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Abstract

This study focuses on the usage of chitosan/hydroxyapatite composites for pertechnetate removal from aqueous solutions.
Pertechnetate, a prominent radionuclide in nuclear waste, presents environmental hazards due to its long half-life and mobil-
ity. The composites, formed by intergrating hydroxyapatite into chitosan matrices, demonstrate in situ nanohydroxyapatite
generation. Investigation of the adsorption process involves assessing parameters like pH, contact time, and the influence
of competetive ions. This research provides valuable insights for using composites to mitigate pertechnetate contamination.
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Introduction

Technetium-99 is a fission product of uranium, constitut-
ing approximately 6.06% of its yield. Sources of technetium
release into the environment include nuclear power plants
[1], spontaneous fission or cosmic radiation reactions [2],
medical applications [1] nuclear accidents, nuclear weapon
tests [3] and nuclear fuel reprocessing [4]. Its long half-life
(nearly 211,000 years) and the mobility of its most abundant
chemical form, pertechnetate, make its determination cru-
cial to assess the potential environmental impact [5]. The
persistence of its activity in radioactive waste poses a threat
even after thousands of years, necessitating effective control
measures. Recent reasearch has focused on understanding
the biogeochemical behaviour of technetium, its pathways
in food chains, and developing methods to control its mobil-
ity in various systems [6]. Conventional methods for radio-
nuclide and heavy metal removal from aqueous soulutions,
including precipitation, ion-exchange, extraction chromatog-
raphy, and adsorption, have been explored. Adsorption, due
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to its simplicity and the variability of adsorbent materials, is
considered one of the most suitable methods for this appli-
cation [7]. Multiple adsorbents, such as clay minerals, acti-
vated carbons, biochars, tin-based materials, organic adsor-
bents, and biopolymers, have been tested for their efficiency
in technetium removal [8]. Chitosan and hydroxyapatite had
been previously tested for pertechnetate, and other heavy
metal ions adsorption. However, the usage of their compos-
ites have not been yet explored for this application [6, 9-12].

Hydroxyapatite (Ca,;(PO,),(OH), is naturally present in
phosphate rocks (60-70%), and it is a component of bioma-
terials such as bones, teeth, and milk. Due to its exceptional
qualities, hydroxyapatite stands out as a predominant bioma-
terial for hard tissue regeneration [13-16]. Its wide-ranging
applications include dental implants, biodegradable scaf-
folds, and orthopedic implants. Notably, hydroxyapatite’s
chemical similarity to bone and compatibility with various
polymers contribute to its effectiveness. Its role extends to
adsorbing heavy metals and radionuclides, owing to its low
solubility and remarkable properties [17-22].

Chitosan, derived from chitin, exhibits rigidity and finds
application in bone growth enhancement, such as in bone-
filling paste [23-25]. Despite insolubility in neutral pH, it
forms water-soluble salts with acids. Controlled deacetyla-
tion and depolymerization processes alter its characteristics.
Chitosan’s diverse properties, including non-toxicity, bio-
compatibility, and bioactivity, make it attractive for pharma-
ceutical and medical applications [26, 27]. Its utility extends
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to bone tissue engineering, implants, and various sectors
beyond healthcare [28, 29]. In tissue engineering, transient
scaffolds play a crucial role in supporting tissue growth and
repair. Chitosan scaffolds, mirroring glycosaminoglycans,
offer an excellent substrate for cell growth and prolifera-
tion. Their commendable osteoconductivity enhances bone
formation in both laboratory and living organism condi-
tions [30]. Conventional chitosan/hydroxyapatite composite
preparation involves mixing particles under controlled con-
ditions [31, 32]. However, uneven distribution and nanopar-
ticle agglomeration pose challenges. An alternative in-situ
generation method anticipates more consistent structures,
addressing aggregation issues and enhancing clinical per-
formance [33-36].

This paper introduces two unique approaches to pre-
pare chitosan/hydroxyapatite composites. The first involves
mixing particles with chitosan matrices, while the second
centers on in-situ nanohydroxyapatite generation within the
chitosan matrix. Our research is then focused on adsorption
capability of these materials for pertechnetate adsorption for
the very first time. The examined parameters influencing the
adsorption process are pH of the solution, contact time, and
the presence of competetive ions.

