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emoval of Sr2+ from aqueous
solutions using a polyacrylic acid/crown-ether/
graphene oxide hydrogel composite

Sheng Chen,ab Lina Wu, b Zhicheng Wu,*b Zhikun Liu,b Zhihua Qiub

and Lisheng Chi *b

With the development of nuclear power, efficiently treating nuclear wastes generated during operation has

attracted extensive attention. Hydrogels are common adsorbent materials in the treatment of wastewater

due to their high swelling rate and easy post-treatment. In this work, a novel polyacrylic acid/crown-ether/

graphene oxide (PAA/DB18C6/GO) hydrogel composite was synthesized by a radical cross-linking

copolymerization method and characterized using various analytical tools such as SEM, FT-IR, TGA and

XPS. The effects of time, pH, initial Sr2+ concentration, and temperature on Sr2+ adsorption onto the

PAA/DB18C6/GO were studied. The PAA/DB18C6/GO shows a high adsorption capacity of 379.35 mg

g−1 at an initial Sr2+ concentration of 772 mg L−1 due to the unique structure of dibenzo-18-crown-

ether-6 and high swelling. The composite has a high selectivity for Sr2+ with a removal rate of 82.4%

when concentrations of Na+ and K+ were 10 times higher than that of Sr2+. The pH and temperature

have no apparent impact on adsorption performance of the PAA/DB18C6/GO under the experimental

conditions. The composite shows excellent reusability with more than 92% removal rate for Sr2+ after

five continuous cycles. In addition, the mechanism of Sr2+ adsorption by PAA/DB18C6/GO was analyzed

by fitting the adsorption data to the theoretical models and XPS data.
1 Introduction

Nuclear power as a clean energy is recently attracting more
attention worldwide to reduce greenhouse gas emission and to
mitigate greenhouse effects.1,2 However, disposing of nuclear
wastes generated during operation remains challenging.3 Sr-90
with a half-life of 28.8 years is one of the highly radioactive
nuclides present in high-level radioactivity nuclear wastes.4,5

Strontium is an alkaline earth metal with properties similar to
those of calcium. Once Sr-90 is released into the environment, it
easily enters the human body through the food chain and
accumulates in the bones, which will continuously harm the
person's health.6,7 Therefore, it is important to develop an
effective material that can efficiently remove Sr-90 from radio-
active wastes.

Many methods have been attempted to remove strontium
ions from solution, such as chemical precipitation,8 solvent
extraction,9,10 membrane separation11,12 and adsorption.13,14

Compared to other methods, adsorption method has a number
of advantages, such as simple operation, high removal effi-
ciency and large treatment capacity.13,15 A variety of strontium
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adsorption materials have been so far developed, including
zeolites,16 graphene,12 silica-titanates,17,18 suldes,19 metal–
organic frameworks,20 and polymers.21 Hydrogel as a common
adsorbent has attracted lots of attention because of its low cost,
easy operation and high adsorption capacity.22 Polyacrylic acid
(PAA) can be prepared as a hydrogel with good adsorption
properties due to the large number of carboxylic acid groups on
the surfaces, so it could be widely used for the treatment of
liquid wastes.23 In addition, hydrogel adsorbents generally have
high swelling rate which increases the contact area with the
solution and can effectively promote the adsorption. Therefore,
polymeric hydrogels usually have good adsorption capacity and
regeneration performance under wide pH conditions.24 The
PAA-based hydrogel materials have been studied for the
removal of metal ions.25,26

Among Sr2+ adsorption materials, crown-ether is one of the
most studied materials due to its unique structure and high
selectivity for Sr2+.27 Crown-ether is a macrocyclic compound
that can form strong complexes with alkali metals or alkaline
earth metals via strong complexation force.28,29 It was found that
18-crown-ether-6 and its derivatives are the most effective
adsorbents in removing Sr2+ as their pore size is in the range
0.26–0.32 nm that is suited to ingress of strontium ion.27,30

Therefore, dibenzo-18-crown-ether-6 (DB18C6) has been used as
a ller in the polymer composite to enhance its selectivity for
Sr2+.31 Meanwhile graphite oxide (GO) has been reported as an
RSC Adv., 2024, 14, 7825–7835 | 7825
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View Article Online
efficient adsorbent due to its high content of oxygen-containing
functional groups, including carboxyl, hydroxyl and epoxy
groups.32,33 In recent years, graphene oxide has been frequently
added to polymeric adsorbents to improve the network struc-
ture and adsorption properties.23,34,35

