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This study is aimed to produce polymer composite materials with low thermal
conductivity coefficient and high mechanical strength. Therefore, different rates
of boric acid and paper mill sludge were added to the polyester matrix and the
composite materials were characterized in terms of mechanical and thermal
properties. Based on the experimental results, the highest bending strength
(21.83 MPa) was achieved in the presence of 5% paper mill sludge and 3% boric
acid. Compared to the reference, the decomposition temperatures of composites
increased with the addition of additives. Also, the densities of composites ranged
from 1.141 g/cm® and 1.409 g/cm?. The additives of paper mill sludge and boric
acid decreased the thermal conductivity coefficient of composites and lowest
coefficient of thermal conductivity was reported as 0.61 W/mK. Consequently,
boric acid and paper mill sludge additions enhance the mechanical and thermal

Thermal insulation.

properties of polyester-based composite material.

1. Introduction

Polymeric composite materials are produced with dif-
ferent fibers and particles to improve the mechanical
and thermal properties of polymers which have a wide
usage area. In this context, there are many studies
on the polymer properties by fiber and particle rein-
forcement in the literature [1-5]. For instance, boron
nitride was added to polypropylene and boron nitride
addition was found to increase the thermal conductiv-
ity of polypropylene [6]. In another study, weight loss
of epoxy composites with different ratios of boric acid
(H,BO,) was investigated [7]. Polymers have very low
thermal conductivity values when compared to many
other materials [8]. Improving the thermal conductiv-
ity properties of polymers may result in greater energy
savings, especially in thermal insulation applications.
In this study, H,BO, was used to reduce the thermal
conductivity coefficient of polymer material.

In paper manufacturing plants, some of the cellulose
fiber and mineral additives are collected in tailings im-
poundments during production process and are called
paper mill sludge (PMS). It is a problem both in terms
of environment and factory economy. Therefore, paper
manufacturers are making great efforts to solve this
problem and evaluate it in different applications. Now-

adays, PMS is either landfilling or disposed of by in-
cineration treatment [9]. Researchers have focused on
alternative methods due to the decrease of landfills, in-
creasing storage costs, and because of no sustainable
and eco-friendly of the incineration method [10,11].

PMS can also be used as filler in polymers because
of containing kaolin, talc and calcium carbonate as
well as cellulose fibers. Within the scope of material
technologies, the studies on the utilization of cellulosic
and inorganic materials in polymer composites are re-
markable [12]. When viscose fiber and microcrystalline
cellulose particles are added to the high density poly-
ethylene, it is stated that cellulose has a clear effect on
the thermal dimensional stability of polyethylene and
the addition of viscose fiber and microcrystalline cel-
lulose increases the tensile strength of polyethylene
[13]. PMS and wood fibers are reinforced into polyeth-
ylene matrix in different rates. While there was no sig-
nificant change in mechanical properties at low PMS
rates, the bending strength and elastic modulus of the
composite material decreased and impact strength in-
creased, after PMS ratio reached a certain value [14].
The effect of particle size of PMS and extrusion tem-
perature on the physical and mechanical properties of
thermoplastic polymer composites were investigated.
In the light of the experimental findings, when particle
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Figure 1. SEM image and EDS results of paper mill sludge.

size decreased, swelling, water absorption, tensile and
bending strengths of composite material improved and
increase in extrusion temperature positively affected
tensile and bending properties [15].

Energy saving has become a more critical subject for
economic and environmental reasons. The total ener-
gy consumed in Turkey are known for use in buildings
of 32%, about half of it is lost due to insufficient insu-
lation of buildings. Therefore, the insulation of build-
ing walls is open to new studies as it enables energy
saving [16]. Although there are many studies present
in literature regarding to production and characteriza-
tion of polyester composite materials, no study has
been issued about the use of PMS as an additive in
polyester polymer. In addition, the characterization of
the material in terms of thermal conductivity will make
an important contribution to the literature. Therefore,
in present paper, it was planned to produce polymer
composites with low thermal conductivity and high me-
chanical strength by adding H,BO, and PMS to poly-
ester matrix. The produced composite materials were
characterized in terms of bending strength and ther-
mal degradation, thermal conductivity coefficient and
surface properties.

2. Materials and methods
2.1. Material properties

PMS was provided from OYKA paper and packaging
factory in Caycuma/Zonguldak. It was dried to remove
moisture at 110°C for 6 h and then grinded. PMS was
coated with Au-Pd mixture and then SEM-EDS analy-
sis was performed (Tescan Maia3 Xmu). SEM image
and EDS results of PMS are presented in Figure 1. It
is known that PMS contains a large amount of cellu-
lose. Also, there are also impurities in PMS such as Ca
and Al arising from the paper manufacturing process.
Polyester based epoxy resin used as polymer matrix
and H,BO, of analytical purity were purchased from a
commercial company.

TG-DTG curves of PMS are presented in Figure 2. TG-
DTG analysis was carried out at 10°C/min. of heating

rate under nitrogen atmosphere (Hitachi, STA 7300).
At the end of 800°C, the total weight loss is 69.56%.
Thermal degradation of PMS took place in three stag-
es. A weight loss of approximately 3% occurred due
to the removal of physical water until 150°C. At 160-
600°C, 61.35% weight loss was observed with the
thermal degradation of hemicellulose and cellulose.
At the last stage (>600°C), the weight loss is 69.56%
due to calcination of carbonates. As shown in Table
1, functional groups of PMS were also determined by
FTIR analysis.
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Figure 2. TG-DTG curves of paper mill sludge.

2.2. Composite material production and character-
ization

Composite material production was carried out using
molds with dimensions of 15 cm x 4 cm x 4 cm. Sam-
ples were prepared according to the mixture ratios in
Table 2. The catalyst (Butanox N60) of 1% was added
to the mixtures to accelerate the chemical reaction.
Lubricant (wax) was applied to the inner surfaces of
the mold for easy removal of the sample. The stirring
treatment was performed to ensure homogeneity of
the prepared mixtures by a mechanical stirrer. Then,
the prepared mixtures were molded and the samples
were removed from the mold after being kept at ambi-
ent conditions for 1 h. Samples were cut on a cutting
machine and brought to the appropriate dimensions
for three-point flexural strength tests. All characteriza-
tion experiments were carried out in triplicate.
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Table 1. FTIR analysis of paper mill sludge.

Wavenumber (cm') Functional group

3331 -OH stretching of cellulose
2918, 2850 C-H stretching of aromatic and aliphatic groups
1640 C-O (aldehyde group)
1417 calcium carbonate
1155 vibrations of C-O-C bond
1028 glucose stretching of C-O and OH
873 C-O-C bond
Table 2. Mixture ratios of prepared samples.
Sample Polyester resin (wt. %) PMS (wt. %) Boric acid (wt. %)
Reference 100 - -
Al 99 1 -
A2 97 3 -
A3 95 5 -
B1 99 - 1
B2 98 - 2
B3 97 - 3
C1 98 1 1
C2 95 3 2
C3 92 5 3

Three-point bending tests of the samples were per-
formed using a test instrument (Universal) with a ca-
pacity of 50 kN. All tests were carried out under the
test conditions of effective span of 50 mm and loading
speed of 1 mm/s. The molded samples were cut to 50
mm x 20 mm x 20 mm and prepared for bending test.
The samples were placed between the two supports.
Then, tests were carried out until fracture occurred with
the effect of an increasing force and three-point bend-
ing strength of composite materials was determined.
The thermal behaviors of the composite materials were
carried out using thermogravimetric analyzer (Hitachi
STA 7300) at heating rate of 10°C/min under nitrogen
atmosphere. Thermal conductivity values of the com-
posite materials were measured at ambient tempera-
ture by a C-Therm TCi Thermal Conductivity Analyzer
with modified transient plane source. The surface of the
material was made flat and smooth for measurement.
Then, the material surface was contacted with the sen-
sor and the thermal conductivity coefficient (k) of the
material is determined in W/mK units.

3. Results and discussion
3.1. Three-point bending tests

The bending test results are given in Figures 3-5. As
seen in Figure 3, the bending strength of the polymer
composites increased with PMS addition and the high-

est bending strength (11.53 MPa) was achieved in
composite material containing 5% of PMS. It is pos-
sible to indicate that the presence of cellulosic fibers
in PMS increases the strength of the polymer matrix.
In literature, while the flexural strength of polyamide 6
based composites increased with the addition of car-
bon and glass fiber (from 1% to 5%), carbon fiber re-
sulted in higher strength [17]. Another study indicates
that the mechanical performance of the composite im-
proves, as the broom grass fiber content in the poly-
ester matrix increases. This is because the polyester
matrix transmits and distributes the applied force to the
fibers. Therefore, the composite material exhibits high-
er strength and can withstand a higher load than pure
polyester [18,19].
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Figure 3. Effect of paper mill sludge amount on bending strength.
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As shown in Figure 4, addition of H,BO, up to 2% in-
creased the bending strength, a decrease in the bending
strength of the material occurred at higher concentra-
tions. Accordingly, while the composite material con-
taining 2% H,BO, has the maximum strength of (16.64
MPa), it decreased to 14.01 MPa for the material with
3% H,BO,. Demirel et al. [20] added different amounts
of H,BO, (15%, 20% and 30%) to the polyester mix-
ture containing 5% glass fiber. They reported that the
mechanical strength of composites tended to decrease
compared to pure polyester at the amount of H,BO,
studied. In the present article, lower amounts of H,BO,
were studied. And, an increase was observed up to 2%,
while a partial decrease was observed in 3% H,BO, ad-
dition. Similar trend in terms of mechanical strength was
observed for all series of B and C.
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Figure 4. Effect of boric acid amount on bending strength.

According to Figure 5, the flexural strength increased
to 21.83 MPa with the addition of 5% PMS and H,BO,
while the bending strength of the reference sample
(no additive) was 10.21 MPa. However, the bending
strength of the material containing 8% PMS and H,BO,
was reduced to 14.88 MPa. This is due to the change in
the adhesion forces between the additives and the poly-
ester. Consequently, the combined utilization of PMS
and H,BO, up to certain amount leads to a significant
increase in bending strength. This suggests that PMS
and H,BO, can be evaluated to improve the mechanical
properties of polyester composite materials. Another im-
portant point in bending tests is that the fracture occurs
as brittle fracture. Digital images of fractured samples
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Figure 5. Effect of paper mill sludge and boric acid amount on
bending strength.

are given in Figure 6.

Density of polyester material is 1.076 g/cm?®. The den-
sity of composites varies between 1.141 g/cm® and
1.409 g/cm3. The densities of composites containing
1%(A1), 3%(A2) and 5%(A3) PMS were measured as
1.141, 1.158 and 1.198 g/cm?®, respectively. Also, the
densities of samples with 1%(B1), 2%(B2) and 3%(B3)
H,BO, additives are 1.312, 1.348 and 1.392 g/cm?, re-
spectively. And, the samples of C1, C2 and C3 have
density values of 1.341, 1.365 and 1.409 g/cm?, respec-
tively.

3.2. SEM analysis

SEM analyzes were performed to determine the surface
morphology of the composite samples. In addition, the
fracture surfaces of composite materials, the interac-
tion between the additive and polymer matrix system
and the distribution of the additives in the matrix were
examined by SEM in Figure 7. The SEM image of the
reference sample shows that the polyester resin is ho-
mogeneously dispersed. According to Figure 7(b), it is
clearly seen that the presence of cellulosic fibers and
these fibers break as a result of fracture. The lamellar
occurring in different directions during the solidification
and the presence of H,BO, particles are shown in Figure
7(c). As seen in Figure 7(d), it is seen that the cellulose
fibers are broken in the same direction as the broken
polymer matrix. On the other hand, SEM images show
the little polyester matrix on the surface of the broken fi-
bers. It suggests that the adhesion between the polymer
matrix and the fiber is poor [17,21].

3.3. Thermal gravimetric analysis (TGA)

Based on Figure 8, thermal degradation of the samples
took place in two regions; region 1 (90°C-190°C) and
region 2 (190°C-360°C). In region I, the physical water
within the body is removed until 190°C temperature. The
main weight loss occurred in the region Il. According to
DTG data, the characteristic temperatures (T, T.and Tp)
of DTG data for both regions are given in Table 3. Con-
sequently, the additions of PMS and H,BO, provided a
relatively increased thermal resistance when compared
to the reference. Similarly, the addition of H,BO, (from
15% to 30%) to the polymer mixture (80% polyester
and 5% glass fiber) caused an increase in the thermal
decomposition temperatures of composites when com-
pared to with pure polyester [20].

3.4. Thermal conductivity test

Based on the thermal conductivity test results in Table
4, the addition of additives caused decrease in heat
conductivity coefficient. While the heat conductivity
coefficient of the reference material was 0.245 W/mK,
the heat conductivity coefficients of A3, B3 and C3
materials were measured as 0.212 W/mK, 0.161 W/
mK and 0.209 W/mK, respectively. In literature, H,BO,
has been used as a reinforced material in the poly-
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Figure 6. Digital images of the fractured surface of all samples.
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Figure 7. SEM images of fractured surfaces of samples reference (a), A3 (b), B3 (c) and C3 (d).

Table 3. Characteristic peaks of thermal decomposition of ref-
100 erence, A3, B3 and C3.
9 80 Region I Region II
< Sample
£ 60 Ti(°C) Ti(°C) Tp(°C) Ti(°C) Ti(°C) Tp(°C)
."Eﬁ 10 ——Reference Reference 80 160 125 200 295 255
g :g; A3 9 170 135 210 300 265
20 3 B3 95 175 140 215 305 270
0 C3 105 180 150 225 310 280
0 100 ].200 " 300% 400 300 T, = Initial temperature
emperawure, T, = Final temperature
Figure 8. TGA curves of reference, A2, B3 and C3 samples. T, = Peak temperature
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propylene matrix and improved the thermal insulation
property by reducing the heat conductivity coefficient
of the polymer composite material. It is attributed to the
fact that the thermal conductivity of H,BO, is lower than
that of polypropylene [22]. In another study, thermal
conductivity characteristics of polyamide 6 composites
containing various fibers were investigated. The pres-
ence of carbon fiber increased the thermal conductivity
of composites, however it slightly decreased with the
addition of glass fiber [17]. This result shows the impor-
tance of fiber type on the thermal conductivity of com-
posites. Also, the addition of carbon nanofillers to the
epoxy polymer matrix resulted in a significant increase
in thermal conductivity [23].

Table 4. Thermal conductivity coefficients of samples.

Thermal conductivity Thermal conductivity

Sample

coefficient (W/mK) € coefficient (W/mK)
Reference  0.2450.008 B2 0.176 +0.024
Al 0.232 0.01 B3 0.161+0.013
A2 0.217 £0.021 c1 0.223 £0.013
A3 0.212 +0.006 C2 0.215 +0.02
B1 0.197 £0.017 c3 0.209 £ 0.018

4. Conclusions

In this study, PMS and H,BO, were used as additive in
polymer based composite material production and ma-
terials were characterized in terms of mechanical and
thermal properties.

Based on the experimental results, the highest bending
strength (21.83 MPa) was achieved in the presence of
5% PMS and 3% H,BO,. Compared to the reference,
decomposition temperatures of composites increased
with the addition of additives. Also, the densities of
composites ranged from 1.141 g/cm?®*and 1.409 g/cm?.
The additives of PMS and H,BO, decreased the ther-
mal conductivity coefficient of composites and lowest
coefficient of thermal conductivity was reported as 0.61
W/mK. Consequently, H,BO, and PMS additions en-
hance the mechanical and thermal properties of poly-
ester-based composite material.

The experimental results demonstrate the effectiveness
of both H,BO, and PMS in composite material produc-
tion. In the following studies, we planned to use the
compatibilizing agent between the polymer matrix and
the additives, surface modification of PMS and the uti-
lization of different boron compounds to achieve higher
mechanical properties and further improve thermal in-
sulation properties of the polymer composite materials.
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In this study, the leaching behaviour of lithium, together with cesium and
rubidium, from a clay sample of Kirka borate deposit in sulfuric acid solutions
was investigated with chemical, XRD, FTIR, DTA analyses methods and specific
surface area measurements. It was observed that the leaching behaviours of
lithium, cesium and rubidium were quite similar in character in that their extent of
leaching tended to improve with increasing sulfuric acid concentration, especially
in the range of 0.1 to 2 mol-dm™, at the highest leaching temperature of 363 K.
Further increase of the acid concentration to 4 mol-dm= H,SO, appeared to have
a limited improvement in their extent of leaching. Under the optimum conditions,
2 mol-dm* H,S0O, concentration and 363 K leaching temperature, the leaching
ratios reached for lithium (Li), cesium (Cs) and rubidium (Rb) were 97.2%, 83.7%
and 65.2%, respectively. The results of XRD, FTIR and DTA analyses applied
to the clay sample and the leaching residue obtained after leaching of the clay
sample under the optimum conditions collectively showed that almost complete
destruction of crystalline smectite structure(s) in the clay sample caused by acid
leaching resulted in the formation of amorphous silica phase in the leaching
residue. During this transformation, as expected, the specific surface area of
the clay sample increased, from 59 to 406 m?g. The results obtained in this
preliminary study may be exploited for the treatment of very high tonnages of
clay containing processing waste of Kirka boron plant as potential Li (Cs and/or
Rb) resource.

1. Introduction

increasing demand for Li in the battery industry around
the world [1-8].

Lithium (Li), as the lowest density metal (0.534 g/cm?3),
is the 25" most abundant (20 mg/kg) element in the
earth's crust and does not occur free in nature. It is
used extensively in batteries, glasses and ceramics,
lubricants, and also used in metallurgical and nuclear
industries. Recently, the academic and industrial in-
terest in Li has significantly increased because of the
ever-increasing demand for electric/hybrid vehicles,
power storage systems and smart devices (phones,
tablets, computers) that use rechargeable Li-ion bat-
teries, which have unique high specific energy densi-
ties (100-265 W-h/kg) and life span cycles (400-1200).
On the other hand, primary Li production is mostly
done from two natural sources, e.g. pegmatite depos-
its and salt-lake brines, and therefore, diversification
of Li resources is particularly important for meeting the

Although economically no exploitable Li resources are
present in Turkey, there are some lakes (up to 325
mg-dm* Li) and clays (0.17-0.58% Li,O, in different
borate deposits) containing noticeable amounts of Li
[9]. There appear a few studies on the leaching of Li
from the clays of the Kirka borate deposit in acid solu-
tions. Mordogan et al. [10] investigated the leaching
of Li from the ulexite zone clay sample (with 0.56%
Li,O) of the Kirka borate deposit containing dolomite,
montmorillonite and hectorite in sulfuric acid (up to
about 3.26 mol-dm* H,SO,) solutions. They found that
the leaching of Li improved with increasing the acid
concentration and the Li leaching ratio of about 92%
was achieved at an acid concentration of approxi-
mately 1.63 mol-dm?H,SO,. They also demonstrated

*Corresponding author: aobut@hacettepe.edu.tr
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the beneficial effect of increasing the temperature from
293 K to 353 K on the rate and extent of leaching of Li,
i.e. leaching ratio of over 90% Li was reached at 353
K compared with about 65% at 293 K within the same
period of leaching time (0.5 hour). These investigators
also noted that acid leaching was not particularly se-
lective for Li dissolution (99%) with a substantial dis-
solution of iron (42.97%), magnesium (58.10%) and
calcium (35.04%) under the optimum conditions of
leaching. On the other hand, Lee et al. [11] reported a
leaching ratio of 89% for Li from a smectitic clay sam-
ple (having 0.39% Li,0) of the Kirka borate deposit in
0.25 mol-dm hydrochloric acid solution for 10 hours of
leaching time. Earlier studies [10,11] appear to focus
essentially on the leaching of Li and the other compo-
nents such as cesium (Cs) and rubidium (Rb) mostly
being overlooked. In this regard, Baydir and Erdogan
[12] studied the extraction of Rb from the montmoril-
lonite waste sample (containing >1000 ug/g Rb) of the
Kirka deposit in hydrochloric and nitric acid solutions
and they observed that Rb could not be leached to the
desirable extent in solutions of up to 1 mol-dm=3HCI or
HNO, concentration.

