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Biosorption of uranyl ions from aqueous solutions
by soluble renewable polysaccharides

Oshrat Levy-Ontman, ©* Ofra Paz-Tal,*® Yaron Alfi* and Adi Wolfson?

Polysaccharides derived from natural sources have been offered as environment friendly sorbents for the
adsorption of heavy metals. We present a simple technique to remove uranyl ions from aqueous
solutions by using representative polysaccharides. The adsorption efficiency of UO,%* decreased in the
following order: xanthan gum > kappa > iota/guar gum, for instance, the efficiencies after sorption of
30 min with 500 mg per L uranyl acetate and 0.03 g of the corresponding polysaccharide were: 89.7%,
85.2%, 79.1% and 77.1%. Lowering the acidity in the system decreased the sorption efficiency with all the
polysaccharides, and reducing the ratio between the amount of uranyl ions and the amount of
polysaccharide increased the sorption efficiencies, e.g., using 500 mg per L uranyl acetate and 0.05 g of
the corresponding polysaccharide (xanthan gum, kappa, iota, guar gum) yielded after 30 min sorption
efficiencies of 94.3%, 91.5%, 89.0% and 87.7%, respectively. FTIR, SEM-EDS and TGA analyses verified the
presence of uranium in the polysaccharides and showed that the uranyl ions were interacting with the
different functional groups. Moreover, the addition of uranyl ions to the polysaccharides caused a sharp
decrease in viscometry measurements. In addition, the measurements showed that the addition of uranyl
lowered both modules, G’ and G”, and made the solution more liquid.

1. Introduction

Uranium, the heaviest naturally occurring element on Earth, is
the primary fuel for nuclear reactors.™” It is also used for other
applications, from the space industry to medicine. Uranium ore
extraction from the ground and subsequent use as a nuclear
fuel leads to the production of large amounts of wastewater that
contains uranium ions, mainly as a hexavalent cation (U(v1)).**

As a radioactive substance, a large amount of uranium,
above natural levels, can cause different health effects,” such as
liver and kidney disease.® Moreover, long exposure to uranium
radionuclides may also cause cancer.” The World Health Orga-
nization has therefore listed U(vi) as a carcinogen and deter-
mined that its concentration in water should not exceed
50 mg L~'. Nonetheless, the US Environmental Protection
Agency has recommended that 20 mg per L ***U be set as the
standard for drinking water. In addition, wastewater that
contains uranium is also hazardous for ecosystems.*® A variety
of methods exist for the removal from wastewater of uranium or
uranyl ions (UO,>"), the latter formed by the hydrolysis of
uranium.>*'*'* The most studied and applicable methods are
extraction,'™ flotation,''® precipitation,””'* membrane filtra-
tion,"** electrodialysis* and adsorption.””* Among these
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techniques, adsorption based on different organic and inor-
ganic adsorbents was found to be the simplest, most effective
and most versatile method.

Biosorbents, living or dead biomass (e.g., algae, yeast and
bacteria) and their derived products, such as polysaccharide-
based materials, have also been shown to adsorb different
contaminates from wastewater, among them radioactive ions,*®
including uranium.>**® Insofar as they are renewable, biode-
gradable and usually hydrophilic polymers, polysaccharides
produced from biological sources are considered safe for use. As
such, they have numerous applications,* including in the
food,** pharmaceuticals®* and cosmetics* industries. This wide
applicability is due to the variability in the characteristics of
each polysaccharide, which depends on its functional groups
and its structure. Among its other qualities, these properties
also render them good adsorbents for heavy metal ions.**>¢
Moreover, they are readily available and usually more cost-
effective than synthetic adsorbents.

