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Abstract

Radioactive metal ion such as strontium ion, *°Sr?*, has posed severe threats to environments and
humans since the wide application of nuclear power plants around the world, while a rapid
remediation of Sr?>* contaminated water still remains challenging. The current study developed an
economical biomaterial-based hydrogel adsorbent with excellent Sr?>" adsorption performance
achieved by ion-imprinting and abundant thiol groups, which was adaptable as an adsorptive
filtration membrane for efficient and rapid purification of Sr>* polluted water.

The hydrogel was synthesized via a three-step route based on sodium alginate (SA). First, SA was
emulsified and converted via Sr** complexation to hydrogel (SA-Sr); secondly, a thiol-rich
carboxyethyl grafted pentaerythritol tetrakis (thioglycolic acid) ester (PA) synthesized by click
chemistry was used to covalently crosslink the hydrogel (SA-PA-Sr) with abundant thiol groups
simultaneously introduced. Lastly, a Sr**-imprinted adsorbent (SA-PA-H) was obtained via acid
elution of the SA-PA-Sr gel.

The SA-PA-H was demonstrated to exhibit a superior Sr>*adsorption capacity (~151.7 mg/g), a
rapid adsorption kinetics following pseudo-second order with a rate constant of 0.669 g mg™! min-!,

decent selectivity for Sr**, a value ~ 1.14x103 mL g' when adsorbing 10 ppm Sr?* from
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concentrated (100 ppm) solutions of competitive ions (Na* or Mg?*). The good performance was
maintained over a wide range of pH (4-10) and temperature (25-40 °C), and the adsorption
mechanism was attributed to the prevalent Sr?* bindings to thiol groups and Sr?*-imprinted cavities.
Moreover, high elasticity with a storage shear modulus ~ 10 MPa at low strains whilst rapid and
full self-recovery after being repeatedly damaged by large strains of the SA-PA-H were
demonstrated by rheology. This allowed the SA-PA-H to be adapted as a membrane for vacuum
filtration, giving a high removal efficiency (> 99.2%) of Sr>* under a high liquid flux (~ 40 L m™
h). In addition, the adsorbent can be regenerated by acid washing and after four consecutive
adsorption-desorption cycles, the drop in removal efficiency was minor (53.51% to 36.88% for
100 ppm Sr?*). This investigation demonstrated a novel hydrogel adsorbent advantageous in cost,
performance, processability, and sustainability, being applicable for rapid and complete

decontamination of nuclear wastewater via adsorptive membrane filtration.

Keywords lon-imprinting; alginate; strontium; adsorption; thiol; membrane; hydrogel

1 Introduction

YStrontium (*°Sr) is one of the major products of nuclear fission, possessing a long half-life
(28.79 years) with high energy B-decay. Moreover, its cation, i.e. *°Sr?*, is highly soluble in water.
Hence, if released, °°Sr?* poses severe threats to the environment and human bodies.[1] Due to its
similar chemical properties to calcium, Sr*>* is prone to enrich in human bodies, especially in
bones. The good affinity of °°Sr’>* to bones prevents it from being excreted by metabolism like
other poisons. It was demonstrated that people suffered from obvious risks of osteosarcoma, soft
tissue cancer and leukemia when exposed to radioactive *°Sr.[2] With the wide application of
nuclear power around the world, how to treat polluted water containing radioactive ions including
%Sr?* has become an urgent problem. On the other hand, Sr and its derivatives are important metal
materials and have been widely used in ceramics, coatings, electronics and pharmaceutics.[3-7]
Development of efficient approaches to separating and recovering Sr>* from polluted water not
only protects humans and the environment but also generates significant economic benefits.

Researchers have developed several methods to separate metal ions from polluted water, such
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as chemical precipitation,[8] extraction[9], floatation[10, 11], adsorption[11-14] and ion
exchange[15, 16]. The methods have different removal efficiency and application scenes
according to their mechanism. Among them, adsorption is considered to be one of the best ways to
recover Sr** with high efficiency and various adsorptive materials are developed for the
enrichment and separation of Sr>*.[17-21] For example, graphene oxide which has a large specific
surface area and oxygen functional groups is a good candidate for ion adsorption materials. Abu-
Nada reported graphene oxide as a Sr?* adsorbent in the aqueous system, with a maximum
strontium adsorption capacity of 131.4 mg/g achieved.[22] Nevertheless, the traditional adsorbents
for Sr?*, such as polyantimonic acid,[23] sodium titanate[24] and zeolite[25-27], and nanocarbon
materials[28], etc., are often prepared in form of powder with a tiny particle size (mostly in
nanoscale or submicron scale), hence may cause secondary pollution when applied in water since
the separation of the adsorbents are laborious. It is also difficult for the powdery adsorbents to be
shaped to fit purification devices. Even though the adsorbents can be loaded to a matrix to
improve their recovery abilities from water,[29, 30] the adsorption efficiency including maximum
adsorption and adsorption rate generally decreases due to the loss of active adsorption sites. The
relatively high cost of the adsorbent synthesis also limits its massive application. For this reason,
the development of highly efficient, environment-friendly, and economical adsorbents for Sr>* has
attracted growing attention in the water treatment field.

Organic polymers usually have good stability and are easy to be functionalized by
modification of monomer or polymer products. The shape of polymer adsorbent can also be
tailored by various preparation techniques. The advantages have made polymers ideal candidates
for adsorbents. For instance, Huh et al. synthesized a microporous covalent triazine polymer and
loaded magnetite Fe3Os nanoparticles on it.[31] The nanocomposite served as an efficient
adsorbent for the removal of strontium ion (Sr**) from seawater with a maximum adsorption
capacity of 128 mg/g. Wang et al. prepared polyaniline-functionalized porous chitosan grafted by
polyacrylamide bearing sulfonic acid group and used it as Sr?>" adsorbent.[32] The maximum
adsorption capacity was determined to be 88.95 mg/g. However, there are at least two main
drawbacks hampering the wide application of polymer adsorbents. One lies in that the introduction

of functional groups into polymer adsorbent for adsorption often involves extra tedious steps
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during the synthesis of the polymers. Another is that a majority of polymers are known to be hard
to degrade due to their carbon skeleton, that is, the commonly argued issue of the non-
sustainability of plastics. To overcome the problem, bio-based polymer materials such as sodium
alginate (SA) have been adopted as the matrix or the core adsorptive material to prepare
biodegradable ion adsorbents. SA is a bio-derived polysaccharide, possessing the advantages of
abundant sources, low cost, nontoxicity, and biodegradability, etc.[33, 34] SA is an excellent
adsorbent for various metal ions because of abundant carboxylic side groups.[35-39] However,
there is minor ion selectivity of SA towards specific ions like Sr**, which calls for further
modification of SA to meet the requirement for water treatment.

In recent years, ion-imprinting was raised as a prominent technique to construct ion-
responsive materials with selectivity to certain ions.[40] In typical ion-imprinting, the ion was first
introduced as templates to complex with ligand groups in polymers. After the formation of the ion
complex, crosslinking reactions were introduced via other groups on polymers to fabricate stable
networks and fix the relative position of functional groups. By removing metal ions, cavities with
precise shapes, sizes, and charge distribution conformed to the ion are readily created in the
network. The cavities served as identification sites for the ion and thus endowed the polymer
matrix with ion selectivity, which allowed the polymer to serve as an efficient adsorbent for the

specific ion[#!-43

1. As an example of strontium recovery, Deng et al. reported a Sr**-imprinted
alginate microsphere adsorbent,[44] which can successfully separate Sr’* in oilfield water from
other ions with a maximum adsorption capacity of 177.37 mg/g, but its microsphere form and un-
crosslinking structure still make the adsorbent difficult to be recovered and unstable to be re-used.
Incorporating functional group with distinct affinity to the ion into the adsorbent is another
effective strategy to enhance ion selectivity. Based on hard and soft Lewis acids and bases (HSAB)
theory,[45] soft Lewis bases with large radii and highly deformable electron clouds are prone to
combine with soft Lewis acids with similar properties. As a third-period element, sulfur was a soft
Lewis base with a large radius and a thick electron cloud. Therefore, sulfur will preferentially
combine with soft Sr>* instead of other hard ions in a mixture of alkali and alkaline-earth metal

ions including Na*, Mg?*, Ca?*, and Sr?". Taking advantage of the feature, metal sulfides were

demonstrated to be efficient adsorbents for Sr*" and other soft metal ions such as Ba?*, Co?" and
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Ni?*.[46-48] Zhang et al. synthesized Na/Zn/Sn/S (NaZTS) quaternary metal sulfide nanosheets
for efficient adsorption of radioactive strontium ions.[49] NaZTS exhibited ultrafast kinetics with
an equilibrium time of 5 min, a broad active pH range (a removal rate of >98.4%), and a very low
Sr?* desorption (< 0.04%) when employed as Sr?>" adsorbent in aqueous solution. The outstanding
ability of NaZTS to capture Sr** ions was attributed to ion exchange and strong Sr-S bonding
following the HSAB theory. The introduction of sulfur functional groups such as sulfonic
acids[50], sulfonates[51] and thiols[44] to the adsorbent is a promising way to prepare Sr>*-
selective adsorbents. Nevertheless, the traditional sulfur-containing inorganic compounds have
fixed shapes and inherent brittleness, which make them difficult to be shaped and to accommodate
different purification devices.

