçük and Kocakerim11 used the Taguchi method to deter-
mine optimum conditions for the dissolution of ulexite in water
saturated with SO2 to produce monosodium pentaborate
(NaB5O8) in a new process. In other studies related to optimi-
zation, Çalban et al.12 researched statistical modelling of
Chevreul's salt recovery from leach solutions contained copper.
They determined the optimum precipitation conditions of
Chevreul's salt using leach solutions. They found as pH 3,
temperature 62 °C, stirring speed 600 rpm, reaction time 12
min, SO2 flow rate 358 L h-1 and concentration of CuSO4

solution 7.383 gCu L-1.
Yesilyurt and Çalban13 precipitated the Chevreul's salt

from mixture of CuSO4 and Na2SO3 solutions. They deter-
mined the optimum precipitation conditions as temperature
60 °C, [SO3

-2]/[Cu+2] ratio 1.6, pH 3, stirring speed 500 rpm
and reaction time 20 min. Kuslu et al.14 investigated the optimi-
zation of removal of silver from anode slime in ammonium
thiosulfate solutions by microwave using statistical design
methods. Çalban et al.15 studied the optimization of removal
of lead from anode slime in triethanolamine solutions by the
microwave effect using statistical design methods. Çalban and
Kavcl16 optimized the removal of calcium from soda liquid
waste containing calcium chlorine. Yesilyurt et al.17 determined
the optimum conditions on colemanite dissolution in H3PO4

solutions.
The aim of our study was to investigate the optimum disso-

lution of ulexite mineral at high temperature in aqueous and
borax pentahydrate solutions saturated with CO2 in a mecha-
nical agitation system. In our study, we researched the effects
of parameters such as solid-to-liquid ratio, reaction tempe-
rature, particle size and reaction time on optimumdissolution
of ulexite mineral. 2n factorial experimental design and
orthogonal central composite design methods in the dissolution
experiments were used.

EXPERIMENTAL

Experimental design is widely used for controlling the
effects of parameters in many processes. Its usage decreases
the number of experiments, using time and the quantity of
materials used. Furthermore, analysis based on the results is
easily carried out and experimental errors are minimized.
Statistical methods measure the effects of change in operating
variables and their interactions on the process through factorial
experimental designs. Today, the most widely used experi-
mental design to estimate main effects, intercalarily interaction
effects is the 2n factorial design. According to the 2n factorial
experimental design method, the principal steps of experiments
are designed: determination of response variables, choice of
factor levels and statistical analysis of the data. Consequently,
the final step of the work is to obtain a statistical regression
model18. A factor is any aspect of experimental conditions
affecting the results of experiments. A two-level experimental
design requires 2n runs for two levels of each factor. Coded
values of variables are high level = +1 and low level = -1. The
centre coordinates are zero between factor levels and this value
coincides with the origin of coordinates.

The variance analysis Tables (ANOVA) show the effects
of all variables and their mutual interactions19,20. Experimental
data based on the design is fitted to a second-order polynomial
equation as follows.

n n n n
2 2

o i i ii i i ij i j
i=1 i=1 i=1 j=1

Ŷ = b + b X + b (X - X ) + b X X∑ ∑ ∑∑ (1)

where, the coefficient bi shows the main effects of the factors
Xi; bii and bij coefficients represent second-order interaction
terms. The independent term b0 represents the response at the
zero level of every factor (X1 = X2 = X3 = Xi = 0).

The main effects and interactions obtained from regression
model are entirely half values obtained from the Yates algoritm.
This is because of the response over two levels of each indepen-
dent variable (from -1 to +1)21,22.

Second-order effects cannot be estimated by 2n factorial
designs. If the variance analysis indicates that second-order
effects are significant, auxiliary experiments are carried out.
Among various second-order designs, the orthogonal central
composite design is the most popular which requires 2n auxi-
liary runs conducted at two new factor levels, -β , +β. They
are calculated by the following relation:

1/4
QF

=
4

 
β  

 
(2)

1/2 1/2 2Q = [(N) - (F) ] (3)

0N = 2n + F + m (4)

where F is the number of experiments in the factorial design,
N is the total number of experiments and m0 is the number of
central replicates.

In the planning of experimental designs, coded values are
usually used instead of absolute values of the variables. The
relationship between coded value (X) and absolute value (Z)
is as follows:

( )
( )

0

2 1

2 Z – Z
X =

Z – Z (5)

where Z1 is the low level, Z2 is the high level and Z0 is the
medium level of the variable19,20,23,24.

