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Ulexite (Na,0-2Ca0-5B,0,-16H,0) is one of the most important raw materials for
boric acid, synthesized by dissolving the ore in an acid solution. Since ulexite
ore was dissolved in a phosphoric acid solution, the final solution included boric
acid (H,BO,), sodium dihydrogen phosphate [NaH,PO,], and calcium dihydrogen
phosphate [Ca(H,PO,),]. The presence of several ions in the solution causes
separation problems for boric acid. This study includes a special separation step
to increase the purity of the boric acid that is synthesized from the dissolution of
ulexite ore in phosphoric acid. For this purpose, calcium ions in the final solution
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Keywords: were removed using Dowex HCR-S cationic ion exchange resin. Additionally, the
gﬁfgz’cid Taguchi optimization method was employed to monitor the removal of calcium

ions. The design of experiments included an orthogonal array technique in L, array
for three parameters with three different values; reaction temperature (12 °C, 25
°C, 40 °C), stirring rate (250 rpm, 300 rpm, 350 rpm), and the amount of resin
(10% wt., 30% wt., 50% wt.). The results of the calculations revealed that the
optimum values of temperature, stirring rate, and amount of resin are 12 °C, 350
rpm, and 50% wt., respectively. The amount of calcium removed under optimum

Calcium removal,
lon exchange resin,
Taguchi optimization

conditions was found as 79.49%.

1. Introduction

Turkey contains a major portion of the world’s total
boron reserves. Turkey’s commercially recoverable
boron reserves comprise colemanite (Ca,B.0,,.5H,0),
ulexite (NaCaB,O,-8H,0) and tincal (Na,B,0,.10H,0)
and various products are produced from these boron
compounds [1]. Boron and its products are used wide-
ly in industry. Some of the application areas for boron
compounds are the defense industry, glass industry,
for glass fibers, ceramic industry, industrial cleaning
and whitening, as flame-retardant materials, in agricul-
ture, metallurgy, nuclear applications, energy storage,
waste removal, fuel and health, etc. [2, 3].

Boric acid is the most important product in the boron
industry. It is used as the main precursor for the pro-
duction of many boron additive materials. Therefore,
the purity of boric acid is very important for the boron
market and user, and innovative research into the pro-
duction of pure boric acid and cost effective production
methods has generally received great interest.

In Turkey, boric acid is produced by the reaction of
sulfuric acid with colemanite. However, many prob-
lems are encountered during filtration of gypsum
(CaS0,.2H,0) which forms as a by-product of this

reaction. The most significant problems are that gyp-
sum forms as a result of the reaction, mixes with clay
minerals from ore and has no economic value. In ad-
dition to this, it may cause environmental problems as
it still includes resoluble boric acid within solid waste
and causes vast areas to be used for solid waste stor-
age. Difficulties experienced during drainage of gyp-
sum and problems such as sulfuric acid causing ex-
cessive corrosion increase the production costs of this
process [4,5,6]. Therefore, various alternative studies
have been carried out in order to decrease the cost
of boric acid produced with conventional methods, to
generate environment-friendly new technologies and
to contribute to scientific technology. In studies, boric
acid has been produced by dissolving boron ores in
various solvents. Boric acid was produced by dissolv-
ing native borates in H,PO, solutions [7], colemanite in
H,PO, solutions [8], Kestelek’s colemanite containing
clay minerals in water saturated with sulfur dioxide [9],
ulexite ore in phosphoric acid [10] and colemanite ore
in methanol [11].

Another alternative method for production of boric
acid is dissolving ulexite ore within a phosphoric acid
solution. As is known, ulexite ore is one of the most
common boron ores in Turkey. Therefore, its use for
boric acid production is quite convenient. Also, when
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phosphoric acid is used as solvent in this process, oth-
er valuable by-products are also produced apart from
boric acid, such as sodium and calcium phosphates
[7,10]. Therefore, when phosphoric acid is used these
valuable by-products can be produced and also diffi-
culties experienced during disposal of gypsum, which
forms as a by-product in the traditional method, and
problems encountered due to the corrosive effect of
sulfuric acid are resolved. Therefore, when all the
mentioned advantages are considered, this process
may be a different alternative to produce boric acid.