In this study, both the HSAB strategy and the ion-imprinting strategy were employed to
develop a SA-based hydrogel adsorbent rich in thiol groups and owning Sr?*-imprinted cavities to
enhance the adsorption performance and selectivity. The Sr?*-imprinted cavities were introduced
by first using Sr** to complex the carboxyl groups of SA chains, whereby SA chains were
networked and thus a SA hydrogel (SA-Sr) was produced, and then ion-imprinted cavities can be
obtained if the Sr** were eliminated. However, the elimination of the Sr?* crosslinks would
completely destroy the hydrogel structure. To avoid this, as well as to introduce abundant thiol
groups, a thiol-functionalized tetra-arm carboxylic crosslinker PA was synthesized and used to
covalently crosslink the SA-Sr hydrogel through in situ esterification, before the Sr’>* being
removed by acid elution to obtain a robust Sr>*-imprinted hydrogel (SA-PA-H). The fabrication
and structure characterization of the SA-PA-H hydrogel was fully validated via a series of
techniques, and its adsorption performance of Sr>* was evaluated in terms of isothermal adsorption,
effect of competitive ions, time, pH and temperature, etc. Moreover, the robustness of the SA-PA-
H hydrogel was assessed by rheology, and its application as adsorptive membranes for device

filtration, together with its regeneration potentials were also assessed.

2 Experimental
2.1 Chemicals

Pentaerythritol tetrakis(mercapto acetate) (90%, PET4A), strontium chloride hexahydrate
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(99.5%, SrCl,-6H,0), dioctyl sodium sulfosuccinate sodium (96%, AOT), benzoin dimethyl ether
(99%, DMPA) and sodium alginate (90%, SA) were purchased from Macklin. Acrylic acid (AA, >
99%), concentrated hydrochloric acid (36.0-38.0%), sulfuric acid (95.0-98.0%) and
dichloromethane were purchased from Sinopharm Chemical Reagent Co Ltd. All the reagents

were used as received.

2.2 Synthesis
2.2.1 Synthesis of thiol group-functionalized carboxylic modifier PA

PET4A (6.0076 g, 13.89 mmol), and acrylic acid (2.25 g, 31.2 mmol) were dissolved in 40
mL dichloromethane followed by an addition of DMPA (0.3965 g, 1.547 mmol) as the
photoinitiator. The solution contained in a round flask equipped with a water condenser was stirred
and exposed to continuous UV light (250-420 nm) for 2 h. The reaction (Scheme 1) generated a
mixture of PET4As functionalized with 1, 2, 3, or 4 carboxylic groups. The product was named PA

and used in the following steps without further refinement.

“3\/12 SL/SH Hs\i c)’L/s\/‘\(
OXO . \)OL hv, DMAP 0><:0 -
(o] o] N-"oH (o] o] o
us” Y T su us” r\s’\g{

o] o o] o
PET4A AA PA

Scheme 1. Synthesis of PA from photo-initiated click reaction between PET4A and acrylic acid. A

typical product with two thiol groups participating in the reaction is illustrated.

2.2.2 Preparation of Sr** complexed sodium alginate (SA-Sr) hydrogel

SA (1 g) was dissolved in 100 mL ultrapure water under stirring for 3 h to prepare a
homogenous and viscous SA solution in a flask for further use. AOT surfactant (1.25 g) was
dissolved in 50 mL dichloromethane followed by the addition of 25 mL of the as-prepared SA
aqueous solution (1 wt%). The mixture was ultrasonicated using a Sonic Dismembrator (BILON-
650Y) to prepare a W/O emulsion. Under stirring, 25 mL Sr**(0.5 wt% in water) was added
dropwise and solid hydrogels precipitated from the emulsion. The mixture was stirred for 24 h to

ensure full chelation between SA and Sr?*, which generated an SA-Sr hydrogel. Then the emulsion
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was centrifuged at 1000 rpm for 10 min to collect the hydrogel from the liquid and washed with

ultrapure water repeatedly to remove excess Sr>*.

2.2.3 Fabrication of PA crosslinked and Sr?>*-imprinted composite hydrogel (SA-PA-H)

About 10.0 g of the as-prepared swollen SA-Sr hydrogel (solid content 0.25 g) was re-
dispersed in 20 mL ultrapure water followed by the addition of 20 mL dichloromethane solution of
4.0 g PA. 1.6 mL H>SO4 (0.5 wt%) was added dropwise to catalyze the esterification between the
hydroxyl groups in SA and the carboxyl groups in PA (Figure 1). After stirring for 24 h, the
chemically crosslinked hydrogel, named SA-PA-Sr, was fabricated and washed with ultrapure
water three times and separated by centrifugation at 1000 rpm for 10 min. Thereafter, the Sr**
previously chelated in the hydrogel was removed by dispersing SA-PA-Sr hydrogel in 50 mL
hydrochloric acid (0.5 mol/L). The dispersion was stirred for 24 h and then washed with ultrapure
water 3 times. The composite hydrogel product named SA-PA-H was obtained with a yield of
0.197 g (solid content) and 37.2%, assuming that two monosaccharide units chelating with one
Sr?* was crosslinked by one PA molecules and Sr** was completely removed by acid wash. The
obtained SA-PA-H hydrogels were stored in swollen state in deionized water before use. The

synthesis procedure is illustrated in Figure 1.

4
O,
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Figure 1. Synthesis route of ion-imprinted thiol-functionalized SA-PA-H composite adsorbent
from SA matrix, PA crosslinker and Sr. The synthesis includes three steps: (1) The chelation
between Sr** and carboxylate groups in SA to prepare SA-Sr hydrogels. (2) Acid-catalyzed
esterification between hydroxyl groups in SA-Sr and carboxylic groups in PA to generate thiol-
functionalized cross-linked hydrogels SA-PA-Sr. (3) Preparation of ion-imprinted SA-PA-H
adsorbents by washing the SA-PA-Sr hydrogels with hydrochloride acid solutions to remove
chelated Sr**. The inset image displays the appearance of SA-PA-H hydrogel suspended in pure

water.

2.3 Materials characterization

2.3.1 Nuclear Magnetic Resonance (NMR). NMR spectra were acquired on a Bruker AV 400M
spectrometer. CDCl3; was used as the solvent with tetramethylsilane as the internal reference.

2.3.2 Fourier Transform Infrared (FT-IR). The infrared absorption spectra of samples were
collected on a Nicolet IS50 Fourier transform infrared spectrometer (Thermo Scientific). KBr
tablet methods were applied to samples. Every sample was scanned 32 times with a resolution of 4
cm ! in the range of 400 cm™! to 4000 cm™! and the average infrared signal was adopted.

2.3.3 X-ray Photoelectron Spectroscopy (XPS). The sample chemical bonds were analyzed using
an ESCANLAB Xi* XPS system with a monochromatic Al Ka X-ray source. An electron/ion gun
was used to compensate for charge build-up on the sample during measurement. The XPS peaks
were fitted using the CasaXPS software, and the binding energy was corrected with a reference to
C Is at 284.5 eV.