In this study, the leaching behaviour of Li, together
with Cs and Rb, from a clay sample (1.28% Li,O) of
the Kirka borate deposit in aqueous H,SO, solutions
was investigated in order to collect new data for pos-
sible hydrometallurgical processing of clay containing
processing waste of the Kirka boron plant. The hand-
picked clay sample from the Kirka borate deposit was
used to determine the leaching behaviour of Li as well
as Cs and Rb from the clay sample in sulfuric acid
solutions. Furthermore, the characterization of the
sample, as well as the leaching residue, was carried
out to provide an insight into the leaching peculiarities
of the clay sample.

2. Materials and methods

A light-green coloured clay sample taken from the
Kirka borate deposit (Eskisehir, Turkey) was used in
the leaching experiments after grinding in a mortar.
The particle size distribution (Malvern Mastersizer
3000) of the ground sample showed that 80% and
100% passing sizes of the sample were 17 ym and 76
pum, respectively (Figure 1). The chemical composition
of the ground sample, determined by XRF analysis
(Acmelabs, Bureau Veritas), was given in Table 1. In
addition, Cs and Rb (by Perkin EImer ELAN 9000 ICP-
MS) contents of the sample were also determined as
544 and 179 mg/kg, respectively.

The XRD (Panalytical Empyrean, CuKa radiation,
measured after equilibrating with room atmosphere)
patterns of the whole-rock (Figure 2) and the clay frac-
tions (Figure 3) of the sample, which were prepared
according to Gundogdu and Yilmaz [13], have indi-
cated that the sample is composed predominantly of

smectite group clay mineral(s) and contained feldspar
as the impurity. The very small intensity peak at about
1.00 nm, observed especially in the XRD patterns of
air-dried and glycolated clay fractions, may be an in-
dication of the presence of different clay mineral(s) in
the studied sample.

A representative leaching experiment was started by
the addition of a calculated amount of clay sample into
a 250 cm? Pyrex reactor containing aqueous sulfuric
acid solution at the pre-determined concentration and
the temperature. The leaching experiment continued
for one hour under constant speed magnetic stirring
to keep all solid particles in suspension. The leaching
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Figure 1. The particle size distribution of the sample.

Table 1. The chemical composition (wt.-%) of the sample.

Chemical Chemical
Component Composition Component  Composition
(wt.-%) (wt.-%)
SiO; 60.58 SrO 0.59
Al,0; 14.91 Na;O 0.49
MgO 7.82 B,O; 0.35
K20 2.73 TiO2 0.16
Fe203 2.50 P20s 0.02
Li0 1.28 MnO 0.01
Ca0o 1.25 L.O.L.® 7.50

2 by Thermo Scientific iCAP 7000 ICP-OES
b Loss on ignition
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Figure 2. The whole-rock XRD pattern of the sample.
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Figure 3. The XRD patterns of clay fractions of the sample.

conditions, i.e. acid concentration (0.1, 1, 2 and 4
mol-dm= H,SO,), temperature (298, 323 and 363 K),
leaching time (1 h) and solid/liquid ratio (1 g/10 cm?3),
were selected according to the findings in preliminary
tests and previous studies in the literature [10,14,15].
After the completion of a leaching experiment, the so-
lid leaching residue was separated from the loaded le-
aching solution, which was analyzed for Li, Rb and Cs
to reveal the leaching behaviours of these metals from
the studied clay sample. In addition, the XRD patterns
(Panalytical Empyrean, CuKa radiation, measured
after equilibrating with room atmosphere), the B.E.T.
specific surface areas (Quantachrome Autosorb-1, by
nitrogen adsorption following degassing for 2 hours at
378 K), the FT-IR spectra (Varian 660-IR, KBr pellet
method) and the DTA curves (Setaram Labsys, under
static air atmosphere at a heating rate of 0.167 Ki/s,
measured after equilibrating with room atmosphere) of
the clay sample and the leaching residue were also
determined to provide an insight into the leaching be-
haviour of the clay sample in sulfuric acid solutions.

3. Results and discussion

The effects of sulfuric acid concentration on the leac-
hing ratios of Li, Cs and Rb were given in Figures 4 to
6, respectively. As shown in Figures 4 to 6, the lowest
leaching ratios of these metals were obtained at the lo-
west leaching temperature tested (298 K). Increasing
the temperature from 298 K to 323 K improved their
leaching from the sample and the highest leaching ra-
tios were obtained at the highest leaching temperature
of 363 K. The leaching ratio of Li, which is probably
present in crystal structure of the smectite compo-
nent of the sample according to Mordogan et al. [10]
and Lee et al. [11], increased substantially from 3.4 to
97.2% with increasing acid concentration from 0.1 to
2 mol-dm™ H,S0O, at 363 K. AiImost complete leaching
of Li (99.7%) from the clay sample was achieved in 4
mol-dm= H,SO, solution at 363 K. A similar leaching
behaviour in character with positive influence of inc-
reasing acid concentration was also observed for Cs

and Rb at 363 K. The leaching ratios of Cs and Rb va-
ried from 83.7% for Cs and 65.2% for Rb in 2 mol-dm=
H,SO, solution to 92.4% for Cs and 68.9% for Rb in 4
mol-dm* H,SO, solution at 363 K. Based on these le-
aching data, 2 mol-dm* H,SO, concentration and 363
K leaching temperature were selected as the optimum
conditions for dissolution of these metals from the clay
sample.
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Figure 4. The effects of sulfuric acid concentration on the leaching
of lithium.
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There are only a few literature studies on the acid le-
aching of Li from different clay samples of the Kirka
borate deposit. In this respect, Mordogan et al. [10]
obtained a Li leaching ratio of 99% from a -500 um Kir-
ka ulexite zone clay sample containing approximately
0.56% Li,0 in ~1.63 mol-dm™ H,SO, solution within 2
hours at 353 K. Lee et al. [11] reported 89% disso-
lution of Li from a -74 ym clay sample of the Kirka
deposit with approximately 0.39% Li,O content after
leaching in 0.25 mol-dm HCI solution for 10 hours at
solid/liquid ratio of 1 g/200 cm?®. In addition, Baydir and
Erdogan [12] observed that Rb could not be leached
to the desirable extent in water or acid solutions (0.1
to 1 mol-dm® HCl and 0.1 to 1 mol-dm™ HNO,) from
‘montmorillonite waste’ sample of the Kirka deposit,
which was identified to be potassium feldspar conta-
ining 1148-1690 ug/g Rb.

On the other hand, Mordogan et al. [10] and Helvaci et
al. [9] stated that most of Kirka smectites occur as hec-
torite. In the literature, sulfuric acid leaching of hecto-
rite samples appears to have received limited interest.
Komadel et al. [14] reported a 50% extraction of Li from
a hectorite sample having approximately 1.09% Li,O
(solid/liquid ratio: 1 g/200 cm?) in 1 mol-dm= H,SO, at
293 K for 2.7 hours. However, they reported complete
extraction of Li when the leaching time was extended
to 8 hours under the same conditions. van Rompaey et
al. [16] indicated the influence of leaching time on the
dissolution of Li from a hectorite sample (0.94% Li,O).
These researchers noted that the leaching of Li incre-
ased from 25 to 70% with extending the leaching time
from 2.25 to 6 hours under the conditions of 1 g/200
cm? solid/liquid ratio, 2 mol-dm= H,SO, concentration
and 293 K temperature.

The XRD pattern of the leaching residue obtained af-
ter leaching under optimum conditions (in 2 mol-dm
H,SO, at 363 K) was given in Figure 7. The disappea-
rance of basal smectite peak at 26 value of ~6.03° (see
Figure 2) and the newly formed hump-type peak cen-
tered between 26(°)=22-23 indicated near-total disso-
lution of the main smectite component of the sample
leaving an amorphous silica phase in the residue. On
the other hand, the XRD peaks belonging to feldspar
in the sample were still present in the pattern of leac-
hing residue, indicating its higher resistance to sulfuric
acid leaching. The very small intensity peak observed
in the XRD pattern of the leaching residue at a 26 va-
lue of approximately 19.9° may be an indication of the
presence of trace amounts of undissolved smectite
phase. The results of XRD analyses and the extensi-
ve metal leaching ratios obtained in 2 mol-dm™ H,_SO,
at 363 K for Li (97.2%) and Cs (83.7%) may suggest
that these two metals probably associated with the
clay mineral(s) in the sample. On the other hand, a
comparatively lower leaching ratio of Rb (65.2%) may
suggest that Rb probably related to the feldspar phase
in the sample [12, www.mindat.org]. Further detailed

10000
c:clay mineral
f:feldspar
0 7500
c
=
Q
L
> 5000 -
B
c
2
£ 2500
0

25 35 4
26 (degree)

Figure 7. The XRD pattern of the leaching residue.

investigations are apparently needed to find out the
exact source(s) of these metals in the studied clay
sample.

The formation of amorphous silica phase following
acid leaching of smectites, especially hectorites, also
appeared to be observed in other studies. Madejova et
al. [17] reported a complete conversion of a hectorite
sample to an amorphous silica phase after leaching for
1 hin a 0.5 mol-dm= HCI solution at 293 K. Steudel et
al. [15] also obtained amorphous silica in the leaching
residue formed after leaching of a clay sample contai-
ning 93.9% hectorite, 3.1% calcite, 2.1% analcime and
0.7% ankerite in 5 mol-dm= H,SO, for 1.5 h at 353 K
(solid/liquid ratio: 1 g/100 cm?).

The leaching of the clay sample in 2 mol-dm® H,SO, at
363 K for 1 h appeared to lead to a significant increase
in the B.E.T. specific surface area of the sample from
59 to 406 m?/g. This increase is probably due to the
transformation of the main crystalline smectite com-
ponent of the sample to an amorphous silica phase.
Such an increase in the surface area of smectites fol-
lowing acid leaching was also observed by Steudel et
al. [15]. They reported that the specific surface area of
a hectorite sample increased from 48 to 280 m?/g after
leaching for 1.5 h in 5 mol-dm= H,SO, at 353 K.

In addition to the findings in the XRD and B.E.T. analy-
ses, the formation of a hydrous amorphous silica pha-
se could also be substantiated using FTIR analyses.
The FTIR spectrum (Figure 8a) of the residue obtained
after leaching under the optimum conditions showed
absorptions at 796 cm, a shoulder between at 970-
980 cm™, at 1086 cm™, a shoulder near 1200 cm™, at
1635 cm™ and 3440 cm, all belong to water and sili-
con-oxygen bonds in hydrous amorphous silica pha-
ses, as indicated in the literature [14,15,17].

The DTA curves of the sample and the residue (ob-
tained under the leaching conditions of 2 mol-dm
H,SO,, 363 K and 1 h) were presented in Figure 8b.
The DTA curve of the sample showed a large endot-
hermic dehydration peak at 403 K with a shoulder
at 467 K and small intensity high-temperature dehy-
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Figure 8. The FTIR spectra (a) and the DTA curves (b) of the sample
(full lines) and the leaching residue (dotted lines).

droxylation (and probable recrystallization or new
phase formation) peaks above 873 K, both are cha-
racteristic for smectites [18,19]. The destruction of the
smectite phase in the sample and the formation of the
hydrous amorphous phase in the leaching residue co-
uld be observed by the disappearance of dehydration
and high-temperature peaks in the DTA curve of the
leaching residue [20]. Futhermore, the appearance of
a single endothermic dehydration peak with no visible
distinct high-temperature peak(s) in the DTA curve is
also an indication of the presence of a hydrous amorp-
hous phase in the residue [21].

4. Conclusions

In this work, the leaching behaviours of Li, Cs and Rb
from a clay sample taken from the Kirka borate depo-
sit in sulfuric acid solutions were investigated. Vario-
us characterization methods were applied to the clay
sample and the leaching residue. A similar trend for
leaching of Li, Cs and Rb was observed at the highest
leaching temperature of 363 K in response to the inc-
rease in sulfuric acid concentration. The lowest leac-
hing ratios of these elements were found to occur in
all acid concentrations tested at 298 K. Increasing the
temperature from 298 K to 363 K had a profound effect
on the leaching of Li, Cs and Rb. Under the optimum
conditions (i.e. 2 mol-dm? H,SO, and 363 K), the leac-

hing ratio values obtained for Li, Cs and Rb were 97.2,
83.7 and 65.2%, respectively. The XRD, FTIR and DTA
analyses indicated that in the acid leaching under opti-
mum conditions, the crystalline smectite structure(s) in
the clay sample was destructed and a hydrous amorp-
hous silica phase was formed, with a concomitant
increase in the specific surface area (from 59 to 406
m?/g). The findings of this preliminary study may be
exploited in the further hydrometallurgical processing
of the vast amount of clay containing processing was-
te that has been generated and already accumulated
over the years in the Kirka boron plant.

Acknowledgements

This study was supported by Boron Research Institute
(BOREN, Project no: 2019-30-06-30-005).

References

[11  Vikstrém H., Davidsson S., H66k M., Lithium availabil-
ity and future production outlooks, Appl. Energy, 110,
252-266, 2013.

[2] Meshram P., Pandey B. D., Mankhand T. R., Extraction
of lithium from primary and secondary sources by pre-
treatment, leaching and separation: A comprehensive
review, Hydrometallurgy, 150, 192-208, 2014.

[3] Choubey P. K., Kim M. S., Srivastava R. R., Lee J. C,,
Lee J. Y, Advance review on the exploitation of the
prominent energy-storage element: Lithium. Part I:
From mineral and brine resources, Miner. Eng., 89,
119-137, 2016.

[4] Swain B., Recovery and recycling of lithium: A review,
Sep. Purif. Technol., 172, 388-403, 2017.

[5] LiH., Eksteen J., Kuang G., Recovery of lithium from
mineral resources: State-of-the-art and perspectives-
A review, Hydrometallurgy, 189, 105129, 2019.

[6] Tadesse B., Makuei F., Albijanic B., Dyer L., The be-
neficiation of lithium minerals from hard rock ores: A
review, Miner. Eng., 131, 170-184, 2019.

[71 GuH., GuoT,WenH., LuoC., CuiY.,, DuS., Wang N.,
Leaching efficiency of sulfuric acid on selective lithium
leachability from bauxitic claystone, Miner. Eng., 145,
106076, 2020.

[8] Karrech A., Azadi M. R., Elchalakani M., Shahin M. A,,
Seibi A. C., A review on methods for liberating lithium
from pegmatites, Miner. Eng., 145, 106085, 2020.

[91 Helvaci C., Mordogan H., Colak M., Giindogan I.,
Presence and distribution of lithium in borate deposits
and some recent lake waters of west-central Turkey,
Int. Geol. Rev., 46, 177-190, 2004 (in Turkish).

[10] Mordogan H., Akdag M., Helvaci C., Lithium recover

from low-grade lithium-bearing clays by H,SO, and

roast-water leach processes, Geosound, 24, 141-150,

1994 (in Turkish).

174



Obut A. etal. /BORON 5 (4), 170 - 175, 2020

(1]

[12]

[13]

[14]

[19]

[16]

Lee W. J., Yoon S. J., Chon C. M., Heo C. H., Lee G.
J., Lee B. H, Cicek M., Lithium extraction from smec-
titic clay occurring in lithium-bearing boron deposits in
Turkey, J. Miner. Soc. Korea, 29, 167-177, 2016 (in Ko-
rean).

Baydir A. T., Erdogan Y., Dissolution of the rubidium
from Eti Mine Kirka Boron Management waste, AKU-J.
Sci. Eng., 13, 025702, 2013 (in Turkish).

Gulndogdu M. N., Yilmaz O., Methods of clay mineralo-
gy, Proc. 1t Nat. Clay Symp., Adana-Turkey, 319-330,
1984 (in Turkish).

Komadel P., Madejova J., Janek M., Gates W. P., Kirk-
patrick R. J., Stucki J. W., Dissolution of hectorite in
inorganic acids, Clays Clay Miner., 44, 228-236, 1996.

Steudel A., Batenburg L. F., Fischer H. R., Weidler P.
G., Emmerich K., Alteration of swelling clay minerals
by acid activation, Appl. Clay Sci., 44, 105-115, 2009.

Van Rompaey K., Van Ranst E., De Coninck F., Vin-
devogel N., Dissolution characteristics of hectorite in
inorganic acids, Appl. Clay Sci., 21, 241-256, 2002.

(171

(18]

[19]

(20]

(21]

Madejova J., Bujdak J., Janek M., Komadel P., Com-
parative FT-IR study of structural modifications during
acid treatment of dioctahedral smectites and hectorite,
Spectrochim. Acta, Part A, 54, 1397-1406, 1998.

Grim, R. E., Clay Mineralogy, 2" Edition, McGraw-Hill,
New York, A.B.D., 1968.

Guggenheim S., Van Groos A. F. K., Baseline stud-
ies of the clay minerals society source clays: Thermal
analysis, Clays Clay Miner., 49, 433-443, 2001.

Yalgin S., Ozbelge O., Acid activation of bentonite,
Proc. 2" Nat. Clay Symp., Ankara-Turkey, 229-250,
1985 (in Turkish).

Ehsani I., Turianicova E., Balaz M., Obut A., Effects of
sulphuric acid dissolution on the physical and chemical
properties of a natural and a heated vermiculite, Acta
Montan. Slovaca, 20, 110-115, 2015.

175



BORON 5(4), 176 - 182, 2020

-

boren

BOR DERGisi

-

. ( \

JOURNAL OF BORON ‘
https://dergipark.org.tr/boron \\\!:"Z

Kolemanit, tinkal, tleksit ve bor atiginda atomik absorpsiyon spektroskopi
yontemi ile Fe, Ni, Co ve Zn eser elementlerinin tayini

Argun Tiirker"”, Orhan Acar?

1Gazi l?niversitesi, Fen Fakiiltesi, Kimya Boliimii, 06500 Ankara, Tiirkiye, ORCID ID orcid.org/0000-0002-5876-9512
2Gazi Universitesi, Fen Fakiiltesi, Kimya Boliimii, 06500 Ankara, Tiirkiye, ORCID ID orcid.org/0000-0002-0969-2627

MAKALE BILGISI

OzZET

Makale Gegmisi:

ilk génderi 22 Mayis 2020
Kabul 11 Kasim 2020
Online 29 Aralik 2020

Arastirma Makalesi

DOI: 10.30728/boron.756254

Anahtar kelimeler:

Atomik absorpsiyon spektroskopisi,
Bor atigi,

Kolemanit,

Tinkal,

Uleksit.

Bu calismada, Turkiye’de en bol bulunan bazi bor minerallerinde (kolemanit,
tinkal ve Uleksit) ve bor atiginda Cu, Fe, Ni, Co ve Zn eser elementleri alevli
atomik absorpsiyon spektrometresi kullanilarak tayin edilmistir. Bor minerallerinin
¢Ozllmesi icin uygun c¢oézicu belirlendikten sonra numuneler ¢ozilmus ve
numune c¢ozeltilerinde elementler tayin edilmistir. Yontemin gecgerli kilinmasi
amaciyla yontemin dogrulugu ve kesinligi standart referans maddeler (NIST
Montana soil 2711 ve NIST Estuarine sediment 1646a) analiz edilerek kontrol
edilmigtir. Ayrica yontem igin calisilan her elemente ait dogrusal ¢aligsma araligi,
gbzlenebilme siniri (LOD) ve tayin sinin (LOQ) degerleri de belirlenmistir. Tayin
edilen elementlerin bor mineralleri ve bor atigindaki derisim araliklari Cu, Fe, Ni,
Co ve Zn igin sirasiyla <LOD - 5,4 ug/g, 7,6 - 458 ug/g, 2,3 - 8,2 yg/g, 1,6 - 111
ug/g ve <LOD - 5,02 pg/g olarak bulunmustur.
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In this study, Cu, Fe, Ni, Co and flame Zn trace elements were determined in
boron minerals most abundant in Turkey (colemanite, tinkal and ulexite) and
boron waste using atomic absorption spectrometry. After determining the suitable
solvent for the dissolution of boron minerals, the samples were dissolved and
the elements were determined in the sample solutions. In order to validate the
method, the accuracy and precision of the method was checked by analyzing
standard reference materials (NIST Montana soil 2711 and NIST Estuarine
sediment 1646a). In addition, linear working range, limit of detection (LOD) and
limit of quantification (LOQ) values for each element studied were determined
for the method. The concentration ranges of the elements determined in boron
minerals and boron waste are <LOD - 5.4 ug/g, 7.6-458 pg/g, 2.3-8.2 pg/g, 1.6-
111 pg/g and <LOD - 5.02 ug/g for Cu, Fe, Ni, Co and Zn, respectively.

