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a b s t r a c t
Selective Cs+ sequestration from nuclear water waste is an important pre-concentration step prior to 
long-term storage. However, material development had so far been limited to calixarene-based sor-
bents. Herein, new types of epoxy resins were prepared and screened for Cs+ capture in highly acidic 
(3 M HNO3) simulated high-level liquid waste (HLLW). The resins were synthesized using bis-ep-
oxides as the major binding component for Cs+ and diamines as curing agents. The effects of differ-
ent bis-epoxides and diamines on the selectivity and capacity for Cs+ were identified and explained. 
Results reveal that the most Cs+-selective resin is prepared from a bis-epoxide whose oxygen and 
sulfur donor atoms are in ortho position to a central benzene moiety that is cured with diamino-
propane (resin BE2-Ep). BE2-Ep is a yellow glassy resin that is thermally stable and mechanically 
tough in an acidic medium. It registers a maximum capacity of 1.004 mmol g–1 (133.5 mg g–1) which 
is higher than that of known Cs+ sorbents used in highly acidic media. BE2-Ep is most selective 
towards Cs+, rejecting other competing metal ions in simulated HLLW. BE2-Ep is one of the very few 
Cs+-selective sorbents that can be applied in HLLW for the long-term storage of radioactive wastes.

Keywords:  Adsorption; Cesium removal; Cross-linked sorbent; Epoxy resin; High-level liquid waste; 
Selective sequestration

1. Introduction

The nuclear power industry which supplies 10% of the 
world’s electricity has continued to grow despite concerns 
about radioactive material release to the environment [1–3]. 
Management of radioactive or high-level liquid wastes 
(HLLW) containing Cs137, a fission product generated in 
great quantities, remains a big challenge. Cs137 has a half-life 
~ 30 y and decays via beta and gamma-ray emissions. Thus, 
the most common treatment for HLLW with Cs+ is through 
natural decay to reduce its radioactivity to background 

levels [4,5]. Moreover, because of the high environmen-
tal mobility of Cs+, it must be confined in customized ves-
sels to prevent its accidental release [6,7]. Practical consid-
erations dictate that Cs+ must be concentrated in suitable 
adsorbents prior to long-term storage [8].

The sequestration of Cs+ via adsorption had been the 
focus of many studies since it complements the waste solid-
ification step before the concentrated radioactive waste 
is stored [4]. However, most studies have dealt with the 
treatment of contaminated surface waters and very few 
have reported on adsorptive Cs+ sequestration from HLLW. 
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HLLW contains a variety of interfering metal ions which 
undermines selective sequestration of Cs+ and contains high  
concentrations of oxidizing acid (~3 M HNO3) which 
adversely affects the sequestration capacity of adsorbents.

Prussian blue [9,10], zeolites [5,11], layered metal sul-
fides [12,13] and Cs+-imprinted polymers [14–16] have so far 
been employed as sorbents at mildly acidic to near neutral 
pH conditions since these materials either deteriorate or 
lose their performance in strong acid. Very few have been 
employed to treat acidic HLLW, and so far these sorbents 
have been prepared only with calixarenes or its derivatives 
via impregnation in macroporous silica [7,17,18] or poly-
meric resin [19,20] or grafting onto mesoporous carbon 
[21]. Unfortunately, sorbents prepared via impregnation 
of calixarenes in supports register low adsorption capac-
ities (0.21 mmol g–1) and exhibit ligand loss. Meanwhile, 
the capacity of grafted calixarenes on support is limited 
by its loading [20]. So far, the most promising sorbent is 
calix[4]arene-crown-6 grafted on mesoporous carbon with 
an adsorption capacity of 0.96 mmol g–1 at 3 M HNO3 [21]. 
Thus, if the requirement for support is eliminated, higher 
adsorption capacities can be achieved. Moreover, consid-
ering the low availability, high cost and difficult synthesis 
of calixarenes, the development of other sorbents which do 
not require solid supports could address these limitations.

Amine-cured epoxides produce chemically-resistant 
crosslinked macromolecules as resins [22], allowing them 
to withstand highly acidic conditions. These materials pos-
sess excellent properties making them useful in many engi-
neering applications [23,24]. Meanwhile, their preparation 
and use as adsorbents had rarely been studied. Unlike most 
organic sorbents intended for HLLW, polymeric epoxy res-
ins do not require immobilization onto solid supports, thus, 
high sorption capacities may be achieved. Also, epoxy res-
ins are dense solids that separate easily from the bulk liq-
uid phase, eliminating the need for elaborate sorbent 
recovery steps prior to storage.

In this study, a new class of sorbents for the sequestra-
tion of Cs+ in HLLW is presented. Three types of low molec-
ular weight oxygen- and sulfur-bearing bis-epoxides (BE) 
as binding sites for Cs+ were reacted with aliphatic diamine 
curing agents to obtain highly crosslinked epoxy resins 
as Cs+ adsorbents. The effects of diamine linker length, BE 
structure, and complexing atom were correlated with their 
adsorption performance particularly in terms of their capac-
ity and selectivity for Cs+ in simulated HLLW. Finally, the 
adsorption behavior of the most Cs+-selective epoxy resin 
was evaluated. This is the first report on epoxy resins with 
innate selectivity and capacity for Cs+ in highly acidic HLLW.