2.3.4 Field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray
spectroscopy (EDX) mapping. The morphologies of the SA-Sr, SA-PA-Sr, and SA-PA-H samples
were observed with a Hitachi Regulus 8100 cold FE-SEM coupling with EDX. The samples were
sprayed with gold before the observation. The accelerating voltage was 5.0 kV and the current was
10 pA. The Octane Elect Plus X-ray spectrometer (EMAX, USA) in conjunction with SEM was
used to analyze EDX elements mapping of the samples with a current of 10 pA and an
accelerating voltage of 10.0 k'V.

2.3.5 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). The concentration
of Sr** was measured by ICP-OES (Singapore, PerkinElmer) at 407.771 nm as a specific emission

8
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wavelength of Sr?*. Solution samples subjected to the test were the initial Sr**solution and
supernatants collected after adsorption experiments. The concentration of Sr?* was diluted to 0-1
ppm and the solution was filtered with a 0.45 pum filter before the test. The quantification was

done by converting the intensities of the samples according to the standard curve established.

2.4 Sr?* Adsorption
2.4.1 Batch adsorption

All experiments were conducted using polypropylene vials to avoid Si contamination from
the glassware and any potential Sr’>* adsorption onto the glassware, as previously reported.'” The
total volume of liquid used for the adsorption was 5 mL and the solid content of hydrogel
adsorbents in liquid was fixed at 1 g/L throughout all the tests. SrCl, (¥’Sr) was dissolved in
deionized water to simulate radioactive wastewater polluted by °°Sr**. Solutions with Sr**
concentrations varying from 10 ppm to 500 ppm were prepared by diluting a 1000 ppm Sr?* stock
solution. In polypropylene centrifuge tubes, suspension of hydrogel adsorbents in Sr?>* solution
was thoroughly mixed using an orbital shaker at 200 rpm for 24 h to promote the diffusion of Sr?*
into the hydrogel. Then sample tubes were centrifuged at 11,000 rpm for 15 min, and the
supernatant was decanted and passed through a 0.45 um syringe filter. The concentration of Sr?* in
the supernatant and the initial solution was determined by ICP-OES. The concentration was
calibrated using SrCl, solutions of known concentrations (0, 0.1, 0.3, 0.5, 0.8 and 1 ppm) with a
correlation coefficient larger than 0.999 (Figure S1).

The amount of Sr>* adsorbed by the solids, ¢ (mg/g), was determined using the following
equation:

_ (CO _Ce)V
m

e))
where C, and C. are the initial and equilibrium Sr>* concentrations, respectively; V (L) is the
volume of the suspension, and m (g) is the amount of the adsorbent (mass of solid fraction of the
hydrogel).

Adsorption kinetics was measured at room temperature using a fixed initial Sr?>" concentration

(Co = 100 ppm) with a solid-to-liquid ratio of 1 g/L under neural conditions. The concentration of

Sr?* in the solution was measured at adsorption time varying from 10 min to 24 h. For
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investigation of pH dependence, hydrogel adsorbents were tested across a pH range of 2 to 12 with
C, =100 ppm. The pH was adjusted by 1.0 M HCI or 1.0 M NaOH. All other experimental
parameters followed the same procedure described above.

The selectivity of Sr?* in the presence of competitive ions was investigated by suspending 1
g/L hydrogel adsorbents in solutions containing Sr>* (10 ppm) with varying Na" concentrations
(100, 200, 400 and 800 ppm). After the samples were shaken for 24 h, the supernatant was

separated and its Sr>* concentration was determined by ICP-OES.

2.4.2 Desorption of Sr>* and reuse of hydrogel

The regeneration of SA-PA-H hydrogel was investigated. For this, the hydrogel adsorbents
were first subjected to Sr?* adsorption experiment in Sr?* solution (100 ppm) with a solid content
of 1 g/L, orbital shaking at 200 rpm for 12 h to reach saturated adsorption. Then the saturated
adsorbents were fully washed with ultrapure water and submerged in 100 mL hydrochloric acid
(0.5 mol/L) with a solid-to-liquid ratio of 4 g/L for 6 h under stirring to remove the adsorbed Sr>*.
After washing and centrifuging, the regenerated hydrogel adsorbent was collected and added to a
Sr?* solution (100 ppm) again to repeat the adsorption experiment under identical conditions (i.e.
solid content 1g/L, orbital shaking at 200 rpm for 12 h). After the sorption experiments and
centrifugation, the concentration of Sr** in the filtered supernatant was measured by ICP-OES to
determine the adsorption capability of the regenerated adsorbent. The same procedure was
repeated four times to investigate the stability and reusability of the regenerated SA-PA-H

hydrogel as an adsorbent.

2.4.3 Filtration test

Filtration membranes composed of SA-PA-H hydrogel were prepared by depositing the
hydrogel at varying amounts (0.02-0.1 g) on a Nylon 6 filtration membrane with a pore size of 0.2
um held by the sand core in a funnel with an inner diameter of 30 mm. Then the tunnel holding the
SA-PA-H membrane was attached to a suction filter bottle connected to a vacuum pump. Then 100
mL Sr?* (0.78 ppm) solution was added to the tunnel and the pump was turned on to make a

vacuum. By adjusting the pressure in the suction bottle, the Sr>* solution was filtrated through the

10
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membrane driven by a pressure difference across the membrane. After the filtration was completed,
the filtration time was recorded to calculate the flux. The effluents were taken from the suction

bottle and Sr?>* concentrations were determined by ICP-OES.

2.5 Rheology test

Rheological properties of the fabricated hydrogel were measured by an HR-20 stress-
controlled rheometer (TA measurement, USA) with a disposable 25 mm diameter parallel plate.
The geometry gap was set to 1220 um. A strain sweep test was first carried out at an oscillation
frequency () of 1 rad/s, and then frequency sweep tests were performed within a linear
viscoelastic regime with a strain amplitude (y) of 0.5%. To investigate the relaxation/recovery
behavior of the hydrogel in response to an applied shear strain, the hydrogel was subjected to an
oscillation shear with following strain amplitudes and durations (in parentheses) executed in
sequence: 0.1% (300 s), 1000% (300 s), 0.1% (600 s), 1000% (300 s), 0.1% (600 s), 1000% (300

s), 0.1% (1200 s). The temperature was maintained at 25 °C throughout all the measurements.

3 Result and Discussion
3.1 Synthesis and characterization of thiol-functionalized Sr** imprinted SA hydrogels
3.1.1 Synthesis of thiol group-functionalized crosslinker PA

To develop an efficient adsorbent for Sr’>* removal with a high sorption capacity and
selectivity, strategies of Sr?* imprinting and introduction of as many thiol groups as possible to the
adsorbent were considered in the present study based on sodium alginate (SA) hydrogel. To
introduce thiol groups into a SA hydrogel, PET4A owing 4 thiol groups in one molecule was
adopted as a crosslinker of SA via modification with acrylic acid (AA) to gain carboxylic groups
for esterification with SA (Scheme 1). The modification was realized by a one-step thiol-ene click
reaction between thiol groups of PET4A and about 2.2 equivalents of AA, with the product named
PA (Scheme 1). "H NMR spectra of the products and the substrate mixtures dissolved in CDCl3
were compared in Figure 2. In the spectrum of substrates, signals with chemical shifts at 5.95-6.65
ppm were ascribed to alkenyl protons of acrylic acids (HY, H and H®), which disappeared in the

spectrum of PA products indicating a full conversion of acrylic acid. In the spectrum of PA product,

11
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peaks ascribed to methylene protons (H®" and H') near thioester and carboxylic groups at 2.71
ppm and 2.93 ppm respectively are observed. At the same time, the peak at 2.06 ppm ascribed to
thiol groups remained but slightly weakened after the reaction. Using the integral of H* (H*) as an
internal standard, the conversion of the thiol group in PET4A was determined to be 34%. The
results showed that an average of 1.8 thiol groups remained in every modifier/crosslinker PA
molecule in the mixture product. The '"H NMR demonstrated the successful synthesis of thiol- and
carboxylic-functionalized PA, being an ideal crosslinker of SA hydrogel whilst introducing a large

amount of thiol groups to improve the Sr>* sorption capacity of the hydrogel.

¢ o vl , S_sa PET4A + acrylic acid
N IS O
'}' Hs/ﬁg zl/\SH b
d fe Jf
(1] J
. o on product

5 (ppm)
Figure 2. "H NMR spectra of PET4A mixed with 2.2 equiv. acrylic acid (up) and product PA

dissolved in CDCl3 (bottom, *: CH3Cl).