Different polysaccharide-based systems have been used to
remove U(vi) from aqueous solutions that resemble wastewater.
For example, Marqués et al. reported that exopolysaccharide
from Pseudomonas sp. was able to remove uranium from an
aqueous solution with a maximum uptake of 96 pug U per mg
polymer.”” In addition, Kazy et al used extracellular poly-
saccharide (EPC) produced by a Pseudomonas aeruginosa strain
to remove uranium from an aqueous solution.*® The maximum
sorption observed was 985 mg U per g polymer at pH 5.0 due to
the strong binding of uranium with the carboxylic groups of the

RSC Adv, 2023, 13, 35831-35840 | 35831


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra05794a&domain=pdf&date_stamp=2023-12-08
http://orcid.org/0000-0002-3977-7066
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05794a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013051

Open Access Article. Published on 08 December 2023. Downloaded on 3/31/2026 6:12:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

uronic acids in the polymer, while at lower pH values, amino
and hydroxyl groups were responsible for the bulk of metal
binding. Sakaguchi et al. studied the adsorption of uranium
from seawater by titanium(wv)-cellulose-xanthate or titaniu-
m(v)-starch-xanthate, which yielded an uptake of about 77%
when 1 g of the adsorbent was suspended in 5 L of natural
seawater with constant stirring at 30 °C for three days.* In later
work, alginate beads that were prepared in a CaCl, solution
were successfully used for uranium recovery from aqueous
solutions. The adsorption efficiency and distribution constant
(Ky) for uranium ions under optimized experimental conditions
were 91 & 1% and 10 043 & 834 mL g™ ', respectively.*’ In other
studies, a chitosan-glucan complex** and different cross-linked
chitosan systems,**~** which were insoluble in wastewater, and
a magnetic biosorbent composed of nanoparticles of magnetite
covered with chitosan,* were also successfully tested. Further-
more, water insoluble polysaccharides like chitin and chitosan
were also shown to be efficient biosorbents.*>*¢

In this study, we report on the sorption of UO,>* from
aqueous solutions using natural and water-soluble poly-
saccharides as adsorbents. The separation process is very fast
and straightforward, and the adsorption capacities, which were
detected after precipitation and filtration of the different poly-
saccharides with the uranyl ions, were effective and dependent
on polysaccharide type.

2. Experimental
2.1 Materials

All of the polysaccharides used in this study (guar gum (G),
xanthan gum (X), iota (I), kappa (K)), uranyl acetate dihydrate
(UO,(CH3C0O0),-2H,0), and other chemicals (analytical grades)
were purchased from Sigma-Aldrich.

2.2 Preparation of polysaccharide solutions

One g of polysaccharide (G/X/I/K) was dissolved in 100 mL
double-distilled water (DDW) and mixed for 1 h, yielding 1% w/v
aqueous solution of polysaccharide. When I and K were used,
the mixture was heated to 50 °C and stirred for another 1 h.

2.3 Sorption experiments

In a typical procedure, 1-5 mL of 1% w/v aqueous solution of
polysaccharides were added to 5-9 mL of an aqueous solution of
U(v1) (500-900 mg L"), which were prepared from a uranyl
acetate stock solution of 1000 mg L™" via proper dilution, and
then mixed for 30 min at room temperature. (In all of the
experiments, the final volume was 10 mL). Then, 4 x 10 mL of
cold ethanol was added to the aqueous solution, after which the
solution was mixed and the solid was removed by centrifugation
and filtration. It worth mentioned that the amount of ethanol
that used to allow full and ease separation of the polysaccharide
and the UO,*" ion within it, should be optimized to make the
system more sustainable. Finally, the ethanol was evaporated
from the solution, and the concentration of U(vi) that was left in
the solution was detected using ICP-OES (SPECTRO, model
ARCOS, error limit + 10%) and UV-Vis analysis (Agilent, model
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8453, wavelength accuracy < £0.5 nm) using xylenol orange as
indicator.””

Each sorption experiment was performed five times, and
each displayed yield is the mean of five experiments. In addi-
tion, two control sets, one containing only the uranyl solution at
an appropriate concentration and the other with the poly-
saccharides and without the uranyl solution, were also run for

comparison.
The sorption efficiency was calculated as follows:
. . G, — C
Sorption efficiency (%) = 100 x C—f

where C;, and Cy are the initial and final concentrations (mg
L), respectively, of U(v).

