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In this article, we present a chitosan—zeolite composite, which was synthesized and used as an adsorbent
material for caesium (Cs) removal from aqueous media and real liquid radioactive organic waste (LROW).
The compound was characterized by X-ray diffraction, Fourier transform infrared spectroscopy, and
scanning electron microscopy techniques. The physicochemical characterization indicates the
production of a composite. Adsorption experiments were first performed using the prepared solutions
contaminated with Cs using full factorial design with two variables of interest: initial Cs concentration
(Cso) and adsorbent dosage (mg L™Y). The results indicated a high caesium removal rate with removal

values above 93% and adsorption capacity of up to 10 mg g~*. With the best experimental conditions
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Accepted 27th January 2023 according to our experimental domain, time was evaluated and equilibrium was reached in 180 min.

Finally, the adsorbent material was tested as an adsorbent for Cs, Am, and U from LROW. When in
contact with LORW, the removal rates (%) were 2151 (*7Cs), 26.39 (**'Am), and 20.26 (U (total)).
Although lower, this material indicated that it has the potential to be used for multi-elemental adsorption.
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Environmental significance

Nuclear energy has been of great importance in the scenario of constant technological evolution and greater need for energy and is an attractive source due to the
low emission of greenhouse gases. However, the radioactive waste generated is of concern and must be properly managed. The presence of radioactive caesium
in liquid waste is of concern because it is a highly soluble and radiotoxic element. Therefore, the development of low-cost and efficient materials for the removal
of this radionuclide and future immobilization is of great importance. Here we present a chitosan-zeolite composite capable of significantly removing this
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radionuclide and is also capable of removing other radionuclides such as uranium and americium in the presence of organic material.

Introduction

The nuclear accident that occurred in Fukushima in 2011
brought great concern to society about pollution in water
resources caused by radionuclides."”” Among the radionuclides
formed during nuclear fission, there are the two radioactive
isotopes of caesium, **Cs and '*’Cs.>* In addition to being
a concern in nuclear accidents, **’Cs is routinely found in the
radioactive waste from nuclear operations.>® Furthermore,
industries, hospitals, and research institutions produce waste-
water contaminated with this radionuclide.”®
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Over time, the radioactivity of these isotopes will diminish to
produce fewer radioactive elements. *’Cs has a half-life of
about 30 years and can endure for a significant period before
evolving into a more stable element, **”Ba with a half-life of only
2.6 min.*® Radioactive caesium is the greatest challenge amid
the radionuclides not only because of its long half-life and high
solubility but also due to its high specific radioactivity and
capability to move toward living organisms. Consequently, it
can harm water resources, affecting plants and animals such as
potassium, a crucial element in the environment."

As regards the dangers related to human beings, **’Cs is of
great concern mainly due to cancer in organs such as the
pancreas,"” and cervical* and thyroid glands.®® The potent
radiation of this nuclide is also able to destroy the biological
cells of several organisms, causing failures of their functions
and consequently critical genetic-related diseases.**

Therefore, effective treatments for the removal of *’Cs from
the environment are essential to guarantee the safety of living
beings. Among a multitude of methods that have been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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employed to remove *’Cs from radioactive wastewater and
contaminated waters, the adsorption technique stands out.*
The reason is that this technique is simple, efficient, and can be
applied to treat great volumes of contaminated water with low
concentrations of nuclides.

Some examples of natural adsorption agents used for **’Cs
remediation are zeolites, aluminium molybdophosphate,
ammonium 12-molybdophosphate (AMP), and other natural
agents.™ Beyond the natural agents, synthetic agents are also
used for "*’Cs remediations, and among these agents, the
composites stand out."*"”

Composites are mixed materials composed of two or more
different sources, producing new materials with different
properties to expand or improve the possible applications when
compared to separated matrices.'”® Two materials that are
interesting for composite synthesis by ion remediation are
chitosan and zeolites.