As crown-ether has a unique heterocyclic structure, if it could
be compounded with PAA and GO, the composite would not
only have the suitable pore size for selectively capturing Sr2+,
but also contain large number of carboxyl and hydroxyl groups
which can increase its adsorption capacity. Therefore, the
composite adsorbent could be a highly efficient material for
treating of radioactive wastes containing strontium radionu-
clides. As a result, in this work, the polyacrylic acid/crown-ether/
graphene oxide hydrogel composites (PAA/DB18C6/GO) were
explored and successfully synthesized by free-radical cross-
linking copolymerization of acrylic acid (AA) monomer in
deionized water using N,N0-methylenebis acrylamide (MBA) as
a cross-linker and potassium persulfate (KPS) as an initiator
with dibenzo-18-crown-ether-6 (DB18C6) and graphene oxide
(GO) as ller. The effects of environmental factors including
contact time, pH, initial Sr2+ concentration and temperature on
the adsorption performance of PAA/DB18C6/GO were investi-
gated in details to evaluate its adsorption capacity and suit-
ability. In addition, desorption and regeneration experiments
were conducted to study its reusability. The adsorption behavior
of Sr2+ was analyzed by adsorption kinetic model and adsorp-
tion isotherm model. All the results suggest that the PAA/
DB18C6/GO could be a prospective adsorbent material for the
removal of Sr2+ from high level radioactivity liquid waste.
2 Experimental
2.1 Material

Acrylic acid (CH2CHCOOH, 99%) was purchased from Shanghai
Macklin Biochemical Technology Company. Potassium persul-
fate (K2S2O8, 99.5%), strontium nitrate (Sr(NO3)2, 99%), sodium
nitrate (NaNO3, 99%), potassium nitrate (KNO3, 99%) and eth-
ylenediaminetetraacetic acid disodium salt dihydrate (C10H14-
N2Na2O8$2H2O, EDTA-2Na, 99%) were purchased from
Shanghai Sinopharm Chemical Reagent Company. Dibenzo-18-
crown-ether-6 (C20H24O6, 98%), diaminodibenzo-18-crown-6
(C20H28O6N2), N,N0-methylenebis acrylamide (C7H10N2O2,
99%), sodium hydroxide (NaOH, 96%) were obtained from
Shanghai Aladdin Biochemical Technology Company. Gra-
phene oxide (C, 97% peelable rate) was obtained from China
Graphene Research Institute. The acrylic acid was puried by
vacuum distillation prior to the experiments, while the other
chemicals were used as received without further purication.
Water used in the experiments was provided by the ultra-pure
water purication equipment (Direct-Q5UV Millipore, 18.2
MU cm @ 25 °C).
2.2 Characterization

Morphology and microstructure of the adsorbents before and
aer adsorption were characterized using the Hitachi SU8010
eld emission scanning electron microscope (SEM). The
7826 | RSC Adv., 2024, 14, 7825–7835
Fourier transform infrared spectroscopy (FT-IR) spectra were
collected on a Bruker Optics Vertex 70 infrared spectrometer in
a scan range from 400 cm−1 to 4000 cm−1. Thermogravimetric
analysis (TGA) was conducted using a Netzsch STA 499F3 type
thermal analyzer in the temperature range from 30 °C to 800 °C
under a nitrogen gas ow to determine thermal stability of the
samples. The elemental composition and electron binding
energies of the composites were characterized by X-ray photo-
electron spectroscopy (XPS) and obtained on a Thermo Fisher
Escalab 250Xi X-ray photoelectron spectrometer. The ion
concentrations in the solutions were measured using the Per-
kinElmer Avio 200 inductively coupled plasma optical emission
spectrometry (ICP-OES).

2.3 Preparation of PAA/DB18C6/GO hydrogel composite

54 mg of DB18C6 was added to 3.6 g of AA monomer under
stirring until completely dissolved. The solution was diluted
using the ultrapure water to obtain the monomer concentration
of 55% in weight, followed by adding an amount of sodium
hydroxide solution (20 wt%) under ice bath conditions to
neutralize the solution. 10 mg of graphene oxide powder and
28.8 mg of MBA were added to the solution that was transferred
to a three-neck ask. Then the ask was evacuated, followed by
bubbling with nitrogen gas to remove the air. Aer the solution
was heated to 45 °C, 21.6 mg of KPS was added to start poly-
merization reaction until the solution became a hydrogel state.
The product was soaked and washed with ultrapure water to
remove the unreacted reactants, followed by drying in a freeze-
dryer for 3 days. The dried product (PAA/DB18C6/GO) was
crushed into pellets using a grinder for adsorption experiments.
The pure PAA hydrogels were also synthesized using the similar
method.

