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We report a low-cost and effective technique for preparing borax from boron-bearing tailings, which is at
a low grade of 9.98% B,Os. Well-crystallized borax is achieved by the removal of impurity, evaporation and
concentration through the efficient method of sodium roasting and pressure leaching. The morphology,
composition and structure of borax are investigated in this study. The result of scanning electron
microscopy shows that the crystals obtained are cube-shaped with smooth surface and of good growth.
The crystals are proven to be Nay;B4O;-10H,0 by EDS, XPS, XRD and ICP-AES. Moreover, the recovery
rate of boron can reach 63.49%. This cost-effective strategy of preparing borax from boron-bearing
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1 Introduction

Borax,"® borax hydrates,* boric acid,>® borate,” sodium
metaborate,®'®  boron-based propellant and  whisker
composite'** are commercially important boron compounds.
Borax, or sodium tetraborate, with a molecular formula of
Na,B,0;-10H,0, is a very important boron-bearing mineral and
boron compound. Borax usually appears as a type of colorless
translucent crystal or white crystalline powder that is odorless,
tastes salty and loses all the crystal water at 380 °C. It is soluble
in water and glycerol and slightly soluble in alcohol, and its
aqueous solution is weakly alkaline. Borax weathers slowly in
air, and changes into a colorless glassy material when melted.
Borax has a bactericidal effect, and is orally harmful to humans.
As one of the main boron compounds, borax is widely used in
over 100 industries for the production of borosilicate glass,
enamels, leather, detergents, cosmetics, textile-grade fibers, fire
retardants, artificial fertilizers, insecticides, disinfectants and
drugs due to its special chemical and physical properties.**** It
is mainly used in glass and enamel industries. When applied in
glass, it enhances the transmittance of ultraviolet light and
improves the transparency of glass and heat resistance. When
used in enamel products, the enamel shines better and does not
shed easily.’>'® In addition, it is also used as an alternative
energy source, and new application fields of boron will continue
to be expanded.
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commercialization of borax production.

As a substituted material of szaibelyite, a boron-concentrate
ore selected from paigeite by a magnetic-gravity concentrator is
used to prepare borax.'” However, this type of raw material is
gradually eliminated because it is difficult to be processed with
its complex structure and low grade.'®* Furthermore, with an
increase in boron consumption worldwide, it may get exhausted
after several decades, and thus, will be unable to meet the needs
of the developing boron industry. Therefore, development and
utilization of other boron resources become a task of top
priority. It has previously been reported that the leaching of
boron has determined the degree of difficulty in the preparation
of borax and boric acid. Therefore, improving the leaching of
boron during the use of boron ore presents as one of the key
scientific problems. Finding a material with reserves large
enough to sustain continuous production of borax remains
a major challenge. At present, the world boron consumption is
greater than 1.5 million tons per year in terms of boron oxide,
and it is increasing gradually. Boron minerals are distributed in
only a few areas around the world."”?*° Considering the
comprehensive utilization and sustainable development of
boron resource, choosing a more valuable material for
preparing borax is a critical matter for the moment. China ranks
after Turkey, the USA and Russia in boron reserves since China
has abundant boron resources, particularly boron-bearing tail-
ings due to the extraction of iron from paigeite.”* For this
reason, it is necessary to utilize the boron-bearing tailings to
produce borax efficiently in order to avoid environmental
problems as well as economical loss.

A number of research projects have been carried out to date,
and numerous methods have also been proposed for the prep-
aration of borax from boron deposits, such as the sulfuric acid

This journal is © The Royal Society of Chemistry 2017
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method,” alkaline hydrolysis method,* carbonate alkaline
method,”* sodium roasting and atmospheric leaching
method,?® molten sodium and atmospheric leaching method as
well as sodium roasting and pressure leaching method.>”**
Among these techniques for preparing borax, the sulfuric acid
method was applied several years ago. It is easy to get boric acid
and borax, but the cost is high and the scope of application is
narrow owing to the use of strong sulfuric acid, which leads to
serious equipment corrosion and is harmful to the environment
as well as human health. The alkaline hydrolysis method has
a high alkali solution rate. However, long process flow and large
energy consumption are its most conspicuous defects. The
carbonate alkaline method can obtain borax of excellent quality
with high efficiency, but its facility requirements are high and
the experimental condition is difficult to control because of the
production of carbon dioxide gas. Obtain borax using the
sodium roasting and atmospheric leaching method is a time-
consuming process, and the processing technology is not in
conformity with the principle of efficiency. The molten sodium
and atmospheric leaching method demands a high temperature
of 1450 °C, and thus the energy consumption will be the biggest
problem. Comparing with the above processes, sodium roasting
technology is a method that adds a sodium agent to the raw
mineral materials. In this method, decomposition of the
sodium agent results in Na,O, which is highly active and often
combines with other elements to produce soluble sodium salt
to destroy the mineral structure and facilitate the leaching of
the next element under a certain temperature and atmospheric
condition.>*** Therefore, we decided to prepare borax by the
sodium roasting and pressure leaching method, which is the
most ideal one with shorter reaction process, lower energy
consumption and less environmental pollution. Furthermore, it
has a high recovery rate of boron.