Chitosan is a chitin derivative polysaccharide with 2-amino-
2-desoxy-p-glicopiranose as a monomeric unit, with binding
between these units.’**' Due to the chemical and structure
properties of chitosan, this biopolymer can be used as an
adsorption agent, hemostatic agent, cross-linking agent, drug
delivery, and other applications.”>**

The main mechanism related to the adsorbent features of
chitosan-based adsorbents is due to its amino and hydroxyl
groups, in addition to having multiple chelation sites. These
characteristics allow the attraction between the metal ions by
the coordination bond or by ion exchange.**

Zeolites are defined as polycrystalline aluminosilicates. These
crystals are formed by silica and aluminium tetrahedrons, when
the silica or aluminium atoms bind with four oxygen atoms.
Zeolites show a periodic arrangement of cages and channels of
molecular dimensions.”® Due to their structural and chemical
properties, zeolites are reported in a large type of applications,
such as catalysis, molecular sieves, hemostatic agents, and
adsorption agents.”®**” The presence of open pores, also called
cavities, is in an ab-ordered arrangement. The three main reasons
for using zeolites as adsorbent materials are related to their
remarkable cation-exchange capability, their molecular sieve
characteristics, and the arrangements that can be made for each
application of interest.”® The net negative charge of the
aluminium tetrahedra unit is secured by interchangeable cations,
ie, Ca®", K, and Na, which can be substituted by heavy metals
such as caesium.” According to Khandaker et al. (2020),>° the
inorganic ion exchangers are unrivalled when compared to other
ion exchangers because of their higher radiation stability.

Chitosan-zeolite composites are reported as ion adsorptions
agents, due to the properties of zeolite,** and chitosan.** In the
literature it is reported that these materials are formed from
different types of zeolites, such as clinoptilolite, ZSM-5, BEA,
Nay, and other types of zeolite,** and these composites are used
for remediation of different ions, such as Cu®', Co>", Ni*,
U0,*", Th**, F~, VO*', and VO;.°>*® Nevertheless, systematic
studies with chitosan—zeolite composites have not been re-
ported for the Na-X zeolite as the zeolitic matrix for radioactive
ions removal for water media, especially caesium.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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As found from the literature, adsorption is influenced by
many physicochemical factors such as pH, initial pollutant
concentrations, and adsorbent dosage,*” and their interactions
are so complex that the generation of empirical models that do
not take into account their influence, usually do not provide
sufficient information and may yield unsatisfactory predictions.
In fact, most studies rely on assessing the effects involved in the
adsorption process by employing the traditional “one-factor-at-
a-time” (OFAT) approach to experimentation. According to
Jasper et al. (2021),*® the drawbacks of OFAT are that they are
time-consuming and tedious. Another point of concern is that
less information is obtained, hampering the understanding of
the process. Furthermore, the OFAT models are less reproduc-
ible, particularly when other values for the experimental
conditions in the range studied are conducted.

According to Montgomery et al.,* the application of factorial
experimental design is an adequate choice for minimizing these
difficulties since all the parameters of interest are optimized.
Moreover, the factorial experimental design requires (i) a few
experiments; (ii) providing more complete mathematical
models; (iii) the use of statistics to enable the search for more
efficient experimental domains.

In this study, a chitosan-zeolite composite was synthesized
and tested as an adsorption material. A full two-level factorial
design was applied to evaluate the effect of two experimental
variables: the solution's initial concentration and adsorbent
dosage, besides their interactions on the removal percentage
and adsorption capacity of this new composite on caesium
adsorption. To the best of our knowledge, the influence of these
variables on caesium removal through this composite has not
been previously investigated by experimental design and
response surface methodologies. The empirical equations
generated by the experimental design examine not only each
variable but also their interactions, providing more useful
mathematical models. Furthermore, the composite was also
tested as a biosorbent of caesium, americium, and uranium in
real organic radioactive waste from a nuclear reactor.

Methods

Synthesis of zeolites matrix

The zeolite matrix (FAU framework) was synthesized by hydro-
thermal crystallization following the procedure described below:
the precursor gel was prepared by mixing freshly prepared alumi-
nate and silicate solutions at a molar ratio of 5.5Na,0 : 1.0A1,03 :
4.0Si0, : 190H,0. In a typical synthesis, sodium hydroxide solution
(5.34 g of NaOH/50 mL of H,0) was freshly prepared, followed by
the addition of 2.42 g of sodium aluminate (NaAlO,), with stirring
for 15 min at room temperature. Fumed silica (SiO,, 3.43 g) was
then added to the solution with stirring until a homogeneous gel
was obtained. The gel was immediately transferred to a static
reactor (Parr Instruments Co., USA) at 90 °C for 4 days.