Optimization experiments were conducted under atmos-
pheric pressure conditions. All reagents used in the experiments
were prepared from analytical grade chemicals (Merck) and
distilled water. A constant temperature water circulator was
used in combination with the reactor to maintain the mixture
in the reactor at a constant temperature. The experiments were
carried out in a 500 mL spherical glass reactor. The reactor
was equipped with a reflux condenser to prevent evaporation
during heating and a mechanical stirrer to obtain a homo-
geneous suspension in the reactor. The mechanical agitation
experimental system is fairly common, so no illustration of it
appears in this paper.

A typical experiment conducted was as follows: 400 mL
of distilled water was poured into the flask. The solution was
heated to the desired temperature. Borax pentahydrate was
added to the distilled water. The CO2 gas (97 %) was supplied
to the reactor from a CO2 cylinder tank. CO2 gas was conti-
nuously fed to the reactor during dissolution to maintain
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saturation conditions. The flow rates of CO2 were maintained
at 514 mL/min in all experiments. The gas was bubbled from
the bottom of the reactor by means of a disk-type gas dispenser.
CO2 feed to the reactor for 20-25 min was to obtain a saturated
aqueous solution and borax pentahydrate solution. After this,
large qualities of solid ulexite were added to the solutions.
Stirring of the solution was started immediately thereafter. The
duration of the treatment depended on the experimental condi-
tions. The stirring continued during the reaction time. At the
end of the reaction period, the solution was immediately filtered
through a Filtrak 389 and was washed with deionized water.
The reacted solution were taken for the assay of B2O3 and
analyzed by potentiometric and titrimetric methods25,26.

Ulexite samples used in the experiments were obtained
from Bandirma Borax Corporation, Turkey. The ulexite mineral
samples were crushed, dried under vacuum and sieved with
ASTM standard sieves to give fractions of average sizes -10,
-30, -40 and -50 mesh for dissolution experiments. The
chemical analyses of original ulexite samples and the B2O3

content in the particle sizes used in the experiments are shown
in Tables 1 and 2, respectively. Further, SEM photography of
the original ulexite minerals is shown in Fig. 1.

TABLE-2 
PARTICLE SIZES OF B2O3 UTILIZED 

Particle size (mesh) -10 -20 -40 -50 

B2O3 (%) 41.79 41.21 41.71 40.25 

 

Fig. 1. SEM photograph of ulexite mineral

RESULTS AND DISCUSSION

Dissolution of ulexite mineral: Dissolution of ulexite in
aqueous and borax pentahydrate solutions, the reactions taking
place in the medium can be written as follows:

Na2B4O7·5H2O(s) + 2H2O(l) →
2Na+

(aq) + 2OH–
(aq) + 4H3BO3(aq) (6)

10CO2(g) → 10CO2(aq) (7)
10CO2(aq) + 10H2O(l) → 10H2CO3(aq) (8)

10H2CO3(aq) + 10H2O(l) →10H3O+
(aq) + 10HCO3

–
(aq) (9)

2H3O+
(aq) + 2OH–

(aq) → 4H2O(l)  (10)

Hence, the overall reaction is follows:

Na2B4O7·5H2O(s) + 18H2O(l)  + 10CO2(g) →
2Na+

(aq) + 10HCO3
–
(aq) + 4H3BO3(aq) + 8H3O+

(aq)  (11)

when ulexite is added to the borax pentahydrate solutions, the
reaction taking place in the solution can be written as follows:

2(Na2O·2CaO·5B2O3·16H2O)(s) + 4H2O(l) →
4Na+

(aq) + 4Ca+2
(aq) + 12OH–

(aq) + 20H3BO3(aq)  (12)
8H3O+

(aq) + 8OH–
(aq) → 16H2O(l)  (13)

4HCO3
–
(aq) + 4OH–

(aq) → 4CO3
–2

(aq) + 4H2O(l) (14)
4Ca+2

(aq) + 4CO3
–2

(aq) → 4CaCO3(s) (15)

The overall net reaction is:

Na2B4O7·5H2O(s) + 10CO2(g) + 2(Na2O·2CaO·
5B2O3·16H2O)(s) + 2H2O(l) →

6Na+
(aq) + 6HCO3

–
(aq) + 24 H3BO3(aq) + 4CaCO3(s)  (16)

