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Abstract—Boron removal was investigated by chemical precipitation from aqueous solutions containing boron using
calcium hydroxide. pH, initial boron concentration, amount of Ca(OH),, stirring speed and solution temperature were
selected as operational parameters in a batch system. The highest boron removal efficiency was reached at pH 1.0.
Increasing initial boron concentration and amount of calcium hydroxide raised to boron removal efficiency. Boron re-
moval efficiency was highest at a stirring speed of 150 rpm. The most important parameter affecting boron removal
efficiency was solution temperature. Increasing solution temperature increased importantly boron removal. XRD analysis
showed that CaB;0,(OH);-4H,0, which is a borate mineral called inyoite, occurred between Ca(OH), and borate ions.
As a result of the obtained experimental data, when the optimum operational conditions were selected, over 96% of

boron removal efficiency was reached by this method.
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INTRODUCTION

Boron has a number of minerals, mostly calcium and/or sodium
borates, such as colemanite (2Ca0-3B,0,-5H,0), ulexite (Na,O-
2Ca0-5B,0;16H,0) and tincal (Na,0-2B,0;:10H,0), etc. In nature,
boron appears in the following forms: (1) mineral (borosilicates and
borates), (2) adsorbed by clays, (3) adsorbed by organic matter, and
(4) in aqueous solution. Boron has a variety of applications includ-
ing various boron fertilizers, insecticides, corrosion inhibitors in
anti-freeze formulations for motor vehicles and other cooling sys-
tems, buffers in pharmaceutical and dyestuff production, and the
use of boron compounds for moderator in nuclear reactor, where
anthropogenic water-soluble boron compounds are discharged to
aqueous environment [1].

It is estimated that Turkey has about 72% of the boron reserves
of the world. The known borate reserves in Turkey are located in
four main districts, namely Emet, Bigadi¢, Kirka and Mustafa Kemal
Pasa [2]. Boron accumulates very fast in soils irrigated with boron-
containing wastewaters because of difficulty of washing it. Boron
compounds passing to soil with surface waters and groundwater
form many complexes with heavy metals, such as Pb, Cd, Cu, and
Ni, and these complexes are more toxic than heavy metals forming
them [3]. The main sources of boron from wastes, whose presence
is detected in surface waters, are urban wastes rich in detergents
and cleaning products; and industrial wastes, which can come from
a wide range of different activities as well as several chemical prod-
ucts used in agriculture [4].

It is present in living tissue in low concentrations (about 1 mgL ')
and is probably an essential micronutrient for the living [5]. The
WHO has given a preliminary limit of 0.3 mgL ' for drinking water.
The EU regulations are suggesting a limit of 1.0 mgL '. Most of
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surface and underground waters are below this limit; however, boron
contamination of waters is a world-wide concern. Some industrial
wastewaters and thermal waters contain high concentration of boron.
The tendency of boron to accumulate in vegetable tissues consti-
tutes a potential hazard to the health of those consuming food and
water with high boron content. As a result, although boron is vital
as a micronutrient element for plants’ growth, it can cause hazard-
ous effects at higher concentrations. For this reason, boron levels in
drinking and irrigation waters must be kept under control. Boron
removal from water is an important subject worldwide, which has
recently attracted great attention. Because inorganic boron com-
pounds are antiseptics, conventional biological treatment methods
cannot be used for boron removal from wastewaters. A variety of
treatment processes have been developed for boron elimination from
water, including adsorption [6-9], ion exchange [10-13], reverse
osmosis [14], electrocoagulation [15], electrodialysis [16], sorption-
membrane filtration [17] and precipitation, which is a simple, easily
automated and widely applied process [18,19].

In this study, chemical precipitation process has been carried out
for boron removal. For this purpose, calcium hydroxide, a less com-
monly used in the industrial wastewater treatment was used. The
flocks were then separated from the aqueous solution by means of
physical sedimentation. The process was examined under different
values of pH, initial boron concentrations, temperature, amount of
Ca(OH),, and stirring speed, in order to determine optimum oper-
ating conditions. The results of this study provided to the recovery
of boron which is economically very valuable. The results contrib-
uted to the protection of natural resources.

