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Abstract

In this study, the interaction between strontium sulfate (SrSO4) and boric acid (H3BOs), both in the absence and
presence of activated charcoal (C), was investigated at high temperatures using an SrSO4:H3BO3; molar ratio of 1:2,
which corresponds to the stoichiometric composition of strontium metaborate (SrB;O4). It was found that in the
absence of C, SrSO4 and H3BOs3 did not interact to form SrB,O4 upon heating at either 1073 K and 1273 K, probably
due to the very high thermal stability of SrSO4. In contrast, in the presence of C, heating at 1073 K resulted in the
formation of minor amounts of strontium borate phases, such as StBsO1o and SrB4O7, whereas the StB>O4 phase was
formed upon heating at 1273 K. The formation of SrB,O4 was further confirmed by Fourier transform infrared
spectroscopy analysis. Furthermore, when reagent-grade SrSO4 was replaced with natural SrSO4 (celestine) in the
starting mixture containing H3BO3 and C, the formation of SrB,O4 was also achieved at 1273 K. Because of the
promising results obtained for strontium metaborate, this study should be extended for the preparation other strontium
and alkaline earth metal (i.e., Ca) borates from corresponding naturally abundant sulfates that are usually not preferred
as the starting compounds in high-temperature solid-state synthesis studies.
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1. Introduction

There are approximately 153 strontium-containing minerals found in the Earth’s crust (IMA, 2022). Among
them, celestine (natural SrSQ4) is the most commonly mined strontium mineral and is used as the primary
strontium source following the production of concentrates with grades over 90-92% SrSOs from its ores using
different beneficiation (i.e. gravity concentration or flotation) techniques (Griffiths, 1992; Hong, 1993).

Celestine has limited use and is almost always converted to strontium carbonate (SrCQO3), which is the most
important industrial strontium compound, by using two different extractive metallurgical processes; namely
the black ash and the direct conversion (also known as the double decomposition) processes. In the former
process, celestine is reacted firstly with carbon (in the form of coal, petroleum coke, or metallurgical grade
coke) at temperatures >1273 K to produce water-soluble strontium sulfide, SrS, as the intermediate compound.
Then, the produced solid sulfide is dissolved in hot water, undissolved residue is separated from the loaded
solution and finally, strontium is precipitated from the solution as SrCOj; using either sodium carbonate or
carbon dioxide as the precipitating agent. In the latter process, celestine is interacted with hot sodium carbonate
solution directly to produce SrCOs. If the quality of produced strontium carbonate is low, it is leached with
acid and re-precipitated again to obtain a higher quality product (Griffiths, 1992; Hong, 1993; Sezer et al.,
2020).

The anhydrous binary SrO-B,0s system, which includes different stoichiometric compounds, such as SrB4O-,
SrB,04, SrB,0s, etc., has attracted attention due to the various optical properties exhibited by different
strontium borates. The orthorhombic SrB,Os (strontium metaborate) compound, which melts congruently at
1431 K (Pan et al., 2004), is one of the stoichiometric members of the SrO-B,03 system and may be used as a
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light-emitting phosphor after doping with rare earth ions, i.e. green-emitting with Tb** (Wu et al., 2012) or
blue-emitting with Eu?* (Zheng et al., 2015), as a non-flammable, anti-corrosive, anti-bacterial and/or anti-
fungal pigment (Ohtsu et al., 1994) and as a nanomaterial (Li et al., 2011).

Until now, various procedures, i.e. high-temperature solid-state synthesis method (Rulmont & Almou, 1989;
Onodera et al., 1999; Berezovskaya et al., 2007; Wu et al., 2012; Zhao et al., 2012; Zheng et al., 2015; Zhang
et al., 2016; Zheng et al., 2020), solution combustion method (Pekgozlii & Karabulut, 2009; Gawande et al.,
2014), the sol-gel method followed by calcination (Li et al., 2011), micro-pulling down method with radio
frequency heating (Fujimoto et al., 2011), Pechini method (Runowski et al., 2018) etc., were used for the
preparation of SrB>Os. Among them, the high-temperature solid-state synthesis method, generally applied at
temperatures >1073 K using SrCO3-H3;BOs3 or SrCOs-B,0s starting mixtures, is the most studied one.