Synthesis of chitosan-zeolite composite

The composite was synthesized according to the procedure
described by Ngah et al. but with modifications.*® The reactants
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and their respective amounts for a typical synthesis are 2.0 g of
synthesized zeolite, 2.0 g of commercial medium molecular
weight chitosan (Sigma - Aldrich) with 75-85% deacetylation
degree and 190-310 kDa, 3.9 mL of glacial acetic acid (Merk),
3.0 g of sodium hydroxide (Sigma - Aldrich), and 376.1 mL of
distilled water.

The synthesis was performed according to the following
procedure: firstly, 130 mL of 3% acetic acid solution (pH around
3) and 250 mL of 0.3 M sodium hydroxide solution (pH around
12) were prepared. Zeolite and chitosan were added to 80 mL of
the acetic acid solution and then vigorously stirred for 2 h. After
this, 50 mL of the same acetic acid solution was also added and
then stirred for 1 h. Subsequently, this mixture was dripped in
the sodium hydroxide solution in a precipitation bath. When
dripping was complete, the solution was stirred for 3 h. The
composite was filtered (pH of the liquid phase around 11) and
was washed with distilled water until neutralization. The
material was dried in the oven at 80 °C, overnight.

Physicochemical characterization

The XRD patterns of the synthesized materials were collected
using a Rigaku Miniflex II X-ray Diffractometer, operating at 15
mA and 30 kv, with a Cu Ko radiation (A = 1.5418 A) and a nickel
filter. The patterns were obtained in the 26 range from 3° to 50°,
at a scan rate of 2° (26) min~'. The FT-IR analyses were per-
formed using a Shimadzu IRTracer-100 spectrometer. The
samples were prepared using the KBr method. The spectra were
collected in the wavenumber range from 400 cm™' to
4000 cm ™.

The scanning electron microscopy (SEM) images were
recorded at the Structural Characterization Laboratory of
Materials Engineering Department of the Federal University of
Sao Carlos (LCE-DEMa-UFSCar) using an FEI Inspect S 50
microscope. The images were obtained with an electron beam
voltage of 25 kv.

Adsorption experiments

All solutions were prepared with analytical-grade chemicals and
distilled water. The contaminated solution was prepared with
cesium chloride (Honeywell Fluka, USA), and set with initial
133Cs concentrations of 10 and 50 mg L™ at the natural pH of
these solutions (3). **’Cs (radioactive) solutions were prepared
from a stock (Amersham, England) and used as a tracer. More
information will be given in the “Gamma spectrometry” section.
The adsorbent was added in 50 mL polypropylene vials with
10 mL of solution with a dosage of 5 or 15 g L™ ". The flasks were
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then mixed on an orbital shaker at 130 rpm under a controlled
temperature (25 + 2 °C). The samples were continuously
agitated for a contact time of 24 h. Then, each tube was
centrifuged for 30 min at 3600 rpm to separate the supernatant.
All liquids were then analysed. The optimum conditions were
selected based on the adsorbent dose and initial caesium
concentration. The extraction efficiency, R (%), was determined
using eqn (1), while the adsorption capacity (g, mg g~ ') of the
adsorbent was calculated using eqn (2):

(G — C,)}

R (%) = 100 x { c (1)

4= (C-C)o @

where R is the extraction efficiency or the retention percentage;
C, and C; are the concentrations of the adsorbate in the initial
solution and at any time ¢, respectively (mg L™ ); ¢, is the
adsorbed amount of adsorbate per gram of the adsorbent at
time ¢, Vis the volume of the added adsorbate solution (L) and m
is the amount of the adsorbent used (g).

Two-level factorial design

Caesium removal by the zeolite-chitosan composite in batch
experiments may rely on many variables, including adsorbent
dosage (A) and initial adsorbate concentration (B). A complete
factorial design was developed by considering these two
factors.** The full 2” factorial design requires 4 experiments,
which were performed in duplicate, totalling 8 experiments.
The coded and real values of each variable are shown in Table 1.
Both independent variables are numeric, favouring addi-
tional variations at any suitable numerical level. RStudio was
the software of choice for evaluating the effects of this experi-
mental design.”” The R package “pid” was used for the anal-
ysis.*® Analysis of the variance and data obtained were used to
evaluate the proposed system. For a better understanding of the
obtained results, we used Pareto and contour graphs.