Based on the theory of sodium roasting, the sodium roasting
and pressure leaching method is used to prepare borax from
boron-bearing tailings. Our technique costs less and does not
sacrifice the high recovery rate. Moreover, it effectively
compensates for the disadvantages of other methods. In this
study, the morphology, structure and composition of the borax
crystal are also discussed. In addition, the reaction mechanism,
preliminarily analyzed in this study, provides a scientific basis
and reference to the preparation of borax from boron-bearing
tailings with low grade.

2 Experimental
2.1 Materials

Boron-bearing tailings (Kuandian ores) were exploited in
Liaoning province in China. Its chemical compositions are
presented in Table 1. The other chemicals used in the

Table 1 Chemical compositions of Kuandian ores

Index B,O; Na,O Al,O; CaO MgO SiO, Fe,0; K,O

Content (wt%) 9.98 0.04 1.36 2.28 32.43 28.41 4.88 0.03
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experiments, including Na,CO;, HCl and NaOH, were of
analytical grade and supplied by Sinopharm Chemical
Reagent Company. Deionized water was used during the
experiments.

2.2 Experimental procedure

Based on the content of B,O; in 15 g Kuandian ores and the
stoichiometric ratio, a theoretical mass of Na,CO; was calcu-
lated (1.13 g). To improve homogeneity, the ores were pulver-
ized to 200 mesh, and then the 15 g ores and 5.65 g Na,CO;
(five times as much as the theoretical mass) were mixed up.
The mixture was added to a corundum crucible and put in
a muffle furnace until the temperature of the muffle furnace
reached a preset value (700-950 °C) and remained constant.
After 2 hours of reaction, the mixture was removed and
pulverized to 200 mesh. According to the liquid-to-solid ratio
of 5:1, 8 g mixture that was pulverized and 40 mL deionized
water were put into an autoclave, the temperature of which was
controlled by a programmable temperature controller at
150 °C. Then, the reactor was heated with continuous stirring
(namely, the process of leaching), which lasted for 6 hours.
After the leaching process was over, the autoclave cooled
automatically within 5-6 hours. The reactant of the slurry
sample was taken out, followed by filtration to obtain
a filtrate. In order to crystallize the high-purity borax, the pH
value of the filtrate was adjusted to 9, which could precipitate
the silicate, and then filtered again to get another filtrate.
Well-crystallized borax was obtained from the second filtrate
after impurity removal, evaporation and concentration.
Then, the boron recovery x (%) was examined, which is
defined below

amount of B,Oj3 in the crystallized borax
amount of B,0O; in the leaching sample

X (%) = x 100 (1)

2.3 Characterization

The chemical compositions of boron-bearing tailings were
analyzed using an X-ray fluorescence spectrometer (PW2440X).
The morphologies of the crystals were identified by scanning
electron microscopy (SEM, TESCAN MIRA3 LMU type, Japan).
The TESCAN MIRA3 LMU-type scanning electron microscope
was equipped with the Oxford X-Max20 Energy spectrum
system. The X-ray diffraction (XRD) patterns of the crystals
were recorded on the D/max2550VB+ X-ray diffractometer
using Cu Ka radiation (k = 0.154178 nm) with 40 kV scanning
voltage and 40 mA scanning current, and its scan range was
from 5° to 70°. The elemental compositions of boron-bearing
tailings and borax were determined using an inductively
coupled plasma atomic emission spectrometer (ICP-AES,
ICAP-7600). X-ray photoelectron spectra (XPS) were recorded
on a K-Alpha 1063 photoelectron spectrometer using Al Ka. (hv
1486.6 eV) X-ray as the excitation source. Fourier transform
infrared spectroscopy-attenuated total reflectance (FTIR-ATR)
spectra were recorded on a Fourier transform infrared spec-
trometer (WQF-5104).
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3 Results and discussion