Some researchers have been concerned with the op-
timization of boric acid production by dissolution of
boron minerals using the Taguchi method. The optimi-
zation of dissolution of ulexite in NH,Cl solutions [12],
colemanite in water saturated with CO, and SO, gases
[13] and ulexite in phosphate acid solutions [14] was
investigated and the optimum conditions for the pro-
cess was determined in all studies.

Taguchi is an optimization method commonly used in
engineering applications to optimize the process. It is
a simple and effective method used to provide maxi-
mum performance with minimum cost [15]. The Tagu-
chi method is based on the principle of running the
experiment as few times as possible to keep costs at
the lowest level. An orthogonal array is used to reduce
the number of experiments in this method. The differ-
ence between the Taguchi method and other statistical
methods is that it examines the parameters affecting
an experiment in two groups as controllable and un-
controllable. The results obtained during the experi-
mental work may also be obtained in a factory envi-
ronment using this method [16].

As is known, various by-products occur in all dissolu-
tion studies performed to synthesize boric acid from
boron ores. Although separation of boric acid from
these by-products is very important, not many studies
on this subject are found in the literature. Therefore,
the aims of this study are to investigate the optimiza-
tion of a stage to help separate boric acid from a prod-
uct solution we obtained from a previously completed

3000

study. In our previous study, ulexite ore was dissolved
in phosphoric acid solution to produce boric acid and
the formation of sodium and calcium dihydrogen phos-
phates was observed as by-products [10].

In this study, calcium ions in the product solution from
the previous study were removed using Dowex HCR-S
cationic ion exchange resin. In this manner, the purity
of the boric acid synthesized from the dissolution of
ulexite ore in phosphoric acid was increased. Addition-
ally, the Taguchi optimization method was employed to
monitor the removal of calcium ions.

2. Materials and methods
2.1. Materials

The ulexite ore used in the study was provided from
the region of Bigadig, Balikesir, Turkey. It was ground
and sieved by ASTM standard sieves. In the experi-
ments, ulexite ore with grain size of -212+150um
diameter - which was determined to have high boric
acid transformation in pre-experiments- was used.
The chemical analysis of the ore was performed by
volumetric and gravimetric methods and its purity was
found to be about 93% on the basis of B,O, content
(Table 1).

Table 1. The chemical analysis of ulexite ore with diameter -212+150
pm.

Component % Composition
B203 40.15
H20 33.22
CaO 13.89
Na,O 6.82
MgO 2.69
SiO; 1.12
Others 2.1

X-ray diffraction analysis was performed to determine
the mineralogical structure of the original ulexite sam-
ple using a Rigaku D/MAX-2200 diffractometer. Phase
identification was carried out using the available data
from an inorganic crystal structure database (ICSD).
The characteristic peaks of ulexite ore were observed.
The x-ray diffractogram of ulexite ore is given in Figure
1.
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Figure 1. X-ray diffractogram of ulexite ore.
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Phosphoric acid was obtained from Merck and was
85% by weight. The resin used in the study was syn-
thetic Dowex-HCR S/S in sodium form provided by
Fluka Co. Some of the properties of this resin are giv-
en in Table 2.

2.2. Dissolution experiments

A 250 mL jacketed glass reactor was used for disso-
lution experiments. A constant temperature circulator
and a reflux condenser were attached to the reactor.
The reactor contents were stirred with a mechanical
stirrer. After putting 0.1 L phosphoric acid solution (0.7
M) into the reactor, the reactor was heated to 60 °C.
159 ulexite ore was added to the reactor while the stir-
ring (200rpm) was continued. After 30 minutes, the re-
actor contents were filtered quickly.

The reaction conditions we use here are the optimum
dissolution conditions we have determined in our pre-
vious work [13]. The product solution obtained after
dissolution was transferred to another reactor for ion
exchange experiments. The experimental setup used
for the dissolution experiments is given in Figure 2.

2.3. lon-exchange experiments
The experimental setup (Figure 2.) described above

was used for the ion exchange experiments. 0.1 L
product solution was put into the reactor and the

contents were heated to the desired temperature. After
reaching the desired temperature, a certain amount of
resin was placed into the reactor. After finishing the
reaction, the reactor contents were filtered and the
amount of calcium in the obtained solution was ana-
lyzed [17]. The preliminary experiments showed that
the maximum calcium ion removal was achieved in
five minutes (Figure 3).