1. Giris (Introduction)

kullanildi§i alana bagli olarak kabul edilebilecek bir
eser element derisimi vardir. Ornegin bir giibrede eser

Super iletken gibi ileri teknoloji sanayi drtnleri, ilag
sanayi Urunleri, gubreler, gidalar nikleer santrallarda
kullanilan malzemeler ve diger birgok drtn icerdikleri
eser elementlerden az veya ¢ok miktarda, olumlu veya
olumsuz olarak etkilenirler. Ister numunenin yapisin-
dan kaynaklansin isterse safsizlik olarak gelsin deri-
simi %0,01’den kig¢lk olan bilesenlere eser bilesen
adi verilmektedir. Eser elementlerin son Urtnlerdeki
ve canli organizmalardaki miktarlari ¢evre kosullarina
ve bu malzemelerin Uretiminde kullanilan ham mad-
denin safligina gére degismektedir. Her malzemenin

elementlerin daha yuksek derigsimlerine izin verilebilir-
ken, bir ila¢ veya gida alaninda bu degerler cok daha
dusuktar. Bazi durumlarda bir malzemenin veya canli
organizmanin iglevini yerine getirilebilmesi icin bun-
yesinde eser elementlerin belirli miktarlarda olmasi
da gerekir. Bu nedenle, son urtnln elde edildigi ham
maddeler, UrGnlerin dodrudan veya dolayh olarak te-
mas halinde bulundugu ortamlardaki eser elementler
surekli tayin edilmeli ve kontrol altinda tutulmalidir [1-
4]. Eser elementin malzemede bulunmasi bazi durum-
larda malzemeye istenen bir 6zellik katarken bazi du-

*Sorumlu yazar: argunturker@gazi.edu.tr
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rumlarda zararl etki gosterir. Bu etkiler eser elementin
malzemedeki derigimine gore de degisebilir. Ornegin
dUsuk oranlarda yararli etki gdsteren bir element belirli
derisimin Uzerinde olumsuz etki yapabilir. Bu nedenle
eser elementler saglik igin genel olarak ginimuzde bi-
rinci derecede kirleticiler arasinda siniflandirilirlar. An-
cak, tim eser elementleri zararli olarak siniflandirmak
da dogru degildir. Bazi eser elementler insan, hayvan
ve bitki yasaminda 6nemli gorevleri de yerine getir-
mektedir. WHO eser elementleri 3 sinifta toplamistir
[5]. Bunlar (1) gerekli elementler (Cu, Zn, Se, Co, I,
Mn, Mo gibi) (2) olasi gerekli elementler ve (3) potansi-
yel olarak toksik elementler. Birinci gruptaki elementler
az alindiginda iglevlerini yerine getirememekte, fazla
alindiklarinda ise zehirlenmeler olmaktadir [5]. Saghk
icin tamamen zararli kabul edilen elementler Al, As,
Ba, Cd, Hg, Pb, Sb, Sr, Th, Tl, Hg ve Cr(VI) gibi ele-
mentlerdir [6]. Bu elementler farli yollarla ¢cevreye ya-
yilarak canlilar Gzerinde olumsuz etki gosterebilmekte-
dirler [6,7]. Bu elementlerin gevredeki, gidalardaki ve
minerallerdeki derisim degerlerinin bilinmesi ve surekli
kontrol edilmeleri 6Gnemlidir.

Eser elementlerin tayininde gunimuizde genellikle
spektroskopik (atomik absorpsiyon spektrometresi,
atomik emisyon spektrometresi, nétron aktivasyon
analizi, X 1sinlar floresans spektrometresi, atomik flo-
resans spektrometresi ve kitle spektrometresi vb.) ve
elektroanalitik yontemler (diferansiyel puls polarogra-
fisi, anodik veya katodik siyirma voltametrisi vb.) gibi
yontemler kullaniimaktadir [8-10].

Ulkemizde bol miktarda bulunmasi ve stratejik bir mine-
ral olmasi nedeniyle bor minerallerin minerolojik yapi-
lari gok fazla ¢alisiimis ve ana bilesenlerin oranlari be-
lirlenmistir [11-16]. Buna karsin bu minerallerdeki eser
elementlerle ilgili yeteri kadar ¢alisma yapiimamistir.
Cesitli numunelerdeki bor tayini de birgok makalede
yer almistir [17-22]. Bor minerallerinde bulunan eser
dlzeydeki elementlerin tayini icin hem Turkiye’de hem
de diinyada sinirli sayida ¢alisma vardir. Erdogan vd.
induktif olarak eslesmis plazma optik emisyon spekt-
roskopisi (ICP-OES) ile Uleksit, tinkal ve kolemanitte
bazi ana ve eser elementlerin tayinini gerceklestirmis-
lerdir [23]. U¢ mineralde Dy, Ti, Bi, C, B, Ba, Co, Cs, U,
Nb, Ru, Th, W, Be, P, Pt, Au, V, Yb, Er, Zr, Tl, Pb, Li, K,
Ca, Sr, Sc, S, Ni ve Cu tayin edilmis ve sonuglar ppm
cinsinden verilmistir. Bazi elementler icin herhangi bir
deger verilmemis, sonuglarin dogrulugu ve kesinligi ile
ilgili veri verilmemis ve yorum yapilmamistir. Yine Er-
dogan ve arkadaslari ICP-OES ile tinkal ve kolemanit
atiklarinda element tayini yapmislardir. Bu calismada
da yukarida s6zi edilen elementler tayin edilmistir
[24]. Tinkal atiginda bulunan degerler ppm cinsinden
su sekilde verilmistir: B: 71270; Ti: 638,4; Cs:19900;
Th: 690,8; Al: 70190; Er: 26,36; Zr: 676,4; Li: 172,9;
Ca: 112200; Ni: 69,70 ve Na: 312500 ppm. Kolemanit
atiginda da B: 44930; Ti: 98,06; Cs: 19810; Ru: 51,67;
Al: 36470; Yb: 1,737; U: 76,49 ve Ca: 323500 ppm

olarak verilmistir. Her iki calisma da Il. Uluslararasi Bor
Sempozyumunda sunulmus, ancak herhangi dergide
yayimlanmamistir.

Bir bagka ¢alismada, Ertan ve Erdogan, Emet-Espey
bdlgesinde Eti Maden igletmesi tarafindan farkl bol-
gelerden alinan bor atigi numunelerinde eser element
tayini yapmuslardir [12]. Ozellikle bor igeren kil numu-
nelerinde, 6Gnemli miktarlarda degerli eser elementlerin
oldugu gézlenmigtir. Li, Rb, Cs, Ti, Mn, As ve Na deri-
simleri dikkat ¢ekici olarak bulunmustur. Espey bdlge-
sindeki tum atiklarda Mn, As ve Na derigimleri yakin
sonuglar gosterirken; Li, Rb, Cs gibi eser elementlerin
derisimleri Killi atiklarda bagil olarak daha fazla bulun-
mustur. Bu sonuca gore 6zellikle kil icerikli bor atikla-
rindan Li, Rb, Cs elementlerin kazanilabilecedi yorumu
yapilmistir. F. Ozmal doktora tezinde Hisarcik-Espey
bdlgesinde bor atiklarinda eser elementlerin tayinini
yapmis ve atiklardaki lityumun degerlendiriimesi ko-
nusunu irdelemistir [13]. Kilig, Yiksek Lisans tezinde,
Eti Maden Kirka Bor isletmesindeki, konsantratér tesi-
si ve aglk ocak igletmesinde olusan atiklardan alinan
numunelerin analizi ve siniflandiriimasini ¢alismistir
[25]. Kogak ve Kog, Dinyanin en blyik kolemanit ve
Uleksit yatagi olan Bigadic¢ borat yataklarinda ana ve
eser element jeokimyasini calismislardir [11]. Calis-
mada ayrica bor minerallerinin jeolojisi incelenmig ve
bu minerallerin volkanik yapida oldugu belirlenmisgtir.
Karabulut ve Budak, kolemanit mineralinde radioizo-
top X-i1sini floresans analizi ile bazi elementlerin tayi-
nini gergeklestirmiglerdir [26]. Bu calismada Balikesir
ili Bigadi¢ yoresi kolemanit cevherindeki As, Sr, In, Sn,
Sb, I, Cs ve Ba elementleri enerji dagilimli X-isini Flo-
resans (EDXRF) sistemi kullanilarak tayin edilmigtir.
Bir baska calismada, Kalfa ve arkadaslari Kirka-Eski-
sehir'deki Etibank Boraks Fabrikasindan ¢ikan boraks
atiginda, enerji dagihimli X-isin1 floresans (EDXRF)
teknigi ile Al, Fe, Zn, Sn ve Ba tayin etmislerdir [27].

Bu ¢alismada, Turkiye’de bol bulunan ve ham madde
olarak ¢ok kullanilan kolemanit, tinkal ve tleksit mine-
rallerinde ve ayrica bor atiginda Cu, Fe, Ni, Co, Zn,
elementlerin atomik absorpsiyon spektroskopisi ile ta-
yinlerinin yapilmasi ve minerallerin sonraki agsamada
kullanilmasinda bu elementlerin etkilerinin neler ola-
bileceginin ortaya konulmasi amagclanmistir. Literattr
taramasindan da gorulecegdi Uzere bor minarallerin-
deki eser elementlerin tayinleri agirlikli olarak X isini
floresans spektrometresi veya indiktif olarak eslesmis
optik emisyon spektrometresi gibi daha pahali ve her
laboratuvarda bulunmayan cihazlarla yapiimistir. Bu
calismada ise hemen hemen her kimya laboratuvarin-
da bulunan, kullanimi kolay ve ucuz olan alevli atomik
absorpsiyon spektrometresi kullaniimistir. Deneysel
degiskenlerin en uygun degerleri belirlendikten son-
ra bu kosullarda tayinler gerceklestirilmistir. Tayinlerin
dogrulugu ve kesinligi de standart referans maddeler
(SRM: NIST Montana soil 2711 ve NIST Estuarine
sediment 1646a) ve bilinen analitik teknikler uygula-
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narak arastiriimistir. Bu ¢alismada, kesinlik, dogruluk,
dogrusal ¢alisma araligi, gézlenebilme siniri ve tayin
siniri gibi gecgerli kilma degiskenleri belirlenerek diger
calismalarda olmayan gecerli kilma ¢alismasi yapiimis
ve bdylece sonuglarin gavenilirligi analitik agidan gos-
terilmistir.

2. Malzemeler ve yéontemler (Materials and methods)
2.1. Cihazlar (Apparatus)

Bu calismada Varian (Mulgrave Virginia, Avusturalya)
Spectra AA240FS doteryum zemin duzeltmeli alevli
atomik absorpsiyon spektrometresi (FAAS) kullanil-
migtir. Isin kaynagi olarak Varian marka oyuk katot
lambalari kullaniimistir. Alevli AAS yontemiyle Fe, Zn,
Cu, Ni ve Co tayini icin aletsel degiskenler Tablo 1'de
verilmistir.

2.2. Reaktifler (Reagents)

Aksi belirtimedikge bu calismada analitik saflikta re-
aktifler ve iyonlar giderilmis saf su (deiyonize su, 6z
direnci 18 MQ.m) kullanilmistir. Standart ¢alisma ¢o-
zeltileri (Co, Cu, Fe, Ni ve Zn) ticari olarak atomik ab-
sorpsiyon cihazi igin satin alinan stok metal ¢ozeltile-
rinden (1000 mg/L, Merck) hazirlanmistir. Numunelerin
¢ozulmesinde derigik hidroklorik asit (HCI, d=1,19 g/
mL, Merck) ve derisik nitrik asit (HNO,, d=1,42 g/mL,
Merck) kullanilimistir.

Uygulanan yontemin dogrulugunu ve kesinligini kontrol
etmek amaciyla Montana Soil 2711 ve Estuarine sedi-
ment 1646a standart referans maddeleri kullaniimis ve
bulunan sonuglar degerlendirilmigtir.

2.3. Numunelerin ve standart referans maddele-
rin analize hazirlanmasi (Preparation of samples and

standard reference materials for analysis)

Bu calismada, bor atigi, kolemanit [Ca,B.O,,.5H,0],
tinkal [Na,B,O,.10H,0] ve dleksit [NaCaB,O,.8H,0]
mineralleri kullaniimigtir. Kolemanit, tinkal ve bor atigi
Kirka'dan, uleksit de Bigadig'ten tane iriligi 75 pm’ye
6gutulmis olarak temin edilmistir. Kullanilan bor atigi-
nin (Kirka igletmeleri 5. gél atigi) ve bor minerallerin-
den kolemanit, tinkalin kimyasal analizleri dnceki ¢alis-
mada [28] belirlenmis ve Tablo 2'de verilmistir.

Yaklasik 10 g kolemanit ve 5 g Uleksit 0,001 g yakla-
simla tartilarak ayri ayri iki cam behere konulmustur.
Her bir behere 100 mL saf su, 30 mL derisik HCI ve
10 mL derisik HNO, ile hazirlanmig olan asit karigimi
ilave edilmistir. Karisim 120 dakika boyunca isiticida
100°C’de karistirilarak isitilmistir. Srenin sonunda so-
gutulan ¢ozeltiler, ayri 250 mL’lik élgulli balonlara sik
gbzenekli stzge¢ kagidi ile stzilmis ve g¢ozeltilerin
hacmi saf su ile 250 mL’'ye tamamlanmistir.

Yaklasik 15 g tinkal (boraks) 0,001 g yaklagimla tarti-
larak bir behere konulmustur. Uzerine 100 mL saf su
ve 5 mL derigsik HNO, eklenmistir. 15 dakika isiticida
100°C’de kanstirilarak isitiimistir. Sogutulan ¢ozelti
250 mLlik bir 6l¢uli balona aktariimis ve hacim saf su
ile 250 mL’ye tamamlanmistir. Tinkal tamamen ¢6zln-
digu icin herhangi bir siizme islemi yapilmamistir.

Yaklasik 10 g bor atigi 0,001 g yaklasimla tartilarak
bir behere alinmistir. Uzerine 100 mL saf su ve 10 mL
derisik HNO, eklenmis ve 60 dakika boyunca isitici-
da 100°C’de karistirilarak isitilmistir. Cdzelti sogutul-
duktan sonra 250 mL’lik bir élguli balona kaba siz-
gec kagidi ile stzilmuls ve hacmi deiyonize su ile 250
mL’ye tamamlanmistir.

Standart referans maddeler literatiirde yer alan yonte-
me gore ¢dzUlmustir [29]. Standart referans maddele-
rin ¢gozulmesi i¢in yaklasik 0,5 g Montana 2711 ve yak-
lasik 0,8 g Estuarine sediment 1646a standart referans
maddeleri 0,001 g yaklasimla tartilarak ayri ayri be-
herlere alinmistir. Oncelikle ¢ézme igin her iki standart
referans madde iceren beherlere 5 mL derigsik HCI ve
5 mL derisik HNO, eklenmig ve 2 saat bekletilmistir. Ar-
dindan g¢ozeltiler 1sitici tablada beher igerisinde 2-3 mL
¢Ozelti kalincaya kadar buharlastirma yapilmistir. C6-
zinmeden kalan maddeler igin ise beherlere 2 mL de-
risik HNO, ve 2 mL kitlece %60’lik HCIO, eklenmistir.
Cozeltiler tekrar 2-3 mL kalacak sekilde isitici tablada
buharlastirilmigtir. Bu iglemlerden sonra ¢6ziinmeden
kalan kisim sik gozenekli sizge¢ kagidi ile sizulmusg-
tir. Sizme isleminden sonra Montana 2711 standart
referans maddesi 50 mL’lik bir dlgulu balona, Estuari-
ne sediment 1646a standart referans maddesi ise 25
mL’lik bir élgtli balona alinarak damitik ve iyonlar gi-
derilmis su ile isaret gizgisine kadar tamamlanmistir.

Tablo 1. FAAS yontemiyle Fe, Zn, Cu, Ni ve Co tayininde aletsel degiskenler (Instrumental variables in the determination of Fe,

Zn, Cu, Ni and Co by FAAS method).

Element Calisilan Yarik Lamba Asetilen  Hava Akis Zemin
Dalga Boyu, Genisligi, Akimi, mA Akis Hizi, Hizi, L/min Diizeltmesi
nm nm L/min
Co 240,7 0,2 7 2 13,5 Var
Cu 324,8 0,5 4 2 13,5 Var
Fe 248,3 0,2 5 2 13,5 Var
Ni 232,0 0,2 4 2 13,5 Var
Zn 2139 1,0 5 2 13,5 Var
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Tablo 2. Kolemanit, tinkal ve bor atiginin kimyasal analizi (Chemical analysis of colemanite, tincal and boron waste) [26].

Bilesen Kolemanit Bor Atig1 Tinkal
(% m/m) (% m/m) (% m/m)

B20:; 40,00 + 0,05 22,9 En az 36,47

CaO 27,00 £ 1 11,8 -

SiO; 4,00 - 6,50 9,06 -

SO4 0,60 en ¢cok 0,11 135 ppm

As 35 ppm en gok - -

Fe;03 0,08 en ¢ok 0,10 15 ppm (Fe olarak)

ALO3 0,40 en ¢ok 0,47 -

MgO 3,00 en ¢ok 12,63 -

SrO 1,50 en ¢ok 0,59 -

Na,O 0,35 4,48 En az 16,24

K.K?® 22,13 40,59 46,77

a KK: Kizdirma kaybi.

Standart referans maddeler literatirde yer alan yon-
teme gore ¢oézulmuastir [29]. Standart referans mad-
delerin ¢6zulmesi icin yaklasik 0,5 g Montana 2711 ve
yaklasik 0,8 g Estuarine sediment 1646a standart re-
ferans maddeleri 0,001 g yaklasimla tartilarak ayri ayri
beherlere alinmistir. Oncelikle ¢dzme igin her iki stan-
dart referans madde igeren beherlere 5 mL derisik HCI
ve 5 mL derisik HNO, eklenmis ve 2 saat bekletilmistir.
Ardindan c¢ozeltiler isitici tablada beher igerisinde 2-3
mL ¢ozelti kalincaya kadar buharlastirma yapilmistir.
Coziinmeden kalan maddeler igin ise beherlere 2 mL
derisik HNO, ve 2 mL kutlece %60’lik perklorik asit
(HCIO,) eklenmistir. Cozeltiler tekrar 2-3 mL kalacak
sekilde isitici tablada buharlastiriimistir. Bu islemler-
den sonra ¢ézinmeden kalan kisim sik gdzenekli stiz-
gec kagidi ile stzilmastir. Sizme isleminden sonra
Montana 2711 standart referans maddesi 50 mL’lik bir
Olclll balona, Estuarine sediment 1646a standart re-
ferans maddesi ise 25 mLlik bir 6l¢ill balona alinarak
damitik ve iyonlari giderilmis su ile isaret gizgisine ka-
dar tamamlanmistir.