MATERIALS AND METHODS
1. Reagents

Wastewater samples used in the experiments were prepared syn-
thetically using H;BO; having 99.99% of purity from upper grade
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Table 1. The parameters used in the experiments and their values

Parameters Parameter values

pH 0.5,1.0,2.0,4.0, 6.0
Initial boron concentration (mg-L ') 250, 500, 1000, 2500

Temperature (K) 293, 313, 333, 353
Ratio of solid/liquid (g-mL ") 2.5/500, 5.0/500, 10.0/500
Stirring speed (rpm) 75,150, 300

quality. The solutions with boron concentration of 250, 500, 1,000
and 2,500 mgL ' were prepared by dissolving enough amounts of
H,BO; dried at 105 °C in distilled water. Calcium hydroxide used
for the experiments has 99.99% of purity from upper grade quality.
The parameters used in the experiments were solution pH, initial
boron concentration, temperature, amount of Ca(OH),, and stirring
speed. These parameters and their values are given in Table 1.

2. Experimental Setup

In the batch system used for removing boron from synthetic waste-
water by precipitation, the temperature of the reactor was con-
trolled with a SELECTA P100 thermostat. The pH of the solution
was adjusted with a WTW P4 multi-meter. In each experiment, after
500 mL wastewater was put into the reactor and pH was adjusted,
a weighted amount of the calcium hydroxide was added in the reactor.
The desired temperature was maintained within £0.5 °C and reac-
tor content was stirred with stirrer motor with tachometer at a desired
stirring speed. The precipitates in the samples taken in desired peri-
ods were separated by being filtrated by 0.2 pm cellulose acetate
membrane filter. The amount of boron reacted with the calcium hy-
droxide was calculated from boron concentration in solution. The
analytical determination of boron was done spectrophotometrically
by Carmine method [20]. For this purpose, a Shimadzu 160 Model
spectrophotometer was used at 585 nm of wavelength. Experiments
were reduplicated.

3. Powder X-ray Diffraction Analysis (XRD)

XRD analysis was carried out with a Rigaku D/MAX diffracto-
meter (Cu K ). The X-ray generator worked at a power of 40 kV
and 40 mA, the goniometer was equipped with a graphite mono-
chromator in the diffracted beam. The patterns were collected in
the angular range from 10° to 80° with 0.05° of step size. The powder
patterns were analyzed according to the Rietveld method [21], using
the software MAUD running on a personal computer. Crystalline
phases were identified using the database of the International Cen-
tre for Diffraction Data for Inorganic Substances (Inorganic Crystal
Structure Database).

RESULTS AND DISCUSSION

1. The Effects of Parameters

In this study, we investigated the effects of parameters such as
initial pH, ratio of solid/liquid, boron concentration, temperature
and stirring speed at the reaction times up to 120 minutes.
2. The Effect of pH

It has been established that the pH has a considerable influence
on the performance of chemical precipitation process. The effect of
initial pH on the boron removal was examined at 0.5, 1.0, 2.0, 4.0
and 6.0 pH’s using 500 ml wastewater containing boron of 1,000
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Fig. 1. The effect of initial pH on the boron removal (solution tem-
perature: 293 K, initial boron concentration: 1,000 mg-L '
and stirring speed: 150 rpm).

mgL '. The amount of Ca(OH), of 10 g, solution temperature of
293 K and stirring speed of 150 rpm were kept constant in the experi-
ments. The initial pH of solution was adjusted by adding concen-
trated H,SO,. Calcium hydroxide was added to solution after pH
was adjusted. Boron removal increased with increasing the pH up
to 1.0, and then decreased with increasing pH. Solution pH with
added Ca(OH), was exchanged as follows. Depending on the dif-
ferent starting pH values, the final pH of the solution was 10.5, 11.7,
12.2, 12.7 and 13.0 for 0.5, 1.0,2.0, 4.0 and 6.0 pH, respectively.
Naturally, solution pH increased with added Ca(OH),, but this in-
crease differentiated as function of initial pH.