Although naturally occurring strontium sulfate, celestine, is the most common and cheapest strontium source,
it is not preferred as the starting strontium source in the preparation of inorganic strontium compounds due to
its very high thermal and chemical stabilities. Therefore, in this study, for the first time in the literature, the
interaction between strontium sulfate and boric acid at high temperatures was investigated using mainly X-ray
diffraction analyses to reveal the possible formation conditions of strontium metaborate in the absence and
presence of activated charcoal, which can convert strontium sulfate into more reactive strontium sulfide phase.

2. Materials and Methods
2.1. Materials

In the experimental studies, strontium sulfate (SrSOs, Carlo Erba), strontium sulfide (SrS, Alfa Aesar), boric
acid (H3;BOs, PanReac), and activated charcoal (C, Merck) were used. In addition, diboron trioxide (B,Os, min.
98%, Eti Mine) and natural strontium sulfate (mineral ‘celestine’, >98% SrSO4) were also used in some
experiments for comparison purposes.

The starting mixtures; namely, SrSO4-H3;BOs (S-B), SrSO4-activated charcoal (S-C), SrSO4-H3BOs-activated
charcoal (S-B-C), celestine-activated charcoal (Cel-C), celestine-H3;BOs-activated charcoal (Cel-B-C), and
SrS-B»0; (SS-BO) mixtures; were prepared by hand-mixing the above-mentioned initial reactants in a mortar.
The S-B, S-B-C, and Cel-B-C mixtures were prepared considering the stoichiometry of SrB,QOs, i.e. for 1 mole
of Sr, 2 moles of B were used. The amount of activated charcoal used in the preparation of the S-C, S-B-C,
and Cel-B-C mixtures was selected considering the formation of SrS according to Equation (1), i.e. for 1 mole
of SrSO4, 4 moles of C were used. For the SS-BO mixture, 1 mol Sr containing SrS was interacted with 2 mol
B containing B>0O:s.

SrSO4 +4C — SrS +4CO (D)
2.2. Methods

The mixtures that contained activated charcoal were heated in porcelain crucibles (Isolab) covered with
porcelain lids, and those that did not contain activated charcoal were heated in open porcelain crucibles. Each
crucible was heated separately in a muffle furnace (Niive) at a heating rate of 10 K/60 s starting from room
temperature to the set temperature, which was selected according to the preliminary experiments and the
literature studies (Chen & Zhu, 2000; Sonawane et al., 2000; Liu & Huang, 2006; Abdel Halim et al., 2009;
Erdemoglu, 2009; Setoudeh et al., 2011) as 1073 K and 1273 K. After being kept at the set temperature for
3600 s, the heating was stopped, and the furnace was left to cool to room temperature. After completing the
heating-cooling sequence, the obtained samples were pulverized in a mortar by hand and their X-ray diffraction
(XRD) patterns (Rigaku, CuKa radiation) were determined.

Because of the inevitable presence of gaseous oxygen (in air) during heat-treatment in the muffle furnace,
some of the selected activated charcoal-containing mixtures were also subjected to heat treatment in a tube
furnace (MTI GSL-1100X) under an inert atmosphere of argon. The mixtures were heated in alumina boats
from room temperature to 1273 K at a heating rate of 10 K/60 s under high-purity (99.999%) Ar flow. After
holding at 1273 K for 3600 s, the furnace was allowed to cool naturally to room temperature under the same
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inert atmosphere. Upon completion of the heating-cooling cycle, the resulting products were hand-ground in a
mortar, and their XRD patterns (PANalytical, CuKa radiation) were determined using a diffractometer.

The thermal analyses (TG/DTA curves) of SrSO4, H;BO3, and the S-B mixture were performed using a thermal
analyzer (Setaram) under static air atmosphere at heating rate of 10 K/60 s. The thermal behaviours of activated
charcoal-containing, the S-C and the S-B-C, mixtures were determined by using a thermal analyzer (Netzsch)
under inert (Ar) atmosphere at heating rate of 10 K/60 s.