2.4 Characterization methods

2.4.1 Fourier-transform infrared (FTIR) analysis. The
chemical bonds on the surface of the pristine lyophilized
polysaccharides and the pellets that were obtained after the
sorption experiments and freeze-dried overnight were recorded
with an FTIR system (Nicolet 6700, Thermo Scientific, Waltham,
MA, USA) with an attenuated total reflectance (ATR) accessory
outfitted with a diamond crystal. The recorded spectra were the
means of 36 spectra taken in the 650-4000 cm™ " range with
a 0.5 cm™ " resolution, and atmospheric correction was switched
on at 25 °C.

2.4.2 Scanning electron microscope (SEM) and energy
dispersive X-ray spectrometry (EDS) analyses. A scanning elec-
tron microscope (SEM, version 460L) with a backscatter electron
detector (EDS) equipped with an energy-dispersive X-ray spec-
troscopy detector (Thermo Fisher) was used to observe the
morphology and structure of each polysaccharide before and
after UO,>" ion adsorption. The acceleration voltage was 15 kV,
and the sample pressure was 60 Pa.

2.4.3 Thermogravimetric (TGA) analysis. The thermogra-
vimetric analysis was performed by a thermal analyzer (TGA
Q500, TA Instruments), and the recorded thermographs were
carried out with nitrogen gas (N,) as the carrying gas. The
samples used for TGA analyses were taken at the completion of
batch sorption tests. After centrifugation, the solid portion of
each mixture was taken and freeze-dried overnight to remove
residual liquid. The sample was subjected to a heating rate of
10 °C min ™" and a flow of 90 mL min ™" over a heating range of
20-1000 °C. The changes in weight were plotted as a function of
temperature. Repeated tests revealed that the maximum relative
error could be controlled to a value below 10%.

2.4.4 Rheological measurements. The viscosity of the
aqueous samples that contained 0.3% w/v polysaccharide with
or without 700 mg per L uranyl ions (final volume of ~10 mL)
after 48 h of cooling at 4 °C was determined using a HAAKE
RotoVisco 1 rheometer (Thermo Scientific) equipped with an
extended temperature cell for temperature control using
a stainless-steel cone and plate system (d = 60 mm and 6 =
0.5°). The solutions were measured at 25 °C as a function of the
shear rate in an upward sweep from 1 to 1000 s~ *. The oscilla-
tory shear experiments were carried out using a rheometer TA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AR2000 (TA Instruments, New Castle Delaware, USA) equipped
with an extended temperature cell for temperature control and
stainless-steel parallel plate (d = 40 mm). The dynamic visco-
elastic characterization of the solutions was determined by the
frequency dependence (between 0.05 and 20 Hz) of the storage
and loss moduli, G'(w) and G"(w), respectively, at 25 °C.

3. Results and discussion

The nature of the polysaccharide, ie., its structure and the
functional groups on its backbone, and the characteristics of
the ion to be removed, i.e., its size and charge, are used to detect
the ion sorption efficiency. Recently, we proposed a novel
method for the recovery of europium ions (Eu**) from aqueous
solutions by adding an aqueous solution of readily available,
commercial polysaccharides to a europium solution.*® Eu®",
which could associate with the sulfate, carboxylic and hydroxyl
groups on the backbone of the polysaccharide, was preferably
adsorbed to the more acidic groups. Thus, it was suggested that
the same method can also be employed with renewable poly-
saccharides to recover UO,>" ions from aqueous solutions.