As shown in Figure 3, the amount of calcium removal
did not change after the fifth minute. Therefore, five
minutes was selected as the experimental period.

3. Results and discussion

The product solution contained boric acid (H,BO,), so-
dium dihydrogen phosphate [NaH,PO,], and calcium
dihydrogen phosphate [Ca (H,PO,).] after ulexite ore
was dissolved in phosphoric acid [10]. This product
solution was treated with an ion exchange resin to re-
move calcium ions in solution. Experimental parame-
ters and their values were determined in pre-trials and
are given in Table 3.

The experimental plan, L, (3°), three parameters and
three levels, was determined by using the orthogonal
array (OA) technique and is given in Table 4.

Each experiment was repeated twice under the same
conditions at different times. In this way the effects of

Table 2. Properties of Dowex HCR-S resin.

Parameters Value

Type Acid cation
Total exchange capacity, min. 1.9 eg/mL
Particle size 300-1200 pym
pH 0-14

Max. oper. temperature 120 °C

lonic form Na*

Particle density 1.3 g/mL

Physical form

Uniform particle size spherical beads

———

4 Mechanical Stirrer

Constant Temperature Circulator

— | Jacketed Glass
Reactor

Figure 2. The experimental setup for ion-exchange experiments.
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Figure 3. The variation of calcium removal with time during pre-experiments.

Table 3. Parameters and their values corresponding to the levels to
be studied in experiments.

Levels
Parameters 1 2 3
A Reactlon(EeCTperature 12 25 40
B Stirring speed 250 300 350
. (rpm)
esin amount
C (Wt.%) 10 30 50
Table 4. L, (3°) experimental plan table.
Experiment  Parameters and their levels
number A B C
1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

uncontrollable factors negatively affecting the results
were determined.

According to Taguchi, as the optimization criterion the
S/N ratio should be used to identify the quality char-
acteristics. This ratio can be divided into three cate-
gories. They are the larger the better, the smaller the
better and the nominal the better [18]. The larger the
better performance characteristics were used to obtain
optimum calcium removal performance. The S/N val-
ues for the average effects are calculated from Eq. (1).

S/N = —10! 1211: !
- 0910 n Y-Z

i=1 '

€y

where S/N is the performance statistics, n the number
of repetitions done for an experimental combination,

and Y, performance value of ith experiment.

If experimental results are in percentage (%), omega
transformation of percentage values should be applied
using Eq. (2).

Q (db) = —Log (5 - 1) @)
where Q (db) is the decibel value of percentage value

subject to omega transformation and P percentage of
the product obtained experimentally.

The values that make S/N maximum are optimum.
The experiment corresponding to optimum conditions
may not have been performed during the experimental
work using the Taguchi method. In this case, the per-
formance value corresponding to the optimum condi-
tions can be estimated from Eq. (3) [19].

Vi=p+Xi+e 3)
where p is the overall mean of performance value at
the optimum conditions, X the fixed effect of the pa-
rameter level combination used in ith experiment, and
e, the random error in ith experiment.

Equation 3 is a point estimate calculated by using ex-
perimental data. Therefore, the confidence interval
(Cl) must be calculated to decide whether this value
is meaningful or not. The confidence interval can be
calculated from Eq. (4) at a selected error level.

F(1,n3)Ve
Ne

Cl=p+ 4)

where F(1,n,) is the F value from the F table in any
statistical book at the required confidence level and at
degrees of freedom (DOF) 1 and error DOF n,; Ve is
the variance of error term (from ANOVA); and Ne is the
effective number of replications

_ Total number of results (or number of S/Nratios)
DOF of mean (=1 always)+DOF of all factors included in the estimate of the mean

e
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Table 5. The experimental results and S/N values calculated for these results.