2.4 Absorbency experiments

The absorbency experiments were carried out to investigate the
water absorption capacity of the hydrogel composite. The 10 mg
dried hydrogel samples were immersed in a sufficient amount
of deionized water at room temperature for 48 h to examine
swelling equilibrium of the hydrogel composites.

Swelling rate (SR) of the hydrogel composite can be calcu-
lated using the following eqn (1):

SR ¼ Ws �W0

W0

(1)

whereW0 (mg) andWs (mg) are weights of the hydrogel samples
in the original dried state and the swollen state, respectively.

2.5 Batch adsorption experiments

Batch adsorption experiments of Sr2+ on the PAA/DB18C6/GO
and PAA hydrogel composites were performed in polyethylene
centrifuge tubes. 20 mg of adsorbent was added to 20 ml of the
Sr2+ solution, followed by shaking in an oscillator for 300 min
when the adsorption equilibrium had been reached. The
adsorbent was removed with an injection lter and the
concentration of Sr2+ in the solution before and aer adsorption
was measured using ICP-OES.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this study, the effects of pH, temperature, competing ions,
and Sr2+ concentration on the adsorption performance of PAA/
DB18C6/GO and PAA were carried out. In addition, desorption
experiments of Sr2+ adsorbed on PAA/DB18C6/GO were inves-
tigated using 0.12 mol per L EDTA-2Na solution. Aer each
desorption, the hydrogels were washed again with 1 mol per L
NaOH and deionized water, respectively. Aer regeneration, the
adsorption experiments of the PAA and PAA/DB18C6/GO
hydrogels were repeated under the same conditions for ve
consecutive cycles in terms of adsorption and regeneration.

The equilibrium adsorption capacity (Qe, mg g−1) and
adsorption efficiency (R, %) were used to evaluate the adsorp-
tion performance of the adsorbents, as shown in the following
eqn (2) and (3):

Qe ¼ ðC0 � CeÞ=V
m

(2)

R ¼ C0 � Ce

C0

� 100% (3)

where C0 (mg L−1) and Ce (mg L−1) are the concentration of Sr2+

in the solution at the initial and equilibrium adsorption,
respectively; V (ml) is the volume of the Sr2+ solution; m (mg) is
the mass of the adsorbent used.
Fig. 2 FT-IR spectra of PAA and PAA/DB18C6/GO.
3 Results and discussion
3.1 Structural characterizations

3.1.1 SEMmorphology analysis. Themorphology images of
the PAA and PAA/DB18C6/GO were obtained by scanning elec-
tron microscopy as shown in Fig. 1. A uniform network struc-
ture with a number of pores can be clearly observed in the PAA
hydrogel in Fig. 1(a), which is considered to be macro porous
hydrogel due to the pore diameter in the range 0.1–1 mm.26,36,69,70

Pores in the hydrogel facilitate diffusion of the solution and
improve absorbent properties with fast swelling kinetics.37 The
PAA/DB18C6/GO hydrogel composite in Fig. 1(b) also shows
Fig. 1 SEM images of adsorbents. (a) PAA, (b) PAA/DB18C6/GO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
similar network structure and pores, while the surface with
numerous clavicle-shaped dibenzo-18-crown-ether-6 particles is
rougher than the PAA.38 The rough surface and pores of the
material improve contact of the hydrogel with the solution,
while the network structure maintains the basic properties of
the hydrogel even aer water absorption.24

3.1.2 FT-IR analysis. The chemical components and func-
tional groups of PAA and PAA/DB18C6/GO were characterized
by FT-IR spectra, as shown in Fig. 2. On the FT-IR spectra of
PAA, the 1706 cm−1 peak is ascribed to the stretching vibration
of C]O in the –COOH function group and the 1448 cm−1 peak
to the stretching vibration of –CH2,39,40 while the wide peak at
3647 cm−1 corresponds to the stretching vibration of the –OH
group. As can be seen from the FT-IR of PAA/DB18C6/GO, the
peak at 2949 cm−1 is assigned to the stretching vibration of the –
CH2 group in the crown ether, while the 1685 cm−1 and
1406 cm−1 peaks arise from the antisymmetric and symmetric
stretching vibrations of the –COO− group, respectively. Mean-
while the peak at 1558 cm−1 is attributed to the skeletal
RSC Adv., 2024, 14, 7825–7835 | 7827
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vibration of the aromatic C]C group, which is the main
representative peak of the benzene ring. The 1315 cm−1 and
860 cm−1 peaks are due to the in-plane and out-of-plane
bending vibrations of the –CH2 group, respectively. The
1055 cm−1 peak is assigned to the symmetric stretching vibra-
tion of alicyclic ether C–O–C group.31,41 These FT-IR results
affirm the successful copolymerization of cross-linked PAA
hydrogels with dibenzo-18-crown-ether-6 and graphene oxide.