Unlike other reported methods, we chose the boron-bearing
tailing namely Kuandian ores, whose grade is only 9.98%, as
the raw material. Owing to its abundant reserves and the gradual
shortage of the boron-concentrate ore, it was of great significance
to adopt Kuandian ores as the raw material in the borax prepa-
ration industry. TG-DTA analysis was carried out to investigate
the thermal behaviors of Kuandian ores. As shown in Fig. 1(a),
the TG curve declined slowly at the initial temperature (0-520 °C).
Moreover, owing to the removal of surface-absorbed water, the
sample lost a small amount of weight. When the temperature
reached 588.8 °C, the DTA curve presented an evident exothermic
peak, the main cause of which was that a large amount of Fe** in
the sample was oxidized to Fe®*'. However, in this process,
compared with its weight gain, the weight loss of the sample was
more significant. For this reason, there was no peak in the TG
curve at that temperature. Between 623.8 °C and 703.5 °C,
a continuous and deep endothermal trough occurred in the DTA
curve. Moreover, the TG curve declined sharply at the same time,
and the weight loss rate reached as high as about 4.5% in this
region, the most convincing reason of which was that szaibelyite
(Mg,(OH)[B,O4(OH)]) and antigorite (Mgs[Si;O10J(OH)g) of the
ores were dehydrated into suanite (Mg,B,0;) and forsterite
(Mg,Si0,), respectively.*”* The temperature was increasing
continuously and, when it reached 808.7 °C, there was a shallow
and narrow exothermic peak on the DTA curve, and the corre-
sponding TG curve increased slightly. This was probably due to
an exothermic effect, which was caused by the transformation of
Fe** into Fe*'. Fig. 1(b) shows the TG-DTA curve of Kuandian
ores/Na,CO;. The exothermic peak occurred when the tempera-
ture reached about 588.8 °C. It is generally similar to the curve of
Kuandian ores. However, there was a greater weight loss than
that shown in Fig. 1(a). When the temperature reached 1000 °C,
the weight loss rate was more than 40%. This may be due to the
reaction between Na,CO; and Mg,B,0s (the dehydrated product
of szaibelyite and antigorite). Therefore, adding Na,CO; to the
ores could increase the sodium reaction and facilitate the
transformation from boron into well-crystallized borax.
According to the analysis results of TG-DTA, we calcined the
mixtures of the tailings and Na,CO; at different temperatures,

3 1.8
1004 ((a
( L1.6
ih 1.4
96 1 F12
on
94 - 1.0§
g Lo.s S
E 92 i g
L0.62
90 -
-0.4
88 0.2
86 -0.0

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Temperature/ C

View Article Online

Paper

Table 2 The boron recovery of samples roasted at different calcina-
tion temperatures

Temperature (°C) 700 750 800 850 900 950

Boron recovery (%) 28.09 34.14 40.76 45.53 60.51 63.49

varying from 700 °C to 950 °C. When the temperature reached
700 °C, suanite (Mg,B,0s) began to appear. It was an indis-
pensable ingredient for preparing borax. The boron recovery
observed under different temperatures is shown in Table 2. A
conclusion was drawn that boron recovery would increase with
the increase in temperature. However, as the rising rate grad-
ually became slower, and taking into account the energy
consumption, the experiment was not conducted at a higher
temperature. Therefore, we considered the experimental
condition, 950 °C, in the study as a relatively superior experi-
mental condition, and subsequent detections and analyses were
also performed on products that were obtained under this
condition. Fig. 2 illustrates the morphology of the sample
prepared by the sodium roasting and pressure leaching
method. The SEM image was enlarged 2000 fold. It can be seen
from Fig. 2(a) that the Kuandian ores were in a powdered form
with a small amount of bulk. As shown in Fig. 2(b), the samples
were aggregated and showed a porous surface structure, which
may be due to the release of carbon dioxide during the reaction.
In addition, the porous surface structure led to a faster reaction
between ores and molten Na,CO; and formed a fluffy cluster;
thus, it was easier to recover boron under this condition. The
morphology of crystals is shown in Fig. 2(c). The image shows
that the borax product was massive with a smooth surface and
showed good crystal growth. To prove the element composition
and ratio, the purity of the crystals was analyzed by elemental
analysis, SEM with energy-dispersive X-ray spectrometry (EDS),
and the results are given in Fig. 2(d). Elemental analysis showed
that there were three elements in the crystals, including Na, B
and O elements.