3. Sonuglar ve tartisma (Results and discussion)

3.1 Yéntemin gegerli kilinmasi (Validation of the met-
hod)

Gergek numune analizine gegmeden 6nce uygula-
nacak analiz yonteminin gecerli kilinmasi i¢in gecerli
kilma degiskenlerinin (dogruluk, kesinlik, dogrusal ¢a-
lisma araligi, gézlenebilme siniri ve tayin sinir) belir-
lenmesi i¢in ¢calismalar yapilmistir.

3.1.1 Kalibrasyon grafikleri ve dogrusal ¢alisma araligi
(Calibration graphs and linear working range)

Cozeltileri hazirlanan numunelerde; Fe, Cu, Co, Ni
ve Zn elementleri normal kalibrasyon grafigi yontemi

uygulanarak alevli AAS ile tayin edilmistir. Kalibras-
yon ydntemi uygulanirken tayin edilecek elementlerin
uygun derisim araliginda standart ¢ozeltileri hazirlan-
mistir. Buna goére Fe icin 10 mg/L’lik standart ¢ozelti-
si seyreltilerek 0,5; 1,0; 1,5 ve 2,0 mg/Llik gozeltiler
hazirlanmistir. Cu, Co, Ni ve Zn i¢in yine 10 mg/L’lik
standart c¢ozeltileri seyreltilerek 0,1; 0,2; 0,3 ve 0,4
mg/L’lik ¢dzeltiler hazirlanmistir. Tayin elementleri igin
elde edilen kalibrasyon esitlikleri, bu esitliklerin kore-
lasyon katsayilari ve dogrusal calisma arahdi Tablo
3’te verilmigtir. Dogrusal ¢alisma aralidinin alt siniri
olarak tayin siniri (Tablo 5’'te bir element igin belirlenen
en yiksek LOQ) degerleri alinmistir. Tayin sinirindan
daha kiguk derisimlerin analitik agidan yeterli dogru-
luk ve kesinlikle tayin edilemedigi kabul edilir. Dogru-
sal galisma araliginin Gst siniri Fe icin 5 mg/L, diger
elementler icin 2 mg/L olarak belirlenmistir.

3.1.2 Yéntemin dogrulugu ve kesinligi (Accuracy and pre-
cision of the method)

Yoéntemin dogrulugu ve kesinligini belirlemek igin, mi-
neral yapisina benzeyen toprak belgeli standart refe-
rans maddeler (SRM) (NIST Montana soil 2711 and
NIST Estuarine 1614a) analiz edilmistir. SRM’ler dor-
der kez analiz edilerek tayin elementlerinin ortalama
derisimleri belirlenmis ve sonuglar Tablo 4'te verilmis-
tir. Tablo 4'te goruldigu gibi, elementler igin bulunan
derisimler, tayin elementleri icin SRM'lerde verilen
belgelenmis degerleri ile uyumludur. Sonuglarin ylizde
bagil hatasi, tim elementler i¢in %5'ten dusuk bulun-
mustur. Bu duzeydeki bir bagil hata, s6z konusu deri-
simler i¢in analitik agcidan kabul edilebilir dizeydedir.
Yontemin dogrulugu belirlendikten sonra bor mineral-
lerinde element tayinleri yapiimistir.

Kesinlik, ayni kosullar altinda tekrarlanan deney so-
nuclarinin birbirine yakinhiginin, yani sonuglarin tek-
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Tablo 3. Kalibrasyon esitlikleri, korelasyon katsayilari ve dogrusal ¢caligsma araligi (Calibration equations, correlation coefficients

and linear working range).

Element Kalibrasyon Esitligi ®  Korelasyon Katsayis1  Dogrusal Calisma
R? Arahgy, pg/L

Zn A =0,3448 x C+ 0,0007 0,9796 0,009 - 2000

Cu A=0,073 xC-0,0032 0,9994 0,57 - 2000

Ni A =0,0489 x C - 0,0008 0,9976 0,71 - 2000

Co A =0,0498 x C+0,0028 0,9996 0,73 - 2000

Fe A =0,0489 x C - 0,0023 0,9999 3,68 - 5000

2 Burada, A, absorbans, C element derigimi (mg/L)'dir.

rarlanabilirliginin bir élgtstdur. Kesinlik, ylizde bagil
standart sapma (%BSS) ile matematiksel olarak be-
lirlenebilir [30]. BSS, tekrarlanan deneylerden elde
edilen sonuglarin standart sapmasinin sonuglarin or-
talamasina bélinmesiyle hesaplanir. SRM numunele-
rindeki elementlerin derisimleri dort tekrarli dlgimden
elde edilmistir. Dort 6lgim sonucunun ortalama de-
gerleri ve %95 glven seviyesinde glven araliklari ve
%BSS degerleri Tablo 4'te verilmistir. Tablo 4’ten go-
rildagu gibi, SRM'lerde tayinleri yapilan elementlerin
%BSS’lar %3'ten disuk bulunmustur. Bu kesinlik de-
geri, bor numune ¢ozeltilerinde elementlerin ¢alisilan
derigsimleri i¢in yeterli bir kesinlik olarak dusuntlebilir.

3.1.3 Goézlenebilme siniri ve tayin siniri tayini (Limit of de-
tection and limit of quantification)

Yontem icin goézlenebilme siniri (LOD) ve tayin sini-
ri (LOQ) tayini igin numuneleri gézmek icin kullanilan
asit karigimlari kullanilarak tanik ¢oézeltiler hazirlan-
mistir. Hazirlanan tanik ¢ozeltilerin absorbanslari ele-
mentlerin absorpsiyon yaptigi dalga boylarinda 10 kez
Olgulerek ortalama absorbans degeri ve bu degerlerin
standart sapmasi (sb) hesaplanmistir. Tanik ¢ozel-
ti icin hesaplanan standart sapma ve elementler igin
cizilen kalibrasyon grafigi dogrularinin egiminden (m)

yararlanilarak asagidaki bagintilar yardimiyla gozle-
nebilme siniri (LOD) ve tayin sinirt (LOQ) derigimleri
hesaplanmisgtir.

3s

Crop = Wb (1)
10s

CLOQ = mb (2)

Tayin edilen elementler icin LOD ve LOQ degerleri
Tablo 5’te verilmistir.

3.2 Bor mineralleri ve bor atigi analizi (Analysis of
boron minerals and boron waste)

Yontemin gecerli kilma degiskenleri belirlenip yontem
gecerli kilindiktan sonra bor mineralleri ve bor atig
cOzeltilerinde Fe, Cu, Co, Ni ve Zn elementler tayin
edilmigtir. Belirlenen deneysel kosullarda ve kalibras-
yon grafigi yontemi ile numune ¢ézeltilerinde bulunan
Fe, Cu, Co, Ni ve Zn derigimleri uygun seyreltme fak-
torleri ve numune miktari dikkate alinarak mineraldeki
derisimlere donusturdlmustir. Her analiz 4 kez tekrar-
lanmis ve ortalama degerler %95 gliven seviyesinde
glven araligi ile birlikte verilmistir. Bor minerallerinde
ve atiginda bulunan element derigsimleri Tablo 6’da ve-
rilmigtir.

Tablo 4. Standart referans maddelerde element tayinleri (Determination of elements in standard reference materials).

Standart Referans Element Belgeli Bulunan Bagil % BSS
Madde (SRM) Deger (ug/g) Deger” (ug/g) Hata (%)
Montana soil 2711 Cu 114+2 110+ 4 -3,5 2,3
Fe (%)  2,89+0,06  2,86+0,07 -1,0 1,5
Co 10 10,5+ 0,4 5,0 2,4
Ni 20,6 1,1 21,5+0,7 4.4 2,0
Zn 350,4+4,8 341+ 15 2,7 2,8
Estuarine sediment Cu 10,01 +£0,34  99+0,4 -1,1 2,5
1646a
Fe (%)  2,89+0,039 2,96+0,04 2,4 1,3
Co 5 4,9+0,2 2,2 2,6
Ni 23 24+ 1 4,3 2,6
Zn 48,9+ 1,6 472+1,5 -3,5 2,0

2 Sonuglar, % 95 giiven seviyesinde 4 dlglimiin ortalamasidir, x +

seviyesi ve serbestlik derecesine bagli Student t degeridir)

3,18xs

7N (burada s standart sapma; N 6lglim sayisi; 3,18 giiven
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Tablo 5. Bor minerallerinde ve atiginda alevli AAS’de tayin edilen elementler igin LOD ve LOQ degerleri (N=10) (LOD and LOQ
values for the elements determined in flame AAS in boron minerals and waste (N=10)).

Tinkal ¥ Kolemanit Uleksit ¥ Bor atig1?

Element
LOD LOQ LOD LOQ LOD LOQ LOD LOQ

Co 0,22 0,73 0,16 0,53 0,16 0,53 0,18 0,60
Cu 0,17 0,57 0,09 0,31 0,09 0,31 0,05 0,17
Ni 0,11 0,37 0,21 0,70 0,21 0,70 0,16 0,53
Fe 1,10 3,67 0,95 3,17 0,95 3,17 0,82 2,73
Zn 0,002 0,007 0,002 0,007 0,002 0,007 0,003 0,01

2 Sonuglar pg/L olarak verilmistir.

Tablo 6. Bor minerallerinde ve atiginda Fe, Cu, Co, Ni, Zn, Cd ve Pb derisimleri (Fe, Cu, Co, Ni, Zn, Cd and Pb concentrations in
boron minerals and waste).

Derisim ¥, pg/g

Element ”

Tinkal Uleksit Kolemanit Bor atig1
Co 1,6 + 0,1 1r+1 8,8+0,1 3,0+£0,9
Cu <LOD 3,3+£0,6 5,4+0,1 2,71 0,05
Ni 2,3+0,1 6,2+0,2 82+0,2 53+03
Fe 7,6 0,1 8,4+0,2 458 + 4 77,7+0,4
Zn <LOD 5,02 +£0,08 4,85+ 0,06 2,9+0,6

t
@ Sonuglar, %95 gliven seviyesinde 4 él¢limiin ortalamasidir, X + —; (burada s standart sapma; N 6lglim sayisi; t gliven seviyesi

ve serbestlik derecesine bagli Student t degeridir)

4. Sonuglar (Conclusions)

Eser elementlerin bor mineralleri ve atiklarindaki de-
risimleri bu minerallerin son kullanim alani agisindan
onemlidir. Bu nedenle bu calismada bu tur eser ele-
mentlerin derigimlerinin dlgllimesi amaclanmigtir. Li-
teratirde yer alan calismalarin ¢cojunda sdz konusu
minerallerin kristal yapisi aydinlatiimaya c¢ahlgiimis,
baslica ana bilesenlerin derigimleri belirlenmistir. Bor
minerallerindeki eser elementlerin tayinleri ile ilgili sinir-
Il sayida galisma s6z konusudur. Bu ¢alismada analitik
degerlendirme dlgutlerinden olan tayinin dogrulugu, ke-
sinligi, calisma arali§i, gozlenebilme ve tayin sinirlar
verilmistir. Yontemin dogrulugunu belirlemek igin top-
rak standart referans maddeleri (Montana soil 2711 ve
Estuarine sediment 1646a) analiz edilmistir. Bulunan
sonugclarin analitik agidan kabul edilebilir hata oranlari
cercevesinde standart referans maddenin belgelendiril-
mis degerleri ile uyumlu oldugu gozlenmistir. Bagil hata
orani her iki toprak referans maddesindeki tayin edi-
len tim elementler igin %5’ten dusuktur. Bu deger, bu
dlizeydeki derigimler igin kabul edilebilir bir bagil hata
olup, analizin dogrulugunun bir gostergesidir.

Bulunan element derigimleri dikkate alindiginda, in-
celenen elementler arasinda tinkal, kolemanit ve bor
atiginda en bol bulunan element demirdir (tinkalde 7,6
Mg/g, uleksitte 8,4 pg/g, kolemanitte 458 ug/g ve bor
atiginda 77,7 ug/g). Uleksitte ise en bol bulunan ele-
ment kobalttir (111 ug/g). Bor atiginda ve kolemanitteki
demir ile Uleksitteki Co disinda diger elementlerin tim
10 pg/g’in altindadir.

incelenen elementler agisindan bor atiginin, bor mine-
ralleriyle ¢ok farkli olmadigi gérilmastir. Bu nedenle
bor atiginin da minerallerin kullanildi§i bazi sektdrlerde
kullanilabilecegdi soylenebilir.
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Bitkilerde korunmus olan mikroRNA (miRNA) ailelerinden biri olan miR393, birgok kritik
gelisimsel sureglerde rol oynamaktadir. Bu galismada, Stem-Loop (SL) kantitatif ters
transkripsiyon polimeraz zincir reaksiyonu yontemi ile 1 mM (1B) ve 3 mM (3B) borik
aside maruz kalan Arabidopsis thaliana'da miR393’lin ekspresyon seviyeleri belirlenmisgtir.
Ayrica, miR393’Un A. thaliana’da hedefledigi genler ve bu genlerin Gen Ontoloji (GO)
zenginlestirme analizi yapilmigtir. A. thaliana bitkisinde toksik seviyelerde bor uygulamalari
sonrasi, A. thaliana fidelerinin geligiminlerinde gerileme ve fidelerin yaprak uglarinda
kloroz gozlemlenmigstir. A. thaliana’da 1B uygulamasi miR393 ekspresyonu 2,9 kat
artirirken, 3B uygulamasi 2,7’lik bir artisa sebep olmustur. miR393’lUn 5’ ve 3’ ucundaki
olgun dizilere gore baslica hedef genleri; auxin sinyal F-box, S-adenosil-L-metiyonin-
bagimli metiltransferaz sliper familya proteinlerini, Kinezin benzeri kalmodulin-baglanma
proteinlerini, L&sin-zengin reseptdr benzeri protein kinaz familya proteinlerini, 1-deoksi-D-
ksillloz 5-fosfat sentaz enzimini, ARM tekrar stiper familya proteinlerini ve myb-benzeri
HTH transkripsiyonel regulatér familya proteinlerini kodlayan genler ve bHLH ve WRKY 33
transkripsiyon faktérleridir.Ote yandan, miR393'(in hedefledigi genlerin GO zenginlestirme
analizine gére baslica Biyolojik Strecleri su sekildedir: Oksin ile aktiflesmis sinyal yolag,
oksin uyarisina hilicresel cevap, cgesitli gelisim slregleri ve farkl hicresel cevaplardir.
Molekdler Fonksiyonlar ise, oksin baglayici, inositol heksakisfosfat baglayici ve hormon
ve alkol baglayici seklinde kategorize edilebilir. Sonug olarak, bor toksisitesi altinda tespit
edilen blylime geriligi, miR393 hedefli oksin reglilasyonu ve bHLH gibi iligkili transkripsiyon
faktorleri ile ilgili olabilir.

Effect of of boron toxicity on miR393 expression at moderate and severe
levels in Arabidopsis thaliana
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miR393, one of the microRNA (miRNA) families preserved in plants, plays a role in
many critical developmental processes. In this study, expression levels of miR393 were
determined in Arabidopsis thaliana exposed to 1 mM (1B) and 3 mM (3B) boric acid by
Stem-Loop (SL) quantitative reverse transcription polymerase chain reaction method. In
addition, genes targeted by miR393 in A. thaliana and Gene Ontology (GO) enrichment
analysis of these genes were performed. After application of toxic levels of B in A. thaliana
plant, a decrease in the growth of A. thaliana seedlings and chlorosis on the leaf tips of
the seedlings were observed. While 1B application caused a 2.9 fold increase in miR393
expression, 3B application caused a 2.7 fold increase in this expression. According to the
mature sequences at the 5 'and 3' ends of miR393, the main target genes are; genes
coding Auxin signaling F-box, S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein, kinesin-like calmodulin-binding protein, Leucine-rich receptor-like
protein kinase family protein, 1-deoxy-D-xylulose 5-phosphate synthase 3, ARM repeat
superfamily protein, myb-like HTH transcriptional regulator family protein and bHLH, and
WRKY33 transcription factors. On the other hand, according to the GO enrichment analysis,
the main Biological Processes of the genes targeted by miR393 are as follows: The
auxin-activated signaling pathway, the cellular response to auxin, various developmental
processes, and different cellular responses. Molecular functions can be categorized as
auxin binding, inositol hexakisphosphate binding and hormone and alcohol binding. As a
result, growth retardation detected under boron toxicity may be related to miR393 targeted
auxin regulation and associated transcription factors such as bHLH.
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1. Girig (Introduction)

Bor (B), bitkiler icin mutlak gerekli mikro besin elemen-
tidir [1]. Bununla birlikte, ylksek bor seviyesi, dinya-
daki 6nemli abiyotik stres faktorlerinden biridir ve bitki
gelisimi ile mahsul verimini olumsuz etkilemektedir [2].
Bircok ulke, 6zellikle kurak veya yari kurak topraklara
sahip olanlar, asiri bor sebebiyle verim kaybindan muz-
dariptir [3]. Bor, buyume icin gerekli seviyenin ¢ok az
Ustiinde bile olsa, birgok bitki i¢in kolayca toksik olabilir
[4]. Bor toksisitesi, hiicre duvari yapisinda degisiklikle-
re ve borun biyolojik molekullerin ribozlarina baglan-
masi nedeniyle, hiicre bélinmesinin ve gelisiminin bo-
zulasina neden olur [5]. Tipik olarak, toksik bor, gdvde
ve kok buylumesinde inhibisyona ve eski yapraklarin
uclarinda ve kenarlarinda klorotik veya nekrotik bol-
gelerle ayirt edilen yaprak yanmasina yol acar [6,7].
Cogu bitki turinde, bor kokler tarafindan emildikten
sonra, ksileme yUklenir ve transpirasyon akigi yoluyla
g6vdeye gecer ve yeniden dagitiimadan eski yaprak-
larda birikir; bu nedenle yapraklardaki bor igerigi ile
toksisite semptomlarinin siddeti arasinda dogrudan bir
iliski vardir [8]. Bor toksisitesi altinda kdke ve gdvdeye
0zgU akuaporinleri kodlayan genlerin asagi regulas-
yonu, hicreden hicreye su hareketinde azalmaya ve
gb6vdelere su akiginda azalmaya neden olmaktadir [9].
Bu nedenle, yaprak ve gdvdede bor toksisite semp-
tomlari koklerden daha siddetlidir. Borun toksik etkileri
devam ederse, boron cis konfigirasyonlu molekiller-
de ¢oklu hidroksil gruplarina karsi yuksek reaktivitesi
nedeniyle azot ve seker metabolizmasinin baskilanma
durumu gelisir [10]. Bu sitotoksik etkiler, metabolik bo-
zukluga ve oksidatif strese neden olur [10]. Ote yan-
dan, asiri bor varliginda, bitki inhibisyonu nedenlerin-
den bir digeri foto-oksidatif strestir [5] ve oksidatif stres
sonucu reaktif oksijen tarlerinin (ROS) asir birikimi,
pigmentleri, lipidleri, ntkleik asitleri, proteinleri ve inak-
tive edici enzimleri oksitleyerek hiicre 6limine neden
olabilir [11]. Bitkiler, ROS birikimine karsi antioksidan
enzimleri iceren suplrict mekanizmalarina sahiptir.
lliskili olarak, domateste, antosiyaninin ve flavonoidin
artmis seviyesi [12], feslegende daha yuksek fenolik
icerik [13], ve nohutta ve soya fasllyesinde, stiperok-
sit dismutaz (SOD; EC 1.15.1.1), katalaz (CAT;, EC
1.11.1.6), ve askorbat peroksidaz (APX; EC 1.11.1.11)
aktivitelerinde anlamli artiglar [14], toksik bor kosullar
altinda belirlenmistir.