Materials and methods
Reagents

All chemicals, that were used in this study, were sourced
from reputable suppliers. Specifically, analytical reagent-
grade pure materials were produced from Slavus, s.r.o., Bra-
tislava, Slovak Republic, and Lachema n.p., Brno, Czech
Republic. The chitosan, characterized by medium molecular
weight and a deacetylation degree of 75-85%, was acquired
from Sigma-Aldrich, Germany. A synthetic hydroxyapatite,
of puriss grade, was obtained from Sigma-Aldrich Chemie
GmbH, Germany. In addition, pertechnetate in the form of
9MTcO,~ was used as a radioindicator and was obtained by
elution from **Mo/**™Tc generator DRYTEC (with activity
range of 2.5-100 GBq), manufactured by GE Healthcare,
available at 1200 GMT.

Preparation and characterization of the chitosan/
hydroxyapatite composites

CH/HA(A), CH/HA(B) composite

Chitosan solution with the analytical concentration of 6%
(w/v) was prepared by dissolving chitosan in 2% (v/v) acetic
acid and stirring for 24 h to get a completely transparent
solution. Subsequently, the solution was mixed with phos-
phoric acid and the ethanol solution of calcium hydroxide
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with the analytical concentration of 8.20% (v/v) and 10.33%
(v/v), respectively. The mixture was then stirred for 24 h,
and then pH was adjusted to 5.5 with the solution of 3%
(v/v) acetic acid to obtain a gelatinous mixture of chitosan/
hydroxyapatite. 50% aqueous solution of glutaraldehyde
was added to the gel of CH/HA(A) and CH/HA(B) with the
final glutaraldehyde amount in solution of 0.022 mol and
0.011 mol, respectively. The mixture was stirred for 1 h at
room temperature. The precipitate was filtered, and washed
with distilled water to remove any unreacted glutaraldehyde.
Finally, the precipitate was washed with 1 M hydrochloric
acid solution to remove a non-crosslinking chitosan, 0.2 M
sodium hydroxide solution, distilled water, and acetone. The
precipitate was dried at room temperature. The weight ratio
of the prepared CH/HA composite was 30:70 [34, 37].

CH/HA composites with different weight ratio (30:70, 50:50,
100:0)

Chitosan solutions with different analytical concentrations
were prepared by dissolving chitosan in 2% (v/v) acetic acid,
and stirring for 3 h to get a completely transparent solution.
Subsequently, the solution was mixed with hydroxyapatite,
and stirred for 2 h and then pH was adjusted to 5.5 with the
solution of 0.2 M sodium hydroxide solution to obtain a
gelatinous mixture of chitosan/hydroxyapatite. 50% aqueous
solution of glutaraldehyde was added to the gel of CH/HA
with the final glutaraldehyde concentration of 87.5 mmol
per 1 g of chitosan. The mixture was then stirred for 1 h at
room temperature. The precipitate was filtered, and washed
with distilled water to remove any unreacted glutaraldehyde.
Finally, the precipitate was washed with 1 M hydrochloric
acid solution to remove a non-crosslinking chitosan, 0.2 M
sodium hydroxide solution, distilled water, and acetone. The
precipitate was dried at room temperature [30, 34]. The com-
posites CH/HA with different weight ratio composition of
chitosan and hydroxyapatite are listed in Table 1.

Multiple characterization methods were used to study
the samples. The morphology and the particle size of the
samples of chitosan/hydroxyapatite composites CH/HA(A),
CH/HA(B), CH/HA 30:70, CH/HA 50:50 and CH/HA 100:0
were examined using a scanning electron microscope, type
JOEL JX-84A (SEM). The specific surface area value of
the composite samples with different CH/HA ratios was

Table 1 Preparation of chitosan/hydroxyapatite composites

Sample CH/HA composi-  Chitosan (g)  Hydroxyapa-
tion (weight ratio) tite (g)

CH/HA 30:70  30/70 0.18 0.42

CH/HA 50:50  50/50 0.30 0.30

CH/HA 100:0  100/0 0.60 0.00
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determined with BET isotherm analysis (physical adsorp-
tion of nitrogen technique). The presence and quality of
functional groups on the sample’s surface was verified via
Fourier-transform infrared spectroscopy (FTIR), using spec-
trometer NICOLET 6700.