The sorption of UO,>" was investigated by using four repre-
sentative polysaccharides with different functional groups: G
with only hydroxyl groups, X with hydroxyl and carboxylic
groups, and carrageenan types I and K with hydroxyl and ester
sulfate groups. As UO,>" sorption efficiency reached equilib-
rium after 30 min, the investigation began with a study of the
effects of both the UO,>" concentration and the amount of
polysaccharide on the sorption efficiency after 30 min at 298 K
and pH = 4.5. The results in Table 1 show that at polysaccharide
amounts of 0.03 g and above, X exhibited the highest sorption
efficiency, followed by K with slightly lower yields, while the use
of I and G resulted in additional small decreases in the sorption
efficiency under all the conditions. As previously noted, the
difference in sorption efficiency between the four poly-
saccharides might be attributed to the different functional
groups on the polymers. The carboxylic groups on X seem to be
slightly more effective sorption agents of UO,** compared to the
ester sulfate groups and the hydroxyl on the two carrageenans
and to the hydroxyl groups in G. In addition, surprisingly, K,
which has one sulfate ester group, exhibited higher sorption
efficiencies than I, which has two sulfate groups. This finding
may be explained by the different molecular structure of the two
carrageenans - though both polysaccharides form three-fold,
right-handed double helice conformations composed of
parallel chains, I has a longer helix pitch than K, and the chain
positions differ significantly. In addition, I forms weaker and
more elastic gels than K,*»* which may affect the functional
group availability.®® Notably, the higher sorption efficiencies
attributed to K compared to that of I differ from our former
findings, which demonstrated that I is a better Eu®" sorbent
than K.**** The observed differences in sorption behaviour are
the manifestation of the dependence of that behaviour on both
the nature of the polysaccharide and the characteristics of the
metal ions.

As expected, all four polysaccharides exhibited higher sorp-
tion efficiencies when the metal concentration in the solution

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sorption efficiencies of representative polysaccharides

Sorption efficiencies (%) £ 3%

U(v) (mg L") : PS (g)

Polysaccharide 900:0.01 500:0.05 700:0.03 500:0.03
Guar gum (G) 57.9 87.7 77.1 82.2
Tota (I) 58.9 89.0 79.1 80.7
Kappa (K) 66.7 91.5 85.2 88.9
Xanthan gum (X)  65.4 94.3 89.7 95.0

was lower or when the polysaccharide amount was higher
(Table 1). This observation implies that reducing the UO,>"/
polysaccharide ratio increased the sorption efficiency, as the
number of adsorbing functional groups on the polysaccharide
relative to the number of adsorbed ions increased. Above
a concentration of 700 mg L™}, however, it seems that there are
not enough available binding sites in the polysaccharides, thus
causing the yields to decline markedly. As such, in solutions
that contained a high uranyl concentration (900 mg L") and
a low amount of polysaccharides (0.01 g), the sorption effi-
ciencies that were detected for G, I, K, and X were 57.9%, 58.9%,
66.7%, and 65.4%, respectively (Table 1).

The adsorption kinetics of the two polysaccharides that
exhibited the highest sorption efficiencies, X and K, were
determined by using a pseudo-first order and a pseudo-second
order kinetic models. The expressions of the two models after
linearization are given in eqn (1) and (2), respectively, where g,
and g, are the uranyl adsorption capacity (mg g~ ') at any time ¢
(min) and at equilibrium, and, &, (min~") is pseudo-first order
rate constant and k, (g mg~ " min~") is pseudo-second order rate
constant.

In(ge — q,) = In(ge) — kyt 1)
ot 1
- 4 2
q: qe k2q32 ( )

The results of modelling are presented in Fig. 1. It can be
seen that the sorption with both polysaccharides fits to pseudo-
second order model (with high R® values) indicating that
chemisorption is the rate-limiting mechanism of the process,
and that uranyl chemically adsorbed to the
polysaccharides.

was

3.1 FTIR analysis

ATR-FTIR spectroscopy was used to gain knowledge about the
interaction between the UO,>" and the different functional
groups on the polysaccharides, before and after the sorption,
the latter of which is designated as U-PS (polysaccharide), e.g.,
the I after adsorption of UO,>" ions was labelled U-I.
ATR-FTIR spectra of pristine G vs. U-G are shown in Fig. 2.
As expected, the spectrum of pristine G contains the typical
bands in accordance with the G structure: a broad band
assigned to the —-OH stretching at 3333 cm™'; a peak at

2920 cm ™' that confirmed -CH,- asymmetric stretching

RSC Adv, 2023, 13, 35831-35840 | 35833
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Fig. 1 Kinetics of uranyl sorption: (A) pseudo-first order with X, (B)
pseudo-second order with X, (C) pseudo-first order with K, (D)
pseudo-second order with K.