Bor toksisitesine kargi bitki toleransi, turler hatta ge-
sitler arasinda bile buyuk farklihklar gdstermektedir
[3]. Bitkilerde bor toksisitesine karsi toleransin altin-
da yatan mekanizmalar hala tartismalidir. Otsu bitki
tlrleri icin 6nerilen en yaygin kabul goren teori, bor
disa akis tasiyicilari yoluyla hicreler arasi bor sevi-
yelerinin azaltimasidir. Ornegin; arpada (Hordeum
vulgare), koklerdeki bor diga akim tagiyicisi BORT'in
yukari regllasyonu, borun topraktan emilimini azaltir
[15]. Buna karsin; BOR1'e homolog olan BORZ2'nin
yapraklardaki yukari regulasyonu, borun simplastlar-

dan apoplastlara taginmasina neden olur [16]. Benzer
sekilde, kdklerdeki bagka bir disari akis tasiyicisi olan
nodulin benzeri i¢ proteinin (NIP) asagdi regllasyonu
da borun koklerden gdévdelere taginmasini azaltarak,
yer Ustu bitki pargalarinda bor birikimini azaltmaktadir
[17]. Ote yandan, yakin bir zamanda yapilan fizyolojik
bir calisma feslegenin bor toksisitesine karsi tolerans
mekanizmalarinda yaprak antosiyaninleri tarafindan
foto korumanin rol oynadigi goéstermistir [18]. Bu du-
rum, bor toksisitesine kargi farkli mekanizmalarin rol
oynayabilecegini gdstermigtir.

Omiks teknoloijileri ile yapilan son molekiler ¢alisma-
lar, toksik borun yanitlari ve biyolojik yolaklarla olasi
iliskileri hakkinda énemli bilgiler saglamistir [19,20].
Onemli olarak, bu calismalarda, bor homeostazisinin
WRKY, MYB ve NAC gibi transkripsiyon faktorlerindeki
degisiklikler ile dizenlendigini 6éne surdlmustur. Ayri-
ca, temel heliks-déngu-heliks aile proteininin (bHLH)
ekspresyon seviyesi, bor toksisitesi altinda hassas ve
tolerant bugday cesitlerinin yaprak ve kdk dokularinda
asagi yonlu regile oldugu ve bu transkripsiyon fakto-
runun, bitkilerdeki bor toksisitesi yanitina katilabilecegi
bildiriimistir [20]. Bununla birlikte, stres sirasinda gen-
lerin nasil reglle oldugu sorusunu cevaplamak, yeni
genler bulmak kadar énemlidir [21]. Bundan dolayi,
mikroRNAlar (miRNA), post-transkripsiyonel seviyede
gen ekspresyonunun anahtar duizenleyicileri olarak,
stres agini kesfetmek igin iyi adaylardir. Bu kodlanma-
yan kiglik RNAlar, 21 ila 24 nukleotid uzunlugunda,
bitkilerde genis bir dagilima sahiptir. Bu miRNAar,
bitkilerde, dogrudan hedef mRNA'yI susturarak ya da
hedef mMRNA'nin translasyonunu inhibe ederek genle-
rin ekspresyonlarini negatif yonlu regile ederler [22].
Kanitlar, bitki miRNA'larinin bitki blytumesinin ve geli-
siminin dizenlenmesinde ve ayrica biyotik ve abiyo-
tik streslere yanitta gok énemli bir rol oynadigini gos-
termektedir [23]. Ornegin, A. thaliana'da miR399'un
UBC24 transkript seviyesini dizenleyerek fosfor (P)
homeostazini sagladigi deneysel olarak kanitlan-
mistir [24]. Buna karsin, miR395, sirasiyla APS ve
SULTR2;1'i hedefleyerek, silfat (S) birikimi ve dagili-
mini dizenlenmesine aracilik etmektedir [25]. Benzer
sekilde, artan kanitlar, bitki miRNA'larinin bor stresle-
rine yanitta cok énemli bir rol oynadigini géstermek-
tedir [26]. Ornegin, daha énce yapilan bir ¢galismada,
narenciye yapraklarinda miR397a’nin ksilemin ikincil
hiicre duvari biyosentezini diizenleyerek bor toksisite-
sinin bitkiye olan etkisinin azaltiimasinda rol oynadigi
bildirilmistir [27]. Bu nedenle, bitkide bor toksisitesine
cevaben degisen miRNAlarin belirlenmesi tolerans
mekanizmasinin belirlenmesi i¢cin dnem arz etmekte-
dir. Bu galismada, literatlirde ilk defa oksin reseptorleri
TIR1, AFB1, AFB2 ve AFB3'U ve asagi yonlu regile
oldugu daha 6nce belirlenen bHLH transkripsiyon fak-
toruinG hedefleyen miR393’ln ekspresyon seviyeleri 1
mM (1B) ve 3 mM (3B) borik aside maruz kalan A.
thaliana'da olgun miRNAlari tespit etmek ve gogalt-
mak i¢in énemli bir strateji olan Stem-loop (SL) kan-
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titatif ters transkripsiyon polimeraz zincir reaksiyonu
yontemi [28,29] ile belirlenmistir. Bu ydntemde, bir sa¢
tokasi yapisi olarak tasarlanan SL primeri, miRNA'ya
komplementer olan 3’ ¢ikintiya sahiptir. Daha sonra,
miRNA-spesifik primerler ve bir evrensel primer, olgun
miRNAnin polimeraz zincir reaksiyonu (PZR) ile amp-
lifikasyonu icin kullanilir [30]. Ayrica, bu calismada
miR393’Un A. thaliana'da diger hedefledigi genler ve
bu genlerin Gen Ontoloji (GO) Zenginlestirme analizi
yapilmistir.

2. Malzemeler ve yontemler (Materials and methods)

2.1. Biiyiime kosullari ve bor uygulamalari (Growth
conditions and boron treatments)

Blyutme kosullari ve bor uygulamalari igin Arabidop-
sis (A. thaliana Columbia ekotipi) tohumlarinin, énce
%70’lik etil alkol ile 2 dakika, ardindan %15’lik sodyum
hipoklorit ¢ozeltisi ile 10 dakika yikanarak yuzeyleri
sterilize edilmistir. Ardindan tohumlar distile su ile 3
kez durulanmistir ve normal (100 pM) ve toksik (1 mM
ve 3 mM H,BO,) B konsantrasyonlari igeren MS besi-
yerine [31] transfer edilmistir. 3 gunluk, 4°C’deki ver-
nelizasyonun ardindan ¢imlenme ve biuyume 22°C’de
iklim kabininde, 16/8-h 1sik fotoperiyodu ile gercekles-
tiriimistir. iki haftanin ardindan fideler hasat edilmistir
ve ileri analizler i¢in kullaniimistir.

2.2. Kantitatif gergek zamanli PZR kosullari (Quan-
titative real-time PCR conditions)

iki haftalik A. thaliana fidelerinden TRIzol reaktifi (Am-
bion) ile toplam RNA izole edilmistir. izolasyon pro-
tokolU su sekildedir: 0,2 gram A. thaliana yapraklari
sivi nitrojen ile havanda 6guttlmuas ve toz haline gelen
yaprak ornegi dnceden sogutulmus eppendorf tiple-
rine transfer edilmistir. Ardindan, 1 ml TRIzol reaktifi
tiplere eklenmis ve 15 dakika boyunca oda sicakligin-
da tlpler vorteks ile karistiriimis ve devaminda tupler
5 dakika boyunca oda sicakliginda maksimum hizda
santriflijlenmistir. Santriflij sonrasi elde edilen siper-
natanttan 900 pl yeni tUplere aktariimis ve Uzerine
180 pl kloroform eklenmis ve tlpler vortekslenerek
3 dakika boyunca oda sicakliginda inkiibe edilmistir.
inkiibasyon sonunda tiipler, 4°C’de maksimum hizda
15 dakika santrifijlenmistir. Elde edilen sipernatant-
tan 450 pl yeni tlplere aktariimis ve Uzerine 200 pl
kloroform eklenmistir. Tipler vorteklenerek oda sicak-

hginda 3 dakika boyunca inklibe edilmistir. Ardindan,
tupler, oda sicakliginda 5 dakika boyunca maksimum
santrifujlenmistir ve Ust fazdan 400 pl alinarak yeni
tlpe transfer edilmistir ve Uzerine esit hacimde izop-
ropanol eklenmis ve tlipler birkag kez tersyliz edilerek,
10 dakika boyunca oda sicakliginda inkibe edilmis-
tir. Tupler 10 dakika boyunca oda sicakhginda mak-
simum hizda santrifijlenmis ve elde edilen pelet 1 ml
%75’lik etanol ile 3 dakika boyunca yikanmistir. Daha
sonra, 5 dakika boyunca oda sicakhigin maksimum
hizda santrifiijlene pelet 10 dakika boyunca kuruma-
ya birakilmistir. Son olarak, kurutulan pelet Gzerine
50 pl Dietil Pirokarbonat’li su eklenmis ve 65°C’de 15
dakika boyunca inkibe edilerek ¢ozulmustir. RNA'nin
saglamhgi ve kalitesini kontrol etmek igin agaroz jel
elektroforezi kullaniimigtir. Ardindan RNA safligi ve
konsantrasyonu NanoDrop (Denovix, ABD) ile belir-
lenmistir. izole edilen toplam RNA'lar kullanima kadar
-80°C’de saklanmistir.

miRBase veritabani, miR393 sekansini elde etmek
Uzere kullaniimistir. SL-geri transkripsiyon ve ileri pri-
merler [32] protokoliine uygun bir sekilde 6zel olarak
tasarlanmisti. miR393 icin primer sekanslari Tablo
1’de verilmistir. miR393 ekspresyonu, kantitatif ger-
cek zamanh PZR (qRT-PCR) metodu ile belirlenmistir
[33]. Oncelikle, 1 ug RNA, RNaz igermeyen su, 2 L
SL primeri iceren 12 pL’lik karigimlar hazirlanmistir. Bu
karisimlar, 5 dakika 65°C’de, ardindan 2 dakika buzda
inkiibe edilmistir. Sonrasinda, 5X reaksiyon tamponu,
RiboLock RNaz inhibitéri (20 U/uL), 10 mM dNTP ve
ters transkriptaz karisimlara eklenmistir. Karigsimlar 30
dakika boyunca 16°C’de inklbe edilmistir ve 60 don-
gl boyunca 30°C’de 30 s, 42°C’de 30 s ve 50°C’de
1 s olarak sekilde atimli geri transkripsiyona maruz
birakilmistir. Ardindan tipler 70°C’'de 5 dakika inkube
edilmistir. qRT-PCR analizleri igin, 1 yL cDNA, 7 uL 2X
Master Mix (Thermo Scientific) ve final konsantrasyon
0,3 uM olacak sekilde primerler eklenerek total hacim
nukleazsiz su ile 15 pL'ye tamamlanmistir. gqRT-PCR
kosullari, 95°C’de 10 dakika ilk denattrasyon, ardin-
dan 40 dongu 95°C’de 15 s, 59°C’de 30 s, 72°C’de
30 s olarak belirlenmigtir. Erime egrisi (melting curve)
40 dongu sonrasi 60-95°C’de analiz edilmistir. Norma-
lizasyon aktin (ACT2) geni kullanilarak gerceklegtiril-
mistir [20] ve 222t her bir karsilastirmada ekspresyon
kat farkhliklarini belirlemek Gzere kullaniimistir.

Tablo 1. miR393 ekspresyon analizi igin kullanilan primerler (Primers used for miR393 expression analysis).

Primer Ismi 5’ — 3’ yoniinde sekans

miR393-SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGATCA

miR393_F CGTAATTCCAAAGGGATCGCAT
Universal_R GTGCAGGGTCCGAGGT

ACT2_F CTTGACCTTGCTGGACGTGA
ACT2_R AATTTCCCGCTCTGCTGTTG
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Sekil 1. Toksik B uygulamalarina maruz kalmis Arabidopsis thaliana fidecikleri. K: kontrol, 1B: 1 mM H,BO, uygulamasi, 3B:
3 mM H,BO, uygulamasi.(Arabidopsis thaliana seedlings exposed to toxic B treatments. K: control, 1B: 1 mM H,BO, treatment, 3B: 3

mM H,BO, treatment).

2.3. miR393 hedef genlerinin bilgisayimsal tahmi-
ni ve GO zenginlegtime analizi (Computational pre-
diction of target genes of miR393 and GO enrichment
analysis)

A. thaliana'da miR393'Un hedeflerini belirlemek igin,
olgun miRNA dizileri miRBase veri tabani kullanilarak
(surim 22.1, http://www.mirbase.org/) belirlenmistir
[34]. Daha sonra, bu olgun miR393 dizileri kullanila-
rak miR393 hedef genleri psRNATarget veri tabanin-
da belirlenmistir (version 2, http://plantgrn.noble.org/
psRNATarget/) [35].

miR393’lin belirlenen hedef genlerinin GO zenginles-
time analizi 10.08.2020 tarihinde glincellenen PANT-
HER veritabani kullanilarak (strim 14, http://geneon-
tology.org/) yapilmigtir [36]. Referans liste A. thaliana
secilerek yapilmistir. GO biyolojik slire¢ ve molekiler
fonksiyon sonuglari test tipi Fisher’s exact ve dogrula-
ma FDR segilerek yapilmistir (P<0,05).

2.4. Istatistiksel analizler (Statistical analyses)

gRT-PCR deneyleri, dort biyolojik tekrar olarak gergek-
lestirilmistir (n=4). Veriler istatistiksel olarak t-testinin
parametrik olmayan versiyonu kullanarak analiz edil-
mistir. Ote yandan, yaprak alani verileri, dért biyolojik
tekrar ve her tekrardan en az 10 bitki olacak sekilde
Java tabanli Imaged programi kullanilarak elde edil-
mistir. Yaprak alani verileri, SPPS istatistik programi
kullanilarak Tek Yonli Varyans Analizi (ANOVA) ile
analiz edilmistir. Veriler, ortalama ve standart hata bir-
likte olacak sekilde verilmistir.

3. Bulgular (Results)

A. thaliana bitkisinde toksik seviyelerde bor uygula-
malari sonrasi, A. thaliana fidelerinin gelisimlerinde
gerileme ve fidelerin yaprak uglarinda kloroz gézlem-
lenmistir (Sekil 1). Hatta beklendigi tizere, yaprak alani
verilerine gore bor toksisitesinin artan konsantrasyo-
nuna karsilik, A. thaliana yapraklarinda kismi sararma

ve blyime geriligi artmistir (Sekil 2). Ote yandan, A.
thaliana’da 1B uygulamasi miR393 ekspresyonu 2,9
kat artirirken, 3B uygulamasi 2,7’lik bir artisa sebep
olmustur (Sekil 3).

miR393’Un 5’ ve 3’ ucundaki olgun dizilere gore (5p
ve 3p) baslica hedef genleri; auxin sinyal F-box,
S-adenosil-L-metiyonin- bagimli metiltransferaz siiper
familya proteinlerini kodlayan genler, Kinezin benze-
ri kalmodulin-baglanma proteinlerini kodlayan genler,
Loésin-zengin reseptdr benzeri protein kinaz famil-
ya proteinlerini kodlayan genler, 1-deoksi-D-ksililoz
5-fosfat sentaz enzimini kodlayan gen, ARM tekrar si-
per familya proteinlerini kodlayan genler, myb-benzeri
HTH transkripsiyonel regulator familya proteinlerini
kodlayan genler ve bHLH, ve WRKY33 transkripsiyon
faktérleridir (Tablo 2). Ote yandan, miR393’lin hedefle-
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Sekil 2. Toksik B uygulamalari altinda Arabidopsis

thaliana’nin yaprak alaninda (piksel) degisim. K: Kontrol,
1B: 1 mM H,BO, uygulamasi, 3B: 3 mM H,BO, uygulamasi.
Ondoért bagimsiz biyolojik tekrardan gelen ortalama ve
standart hata gdsterilmektedir (p<0,05). Hata gubuklar Gz-
erindeki yildiz isareti (*) kontrole goére istatistiksel olarak
anlamli oldugunu géstermektedir. (Changes in leaf area (pixel)
in Arabidopsis thaliana under toxic B treatments. K: control, 1B: 1
mM H,BO, treatment, 3B: 3 mM H,BO, treatment. The mean and
standard error from fourteen independent biological replicates are
shown (p<0.05). An asterisk above the error bars represents signifi-
cant differences between control and B-toxicity—treated samples.).
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Sekil 3. Arabidopsis thaliana’da toksik B uygulamalari
altinda miR393’Un ekspresyon seviyelerindeki degisim. K:
Kontrol, 1B: 1 mM H,BO, uygulamasi, 3B: 3 mM H,BO,
uygulamasi. U¢ bagimsiz biyolojik tekrardan gelen ortalama
ve standart hata gosterilmektedir (p<0,05). Hata gubuklari
Uzerindeki yildiz isareti (*) kontrole gore istatistiksel olarak
anlaml oldugunu gdstermektedir. (Changes in expression level
of miR393 in Arabidopsis thaliana under toxic B treatments. K: con-
trol, 1B: 1 mM H,BO, treatment, 3B: 3 mM H,BO, treatment. The
mean and standard error from three independent biological repli-
cates are shown (p<0.05).) An asterisk above the error bars repre-
sents significant differences between control and B-toxicity—treated
samples.

digi genlerin GO zenginlestirme analizine gore baglica
Biyolojik Surecleri su sekildedir: Polen maturasyonu,
Oksin ile aktiflesmis sinyal yolagdi, Oksin uyarisina
hicresel cevap, SCF-bagimli proteozomal ubikuitin-
bagimli protein katabolik stre¢, Stamen gelisimi, Flo-
ral organ gelisimi, Gelisimsel mattrasyon, Proteazom
aracili ubikuitin bagimh protein katabolik sureg, Cicek
gelisimi, Oksin yaniti, Hormon aracili sinyal yolagi,
Hormon uyarisina hicresel cevap, Organik madde-
ye hucresel cevap, Hucresel makromolekil katabolik
sureg, Hormon cevabi, Endojen uyaran cevabi ve Or-
ganik madde cevabi (Tablo 3). miR393’Un hedefledigi

genlerin Gen Ontoloji (GO) Zenginlestirme analizine
gore Molekiiler Fonksiyonlari, Oksin baglayici, inositol
heksakisfosfat baglayici ve Hormon ve alkol baglayici
seklinde kategorize edilebilir (Tablo 4).