Boric acid dissolves in water to form various borate ions which
their compositions change as a function of solution pH and begins to
dissociate into monoborate ions at pH>12. The formation of monob-
orate decreased to react between Ca(OH), and boron ions. There-
fore, increasing pH caused to decrease boron removal efficiency.
While boron removal efficiency reached to 35% at pH 1.0, the value
of the removal decreased to 8% at pH 6. The results obtained are
shown graphically in Fig. 1 for 1,000 mgL ' boron concentration.
3. The Effect of Initial Boron Concentration

In this study, boron concentration was chosen high because boron
concentration from boron industry wastewater was quite high. The
effect of initial boron concentration on the boron removal was exam-
ined with solutions including boron of 100, 250, 500, 1,000 and
2,500 mgL '. The amount of Ca(OH), of 10 g, optimum pH of 1.0,
solution temperature of 293 K and stirring speed of 150 rpm were
kept constant in the experiments. 10 g calcium hydroxide was added
to boron-containing wastewater after its pH was adjusted. The sam-
ples collected at given time interval were filtered and analyzed by
colorimetric method. The obtained experimental data showed that
increasing initial boron concentration increased boron removal effi-
ciency. When boric acid dissolves in water, it is ionized to borate
ions and, in general, only monoborate ions exist at lower boron con-
centration; several polyborate ions exist at higher boron concentra-
tion [22]. It was considered that boron removal efficiency of waste-
water containing higher boron concentration increased due to higher
polyborate ions at higher boron concentration. While removal effi-
ciency of the solution with 100 mg/L initial boron concentration

Korean J. Chem. Eng.(Vol. 29, No. 10)



1384 AL E. Yilmaz et al.

—— 100 mg/L
—&— 250 mg/L
60 b —a s00 mg/L
—— 1000 mg/L
—#—2500 mg/L

a0

Removal efficiency, %

0 25 50 75 100 125

Time, min

Fig. 2. The effect of initial boron concentration on the boron re-
moval (solution temperature: 293 K, pH: 1.0 and stirring
speed: 150 rpm).

approximately reached 11%, this efficiency of the solution with 2,500
mg/L initial boron concentration reached to 52%. The change in
concentration led to achange of the final solution pH. Depending
on the different initial boron concentration, the final pH of the solu-
tions was 12.55, 12.37, 12.2, 11.7 and 11.2 for 100, 250, 500, 1,000
and 2,500 mg/L, respectively. The results obtained are shown graph-
ically in Fig. 2.
4. The Effect of Solution Temperature

The effect of temperature on the boron removal was examined
with 293, 313, 333 and 353 K. Initial boron concentration of 1,000
mgL ', stirring speed of 150 rpm, amount of Ca(OH), of 10 g and
optimum pH of 1.0 were kept constant in the experiments. It was
seen that increasing solution temperature increased boron removal
efficiency. Temperature had an important effect on boron removal,
and boron removal efficiency was more effective at higher temper-
atures. The results obtained are shown graphically for 1,000 mgL '
boron concentration in Fig. 3. The temperature has two major effects
on the removal process. Increasing the temperature is known to in-
crease the rate of diffusion of the borate ions across the external
boundary layer and in the internal pores of the Ca(OH), particle,
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Fig. 3. The effect of solution temperature on the boron removal
(initial boron concentration: 1,000 mg-L ', pH: 1.0, stirring
speed: 150 rpm and ratio of solid/liquid: 10 g).
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owing to the decrease in the viscosity of the solution. In addition, tem-
perature change will change the equilibrium capacity of the Ca(OH),
for particular borate ions.