The FTIR spectrum of PA was compared with the spectra of PET4A and acrylic acid as
shown in Figure 3a. In contrast to the evident peak around 1650 cm™! in the AA spectrum, the
characteristic adsorption of C=C disappeared in the IR spectrum of PA, which further validated the
full conversion of acrylic acid. The dispersive adsorption band ascribed to O-H vibration around
3200 cm! increased due to the prevalent carboxylic group and adsorbed moisture in PA. The
adsorption signal at 2574 cm! revealed the presence of the thiol group which was also observed in
the spectrum of PET4A. The FTIR spectra confirmed the synthesis of PA containing essential thiol

groups to provide potential adsorption sites for Sr>* when used to fabricate SA hydrogel adsorbent.
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Figure 3. (a) FTIR spectra of AA, PET4A and PA. The characteristic S-H, C=0 and C=C vibration
adsorption peaks are highlighted by the boxes and an arrow. (b) FTIR spectra of SA, PA, SA-PA-
Sr and SA-PA-H. The characteristic S-H and C=0 vibration adsorption peaks are highlighted by

the boxes.

3.1.2 Fabrication of the thiol-rich and Sr>* imprinted hydrogel SA-PA-H

A three-step route was carried out to fabricate a thiol-rich and Sr?>" imprinted SA-based
hydrogel adsorbent as illustrated in Figure 1. The synthesis procedure has been described in
section 2.2.2 and 2.2.3 in detail. The relatively low yield (37.2%) indicates incomplete reaction
between SA-Sr and PA, that is, the SA-PA-H was far from being fully crosslinked. The unreacted
hydroxyls and pendant chains in the hydrogels assure good hydrophilicity and enough free volume
of the adsorbents for the diffusion of water molecules and Sr?* ions. FTIR was applied to examine
the structures of the prepared SA-PA-Sr and SA-PA-H hydrogels (Figure 3b). In the spectrum of
SA-PA-Sr, there were two carbonyl peaks at 1733 cm™! and 1631 cm™!. The peak at 1631 cm™! was
ascribed to the vibration of C=0 bonds in the carboxyl group, which is confirmed by the spectrum
of SA containing only carboxyl groups rather than ester groups. Meanwhile, the C=0 vibration
peak at 1733 c¢cm™! corresponded to ester carbonyl groups. The characteristic carbonyl absorption
signal was absent in the spectrum of SA but observed in the spectrum of PA which was abundant
with the ester group. The reduction of carboxyl absorption and the co-existence of the ester group
and the carboxyl group suggested partial esterification of SA with PA. The unreacted carboxyl
group was arguably due to the chelation of carboxyl groups with Sr?*, which prevented them from

esterification. The esterification between carboxylic groups and hydroxyl groups was also
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supported by a slightly decreased broad O-H absorption band in the range of 3000-3500 cm™! in
SA-PA-Sr as compared with the spectrum of SA. On the other hand, S-H vibration signals were
clearly observed in SA-PA-Sr indicating the existence of thiol groups in SA-PA-Sr. The FTIR
spectrum demonstrated that SA-PA-Sr has the expected chemical structure. The partial
esterification allowed SA-PA-Sr to be protonated to SA-PA-H as the intact ion-imprinted
crosslinked hydrogel-bearing carboxyl group and thiol group as dual adsorption sites. In contrast,
SA-Sr without covalent crosslinking would lose integrity in hydrochloric acid due to the break of
Sr?* chelation.

Morphologies of SA-Sr, SA-PA-Sr and SA-PA-H were investigated by SEM (Figure 4). As
Figure 4a&b displayed, the SA-Sr hydrogel was a well-defined porous network composed of
layered structures with smooth surfaces. The micron-sized pores were likely to be the result of
water loss from swelled hydrogel during the preparation of SEM samples. SA-PA-Sr was also a
three-dimensional (3D) porous network composed of platelets (Figure 4c&d). However, the
surface of the platelets is rougher and more porous than SA-Sr. The difference in the morphology
could be explained by the modification of hydrogel by esterification crosslinking of SA and PA,
which led to slightly contracted and wrinkled surfaces. After elution with acid, the hydrogel (SA-
PA-H) has a morphology consisting of collapsed agglomerates (Figure 4 e&f). This is because in
the SA-Sr and SA-PA-Sr hydrogels, Sr*>* acted as non-covalent crosslinkers, by complexing with
carboxyl groups from different SA chains, to construct the 3D network structures of the hydrogels,
which were however eliminated during the acid elution. The exchange of Sr*>* by proton largely
reduced the number of the non-covalent crosslinkers, triggering partial agglomerates of the
framework platelets. In spite of this, the SA-PA-H still maintained the form of hydrogel containing
a large content of water (i.e. 94.4%) as demonstrated above. The morphology alternation confirms
the efficient removal of the Sr*>* via acid elution, forming ion-imprinted cavities in the SA-PA-H

as adsorption sites.
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Figure. 4. SEM images of SA-Sr (a-b), SA-PA-Sr (c-d) and SA-PA-H (e-f) samples coated by gold

and observed at different magnifications.

The distribution of Sr, O and S elements in SA-Sr (Figure S2), SA-PA-Sr (Figure S3) and
SA-PA-H (Figure 5) hydrogels were further studied by SEM-EDX to confirm the successful
synthesis of SA-PA-H composite hydrogels with Sr-imprinted moieties. In the EDX elemental
map of SA-Sr (Figure S2), the intensity of S elements was barely stronger than the background
noise. The observed trace amount of sulfur likely stemmed from sulfonic groups in the emulsifier
AOT used during the preparation of SA-Sr hydrogel. After modification by PA, SA-PA-Sr and SA-
PA-H hydrogel showed strong signals of S elements in its EDX elemental map (Figure S3&5),
which indicated successful incorporation of PA along with abundant thiol groups into the
hydrogels. For the Sr element, both EDX elemental maps of SA-Sr and SA-PA-Sr exhibited strong
Sr signals (Figure S2&S3), implying the prevalence of Sr?* adsorbed in the hydrogels. Compared
with SA-Sr and SA-PA-Sr, the intensity of Srelement diminished obviously in the EDX elemental
map of SA-PA-H (Figure 5). The results revealed that the majority of Sr>* chelated in the hydrogel
was removed by washing it with hydrochloric acid. The intensities of O elements remained almost
unchanged through the preparation, suggesting backbones of the hydrogels remained stable. The
EDX elemental mapping validated the successful fabrication of the thiol-rich and ion-imprinted

SA-PA-H hydrogel adsorbent by the three-step protocol.
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Sr Lal

50pm

50pm

Figure. 5. EDX elemental maps along with the SEM image of SA-PA-H showing the distribution

of Sr, O and S in the sample by purple, green and cyan, respectively.

To further reveal the composition and interaction between components (e.g. SA, PA and Sr?")
in the composite hydrogels, XPS spectra (Figure 6) along with high-resolution S2p spectra (Figure
6b) of the hydrogels were investigated. Due to spin-orbital coupling, deconvolution of every
merged S2p peak presented closely coupled peaks ascribed to S2pi,2 and S2p3.» photoelectron lines
(Figure 6b). In the spectrum of SA-Sr hydrogel, the peaks at 169.1 and 167.7 eV can be assigned
to the sulfonate (-SO47) group introduced by trace AOT during preparation. The existence of
sulfonate peaks explained the trace sulfur signal in the EDX mapping of SA-Sr (Figure S2). After
PA was added to SA-Sr followed by esterification, three deconvoluted S2p peaks with different
binding energies at 168.2, 164.6 and 163.4 eV appeared in the XPS spectrum of SA-PA-Sr (Figure
6b). The peaks at 164.6 and 163.4 eV originated from thiol anion S (-S°) chelating with Sr**, and
the peak at 168.2 eV was attributed to protonated thiol group S (-SH) without Sr** bonded, which
overlapped with sulfonate peaks and was too weak to be deconvoluted to S2pi2 and S3ps/ peaks.
The three characteristic peaks were also observed in the XPS spectrum of SA-PA-H (Figure 6b).
However, the ratio between the integral area of the -S- peaks over the area of the -SH peak
decreased in SA-PA-H as compared to SA-PA-Sr, which indicated the dissociation of Sr** from
sulfur and an increased amount of protonated sulfhydryl group. The results demonstrated that PA
successfully modified the SA hydrogel and introduces sulfur sites for Sr>* binding. By washing
with acid, the Sr?>" was partially removed from SA-PA-Sr and the sulfhydryl group was recovered

in SA-PA-H to serve as potential Sr>" adsorption moieties.
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Figure 6. (a) XPS survey spectra of SA-Sr, SA-PA-Sr, SA-PA-H and SA-PA-H after adsorption of
Sr?*. The signals of electrons in O 1s, C 1s and Sr are labeled close to the corresponding peaks,
and the electron signal of S is highlighted by the yellow box. (b) High resolution XPS spectra of S
2p peaks of SA-Sr, SA-PA-Sr, SA-PA-H and SA-PA-H after adsorption of Sr?>*. The S 2p peaks are

deconvoluted to separated peaks labeled with corresponding sulfur-containing groups.