vibrations; and a peak at 1403 cm ™! that confirmed the C-H
stretching vibrations.” In addition, the ring stretching of
mannose and bending vibration of the OH group and associ-
ated water molecules were observed at 1640 cm™ " and the -
CH,- deformation at 1384 cm™'. Finally, the peaks in the
spectrum between 863 and 1151 ecm ™' indicated the highly
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Fig. 2 ATR-FTIR spectra of pristine G and U-G (sorption conditions:
700 mg per L UO,%*, 3 mL of 1% w/v G).
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Fig. 3 ATR-FTIR spectra of pristine polysaccharides and their
analogues: (A) | and U-I, (B) K and U-K in the range of 700-
3800 cm ™!, and (C) K and U-K in the range of 700-1800 cm™ %
(Sorption conditions: 700 mg per L UO,%*, 3 mL of 1% w/v
polysaccharide).
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Fig. 4 ATR-FTIR spectra of pristine X and U-X (sorption conditions:
700 mg per L UO,2*, 3 mL of 1 w/v¥% X).

coupled stretching vibrations of C-O-C, C-C-O, C-OH, and
(1-4) and (1-6) linkages of galactose and mannose units.>***
Yet when UO,>" ions were adsorbed to the G (U-G, in Fig. 2),
the broad peak at 1640 cm™ " shifted to 1650 cm ™' and became
sharper, and the peak at 1151 cm™" shifted to 1145 cm ™.
These changes indicate that the hydroxyl groups of C-OH and
UO,2" interacted with each other. Moreover, a new U-G band
was observed at 907 cm ™', which is attributed to O-U-O
stretching, also indicating that the metal ions were adsorbed
via the hydroxyl groups on the polysaccharide.

The FTIR spectra of pristine I and K and their corresponding
analogues, U-I and U-K, are shown in Fig. 3. As expected, in their
pristine states, the two polysaccharides present the same char-
acteristic bands that are indicative of the basic chemical bonding
in the carrageenans, specifically: a peak at 3200-3400 cm ™" due
to the assigned hydrogen O-H stretching vibration bonds; C-O-C
of 3,6-anhydro-p-galactose at 1068 cm ' and 929/923 cm ',
respectively; O-SOj; stretching vibration at p-galactose-4-sulfate
for I and K at 1373/1424 cm™ ' and 844/847 cm ™", respectively;
and at 804 cm ™" for p-galactose-2-sulfate.’**® However, following
UO,*" sorption, the H-O-H deformation bands of I and K at
1634 cm ™" and 1627 cm ™', respectively, shifted to 1652 cm ™' and
1653 cm ', respectively.”” Also note that the bands at 3200-
3500 cm ' that were obsetrved following the addition of UO,>*
and that correspond to the O-H stretching vibrations were less
intense than those observed in both of the pristine poly-
saccharides. The reduction in the band intensities could be
attributed to reduced hydrogen bonds. Indeed, the interaction of
the uranyl ions with the oxygen of the hydroxyl groups can lead to
the lower availability of the OH groups that could otherwise self-
assemble the polymer chains. In the 1100-1300 cm ™' range, the
characteristic S=0 band of the ester sulfate (O=S=0 symmetric
vibration), which appears in pristine I at 1204 cm " and in
pristine K at 1220 em™", shifted to a higher wavenumber of
1210 ecm ™' in U-I and to double peaks at 1226 cm ' and
1236 cm ' in U-K.*® For O-SO; stretching vibrations at b-
galactose-4-sulfate, the broad peak of pristine I at 918 cm ™" split
into two sharp peaks at 929 and 898 cm ™" in U-1. These findings
indicate that the UO,>" is also interacting with the ester sulfate
groups. Moreover, the band at 987 cm ™', which corresponds to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM image at x200 magnification, EDS spectrum and tabu-
lated results of polysaccharides before and after UO,2* adsorption
(sorption conditions: 700 mg per L UO,%*, 3 mL of 1% wl/v
polysaccharide).
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Table 2 Thermal properties of polysaccharides before and after UO,2* adsorption®