Kinetics

After determining the best experimental conditions according
to our experimental design with regard to adsorption capacity
and caesium removal percentage, batch sorption experiments
were performed to assess the effect of the contact time. The
same experimental procedures as those described in “Adsorp-
tion experiments” were conducted. The experimental condi-
tions used were those from experimental run 3 (Table 1). The
vials containing the solutions contaminated with caesium were

Table 1 Coded and real values for dosage (A, g L™ and [***Cslg (B, mg L™)

A B
Experimental run (standard order) X, (coded) X3 (coded) (real) (real)
1 -1 -1 5 10
2 +1 -1 15 10
3 -1 +1 5 50
4 +1 +1 15 50
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kept in contact during different time intervals: 0, 5, 15, 30, 60,
120, 180, and 240. Again, the experiments were carried out in
duplicate.

Kinetic adsorption modelling was used to mathematically
describe the adsorption of caesium onto the chitosan-zeolite
composites. Two non-linear kinetic models were applied to our
experimental data, the pseudo-first order (PFO)*** and the
pseudo-second order (PSO)* The kinetic equations used were:

i =g (1 — exp™ ") 3)
quezt

= 17 4

a 1 + kZ‘Ie[ ( )

where ¢ is the contact time (min), ¢, is the amount of the
adsorbate adsorbed at the time (mg g™ %), g. is the equilibrium
adsorption capacity (mg g~ '), k; is the pseudo-first order rate
constant (min~') and k, is the pseudo-second order rate
constant (g mg™" min~?).

Gamma spectrometry

A high-purity coaxial detector (HPGe) gamma spectrometer
(Falcon 5000, Canberra) was used to identify and measure **’Cs
and **'Am. Activities due to the background measurements
were removed for correct analysis. The “In Situ Object Counting
Systems” (ISOCS) software was used to generate efficiency
curves from the geometry supplied by the user and then
supplied to the Canberra Genie 2000 software, which generated
the counting spectra. Counting was performed for 600-3600 s
depending on the activity of the samples. From the library of
radionuclides, the specific **’Cs and **'Am gamma energy lines
were examined, and their activity was measured. The photo-
peaks of 661.65 keV and 59.54 keV were used for measuring
37Cs and **'Am activity concentrations, respectively. A radio-
active standard containing only '*’Cs in water was used and
diluted to the desired activity concentrations. The initial
concentration of *’Cs activity was 28.5 Bq mL " of the solution.
The tracer removal percentage (**’Cs) is the same as '**Cs, so
the results were obtained in the percentage removal activity and
converted to mg L' after **Cs removal.

Measurement of uranium (U) by ICP-OES

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) instrument, model Optima 7000DV (PerkinElmer, USA)
was used to measure the total U concentration. Calibration
solutions were prepared by dilution of the certified uranium
solution (Johnson Matthey Company, UK). The wavelength (1)
used in the determination of uranium was 424.167 nm, and the
results are expressed as the average of triplicate measurements.

Adsorption tests with real radioactive waste

The liquid radioactive waste employed is composed of water,
ethyl acetate (196 mg L"), tributyl phosphate (227 mg L"), and
many radionuclides, especially *’Cs, *'Am, and U (total). The
pH value was about 3 because of the considerable amount of
nitric acid in the liquid waste. The concentrations of these
radionuclides in the selected liquid waste are '*’Cs = 7.27 x

© 2023 The Author(s). Published by the Royal Society of Chemistry
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10 mg LY, *"Am = 1.78 x 107" mg L™, U (total) = 2.23 x
10> mg L~'. These wastes were generated in research and
development activities in the IPEN's IEA-R1 nuclear reactor. The
selected dosage used for these experiments was 5 g L.

Results and discussion

Fig. 1 shows the XRD patterns of the composite (blue line), and
its precursors materials (zeolite is black and chitosan is red).
The composite pattern has characteristic peaks of its precursor
materials, but the intensities of these peaks are lower than
those from the original materials. Furthermore, some charac-
teristic peaks of zeolites disappear in the composite (blue
arrows). These results indicate that the material has the struc-
tural characteristics of the original ones. Moreover, data indi-
cate the interaction between the silanol groups on the zeolite
surface with amine groups of chitosan, highlighting the
formation of the zeolite-chitosan composite.*