Adsorption experiments

For the adsorption of pertechnetate on chitosan/hydroxyapa-
tite composites, methodology for the experiments was
adopted from our prior research [9-12]. As a radioindica-
tor, ®™Tc in the form of *™TcO, was used. A batch method
was used in static arrangement of experiments under aero-
bic conditions at laboratory temperature, without usage of
a carrier solution. Adsorption parameters were determined
after adding 3 mL of aqueous phase to 30 mg of sorbent in
a plastic tube (1:100 ratio) with tap and both phases were
mixed in lab rotator with constant speed of mixing 30 rpm.
After adsorption of pertechnetate, the suspension was cen-
trifugated at 6000 rpm for 10 min and an adequate aliquot
of the supernatant was measured on the gamma counter
1470 Wizard using Nal(Tl) detector. The relative error of
the measurement was below 1%.

The influence of contact time on the technetium adsorp-
tion was analyzed from 1 up to 3 h. The equilibrium time for
further experiments was chosen to be 1 h.

Adsorption behaviour of pertechnetate was studied as a
function of pH. The initial solution consisted of distilled
water with pH values that were adjusted from~3 to~ 10,
using HCI or NaOH solutions and labelled with 9mTe. with-
out using a carrier. The pH measurements were performed
using pH meter CPH 51 from Fisher Scientific Co. before the
experiment (initial pH;) and after the interaction of sorbent
with the solution at the equilibrium time (final pHy).

Effect of different ions presented in the solution on the
adsorption of pertechnetate was studied using various cati-
ons with the analytical concentration: 1 x 10~ mol dm~ and
anions in the analytical range of 1 x 107™*~1x 10~ mol dm~>.
The solutions of the cations were prepared from their chlo-
ride salt and distilled water.

Adsorption properties of the adsorbent were calculated
using the following equations:

¢ Distribution coefficient K,:

Co — Ce, \% a,—a 'y

q 0 -

[SDz—-—z —[Cmgl]
Ceq m a m

e Adsorption percentage R:

100 - K,
R= ——2 (%]

D -

where ¢ is initial analytical concentration of the adsorbate
(mol dm™), Ceq 18 equilibrium concentration of the adsorbate
(mol dm™), Vis volume of aqueous phase (cm®), m is mass
of sorbent (g), a, is volume activity of the initial solution
(Bq cm™) and a is equilibrium volume activity of the solu-
tion (Bq cm™).

Results and discussion

The size and form of CH/HA composites were determined
by scanning electron microscopy (SEM). Figure 1 illustrates
the scanning electron micrographs of the chosen compos-
ites, showing a variety of forms and size of the particles.
The difference in morphology between these composites can
be attributed to the different preparation of composites and
the different weight ratio of chitosan to hydroxyapatite in
the composite. CH/HA(A) with the weight ratio of 30:70
was prepared mixing the hydroxyapatite particles with chi-
tosan matrices. The size of irregular shapes was 50-100 pm
(Fig. 1A). The SEM of CH/HA(A) composite at a higher
magnification is presented in Fig. 1B. The scanning elec-
tor micrographs of CH/HA 50:50 composite prepared with
method by in-situ generation of nanohydroxyapatite in the
chitosan matrix show the polymer structure of this compos-
ite (Fig. 1C). The increasing of the amount of chitosan in the
composite increased its polymeric properties. SEM of CH/
HA 50:50 composite at a higher magnification is presented
in Fig. 1D. Other composites prepared with the same method
had similar the morphology and the particle size.

The specific surface area values of the CH/HA compos-
ites with different CH/HA ratios are summarized in Table 2.
This provides insights into the composite’s structural char-
acteristics, influencing its adsorption capacity. Higher spe-
cific surface area values generally correlate with increased
available binding sites for adsorption processes; hence, is
should have higher adsorption capacity. By tailoring the
composite’s composition, we can potentially enhance its
adsorption performance and overall effectiveness in adsorp-
tion applications. Clearly, the more addition of hydroxyapa-
tite to the composite, the bigger Sgpr value. This is due to
the higher specific surface area value of the hydroxyapatite
itself (Sgpr=52.8 m? g7 ).