3.1.3 TGA analysis. The thermal stability of the PAA and
PAA/DB18C6/GO hydrogel materials were measured in the
temperature range of 30–800 °C under nitrogen atmosphere,
and the results are presented in Fig. 3. As for PAA and PAA/
DB18C6/GO, the process of weight loss can be divided into
two main stages. The rst stage of weight loss in the tempera-
ture range from 30 °C to 400 °C is mainly due to the loss of water
molecules in the hydrogel materials, while the second in the
range from 400 °C to 800 °C is attributed to the loss of func-
tional groups within the materials and decomposition of the
polymer. Compared with PAA, the overall weight loss rate of
PAA/DB18C6/GO decreased by 47%, indicating that its thermal
stability has improved. This is likely ascribed to the presence of
more stable crown-ether and graphene as llers in the PAA/
DB18C6/GO hydrogel composite leading to a reduction in
water absorption. Furthermore, there are strong electrostatic
interactions and intermolecular hydrogen bonds between the
functional groups in the ller and PAA, which enhances the
network structure of the hydrogel and thus improves the
thermal stability of the material.35

3.1.4 Absorbency. The swelling weights of the PAA and
PAA/DB18C6/GO hydrogels aer immersed in water for 48 h as
well as the swelling rates are presented in Table 1. Compared to
Fig. 3 TGA curves of PAA and PAA/DB18C6/GO.

Table 1 Absorbency parameters of PAA and PAA/DB18C6/GO
hydrogels

Samples W0 (mg) Ws (mg) SR

PAA 10.2 3386.5 331.01
PAA/DB18C6/GO 10.1 2239.7 220.75

7828 | RSC Adv., 2024, 14, 7825–7835
the pure PAA hydrogel, the swelling rate of 220.75 for PAA/
DB18C6/GO is lower, which is ascribed to dibenzo-18-crown-
ether-6 and graphene oxide being compounded as support
llers.23 However, both of the hydrogel composites demonstrate
strong water absorption capacity, which signicantly promotes
the rapid adsorption for Sr2+ ions.
3.2 Adsorption performance of adsorbents

For an adsorbent material, a number of parameters such as
adsorption equilibrium time, solution pH, adsorbate concen-
tration, environmental temperature and competing ions have
been well known to have signicant impact on its adsorption
performance. Therefore, these parameters were measured
under certain conditions in this study to evaluate the adsorp-
tion performance of PAA and PAA/DB18C6/GO hydrogel adsor-
bents below.

3.2.1 Effect of contact time. Adsorption equilibrium time
represents adsorption kinetics of adsorbate onto an adsorbent
and is thus an important parameter for the adsorbent in prac-
tical application. In this study, the adsorption equilibrium time
for Sr2+ removed by the hydrogel adsorbents was investigated
and the obtained results are presented in Fig. 4(a). The
adsorption rate of the hydrogel adsorbent is very rapid at the
beginning of the process because of the presence of abundant
adsorption sites on the surfaces. With increasing adsorption
time, the removal rate of strontium ions by PAA/DB18C6/GO
increased and reached 85% at about 60 minutes. The adsorp-
tion of Sr2+ by the hydrogel materials reached equilibrium at
300min at an initial strontium ion concentration of 280mg L−1,
with the removal rate of 92.83% for PAA and 95.75% for PAA/
DB18C6/GO. Compared to PAA, PAA/DB18C6/GO is faster to
reach the adsorption equilibrium with a slightly higher removal
rate.25 Therefore, subsequent experiments are performed for
300 min to make sure that the adsorption equilibrium is
reached.

3.2.2 Effect of solution pH. The adsorption performance of
adsorbents is signicantly inuenced by the pH of the solution.
Additionally, Sr2+ exhibit stability under both acidic and alka-
line conditions.60 Therefore, several experiments were per-
formed in this section to investigate the performance of
hydrogels in removing Sr2+ under different pH conditions. The
solution pH was adjusted using 0.1 mol per L sodium hydroxide
and/or 0.1 mol per L nitric acid to obtain the desired value. The
experimental results are shown in Fig. 4(b). Both PAA and PAA/
DB18C6/GO hydrogel materials removed more than 85% of the
Sr2+ ions in the pH range of 3–10. This is ascribed to dissocia-
tion of carboxyl functional groups to a higher degree with
increasing pH, leading to generation of a large number of –