The Fourier transform infrared-attenuated total reflection (FTIR-ATR) spectra and the morphologies of
selected heated mixtures were also determined using a spectrometer (Thermo Fisher) and scanning electron
microscope (SEM) equipments (FEI and TESCAN GAIA3).

3. Results and discussion

In the first place, the TG/DTA curves of SrSO4 and H3BOs were determined separately (Figure 1), and it was
observed that they were in good agreement with the corresponding curves reported in the previous literature
studies (Kauffman & Dilling, 1950; Hatakeyama & Liu, 1998; Sevim et al., 2006; Ugyildiz, 2008; Aghili et
al., 2018). Then, the interaction between SrSO4 and H3;BOs (the S-B mixture) was investigated, considering
the possible formation of SrB,Os in a direct manner. For this purpose, the TG/DTA curves (Figure 2) of the S-
B mixture were first determined. As shown in Figure 2, H;BOs in the initial mixture decomposes with
increasing temperature in accordance with Equation (2) (see also Figure 1), and is present in the mixture in the
form of B»>O; at both 1073 K and 1273 K. As also seen in Figure 2, no thermal events, endothermic or
exothermic, were observed in the DTA curve of the S-B mixture between 1073 K and 1273 K, indicating that
no synthesis reactions or interactions occurred between SrSO4 and B,Os.
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Figure 1. TG/DTA curves of SrSO4 (red) and H3BO; (black) under air atmosphere

0 1
1 T
-9 1 F0.6 2
| 5]
x
< 1 . o
| TG 3 —
_g -18 _ 0.2 E:
g DTA g
S 27 -0.2 q%
= 4214
(2]
=
236 L 06 &
1
-45 - —— —— —— —— T -1
273 473 673 873 1073 1273

Temperature (K)

Figure 2. TG/DTA curves of SrSO4-H3BO;3 (S-B) mixture under air atmosphere
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This was expected due to the positive Gibbs free energy values (Figure 3) of the SrB,O4 synthesis reaction
(Equation (3)) at both 1073 K and 1273 K. The Gibbs free energy change calculations were performed using
HSC Chemistry 10 (Metso Outotec) chemical reaction and equilibrium software. The XRD patterns of the S-
B mixture heated at 1073 K and 1273 K (Figure 4) also substantiated that SrSO4 and B,O3 did not react directly
to form SrB,Os, probably due to the very high thermal stability of SrSO4 (Equation (4), see also Figure 3)
(Ostroff & Sanderson, 1959; Plewa et al., 1989; Lide, 2010).

300

Eq. 4
200 -

100 - Eq. 3

AG (kJ)

-100

-200

-300

-400

-500

1073 1123 1173 1223 1273
Temperature (K)

Figure 3. Variations of free energy values of the equations mentioned in the text with temperature
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Figure 4. XRD patterns of SrSO4-H3BO; (S-B) mixtures heated in muffle furnace at 1073 K and 1273 K
(a:H3BOs, ¢:SrS04)
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As mentioned before, SrSO4 has high thermal stability (thermally decomposes at 1647 K (Ostroff & Sanderson,
1959)) and in the presence of reducing agents, i.e. coal/coke (Chen & Zhu, 2000; Sezer et al., 2020), carbon
monoxide (Plewa et al., 1989), methane (Ale Ebrahim & Jamshidi, 2009) or hydrogen (Hegediis & Fukker,
1956; Habashi et al., 1976), it decomposes at lower temperatures by transforming to SrS. In the light of this
information, before studying on SrSO4-H3BOs-activated charcoal (S-B-C) mixture, the behaviour of SrSO4-
activated charcoal (S-C) mixture was investigated. The XRD patterns of the S-C mixtures heated in muffle
furnace (Figure 5) indicated that SrSO, started to decompose by transforming to SrS by heating at 1073 K,
above which the major mass loss for the S-C mixture initiated (see TG curve in Figure 6). This was expected
due to the negative free energy values of Equation (1) at both 1073 K and 1273 K (see Figure 3). The XRD
peak intensities of SrS (Figure 5), mainly observed at 20 values of 25.63°, 29.68°, and 42.48° (match with
JCPDS file no: 008-0489 for SrS), in the mixture heated at 1273 K indicated that higher amounts of SrS formed
at higher heating temperature, as also observed in the related literature (Sonawane et al., 2000; Erdemoglu,
2009; Setoudeh et al., 2011; Sezer et al., 2020). On the other hand, no XRD peaks belonging to other possible
strontium-containing phases, for example, strontium oxide (SrO), were observed in Figure 5.
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Figure 5. XRD patterns of SrSOs-activated charcoal (S-C) mixtures heated in muffle furnace at 1073 K and
1273 K (c:SrSOy4, f:SrS)
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Figure 6. TG/DTA curves of SrSOs-activated charcoal (S-C) mixture under inert atmosphere