This method has succeeded in the recovery of boron from solu-
tion. The studies in literature generally focused on the removal of
boron from solution [23-27]. The results of this study showed that
boron was removed from aqueous solution and the product, which
can be of economic value, was obtained. A similar method was used
by Remy et al. In the study reported by Remy et al., it was stated
that under optimal conditions such as 50 g L ' of powdered cal-
cium hydroxide, a temperature of 90 °C, and process time of 2 h,
the residual boron concentration in solution was reduced from 700
to less than 50mg L . In this study, the X-ray diffractometric spec-
trum of the precipitate does not allow the indexing of borates [28].
In another study that used the method of hydrothermal treatment,
fluorine, and boron-containing waste waters were investigated. The
reported results showed that the hydrothermal mineralization treat-
ment with the Ca(OH),,, mineralizer is an effective technique to re-
cover boron and fluorine from wastewater. In this study, fluorine
and boron were recovered as CaF, and Ca,B,O; [29]. In the study
by Tsai et al., it was compared with microwave heating and con-
ventional heating methods. The results obtained showed that a more
effective method of microwave heating. The experimental results
showed that boron recovery efficiency reached 90% within 10 min,
and crystals of Ca,B,05-H,0 were found in the precipitates as indi-
cated by the XRD analysis. For the case of P-addition and the micro-
wave method, boron recovery efficiency reached 99% within 10
min, and CaHPO,-H,0O, CaHPO, and Ca,(PO,),(OH), were formed
[30]. The wastewater containing boron has been subjected to hydro-
thermal treatment and it was observed that boron removal was
effective. The precipitates were characterized by SEM, XRD, and
XPS, and confirmed that it was calcium borate (Ca,B,0;-H,0) [31].
The results obtained in this study are also consistent with the litera-
ture. Different boron such as CaB;0;(OH);-4H,0O (Inyoite) was ob-
tained in this study.

The change in initial solution temperature has led to a change of
the final solution pH because increasing solution temperature was
changed to reaction rate between borate ions and Ca(OH),. Depend-
ing on the different initial solution temperature, the final pH of the
solutions was 11.73, 11.50, 11.22, and 10.92 for 293, 313, 333 and
353 K, respectively.

5. The Effect of Amount of Ca(OH),

The effect of dosage of Ca(OH), on the boron removal was exam-
ined by adding 2.5, 5 and 10 g of calcium hydroxide to the waste-
water after solution pH was adjusted. Initial boron concentration of
1,000 mgL ', stirring speed of 150 rpm, solution temperature of 353
K and optimum pH of 1.0 were kept constant in the experiments.
Increasing amount of calcium hydroxide increased boron removal
efficiency. This situation is owing to increasing amount of calcium
hydroxide per borate ions in solution. With addition of the amount
of Ca(OH),, the final pH value of the solution increased. Depending
on the different the amount of Ca(OH),, the final pH of the solution
was 10.30, 11.60, and 10.92 for 2.5, 5.0 and 10.0 g, respectively.
The obtained results are shown graphically for 1,000 mgL ' boron
concentration in Fig, 4.

6. The Effect of Stirring Speed
The effect of stirring speed on the boron removal was examined
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Fig. 4. The effect of ratio of solid/liquid on the boron removal (ini-
tial boron concentration: 1,000 mg-L ', solution tempera-
ture: 353 K, pH: 1.0 and stirring speed: 150 rpm).