Fig. 2 shows the FT-IR spectra of the materials. The
composite spectrum has the following absorption bands. The
band at 3440 cm™ " is due to the stretching of the hydroxyl
group, the band at 2927 cm ™" refers to the stretching of the C-H
aliphatic group, the band in 2880 cm ™" is due to the stretching
of the C-H group in bound O-CH-0, the band in 1651 cm™*
refers to NH, group flexion, the band in 1557 cm™" is assigned
to NH," vibrational deformation, the band in 1379 cm™* refers
to flexion of bound C-H, the band in 1311 cm™* is due to C-N
bound stretching, the band in 1006 cm ' is assigned to Si-O
stretching, the band in 700 em™' is due to asymmetric
stretching of bound Si-O, the band in 599 cm ™" refers to Al-O-
Si stretching, and the band in 455 cm™' is assigned to the
flexion of the bound Si-O.****

The changes of transmittance values in the composite
spectrum in comparison with the original material spectra in
the absorptions band were assigned to the N-H bound in the
chitosan spectrum and to the Si-O in the zeolite spectrum.
These changes underline that the composite is formed by the
interaction between amine groups of chitosan and silanol
groups presents in zeolite surface, also previously observed in
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Fig.1 XRD patterns.
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XRD data. The XRD and FT-IR data suggest the composite
formation.

Fig. 3 shows SEM images of the chitosan-zeolite composite.
Typically, the material presents an irregular morphology and
plenty of debris on the material surface.

Table 2 lists the adsorption results of caesium by the chito-
san-zeolite composite. Caesium removal values were high,
above 93.80%. Furthermore, the adsorption capacity of the
synthesized composite (g, Y,) was attractive, reaching values
close to 10 mg g '. When compared to the literature, the
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adsorption capacities were similar to other adsorbents of
caesium.” Employing raw wood charcoal and functionalized
wood charcoal with nitric acid, resulted in capacities of 2.76 and
9.14 mg g ', respectively. Note that adsorption capacity is
directly related to the dosage of the adsorbent. This means that
changes in the adsorbent mass or liquid volume could influence
the final material capacity. As an example, Khandaker et al.
(2020)*° found three different adsorption capacities, 1.995 mg
g ' ([Cs]o=20mgL "), 9.457 mg g * ([Cs]o = 100 mg L"), and
27.818 mg g ' ([Cs]o = 400 mg L™ "). In this context, the chito-
san-zeolite composite has potential compared to other mate-
rials. Furthermore, optimizations with lower amounts of
adsorbent or greater volume of the solution may promote
a boost in terms of capacity. Since the percentage of removals
was high, variations in these independent variables are ex-
pected to significantly increase its value. Therefore, this mate-
rial is promising for the removal of caesium-contaminated
solutions.

Table 3 shows a summary of the empirical model for Y,. For
Y, since the values were very close, only the linear coefficient
was statistically significant. Fig. 4 shows the Pareto chart and
the contour plot for Y,.

As seen in Table 3, the empirical mathematical model is:

Y, =3.83 — 1.884 + 2.54B — 1.234B (5)

In relation to Y3, none of the parameters presented statisti-
cally significant effects on the result, being only the intercept
enough to predict the data. The reason is that the values were
very close, preventing any interpretation regarding different
values for the assessed parameters. In relation to Y,, B ([**>Cs],)
plays the major role and has a positive effect on the system's

Table 3 Summary of the equation of the linear model of adsorption
capacity of the zeolite—chitosan composite. Standard error = 0.38 (Y3)
and 0.02 (Y,). Stepwise regression was used to give the most statisti-
cally significant improvement in the fit with chi-squared distribution of
k = 3.841450 (probability = 0.95, degrees of freedom = 1)

The adsorption capacity of the synthesis composite (Y)

Coefficients Estimate t value Pr (>]t])
(Linear coefficient) 3.83012 151.21 1.15 x 10°°
A —1.87805 —74.14 1.98 x 1077
B 2.53646 100.14 5.96 x 107°
A:B —1.23372 —48.71 1.06 x 10°°
R? 0.9998

Table 2 Actual values for dosages (A, g L™1) and [**3Cs]o (B, mg L™2). Y, is the percent removal and Y» is the adsorption capacity of the zeolite—

chitosan compound

Dosage (4,
Experimental run (standard order) real, g L) [***Cs]y (B, real, mg L) Y; (%) Y, (mgg)
1 5 10 96.90 £ 1.60 1.94 £+ 0.03
2 15 10 97.40 £+ 0.30 0.65 + <0.01
3 5 50 94.78 £+ 1.39 9.48 £+ 0.14
4 15 50 97.64 £+ 0.34 3.25 +0.01

488 | Environ. Sci: Adv,, 2023, 2, 484-494
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adsorption capacity, while A (dosage) negatively influences it
(Fig. 4(a)). The interaction effect between these parameters is
less relevant for Y, and has a negative influence. In other words,
increasing the initial concentration of caesium benefits the
maximization of this dependent variable.