4. Tartisma (Discussion)

Bitki miRNAlarin  2002'de  6nemli  bir post-
transkripsiyonel duzenleyici olarak bulunusunun ardin-
dan [37] bitki buyime ile gelisiminde énemli rollerinin
onerilmesiyle [38], cevresel strese cevaba olan katkila-
rinin ileri ki calismalarla incelenmesi [39,40] miRNA'lar
guindemde dnemli bir yere getirmistir. Bu ¢alismalarda
miRNA’larin bitkilerdeki birgok cevresel stresin adaptif
cevabinda bulundugunu éne surilmastar [41,42]. Lite-
ratirde ilk olacak sekilde, arpa [43] ve turunggillerde
[44] bor toksisitesine cevapta bazi miRNAnin degistigi
belirlenmistir. Ayrica, ¢ok yakin zamanda, toksik bor
kosullarina maruz kalan A. thaliana’da jasmonat ve
etilen mekanizmalariyla iligkili olan transkripsiyon fak-
torlerinin hedeflendigi miRNA'larin ekspresiyon sevi-
yeleri belirlenmistir [45]. Buna gore; miR159, miR319,
miR394 ve miR172 ekspresyon seviyeleri orta seviye-
de bor toksisitesi altinda dramatik bir sekilde artarken,
daha siddetli B toksisitesi uygulamasi altinda ilging bir
sekilde bu miRNAlarin ekspresyonu kontrol kosulla-
rina gore degismedigi dnerilmistir. Bu galismada ise;
literatirde ilk defa miR393’lin ekspresyon seviyesi A.
thaliana’da 1 ve 3 mM B kosullari altinda belirlenmistir.
Buna gore A. thaliana’da orta ve siddetli seviyelerde
toksik bor uygulamalari, miR393’Un ekspresiyonunu
yaklasik 3 kat arttirmistir. A. thaliana’da mirR393’Un
baslica hedefleri oksin reseptorlerini kodlayan F-box
genleri (Transport Inhibitor Response Protein1 (TIR1),
Auxin Signaling F Box Protein 2 (AFB2 ve AFB3)) ve
bHLH transkripsiyon faktoridir [46-48] (Tablo 3). ilis-
kili olarak, bir dnceki ¢calismamizda bHLH ekspresyon

Tablo 2. miR393’ln olasi hedefledigi genlerden bazilari. ath-miR393a-5p: UCCAAAGGGAUCGCAUUGAUCC,
ath-miR393a-3p: AUCAUGCUAUCUCUUUGGAUU, AGI: Arabidopsis Genome Initiative, (Some of the possible target genes of

miR393).
miRNA Hedef Gen Beklenen Hedef Gen Tanimi
AGI Kodu Deger

ath-miR393a-5p AT1G12820 1.0 auxin sinyal F-box 3 (AFB3)
ath-miR393a-5p AT3G26810 1.0 auxin sinyal F-box 2 (AFB2)
ath-miR393a-5p AT3G62980 1.0 F-box/RNI benzeri siiper familya protein (TIR1)
ath-miR393a-3p AT1G26850 2.0 S-adenosil-L-metiyonin- bagimli metiltransferaz siiper familya p
ath-miR393a-5p AT4G03190 2.0 GRR1-benzeri protein 1 (GRH1)
ath-miR393a-5p AT3G23690 2.5 basic helix-loop-helix (bHLH) DNA-baglanma siiper familya prc
ath-miR393a-3p AT5G65930 3.0 Kinezin benzeri kalmodulin-baglanma proteini
ath-miR393a-3p AT3G19420 3.0 PTEN 2
ath-miR393a-5p AT2G38470 3.0 WRKY DNA-baglanma protein 33 (WRKY33)
ath-miR393a-5p AT5G65700 3.0 Losin-zengin reseptor benzeri protein kinaz familya proteini (BA
ath-miR393a-5p AT2G24210 3.0 Terpen sentaz 10 (TPS10)
ath-miR393a-5p AT5G11380 3.0 1- deoksi-D-ksiliiloz 5-fosfat sentaz 3 (DXPS3)
ath-miR393a-3p AT1G61350 3.5 ARM tekrar sitiper familya proteini
ath-miR393a-3p AT3G23020 3.5 Tetrarikopeptid tekrar (TPR) benzeri siiper familya proteini
ath-miR393a-3p AT3G13040 3.5 myb-benzeri HTH transkripsiyonel regiilator familya proteini
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Tablo 3. miR393'lin hedefledigi genlerin GO zenginlestirme biyolojik stire¢ analizi (GO enrichment biological process analysis of

genes targeted by miR393).

GO: Biyolojik Siire¢ Zengi:n(lz;tirme Is[l:glengeel:'liis
Polen matiirasyonu >100 9.42E-10
Oksin ile aktiflesmis sinyal yolag: > 100 2.48E-08
Oksin uyarisina hiicresel cevap 90.93 1.23E-07
SCF-bagimh proteozomal ubikuitin-bagimh protein katabolik siirec¢ 72.53 2.92E-07
Androecium gelisimi 72.53 7.77E-09
Stamen gelisimi 72.53 7.77E-09
Floral whorl development 39.46 1.48E-07
Floral organ gelisimi 31.34 4.51E-07
Gelisimsel matiirasyon 30.93 7.90E-06
Proteazom aracili ubikuitin bagimh protein katabolik siirec 24.18 2.04E-05
proteazomal protein katabolik siirec 22.82 2.56E-05
Cicek gelisimi 21.51 2.78E-06
Ureme siirgiin sistem gelisimi 20.64 3.39E-06
Oksin yaniti 20.38 3.95E-05
Hormon aracili sinyal yolag: 18.00 6.54E-06
Polen gelismi 17.61 6.92E-05
Gametofit gelisimi 16.52 9.88E-06

Tablo 4. miR393'Un hedefledigi genlerin GO zenginlestirme molekdiler fonksiyon analizi. (GO enrichment molecular function

analysis of genes targeted by miR393).

GO: Molekiiler Fonksiyon Zengiln(li; firme IS::Z:;T;S
Oksin baglayici >100 6.40E-11
Inositol heksakisfosfat baglayici >100 1.14E-09
Hormon baglayici > 100 7.54E-09
Alkol baglayici >100 1.58E-08

seviyesi, bor toksisitesi altinda hassas ve tolerant bug-
day cesitlerinin yaprak ve kdk dokularinda asagi yonlu
reglle oldugu ve bu transkripsiyon faktérinin, bitkiler-
deki bor toksisitesi yanitina katilabilecegi bildirilmistir
[20]. miR393 ve hedef genlerinin dizenleyici modu-
lintn kdék yapisinin kontroll [49], yaprak gelisiminin
dizenlenmesi [50] ve normal bitki buylimesinin sag-
lanmasi [51] gibi oksin cevabini manipile eden birgok
fonksiyonu oldugu kesfedilmistir [52]. Bu miRNAnin
ayni zamanda biyotik ve abiyotik stres ile yakindan
iliskili oldugu belirlenmistir [53,54]. Piringte yapilan
benzer arastirmalar, miR393’Un biyolojik fonksiyonla-
rinin ve oksin yolagi ile dizenlenme mekanizmasinin
yuksek bitkilerde korunmus oldugunu kanitlamistir
[55-57]. B toksisitesine benzer sekilde, miR393’ln
A. thaliana’da [53], pirincte [58] ve seker kamisinda
(Saccharum spp.) [59] kuraklik stresi sirasinda yukari
yonlu reglle oldugu bildirilmigtir.

miR393’lin hedefi, A. thaliana’da oksin reseptori olan
TIR?1’i kodlar. TIR1 enzimi ubikitinasyon yolu ile Aux/
IAA proteinlerinin degredasyonunu destekleyerek ok-
sin sinyallenmesinin pozitif bir regulatortdir [60]. Ya-

kin zamanda yapilan bir calismada miR393’Un asiri
eksprese edildigi piring fidelerinin blyimesinin 1 gun-
[0k kuraklik uygulamasiyla kontrol bitkilerine kiyasla
bastiriidigi bildirmistir [57]. miR393’U asiri eksprese
eden piringler ayni zamanda sentetik oksin analog uy-
gulamalarina karsi asiri duyarhlik géstermistir [57]. Bu
nedenle, artan miR393 seviyeleri, oksin sinyallenme-
sini asagi regule eder ve kuraklik stresi altinda bitki
bliyumesini azaltabilir. Ayrica, miR393’Un inhibe edil-
digi transgenik A. thaliana bitkisinde yaban tipe gore
AtTIR1, AtAFB1, AtAFB2, ve AtAFB3 ekspresyonla-
ri artmis ve bu transgenik bitkilerin tuz ve absisik ait
streslerine karsi direngleri artmistir [61]. Dolayisiyla,
A. thaliana bitkisinde miR393’lUn kismi de olsa fonk-
siyon kaybi tuz stresine karsi tolerans kazandirmigtir
[61]. Kuraklik stresine ve tuz streslerine benzer sekil-
de, bor toksisitesi altinda tespit edilen biytime geriligi,
miR393 hedefli oksin reseptdr regulasyonu ve bHLH
transkripsiyon faktorl ile iligkili olabilir. Bu nedenle,
miR393 inhibisyonuna ydnelik yaklagimlar, bor toksi-
sitesine kargl tolerant bitkiler yetistirme amaciyla kul-
lanilabilir.
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5. Sonuglar (Conclusions)

Sonug olarak, bor toksisitesinin artan konsantrasyonu-
na karsilik, A. thaliana yapraklarinda kismi sararma ve
biytime geriligi artmistir. Ote yandan, A. thaliana’da
1B ve 3B uygulamalari, miR393 ekspresyonunu 3
kata yakin artisa sebep olmustur. Bor toksisitesi altin-
da tespit edilen biylime geriligi, miR393 hedefli oksin
reseptor reglilasyonu ve bHLH transkripsiyon faktori
ile iligkili olabilir. Dolayisiyla, miR393 inhibisyonuna
veya AtTIR1, AtAFB1, AtAFB2, ve AtAFB3 asiri eks-
presyonuna yonelik yaklagimlar bor toksisitesine kargi
tolerant bitkiler yetistirme amaciyla kullanilabilir.
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Improvement of nano-sized products with boron additives with remarkable
properties has become a popular trend for many different application areas.
Here, we have reported an efficient poly(vinyl alcohol) (PVA) based composite
nanofiber which was functionalized with the hexagonal boron nitride (h-BN) via
electrospinning technique, for the first time as far as known, for body-armor and
protective clothing applications. PVA-based composite nanofibers containing
h-BN with a diameter of approximately 326 nm have shown significant mechanical
features compared to pure PVA nanofibers with a diameter of about 223 nm.
Mechanical features were investigated by nanoindentation and the results
of nanoindentation demonstrated that the elastic modulus of PVA nanofibers
increased by 77%, and hardness values of polymeric nanofibers reached ten
times more, by the addition of h-BN. FTIR and XRD characterizations approved
that there is no chemical change of h-BN when it was integrated into the PVA
based composite nanofibers. We exceptionally believe that the achieved results
offer a potential lightness and cost-effective strategy for body armor and protective
clothing applications in contrast to boron carbide-based body armor products,

which have main problems such as weightiness and high-priced.

1. Introduction

Recently, the focus has been on the development of
boron-based high-tech products, and the expansion
of boron-based materials and additives [1-4]. In this
sense, when advanced boron compounds are ex-
amined, nowadays boron nitride (BN), which offers a
wide range of application potential and has outstand-
ing properties, is remarkable [4,5]. Structurally like the
carbon system, BNs are synthetic materials that, al-
though discovered in the19" century, did not develop
into a commercial material until the 20" century. It is
mostly found in hexagonal (h-BN), cubic (c-BN), and
amorphous structures [5,6]. h-BN has many different
applications in engineering and refractory fields such
as catalysis, contaminant removal in very harsh envi-
ronments, and hydrogen storage due to its extraordi-
nary features such as high resistance to acidic chemi-
cal corrosion, non-toxic, refractory features in vacuum
up to 2000°C, lightweight, workability, high electrical
resistance, and good thermal conductivity [4,6,7].

On the other hand, the nanostructure chemical com-
position refers to the order of atoms (atomic structure)
and the dimension of a solid in one, two, or three.
Thus, nanostructures have chemical and physical
features that are characteristic of neither atomic nor
mass equivalents [8]. Therefore, different studies have
been realized for the production and characterization
of h-BN in its forms such as nanotubes [9-11], fuller-
enes [12], nano-cones [13], nano-capsules [14,15],
and nanoparticles [16,17] and the superior features
of h-BN and the advantages of nanotechnology have
been tried to be combined. Recently, limited stud-
ies have been published on the BN using PVA as a
matrix. For example, Wang et al (2019) investigated
the mechanical features and microstructures of PVA
nanocomposites reinforced with boron nitride nano-
tubes (BNNTSs). The authors claimed that BNNTs have
excellent potential to design composite nanofillers in
many applications [18]. Li et al. (2018) reported that,
compared with pure PVA hydrogel, the thermal stabil-
ity, mechanical features, and swelling behavior of BN
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nanosphere/PVA composite hydrogel are effectively
enhanced [19]. Zhang et al. (2017) reported that BN-
modified PVA aerogels can be successfully produced
via the cheap frozen-drying method to use in envi-
ronmental remediation applications [20]. Additionally,
Zhang et al. (2018) showed that cellulose nanocrystals
and boron nitride nanosheets enhanced the thermal
conductivity, and the mechanical features of the PVA
[21].

Among the reported h-BN nanostructures, the one-
dimensional shape (1D) of h-BN (ie nanotubes, nano-
fibers) offers high performance in potential electronic
and mechanical devices due to its axial ratio. Since
the axial ratio plays a crucial role in the physical and
chemical features of the 1D structures, it is desirable
to being long in the nanostructures. Compared to other
nanostructures, the longest axial ratio is found in nano-
fibers [7]. Therefore, many researchers have tried to
produce h-BN nanofibers using complex procedures.
The reported chemical synthesis methods are com-
plex, it is very difficult to control the final product to
be in the 1D form [7,8]. However, the electrospinning
technique is renowned for its easy control of the size
of the final product [22-24]. In this method, an electric
field is used to produce fibers from polymers, compos-
ites, and ceramics to ultra-fine micro and nano scales,
and nanofibers are produced efficiently [25]. There-
fore, especially in the last decade, there are many
studies investigating the production of h-BN nanofiber
structures via the electrospinning technique, charac-
terization of these structures, and indicating their po-
tential in various application areas. For instance, mul-
tifunctional h-BN nanosheet/ poly(vinyl alcohol) (PVA)
nanofiber membranes for use in electronic packaging
and water treatment applications [26]; h-BN/poly (p-
caprolactone) (PCL) composite nanofibers [27], and
h-BN nanofibers [28] for aerospace and high-tempera-
ture filtration applications; h-BN/polyacrylonitrile (PAN)
composite nanofibers [29] and h-BN/carbon compos-
ite nanofibers [30] as high-security low-cost electrolyte
and electrode material for lithium-ion batteries applica-
tions; PCL, to use in bone-tissue engineering applica-
tions tricalcium phosphate (TCP) and h-BN composite
nanofibers [31]; high-activity h-BN/titanium dioxide
(TiO,) composite nanofibers [32] as photocatalyst for
use in photocatalytic applications have been signifi-
cant investigation topics. Additionally, it has been stat-
ed that the h-BN/polymer composite nanofibers have
a significant potential for body armor and protective
clothing applications [33].

Body armor and protective clothing are very effective
in defense and military forces, especially in reduc-
ing soldiers and police injuries and deaths. In today's
technology, the armors and protective clothing have
designed via considering the futuristic material op-
tions. However, academic and industrial studies have
focused on reducing the weight of body armor systems

and improve the comfort level. Additionally, consider-
ing the pricing of standard body armor systems up to
several thousand dollars per set, cost reduction is an
important factor in the studies. It has been reported
that new materials, innovative designs, and lightweight
systems that can meet these requirements need to be
developed [34]. Although boron carbide is generally
one of the strongest candidates for body armor ap-
plications, research continues to address basic prob-
lems such as cost and lightness [35-37]. Moreover,
it is stated that protective clothing and body armors
produced via electrospun nanofibers which have multi-
functional features such as extremely lightness, cheap
producibility, high breathable, and high elasticity can
overcome these problems [38].

In this study, h-BN, known to have superior proper-
ties mentioned before, has played a role in improving
mechanical properties. h-BN was combined then with
PVA, which is widely used in body armor applications
and the protective clothing industry, via the electros-
pinning method. Thus, coming together of the superior
properties of h-BN with the advantages of nano-size
was carried out. Moreover, the effect of adding h-BN
on the mechanical features of PVA nanofibers is re-
ported for the first time in the literature. The mechani-
cal analysis was performed via the nano-indentation.
Furthermore, resulted composite functionalized nano-
fibers were investigated for morphology, chemical in-
teractions, and functional groups by performing SEM,
XRD, and FTIR characterization.

2. Materials and methods

Poly(vinyl alcohol) (PVA, purity 95,40%) with molecu-
lar weight (MW) of (44.0526)n g/mol and 87.16% of
hydroxyl groups was obtained from Zag Chemistry.
Boron Nitride (BN, purity>99%, particle size 1 ym) was
received from Sigma Aldrich. BN and PVA precursors
were employed without any further treatment. The sol-
vent was distilled water.

To prepare electrospinning solutions, firstly, an aque-
ous solution 8% by weight of (wt) of PVA was stirred
at room temperature for 24 h. Then, h-BN (8% wt) was
dissolved in distilled water at 95°C for 6 h. Aqueous
h-BN solution added into pure PVA solution at 60°C
via dropping technique and stirred for 2 h. Thus, PVA
(pure), and PVA containing h-BN (PVA/BN) electro-
spinning solutions were prepared. The electrospin-
ning process was performed using a commonly used
simple electrospinning apparatus to obtain nanofibers.
Nanofibers were obtained from the prepared solutions
with the same electrospinning process parameters are
applied as flow rate 1 mL/h, collector-syringe distance
20 cm, applied voltage 25 kV.

The morphological characterization of PVA (pure) and
PVA/BN nanofibers was carried out by Philips XL 30S
FEG scanning electron microscope (SEM) operat-
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ing at 7 kV voltage. From the SEM images obtained,
the average fiber diameter was measured and cal-
culated from 50 different locations using the Image J
program. The phase identification and crystal struc-
tures of the obtained nanofibers were performed by
Thermo Scientific ARL X-ray diffractometer (XRD) with
Cu-Ka model (1.5405 A) operating at 45 kV voltage
and 44 mA current values. XRD data were recorded
in the range of 10°<26<80° in 0.02° steps at a rate
of 2°/min. Fourier transform infrared spectroscopy
(FTIR) studies were performed using (Thermoscien-
tific Nicolet 110) device, with the wavenumber range
of 4,000-500 cm™, to evaluate whether or not h-BN is
integrated into the PVA structure without any chemical
changes. Mechanical analysis of nanofibers was per-
formed with IBIS DME Tools DS 95-50. The diamond
conical surface with a half-tip angle of 70.3° was used
to model the commonly used Berkovich indenter. Also,
the thicknesses of PVA (pure) and PVA/BN nanofibers
were several micrometers. 1 millinewton (mN) force
was applied to five different locations for both samples
and the penetration depth (um) was measured. Na-
noindentation load-penetration depth curves were ob-
tained, and elastic modulus (E) and hardness values
were calculated.

3. Results and discussion

The morphological structure and average fiber diam-
eter were investigated by SEM. Figure 1 indicates that
the average nanofiber diameter increases with the ad-
dition of BN. The average fiber diameter, which is mea-
sured at 50 different locations using the Image J pro-
gram, is 223+50 nm for PVA (Figure 1a) and 326+72
nm for PVA/BN (Figure 1b). Although no change was
made in the electrospinning process parameters, the
diameter and standard deviation of the composite
nanofibers increased by the addition of BN. The most
important cause is probably integration of the BN into
the fibers, and it is very significant evidence for the
composite fibers which contain the h-BN.

BN is a chemically inactive ceramic material. There-
fore, a chemical reaction between h-BN micron-size
particles and PVA aqueous solution cannot be expect-
ed [16]. However, XRD analysis was performed to en-

_'"‘ ‘

sure that the h-BN micron particles used in this study
were integrated into the PVA structure without any
chemical reactions. Additionally, the effect of the elec-
trospinning process was investigated by XRD charac-
terization of initial PVA and BN used in nanofiber pro-
duction. It has understood that the XRD pattern of the
initial PVA indicates the amorphous structure whereas
the PVA pure (pink graph) nanofibers produced via
electrospinning shows the semi-crystalline structure
(Figure 2) with two main peaks at around 26=14° and
20=17°, respectively. Moreover, the initial h-BN pattern
in Figure 2, indicates the typical peaks of h-BN with
defined, intense peaks at 20 = 26.76° and 20 = 41.46°
related to the (002) and (100) reflection (ICDD-PDF
Card: 00-034-0421), respectively. The main peaks
of the BN ceramics are visible in the XRD pattern of
PVA/BN nanofibers, but not in the XRD pattern of PVA
(pure) nanofibers. However, the fact that a specific
peak in the diffraction pattern of PVA is also visible in
the PVA/BN nanofiber pattern means that each com-
ponent shows its own diffraction region. If there were
any interactions, these peaks could be seen nested
[39]. Therefore, it has been shown that BN is integrat-
ed into the PVA matrix without any chemical reaction.