with 75, 150 and 300 rpm. Initial boron concentration of 1,000 mgL ',
amount of Ca(OH), of 10 g, optimum pH of 1.0 and solution tem-
perature of 353 K were kept constant in the experiments. 10 g cal-
cium hydroxide was added to each boron-containing wastewater
after their pHs were adjusted. The samples were collected at a given
time interval, filtered and analyzed. As a result of obtained experi-
mental data, the highest boron removal efficiency was obtained at
a stirring speed of 150 rpm. At a stirring speed of 75 and 300 rpm,
boron removal efficiencies were lesser. When 75 rpm of stirring
speed was investigated, Ca(OH), added to reactor was not homo-
geneously mixed in the reactor and it was observed that Ca(OH),
precipitated. This situation caused to decrease the reaction rate between
Ca(OH), and borate ions in the solution. When the effect of 300
rpm of stirring speed on boron removal was investigated, it was
observed that this stirring speed prevented influence of Ca(OH),
on pollutant. It was thought that increasing stirring speed caused
the increase of centrifugal force between Ca(OH), and pollutant.
Therefore, this situation decreased boron removal. The variation of
stirring speed also affected the final pH value of solution. The final
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Fig. 5. The effect of stirring speed on the boron removal (initial
boron concentration: 1,000 mg-L ', solution temperature:
313 K, pH: 1.0 and ratio of solid/liquid: 10 g).
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Fig. 6. X-ray diffraction diagram of obtained solid.

pH values of solution increased because increasing stirring speed
caused the increase of Ca(OH), dissolution. Depending on the differ-
ent the stirring speed, the final pH of the solutions was 10.25, 10.90,
and 11.55 for 75, 150 and 300 rpm, respectively. The results are
shown graphically for 1,000 mg-L ' boron concentration in Fig, 5.
7. XRD Analysis

The solid phase formed as a result of adsorption/precipitation
experiments was analyzed by XRD measurements using CuK & radi-
ation. Formed solid has a formation of crystallized construction.
Fig. 6 shows the XRD pattern of the precipitate obtained from syn-
thetic wastewater with 1,000 mgL ' of boron where the diffraction
peaks for both CaB,0,(OH);-4H,0 (Inyoite, Card no: 371459) and
CaSO, were identified. This also suggests that CaB,0,(OH);-4H,O
crystals would be formed on the surface of the undissolved Ca(OH),
crystalline surface. CaB,0,(OH);-4H,0 is formed by reaction between
borate anion and Ca(OH), in the solution. To prevent redissolution
of CaB;0,(OH),-4H,0, solution containing precipitate was rapidly
cooled at the end of reaction time. According to this, Ca® and borate
ions react as follows:

Cag,t3H;BO,, +20H +H,0— CaB;0,(OH);,+4H,0 )

On the other hand, CaSO, seen in XRD is due to H,SO, used for
adjusting pH. In this manner, Ca** from Ca(OH), and SO; from
H,SO, react as follows:

Caj,ytSOiy—>CaSOy, ()

8. Empirical Model

An empirical model was developed to relate the critical parame-
ters such as pH, initial boron concentration, solution temperature,
dosage of Ca(OH),, stirring speed and reaction time for boron re-
moval using chemical precipitation process. Based on the opera-
tional parameters, an empirical equation may be given to calculate
the optimal boron removal rate, and also, the formation rate of inyoite
crystallized by precipitating with Ca(OH),. In this study a manual
approach was used for model calibration. Default values of param-
eters related to chemical precipitation processes were initially em-
ployed. Then, differences between predicted and observed values
were noted and adjustments made in parameter values until an effi-
cient match between observed and calculated values of desired vari-
ables was reached. Change in the default values of six model par-
ameters gave a reasonable match for the investigated variables. Exper-
imentally obtained values including pH, initial boron concentration,
solution temperature, ratio of solid/liquid, stirring speed and reac-
tion time were easily transferred on the Statistica 6.0 program as a
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first step using user-friendly graphical icons. Some operational param-
eters of the chemical precipitation were entered to the Statistica 6.0
software. It is concluded that chemical precipitation is a viable pro-
cess for boron removal of industrial effluent that contains excess
boron. The results obtained by using various reaction parameters
were used to investigate the chemical precipitation kinetics of the
removal of the boron, and various reaction models were tested statisti-
cally for this purpose. Avrami has suggested a mathematical model
crystallization system as follows.