On the other hand, the dosage must decrease to reach higher
g values. Fig. 4(b) details the models’ predictions for variations
in the Y, values, with the line curvatures, indicating the
important A:B interaction term for these experiments. pH
increased from 3 (prepared solution) to 6.5-7.2, indicating
a similar final pH regardless of the experimental conditions
used.

The selection of the best values for each of the parameters
depends on the strategy to reach a desirable final caesium
concentration or to search for the maximum capacity of the

P ——

a(mgg?)

o¢e————r—r————— .
0 50 100 150 200 250
Time (min)

Fig. 5 Kinetics for caesium adsorption by the composite over time.
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adsorbent (gmax)- Since this work proposes the use of a novel
material to be used as an adsorbent for caesium-contaminated
solutions, we focused on the response of adsorption capacity. In
this case, the experimental conditions observed in experimental
run no. 3 reached the highest values for this response. Because
of that, kinetics was assessed by several contact times until
equilibrium was reached. Fig. 5 shows the kinetics of caesium
adsorption by the composite over time.

As expected, the adsorption of caesium increased over time
until equilibrium was reached. The equilibrium time was
reached after 180 min. Equilibrium time for this material was
faster than that found on raw wood charcoal (240 min) but
slower than that found on the functionalized wood charcoal (60
min) with nitric acid.*>*® For the modified cellulosic charcoal,
an equilibrium time of 300 min for the same concentration was
employed (50 mg L) but it achieved 100% of removal. In the
first 5 min, the pH increased from 3 to 6, and then slightly to 7
after 30 min, remaining stable during the observed 240 min,
indicating that the process was stable. Table 4 shows the effi-
ciency of the Cs" removal achieved by the composite prepared in
this study in comparison with other materials reported in the
literature. It is observed in Table 4 that the material studied in
this work removed more Cs, in percentage terms, in compar-
ison with other works. In terms of the adsorption capacity, the
composite reaches values close to some works present in this
table, in some cases, such as that by Nakamura et al* and
Eljamal et al,” who used magnetic zeolites to prepare the
composites. It indicates the potential of this composite for
caesium removal.

Chitosan-zeolite composites have also been employed to
remediate aqueous solutions contaminated by metallic ions,
cu?*y>s cd®' it Cr'5 As®; and other ions.*>*® The
maximum adsorption capacity, in some cases, is higher than
the capacity observed in this work, such as the work reported by
Ngah et al.,® in which a chitosan-LTA zeolite composite was
used for copper removal, reaching maximum adsorption of
51.32 mg g . Pang et al.*® assessed a chitosan-LTA zeolite
composite for chromium(vi) removal and found a maximum
adsorption capacity of 70 mg g~ '. In the case of work reported
by Zhang et al.,** a chitosan-LTL zeolite composite was used for
cadmium removal and provided a maximum adsorption
capacity of 102.15 mg g . Han et al.”” employed a chitosan-FAU
zeolite composite for arsenic removal and reached a maximum
adsorption capacity of 63.23 mg g '. One reason for the
difference between the maximum adsorption capacity values is
the different nature between these cations when compared with
caesium. Caesium is an alkaline metal, and the cations shown
above are transition metals. Caesium has a higher atomic
radius than copper, cadmium, and chromium. These differ-
ences can be the reason for the variations observed between
these adsorption capacity values. Furthermore, the literature
indicates that some cations, like Pb>*, Cu®*, and Cd>" have more
affinity for chitosan-zeolite composite than other cations.***>%
However, the results obtained in this work show the large
potential of the composite as caesium remediation agent,
mainly due to the removal rate, in percentage terms.
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Table 4 Comparison of our results for the removal of Cs with other works reported. D = dosage, T = time, R = removal, gex, = experimental