G U-G
Step Onset temp. (°C) DTG (°C) Wt loss (%) Onset temp. (°C) DTG (°C) Wt loss (%)
Step 1 — 73.55 6.02 — 79.01 3.85
Step 2 149.61 314.90 80.66 166.75 268.91 37.93
Step 3 — — — 318.06 334.20 20.43
404.85
Residue 13.31 37.75
X U-X
Step 1 — 114.64 4.36 — 68.85 6.23
Step 2 176.84 275.17 65.68 154.65 273.19 33.55
Step 3 — — — 350.34 348.39 11.07
Step 4 — — — 600.5 857.25 6.04
Residue 29.94 43.14
I U-1
Step 1 — 87.44 6.92 — 71.49 9.67
Step 2 137.24 164.84 25.02 156.67 222.92 18.59
Step 3 184.98 256.15 12.81 300.91 356.73 6.87
Step 4 307.36 351.05 12.11 393.72 443.93 10.29
Step 5 599.95 747.71 16.61 509.72 601.06 13.26
Residue 26.54 37.05
K U-K
Step 1 — 69.19 9.31 — 76.24 7.07
Step 2 146.58 259.39 22.39 156.67 278.44 28.40
Step 3 277.71 321.94 23.10 395.73 440.94 22.82
Step 4 500.64 747.92 17.04 — — —
Residue 28.16 41.72

“ Sorption conditions: 700 mg per L UO,>", 3 mL of 1% w/v polysaccharide.

pristine K, shifted to a lower frequency (968 cm ') after sorption,
and the peak at 867 cm™ ', which corresponds to galactose-4-
sulfate, was not observed. Therefore, it can be suggested that
the ester sulfate groups were involved in the complexation of the
uranyl ions to the K matrix.

The ATR-FTIR spectra of pristine X and U-X are shown in
Fig. 4. As expected, the spectrum of pristine X contains bands in
the region of 850-950 cm ™" corresponding to the skeleton mode
of the anomeric configuration and glycosidic linkages. It also
contains several other typical bands: at 3310 cm™*, which is due
to the O-H axial deformation; at 2850-2910 cm™' that is
attributed to the symmetric and asymmetric stretching vibra-
tions of the C-H group in the methyl and methylene groups; at
1718 cm ™' due to the C=O0 stretching ester vibrations; and at
1614 cm " and 1393 cm ™' corresponding to asymmetrical and
symmetrical stretching vibrations of carboxylate ion, respec-
tively. As illustrated in Fig. 3, the 1016 cm ™' band, which is
related to C-O stretching of primary alcohols,* shifted to
1025 cm™ ' after UO,>" sorption. In addition, a new band
appears in U-X, at 1645 cm ', assigned to C=O stretching
vibrations from pyruvate. These bands indicate that the
adsorption caused changes in the axial deformation of the C-O
part of the enols, which may indicate interaction of the UO,>*
via the carboxylic groups. Moreover, the band at 1393 cm™",
which corresponds to the C-O symmetric stretching of the
carboxylate anion,” broadened after binding to UO,*', an
observation that may be due to the intermolecular hydrogen
bonds between the polysaccharide chains. Furthermore, after

35836 | RSC Adv, 2023, 13, 35831-35840

sorption of the metal ions, a new peak appears at 915 cm ™" that
can be assigned to the bending vibration of 3U-OH, the asym-
metric stretching vibration of v;,* which might implies on
interactions between uranyl ions and OH of carboxyl group, or
as in G, the same part of UO,>* was adsorbed via the hydroxyl
groups on the polysaccharide.

As noted previously in the literature, the nature of metal ion
coordination with the different functional groups on the poly-
saccharides varies among the different ions, and it is also
altered by the metal ion concentration in the solution and by
the solution pH.**** We also found that, compared to the
carboxylic groups on X and the hydroxyl groups on G, Eu*" had
stronger electrostatic interactions with the ester sulfate groups
of I, and at low pH values, increased functional group proton-
ation led to decreased sorption efficiencies.*® However, as the
ionic radius of UO,*" is larger and its charge differs from that of
Eu®', it probably interacts differently with the different func-
tional groups. In addition, polysaccharide structure can also
affect its sorption ability. As such, higher sorption efficiencies
were obtained for X, which not only has different functional
groups compared to those of the other tested polysaccharides,
also possesses branched glycan residues with carboxylic groups
on its backbone that are more available to adsorb uranyl ions.