The XRD patterns of Kuandian ores, sodium roasting
samples and the crystals are shown in Fig. 3. In Fig. 3(a), we can
see all the phases of Kuandian ores. The major phases were

antigorite (Mge[Si4O10]J(OH)s), talcum (Mgs[Si,O10](OH),),
3.0
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Fig. 1 TG-DTA curve of (a) Kuandian ores and (b) Kuandian ores/Na,COs.
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Fig. 3 XRD pattern of (a) Kuandian ores, (b) samples roasted at 950 °C
and (C) the crystals. (A) Mgs[Si4Om](OH)8; (B) Mgg[Si4010](OH)2; (C)
Ca2M95S|3022(OH)2, (D) Mg3[sl4010](OH)2M93(OH)5, (E) Mgz(OH)
[B2O4(OH)I; (F)  KAL(ALSIsO10)(OH)z;  (G) MgaSiO4; (H) SiOz; (1)
CaMg(COs3)y,; (J) FezOy; (K) NaxB4O7; (L) MgO; (M) NayB4O7-10H,0.

tremolite (Cay,Mgs5Sig0,,(OH),), chlorite (Mg3[SisO10](OH),-
Mg;(OH)g), szaibelyite (Mg,(OH)[B,O4(OH)]), muscovite (KAl,(-
AlSi3044)(OH),), forsterite (Mg,SiO,), quartz (SiO,), dolomite
(CaMg(CO0s3),), magnetite (Fe;0,) and so on. With the gradually
increase in reaction time, szaibelyite (Mg,(OH)[B,04(OH)]) and
antigorite (Mge[Sis010](OH)g) in the Kuandian ores were dehy-
drated into suanite (Mg,B,0s) and forsterite (Mg,SiO,),
respectively. At this point, the diffraction peak intensity of

This journal is © The Royal Society of Chemistry 2017

Na,B,05 in the product appeared as shown in Fig. 3(b). It was
the product of the chemical reaction of Mg,B,05 and Na,COs;.
The amount of Na,B,O, gradually increased. For further
determining the structure of the crystals, which were obtained
by the cost-effective method under a sodium roasting temper-
ature of 950 °C, we also monitored them by X-ray diffraction.
The powder XRD pattern of the crystals is presented in Fig. 3(c).
We found that the pattern of the crystals was in accordance with
the standard spectrogram. Thus, it was confirmed that the main
crystallized product obtained was Na,B,0,-10H,0.

Moreover, to observe the crystal structure composition,
further studies were carried out. Boron-bearing tailings,
samples roasted at 950 °C and borax crystals were analyzed by
elemental analysis, ICP-AES. As shown in Table 3, the result
clearly illustrated the changes in the elements and their
contents in samples during the three processes in the experi-
ment, and the reasons for the changes in the contents of some
elements were also analyzed. The main metallic elements in
boron-bearing tailings were Al, Ca, Fe, K, Mg, Na and Si and the
main nonmetallic elements were B, C, O and H, which was
similar to the result of the chemical composition analysis of the
tailings in Table 1. After roasting at 950 °C, the content of Na in
the samples increased, mainly because of the addition of
Na,CO; in the tailings for roasting. The contents of Al, K and Si
increased slightly, which might be caused by the introduction of
slightly impure elements due to the experimental operation
during the grinding process. The remaining elements were
basically unchanged or slightly decreased. After the evapora-
tion, concentration and cooling crystallization of the crystals,
the metallic element left was only Na and its content was 9.99

RSC Adv., 2017, 7, 31042-31048 | 31045
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Table 3 Elemental compositions of (a) boron-bearing tailings, (b) samples roasted at 950 °C and (c) borax

Elements (wWt%) Al As Ba Ca cd Co Cr

a 0.80 0.0001 0.0036 1.59 0.0001 0.0001 0.0062
b 0.91 0.0001 0.0046 1.52 0.0001 0.0001 0.0020
c 0.019 0.0001 0.0001 0.0060 0.0001 0.0001 0.0010
Elements (wWt%) Cu Fe K Mg Mn Mo Na

a 0.0001 2.62 0.15 39.10 0.14 0.0001 0.14
b 0.0001 2.49 0.19 36.20 0.13 0.0001 13.60
c 0.0001 0.0017 0.0074 0.0010 0.0001 0.0001 9.99
Elements (wt%) Ni P Pb Sb Si Sn Ti

a 0.0043 0.093 0.0010 0.0010 10.40 0.0010 0.041
b 0.0010 0.096 0.0010 0.0010 10.60 0.0010 0.045
[¢ 0.0001 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
Elements (wt%) \% Zn B C (o) N H

a 0.042 0.067 3.31 1.17 28.98 0.076 1.49

b 0.034 0.057 2.69 0.045 20.94 0.010 0.087
¢ 0.0001 0.0001 10.80 0.027 48.98 0.28 5.11