adsorption capacity

D
Adsorbent material [Cs]o (mg L) (gL™ T (h) R (%) Gexp (Mg g™Y) Ref.
NaX-chitosan 10 5 24 97 1.9 Our work
NaX-chitosan 50 5 24 96 9.5 Our work
Iron nanoparticles-zeolite (nZVI-Z) 50 10 6 91 170.2 51
100 10 6 96 277.4
150 10 6 96 258.6
200 10 6 95 223.8
Iron nanoparticles-zeolite (nFe/Cu-Z) 50 10 2 59 3.0 51
100 10 2 65 6.5
150 10 2 66 9.9
200 10 2 64 12.9
Calix [4] arene-mordenite (NaNCl) 700 10 2 70 3.5 63
Calix [4] arene-mordenite (NaNCh) 700 10 2 74 7.4
Calix [4] arene-mordenite (NaNM) 700 10 2 71 10.6
Calix [4] arene-mordenite (NaSM) 700 10 2 65 13.1
Iron oxide-NaA 0.01 N“ 10 2 81 109.1 44
Zeolite 100 3.17 1.5 90 88.4 45
Fe10.7-MZC 100 3.17 1.5 >90 91.1
Polymer/magnetite/zeolite (PMZ) 100 3.17 1.5 90 87.1
Magnetite 100 3.17 1.5 <10 6.7
Bn-CTS beads 200 5 20 93 36.5 64

“ The cited paper employed normality units.

Both pseudo-first-order and pseudo-second-order were used
to predict adsorption by using experimental data. The param-
eters obtained in the kinetic models are listed in Table 5.

Clearly, the pseudo-second-order model highlighted a much
higher fit, with an R* value of 0.98. This is an indication that the
rate-limiting step was probably due to the chemisorption of
caesium from the solution onto the composite, besides indi-
cating that this material is abundant with active sites®**> This
corroborates with the mechanism of caesium removal seen in
the literature, which found that the pseudo-second-order model
as the most appropriate mechanism. Some examples involve the
use of synthetic zeolites from bioslag.*

To check for the applicability of this material in removing
caesium from a complex radioactive waste solution, experi-
ments were performed with LORW. In terms of the percentage
removal, we found 21.51 + 0.29% for *’Cs, 26.39 + 8.20% for
>TAm, and 20.26 + 0.32% for U (total). As regards the adsorp-
tion capacity, we found 3.11 x 10”7 4+ 4.24 x 10 ° mg g for
37Cs,1.01 x 107> 4+ 3.12 x 10" °® mg g~ * for >**'Am, and 9.02 +
1.41 x 10~ mg g " for U (total). As expected, caesium removal
was much lower when the material was in contact with LORW.

Table 5 Parameters of the calculated kinetics

Nonlinear models Parameters Values

Pseudo-first-order Jeq (mg g™ ) 9.19
Ky (min™") 16.25
R 0.6842

Pseudo-second-order geq (mg g™ 9.80
K, (g mg™' min™?) 0.06
R 0.9854

490 | Environ. Sci.: Adv, 2023, 2, 484-494

Some possible reasons are (1) the different order of magnitude
concerning the concentration of this element in the synthetic
and LORW solutions; (2) the presence of the organic content,
which may impair the adsorption capacity of the materials; (3)
the competition of the elements by the adsorption sites of the
adsorbent must also be considered.

There are few works in the literature in which the bio-
sorption of caesium, americium, and uranium has been evalu-
ated, particularly in the presence of other radionuclides at lower
concentrations, organic content, and low pH. Ferreira et al.®
employed rice and coffee husks for the biosorption of these
radionuclides also in real radioactive organic waste. The
authors found a lower adsorption capacity (~8-fold) for *’Cs
(4.66 x 10°% mg g~ ') but higher capacities (~14-fold) for U
(total) (1.96 mg g~ ') and **'Am (~4-fold) (3.94 x 10 > mg g~ ").®
They used raw and activated coconut fibre to treat a similar
waste. In comparison with the NaX-chitosan, regarding '*’Cs,
these materials presented much lower adsorption capacities:
4.47 x 1078 mg ¢~ (raw) and 3.77 x 10~ % mg g™ (activated).
For U (total), the raw coconut fibre presented a lower capacity
(0.66 mg g~ ') and the activated fibre presented a higher capacity
(0.90 mg g ). For >*’Am, these materials presented higher
adsorption capacities, with 4.63 x 10> mg g~ (raw) and 7.34 x
10° mg g ! (activated).