Parameters and their levels

% Calcium removal

Experiment Reaction Stirring Resin

number . . Performance
Tzeorg;). 7:3:;? a(r:;:;r;t Experiment | Experiment Il statistics (S/N)
1 12 250 10 25.86 30.01 28.8510
2 12 300 30 69.20 67.70 36.7059
3 12 350 50 80.01 78.97 38.0057
4 25 250 30 62.50 63.10 35.9589
5 25 300 50 63.00 62.50 35.9521
6 25 350 10 25.01 25.01 27.9623
7 40 250 50 57.14 58.03 35.2054
8 40 300 10 25.00 22.98 27.5775
9 40 350 30 62.50 60.67 35.7866
Average 33.5562
3.1. Performance statistics (S/N) A B C
lon exchange experiments were carried out according 367
to the experimental plan in Table 4. The obtained ex- 344
perimental results and the S/N values calculated for “K“““ [ rEsmmm——
these results are given in Table 5. é 324
S/N values were calculated using Eq. 1. The first S/N 301
value in Table 5 was calculated as follows;
28+
1 1 1 . T T
S/N = _10l09105 (25.862 + 30.012) ! i o : Pl : 3

S/N =28.8510

The other S/N values in Table 5 were calculated in the
same way. The average effects (AE) of calcium remov-
al were calculated using these results. The average
effects of each level for the various parameters are
given Table 6 and shown in Figure 4.

Table 6. The average effects of calcium removal from product
solutions.

Level Parameter A Parameter B Parameter C
number
1% Level 34.5209 33.3384 28.1303
2" Level 33.2911 33.4118 36.1505
3" Level 32.8565 33.9182 36.3877

Level 1 of A parameter in Table 6 was calculated as
follows;

AE =(28.8510 + 36.7059 + 38.0057) / 3
AE = 34.5209

The other values in Table 6 were calculated in the
same way.

Figure 4 indicates the change in performance charac-
teristics with process parameters. For example, Figure
4C indicates the change in S/N ratios with the resin
amount. Level 1 of C parameter is 10%. The highest
S/N value on each graph is the optimum value for that
parameter. Therefore, optimum calcium removal con-
ditions for this process were found to be A1 (12 °C), B3
(350 rpm) and C3 (50 wt.%). Similarly, when Table 5

Figure 4. The mean effects plot for S/N ratios.

is analyzed, the highest S/N value is 38.0057 and this
value is the optimum value. Parameter values corre-
sponding to this value are respectively 12 °C tempera-
ture, 350 rpm mixing speed and 50% resin amount.

The solution obtained as a result of ion exchange ex-
periments carried out under optimum conditions was
analyzed. These analysis results and analysis results
for the solution before ion exchange are given in Table
7.

Table 7. Chemical analysis results in solution before and after the
ion exchange.

After the ion
exchange (wt.%)
1.94

13.87

Before the ion
exchange ( wt.%)
9.68

4.97

Ca
Na

As seen in Table 7, calcium ions decreased from 9.68%
to 1.94%, while sodium ions increased from 4.97% to
13.87%. According to this, nearly 80% of calcium ions
in product solution were removed after ion exchange
under optimum conditions. Calcium ions in the prod-
uct solution were replaced by sodium ions using the
ion exchange resin. There were already sodium ions
in the product solution. With the ion exchange reac-
tion, only the sodium ion concentration in the solution
increased. Thus, variation in the product solution was
reduced and the purity of the boric acid was increased.

Various methods such as chemical precipitation and
membrane filtration can be used for removal of cal-
cium ions. However, the ion exchange process has
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various advantages compared to these methods.
These advantages are that the cost is lower than
membrane filtration, there is no new pollution that
would pass into solution during chemical precipitation,
high removal speed, simple device and easy opera-
tion. Moreover, innovative research that contributes
to literature was carried out by using ion exchanger
for such a separation process. Furthermore, the resin
can be regenerated with salt solution and does not re-
quire any chemical treatment. Therefore, using ion ex-
change resin for the removal of calcium ions from the
product solution provides many important advantages.

3.2. Analysis of variance

An analysis of variance (ANOVA) was carried out to
identify the effective parameters and their confidence
intervals for calcium removal using ion exchange res-
in from solutions obtained by dissolution of ulexite in
phosphate acid solution. The ANOVA is a standard ta-
ble containing the values as sum of squares, degrees
of freedom, F, etc. The optimum process parameters
can be predicted using the ANOVA and the S/N values
[20]. The ANOVA table for the calcium removal values
in the experiments was created (see Table 8).

The F value in Table 8 is used to determine the effec-
tive parameters. F-value of each parameter is the ratio
of the mean of the squared deviations to the mean of
squared error. The larger the F-value, the greater the
effect. Therefore, the amount of resin is the most effec-
tive parameter for this process.