2. Experimental

2.1. Materials

Commercially available bis-epoxide (BE) 1,4-cyclo-
hexanedimethanol diglycidyl ether (technical grade) was 
purchased from Sigma-Aldrich (MO, USA) whereas BEs 
1,2-bis(oxiran-2-ylmethoxy)benzene] and 2-(((2-(oxiran-2-yl-
methoxy)phenyl)thio)methyl)oxirane were synthesized 
according to previous reports [25,26] described in the 
Supplementary Information. Ethylenediamine (99+ %, extra 

pure), catechol (99+ %), and thiourea (99+ %) were manufac-
tured by Acros Organics (USA) while 1,3-diaminopropane 
(98%) and epichlorohydrin (99%) were produced by Alfa 
Aesar (Germany). Dimethyl sulfoxide (99.9% DMSO) was 
manufactured by Fisher Scientific (UK). Methanol (99.5% 
MeOH) and hydrochloric acid (>36% RHM grade HCl) were 
purchased from Samchun Chemical Co., Ltd., (Korea). Nitric 
acid (70% RHM grade HNO3) was manufactured by DaeJung 
Chemicals and Metals (Korea). High purity metal chlo-
ride salts (CsCl, SrCl2, NaCl, BaCl2·2H2O) were purchased 
from Alfa Aesar (Korea). High purity metal salts RbCl and 
Cr(NO3)3·9H2O were purchased from Sigma-Aldrich (MO, 
USA) while Ni(NO3)2·6H2O was purchased from DaeJung 
Chemicals and Metals (Korea). Deionized (DI) water 
(18.2 mΩ cm–1 at 25°C) was processed through a Millipore 
Milli-Q system.

2.2. Synthesis and processing of amine-cured epoxy resin sorbents

Epoxy resins were prepared using different BEs and 
diamines. For convenience, the BEs were labeled as fol-
lows: BE1 for [1,2-bis(oxiran-2-ylmethoxy)benzene], BE2 for 
[2-(((2-(oxiran-2-ylmethoxy)phenyl)thio)methyl)oxirane], 
and BE3 for [1,4-cyclohexanedimethanol diglycidyl ether] 
(Fig. 1a).

The amount of solvent (DMSO) relative to the amount 
of BE influenced the solidity of the final product. For this 
reason, initial tuning of the BE to solvent (BEn/DMSO) 
weight ratio was performed to obtain solid resins which 
are amenable to subsequent size reduction procedures 
(Table S1). The curing procedure was performed by trans-
ferring the desired amount of BE, diamine and DMSO in 
a glass tube (Fig. 1b). The vessel was sealed and the mate-
rials were vortex-mixed for 2 min, and then sonicated for 
another 2 min. The vessel was transferred to an oil bath set 
at 80°C where the materials were allowed to react for 1 h. 
Thereafter, the temperature was raised to 150°C and main-
tained for 4 h to complete the curing process. Solid resins 
were crushed and washed multiple times with methanol to 
remove excess reagents and solvent, and then dried under 
vacuum at 60°C for 12 h. Dried resins were further ground, 
sieved (500 µm), and then washed in 2 M HCl for 24 h at 
300 rpm to remove pre-adsorbed metal ions. Thereafter, 
the granules were washed thoroughly with DI water until 
the washing registered a neutral pH, and then washed 
further with acetone. Final epoxy resin adsorbents were 
obtained after vacuum drying at 60°C for 12 h.

2.3. Sorbent evaluation and screening

The epoxy resins were screened for their adsorption 
performance both in terms of capacity and selectivity using 
simulated HLLW from spent nuclear fuel processing con-
taining Na+ (66.04 mM), Cr3+ (4.96 mM), Ni2+ (4.52 mM), Rb+ 
(5.01 mM), Sr2+ (8.50 mM), Cs+ (19.50) and Ba2+ (11.89 mM) 
in 3 M HNO3 [27]. The adsorption process involved add-
ing a measured amount of resin (m) in simulated HLLW 
with known volume (V) at a solid to liquid (S/L) ratio of 0.5 
(mg mL–1). The samples were mixed at 300 rpm and equili-
brated for 12 h at 30oC. Thereafter, aliquots of liquid samples 
were obtained and passed through a 0.2 µm syringe filter, 
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and then acid-digested using a microwave oven (MARS-5 
CEM, USA). The concentrations of metal ions in the feed 
(C0) and after adsorption runs (Ce) were determined by 
inductively coupled plasma mass spectroscopy (ICP-MS 
Agilent 7500 series, USA). The adsorption capacity (Q) for 
each metal ion was calculated using Eq. (1) whereas the dis-
tribution coefficients (KD) were estimated using Eq. (2). The 
selectivity (a) of the resin towards Cs+ versus other metal 
ions was determined using Eq. (3).
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The effect of diamine curing agent was investigated in 
BE1 wherein the Q and a of the resin cured with ethylene-
diamine (BE1-Ep-Et) were compared with that cured with 
diaminopropane (BE1-Ep-Pr). Meanwhile, the effect of BE 
reactive arm opening was observed by comparing the Q 
and a of resins containing BE1 and BE3. Lastly, the effect of 
coordinating donor atoms was examined by comparing the 
performance of resins containing BE1 and BE2.

2.4. Adsorption experiments

The most Cs+-selective epoxy resin (BE2-Ep) was subjected 
to further experiments to determine its Cs+-adsorption iso-
therm, kinetic, and thermodynamic behaviors. Equilibrium 
isotherm runs were carried out using different initial Cs+ con-
centrations (65–1,340 mg L–1) in 3 M HNO3 for 12 h to obtain 
its maximum adsorption capacity (Qmax). Adsorption time 
profile using BE2-Ep was also acquired at C0 = 570 mg L–1 in 
3 M HNO3 to determine the kinetics of Cs+ adsorption. For 
samples in the kinetic study, aliquots from batch adsorp-
tion setups were collected individually to determine the Cs+ 
concentration (Ct) and capacity (Qt) at a certain adsorption 
time (t) using Eq. (4). Experiments for the thermodynamics 
of adsorption were performed using C0 = 1330 mg L–1 Cs+ 
in 3 M HNO3 for 12 h. All runs were conducted at S/L = 0.5, 
300 rpm, and 30°C except for the thermodynamics exper-
iments wherein adsorption runs were carried out at varied 
temperatures (40°C, 50°C, and 60°C).