COO−, which serve as adsorption sites for rapid adsorption of
Sr2+ via electrostatic interaction.25 The removal rate of Sr2+ by
PAA/DB18C6/GO hydrogel composite was slightly higher than
that by PAA, which was attributed to dibenzo-18-crown-ether-6
and graphene oxide being compounded to increase the
adsorption sites for Sr2+.20 At pH 2, the adsorption capacity of
the material is relatively low due to the complete protonation of
the carboxyl functional groups of the polymer.40 On the other
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The effects of various factors on Sr2+ adsorption by a-ZrP and ZrP/18C6. (a) Adsorption time. (b) pH in the solution. (c) Initial Sr2+

concentration. (d) Temperature in the solution. (e) Competing ions in solution. (f) Desorption and regeneration.
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hand, the adsorption performance of GO for Sr2+ is better under
alkaline conditions.61 It is shown that the adsorption perfor-
mance of PAA/DB18C6/GO hydrogel composite for Sr2+ is rela-
tively stable in the pH range of 3 to 10. Therefore, this adsorbent
material could have a wide application for treatment of nuclear
liquid wastes.

3.2.3 Effect of Sr2+ concentration. The adsorption capabil-
ities of PAA and PAA/DB18C6/GO hydrogel composites were
investigated at different Sr2+ concentrations, and the results are
presented in Fig. 4(c). As shown in the gure, the equilibrium
adsorption capacities of PAA and PAA/DB18C6/GO for Sr2+ are
similar at the initial Sr2+ concentrations less than 200 mg L−1.
However, when the initial Sr2+ concentration is higher than
© 2024 The Author(s). Published by the Royal Society of Chemistry
200 mg L−1, the rise in equilibrium adsorption capacity of PAA/
DB18C6/GO with increasing Sr2+ concentration is more than
that of PAA. This is ascribed to higher concentration of stron-
tium ions in the solution increasing the probability of the
adsorbent capturing the ions, leading to the increase in
adsorption capacity. Furthermore, the unique structure of
dibenzo-18-crown-ether-6 is highly selective for Sr2+ and thus
improve the adsorption efficiency of PAA/DB18C6/GO.27 There-
fore, when the initial concentration of strontium ions in the
solution was at 772 mg L−1, the equilibrium adsorption
capacities of PAA and PAA/DB18C6/GO for Sr2+ were 347.85 mg
g−1 and 379.35 mg g−1, respectively. As DB18C6 is about 1.5%
(in weight) of PAA in the composite, the equilibrium adsorption
RSC Adv., 2024, 14, 7825–7835 | 7829
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Table 2 Comparison of adsorption capacity of PAA/DB18C6/GO hydrogel for Sr2+ with other adsorbents

Adsorbents
Initial Sr2+ concentration
(mg L−1)

Contact time
(h)

Initial
pH

Maximum adsorption
capacity (mg g−1) Reference

Natural zeolite 10 48 7.9 1.3 16
Amorphous sodium titanates 438.6 96 7 193.93 42
ZrP/18C6 380 6 7 195.74 43
Polyvinyl alcohol–sulfosuccinic acid 200 6 6.0 60.7 44
P(vinylsulphonic acid/2-acryloamido-2-methyl-
1-propanesulphonic acid/magnetic nanoparticles)-
carboxymethylcellulose

400 24 6 330 45

Poly(acrylonitrile–butadiene–styrene) 400 1 7 177 46
Hydroxyapatite/poly(acrylamide–acrylic acid) 50 1 6 53.59 47
Acrylic acid/charcoal/montmorillonite 100 48 9.8 26.68 48
Methacrylic acid cryogels 100 24 6.0 209 25
Poly(N-vinyl imidazole-cl-ethylene
glycol dimethacrylate)

1000 1 7.0 240.96 49

PAA 772 5 7 347.85 This study
PAA/DB18C6/GO 772 5 7 379.35 This study
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capacity of the PAA/DB18C6/GO composite for Sr2+ higher than
the PAA by 1.5% is signicant. Our study66 shows that the
maximum equilibrium adsorption capacity of GO and GO/
DADB18C6 for Sr2+ are 21.62 mg g−1 and 92.21 mg g−1,
respectively when the concentration of Sr2+ in the solution was
190 mg L−1. Romanchuk et al.62 found that the maximum
adsorption capacity of Sr2+ on GO was 23.83 mg g−1. These
results also indicate that addition of DB18C6 in the composite
signicantly enhances the material's adsorption performance
for Sr2+. Table 2 summarizes a number of the Sr2+ adsorbents
with an attention to compare their adsorption capacities. It is
shown that PAA and PAA/DB18C6/GO have higher adsorption
capacities than other polyacrylic acid-based hydrogel adsor-
bents,39 due to high swelling of PAA and the presence of
dibenzo-18-crown-ether-6 and graphene oxide in PAA/DB18C6/
GO providing more adsorption sites for Sr2+.