Effects of parameters on the dissolution of ulexite: The
effects of the parameters on ulexite dissolution were investi-
gated for parameters using the values given in Tables 3 and 4.
The effect of the temperature was investigated in the range of
65-85 °C. In all experiments, the solid-to-liquid ratio, the
particle size, the reaction time (the mean value of four central
replications), the stirring speed and the CO2 gas flow rate were
meticulously controlled during the reaction. All the results
are given in Tables 5 and 6. As seen from the Tables, the disso-
lution percentages increased with increasing the reaction
temperature. The dissolution percentage was high for the
chosen high temperature ranges in aqueous solutions. In borax

TABLE-3 
FACTOR LEVELS FOR FIRST-ORDER MODEL 

Factors 
Low 

level  (-) 
High 

level (+) 
Medium 
level (0) 

X1: Temperature (
o
C) 65 85 75 

X2: Solid-to-liquid ratio (g/mL)  0.125 0.25 0.1875 
X3: Particle size (mesh) -50 -10 -30 
X4: Reaction time (min) 30 90 60 
* While the effect of one parameter was studied, the values of the other 
parameters were kept constant 

 
TABLE-4 

FACTOR LEVELS FOR SECOND-ORDER MODEL 

Factors 
Low 

level  (-) 
High 

level (+) 
Medium 
level (0) 

X1: Temperature (
o
C) 63 87 75 

X2: Solid-to-liquid ratio (g/mL)  0.087 0.288 0.1875 
X3: Particle size (mesh) -40 -20 -30 
X4: Reaction time (min) 12 108 60 
* While the effect of one parameter was studied, the values of the other 
parameters were kept constant 

 

TABLE-1 
CHEMICAL ANALYSES OF ULEXITE MINERAL 

Component CaO B2O3 Na2O MgO Al2O3 SiO2 Fe2O3 SrO H2O 

Percentages 14.69 41.12 7.48 1.78 < 0.01 4.13 < 0.01 1.43 29.35 
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pentahydrate solutions, the dissolution percentage was low.
In borax pentahydrate solutions, the increase in the dissolution
percentage was lower. The reason for this, B2O3 pre-dissolved
in borax pentahydrate solutions was available. In this case,
the percentage of soluble B2O3 decreased and the dissolution
rate slowe down.

The effect of the solid-to-liquid ratio was studied in the
ranges of 0.087-0.288 g/mL. The obtained B2O3 amounts in
borax pentahydrate solutions which are using central values
of the other parameters for 0.087, 0.1875 and 0.288 g/mL solid-
to-liquid ratios were 86.11, 73.47 (the mean value of four
central replications) and 16.11 %, respectively. The obtained
B2O3 amounts in aqueous solutions for 0.087, 0.1875 and 0.288
g/mL solid-to-liquid ratios were 98.42, 87.04 (the mean value
of four central replications) and 67.47 %, respectively. The
results obtained from experiments are presented in Tables 4-6.

As seen from the Tables, the dissolution percentages for aqueous
and borax pentahydrates solutions decreased with increasing
the solid-to-liquid ratio.

The effect of the particle size was investigated in the ranges
of (-20)-(-40) mesh. The obtained B2O3 amounts in borax
pentahydrate solutions which are using central values of the other
parameters for -20, -30 and -40 mesh particle sizes were 81.12,
73.47 (the mean value of four central replications) and 67.34 %,
respectively. The obtained B2O3 amounts in aqueous solutions
for -20, -30 and -40 mesh particle sizes were 92.09, 87.04 (the
mean value of four central replications) and 87.55 %, respectively.
The results obtained from experiments are presented in Tables
4-6. As seen from the Tables, the dissolution percentages for
aqueous and borax pentahydrates solutions decreased with
increasing the particles size. As mean particle size decreased the
dissolution rate increased due to increasing surface area.