Q
C C V
mt

t�
�� �0  (4)

2.5. Sorbent characterization

A series of characterization techniques were performed 
on the most suitable resin to further investigate and correlate 
its properties with its Cs+ uptake performance. Functional 
groups of synthesized materials were identified via Fourier 

 

Fig. 1. (a) Bis-epoxides used as main binding sites for Cs+ and (b) general procedure for the synthesis of crude epoxy resins.
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transform infrared spectroscopy (FTIR) analysis (Thermo 
Scientific, Nicolet 4 iS5). Thermogravimetric analysis and dif-
ferential scanning calorimetry were performed using a TGA-
DSC unit (Mettler Toledo DSC 3, Australia). Surface morphol-
ogy imaging and elemental mapping were carried out using 
a scanning electron microscope equipped with an energy- 
dispersive X-ray spectrometer (SEM-EDX, Hitachi S-3500N, 
Japan). Epoxy resin density was measured in water using a 
25 mL pycnometer with a thermometer (Witeg, Germany) at 
25°C equilibrated for 24 h prior to measurements. Swelling 
behavior was evaluated in terms of water uptake. The water 
uptake was gravimetrically estimated using Eq. (5) where 
w1 is the dry weight of the epoxy resin and w2 is its weight 
after soaking for 1 h in water [28].
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3. Results and discussion

3.1. Fabrication of epoxy resins

The chemical structures of synthesized bis-epoxides BE1 
and BE2 were confirmed by FTIR analysis (Fig. S1) whereas 
commercially available BE3 was used directly without fur-
ther purification. All resins were formed by controlling the 
ratio of the BE component and the solvent DMSO (Table S1). 
When DMSO was added at higher portion (i.e. lower BEn/
DMSO ratio), the reactants either remained in liquid form 
or produced gel-type/soft solids. This implies that the abil-
ity of the diamines and BEs to crosslink is influenced by the 
amount of solvent. Gel-type and soft solid resins were dis-
carded as they could swell and physically disintegrate when 
applied as sorbents.

Increasing the BEn/DMSO ratio was more favorable 
to resin formation as the components reacted sufficiently, 
generating the desired linkages and producing the needed 
mechanical toughness as solid adsorbents. All resins were 
successfully formed at BEn/DMSO ratio (wt/wt) = 1.25 except 
for BE2-Ep which was obtained at 0.83 (Fig. 2a). The colors 

of the resins were affected by the type of BE used: those 
produced from BE1 were amber, from BE2 light yellow 
and from BE3 golden brown (Fig. 2a). The resins swell in 
water at different degrees based on water uptake measure-
ments: BE1-Ep by 34.55%, BE2-Ep by 36.11% and BE3-Ep by 
162.53%. These results suggest that the resins are hydrophilic 
and that two resins (BE1-Ep and BE2-Ep) prepared from two 
structurally-similar bis-epoxides swell minimally in water 
(Fig. 2b). These resins were directly tested in adsorption 
runs to select the most suitable adsorbent for Cs+ in terms 
of capacity and selectivity using simulated HLLW feed in  
3 M HNO3.

3.2. Proposed mechanism of adsorption of Cs+ to the epoxy resins

The sequestration mechanism of Cs+ by epoxy resins 
prepared in this study can be ascribed mainly to electro-
static interactions with negatively charged moieties such as 
O and S atoms. The selectivity of the resins toward Cs+ in 
the presence of other metal ions can be achieved by exploit-
ing its physical and chemical properties. These properties 
include (1) having the largest ionic radius (1.81 Å) among 
metal ions in the target aqueous media; (2) having the low-
est Gibb’s free energy of dehydration (250 kJ mol–1), which 
means that it is easiest to be freed from surrounding water 
molecules and acquire a bare or partially naked form which 
is often necessary for complex formation with ligands; 
and (3) being relatively softer than the other alkali metal 
ions (e.g. Na+, K+) which are usually its main interfering 
ions [29,30]. Size-induced selectivity might be exploited by 
using ligands that possess relatively large and wide coor-
dination regions so that a large ion like Cs+ can be conve-
niently accommodated while smaller interfering ions like 
Na+ are sequestered with much difficulty due to geometric 
distortions that the ligand must undergo. Moreover, the 
inclusion of soft donor atoms like S in ligand design would 
result in preferential complexation with Cs+ due to its rel-
ative softness as has been observed in sulfur-bearing Cs+ 
sensors [31,32]. The operation of these selectivity factors 
was sought in the preparation of Cs+-selective epoxy resins 
and appears to have been successfully achieved.

 
Fig. 2. (a) Epoxy resins produced as solid adsorbents by controlling the amount of DMSO solvent and (b) swelling test of the resins 
through % water uptake.
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3.3. Resin screening through adsorption evaluation in simulated 
HLLW

The simulated feed contains metal ions including Na+, 
Cr3+, Ni2+, Rb+, Sr2+, Cs+ and Ba2+ that are typically present in 
acidic (3 M HNO3) HLLW [27]. Results show that the per-
formance of the resins may be linked to the structure and 
atomic composition of the BEs and diamine curing agent. 
The trends and correlations underlying the observations are 
discussed in the following subsections.

3.3.1. Effect of diamine curing agent

To observe the effect of the curing agent, two types 
of epoxy resins using BE1 as the bis-epoxide component 
were prepared: one with ethylenediamine (BE1-Ep-Et) and 
another with diaminopropane (BE1-Ep-Pr). The two amine 
curing agents possess the same set of functional groups and 
differ only in terms of the alkyl chain length, with diami-
nopropane being one alkyl carbon longer. The Q values of 
different metal ions in BE1-Ep-Et and BE1-Ep-Pr are shown 
in Fig. 3a. Despite the minimal difference in chain length, 
results show that BE1-Ep-Et prefers to adsorb Na+ whereas 
BE1-Ep-Pr registers a marked preference for Cs+ as further 
confirmed by their respective KD values (Fig. 3b and c). 
This outcome can be explained by the difference in channel 
sizes created in the epoxy matrix when using these diamine 
linkers. Among the ions present in the feed, Cs+ is the largest 
with r = 1.81 Å. Having been cured with a shorter diamine 
linker, BE1-Ep-Et permits the transport of small metal ions 
like Na+ into its narrow channel spaces while the transport 
of large ions like Cs+ and Rb+ (r = 1.66 Å) is hindered. On 
the other hand, having been cured with a longer diamine 
linker, the channel spaces in BE1-Ep-Pr are wider and permit 

the permeation and coordination of Cs+ with the oxygen 
and nitrogen atoms within the resin matrix. These results 
suggest that the length of the diamine linker plays a vital 
role in controlling the metal ion selectivity of epoxy resins.