3.2.4 Effect of temperature. The effect of environmental
temperature on the adsorption performance of PAA and PAA/
DB18C6/GO was investigated in this section and the results
are presented in Fig. 4(d). The environmental temperatures
were set to 25 °C, 35 °C, 45 °C and 60 °C for the adsorption
experiments. The results showed that the adsorption capacities
of PAA and PAA/DB18C6/GO for Sr2+ enhanced slightly with
increase in environmental temperature. It can be concluded
that the environmental temperature has no apparent inuence
on the adsorption performance of PAA and PAA/DB18C6/GO.
Therefore, both the hydrogel materials can work at the wide
temperatures with excellent adsorption performance.

3.2.5 Effect of competing ions. Nuclear wastes are usually
complex and contain a large number of radionuclides andmetal
ions, which arise from nuclear reactions, operation and system
processing. It has been shown that high concentrations of Na+

and K+ in the waste stream can affect the adsorption perfor-
mance of the adsorbent for Sr2+.50 Therefore, a series of exper-
iments were conducted to investigate the adsorption
capabilities of PAA and PAA/DB18C6/GO for Sr2+ in the presence
of competing ions Na+ and K+. In these experiments, the
7830 | RSC Adv., 2024, 14, 7825–7835
strontium ion concentration was maintained at 50 mg L−1, and
Na+ and K+ were set to 50 mg L−1, 100 mg L−1 and 500 mg L−1,
respectively, to study the effect of Na+ and K+ concentrations on
adsorption of Sr2+ on PAA and PAA/DB18C6/GO adsorbents. The
experimental results in Fig. 4(e) show that the removal rate of
Sr2+ by both PAA and PAA/DB18C6/GO decreased with
increasing the Na+ and K+ concentrations. This indicates that
both Na+ and K+ ions can compete with Sr2+ to some degree for
adsorption onto the polyacrylic acid-based adsorbent materials
via electrostatic interaction when present in the solution. As the
interaction between divalent Sr2+ and carboxylate ions in the
adsorption sites is stronger than that between monovalent ions
Na+ and K+ and the carboxylate ions, although the Na+ and K+

concentrations in the solutions were 10 times higher than that
of Sr2+, the removal rates of Sr2+ by PAA and PAA/DB18C6/GO
maintained at high levels with 85.41% and 82.41%, respec-
tively. This indicates that PAA and PAA/DB18C6/GO have
signicantly higher affinity for Sr2+ than for Na+ and K+.47

3.2.6 Recycling. Recycling performance of an adsorbent
should be evaluated for an application in terms of cost and
secondary waste generated during the waste treatment. In this
series of experiments, EDTA-2Na at a concentration of
0.12 mol L−1 was used for desorption experiments and 0.1 mol
per L sodium hydroxide was applied to regenerate the desorbed
hydrogel composites. The effect of PAA and PAA/DB18C6/GO
recycling on Sr2+ adsorption is shown in Fig. 4(f). When the
desorption and regeneration experiments were repeated, the
adsorption capacity started to decrease continuously. Aer ve
cycles of regeneration, the removal rate of PAA and PAA/
DB18C6/GO for Sr2+ are 91.6% and 92.8%, respectively. There-
fore, the hydrogel composites with good reusability can be used
as economic adsorbent materials for the removal of Sr2+ from
radioactive wastewater.

3.3 Adsorption mechanism of Sr2+ onto PAA/DB18C6/GO

3.3.1 Adsorption kinetics study. Although the adsorption
process of an adsorbent is largely governed by a number of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Kinetic model fitting on Sr2+ adsorption by PAA/DB18C6/GO. (a) Pseudo-first order kinetics model. (b) Pseudo-second order kinetics
model.
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parameters, as studied in Section 3.2, it could t into the limited
adsorption kinetic models. In this study, the experimental data
were tted using the pseudo-rst order model51 and the pseudo-
second order model,52 as presented in eqn (4) and (5), respec-
tively, to deeply investigate the adsorption mechanism of PAA/
DB18C6/GO.

ln(Qe − Qt) = lnQe − k1t (4)

t

Qt

¼ 1

k2Qe
2
þ t

Qe

(5)

where Qe (mg g−1) and Qt (mg g−1) are the adsorption capacity of
PAA/DB18C6/GO at adsorption equilibrium and at a certain
Table 3 Kinetic model fitting parameters of Sr2+ adsorption on PAA/DB

Models Pseudo-rst order

Modelling parameters Qe (mg g−1) k1 (min−1) R

Value 97.95 0.0217 0

Fig. 6 Thermodynamics isotherm model fitting curves of Sr2+ adsorpti
Freundlich adsorption isotherm model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorption time, respectively; t (min) is the adsorption time; k1
and k2 are the adsorption rate constants of the pseudo-rst
order and the pseudo-second order kinetic models, respectively.