When Table 8 is investigated it appears that the most
effective parameter on the process is the amount of
resin with 94.59% contribution. At the same tempera-
ture (12 °C), increasing the resin amount from 10 % to
50 % increases calcium removal from nearly 30% to
80% (Table 5). It is readily understood that the num-
ber of available adsorption sites increases by increas-
ing the resin amount and therefore, variation in resin
amount results in an increase in removal efficiency.
Additionally according to Table 8, while there was
no effect on the ion exchange process from stirring
speed, temperature did affect this process though not
by much. When the experimental results in Table 5 are
investigated, in experiments with the same amount of
resin (50%) used as temperature increased the cal-
cium removal decreased. A decrease in the removal

efficiency of calcium ions with the rise in temperature
was due to the increasing tendency to desorb from the
interface into the solution. This result also indicates
that the adsorption process of calcium ions onto res-
in is exothermic. When the same resin amount was
used (e.g., 10%), increasing the stirring speed from
250 rpm to 350 rpm did not cause a significant change
in calcium removal amount (Table 5). This shows that
there was no resistance to mass transfer at any exist-
ing solid—liquid and liquid—liquid interfaces and the ion
exchange reaction at all speeds is generally not con-
trolled by external diffusion.

The calculations in the ANOVA table were made as
follows:

Step 1 Total of all experimental results (T):

T =28.8510 + 36.7059 + 38.0057 +........ + 35.7866 =
302.01

Step 2 Correction factor (CF):

T? 302.012
CF =—=
n

= 10134.45

where n is the total number of experiments.

Step 3 Total sum of squares (S,):

9

ST=Zlfi2—CF

i=1
Sr = (28.8510% + 36.70592 + ....+35.78662) — 10134.45

S, = 137.792

Step 4 Parameter sum of squares:

Al A5 A3

Sp=—+—+—
47 Nap  Niz N

- CF

A=A, +A*A = 28.8510+36.7059+38.0057= 103.56
A=A, +A,,+A,= 35.9580+35.9521+27.9623= 99.87
A=A, +A+A = 35.2054+27 5775+35.7866= 98.57

N,,= 3 (total number of experiments in which parame-

ter A, is present)

Table 8. Results of the analysis of variance for the calcium removal values in the experiments.

Degrees Percent of
Sum of Mean of
of Pure the
Parameters Squares freed Squares F SS tributi
(SS) reedom (Variance) contribution
(DOF) (%)
A Reaction . 3.795 2 1.90 247 2.255 1.60
temperature ("C)
B Stirring speed 0.590 2 0.30 0.39 0 0
(rom)
c Res('cvtag/':;’””t 131.877 2 65.94 85.64  130.337 94.59
Error 1.53 2 0.77 3.81
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N,, = 3 (total number of experiments in which parame-

ter A, is present)

N,, = 3 (total number of experiments in which parame-

ter A, is present)

1o
SA=§ZAL-—CF
1

_ 103.562 N 99.872 N 98.572 10134.45
A7 3 3 3 '
S, =3.795

S, and S_were calculated in the same way.
Step 5 Error sum of squares:
Se =ST_ (SA+SB +Sc)

S, = 137.792 — (3.795 + 0.590 + 131.877)
S, =1.53

Step 6 Total, parameter and error degrees of freedom
(DOF)

DOF total = Number of experimental runs minus 1
fr=9-1=8

DOF A parameter =
minus 1

level number of parameter A

f,=n-1=3-1=2 andsoon.

n
DOF error = DOF total — Z(DOF)i

fe=fT—ifi
i=1

f,=8-02+2+2)=2
Step 7 Mean square (variance):

yooSa 3795 oo
) '

and so on.
Step 8 F value

F variance of parameter

variance of error

F —VA—1'90—2468
ATy 077 T
and so on.

Step 9 Pure sum of squares:
Sa=Sa— (Vexfs)
S4 = 3.795 — (0.77x2) = 2.255

Step 10 Percentage contribution:

P — Sy 2255 0.016
AT S, 137792

3.3. Calculation of the expected performance and

the confidence interval

As shown in Table 5, the experiment corresponding to
the optimum conditions (A1, B3 and C3) had already
been performed during experimental studies. There-
fore, there was no need to repeat the experiment. Ac-
cording to this result, it can be said that the calcium
removal under optimum conditions is 79.49%.