TABLE-5 
EXPERIMENTAL DESIGN MATRIX AND ULEXITE DISSOLUTION PERCENTAGE 

BP* Solutions Aqueous Solutions 
Exp. No. X1 X2 X3 X4 

YB2O3(b) Y teoretical YB2O3(a) Y teoretical 

1 + + + + 69.97 68.75 77.21 82.30 
2 - + + + 49.35 51.73 73.62 76.27 
3 + - + + 89.12 89.25 90.00 93.36 
4 - - - + 87.36 87.60 93.28 94.28 
5 + + - - 60.39 55.39 69.99 68.76 
6 - + - - 50.30 47.45 63.57 60.15 
7 + - + - 66.65 70.66 71.98 71.03 
8 - - + - 58.95 57.68 56.60 59.91 
9 + + - + 78.47 77.01 85.36 81.99 
10 - + - + 71.10 65.31 76.42 77.81 
11 + - - + 95.83 99.02 96.05 99.11 
12 - - + + 69.29 72.51 85.00 86.67 
13 + + + - 43.41 40.44 55.21 54.15 
14 - + + - 32.16 27.19 46.29 43.68 
15 + - - - 92.21 87.11 94.42 91.71 
16 - - - - 80.00 79.45 87.09 82.44 
17 -1.607 0 0 0 57.66 61.21 73.48 74.71 
18 +1.607 0 0 0 78.22 81.04 87.55 87.01 
19 0 -1,607 0 0 86.11 81.68 98.42 96.70 
20 0 +1,607 0 0 16.30 39.49 67.47 69.89 
21 0 0 -1,607 0 81.12 89.88 92.09 96.84 
22 0 0 +1,607 0 67.34 65.75 87.55 78.99 
23 0 0 0 -1,607 32.28 50.31 44.33 53.44 
24 0 0 0 +1,607 71.69 79.61 93.98 85.56 

25* 0 0 0 0 76.55 71.01 88.50 87.25 
26* 0 0 0 0 73.90 71.01 86.77 87.25 
27* 0 0 0 0 71.14 71.01 87.63 87.25 
28* 0 0 0 0 72.29 71.01 85.25 87.25 

*Borax Pentahidrate 

 
TABLE-6 

TABLE OF VARIANCE ANALYSIS (ANOVA) FOR BORAX PENTAHYDRATE SOLUTIONS 

Source of variation Sum of squares df Mean squares Fratio Decision (α = 0,01) Decision (α = 0,05) 

X1 594.6282 1 594.6282 108.173 Effective Effective 
X2 2121.984 1 2121.984 386.025 Effective Effective 
X3 1168.956 1 1168.956 212.653 Effective Effective 
X4 998.876 1 998.876 181.712 Effective Effective 
LOFcurvature 81.9315 1 81.9315 14.904 Ineffective Effective 
Model lack of fit 255.062 11 23.187 4.218 Ineffective Ineffective 
Experimental error 16.4926 3 5.497       
Total 5237.931 19         
F0.99; 1; 3 = 34.116F0.95; 1; 3= 10.128F0.99; 11; 3 =  27.13F0.95; 11; 3= 8.725 
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The effect of reaction time was studied in the range of
12-108 min. The obtained B2O3 amounts for borax penta-
hydrate solutions which are using central values of the other
parameters for 12, 60 and 108 min were 32.28, 73.47 (the
mean value of three central replications) and 71.69 %,
respectively. The obtained B2O3 amounts for aqueous solutions
for 12, 60 and 108 min were 44.33, 87.04 (the mean value of
three central replications) and 93.98 %, respectively. The
obtained results from experiments were given in Tables 4-6.
As seen from the Tables, the dissolution percentages increased
with increasing the reaction times.

Statistical analysis of ulexite mineral dissolution: Disso-
lutions tests of ulexite mineral in aqueous and borax penta-
hydrate solutions saturated with carbon dioxide were carried
out. The collected data was analyzed by ANOVA using the
MATLAB computer software package for the evaluation of
the effect of each parameter on the optimization criteria. In
light of kinetic experiments, the stirring speed and CO2 flow
rate were maintained as constant parameters. Other factors
such as the reaction temperature, the solid-to-liquid ratio, the
particle size and the reaction time were chosen as independent
variables and their high and low levels were decided as shown
in Tables 3 and 4.

With four factors, 24 full factorial design requires 16 runs.
Furthermore, four central replications were added to the experi-
mental plan in order to estimate pure experimental error. The
results are given in Table-5. To test the significance of the
factor effects, an analysis of variance was conducted at 95
and 99 % confidence intervals. The results are shown in Tables
6 and 7. At both confidence intervals, the reaction temperature
(X1), the solid-to-liquid ratio (X2), the particle size (X3) and
the reaction time (X4) range have been found to be effective.
Furthermore, the effects of pure quadratic terms were
controlled by means of the following statistic:

2
o 1 0

curv.

o

m F(Y – Y )
LOF =

m + F
(17)

where mo is the number of central point experiments, F is the

number of factorial experiments, 1Y is the mean of factorial

experiments and
0Y is the mean of central replicates.

As seen from Tables 6 and 7, results of variance analysis
showed a curvature effect in 95 % confidence interval.
According to these results, the regression model was obtained
as follows.