Fig. 5 presents tting of the adsorption data with the two
kinetic models, and the corresponding tting parameters are
listed in Table 3. Compared to the pseudo-rst order model, the
pseudo-second order kinetic model has a better t to the
adsorption data of Sr2+ on PAA/DB18C6/GO with a correlation
coefficient of 0.9998. In addition, the theoretical equilibrium
adsorption capacity calculated by tting with the pseudo-
second order kinetic model was 261.10 mg g−1, which was
closer to the experimental result of 258.85 mg g−1. Therefore, it
is desirable that adsorption of Sr2+ on PAA/DB18C6/GO
18C6/GO

Pseudo-second order

2 Qe (mg g−1) k2 (g min−1 mg−1) R2

.8617 261.10 0.0010 0.9998

on by PAA/DB18C6/GO. (a) Langmuir adsorption isotherm model. (b)

RSC Adv., 2024, 14, 7825–7835 | 7831
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proceeds with the pseudo-second order model. This implies
that chemisorption plays a vital role in the adsorption
process.53,54 The adsorption kinetics of Sr2+ by PAA/DB18C6/GO
is mainly controlled by the number of the active sites.

3.3.2 Adsorption thermodynamics study. The adsorption
isotherm model is typically used to examine the adsorption
behavior of an adsorbent. In this study, two adsorption
isotherm models: Langmuir55 and Freundlich56 were used to
analyze the experimental data, as expressed in the following eqn
(6) and (7), respectively.

Ce

Qe

¼ 1

kLQm

þ Ce

Qm

(6)

ln Qe ¼ ln kF þ 1

n
ln Ce (7)

where, Ce (mg L−1) is the concentration of Sr2+ in solution at
adsorption equilibrium; Qe (mg g−1) is the adsorption capacity
of the adsorbent at Sr2+ adsorption equilibrium; Qm (mg g−1) is
the saturation adsorption capacity of the adsorbent for Sr2+; kL
(L mg−1) and kF (L mg−1) are the adsorption equilibrium
constants of the Langmuir adsorption isotherm model and
Freundlich adsorption isotherm model, respectively; n is the
heterogeneity factor, which is an adsorption empirical constant
related to the adsorption strength.
Table 4 Isotherm model fitting parameters of Sr2+ adsorption by PAA/D

Models Langmuir

Modelling parameters Qm (mg g−1) kL (L mg−1) R

Value 418.41 0.0281 0

Fig. 7 Schematic chemical structures of polyacrylic acid, dibenzo-18-c
Sr2+.

7832 | RSC Adv., 2024, 14, 7825–7835
Fig. 6 presents tting results of the experimental adsorption
data with the above two models. The corresponding model
tting parameters were summarized in Table 4. The tting
results suggest that the experimental data have a better t to the
Langmuir isotherm model than the Freundlich isotherm model
due to the higher correlation coefficient of 0.99477. This could
be ascribed to more adsorption sites presented on the PAA/
DB18C6/GO hydrogel composite surface due to the presence
of dibenzo-18-crown-ether-6 and graphene oxide in the PAA
hydrogel. Therefore, the adsorption of Sr2+ on the PAA/DB18C6/
GO composite prefers to proceed with a monolayer adsorption
process.31 Furthermore, the extremely high adsorption capacity
of 418.41 mg g−1 obtained by tting indicates that PAA/DB18C6/
GO has a remarkable adsorption potential for the removal of
Sr2+ from the nuclear liquid wastes.

3.3.3 Mechanism study. A schematic of the adsorption
mechanism of the PAA/DB18C6/GO composite for Sr2+ is pre-
sented in Fig. 7. The chemical structures of polyacrylic acid,
dibenzo-18-crown-6 and graphene oxide are presented on top of
the gure to clearly exhibit the functional groups of each
component. PAA contains a large number of carboxyl groups
which can interact with strontium ions through electrostatic
interaction, coordination complex and hydrogen bonding.40,67,68

GO contains many oxygen-containing groups, including
carboxyl and hydroxyl groups at the base and edges, which have
B18C6/GO