The a value which is the ratio of the KD of Cs+ versus the 
KD of other metal ions indicates the selectivity of the resin. 
The red dotted lines in Fig. 3b and c depict a = 1, which 
means that the resin has equal affinity towards the metal 
ion and Cs+; a > 1 means the resin is selective towards Cs+ 
versus the metal ion and a < 1 means it is more selective 
towards the metal ion relative to Cs+. Between the two res-
ins, BE1-Ep-Et has very low selectivity towards Cs+ and is 
more selective towards other metal ions (a < 1) except for 
Rb+. On the other hand, BE1-Ep-Pr is more selective towards 
Cs+ than with the other metal ions (a > 1). These results con-
firm that diaminopropane is the more suitable curing agent 
for preparing Cs+-selective epoxy resins. Henceforth, BE1-
Ep-Pr is termed BE1-Ep for simplicity of discussion.

3.3.2. Effect of epoxide reactive arms opening

With diaminopropane as the appropriate curing agent, 
the effect of BE arm opening was studied next by compar-
ing the adsorption capacities of epoxy resins BE1-Ep with 
BE3-Ep. BE1 has its oxygen donor atoms in ortho position 
whereas BE3 has its oxygens in para position. Thus, BE3 
has a bigger epoxy arm opening than BE1. Generally higher 
Q values were observed in BE3-Ep compared with BE1-Ep 
(Fig. 4a). This outcome reinforces the idea that the capacity 
and selectivity for metal ions in the epoxy resins prepared 
in this study is primarily a function of the space-forming 
effects of the starting materials. It appears in fact that the 
effect of BE arm opening in creating accessible channels is 
more remarkable than the length of diamine curing agent. 

Fig. 3. Effect of the type of diamine curing agents on the performance of epoxy resins: (a) adsorption capacity of BE1-Ep-Et and 
BE1-Ep-Pr for various metal ions in simulated HLLW, (b) corresponding selectivity of BE1-Ep-Et in terms of KD and a values for 
Cs+ vs. other metal ions, and (c) corresponding selectivity of BE1-Ep-Pr in terms of KD and a values for Cs+ vs. other metal ions. 
[Conditions: S/L = 0.5, 300 rpm, 30°C, 12 h; simulated HLLW composition: Na+ (66.04 mM), Cr3+ (4.96 mM), Ni2+ (4.52 mM), Rb+ 
(5.01 mM), Sr2+ (8.50 mM), Cs+ (19.50) and Ba2+ (11.89 mM) in 3 M HNO3].
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The wide reactive arm opening of BE3 gave rise to ever wider 
channels in BE3-Ep that allow more ions to permeate the 
resin matrix, resulting in higher Q values. Unfortunately, 
all metal ions registered indiscriminately higher KD val-
ues in BE3-Ep than in BE1-Ep, resulting in a values ~ 1 
(Fig. 4b and c). This means that BE3-Ep has essentially equal 
preference for all metal ions in the feed. Moreover, Na+ 
appears to be its most preferred ion (a < 1) (Fig. 4c). Thus, 
between the two resins, BE1-Ep remains to be the superior 
sorbent for Cs+ considering its better selectivity towards 
Cs+ and despite its relatively lower Q values than BE3-Ep.

3.3.3. Effect of coordinating atom

The effect of coordinating atom was investigated next 
by comparing the performance of resins containing two 
structurally similar bis-epoxides BE1 and BE2 which dif-
fer only in one donor atom. BE1 has two O as donor atoms 
whereas BE2 has one O and one S as donor atoms. Based on 
the Hard-soft-acid-base (HSAB) principle, S is a relatively 
“softer” donor atom than O. This means that BE2 is a “softer” 
ligand than BE1. It also implies that BE2 can form a stronger 
complex with “softer” ions or could be less accommodating 
to “hard” ions. Compared with other “hard” alkali metal 
ions like Na+ and Rb+, Cs+ is considered relatively “soft” 
given its larger ionic size and higher polarizability [33]. 
Other ions present such as Ba2+, Sr2+, and Cr3+ are also known 
“hard” ions while Ni2+ is considered borderline “soft” [34].

The presence of S atoms in BE2-Ep had a very minor 
effect on the Q and KD of Cs+ but it clearly reduced the Q 
and KD values of most interfering metal ions which are rela-
tively “harder” than Cs+ (Fig. 5a–c). The only exception was 
Ni2+ which had a slightly higher Q and KD in BE2-Ep than in 
BE1-Ep since it is the “softest” metal ion present in the feed. 

But given its low initial concentration, its overall uptake is 
also low. In effect, results indicate that a slight modification 
in the donor atoms present in the resin can palpably alter the 
overall selectivity. With the reduction of KD values of most 
interfering metal ions, the a values of BE2-Ep are remark-
ably better than those of BE1-Ep, especially for Na+, which 
is the major constituent of the simulated HLLW feed. Thus, 
among the resins tested, BE2-Ep is the most suitable sorbent 
both in terms of its capacity and selectivity towards Cs+.

3.4. BE2-Ep as a Cs+-sorbent

BE2-Ep appears to be the most superior Cs+ sorbent 
among the epoxy resins prepared in this study. Aside from 
space-forming effects of the benzene moiety in BE2 and the 
presence of the relatively “softer” donor atom S, the prefer-
ence of BE2-Ep for Cs+ might additionally be explained in 
terms of the interaction of benzene moieties in BE2 with the 
metal ions present in the aqueous feed. It has been shown 
in various studies that the aromatic moiety interacts prefer-
entially with Cs+ due to its low dehydration energy require-
ment, and that the inclusion of as many benzene moieties 
in ligand design can prove advantageous [35,36]. In BE2-Ep, 
coordination of Cs+ with the oxygen, sulfur and nitrogen 
atoms may have been enhanced and stabilized further by 
its rich collection of aromatic groups. As such, further eval-
uation of the material properties and adsorption behav-
ior of BE2-Ep was performed. Results from this evaluation 
are discussed in the following subsections.