Expected performance (EP) is calculated using the
average S /N value in Table 5 and the optimum param-
eter values for A1, B3 and C3 in Table 6. The EP value
was calculated as follows;

EP = 33.5562+ (34.5209 — 33.5562) + (33.9182-
33.5562) + (36.3877-33.5562)

EP =37.7144

The omega transformation of this value was per-
formed.

0.377144 = -Log [(1/P)-1), P =0.7244
% EP = 72.44

Observed optimum removal quantity for calcium was
79.49%. The confidence interval (Cl) was calculated to
decide whether this value is meaningful or not. Eq. (4)

Table 9. Optimum working conditions and optimum removal quantities of calcium.

Parameters Value Level
Reaction temperature (°C) 12 1
Stirring speed (rpm) 350 3
Resin amount (wt.%) 50 3
Observed optimum removal quantity for calcium (%) 79,49

Expected optimum removal quantity for calcium (%) 72.44

Confidence interval (confidence level 0=99%) 64.77- 80.11
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was used to calculate the confidence interval at 99%
confidence level. Confidence interval (Cl) was calcu-
lated as follows:

F(1,n,)= F(1,2)= 98.50
Ve = 0.77
Ne=9/(1+6) = 1.29

98.50 x 0.77
Cl=7244+ 129 72.44 +7.67

The optimum working conditions, the observed and
expected quantities of calcium removal and the con-
fidence interval obtained for this process are given in
Table 9.

As shown in Table 9, the observed removal amount
under optimum conditions (79.49%) is within the cal-
culated confidence interval and the experimental re-
sults are within £1% error. This indicates the accuracy
of the observed optimum removal quantity for calcium
and it can be said that the interactive effects of the
parameter are at negligible levels.

4. Conclusions
The following results were observed in this study;

1. In the first stage of this process, ulexite ore was
dissolved in phosphoric acid. The final solution con-
tains boric acid (H,BO,), sodium dihydrogen phos-
phate [NaH,PO,], and calcium dihydrogen phosphate
[Ca(H,PO,),]. Boric acid production with the conven-
tional method has specific disadvantages. These are;
difficulties encountered during disposal of gypsum
formed as a by-product and corrosive effect of sulfuric
acid used as a solvent. Therefore, with the addition of
valuable by-products produced in the current process
and also elimination of disadvantages of the traditional
method, this process may help provide cheaper pro-
duction of boric acid compared to the traditional meth-
od.

2. In the second stage of this process, the removal
of calcium ions from the product solution was investi-
gated. Calcium ions in the final solution were replaced
by sodium ions using ion exchange resin. There were
already sodium ions in the product solution. Thus, va-
riety in the product solution was reduced and the pu-
rity of boric acid was increased. In this process, using
ion exchange resin for the removal of calcium ions in
product solution provides many important advantages.
With the aim of purifying boric acid, some methods
such as chemical precipitation and membrane filtra-
tion may be used for separation of by-products. How-
ever, membrane filtration has higher costs. Chemical
precipitation adds potentially polluting material to the
solution. Using ion exchange resin in this process re-
solves these disadvantages. Another advantage of

this process is that the resin can be regenerated with
salt solution and does not require any chemical treat-
ment. Moreover, innovative and original research that
contributes to the scientific literature was carried out
by using an ion exchanger for this separation process.

3. In the third stage of this process, the optimization
of calcium removal from the product solution was ex-
amined. The effective parameters on calcium removal
from the product solution obtained by dissolution of
ulexite ore in phosphate acid solutions using ion ex-
change resin are resin amount, reaction temperature
and stirring speed, respectively. The most effective pa-
rameter on the ion exchange process is amount of res-
in. While stirring speed had nearly no effect, tempera-
ture had a slight effect on the process. The optimum
conditions were found to be 12 °C for reaction temper-
ature, 350 rpm for stirring speed and 50% wt. for the
amount of resin. The amount of calcium removal under
optimum conditions was found to be 79.49%. It can be
seen that the Taguchi method is a suitable alternative
experimental design method for use in a separation
process because it is cheaper than other conventional
design methods. In addition, the results obtained dur-
ing the experimental work may be obtained in a factory
environment using the Taguchi method.
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