Freundlich

2 1/n kF [(mg g−1) (L mg−1)1/n] R2

.99477 0.7227 10.6678 0.87142

rown-6 and graphene oxide and adsorption mechanism diagrams for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS spectra of PAA/DB18C6/GO before and after Sr2+ adsorption. (a) Full scan spectrum. (b) O 1s.
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strong adsorption properties for the metal ions.63–65 The unique
heterocyclic structure of DB18C6 exhibits a high selectivity for
Sr2+. To further investigate the adsorption mechanism of Sr2+

onto the PAA/DB18C6/GO hydrogel composite, the adsorbent
before and aer Sr2+ adsorption was characterized using XPS, as
shown in Fig. 8(a). The XPS spectrum of the PAA/DB18C6/GO
material shows a distinct Sr 3d peak at 133.78 eV aer Sr2+

adsorption,57 which was not observed before the adsorption.
This indicates that the Sr2+ ions have been adsorbed onto PAA/
DB18C6/GO. In addition, the Na 1s peak located at 1071.32 eV
can be seen obviously,42 and its intensity is signicantly reduced
aer Sr2+ adsorption. It is inferred that the sodium ions in PAA/
DB18C6/GO were released from the material due to the sodium
ions being exchanged out for the strontium ions during the
adsorption process.17,42 The O 1s peak in the PAA/DB18C6/GO
material before and aer Sr2+ adsorption was analyzed by the
Gauss–Lorentz method. Fig. 8(b) shows that the O 1s peak is
deconvoluted to four peaks located at 531.04 eV, 532.40 eV,
533.51 eV and 535.60 eV, respectively, which are assigned to –

OH, C–O, C]O and C–O–C, respectively.58 Compared to the
deconvoluted O 1s in the raw material, the intensity of the
C–O–C peak in the adsorbed material is signicantly weaker.
This suggests that the crown ether is involved in the adsorption
process, leading to higher adsorption capacity for the PAA/
DB18C6/GO hydrogel, compared to the PAA.20,59

4 Conclusions

In this work, the novel PAA/DB18C6/GO hydrogel composite was
successfully prepared by free radical cross-linking copolymeri-
zation method and its adsorption properties were investigated
in details to evaluate the application in treating nuclear wastes.
The results show that the PAA/DB18C6/GO adsorbent has an
extremely high adsorption capacity with 379.35 mg g−1 at the
initial Sr2+ concentration of 772 mg L−1, compared to the PAA
hydrogel, due to the unique structure of dibenzo-18-crown-
ether-6 and high swelling. The removal rate of Sr2+ by PAA/
DB18C6/GO was kept at a relatively high value of 85% within
60 min at an initial Sr2+ concentration of 300 mg L−1. The PAA/
© 2024 The Author(s). Published by the Royal Society of Chemistry
DB18C6/GO constantly maintains remarkable adsorption
performance in the wide solution pH range of 3–10 and the
temperature range of 25–60 °C. The composite shows a high
affinity for strontium ions with a removal rate of 82.4% when
the concentrations of competing ions Na+ and K+ in the solution
were 10 times higher than that of Sr2+. The PAA/DB18C6/GO
demonstrates good reusability aer ve continuous desorp-
tion and regeneration cycles as removal rate of more than 92%
for Sr2+ was maintained. Analyses on the experimental data
reveal that the adsorption of Sr2+ onto PAA/DB18C6/GO is
mainly dominated by chemisorption via monolayer mode.
Consequently, PAA/DB18C6/GO is a promising candidate for
the removal of strontium ions from liquid wastes under wide
environmental conditions.
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13 S. İnan, J. Radioanal. Nucl. Chem., 2022, 331, 1137–1154.
14 D. Alby, C. Charnay, M. Heran, B. Prelot and J. Zajac, J.

Hazard. Mater., 2018, 344, 511–530.
15 S. Singh, D. Kapoor, S. Khasnabis, J. Singh and

P. C. Ramamurthy, Environ. Chem. Lett., 2021, 19, 2351–2381.
16 T. Abdollahi, J. Towghi and H. Rezaei-Vahidian, Environ.

Technol. Innovation, 2020, 17, 100592.
17 R. Yi, G. Ye and J. Chen, RSC Adv., 2019, 9, 27242–27249.
18 H. Li, Y. Huang, J. Liu and H. Duan, Chemosphere, 2021, 282,

131046.
19 K. Gupta, B. Yuan, C. Chen, N. Varnakavi and M.-L. Fu,

Chem. Eng. J., 2019, 369, 803–812.
20 C. Guo, M. Yuan, L. He, L. Cheng, X. Wang, N. Shen, F. Ma,

G. Huang and S. Wang, CrystEngComm, 2021, 23, 3349–3355.
21 Md. A. Momen and M. L. Dietz, React. Funct. Polym., 2021,

160, 104829.
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