3.4.1. Characterization of BE2-Ep

The glassy yellow BE2-Ep has an apparent density 
of 1.394 g cm–3

 (Fig. 6a). SEM images show that the resin 

Fig. 4. Effect of BE with varying epoxide arm openings on the performance of epoxy resins: (a) adsorption capacity of BE1-Ep and 
BE3-Ep for various metal ions in simulated HLLW, (b) corresponding selectivity of BE1-Ep in terms of KD and a values for Cs+ vs. other 
metal ions, and (c) corresponding selectivity of BE3-Ep in terms of KD and a values for Cs+ vs. other metal ions. [Conditions: S/L = 0.5, 
300 rpm, 30°C, 12 h; simulated HLLW composition: Na+ (66.04 mM), Cr3+ (4.96 mM), Ni2+ (4.52 mM), Rb+ (5.01 mM), Sr2+ (8.50 mM), Cs+ 
(19.50) and Ba2+ (11.89 mM) in 3 M HNO3].
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surface has rough and smooth features with no visible pores 
(Fig. 6b). This is expected since the pore channels created 
between linkages are projected to be approximately 9 Å 
measured from the minimized energy chemical structure 

of BE2-Ep resin using MM2 force field method in Chem3D® 
(Fig. 6c). This pore channel dimension is too small to be 
seen in SEM images. Meanwhile, elemental mapping on 
the resin surface reveals the rich presence of C, N, O, and S 

Fig. 5. Effect of BE donor atoms on the performance of epoxy resins: (a) adsorption capacity of BE1-Ep and BE2-Ep for various 
metal ions in simulated HLLW, (b) corresponding selectivity of BE1-Ep in terms of KD and a values for Cs+ vs. other metal ions, and 
(c) corresponding selectivity of BE2-Ep in terms of KD and a values for Cs+ vs. other metal ions. [Conditions: S/L = 0.5, 300 rpm, 30°C, 
12 h; simulated HLLW composition: Na+ (66.04 mM), Cr3+ (4.96 mM), Ni2+ (4.52 mM), Rb+ (5.01 mM), Sr2+ (8.50 mM), Cs+ (19.50) and 
Ba2+ (11.89 mM) in 3 M HNO3].

 
Fig. 6. Physico-chemical characterization of BE2-Ep: (a) optical and SEM image of BE2-Ep granules, (b) SEM image at higher 
magnification, (c) pore channel structure of BE2-Ep and its estimated dimension, and (d) surface elemental mapping of BE2-Ep.



135E.C. Escobar et al. / Desalination and Water Treatment 242 (2021) 128–143

atoms which coincides well with the composition of BE2-Ep 
(Fig. 6d).

Further examination of BE2-Ep via FTIR reveals the 
presence of –OH and –NH functionalities (3,242 cm–1) which 
are the result of the addition reaction involving the reac-
tive oxirane rings and primary amines (Fig. 7a). Vibrations 
related to aromatic ring stretching appear as two peaks 
in 1,712 and 1,578 cm–1. Other distinguishing peaks are 
the C–N (1,441 cm–1), C–O (1,069 and 1,038 cm–1), and C–S 
(682 cm–1) stretching vibrations. The observed peaks confirm 
the successful linking of BE2 with the diaminopropane cur-
ing agent.

BE2-Ep appears to be thermally stable up to 250°C 
before it starts to drastically decompose at 270°C. Majority 
of its mass loss (~8%) at <150°C can be mainly attributed to 
evaporation of adsorbed water (Fig. 7b). The DSC profile of 
BE2-Ep shows that the resin starts to transition into a rub-
bery state at about Tg = 90.35°C (inset, Fig. 7b). This means 
that within the adsorption temperatures tested, the resin 

maintains its solid, glassy property since it undergoes min-
imal swelling in water (Wuptake = 36.11%).

3.4.2. Adsorption isotherm

The adsorption capacity of BE2-Ep for Cs+ in acidic (3 M 
HNO3) aqueous solutions of Cs+ (65–1,340 mg L–1) was deter-
mined to estimate its Qmax. Results are plotted in Fig. 8a 
along with non-linear fitting curves generated using selected 
isotherm models [Eqs. (6)–(10)] listed in Table 1.

The experimental adsorption capacity (Qexpt) of BE2-Ep 
for Cs+ is about 1.004 mmol g–1 (133.5 mg g–1) which is slightly 
better than the highest adsorption capacity (0.96 mmol g–1 
at 3 M HNO3) reported for calixarene-based sorbents [21]. 
The Langmuir, Redlich–Peterson, Temkin and Hill isotherm 
models show good approximations of the adsorption data, 
registering R2 values near unity (Table 2). The very high R2 
value obtained with the Redlich–Peterson model suggests 
that the adsorption of Cs+ by BE2-Ep embodies assumptions 

Fig. 7. Chemical and thermogravimetric analyses of BE2-Ep: (a) FTIR spectrum and (b) TGA-DSC curves.
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represented by both Langmuir (monolayer adsorption) 
and Freundlich (heterogenous surface) models [37], unlike 
the calixarene-based sorbents that usually adhere to the 
Langmuir model [17–19,21]. Operationally, this means that 
BE2-Ep works best when the initial concentration of Cs+ 
in the feed is high. In terms of predicting the maximum 
adsorption capacity, the Hill isotherm yields a value of 
1.049 mmol g–1 (139.5 mg g–1) which is very near the experi-
mental value.

Assuming that Cs+ coordinates with all the O, S, and N 
atoms of the resin, the theoretical adsorption capacity (Qtheo) 
of BE2-Ep is approximately 1.52 mmol g–1. The lower value 
of Qexpt (~66% Qtheo) might be partly explained by the lack 
of porosity of the resin which limits sorbate access into the 
innermost regions of the resin matrix, and partly by the 
presence of a large concentration of H3O+ in the feed which 
may have occupied some of the coordination sites.