Compared with the heat treatment performed at 1073 K in a muffle furnace containing a limited amount of
oxygen, the heat treatment conducted at 1073 K in a tube furnace under a completely oxygen-free atmosphere
resulted, as expected, in a higher amount of SrS in the heated mixture. Furthermore, after heat treatment at
1273 K in the tube furnace, the resulting material consisted entirely of the SrS phase (compare Figure 5 and
Figure 7).
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Figure 7. XRD patterns of SrSO4-activated charcoal (S-C) mixtures heated in tube furnace at 1073 K and 1273
K (c:SrSOq, f:SrS)

The high-temperature conversion of SrSOs to SrS is not a simple process and probably does not follow a single
reaction. In addition to Equation (1), the reactions given in Equations (5) and (6) may also occur during heating
in the reaction medium (Erdemoglu, 2009; Meng et al., 2009; Setoudeh et al., 2011; Sezer et al., 2020). As
seen in Figure 3, all three reactions are thermodynamically favourable between 1073 K and 1273 K.
Furthermore, the presence of water vapour, originating from the decomposition of boric acid, in the reaction
medium could transform SrSO4 to SrS (Equation (7)) by the formation of reducing CO and H» gases according
to Equation (8) (Parker, 1925), which is also possible (see Figure 3) between 1073 K and 1273 K.

SrSO4 + 4CO — SrS + 4CO; (5)
SrSO4 + 2C — SrS + 2CO, (6)
SrSO4 + 4H, — SrS + 4H,0 (7
C+H,0— CO+H, (3)

Following the S-B and S-C mixtures, the behaviour of SrSO4-H3;BOs-activated charcoal (S-B-C) mixture
during high-temperature heating was investigated. It was observed from Figure 8 that SrB>O4 did not form in
the S-B-C mixture heated at 1073 K, where the XRD peaks of other strontium borate phases, i.e. StBsO1o and
SrB40O7, were observed. This heating temperature (1073 K) coincides with the temperature of SrS formation,
indicating that formation of strontium borate(s) is related with the formation of reactive SrS intermediate from
SrSO4 (compare the TG curves in Figure 6 and Figure 9). The XRD peaks observed at 20 values of 14.71°,
27.09°, 28.11° and 30.95° (match with JCPDS file no: 015-0779 for SrB,04) in the pattern of the S-B-C
mixture heated at 1273 K proved that the SrB,O4 phase was formed. When the S-B-C mixture heated at 1273
K in tube furnace under inert atmosphere, SrB,O4 containing only SrS phase was formed (Figure 10). On the
other hand, a comparison of Figure 8 and Figure 10 clearly indicates that effective reduction can be achieved
during high-temperature heating not only in tube furnaces but also in muffle furnaces, commonly available in
most laboratories, by employing carbon-based materials in conjunction with lidded crucibles, without the
necessity of an inert gas flow.
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Figure 8. XRD patterns of SrSO4-H3BOs-activated charcoal (S-B-C) mixtures heated in muffle furnace at 1073
K and 1273 K (b:SrBsO10, ¢:SrSOs4, 0:SrB407, s:SrB;>04)
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Figure 9. TG/DTA curves of SrSO4-H3;BOs-activated charcoal (S-B-C) mixture under inert atmosphere
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Figure 10. XRD patterns of SrSO4-H3BOs-activated charcoal (S-B-C) mixtures heated in tube furnace at 1073
K and 1273 K (b:SrB¢O10, ¢:SrSO4, 0:SrB4O7, s:SrB20s, f:SrS)
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As mentioned above, the formation of SrB,O4 was seemed to be dependent on the conversion of SrSO4 to SrS
intermediate during heating of the S-B-C mixture, in which the initial H3BOs reactant is in the form of B,Os
intermediate between 1073 K and 1273 K. Taking this into account, the SS-BO mixture prepared from SrS
and B»O; were also heated separately in muffle and tube furnaces at 1273 K and the XRD patterns of the heated
products were given in Figure 11. As shown in Figure 11, the SrB,>Os phase is predominantly formed after heat
treatment in both types of furnaces. Because the binary SrS-B,O; system, including the SS-BO mixture, has
not yet been systematically investigated, further detailed investigations on its thermal behavior are
recommended for future studies.
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Figure 11. XRD patterns of SrS-B,Os (SS-BO) mixtures heated in muffle (top) and tube (bottom) furnaces at
1273 K (a:H3BOs, ¢:SrSOs, s:SrB204, f:SrS)