B2O3 obtained from aqueous and borax pentahydrate
solutions (%):

YB2O3(a) =  79.1636 + 3.8251 X1 – 8.3385 X2 – 5.5545 X3 +
9.9965 X4 – 2.7304 X11 – 1.7897 X22 – 7.1284 X44 –

0.1631 X1·X2 – 1·1094 X1·X4 – 1.5156 X2·X3 +
1.4569 X2·X4 + 3.7319 X3·X4 (for aqueous solutions) (18)

 YB2O3(b) = 72.240 + 6.1695 X1 – 13.1262 X2 – 7.5076 – X3 +
 9.1141 X4 – 4.0803 X22 + 2.5903 X33 – 2.3865 X44 +

2.4275X2X4 (for borax pentahydrate) (19)

According to the results of variance analysis, quadratic
terms are effective. Therefore, the orthogonal central composite
design was planned to estimate quadratic terms. With F = 16,
m0 = 4 and n = 4, β is calculated as 1.607 according to eqn. 2.
Factor levels for second-order model are given in Table-4. Also,
the second-order model is defined as in eqns. 1 and 20:

2N
2 2
i i

i

1 F + 2
X = X =

N N

β
∑ (20)

The ANOVA of obtained results shows that all of the
variables studied and their combinations affect the dissolution
of ulexite mineral from aqueous and borax pentahydrate
solutions. As seen from Tables 6 and 7, the reaction tempe-
rature, the solid-to-liquid ratio, the particle size, the reaction
time and interactions of the particle size with the reaction time
are effective on dissolution of ulexite mineral.

Systematic errors in a well-established model are absent.
Normalized residuals depend on experimental errors and these
values exhibit a normal distribution. The tests'graphs are shown
in Figs. 2 and 3.
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Fig. 2. Statistical test graphics for aqueous solutions

TABLE-7 
TABLE OF VARIANCE ANALYSIS (ANOVA) FOR AQUEOUS SOLUTIONS 

Source of variation Sum of squares df Mean squares Fratio Decision (α = 0,01) Decision (α = 0,05) 

X1 212.7952 1 212.7952 110.894 Effective Effective 
X2 1004.098 1 1004.098 523.267 Effective Effective 
X3 759.9671 1 759.9671 396.043 Effective Effective 
X4 1085.538 1 1085.538 565.708 Effective Effective 
LOFcurvature 363.4208 1 363.4208 189.390 Ineffective Effective 
Model lack of fit 368.1378 11 33.4670 17.440 Ineffective Effective 
Experimental error 5.7567 3 1.9189       
Total 3799.713 19         
F0.99; 1; 3 = 34.116F0.95; 1; 3= 10.128F0.99; 11; 3 =  27.13F0.95; 11; 3= 8.725 
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Conclusions

• The solubility of ulexite mineral can be increased by
addition of CO2.

• The dissolution percentage of ulexite mineral increased
with increasing in reaction temperature and the reaction time
in aqueous and borax pentahydrate solutions.

• The dissolution percentage of ulexite mineral increased
with decreasing in the solid/liquid ratio and the particle size
in aqueous and borax pentahydrate solutions.

• The dissolution extent is not affected by the stirring
speed in selected experimental conditions.

• The obtained optimum conditions on maximum
dissolution of ulexite mineral were: the reaction temperature
85 °C, the solid-to-liquid ratio at 0.125 g mL-1, the particle
size was at -50 mesh and 90 min for reaction time both aqueous
and borax pentahydrate solutions.

• The chosen stationary parameters at the initial stage of
the reaction were stirring speed 600 rpm and CO2 gaz flow
rate 514 mL min-1.

• Under these optimum conditions, the dissoluted B2O3

was 99.11 % in aqueous solutions and 99.02 % in borax
pentahydrate solutions.

• The use of CO2 gas as reactive in the process facilitates
the dissolution of solutions containing boron.

• Boric acid can be obtainedas product with crystalli-
zation of solution filtrated.

• Using of the carbon dioxide gas in this process is
important for environmental protection.

• Interactions of the particle size with the reaction time
are effective on dissolution of ulexite mineral.

• After final solution obtained from borax pentahydrate
solutions is filtrated, the calcium carbonate precipitate can be
used in the construction industry.

• The dissolution percentage of ulexite in aqueous
solutions are higher than borax pentahydrate solutions. The
reason for this, B2O3 pre-dissolved in borax pentahydrate
solutions is available. In this case, the soluble B2O3 amount in
borax pentahydrate solutions decreases.
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