3.4.3. Adsorption kinetics

The rate of Cs+ uptake of BE2-Ep was studied using 
three kinetic models listed in Table 3, which include 
the pseudo-first-order [Eq. (11)], pseudo-second-order 
[Eq. (12)], and the Elovich equation [Eq. (13)]. The parame-
ter aE (mmol g–1 h–1) is the initial adsorption rate related to 
surface energy whereas bE (g mmol–1) is the desorption con-
stant related to the activation energy in the Elovich model. 
Adsorption data are plotted in Fig. 8b along with non- 
linear fitting curves. Kinetic model parameters from the fit-
ting results are summarized in Table 4.

Based on the R2 values, the adsorption of Cs+ by BE2-Ep 
is best embodied by the Elovich equation which means that 
the sequestration mechanism occurs via chemisorption [38]. 
The constant aE which is the initial adsorption rate has a 
value greater than that of βE which is a desorption constant. 

 
Fig. 8. Non-linear isotherm and kinetics plots for the adsorption of Cs+ by BE2-Ep. [Isotherm conditions: C0 ~65–1,340 mg L–1, 3 M 
HNO3, S/L = 0.5, 300 rpm, 30°C, 12 h; kinetic conditions: C0 ~570 mg L–1, 3 M HNO3, S/L = 0.5, 300 rpm, 30°C].

Table 1
Isotherm models used for the adsorption of Cs+ by BE2-Ep

Model Equation Parameters Equation

Freundlich q K Ce F e
n= 1/ n = Freundlich adsorption intensity; 

KF = Freundlich constant for adsorption energy
(6)

Langmuir q
q K C
K Ce

m L e

L e

�
�1

qm = maximum adsorption capacity; 
KL = Langmuir constant for adsorption energy (7)

Redlich–Peterson q
K C

Ce
e

e

�
�

RP

RP1 � �

aRP, β, and KRP are Redlich–Peterson isotherm constants
(8)

Hill q
q C
K Ce

m e
n

H e
n

H

H
�

�

qm = maximum monolayer adsorption capacity;  
nH = Hill cooperativity binding coefficient; 
KH = Hill isotherm constant

(9)

Temkin q RT
b

K Ce T e� � �ln b = Temkin isotherm constant related to the heat of sorption; 
KT = Equilibrium binding constant

(10)
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This means that adsorption is favored over desorption 
during the sequestration process. Saturation is essentially 
achieved after 4 h of adsorption run.

The uptake rate of BE2-Ep for Cs+ (5.458 g mmol–1 h–1) 
estimated using the pseudo-second-order model is lower 
than those of calixarene-based sorbents. For example, calix[4]
arene impregnated in mesoporous silica [39] and calix[4]
arene-crown-6 tethered on mesoporous carbon [21] deliver 
uptake rates of 39.102 and 4,812 g mmol–1 h–1, respectively. 
The relatively slower kinetics in BE2-Ep might be ascribed 

to limited transport of Cs+ into the inner resin matrix, 
especially after its surface layer has reached saturation. 
On the other hand, the porous nature of calixarene-based 
sorbents provides easy access of Cs+ onto sorption sites.

3.4.4. Adsorption thermodynamics

BE2-Ep was subjected to equilibrium adsorption runs 
at different temperatures to determine the thermodynamic 
parameters of the adsorption process. It was found that 
BE2-Ep adsorbs more Cs+ as the temperature is increased 
(Fig. 9a), contrary to findings with calixarene-based sor-
bents for which enhanced ligand degradation in 3 M HNO3 
occurred with increasing temperature leading to lower 
adsorption capacities [19–21,40] and with ion-imprinted 
polymer which tend to undergo deformation and warping 
of ion-imprinted coordination sites as the polymer under-
goes thermal expansion [14]. For BE2-Ep, higher adsorption 
capacities with increasing temperature was probably the 
result of increased interactive collisions between sorbent and 
sorbate. The endothermic nature of the adsorption process 
is further confirmed from ΔH° obtained from the linear-
ized van’t Hoff equation [Eq. (14), Fig. 9b] which registered 
a positive value (Table 5). Moreover, the adsorption process 
is spontaneous (ΔG° < 0), accompanied by increased disor-
der at the solute–sorbate interface (ΔS° > 0) [41].

Table 2
Non-linear isotherm fitting parameters for the sequestration of 
Cs+ by BE2-Ep

Isotherm model Value

Freundlich

KF, (mmol g–1)(L mg–1)1/n 0.20
1/n 0.46
R2 0.853

Langmuir

KL, (L mg–1) 0.00205
qm, (mmol g–1) 1.40 ± 0.12
R2 0.953

Redlich–Peterson

KRP, (mmol g–1)(L mg–1) 0.00183
aRP 3.65
β 1.88
R2 0.989

Hill

qm, (mmol g–1) 1.049 ± 0.021
nH 2.25

KH
nH, mg L�� �1 3.55 × 105

R2 0.993

Temkin

KT, (L mg–1) 0.029
b, (J mol–1) 8392
R2 0.989
qexperimental, (mmol g–1) 1.004

Table 3
Kinetic models used for the adsorption of Cs+ by BE2-Ep

Model Equation Parameters Equation

Pseudo-first-order q q et e
k t� �� ��1 1 k1 = rate constant (h–1) (11)

Pseudo-second-order q
k q t
k q tt
e

e

�
�
2

2

21
k2 = rate constant (g mmol–1 h–1) (12)

Elovich q
t

t
E E

E

�
� �ln � �

�
aE and βE are Elovich model constants (13)

Table 4
Non-linear kinetic fitting parameters for the sequestration of Cs+ 
by BE2-Ep

Kinetic model Value

Pseudo-first-order

k1, (h–1) 2.809
R2 0.953

Pseudo-second-order

k2, (g mmol–1 h–1) 5.458
qm, (mmol g–1) 0.850 ± 0.020
R2 0.986

Elovich

aE (mmol g–1 h–1) 66.721
βE (g mmol–1) 9.692
R2 0.997
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ln
Q
C

S
R

H
RT

e

e

�
�
�

� � 0

 (14)