In addition to the XRD analyses, the formation of SrB>O4 was also substantiated by FTIR-ATR analyses
(Figure 12). The absorption peaks observed at 633 cm™!, 687 cm™!, 730 cm™!, 769 cm™!, 1135 cm™!, and 1419
cm !, all belong to the vibrations in infinite chains of trigonal borate groups (Rulmont & Almou, 1989) in
SrB,04. The obtained infrared spectra given in Figure 12 are well-matched with the spectra of SrB»Os
synthesized by Weir and Schroeder (1964) and Zhang et al. (2016) using reagent-grade SrCO; or SrO and
H3;BO; compounds. On the other hand, the SEM images of the SrSO4-H3;BOs-activated charcoal (S-B-C)
mixtures heated at 1273 both in muffle and tube furnaces (Figure 13) showed that both samples formed from
heavily agglomerated/sintered irregularly shaped particles, as also observed in different literature studies (Wu
et al., 2012; Zhao et al., 2012; Zhang et al., 2016).
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Figure 12. FTIR-ATR spectra of SrSO4-H3;BOs-activated charcoal (S-B-C) mixtures heated in muffle (red)
and tube (black) furnaces at 1273 K
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Figure 13. SEM images of SrSO4-H3BOs-activated charcoal (S-B-C) mixtures heated in muffle (left) and tube
(right) furnaces at 1273 K

The XRD patterns of celestine-activated charcoal (Cel-C) and celestine-H3BOs-activated charcoal (Cel-B-C)
mixtures heated at 1273 K (Figure 14) in muffle furnace clearly indicated that celestine (natural SrSO,), as the
most common and the least expensive strontium source, may also be used for the preparation of SrB,O4
following optimization of the heating parameters.
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Figure 14. XRD patterns of celestine-activated charcoal (Cel-C) and celestine-H;BOs-activated charcoal (Cel-
B-C) mixture heated at 1273 K in muffle furnace, together with celestine (c:SrSOs, f:SrS, s:SrB,04)

4. Conclusions

This study demonstrated that SrB>Os4 can be prepared by interacting SrSOs, either in reagent-grade or natural
form, with H;BOs3 at an SrSO4:H3;BO; molar ratio of 1:2 in the presence of activated charcoal at 1273 K. The
positive results of this study may create a different usage area for the highly abundant natural sources
(borates/boric acid (Eti Maden, 2021) and celestine (Ermis, 2011)) of Tiirkiye.
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The promising results obtained in this study regarding the preparation of SrB,Os also necessitate further
investigation into the applicability of the high-temperature solid-state synthesis method employed here to the
preparation of other strontium borates, e.g., StB4O7 or Sr2B»0s. In addition, the high-temperature solid-state
synthesis of other alkaline earth metal (i.e., calcium) borate compounds from their naturally occurring sulfates,
which yield more reactive sulfides in the presence of a reductant (carbon, methane, hydrogen etc.), should also
be investigated in the future with the procedure used in this study.
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