__/J\A (002) (100)
—J\A PVA/BN Nanofibers
PVA Nanofibers
5 26=06.76°
g (002)
iy
g
E
20=4146°
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il ) VI e "
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— —
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Figure 2. XRD patterns of the initial PVA, BN (Initial), PVA (pure),
and PVA/BN nanofibers

194



Gergeroglu H. et al. / BORON 5 (4), 192 - 198, 2020

As a result, it was considered in the XRD analysis that
BN was not chemically affected by the electrospinning
process. Although XRD is a highly reliable method of
analysis for crystalline materials, the same may not
apply to amorphous, semi-crystalline materials [16].
Due to the polymer used (PVA), FTIR characteriza-
tions were performed in addition to XRD studies. In
the FTIR spectra (Figure 3a), the B-N bond represents
two peaks of h-BN located at 767 and 1317 cm, re-
spectively, while the B-H bond corresponds to the two
bands at 2331 and 2535 cm™' [20]. Figure 3b shows
that the main peaks of PVA (pure) nanofibers were ob-
served at 845, 1093, 1260, 1434, 1734, 2930, and 3290
cm™'. These peaks are appointed to the C-C stretching
vibration, C-O stretching of acetyl groups, C-H defor-
mation vibration, C-H bending vibration of CH,, C=0
carbonyl stretch, CH, asymmetric stretching vibration,
and the O-H stretching vibration of the hydroxy group,
accordingly [40]. For the PVA/BN nanofibers, similar
peaks were observed (Figure 3c). The addition of BN
is assigned to small shifts in the main peaks. More-
over, the FTIR spectra of PVA/BN confirms that the
h-BN structure. In Figure 3 (blue curve), due to the B-N
and BN-O bonds, which are attributed to the h-BN and
B-OH bonds, respectively, peaks are observed at 804,
1088, 1374, and 3306 cm [32,41]. Consequently, it
has been demonstrated that BN has been successfully
integrated without any chemical change in the struc-
ture of PVA.
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Figure 3. The FTIR spectra of (a) BN (Initial), (b) PVA (pure), (b)
PVA/BN nanofibers.

To investigate the mechanical effect of BN integration
into PVA nanofibers, nano-indentation tests were per-
formed. For both samples (PVA and PVA/BN nanofi-
bers), 1 mN of force was applied to five different loca-
tions and the penetration depth was measured. Thus,
nanoindentation load- penetration depth curves were
obtained (Figure 4). Comparing the load penetration
depth curves of PVA (pure) nanofibers (Figure 4a) with
the curves of PVA/BN nanofibers (Figure 4b), itis clear
that PVA (pure) nanofibers have a deeper penetration
depth to the surface under the same load. This means
that the strength and hardness of PVA/BN nanofibers
are higher than that of PVA (pure) nanofibers.

00 05 10 15 20 25 30 35 40 45
Figure 4. Nanoindentation load-penetration depth curves; (a) PVA
(pink), (b) PVA/BN (blue) nanofibers.

To confirm the results obtained from the graphs, the
elastic modulus (E) was calculated from the tilt of the
first part of the unloading curve (S) (Figure 4) using Eq

(1) and (2) [42,43].
S= Zﬂ\FE, (1)
T

In (1), Ais the projected area of the indentation, b is a
constant dependent on the geometry of the indenter,
and E_is the reduced elastic modulus given by,

= 2)

where v and E are the Poisson’s ratio and elastic mo-
dulus for the sample and v, and E, are equal quantiti-
es for the indenter, respectively. On the other hand,
in nanoindentation, hardness (H) is determined as the
average contact pressure (P__) and is acquired by
dividing the peak force by the projected area (A) of
the contact between the sample and tip using Eq(3)
[44,45]. The values obtained from all calculations are
shown in Table 1.

195



Gergeroglu H. et al. /BORON 5 (4), 192 - 198, 2020

_ Pmax

H = fmex 3)
Results of calculations (Table 1) were confirmed the
obtained nanoindentation load versus penetration
depth curves (Figure 4). The existence of h-BN leads
to increasing in E from 134 MPa to 238 MPa. Furt-
hermore, the hardness values were calculated as 7.5
and 86.2 MPa for PVA and PVA/BN nanofibers, res-
pectively (Table 1). Since the electrospinning process
parameters for both of them were the same, the com-
parison indicates that the improvements in mechani-
cal features were due to h-BN addition. Thus, it can
be claimed that the critical enhancement in the elas-
tic modulus and hardness of PVA nanofibers with the
integration of h-BN is presumably due to as follows:
(i) homogeneous distribution of h-BN additives in the
PVA matrix via the electrospinning process, (ii) consi-
derable increase in crystallinity of the PVA matrix, (iii)
effective transfer of the load due to the intermolecular
H-bond between the PVA matrix and h-BN, which is
a powerful interaction that limits the chain mobility of
the PVA.

Table 1. Results of nano-indentation.

Force Elastic  Indentation
Sample (mN) Modulus  Hardness
(MPa) (MPa)
PVA 1 134 7.5
PVA/BN 1 238 86.2

Moreover, the increase in the elastic modulus and
hardness values of PVA/BN composite nanofibers be-
cause of the existence of h-BN was similarly reported
in PVA/BN nanocomposite films performed in previo-
us studies [46-48]. For instance, Sreedhara et al., in
2018, with the addition of 0.2% wt h-BN sheets into
PVA films, have reported that the elastic module and
the hardness values increased from 4.3 GPa to 7.3
GPa, and from 76.7 MPa to 109.2 MPa, respectively
[47]. In another study, it has been shown that the elastic
modulus increased from 8.6 GPa to 12.9 GPa and the
hardness value increased from 0.25 GPa to 0.6 GPa
by the addition of two different sizes (0.5 and 1 ym)
of BN nanoplate into PVA/tannic acid (TA) films [46].
However, according to our best knowledge, for the first
time, the mechanical features of PVA/BN nanofibers
and the mechanical effect of the existence of h-BN into
the PVA nanofibers structure were investigated in this
work. Furthermore, this study focused on the contribu-
tion of h-BN to improving the mechanical features of
the PVA nanofibers with a uniform fiber morphology.
Therefore, its use at the maximum possible concent-
ration has been investigated. However, the concent-
ration of additives that can be incorporated into the
polymer in the electrospinning method is limited beca-

use when the optimum amount is exceeded, it makes
production conditions difficult and bead structures may
be formed in the fibers. In this case, the homogeneous
fiber structure can be damaged. Also, the distribution
of the particles inside the polymeric nanofibers is a
significant parameter. Herein, the significant point is
that particles tend to stand apart when a small amount
of additive material was added, whereas when high
amounts of additives are added, the particles tend to
aggregate, in which case agglomeration occurs [8]. In
light of this knowledge, the main purpose of this study
is not only to obtain fibers with reinforced mechanical
features but also to obtain a fiber morphology without
bead structures. Therefore, the maximum amount of
h-BN that we can use without damaging fiber morpho-
logy and obtain maximum improvement in mechanical
features has been determined as 8% by weight.

4. Conclusion

h-BN is known to have superior properties such as
non-toxic, lightweight, workability, high electrical resis-
tance, and good thermal conductivity. It has been re-
ported in previous studies that the addition of h-BN into
the composite film form of PVA, which is widely used
in textile and protective clothing applications, improves
its mechanical properties [46,47,49,50]. In our study,
unlike previous studies, the mechanical features of
nanofiber morphology were examined; the elastic mo-
dulus and hardness of PVA (pure) nanofibers with the
addition of h-BN increased from 134 MPa to 238 MPa
and 7.5 MPa to 86.2 MPa, respectively. Moreover, the
incorporation of h-BN into PVA nanofibers has been
observed to develop a critical improvement in PVA na-
nofibers, similar to composite PVA/BN films. Thus, a
substantial enhancement of the mechanical features
can be attributed to the incorporation of h-BN into PVA
nanofibers.

After adding the h-BN to the PVA matrix structure, the
average diameter of electrospun composite nanofibers
increased from approximately 223 nm to about 326
nm, increasing the diameter of the nanofibers probably
due to integration of the h-BN into the fibers. Further-
more, this evidence is critically important in addition
to FTIR analysis shows that the PVA/BN composite
fibers contain the h-BN. Moreover, the h-BN was suc-
cessfully incorporated into PVA nanofibers without any
chemical change based on the FTIR and XRD results.

In this study, it has been shown that PVA/BN compo-
site nanofibers offer high potential in body armor and
protective clothing application areas with their ligh-
tness, cheapness, and high strength properties. Mo-
reover, this work has suggested a novel approach for
the building of cost-effective and light composite na-
nofiber-based structures that support body armor and
protective clothing applications.
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doping of various ions, resulting in an improvement in its properties. Boron is one
of the elements which can be doped into hydroxyapatite structure by replacing
phosphate (PO,*) or hydroxyl (OH) sites to obtain scaffolds for bone tissue
engineering applications or a coating material for metal substrates. Although the
effects of supplemental boron on bone, liver, and brain metabolism have been
shown to have important results as a nutrient, there are very few studies in the
literature on the use of boron-doped hydroxyapatite in the biomedical field. In this
review, the details of synthesis methods and functional groups of boron-doped
hydroxyapatite were tabulated. Generally, the addition of boron leads to the
formation of rod-like morphology, while the density and Vicker’s microhardness
of hydroxyapatite decrease. Thermal stability and electrical insulation properties
were observed to improve with boron doping. Boron was also shown to increase
biodegradability, bioactivity as well as cell proliferation and differentiation of

different cell types on the surface of hydroxyapatite.

1. Introduction

Hydroxyapatite (HA,Ca, (PO, ),(OH),), has been widely
studied as a biomaterial in hard tissue applications. The
structural, mechanical, biological, thermal, and electrical
properties of HA can be tuned by doping different ions.
HA was previously doped with various single elements,
such as strontium [1], selenium [2], silicon [3], magne-
sium [4], silver [5]; also with binary elements, such as
zinc and fluoride [6], yttrium and fluoride [7], iron and
selenium [8], zinc and silver [9]; and also with ternary
dopants, such as magnesium, strontium, and zinc [10].

Boron is a member of the 3 periodic group and it is
a non-metal element. According to current estimates,
73.4% of the world’s boron reserves are located in Tur-
key [11]. It is becoming increasingly important as an
additive in polymer and ceramic composites to provide
high strength, lightweight, and thermal stability. More-
over, boron is widely used as a dopant in bioactive
glasses not only due to its ability to form a glass network
but also its crucial role in biological functions. It was pre-
viously shown to increase the rate of degradation and
release of Si from a bioactive glass which facilitates HA
precipitation in the simulated body fluid (SBF) [12].

Although it is widely used in the composite and glass in-
dustry, there is a limited number of studies that focus on
the synthesis and characterization of boron-doped HA
(borohydroxyapatite). The applications of boron-doped
HA in literature are mostly limited to being a component
of bone tissue engineering scaffolds and having a sup-
portive function in phosphors for fluorescent lamps. Bo-
ron is normally present as boric acid and borate ions
[13] in geothermal water and there are many studies
that utilize HA for the removal of boron from geothermal
and wastewater [11,14]. Moreover, boric acid is used
as a neutron absorbent in nuclear reactors. Since the
removal of boric acid, which is a neuron absorbent used
in nuclear power plant accidents, is of great importance,
a method based on precipitation in the form of HA by ad-
dition of Ca(OH), was studied [15]. The methods used
for the synthesis of boron-doped HA were solid-state
reaction, sol-gel, and wet precipitation methods based
on acid-base reactions in general. Microwave-assisted
biomimetic methods were also used to obtain boron-
doped HA.

The research profile of boron doped hydroxyapa-
tite was analysed. The analysis was done by search
engine of “Web of Science” with keywords “boron”,
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“doped”, “containing” and “hydroxyapatite”. According
to the results; in last five years, the number of research
articles increased with about 2.5 fold of the total num-
ber of research items published since 2001 (Figure 1).
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Figure 1. The number of research items published in periods con-
sisted of five years.

The topics investigated were also analyzed. The re-
sults showed that new topics emerged such as me-
chanical properties and electrical properties in last five
years. The weight of the research in biological prop-
erties did not differ much between the periods 2011-
2015 and 2016-2020, whereas, the percentage of in-
vestigation related to structural properties decreased
in last five years (Figure 2).
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Figure 2. Percentage of research types based on periods consisted
of five years.

In this review, the synthesis methods and the effects of
boron doping into the structure of HA were evaluated
based on studies published in the period from 2002 till
now. The biological, mechanical, thermal, and electri-
cal properties of HA affected by the addition of boron
were summarized. Additionally, the influence on co-
doping of boron with ions such as Sr?*, Eu*, and Ce®*
was also reviewed.

2. The role of boron on biological functions

There are many pieces of evidence showing that bo-
ron can be a trace element for the human body [16].

The investigations related to the effects of boron on
biological functions were mostly based on nutritional
studies. The relationship between boron administra-
tion and biological responses in animals was widely
documented [17]. The supplementary effect of boron
on functions in brain and liver, bone metabolism, im-
mune response, wound healing, and activities of hor-
mones made boron a crucial element for metabolism
[18].

Boron plays an important role in bone development,
especially in terms of mineralization and bone growth.
The studies related to osteogenesis revealed that bo-
ron has an important role in the mineralization func-
tion of osteoblasts by effecting related gene expres-
sions and hormones such as 173-estradiol (E2) and
testosterone [18]. Moreover, the expression of mMRNA,
especially those encoding growth factors involved in
angiogenesis and wound repair [19] is stimulated by
boron. The affected proteins are not only bone-related
proteins, such as bone morphogenic proteins (BMP-
4, BMP-6, BMP-7), collagen type 1, osteopontin, bone
sialoprotein, osteocalcin, but also wound healing en-
zymes such as elastase, collagenase, and alkaline
phosphatase that are found in fibroblasts [20]. Boron
induces absorption of magnesium which is an essen-
tial trace element and interacts with calcium and vita-
min D, all of which play a role in bone metabolism [21].

Other functions of boron include increasing antioxi-
dant enzymes, such as superoxide dismutase (SOD),
catalase, and glutathione peroxidase, and decreasing
the amount of inflammatory biomarkers. Furthermore,
boron enhanced the formation and activity of essential
biomolecules, such as nicotinamide adenine dinucleo-
tide (NAD*) [20].

3. Boron-doping in synthetic apatites

Boron is not one of the essential trace elements in
bone [22]. However, as mentioned earlier, it has nu-
merous functions in the regulation of bone metabo-
lism. Therefore, researchers focused on synthesizing
boron-doped HA and the investigation of its structural,
mechanical, and biological properties as a candidate
for biomedical applications.

The proposed formula of borohydroxyapatites is as fol-
lows:

Caio[(PO4)s-x (BO3)s] [(BO3)y (BO2). (OH)23y2] (1)

There are three different sites of occupation in HA.
These are (1) PO,* site as triangular BO,*, (2) OH
site as triangular BO,* which formed AB-type borohy-
droxyapatite and (3) OH- site as two-fold coordinated
linear BO, (Figure 3) [23]. In a study aiming at remov-
ing boron in geothermal water with the use of HA, bo-
ron was reported to be located in OH- site [11].
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Figure 3. The lattice structure of hydroxyapatite with possible locations of BO,*.

3.1. Synthesis and morphology of B doped HA

The synthesis methods of boron-doped HA were solid-
state reaction, sol-gel, microwave-assisted biomime-
tic method, wet precipitation method, and acid-base
method which was defined as a type of wet chemical
synthesis method. Table 1 summarizes the production
methods and boron amounts doped in HA structure.

Boron-doped HA with Ca/(P+B) molar ratio of 1.67
was previously synthesized by ultrasonic spray pyroly-
sis route for the incorporation of functional BO, groups
[29]. BO, ions were reported to replace OH- ions and
PO,* ions were substituted with BO,* after sintering.
The dissociation of BO, groups into B(OH),, increased

the amount of OH- which resulted in the changes in
surface properties, such as static contact angle of bo-
ron-doped HA.

Wet chemical precipitation method was also applied to
synthesize boron-doped HA [30]. However, solid-state
reaction was more effective in terms of the incorpo-
ration of boron ions when compared to wet chemical
precipitation [24].

In addition to the precursors listed in Table 1, Ca(OH),
was used for the immobilization of borate with the aim
of removing it from solutions [31]. The mechanism
was explained in two stages which consisted of nucle-
ation/crystallization in the presence of phosphate ions

Table 1. The synthesis methods and precursors for boron doped HA.

P . Molar ratio Temperature
recursors for production .
Method Boron / and duration
Calcium Phosphate Boron Phosphate of heat
(B/P) (%) treatment
34
53
Solid-state 9.1
reaction CaCO; (NHa)2 HPO4 H3BO3 13.2 1000°C /24 h
[23],[24] 15.4
20
50
f:;‘c‘:lszf‘z’ . CaCos CasP20; B,0; oy 1200°C /6 h
1.7
33
Sol-gel [26] Ca(NO3)2.4H,0  (NH4)2HPO4 H3;BOs 5 800°C/2h
6.7
8.3
Sol-gel [27]”  Ca(NO3)2-4H,O  (NH4)HPO;  B(OCs3Hy)s 26.7 1000°C/2h
3.8
Microwave- 4.4
assisted CaCL2H:0  NaH:POs#H,0  HzBOs > -
biomimetic 6.6
[28] 8.6
21
Wet
precipitation Ca(NOs)'4H>O  (NH4):HPO4 H3;BO3 20 -
[24]

2 Approximate values are represented as % of B/P ratio
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and co-precipitation/co-sorption when there were no
phosphate ions left in the system. In the nucleation/
crystallization stage, the trigonal form of boron was
preferable, whereas co-precipitation/co-sorption stage
provided immobilization of boron in tetragonal form by
co-sorption of B(OH),". Additional mechanism suppor-
ted HA precipitation in nucleation/crystallization phase
by dissociation of (CaB(OH),)" and B (OH), ions as a
result of decomposition of trigonal borate and Ca(OH),
complex. Maximum sorption density as denoted by B/
Ca ratio was found to be 0.40 to keep single-phase
HA. Above this ratio, amorphous CaB,0, and HA were
likely to form. It was also observed that when the bora-
te species were captured in HA, the morphology chan-
ged from fibrous nano-sized rods to a more swollen
structure.

For the samples synthesized by the biomimetic met-
hod, the size of the agglomerated spherical HA partic-
les was previously reported to decrease from 50 nm
to 30 nm with the addition of boron [28]. The HA na-
noparticles exhibited a needle-like morphology while
boron-doped HA had a rode-like form similar to biolo-
gical apatite. However, in another study [15] where wet
precipitation method was used to utilize boric acid as
the boron source and Ca(OH), as the calcium source,
the particle size of boron-substituted HA was reported
to increase approximately twofold in both dimensions
with respect to HA without borate. The average length
of the particles increased from 10 nm to nearly 20 nm
and the width increased from 5 nm to 10 nm. Similarly,
boron-doped samples synthesized by sol-gel method
showed higher average particle size when compared
to pure HA. Particle size increased from 537 nm to
1710 nm with the addition of boron [27].

3.2. Boron-doped HA as a coating material

Calcium phosphates, especially HA, are widely used
in the coating of metallic biomaterials to combine the-
ir biocompatibility and bioactivity properties with the
mechanical strength of metals. There are also nume-
rous studies about various ion-doped HA coatings on
metallic substrates, some examples are strontium-do-
ped [1], selenium-doped [2], magnesium and silver co-
doped [32], magnesium and fluoride co-doped [33] HA
coatings on titanium or its alloys. However, the use of
boron-incorporated HA as a coating material has been
addressed in very few publications.

One study was reported that B,O, doped HA was used
as a coating material for Ti6Al4V substrate by app-
lying high-velocity oxy fuel as the coating technique
[34]. B,O, doped HA was first synthesized by sol-gel
method by using boron isopropoxide [B(OC,H,).] as
a precursor and the resulting B,O, powder was mixed
with HA during the HA production via sol-gel route, and
then calcined before the coating process at 900°C for
2 hours. It was claimed that boron addition decrea-

sed deformation and delamination at the edges when
compared to samples coated with pure HA. When the
amount of boron increased from 1 wt.% to 3 wt.%, the
scratch resistance of the coating also increased. Anot-
her important parameter for surface properties for bio-
medical applications is the contact angle due to cell to
surface interaction. B,O, addition decreased contact
angle from 106.5 to 37.6 degrees when 3 wt.% B,0O,
was added and the surface became highly hydrophilic
when compared to pure HA.