Adsorption data for examining the effect of tempera-
ture were also plotted using the Dubinin–Radushkevich 
(D–R) isotherm to further evaluate whether the adsorption 
process occurs by physical or chemical modes through the 
value of the mean free energy (E) of adsorption. If E is less 
than 8 kJ mol–1, the sorption process is by physical mode; 
if E is between 8 and 16 kJ mol–1, the process proceeds via 
chemisorption [42,43]. The D–R isotherm is expressed 
in Eqs. (15)–(17).

ln lnq qe m� ���2  (15)

� � �
�

�
��

�

�
��RT

Ce
ln 1 1  (16)

E �
�

1
2�

 (17)

The linear plot of lnqe against the Polanyi potential 
energy (ε2) is shown in Fig. 9c. A high correlation coefficient 
(R2 = 0.99) was obtained which means that b, a constant 
related to the mean free energy of adsorption per mole of 

adsorbate, can be taken to be –7.104 × 10–9 mol2 J–2. This cor-
responds to a mean free energy of adsorption of 8.4 kJ mol–1 
which signifies chemisorption. This is consistent with the 
assumption that the adsorption of Cs+ by BE2-Ep is the com-
bined effects of complexation with O, S, and N atoms, and 
cation-π interactions involving the benzene moieties of the 
BE2 component.

3.4.5. Comparison with other Cs+ sorbents applied 
in acidic media

The adsorption of Cs+ in acidic media had so far been 
achieved only with the use of calixarene-based sorbents. A 
compilation of the adsorption performance data of these 
sorbents have been summarized in Table 6, along with 
those of BE2-Ep so that meaningful comparisons can be 
made. From the table, almost all calixarene-based sorbents 
have low ligand loading (<0.50 mmol g–1) on their respec-
tive solid supports. Consequently, low adsorption capaci-
ties (<30 mg g–1) were achieved. On the other hand, BE2-Ep 
might be regarded to possess a considerably higher theo-
retical ligand load (1.52 mmol g–1 as mentioned in section 
3.4.2) than the calixarene-based sorbents listed in Table 6 
since the bulk resin is rich in O, S, N, and aromatic moi-
eties which interact with Cs+. Although the maximum 
Q = 133.5 mg g–1 obtained in BE2-Ep is lower than its theo-
retical ligand loading, it is still remarkably higher than the 
Q of most calixarene-based sorbents. However, in terms of 
kinetics, BE2-Ep takes a longer time to reach equilibrium 
compared with most calixarene-based sorbents which pos-
sess porous structures that facilitate fast diffusion of Cs+ 
to the binding sites. As such, it is recommended for future 
improvement of BE2-Ep to enhance its porosity (i.e. using 
appropriate porogen) if faster Cs+ uptake rate is desired. 
Nevertheless, the overall performance of BE2-Ep is com-
parable with that of calixarene-based sorbents but with the 
added benefits of simpler preparation and cheaper produc-
tion. For its intended application, BE2-Ep can be employed 
as a single-use sorbent to pre-concentrate Cs+ from acidic 
HLLW. The Cs+-loaded BE2-Ep can then be separated from 
the HLLW and stored in specialized vessels to facilitate the 

 
Fig. 9. (a) Adsorption capacity for Cs+ by BE2-Ep at different temperatures; and the linearized plot of the (b) van’t Hoff and 
(c) Dubinin–Radushkevich equations for the adsorption of Cs+ by BE2-Ep [Conditions: C0 ~1,330 mg L–1, 3 M HNO3, S/L = 0.5, 300 rpm, 
30°C, 4 h].

Table 5
Thermodynamic parameters for the adsorption of Cs+ by BE2-Ep 
at different temperatures [Conditions: C0 = 330 ppm, 250 rpm, 
S/L = 0.5, 3 M HNO3, 4 h]

Temperature, °C ΔS°, J mol–1 K–1 ΔH°, kJ mol–1 ΔG°, kJ mol–1

30 56.807 5.696 –11.540
40 56.807 5.696 –12.061
50 56.807 5.696 –12.679
60 56.807 5.696 –13.228
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Table 6
Summary of adsorption performance of reported Cs+ sorbents applied in acidic media

A. Calix-
arene-based 
sorbents

Entry Ligand Ligand load, 
mmol g–1

Qtheo, mg Cs+ g–1 
sorbent

Qmax from 
best isotherm 
model, mg g–1

Acid 
condition

S/L (g L–1) Optimal 
contact 
time

Reference

Poly-
mer-sup-
ported

1
1,3-calix[4]bis-o-
benzo-crown-6 
(“BC6B”)

0.017 2.23 N/A
<=1 M 
HNO3

N/A 
(column 
operation)

N/A [44]

2

25,27-bis(iso-pro-
pyloxy)calix[4]
arene-26,28-
crown-6

0.469 62.38 N/A
4 M 
HNO3

50 120 min [45]

3
25,27-bis(1-n-prop-
oxy)-calix[4]26,28-
crown-6 (BnPC6)

0.173 22.99
19.68 
(Langmuir)

3–4 M 
HNO3

50 60 min [19]

Poly-
mer-modi-
fied porous 
silica 
support

4

1,3-[(2,4-dieth-
yl-heptylethoxy)
oxy]-2,4-crown-
6-calix[4]
arene (Calix[4]
arene-R14)

0.230 30.55 N/A N/A 50 30 min [46]

5 Calix[4]arene-R14 0.230 30.55 N/A
3 M 
HNO3

50 180 min [47]

6

25,27-bis(iso-pro-
pyloxy)calix[4]
arene-26,28-
crown-6 (BiPCa-
lix[4]C6)

N/A N/A N/A
3 M 
HNO3

50 120 min [48]

7 Calix[4]arene-R14 N/A N/A
28 
(not modelled)

4 M 
HNO3

50 120 min [20]

8 Calix[4]arene-R14 N/A N/A 25 (Langmuir)
4 M 
HNO3

50 5 h [17]

9 Calix[4]arene-R14 N/A N/A N/A
3 M 
HNO3

5
Not 
reported

[7]

10 Calix[4]arene-R14 0.156 20.80
20.75 
(Langmuir)

0.5 M 
HNO3

5 to 20
Not 
reported

[40]