3.2 Hydrogel rheology

The viscoelasticity of the SA-PA-H hydrogel was investigated for its further application as
membrane materials. The swollen hydrogel was subjected to a strain sweep test and a frequency
sweep test at room temperature ( T =25 °C). The results are shown in Figure 7a&b. It is found that
the SA-PA-H is elastic as storage modulus (G”) > loss modulus (G””) at small strain, while yield
beyond a critical strain where y = 4.4% and G’ = G”. The frequency sweep confirmed that the SA-
PA-H is strongly elastic with G’ = 10 kPa, and G’ is larger than G” throughout all shear
frequencies. The elasticity is ascribed to the network structure of SA-PA-H crosslinked by
esterification. Moreover, there would be massive hydrogen bonding formed between ester,

carboxyl, hydroxyl and thiol groups, which can further strengthen the hydrogel.
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Figure 7. (a) G’ and G” of SA-PA-H hydrogel in strain sweep test under oscillation shear at 1 rad/s
frequency. (b) Frequency-dependent G’ and G of SA-PA-H under oscillation shear at a strain
amplitude of 0.5%. (c) Step-strain behavior of SA-PA-H indicating a reversible recovery in G’ and

G” at small strain (0.1%) after yielding at large strain (1000%).

A step-strain experiment was performed to demonstrate the self-recovery ability and the
processability of the SA-PA-H hydrogel (Figure 7c), which was expected to be realized by
reversible dissociation and reformation of non-covalent hydrogen bonds in the hydrogels. The
swollen hydrogel was subjected to an oscillation shear by small strains (0.1%) and large strains
(1000%) alternately and the result is shown in Figure 7c. Initially, the hydrogel was sheared at a
small strain below the yield point, where y = 0.1% at o= 1.0 rad/s. The G’ and G” of the SA-PA-H
are about 13 kPa and 2.4 kPa, respectively, indicating that the hydrogel is in a quasi-solid state. As
the strain increased to 1000% beyond the yield point, G’ and G significantly decreased to ~4.4 Pa
and ~40 Pa (i.e. tan 0 =G"/G’~8.8-9.3), respectively (Figure 7c), indicating the hydrogel was in a
liquid state. Nevertheless, when the strain was decreased to 0.1%, the G’ recovered to 13 kPa
immediately and tan J of the hydrogel decreased to 0.21 at the same time, revealing that the
hydrogel recovered to a quasi-solid state. In the subsequent strain-step alternations, repeated
yielding and recovery of the hydrogel were observed, demonstrating no significant loss in the
viscoelasticity nor a change in the rate of structural reformation of the hydrogel even underwent
repeated large strain deformations. Only a small drop of G’ and G” was observed in the last strain-
step test (4" cycle) due to the loss of water from the hydrogel after long-time measurement (Figure
7¢). The behavior demonstrated that SA-PA-H hydrogel can be readily processed and reshaped
without damaging its mechanical properties thanks to the presence of massive hydrogen bonds
between polymer chains. The robustness with strong elasticity allows us to reshape the fabricated
hydrogel into membrane filtration devices for facile water purification, which will be discussed in

section 3.3.5.

3.3 Strontium adsorption

3.3.1 Isothermal adsorption
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To investigate the ability of the hydrogels to remove radioactive Sr>* from polluted water, we
examined the isothermal adsorption behavior of SA-PA-H and SA-Sr in simulated Sr?* solutions.
The well-known Langmuir model was applied to describe Sr?>* adsorption behaviors, assuming: (i)
surface monolayer sorption, (ii) a finite number of binding sites, (iii) uniform sorption energies,
and (iv) no transmigration of sorbates in the plane of the surface. Adsorption (¢, mg of adsorbate/g
of adsorbent) of Sr?>* by the hydrogels was plotted against equilibrium Sr?>* concentration (Ce, ppm)

in solution as shown in Figure 8a. The adsorption data were fitted by the Langmuir isotherm:

_ bamc,

= 2
1+bC, @

where b is the Langmuir constant related to the affinity coefficient of binding sites (L/mg) and g

is the maximum sorption capacity of Sr>* for the adsorbent.

120
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Figure 8. (a) Sr?* adsorption isotherm with adsorption (g) plotted against the equilibrium
concentration (C.) for SA-PA-H and SA-Sr. The dotted, solid and dashed lines are fittings
according to single-site Langmuir, dual-site Langmuir and Freundlich isotherm models,
respectively; (b) Sr?" adsorption kinetics by SA-PA-H and SA-Sr at Cp = 100 ppm. The dashed and

solid lines are fittings according to PFORE and PSORE, respectively.

As shown in Figure 8a, the adsorption data of both SA-PA-H and SA-Sr can be fitted by
single-site Langmuir isotherm with a decent correlation coefficient (dotted lines, R?> = 0.961 and
0.971, respectively). Table 1 lists the Langmuir fitting parameters, ¢, and b of the hydrogels. As
can be seen, the SA-PA-H had an excellent adsorption capacity with a high ¢, value of 130.0 mg/g.
In contrast, the g, of SA-Sr is much lower (87.9 mg/g) due to that a majority of the sorption sites

(e.g. the carboxyl groups in SA) were already occupied by Sr>*. The adsorption results indicated
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the importance of the Sr>*-imprinted cavities obtained via acid elution of the SA-PA-Sr to remove
pre-complexed Sr** and of the thiol groups introduced by PA in enhancing the Sr?* adsorption

capacity of the SA-PA-H hydrogel.

Table 1. Single-site, dual-site Langmuir and Freundlich isotherm models for Sr’>*adsorption

Sample Langmuir model dual-site Langmuir model Freundlich model
qm b R2 E qmi b] qm2 bZ R2 E Kr n
(mg/g) (L/mg) {(mg/g) (L/mg) (mg/g) (L/mg)  (mg'™
' 1 eLg)

SA-PA-H 130.0 0.02 0.961 520.5 0.98 131.2 0.007 0.991 511.92 0.400 0.989
SA-Sr 87.9 0.01 0.971 :25.7 0.01 622 0.011 0.939 ;6.750 0.427 0.813

Considering that in the SA-PA-Sr hydrogel both the ion-imprinted cavities located at the
carboxyl groups in SA chains and the thiol groups introduced from PA would contribute to the Sr>*
adsorption as different sorption sites with different sorption energies, the dual-site Langmuir

adsorption model was also used to fit the adsorption data:

b1qm1Ce by qm2Ce
1+b,C, 1+b,C,

q= 3)
where the fitting parameters b; and b,, and g.; and g2 represent the affinity coefficients (L/mg)
and the maximum sorption capacity (mg/g) for the two types of sorption sites, respectively.

As shown in Figure 8a (the solid lines) and Table 1, the Dual-site Langmuir model better
described the adsorption behavior of the SA-PA-H with a higher R? (0.991) than the single-site
Langmuir model (0.961). On the other hand, the adsorption data of SA-Sr was poorly fitted by the
dual-site Langmuir model (R? = 0.939), suggesting that the SA-Sr was a single-site adsorbent
(Figure 8a). The fitting results validated the two sorption sites for Sr?* in the SA-PA-H hydrogel,
that is, the thiol group and the ion-imprinted carboxyl group, with a total maximum adsorption
capacity (gm) of 151.7 mg/g. This well meets the purpose of designing the SA-PA-H using ion-
imprinting and thiol-rich strategies to enhance the Sr’>" adsorption performance. The role of the
thiol group was also confirmed by the XPS measurement of the SA-PA-H hydrogel after the
adsorption experiment. The peak ascribed to the thiol group (-SH) diminished while the peaks of
thiol anion (-S°) were amplified when compared to the signal before adsorption (Figure 6b),

confirming the adsorption of Sr>* to the thiol group by forming S*(1/2Sr**) complex.
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The adsorption data are also fitted to the Freundlich isotherm:

q = Krce' “4)
where K is the Freundlich sorption coefficient and 7 is the adsorption intensity [52].