wt% with the impurities of other metallic elements all removed.
The main nonmetallic elements left were B, O and H, and the
content of B was 10.80 wt%. Upon calculation, the ratio of the
number of atoms in the crystals was as follows: n(Na) : n(B) =
1: 2. This result was consistent with the result of the crystal
chemical formula in XRD analysis, which was Na,B,0-10H,0.
However, traces of N were included in the crystals, which might
be the impure element introduced during the high-pressure
leaching or crystallization process. The crystals were also
confirmed by XPS. The full spectrum in Fig. 4(a) indicates the
existence of B, Na and O elements in the sample. Compared
with the original ores, the elements K, Al, Ca and Mg dis-
appeared, suggesting the removal of impurities during prepa-
ration. The impure elements were precipitated after the
leaching process, and silicate precipitates were removed by
adjusting the pH value of the filtrate to 9 in this experiment.
According to the ratio of Na/B and the peak with their binding
energy of 192.01 eV, the crystal was assigned to be Na,B,0,-
-10H,0. FTIR was employed to analyze the existence of most
functional groups and the changes in chemical bonds. Fig. 4(b)
shows that the FTIR spectra of the borax crystal (with its peak
centered at 3508 cm '), which was wide and strong, were
attributed to the O-H. In addition, the peaks centered at 1646
em Y, 1406 cm ' and 1074 cm™ ' were consistent with the
characteristic vibration absorption peak of B-O. Furthermore,
the peak observed at 831 cm™* was attributed to the extension
vibration of Na-O. It indicated that the oxygen atom had coor-
dinated with the sodium ion.*

Based on the above results, we proposed the preparation
mechanism of borax, which is shown in Fig. 5. First, during the
roasting stage, the phases, szaibelyite (Mg,(OH)[B,O4(OH)]) and
antigorite (Mgg[Si4O10](OH)g) in the Kuandian ores, were dehy-
drated into suanite (Mg,B,0s) and forsterite (Mg,SiO,) at
700 °C, and the forsterite phase in the product increased

31046 | RSC Adv., 2017, 7, 31042-31048

gradually. This rule was in accordance with the results of
differential thermal analysis. Simultaneously, Na,B,0, phase
appeared and sodium carbonate in the system began to melt at
850 °C. The sodium products were aggregated and showed
a porous surface structure since the particles were encapsulated
with molten Na,CO;. Subsequently, the increasing molten
Na,CO; made a transition from solid-solid reaction to solid—
liquid reaction, which led to the acceleration of the reaction. In
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Fig. 4 (a) XPS pattern and (b) FTIR pattern of crystals.
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Fig. 5 Mechanism diagram of the borax prepared by sodium roasting
and pressure leaching.

general, in the case of high-temperature calcination, Na,CO;
could be decomposed into two component parts, namely Na,O
and CO,. The Na,O primitive cell is shown using the ball-and-
stick model in Fig. 5. Second, by further increasing the calci-
nation temperature, the amount of Na,B,O; phase increased. At
this point, we could learn that the diffraction peak intensity of
Na,B,0O; increased obviously. The chemical reactions were
illustrated in the following three formulas. Finally, the roasted
product was put into an autoclave with deionized water, and the
particle size of the product was 200 meshes. After the treat-
ments of leaching, filtration, impurity removal and crystalliza-
tion, the crystal of Na,B,0,-10H,0 appeared, whose atomic
structure was given with a space group of C2/c. Each sodium ion
was located on the crystallographic inversion symmetry center
and surrounded by six oxygen donors from water in distorted
octahedron geometry. The crystal structure was aggregated to
a 2-D network through O-H-O hydrogen bonding involving the
water molecules and tetraborate anion atoms.**** Such a struc-
ture could contribute to the leaching of boron. In other words, it
was valuable to obtain higher boron recovery.

Mg6Si4O]0(OH)8 - 3Mg28104 + SIOZ + 4H20 (2)
Mg,B,04(OH), — Mg;B,0s + H,O (3)
2Mg2B205 + NazO - N32B407 + 4Mg0 (4)

This journal is © The Royal Society of Chemistry 2017
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4 Conclusions

High-quality borax, with boron-bearing tailings as raw mate-
rials, is prepared by sodium roasting and pressure leaching. The
recovery rate of boron is up to 63.49% under the optimum
reaction conditions of 950 °C with a low grade of 9.98% (B,03).
It is economical to prepare borax using this technique, which
can achieve a high recovery rate with low grade. Borax products
obtained are cube-shaped crystals with smooth surface and
show good crystal growth, and the products are proven to be
Na,B,0;,-10H,0 by XRD, XPS and FTIR. The element compo-
sitions of the borax crystal mainly include Na, B and O
according to the results of EDS and ICP-AES. Thus, this cost-
effective method can be easily applied to industrial scale-up
preparation of borax for large-scale chemical and metallur-
gical applications.
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