3.2 SEM-EDS analysis

SEM-EDS analysis also confirmed that the metal ions are
adsorbed to the different polysaccharides (Fig. 5). As expected,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Viscosity of 0.3% w/v polysaccharides before and after UO,*
adsorption at 25 °C as function of shear rate.

all of the U-polysaccharide composites contain mainly carbon
(C) and oxygen (O) from the native polymer and potassium (K)
and/or calcium (Ca) as counter ions to the acidic groups on the
polysaccharides. In addition, in all of the samples, relatively
high amounts of uranium U(vi) were also detected in relative
contents that are in agreement with the results of the sorption
experiments: X > K> I/G.

3.3 TGA analysis

TGA and TG-DTA (differential thermal analysis) analyses of the
four polysaccharides (G/X/I/K) before and after UO,** sorption
is presented in Table 2, which summarizes the percentage of
mass loss for each stage (% wt loss), the onset temperature and
the differential thermogravimetric DTG.

In general, the TGA thermograms of the different poly-
saccharides, before and after UO,** sorption, present the same
mass weight trend. In the first stage, the water desorption stage,
at temperatures below 200 °C, the total weight declined by
about 5-10%.** This step, mainly due to the interactions
between the water molecules and the hydroxyl groups on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (G') and (G") modulus of 0.3% w/v polysaccharides before and
after UO,2* adsorption at 25 °C.

surface of the polymer backbone, confirms the hydrophilic
character of the various polysaccharides. The second stage, at
temperatures above 200 °C, involves several steps wherein the
polysaccharides decompose until their residue reached
a constant mass (~50-80% weight loss) up to ~350 °C. This is
attributed to the carbohydrate backbone fragmentation and to
the de-polymerization process. For the carrageenans (I and K),
these degradation steps are also associated with the degrada-
tion of the sulfate ester groups from the pendant chains
attached to the polymeric backbone.®*® Furthermore, for K and
I, a third stage was observed above 700 °C (step 5) that may be
due to the decomposition of inorganic salts.””

The TGA and TG-DTA curves of all of the polysaccharides
after sorption of UO,>" showed higher thermal stability, and the
residue after sorption for X, K, I and G increased from 29.94% to
43.14%, 28.16% to 41.72%, 26.54% to 37.05%, and 13.31% to
37.75%, respectively. The main difference observed in thermal
behavior was in stage 2, the so-called degradation stage, during
which the main pyrolytic process occurred and different volatile
components were gradually released. These results suggest that
the polysaccharides become more thermally stable after
sorption.®®

RSC Adv, 2023, 13, 35831-35840 | 35837
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Furthermore, the maximum decomposition peaks of K and I
shifted to higher temperatures after UO,>" sorption, as reflected
in the maximum peak in the DTG curves: 259.39 °C to 278.44 °C
and 164.84 °C to 222.99 °C, respectively. This finding may be
ascribed to the loss of ~0SO;~ and UO,>" groups and may also
be due to the carbohydrate backbone fragmentation. The
temperature for G, however, decreased after sorption from
314.90 °C to 268.97 °C, and for X, a minor change was observed,
from 275.17 °C to 273.19 °C. This finding implies that changes
occurred in the molecular structures of X and G, and indeed, the
ordered or disordered state of X chains is known to be
controlled by temperature and ionic strength.® It would there-
fore seem that, after sorption, thermal changes are caused by
weak intramolecular interaction forces (e.g., hydrogen bonds).
Notably, after the sorption process, all of the polysaccharides
exhibited a new, broad peak in the range of 300-400 °C that may
be attributed to the decomposition of uranyl in the sample.

The thermal decomposition of uranyl acetate, which was
used as the source of uranyl in this study, is known to take place
at temperatures between 260 °C and 370 °C.”>”* This decom-
position stage could be due to the fission of the UO,-O bonds
and to the release of the acetate group from the complex, which
can also produce acetate radicals.” X-ray powder diffraction
analysis of the decomposition residues show that in air, uranyl
acetate decomposes to U, whereas in nitrogen, the product is
mainly non-stoichiometric UO,*", with small amounts of U.
Thus, as the uranyl was adsorbed to the various poly-
saccharides, without the acetate counter ion, it can be
concluded that the peak in the range of 300-400 °C in the U-
polysaccharide samples is due to the decomposition of uranyl in
the sample that decomposes to U.