—In(1-X)=kt" ©)

By statistical analyses it was determined that the best equation repre-
senting precipitation process here is Avrami model. Also, the values
of —In(-In(1-X)) vs. Int were plotted for each parameter and straight
lines were obtained for each parameter. The plot of —In(—In(1-X))
vs. Int is given in Fig. 7 for various temperatures. As seen from the
figure, there is a linear relationship between —In(—In(1-X)) and Int.
To obtain an equation including all parameters used in the experi-
ments, the relationship between k and the reaction parameters was
examined. Assuming that the relation between k, and the tempera-
ture has the form of an Arrhenius equation, the values of k, vs. 1/T
were plotted; and from the slope of the straight line obtained, activa-
tion energy and the Arrhenius constant were calculated as 25,767

[
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(5]
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Fig. 7. Plot of —In(—In(1-X)) versus Int for various temperatures.
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J-mole ' and 6,587 s ', respectively. Finally, the rate equation for
the removal of boron by chemical precipitation method can be ex-
pressed by the following model:

— ln(l — X):6587[H] . [C] 122, [S/I_,]O'SI . [SS] 0,11 't0'35 e (25767/RT) (4)

where, H is solution pH, C is boron concentration (mg-L '), S/L is
solid/liquid ratio, SS is stirring rate (rpm), t is reaction time (min),
R is gas constant, T is solution temperature (K). The plot of pre-
dicted X vs. observed X given in Fig. 8 shows that the kinetics model
obtained very well fits the experimental results. The results show
good agreement between the experimental data and the predictive
equation,

CONCLUSIONS

The following conclusions can be drawn from this study in which
calcium hydroxide was used as precipitant for boron precipitation
from synthetic wastewater containing boron and its derivatives. It
was shown that this removal process considerably decreased the
concentration of borate ion in aqueous solutions with a relatively
high initial concentration of this ion, which was fixed at 1,000 mgL '
of B in this study.

1. The highest boron removal efficiency was obtained at pH 1.0.
The reason for this statement was considered is that powdered cal-
cium hydroxide had not enough precipitant characteristic at higher
pH than 1.0 and powdered calcium hydroxide dissolved at lower
pH than 1.0.

2. The highest boron removal efficiency was obtained at solu-
tion containing 2,500 mgL ' of boron. The reason being high boron
removal efficiency at high initial boron concentration was consid-
ered that borate species in solution having high boron concentra-
tion changed from monoborate to polyborate.

3. Solution temperature has a very important effect on boron re-
moval efficiency. At the experiments carried out with solutions hav-
ing same initial boron concentration, while boron removal efficiency
was 39% at 293 K, boron removal efficiency reached to 97% at 353
K. The result of the dominant effect of temperature on boron removal
was considered as that increasing temperature changed to structure
of calcium hydroxide. It was considered that the exchange of cal-
cium hydroxide structure pertained to pore size, and the exchange
of pore size has positive effects on boron removal.

4. The highest boron removal efficiency was reached to calcium
hydroxide of 10 g when effect of amount of Ca(OH), on boron re-
moval. Boron removal efficiency increased because increasing the
amount of calcium hydroxide increased the amount of precipitant
reacting with constant pollutant.

5. The highest boron removal efficiency was obtained at 150 rpm.
Ca(OH), demonstrated a precipitating tendency at lower stirring
speed (e.g. 75 rpm). It was considered that higher stirring speed de-
composed to precipitant-borate formation in solution.

6. This study achieved not only the removal of the dissolved boron
species from wastewater, but also the recovery of calcium borate
mineral by the addition of Ca(OH),. The process used in this study will
be efficient on the environmental condition. The recovered CaB,0;
(OH);+4H,0 in this study is one of the calcium borate ores that has
been found in nature (Inyoite). Therefore, this technique will be effec-
tive on the environmental aspect compared with the conventional
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removal techniques of boron.
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