The FTIR spectra presented in Fig. 2 showcase the
functional groups in CH/HA composites. In the spectrum
of pure CH (composite CH/HA ratio 100:0), a broad peak
at 3440 cm™! corresponds to the hydroxyl group of chi-
tosan. The bands at around 1650-1600 cm™! correspond to
the =C=0 stretching vibrations and =N-H, characteristic
of amide structures. The peak at 1255 cm™! of the amide
structure diminishes with increasing hydroxyapatite content
in the composite samples. When comparing between comp-
sites, significant changes can be observed. The intensity of
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Fig. 1 Electronmicroscopic
image of chitosan/hydroxyapa-
tite composites A,B CH/HA
(A); C, D CH/HA 50:50

Table 2 Specific surface area values for CH/HA composite samples

Sample CH/HA composition (weight ~ Sppr
ratio) value
(m®g™")
CH/HA 30:70 30/70 37,32
CH/HA 50:50 50/50 26,86
CH/HA 100:0 100/0 1,20

the —CH vibrations belonging to chitosan decreases with
increasing hydroxyapatite content in the sample. Hydrogen
interactions between CH and HA can be confirmed with a
peak at 895 cm™'. Peaks related to hydroxyl group stretching
vibrations show a slight shift towards lower wavenumbers
in the composites, indicative of hydrogen bond formation
between mineral and biopolymer compounds.

CH/HA (100:0)

CH/HA 50:50

CH/HA 30:70

Intensity a.u.

HA

895

4000 3800 3600 3400 3200 3000

Fig.2 FTIR spectra of CH/HA composites
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Fig. 3 Influence of initial pH on the adsorption of pertechnetate using
CH/HA samples (contact time: 1 h, without carrier)

Table 3 Results of adsorption experiments: adsorption percentage,
initial pH and final pH

Samples R%
pH; 2.9 4.9 7.4 10.2
pH;
CH/HA (A) 5.5 99.4 99.3 99.0 98.7
CH/HA (B) 4.0 99.1 994 994 98.9
CH/HA 30:70 4.0 98.2 98.6 97.9 98.0
CH/HA 50:50 3.5 939 96.1 96.3 96.0
CH/HA 100:0 4.0 98.8 99.2 99.5 99.0

The adsorption mechanism of pertechnetate onto CH/
HA composites consists of various partial mechanisms,
each providing a different aspect of the interaction. The
amino groups in chitosan engage in ion exchange, while
surface complexation and electrostatic attraction occus at
the hydroxyapatite surface. Additionally, hydrogen bond-
ing with chitosan’s hydroxyl groups contributes to the

100
A
80
— 60
9 CH/HA 100:0
4 m CH/HA 50:50
40
mCH/HA 30:70
20
0
Cs* NHs* Ca** Co*™ Fe™

R.[%)]

process. The formation of nanohydroxyapatite within the
chitosan matrix creates more favourable adsorption sites
for the anion. Our experimental analyses (FTIR, SEM)
provide support to these proposed mechanisms.

The influence of contact time of the aqueous and solid
phase was investigated in the range from 1 to 3 h on the
chitosan/hydroxyapatite composites. The total adsorp-
tion of pertechnetate did not change remarkably after 1 h,
therefore we “ve chosen 1 h to be suitable for further batch
experiments. The adsorption percentage of pertechnetate
onto composites was > 97%.

During the adsorption process, the pH value is gen-
erally the key parameter, since it controls not only the
surface charge of an adsorbent, but also metal speciation.
Figure 3 and Table 3 shows the effect of initial pH on the
adsorption percentage. On the initial pH range of 2.9-10.2,
the adsorption percentage of pertechnetate on chitosan/
hydroxyapatite composites was >94%, due to the presence
of amino and hydroxyl functional groups on chitosan, and
excellent buffering properties of the synthetic hydroxyapa-
tite. It is clear that the removal efficiency was approxi-
mately same, because the pH value after the equilibrium
was reached, was nearly the same for all of the investigated
CH/HA composites. Measured pH after the adsorption was
in the range of 3.5-5.5.

The influence of different, potentially competitive cations
Na', Cs™, NHI, Ca*, Co*, Fe**, Fe3* were observed in
regard to pertechnetate adsorption on the CH/HA 100:0, CH/
HA 50:50 and CH/HA 30:70 composites at analytical con-
centration of 1 x 102 mol dm~>. The highest adsorption per-
centage was achieved on crosslinked chitosan. The presence
of different ions in solution had no effect on the adsorption
of pertechnetate on CH/HA 100:0. The competitive effect
of Fe** and Fe®* cations towards **™TcO,~ adsorption was
stronger than other ions on CH/HA 30:70 and CH/HA 50:50
composites. The adsorption percentage of pertechnetate on
CH/HA 100:0, CH/HA 50:50 and CH/HA 30:70 composites
in the presence of different ions in solution with concentra-
tion of 1 x 1072 mol dm™ is presented in Fig. 4A.