As shown in Figure 8a (dashed lines), the Fredulich isotherm successfully captures the
adsorption behaviors of SA-PA-H (R? = 0.989, Table 1) while it fails to fit the adsorption data of
SA-Sr (R? = 0.813). The Freundlich isotherm describes multilayer adsorption and assumes
exponential decay in the energy distribution of heterogeneous adsorbed sites [52]. The excellent
fitting of the Freundlich isotherm to SA-PA-H adsorption data but not the SA-Sr confirms the
exsitence of more than one type of adsorption sites in SA-PA-H, that is, the carboxylic and thiol
groups. This is consistent with the dual-site Langmuir model, and the values of n are lower than 1,
indicating a nonlinear sorption on the adsorbents.

Moreover, to confirm the essential role of PA in the fabrication of highly efficient adsorbent,
a control sample of Sr’*-imprinted SA hydrogel without PA component, named SA-H, was
prepared by eluting SA-Sr with hydrochloride acid, and its Sr** adsorption performance was
evaluated, with data shown in Figure S4. Since the data failed to be fitted by Langmuir models
(see discussion in the Supporting Information), the comparison of adsorption performance
between SA-H and SA-PA-H, SA-Sr was done at given Ccs. The general trend clearly showed a
worse adsorption capability of the SA-H than SA-PA-H. For example, at C. = 250 ppm, the g of
SA-H was only 48 mg/g, while g of SA-PA-H was ~ 103.9 mg/g. Surprisingly, at a given C., the ¢
of SA-H was even smaller than that of SA-Sr whose carboxyl groups had been chelated with Sr>*.
One possible reason was that during the acid elution, progressive esterification between carboxyl
groups and hydroxyl groups in SA would occur as catalyzed by acid, which can significantly
abolish the adsorption sites of carboxyl groups. In contrast, in the presence of PA, hydroxyl groups
in SA had been consumed by esterification with carboxyl groups from PA. Thus, the carboxyl
groups of SA were kept intact and imprinted by Sr?>* during the acid elution process, potentially
acting as selective adsorption sites for Sr?*. This indicates that PA is an indispensable modifier for

SA to achieve the successful preparation of efficient Sr?*-imprinted adsorbents.

3.3.2 Adsorption kinetics
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Sr?* adsorption kinetics of SA-PA-H and SA-Sr were studied. As shown in Figure 8b, SA-PA-
H adsorbed Sr?* in a very fast manner, with the adsorption equilibrium almost reached in 30 min.
In contrast, Sr>* adsorption of SA-Sr was relatively slow, having the adsorption equilibrium even
not fully reached in the experiment time (12 h). To quantify the adsorption Kkinetics of the
hydrogels, the data were fitted by a pseudo-first order rate equation (PFORE) and a pseudo-second

order rate equation (PSORE):

kq
2.303

log(q. — q¢) = log(q.) — )
t 1 t

- = + — 4-6
¢ k0% de (+6)

where ¢: and g. are adsorbed Sr?* quantities (mg/g) at time ¢ and equilibrium respectively, and k;
and k, are a first order and a second order rate constant, respectively.

The fitting parameters are shown in Table 2. The PSORE fitted the adsorption kinetics of SA-
PA-H very well with R? > 0.99, while the PFORE failed to describe the adsorption kinetics of both
the SA-PA-H and the SA-Sr hydrogels. The possible reason for the preference to the PSORE
kinetics instead of PFORE kinetics is that the adsorption of a single Sr?* is a second order reaction
involving physicochemical interactions between two phases, that is, a Sr>* cation from solution
and a binding group, i.e. carboxylic or thiol group, from solid phase. In the fitting results based on
PSORE, significantly higher k> (0.67 g mg™! min'') and g. (46.9 mg g'') of SA-PA-H than SA-Sr
indicated an excellent adsorption activity of the SA-PA-H. The enhanced adsorption kinetics of the
SA-PA-H were attributed to the multiple sorption sites and the likely promotion by Sr>*-imprinting

and the additional adsorption sites of thiol groups.

Table 2 Fitting parameters of PFORE and PSORE for Sr?* sorption by SA-PA-H and SA-Sr

PSORE PFORE
Sample .
ky (gmg!' min')  ge(mgg') R |k (gmg'min') ge(mgg!) R
IS{A'PA' 0.67 46.9 0.99 0.15 45.1 0.86
SA-Sr 0.03 37.0 091 | 0.02 28.1 0.69

3.3.3 pH and temperature effect
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Polluted water from different resources might have various pH values and the temperature of
the polluted water can also vary depending on the environment. Therefore, it is crucial to study the
stability of the composite hydrogel when used to uptake Sr** in environments of different pH and
temperatures to better guide its practical application in recovering Sr>* from real wastewater.

For pH effect, adsorption experiments were carried out at C, =100 ppm in a pH range from 2
to 12 (Figure 9a). The adsorption behavior of SA-PA-H for Sr** are evaluated by the adsorption
capacity and removal efficiency (£). The filtration efficiency is evaluated by removal efficiency (F)

calculated from equation (7):

Co—Ce
Co

E(%) = X 100% 67)

where C, and C: are initial and equilibrium concentrations of Sr?* measured by ICP-OES.

Over a wide range of pH (4-10), the sorption capacity of SA-PA-H towards Sr** was almost
unchanged with a ¢ ~ 41 mg/g and a removal efficiency around 54%-57%. The SA-PA-H showed
superior stability in solutions with various pH. However, when the solution pH was lowered to 2,
the sorption capacity g dropped to 17.7 mg/g, only ~ 40% of that of the other pH values. The
suppressed adsorption here was owing to the high concentration of H" competing with Sr?* to bind
with carboxyl groups. On the other hand, when suspended in a more basic Sr>* solution with pH of
12, the swollen SA-PA-Hs were observed to degrade into water soluble substances with the
suspension becoming a clear solution. This is likely due to that the base environment catalyzed the
hydrolysis of ester crosslinks in SA-PA-H, resulting in the degradation of the SA-PA-H into water
soluble anionic SA and PA. Therefore, the adsorption of SA-PA-H at more alkaline pH cannot be
evaluated, while the experiment demonstrated a possible way of degradation of the adsorbents
after use.

To further elucidate the effect of H" on SA-PA-H hydrogel, the Zeta potential of the hydrogel
was measured (Figure 7b). When the pH value was greater or equal to 4, the majority of carboxyl
groups in SA-PA-H were deprotonated and existed as carboxy anions, which negatively charged
the surface of the hydrogel with a low Zeta potential around -40.0 mV. As the pH was decreased to
2, the carboxyl groups in the hydrogel were protonated, resulting in an increase of the Zeta
potential to -14.6 mV. The different states of the carboxyl groups revealed by the Zeta potential

measurement demonstrated the important role of carboxy anion as available sites for Sr?>* sorption,
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which could be modulated by pH to realize Sr’>* desorption and regeneration of the SA-PA-H

adsorbent.
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Figure 9. The effect of pH, temperature and competing ions on SA-PA-H and its adsorption. (a)
Sr?* sorption capacity (g) and Sr**removal efficiency at C, = 100 ppm versus pH from 2-10; (b)
pH dependence of the Zeta potential of SA-PA-H versus pH from 2-10; (¢) Sr?* removal efficiency
at C, = 20 ppm versus temperature from 25°C to 40 °C; (d) Distribution coefficient K of Sr** (C,
= 10 ppm) in brine solutions containing Na*, K*, Ca** or Mg?" for SA-PA-H plotted versus
concentration of the competing ions ranging from 200 ppm to 800 ppm. The adsorption of Sr** in

the presence of 800 ppm Ca?" was undetected.