Watanabe et al.*” used hydroxyapatite and bone meal to treat
uranium (U (total)) in a LORW. In terms of this radionuclide,
the authors found greater adsorption capacity, with 22 mg g~*
and R (%) = 99.34%. Nevertheless, the adsorption of **’Cs and
*Am were not investigated. Vieira et al®® employed the
macrophyte Lemna sp. to treat U (total) in another LORW. They
found an adsorption capacity of 2.20 mg g™, three times higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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than that obtained with NaX-chitosan (0.90 mg g~ '). Araujo
et al.* employed the macrophyte Azolla sp. to treat U (total)
present in LORW and also found a higher adsorption capacity of
2.69 mg g~ . It is worth mentioning that the focus of their work
was on uranium treatment, whereas, in this work, the focus was
on caesium treatment. Note that these differences may be due
to the different characteristics of the LORW solutions used. For
instance, the concentration of these radionuclides in this work
are different from those found by Ferreira et al,’ especially
americium (10-fold lower in our work) and uranium (2-fold
higher in our work). Compared to published work on caesium
removal, NaX-chitosan shows itself to be an attractive material
for this element.

According to Watanabe et al.,*” three main mechanisms may
occur in the removal of elements such as uranium when in
contact with an adsorbent. These mechanisms are adsorption,
dissolution-precipitation, and ion exchange. Although the
process is considered complex, pH is considered to be an
adequate method to understand which are the main mecha-
nisms involved in this type of process.

All experiments indicated an increase in pH from 3 to 6-7
(Fig. 6), which suggests that the dissolution-precipitation
mechanism was potentially the main process during the
experimental runs. This could occur from the partial dissolu-
tion of the adsorbent depending on pH conditions, such as
acidic ones in both synthetic and LORW solutions. Ngah et al.>®
used a chitosan-zeolite composite in the removal of Cu(u) from
aqueous solutions and found that the dissolution of chitosan
occurs in low pH, which may have reacted with caesium and
other compounds, forming new phases. The increased pH may
have aided the adsorption of caesium, americium, and uranium
by decreasing the competition between H;O' that can occur
under acidic conditions as well as decreasing electrostatic
repulsion between ions such as Cs and H'.*® Furthermore, the
equilibrium reached in terms of pH in less than 1 hour is an
indication that the adsorption process was stable.

In terms of the adsorption capacity of NaX-chitosan, we
found gequcotal) > geqam-241 > Geq,cs-137- The main reasons for
such results are due to the much higher concentration of U
(total), followed by **'Am, and then **”Cs. However, the removal

a) b)

K 0 50 100 150 200 250

$ W AR X AR ¥
RS Time (min)

Fig. 6 Temporal profiles of pH during the experiments with (a)
synthetic solutions (see Table 1 for the experimental conditions); (b)
liquid radioactive organic waste.
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percentages of these nuclides were: Rym-241 > Res137 > Ru(total)s
highlighting that even with the differences in terms of
concentration, the percentage of caesium removal is compara-
tively high. LORW is complex due to its multicomponent
nature, which makes it difficult to fully understand the process.
However, some reasonable assumptions can be made that
explain the reasons why NaX-chitosan has a high affinity for
this element. According to Kexin et al.,** chitosan composites
are able to adsorb Cs(i) prior to H', given the electrostatic
interactions between this ion and N atoms. Furthermore, the
presence of U (total) and **’Am may not have significantly
interfered with the adsorption of **’Cs. El-Din et al.®® employed
ordered mesoporous monetite to decontaminate radioactive
caesium in synthetic solutions. They evaluated the effect of
competing species in four different groups. The so-called group
IV (Cs(1), Cu(u), La(m), Zr(v), U(vi), and Th(wv)), the only group
containing elements with valences greater than three, high-
lighted the highest caesium removal, with 98.6%. On the other
hand, the presence of caesium may have hindered the removal
of uranium and americium, although these elements have
much higher concentrations because monovalent ions can
more easily occupy a hydrated state, given their higher hydra-
tion energy.*® Finally, the pore size of the NaX-chitosan is 7.4 A
(circular), allowing the entry of the three nuclides, which have
the ionic radius of 3.0 A (Cs(1)), 2.00 A (Am(m)), and 1.75 A (U(v1)).

Conclusion

A new chitosan-zeolite composite based on zeolite Na-X was
prepared and fully characterized by XRD, FT-IR, and SEM.
Experimental data obtained in this study have shown that the
composite provided a feasible alternative in the treatment of
aqueous solutions containing Cs with removal rates superior to
94%, and adsorption capacities of Cs* close to 10 mg g~ '. The
zeolite-chitosan composite also has the potential of being used
for the treatment of complex solutions such as the LORW since
removals superior to 20% for *’Cs, >*'Am, and U (total) were
obtained.
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