3.4 Physicochemical analysis

Viscosity measurements of the aqueous polysaccharide solu-
tions (X/I/K sol.) before adsorption and following 30 min of
mixing with 700 mg per L uranyl acetate (U-X sol./U-I sol./U-K
sol.) are shown in Fig. 6. Notably, measuring the viscosity of the
U-G sol. was not applicable because the solution was not
homogeneous and contained particles. All of the aqueous
pristine polysaccharides yielded typical non-Newtonian fluid
behavior, indicating that shear stress reduces the viscosity,
whereas the viscosity measurements of the solutions of the U-
polysaccharide preparations indicated that all of the prepara-
tions lost their high viscosity behavior.

To compare the changes that were obtained for each poly-
saccharide due to UO,>" adsorption, the mechanical properties of
each polysaccharide before and after adsorption, i.e., the storage
(or elastic) modulus (G') and viscous (or loss) modulus (G”), were
measured as functions of the angular frequency (Fig. 7).

As expected, the presence of uranyl ions reduced both
modules, G’ and G”, in the K, I, and X polysaccharides, with G” >
G, indicating electrostatic repulsion caused by UO,** adsorp-
tion and distancing of polysaccharide chains. We suggest that
the UO,*" reduced the level of entanglement of the poly-
saccharides while also increasing the free volume between the
chains, thereby lowering both G’ and G”".
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4. Conclusions

The discharge of industrial wastewater containing heavy metals,
and in particular uranium, into the environment, affects
ecosystems and public health. These metals can be separated
from aqueous solutions by various processes, where among
these methods, adsorption was found to be highly efficient, with
a preference that renewable and biodegradable polysaccharides
be exploited as the sorbents.

The simple addition of the aqueous polysaccharide solution
- of I and K from the carrageenan family, which each contain
hydroxyl and ester sulfate groups, X with hydroxyl and carbox-
ylic acid groups, and G with hydroxyl groups only - to UO,*"
solutions successfully removed the UO,". It was found that the
structures and the functional groups on the polysaccharide
backbone affected the sorption efficiency, which decreased in
the order of X > K > I/G. It was also found that lowering the
acidity in the system decreased the sorption efficiencies with all
of the tested polysaccharides due to protonation of the active
sites. Furthermore, reducing the ratio between the amount of
UO0,*" and the amount of polysaccharide, whether by reducing
the amount of UO,>" or by increasing the amount of poly-
saccharide, increased the sorption efficiencies with all the
polysaccharides. Of all the concentrations measured, 0.03 g
polysaccharide with 700 mg per L UO,*" was found to be the
ratio that provided the maximum adsorption efficiency.

FTIR analysis confirmed that UO,>*" was adsorbed via the
hydroxyl groups to all of the polysaccharides, and in addition,
via the carboxylic groups to X and via the sulfate ester groups to
I and K. SEM-EDS analysis also verified the presence of UO,*" in
the polysaccharide, and the uranium contents were in line with
those of the sorption experiments. Moreover, TGA thermograms
of the polysaccharides, before and after adsorption, showed
that the UO,*" was adsorbed into the polysaccharide. In addi-
tion, it indicated the presence of a change in the structure of the
material where the residue obtained after adsorption was larger
than before the adsorption, suggesting the presence of an
inorganic substance in the residue, most likely UO,*".

Rheological measurements that were performed for the
aqueous polysaccharide solution with and without UO,>*
showed that the viscosity decreased sharply for all of the solu-
tions that contained UO,*", exhibiting Newtonian behaviour.
Furthermore, the addition of UO,>" to the polysaccharides
lowered both the elasticity model-G’ and the viscosity module-G’
’. These findings again indicate the presence of electrostatic
repulsion due to the adsorption of the UO,>" and the resultant
increased distance that was obtained between the poly-
saccharide chains.
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