3.3. Boron-doped HA as a scaffold

Since boron is an important trace element for bone
metabolism, scaffolds including boron-doped HA were
studied in order to observe its effects on bone repair.
Tuncay et al. [28] coated boron-doped HA by using
the microwave-assisted biomimetic method on a chi-
tosan scaffold prepared by freeze-drying. The porosity
of the boron-doped HA/chitosan scaffold was around
85.7%. No significant reduction in porosity of the scaf-
fold was observed due to boron-doped HA coating.
By using a similar synthesis method for boron-doped
HA, a scaffold consisting of poly(butylenes adipate-co-
terephthalate) and 5 wt.% of boron-doped HA was pro-
duced [35]. It was detected that boron doping increa-
sed fiber diameter by decreasing pore size. In another
study, a bacterial cellulose/boron-doped HA/gelatin
scaffold was produced by lyophilization technique [27].
A pore size between 45 to 210 ym was achieved. The
pore size was in the range of 100 and 350 uym which
was asserted as ideal pore size for tissue ingrowth.

3.4. Effect of Boron on microstructural characte-
ristics of HA

Microstructural characteristics of boron-doped HA
were investigated in terms of phase composition,
crystallinity, lattice parameters, and functional groups
in the structure.

3.4.1. Phase composition and crystallinity

The phase composition of HA ceramics is one of the
most important properties because it has a determi-
ning effect on their biocompatibility, bioactivity, and
mechanical characteristics. Phase transformations
can occur due to the heat treatments applied during
solid-state synthesis of boron-doped HA. For examp-
le, after heat treatment at 700°C for 24h, CaCO,,
Ca,(BO,),, CaO and B-TCP phases appeared in the
system [23]. However, sintering at 1000°C for 24h re-
sulted in X-ray diffraction (XRD) peaks that are only
related to the apatite space group of P6,/m since the
reaction is complete. Besides, B-TCP phase was de-
tected at above 700°C in samples synthesized with
wet precipitation method due to the thermal decompo-
sition of HA [30]. Boron incorporation into HA occurred
at above 900°C via the chemical reaction between HA
and B(OH), and B-TCP appeared as a second phase.
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The phase transformation from p-TCP to a-TCP was
detected at above 1200°C. In another study, boron-do-
ped HA samples with 9.1 mol % boron synthesized by
solid-state reaction and heated up to 1200°C for 6 h, a
trace amount of CaO and a-TCP phases were detected
[25]. The increase in borate content in co-precipitation
of borate with HA resulted in the formation of different
calcium metaborates such as CaO-B,0, (CaB,0,),
2Ca0-B,0,(Ca,B,0,) and 3Ca0-B,0,(Ca,B,0,) after
calcination at 850°C [15]. It was also stated that cal-
cination improved the crystallinity of HA without any
mass loss of immobilized boron species. When wet
and dry production methods were compared, wet pre-
cipitation method yielded less crystalline products. The
XRD peaks in samples synthesized with wet precipita-
tion were broadened as boron addition was increased
[24,25]. However, no significant change in crystallinity
was observed with the addition of boron in samples
synthesized with solid-state reaction [24].

Another important factor for the formation of different
phases was the P/B ratio. It was determined that a
complete apatitic structure was formed at P/B=7.22
while Ca,(BO,), was observed below this value [23].
At P/B=11, the phases detected were biphasic borohy-
droxyapatite, and Ca(OH), and boron incorporation
was limited to a ratio of P/B=7.22. Ca,(BO,), and CaO
phases occurred above P/B=7.22 [23]. Biphasic calci-
um phosphate samples consisting of HA and B-TCP
were obtained by addition of boron with approxima-
te amounts between 0.5 and 2 wt.% after sintering at
1000°C, 1100°C and 1200°C for 2h [36]. It was detec-
ted that as boron content increased from 0 to 2 wt.%,
the amount of HA phase decreased from 85 to 69.7
wt.% and the remaining phase was B-TCP. Similarly,
the percentage of HA phase decreased as the sinte-
ring temperature increased from 1000°C to 1200°C
while keeping the amount of boron constant.

3.4.2. Lattice parameters

The process of removing borate by co-precipitation
with HA by using Ca(OH), results in the formation of
boron-doped HA. As the boron content increased in
the calcined product, the lattice parameter a decrea-
sed, and the lattice parameter ¢ increased up to a po-
int where the amount of boron was 1.41 mmol/g [15].

Since the decrease in a was more dramatic than the
increase in c, the unit cell volume showed a decrea-
sing trend. Calcination at 850°C resulted in dehydrati-
on of borate and the formation of BO, trigonal structu-
re which increased lattice parameter ¢ and decreased
lattice parameter a. When boron content was further
increased, the lattice parameters a and c¢ in boron-do-
ped HA gradually approached the values of pure HA
due to the formation of calcium borate compounds as
secondary phases.

Table 2 lists the changes in lattice parameters and unit
cell volumes based on the amount of boron added to
HA. When wet precipitation and solid-state reaction
methods were compared in terms of lattice parameters
of boron-doped HA obtained, wet precipitation method
yielded products with no significant difference with HA
[24]. However, the lattice parameter a decreased and
the lattice parameter ¢ increased with boron addition
in samples synthesized with solid-state reaction. Mo-
reover, Barheine et al. stated that a slightly decreased
and c slightly increased with the increased amount of
boron in samples synthesized by solid-state reaction
[25]. However, due to the formation of trace amounts
of CaO and a-TCP as second phases, the lattice para-
meter a did not follow a linear relationship.

3.4.3. Functional groups

The functional groups of boron-doped HA as detec-
ted by Fourier transform infrared (FTIR) spectroscopy
analysis are summarized in Table 3. Small shifts in IR
bands were observed according to some factors such
as the amount of boron and the synthesis method.

Some of the bands were detected due to impurity pha-
ses in the structure such as Ca,(BO,), and Ca(OH),.
Bands detected at 717 (v,), 794 (v,), 903 (v,), 1228-
1229 (v,) and 1280 (v,) cm™ were assigned to BO,* in
Ca,(BO,),.

3.5. Effect of Boron on biological properties of HA

Boron addition increased in vitro biodegradability of
HA and boron-doped HA reported to degrade quicker
than B-TCP. Moreover, apatite forming ability in SBF
was improved with boron addition [25].

Table 2. Lattice parameters and unit cell volume of boron-doped HA.

Nominal Boron Lattice Lattice Unit cell

Production composition content® parameter a  parameter ¢ volume
method Ca/P+B A) A) (A%

molar ratio

Solid-state 1.665 x=0.2 9.413 6.888 528.5
reaction [23] 1.664 x=0.3 9.409 6.893 528.4
1.638 x=0.5 9.399 6.900 527.9
Solid-state 1.67 B/P=0.091 9.389 6.904 527.1
reaction [25] 1.54 B/P=0.182 9.389 6.927 528.8
1.50 B/P=0.091 9.400 6.917 5293

? where x is the amount of borate (BO,) substituted in HA structure
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Table 3. FTIR bands detected for the boron-doped HA.

Functional groups Vibration mode Wavenumbers (cm™) Ref
PO4* V2 472 [37]
571
3-
BO3 V4 616 [23]
PO4* Va4 600-603 [23, 25, 34]
OH- librational 630 [23]
743-744
755
3-
BOs V2 770-772 [23, 25, 26, 34, 37]
782-784
PO4* Vi 960- 963 [23, 26, 34, 37]
1040-1050
2-
POs4 V3 1090-1100 [23, 25, 26, 34]
1204-1208
1250-1253
3-
BO3 V3 1304 [23, 25, 26, 34, 37]
1312
- 1930-1933
BO: V3 20022005 [23, 25, 34]
OH- stretching 3570 [23]

Osteoinductive property of bone tissue engineering
scaffolds with boron-substituted HA, which was synthe-
sized by the biomimetic method and containing 1.15
wt.% boron, was studied previously [38]. The chitosan
hydrogel scaffolds with boron-doped HA claimed to
have higher mineralized matrix formation rates when
compared to the scaffolds with bone-like HA precipi-
tated in SBF. In another study about the effect of nano
boron-doped HA on the adhesion, proliferation, and dif-
ferentiation of human bone marrow-derived mesench-
ymal stem cells (MSC), boron addition was found to
enhance cell adhesion and proliferation [39]. On the
other hand, no change was observed in adipogenic or
osteogenic differentiation of MSCs cultured with nano-
sized pure HA and boron-doped HA with the molecular
formula of Ca, (PO,),-8(BO,),,(OH), .

When compared with scaffolds containing only gelatine
and bacterial cellulose, the addition of boron-doped HA
to the scaffold composition, in which the ratio of boron-
doped HA/gelatin was 1/5 wt./wt., slightly decreased the
degradation rate after 4 weeks in phosphate buffered
saline (PBS) solution [27]. Boron-doped HA, which was
coated on chitosan by using the biomimetic method,
significantly increased the proliferation of MC3T3-E1
osteoblastic cells on the 5" and 7™ days of culture com-
pared to pure chitosan [28]. Gene expression related to
collagen type | as a marker of the initial stage of diffe-
rentiation increased significantly on boron-doped HA/
chitosan scaffold on day 14. Late-stage differentiation
marker osteocalcin, which is related to the mineraliza-
tion, was measured the highest for boron-doped HA/
chitosan sample. Other differentiation markers, such
as RunX2 and osteopontin gene expression, showed
no significant differences on both HA/chitosan scaffold
and boron-doped HA/chitosan scaffold [28]. Moreover,
nanometer-sized boron-doped HA affected Saos-2 hu-
man osteosarcoma cells’ Wnt and transforming growth

factor-B (TGF-B) signaling pathways, which have a cru-
cial role to overcome cell stress, by releasing boron
within 1h [40]. According to the results of ALP activity
and intracellular calcium amount determination tests,
boron-doped HA in gelatin/bacterial cellulose scaffolds
increased osteogenic activity of Saos-2 cells signifi-
cantly after 14 days in cell culture [27].

In poly(butylenes adipate-co-terephthalate) (PBAT)/
boron-doped HA composite scaffold, although all scaf-
folds improved attachment and proliferation, an en-
hancement in the differentiation of human bone MSCs
was observed for scaffolds containing boron-doped HA
when compared to scaffolds with pure HA [35]. The
study on Saos-2 cell line also showed that the addition
of boron-doped HA brought a proliferative effect to the
scaffolds consisting of gelatin and bacterial cellulose
[27]. Mitochondrial activity, lactate dehydrogenase acti-
vity, and DNA quantity of Wharton's jelly-derived MSCs
were not affected by boron substitution into the struc-
ture of HA [24].

3.6. Effect of Boron on thermal properties of HA

There is a very limited number of studies that directly
examine how boron affects the thermal properties of
HA. Thermogravimetric analysis was previously perfor-
med on the scaffolds consisting of bacterial cellulose,
gelatin, and boron-doped HA [27]. When the samples
were compared with pure HA, the samples included
boron-doped HA had higher thermal stability after he-
ating above 200°C. Moreover, the total mass loss of
boron-doped HA was approximately 0.81%, whereas it
was detected as 1.89% for HA. According to differential
scanning calorimetry (DSC) analysis, the evaporation
temperature range of absorbed water increased from
100-150°C to 170-200°C with boron addition which
claimed that water retention capability of the scaffolds
increased.
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3.7. Effect of Boron on mechanical properties of
HA

lon substitutions generally change the structural, mec-
hanical, and biological properties of HA. Not only bi-
ocompatibility but also mechanical properties of HA
biomaterial play a crucial role in fulfilling the desired
task within the body. Suchanek et al. tested several
sintering additives in HA, such as H,BO,, CaCl,, KCl,
and Na_Si,O,, and they determined that the density of
the HA decreased significantly with the addition of 5
wt.% H,BO, after sintering at 1000°C and 1100°C for
2h [41]. The inhibition of densification in groups with
reduced density was attributed to the inhomogeneous
distribution of the additive and the larger particle size
of the additive compared to sintered HA. However,
according to scanning electron microscopy (SEM) re-
sults, no inhomogeneous distribution was observed for
samples with 5 wt.% H,BO,. Moreover, transgranular
fracture was observed in the samples that are sintered
at 1000°C. Similarly, a gradual decrease in density was
observed in 0.5, 1, and 2 wt.% boron-doped HA [37].
The density of pure HA, which was sintered at 1200°C,
was measured as 2.92 g/cm?® and decreased to 1.93 g/
cm?® with the addition of 2 wt.% boron. From the SEM
images of the fractured pellets of samples synthesi-
zed using 0.5% boron by weight, it was observed that
a denser structure was achieved with the increase of
sintering temperature, as expected. The decrease in
density with the increasing amount of boron was linked
to voids formed in HA structure by boron substitution.

The effect of boron-doped HA on compressive strength
and Young’s Modulus was examined previously in the
scaffolds consisting of bacterial cellulose, boron-do-
ped HA, and gelatine [27]. Compressive strength inc-
reased from 75.3 MPa to 94.9 MPa with boron addi-
tion. On the other hand, Young’s modulus decreased
from 11.3 MPa to 10.0 MPa. According to the comp-
ression test results of 0.5, 1, and 2 wt.% boron-doped
HA, compressive strength decreased from 39.5 MPa
to 29.1 MPa with boron addition for samples sintered
at 1000°C [37]. As sintering temperature increased to
1200°C, compressive strength values of 0.5 wt.% bo-
ron-doped HA samples highly improved and reached
to 161.2 MPa [37].

Vicker’'s microhardness test was applied to samples
doped with 0.5, 1, and 2 wt.% boron [37]. Vicker’s
microhardness values decreased drastically with bo-
ron addition. Increasing sintering temperature from
1000°C to 1200°C resulted in an improvement of app-
roximately 16-fold as a maximum.

3.8. Co-doping of Boron and other ions in HA

Co-doping of boron with other ions, such as Ce3*and
Eu®*, was studied for applications as phosphors in
fluorescent lamps. Rare-earth ions showed suitable
spectroscopic properties for use in lasers [42,43]. Two

different cerium ion concentrations, namely 1 and 0.8
mol% Ce®*, were added to HAs with 3.3% and 5.5%
moles of boron, respectively. [42]. Nuclear magnetic
resonance (NMR) studies revealed that boron incre-
ased disorder in the structure and resulted in shifts of
wavelengths to longer values in laser-induced emis-
sion bands. Moreover, luminescence intensity increa-
sed due to the addition of boron. In another study, in
which the photoluminescence excitation (PLE) spectra
of boron introduced Ce®**-doped HA was studied, the
mechanism behind the increase in the intensity of blue
emission was explained with a decrease in OH- ions
around Ce®*" ion due to boron substitution [44]. Terna-
ne et al. also studied co-doping of 1 mol % Eu®* and
5.5 mol % B®* into HA and showed that boron substitu-
tion increased perturbations in luminescence features
of Eu®* [43].

Co-doping of Sr** and BO,* into HA was carried out
by both wet precipitation and solid-state reaction ro-
utes [24]. Inductively coupled plasma optical emissi-
on spectroscopy (ICP-OES) was used to detect the
strontium and boron contents in the structure of HA.
Wet precipitation yielded 0.22 mol boron and 0.52 mol
strontium while the dry method was more efficient in
terms of the incorporation of ions as the boron content
was 0.92 mol and the amount of strontium was 0.88
mol. The comparison between the production methods
revealed that BO,* was located on the hydrated sur-
face layer in the samples synthesized by wet precipi-
tation method and only Sr?* influenced the lattice pa-
rameters. On the other hand, in samples synthesized
by solid-state reaction, lattice parameter c increased
significantly whereas lattice parameter a increased
less than that of only Sr?*-doped HA which indicated
the incorporation of BO,* in the structure.

3.9. Effect of Boron on electrical properties of HA

The electrical properties of bioceramic materials are of
great interest due to the increased biological response
on the polarized surfaces. Like the structural proper-
ties of HA, its electrical properties can be improved
by adding foreign cations [45]. The dielectric constant
of boron-doped HA was investigated and a decrease
in the electric dipole moment of OH- ions, which were
substituted by boron ions, was observed [26]. Oscil-
lation due to electric field and polarization decreased
which resulted in a decrease in the dielectric constant
of HA. In terms of alternating electrical conductivity,
boron addition enhanced the insulation properties of
HA. Therefore, it can be proposed as a material for
bioelectronics.

3.10. Future perspectives

There is a limited number of studies related to boron-
doped HA as a candidate for biomedical applications.
Researchers mainly focused on the elimination of bo-
ron from geothermal water by precipitation in the form
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of boron-doped HA and supportive effect of boron on
luminescence properties of Ce®* and Eu?* doped HA.
In terms of incorporation mechanism two sites were
proposed (OH-, PO,* sites). No detailed information
about the substitution mechanism at atomic level was
found in the literature. Moreover, the information re-
lated to lattice parameters is very limited. Most of the
limited number of studies concentrated on phase com-
position, FTIR studies and biological properties such
as bioactivity in SBF, cell proliferation and differenti-
ation. There is a literature gap in many topics, such
as the anti-bacterial effect of boron-doped HA and the
maximum amount of doping in terms of biological res-
ponse. Since it was known that boron compounds has
an antibacterial effect via direct contact or as a cons-
tituent of dental composites, boron-doped HA may be
investigated in terms of its anti-bacterial properties as
a biomaterial for dental applications [46,47].

Generally, boron-doped HA was used as a constituent
of tissue engineering scaffolds. However, the use of
boron-doped HA as a coating material or a constituent
of a composite is not very common. As stated before,
boron affects the biological functions of many organs,
especially bone. Therefore, more biomaterial prototy-
pes in the form of scaffolds and coating materials are
needed to be studied. The number of in vivo studi-
es performed on boron-doped HA should be increa-
sed since its positive effect on cell differentiation was
known [38]. Boron was also used as a supplementary
element for many organ metabolisms other than bone,
like liver and brain. Therefore, boron-doped HA can be
integrated into a system for drug delivery purposes.

4. Conclusion

In this review, the studies on boron-doped HA were
summarized by focusing on biomedical applications.
The synthesis methods were evaluated and the ef-
fects of boron doping on phase composition, crystal-
linity, lattice parameters, and functional groups were
analyzed. The phase composition was dependent on
the P/B ratio and heat treatment during synthesis. It
was also noted that boron incorporation occurred af-
ter calcination at above 900°C. The phases detected
other than HA were CaO, Ca,(BO,),, B-TCP, a-TCP,
and metaborates. In general, boron substitution de-
creased the lattice parameter a and increased the lat-
tice parameter c¢. The unit cell volume decreased de-
pending on the lattice parameter a. Crystallinity has
been shown to be affected by the synthesis method,
for example, crystallinity decreased with boron addi-
tion in wet precipitation method whereas no change
in crystallinity was observed with boron addition in
samples synthesized by solid-state reaction. There
was also a difference in morphology between pure
and boron-doped HA. Rod-like morphology was ob-
served in boron-doped HA. Boron doping increased
the thermal stability and insulation properties of HA.

Biological properties of boron-doped HA have been
studied relatively more extensively in the literature.
Boron doping into HA was reported to increase bio-
degradability, apatite forming ability, cell proliferation,
and osteogenic activities in general. However, cell pro-
liferation and osteogenic activities can change based
on the cell type. Boron addition decreased the density
of HA due to the formation of voids in the structure.
Moreover, Vicker's microhardness also decreased
with boron substitution. The most studied forms of
boron-doped HA in the biomedical field were listed as
a constituent of a scaffold and a coating material on
the titanium alloy (Ti6Al4V) substrates. There were
no studies that utilized boron-doped HA in a drug
delivery system although the supportive effect of bo-
ron on metabolic functions of bone, liver, and brain.
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