Temperature effect on the adsorption performance of SA-PA-H hydrogel was further studied
by testing Sr>* adsorption behaviors of the SA-PA-H at temperatures from 25 °C to 40 °C (Figure
9¢) in Sr?" solutions with an initial concentration C, = 20 ppm. As shown, for the measured
temperatures, the removal rate of Sr>* by SA-PA-H remained consistent, more than 75%, almost

independent of the temperature. That is, the SA-PA-H hydrogel exhibited good temperature
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stability within the range of 25-40 °C. Based on adsorption data at different temperatures, the
thermodynamics parameters like Gibbs free energy (AG), enthalpy (AH) and entropy (AS°) of

the adsorption can be calculated from the following equations (8-10)[53]:

Ko =4 ®)
AS®  AHC

lTlKa = T — ? 9)

AG® = AH® — TAS° (10)

where K, is the distribution coefficient, which equals to the ratio between adsorption (g) and
equilibrium concentration of the solutes in the solution. R is the gas constant. By plotting InK,
against 1/T, the temperature-dependent adsorption data can be fitted by the Van* Hoff equation
(Figure S5). The AH? and AS° are calculated to be -27.1 kJ/mol and -83.2 J/(mol-K), respectively.
The thermodynamics parameters obtained are listed in Table S2.

As seen in the results (Table S2), the negative AH indicates that the adsorption of Sr** by
SA-PA-H is exothermic, supported by the Sr>* adsorption decline with increased temperature. On
the other hand, the negative AS® shows an entropy reduction during the adsorption of Sr>* by SA-
PA-H, which can be a result of the configuration loss of carboxylic groups and thiol groups after
binding with divalent ion Sr’**. The negative AG° confirms that the adsorption occurs
spontaneously under the tested conditions.

In summary, the adsorption of Sr?* on SA-PA-H adsorbent is a spontaneous and endothermic

process, even being efficient in complicated environments with various temperatures and pH.

3.3.4 Adsorption Mechanism

In sum of the isothermal adsorption, adsorption kinetics and thermodynamics studies, an
adsorption mechanism is proposed. In the suspension of SA-PA-H, the SA-PA-H hydrogel is
swollen by the water molecules with its functional groups hydrated in the medium (Figure 10a).
The Sr** dissolved in the solution exchanges with protons from adsorption-active groups, i.e.,
carboxylic and thiol groups within the ion-imprinted hydrogel. The generated Lewis bases,
carboxylate and thiolate groups, serve as anionic ligands to fix Sr** in the ion-imprinted cavities

whereby a single Sr?* is chelated with two adsorbate groups, which could be two carboxylate
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ligands, two thiolate ligands or a carboxylate ligand along with a thiolate ligand (Figure 10b). The
binding of Sr?** by the thiols to form thiolate species can be demonstrated by the XPS spectrum of
SA-PA-H after adsorption (Figure 6b), where the -SH signals significantly diminished while an
enhanced -S” signal is observed compared to those in the SA-PA-H spectrum. Since the hydrogel is
demonstrated to be homogeneous with carboxylic and thiol groups distributed evenly within the
hydrogel by the EDX maps (Figure 5) and the hydrogel exhibits multilayer adsorption behavior
according to the fitting by the Freundlich model, it is arguably that the Sr>* can be adsorbed by all
the active adsorption groups throughout the fully swollen porous hydrogel, where the diffusion of

Sr 2*is less hindered.

(a)

+
(2]
=
N
+
l:
+
ox)
@

---------- ‘—s@s—,

Figure 10. (a) The chemical structure of SA-PA-H (PA-crosslinked alginic acid) with adsorption-
active carboxylic and thiol groups circled. (b) Ion exchange reaction between Sr?* and protons in
carboxylic and thiol groups. A single Sr?* is bound by two carboxylate ligands, two thiolate

ligands or a carboxylate ligand and a thiolate ligand.

3.3. 5 Competing ion effect
Sodium (Na*), potassium (K*), calcium (Ca?") and magnesium (Mg?") are the most common

competing ions for Sr>* when adsorbents were used in real polluted water. To figure out the
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adsorption selectivity of SA-PA-H towards Sr?*, the hydrogel was dispersed in Sr>* solutions (Co =
10 ppm) containing Na*, K*, Ca®" or Mg?" with varied ion concentrations from 100 to 800 ppm.

Sr?* selectivity was evaluated by the distribution coefficient, Kq:
Co—Co V
Cec m

Kq = (11)

where Co and C. are the initial and equilibrium concentrations of Sr?*, V' is the volume (mL) of the
solution, and m is the mass (g) of the absorbent.

The Sr?* selectivity Ks was plotted against competing ion concentrations (Figure 9d). When
the initial Na* concentration was 100 ppm, K; of SA-PA-H to Sr** was as high as 1.72x103 mL g™
Although the Ky of SA-PA-H gradually decreased as the concentration of Na* was increased, SA-
PA-H still showed a good adsorption selectivity towards Sr?* with a K of 1.97x10%> mL g when
the Na* concentration reached 800 ppm (Figure 9d). The good selectivity to Sr** was also
observed in the presence of K* with K4 decreasing from 4.27x10° mL/g to 1.25x10? mL/g as the
concentration of K* increased from 100 to 800 ppm. Similarly, when the initial Mg?" concentration
was 100 ppm, the Kqtowards Sr>* was 1.14x10° mL g!, which decreased to 2.80 x10> mL g as
the Mg?" concentration reached 800 ppm (Figure 9d). On the other hand, SA-PA-H selectively
adsorbs Sr?* at low concentrations of Ca?" (100-400 ppm) with Kgs from 5.27x10?> mL/g to 50
mL/g. However, when the Ca?" is as high as 800 ppm, the adsorption of Sr** by SA-PA-H is minor.
Since there is a few Sr?* remaining in SA-PA-H after acid wash, the remained Sr’>" may exchange
with Ca?" who is in overwhelming excess in the competing adsorption test. Thus, the adsorption of
Sr?*in the presence of high concentrations (e.g. 800 ppm) of Ca?" was suppressed, which may be
resolved by washing the SA-PA-H hydrogel with acids for more times. All in all, the experiments
demonstrated the decent selectivity of SA-PA-H to Sr>* over most competing ions (Na*, K* and
Mg?") except Ca?" at high concentrations. The selectivity was attributed to the thiol group and the
ion-imprinting involved in the hydrogel. According to the hard and soft acids and bases (HSAB)
principle[45], both strontium and sulfur are ‘soft’ atoms with thick electronic cloud be easy to
deform because of their large atomic numbers. Thus, the thiol group was prone to bind with Sr?*
instead of Na*, K* and Mg?" which are regarded as ‘hard’ cations. Meanwhile, ion-imprinting
created cavities with specific shapes and ligand distribution adapted to the geometry and charge

distribution of Sr?*, acting as ion sieves for Sr**. Since Sr, Ca and Mg are alkaline-earth metal
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elements with the same bivalent charge when presented as cations, the volume of ion-imprinted
cavities was expected to play an essential role in selectively recovering Sr*" from concentrated
Mg?* solutions or diluted Ca?" solutions in light of the size exclusion effect of the cavities. The

two factors contributed together to the good selectivity of SA-PA-H towards Sr>*.

3.3.6 Membrane filtration

Membrane filtration is an advanced technique for desalination and water purification with several
advantages such as low cost, facile operation and ready portability.[54-56] The rheological study
in section 3.2 has demonstrated that the SA-PA-H hydrogel was recoverable after large
deformation, which enables SA-PA-H to accommodate certain shapes for device filtrations. A
simple vacuum membrane filtration device was established by depositing swollen SA-PA-H
hydrogels onto the sand core in a suction funnel equipped with a suction bottle (Figure 10a). The
adsorption efficiency of the SA-PA-H membrane was investigated under vacuum filtration
conditions, where 100 mL Sr?* solution with a Co of 1 ppm passed through the membrane driven
by vacuum.