100
80
60

=Tl

20
Cs* NHs* Ca** Co** Fe Fe™

m CH/HA 30:70
m CH/HA 30:70 (A)
CH/HA 30:70(B)

Fig.4 Influence of presence of different cations on adsorption percentage of pertechnetate on CH/HA composites; A CH/HA with different

weight ratio; B CH/HA with different preparation method
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Fig.5 Influence of presence of different anions on adsorption per-
centage of pertechnetate on CH/HA composite 50:50

The influence of different cations Na*t, Cs™, NHI, Ca**,
Co?*, Fe**, Fe** on the pertechnetate adsorption was investi-
gated on CH/HA 30:70, CH/HA(A), CH/HA(B) composites
at concentration of 1x 1072 mol dm~ (Fig. 4B). Adsorp-
tion percentage of pertechnetate was the same for all of the
composites with the weight ratio of 30:70. The effect of Fe?*
towards TcO,~ adsorption was stronger than the competition
effect of other observed cations for all examined composites
with the same weight ratio. Ferrous cations can cause the
reduction of pertechnetate to lower oxidation state in the
composite containing the hydroxyapatite, thus reducing the
adsorption percentage, or adsorption capacity [9, 38, 39].

The effect of different anions on the technetium adsorp-
tion was studied using the solutions of anions in analytical
concentration of 1 x 107*~1x 10~! mol dm~>. The influence
of NO;~, ClO,~, ReO,~ and SO,>~ on the adsorption of tech-
netium on all of studied CH/HA composites was investigated
(Fig. 5).

The adsorption percentage of pertechne-
tate on composite CH/HA 50:50 in the presence
of different anions decreased in following order:
ReO,” >ClO,~ >NO;~ >S0,>". In the case of other
studied composites, the adsorption was nearly the same.
The competitive effect of ReO,~ towards TcO,~ adsorp-
tion was stronger than the competition effect of other
observed anions, due to perrehenate being a chemical
analogue to pertechnetate. Perrehenate is also being used
as a carrier for pertechnetate (technetium) in radiochemi-
cal analyses. Liu et al. studied the removal od fluoride
from aqueous solution Zr(IV) immobilized cross-linked
chitosan. They investigated effect of the presence of dif-
ferent anions on adsorption. The presence of these ani-
ons presented negative effect on the removal efficiency
of fluoride. The adsorption was decreased in the order
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ClI~ >S0,*~ >CO0;>~ >PO,*". A decrease in the adsorp-
tion of fluoride in the presence of C1~ and SO,*~ ions may
occur due to the competition among the anions for the sites
on the adsorbent surface [40].

Conclusions

In the present study, chitosan/hydroxyapatite composites
were synthesized through two distinct methodologies.
The first approach involved the mixing of hydroxyapatite
particles with chitosan matrices, while the second method
entailed the in-situ generation of nanohydroxyapatite within
the chitosan matrix. The samples were characterized via
SEM, BET and FTIR characterization methods, which con-
firmed the successful preparation of the samples and the
presence of the functional groups important for pertech-
netate adsorption. The utility of these composites for the
removal of pertechnetate anions from aqueous solutions was
examined using batch adsorption technique, under static
experimental conditions conducted at ambient laboratory
temperature. The effect of contact time of the phases, initial
pH and presence of different, potentially competitive ions
regarding pertechnetate adsorption onto these materials was
investigated. Adsorption percentage of pertechnetate reached
97% after just 1 h of contact time of the phases. In the ini-
tial pH range spanning from 2.9 to 10.2, the adsorption of
pertechnetate on chitosan/hydroxyapatite composites con-
sistently surpassed 94%. Furthermore, the competitive effect
of Fe?* ions on pertechnetate adosprtion exhibited greater
potency compared to other observed cations across all
examined composites. Similarly, the competitive influence
of ReO,™ anions on pertechnetate adsorption exceeded that
of other observed anions. These findings suggest, that the
adsorption mechanisms are likely governed by ion exchange
processes. In summary, the chitosan/hydroxyapatite compos-
ited investigated in this study hold promise as potential alter-
native adsorbents for effectively removing **™TcO,” from
aqueous solutions.
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