After the filtration, a trace amount of Sr>* was detected in the effluent in all the conditions
(Figure S6), and the ion was removed completely after filtration by SA-PA-H membrane in all the
conditions with extremely high removal efficiency (> 99.2%) (Figure 10b&c), which revealed the
excellent adsorption efficiency of SA-PA-H in fast water purification. Varying the mass of SA-PA-
H fabricating the membrane did not affect the removal efficiency of the membrane, and a
complete removal (> 99.99%) of Sr>* was achieved with only 0.025 g SA-PA-H (Figure 10b). An
increased mass of SA-PA-H to 0.1 g decreased the water flux from 36.0 L m?2 h'! to 6.6 L m? h!
because of augmented resistance due to the thicker membrane. When the trans-membrane pressure
was raised from 0.025 MPa to 0.1 MPa (Figure 10c), the flux increased accordingly from 9.6 L m
2h' to 16.4 L m™ h'! while the removal efficiency remained unimpaired (> 99.2%). The flux can
be readily regulated to produce pure water at desired rates without risks of unexpected percolation
of solutes. The excellent membrane filtration performance is undoubtedly ascribed to the large
adsorption capacity and the fast adsorption equilibrium of the SA-PA-H. Moreover, after the

filtration the SA-PA-H membrane can be recovered from the suction funnel entirely and after
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drying in the air it maintained as a free-standing membrane that can be bent elastically (Figure
10a). The good mechanical property in the dry state grants SA-PA-H great potential in fabricating

portable and disposable membranes for transportation and large-scale application.
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Figure 11. (a) Device consisted of a filtration funnel for vacuum membrane filtration and external
appearance of a dried SA-PA-H membrane fabricated in its plat and bent forms. (b) Variation of
solution flux (square, left axis) and removal efficiency (circle, right axis) as a function of
membrane mass ranging from 0.02 to 0.1 g in membrane filtration experiments. (c) Variation of
solution flux (square, left axis) and removal efficiency (circle, right axis) as a function of trans-

membrane pressure ranging from 0.02 to 0.1 MPa in membrane filtration experiments.

3.3.7 Recyclability

Adsorption and desorption of Sr’* are essential to the service life of adsorbents. An
economical and environment friendly adsorbent is expected to have good recyclability and
stability. To assess the recyclability and stability of the SA-PA-H adsorbent, Sr** was removed
from the saturated adsorbent by hydrochloric acid to recover sorption sites after one batch
adsorption experiment. Then the regenerated adsorbent was subject to a new adsorption
experiment with the same initial Sr>* concentration (Co = 100 ppm). In every adsorption cycle,
adsorption efficiency (E) was calculated by equation (7).

As Figure 11 shows, the E of freshly-prepared SA-PA-H was 53.51% and the adsorption
capacity (¢) was 51.8 mg/g. In the first, second, third and fourth desorption-adsorption cycle, £ of
regenerated adsorbents dropped slightly to 47.83%, 46.28%, 36.88% and 35.22%, respectively.
The attenuation of adsorption efficiency was only about 10%-20% in every regeneration taking the
hydrogel in the last cycle as the reference, indicating decent stability of the hydrogel. Since there

was an unavoidable loss of SA-PA-H hydrogel content during the recycling involving
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centrifugation, the actual recycle efficiency was expected to be higher than the experimental
values. The loss of adsorption capacity may also be attributed to the deterioration of adsorption
sites resulting from the acid-catalyzed esterification between hydroxyl and carboxylic groups
during acid wash in the regeneration step. The results showed that through washing with acids SA-
PA-H adsorbent could be regenerated conveniently. In the meantime, protonation of the hydrogels
released the adsorbed Sr?* into the acid solutions, which enables an efficient separation of Sr?*
from the contaminated water. The robustness allowed SA-PA-H to serve as a recyclable and

environment friendly adsorbent to recover Sr?* from polluted water with little waste and reagent

contamination.
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Figure 12. Sr** adsorption capacity and adsorption efficiency (E) of SA-PA-H hydrogel in batch
adsorption experiments with an initial Sr>* concentration of 100 ppm as a function of regeneration
time. The SA-PA-H used was regenerated by washing the adsorbents with 100 mL 0.5 mol/L

hydrochloric acid.

3.3.8 Comparison of adsorption performance

Table 3 compares the as-developed SA-based adsorbent with other reported absorbents. As
shown, the SA-PA-H hydrogel is among the most effective Sr>* adsorbents in terms of maximum
adsorption capacity. Moreover, the SA-PA-H adsorbent can reach adsorption equilibrium by a fast
uptake kinetics and it is also sufficiently flexible to be shaped or loaded to fit different devices.

These features enabled its application in continuous water purification processes such as column
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filtration and membrane filtration, where the contact time between contaminated water and the
adsorbent is very limited that the adsorbents with slow uptake kinetics fail to achieve good
purification. Although there are adsorbents having significantly high adsorption capacity and short
equilibrium time, they are mostly in form of powder, difficult to be applied in real water treatment
because of their low availability to be fitted into common purification devices and the difficulties
of post-treatment after adsorption (e.g. easily causing secondary pollution). Taking advantage of
excellent adsorption efficiency, good selectivity, good pH stability and outstanding modality, SA-

PA-H is a promising adsorbent candidate for real water treatment.
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772 Table 3 Comparison of the adsorbent developed in this work with other Sr?>* adsorbents reported.

Adsorbent State Qmax Equilibrium pH range Reference
(mg/g)  (min)

Na Titanate powder 49.6 60 3-10 [24]

polyantimonic acid- powder 49 500 n. a. [23]

polyacrylonitrile (PAA-PAN)

Graphene oxide (GO) powder 131.4 20 3-11 [22]

Covalent triazine polymer— powder 128 200 7-14 [31]

Fe304 (CTP-Fe304)

layered vanadosilicate (SGU-  powder 109 10 3-13 [57]

7)

NaxSn3S7(NaTS) powder 80.0 1 3-13 [46]

K1.87ZnSn1.63Ss5.30 (KZTS) powder 19.3 1 3-11 [47]

NasZns5Sn3.5S13-6H20 powder 40.40 5 3-12 [49]

(NaZTS)

Impregnated nano-zeolite powder 350 30 7-10 [26]

(NAASMS-Z)

K»SbsS7-2H,0 (SbS-1K) powder 61.1 40 4-11 [58]

Thioglycolic acid-modified microsphere 177.37 180 4-8 [44]

alginate sodium (SA-TGA)

metakaolin/slag-based zeolite ~ microsphere 54.90 30 4-8 [59]

(M/SZMs)

Chitosan Fiber and 20.0 200 3-7 [60]
microsphere

Graphene oxide/Nickel-metal- membrane 72 >500 n.a. [61]

organic framework composite

(GO/Ni-MOF)

Bacterial cellulose membrane  membrane 44.86 600 n.a. [30]

modified with

ethylenediaminetetraacetic

acid (BCM@APTES-EDTA)

SA-PA-H moldable 151.7 30 4-10 This
hydrogel work

773
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4 Conclusion

A Sr**-imprinted and thiol-functionalized hydrogel based on SA (i.e. SA-PA-H) was successfully
synthesized and used to selectively adsorb Sr’>* from contaminated water. The synthesis of
hydrogel involved three steps including the formation of SA hydrogel in emulsion via
complexation with Sr?*, crosslinking of the alginate gels via esterification with thiol-
functionalized tetra-arm carboxylic acids (PA), and lastly activation by acid elution to form Sr?*-
imprinted cavities. The synthesis route was verified by a series of techniques including NMR,
FTIR, XPS and SEM, etc.

The incorporation of abundant thiol groups and the imprinted cavities with predetermined sizes
endow the prepared SA-PA-H hydrogel with an excellent adsorption ability and decent selectivity
towards Sr?* within a wide range of pH (4-10) and temperature (25-40 °C). The adsorption process
followed second-order kinetics at an adsorption rate constant of 0.669 g mg' min!. The
isothermal adsorption behavior can be well described by the dual-site Langmuir model with a
maximum adsorption capacity of 151.7 mg g!. The Sr** binding to thiol and carboxyl groups has
been confirmed to be the two main adsorption mechanisms. The selectivity was validated by that
the existence of competing ions such as Mg?", K" and Na" hardly weakened the adsorption
efficiency of SA-PA-H to Sr**, having a K4 greater than 1.97x10> mL/g obtained even at high
competing ion concentrations.

Rheological investigation reveals that SA-PA-H hydrogel can self-recover after being damaged by
large strains. The hydrogel can be easily fabricated into membranes for Sr?>* separation with high
removal efficiency (> 99.2%) within a wide range of liquid flux. The SA-PA-H adsorbent can be
readily regenerated by washing with HCI solutions and the regenerated adsorbents possess
comparable adsorption capability as the pristine hydrogel. The research developed a facile way to
fabricate alginate-based hydrogel adsorbent for selective Sr*>* separation. Thanks to its outstanding
adsorption capability and good mechanical properties, SA-PA-H is promising in strontium

recovery for contaminated water treatment.
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