11 Calix[4]arene-R14 0.244 32.50
19.95 
(Langmuir)

3 M 
HNO3

50 120 min [39]

12

Di(1-hexyloxy)-
2,4-crown-6-
calix[4]arene 
(C7C6Calix)

0.231 30.72
16.40 
(Langmuir)

1 M 
HNO3

50 125 min [18]

Mesoporous 
carbon 
support

13
Calix[4]arene-
crown-6

Not 
reported

N/A
128.06 
(Langmuir)

3 M 
HNO3

1 60 min [21]

B. Epoxy 
resin 
(BE2-Ep)

14

Oxygen-, sulfur-, 
and benzene-bear-
ing bis-epoxide 
cured with diami-
nopropane

1.52 202.16
139.5 (Hill) 
133.5 (Expt’l)

3 M 
HNO3

0.5 4 h
This 
work
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natural radioactive decay process. Overall results show the 
potential application of BE2-Ep for Cs+ sequestration.

4. Conclusions

New types of epoxy resins with inherent adsorptive 
capacity and selectivity for Cs+ in highly oxidizing and acidic 
conditions were first prepared and reported in this study. 
The resins were synthesized via epoxide ring opening reac-
tion of bis-epoxides and diamine curing agents. It was found 
that the proper combination of bis-epoxide and diamine 
linker could result in the permeation and adsorption of Cs+ 
into the resin matrix, which means that the creation of ade-
quately sized channel spaces is vital to the selective seques-
tration of Cs+ by epoxy resins. As such, bis-epoxides with 
electronegative atoms located in ortho position in a central 
benzene moiety and cured with diaminopropane appear 
to provide the desired Cs+-selective resins. One such resin 
(BE2-Ep) which contains both S and O donor atoms showed 
the highest selectivity towards Cs+ versus interfering metal 
ions present in HLLW. This means that, aside from hav-
ing adequately sized channel spaces, Cs+ selectivity can be 
further enhanced in epoxy resins by making them “softer” 
through use of sulfur-bearing bis-epoxides. BE2-Ep regis-
ters an experimental adsorption capacity of 1.004 mmol g–1 
in 3 M HNO3 which is higher than the best performing 
calixarene-based sorbent under the same acid conditions. 
BE2-Ep stands among the very few set of Cs+-selective sor-
bents that can be applied in highly acidic HLLW prior to 
long-term storage of radioactive wastes.
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Supplementary information

Synthesis of bis-epoxides BE1 [1,2-bis(oxiran-2-ylme-
thoxy)benzene] and BE2 [2-(((2-(oxiran-2-ylmethoxy) phenyl)
thio)methyl)oxirane].

BE1 and BE2 were synthesized according to a previously 
published procedure [S1,S2]. The procedures are described 
briefly.

BE1 was synthesized as follows: catechol (0.2 mol) 
was loaded in a 100 mL round bottom flask equipped 
with a magnetic stirrer. The flask was then attached to 

a reflux condenser fitted with a calcium chloride guard. 
Epichlorohydrin (0.86 mol) was added via a syringe. The 
mixture was stirred until all the catechol has dissolved. 
NaOH (0.8 mL, 10 N) was added via syringe, and the mix-
ture was stirred for 48 h at 40°C under N2 atmosphere. The 
mixture was cooled to room temperature, after which NaOH 
(842 mL, 5 N in saturated Na2CO3) was added. The mixture 
was stirred for another 20 h at room temperature under N2 
atmosphere. The crude product was collected in chloroform 
and then purified by silica gel chromatography (yield: 31.2 g,  
69.72%).

Table S1
Recipe for the preparation of epoxy polymers using different bis-epoxides (BEn) and diamines at different bis-epoxide to solvent 
(BEn/DMSO) ratios

Entry BEn, (mmol) Diaminopropane, (mmol) BEn/DMSO (wt/wt) Product after curing

BE1-125-Pr 2.26 1.46 1.25 Solid (BE1-Ep-Pr)
BE1-83-Pr 2.26 1.45 0.83 Soft solid
BE1-63-Pr 2.26 1.45 0.63 Liquid
BE1-50-Pr 2.26 1.46 0.50 Liquid
Entry BEn, (mmol) Ethylenediamine, (mmol) BEn/DMSO (wt/wt) Product after curing
BE1-125-Et 2.27 1.51 1.25 Solid (BE1-Ep-Et)
BE1-83-Et 2.25 1.53 0.83 Soft solid
BE1-63-Et 2.28 1.50 0.63 Liquid
BE1-50-Et 2.27 1.54 0.50 Liquid
Entry BEn, (mmol) Diaminopropane, (mmol) BEn/DMSO (wt/wt) Product after curing
BE2-125 2.14 1.46 1.25 Solid, tough
BE2-83 2.14 1.47 0.83 Solid (BE2-Ep)
BE2-63 2.14 1.45 0.63 Solid, soft
BE2-50 2.14 1.46 0.5 Gel
BE3-125 1.96 1.33 1.25 Solid (BE3-Ep)
BE3-83 2.00 1.32 0.83 Soft solid
BE3-63 1.99 1.35 0.63 Soft solid
BE3-50 2.01 1.35 0.50 Soft solid

 

Fig. S1. FTIR spectra of bis-epoxides BE1 [1,2-bis(oxiran-2-ylmethoxy)benzene] and BE2 [2-(((2-(oxiran-2-ylmethoxy)phenyl)thio)
methyl)oxirane].
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BE2 was synthesized as follows: A 250 mL round bot-
tom flask was loaded onto an ice bath and then attached 
to a reflux condenser. The reaction vessel was purged with 
N2 for 15 min. Mercaptophenol (0.08 mol) and epichloro-
hydrin (0.32 mol) were added via syringe. NaOH (10 N, 
0.4 mL) was added dropwise. The mixture was stirred for 
48 h at 40°C under N2 atmosphere and then cooled to room 
temperature. NaOH (60 mL, 5 N in saturated Na2CO3) was 
added. The mixture was stirred further for 24 h at room 
temperature under N2 atmosphere. The crude product 
was collected in chloroform and then purified by silica gel 
chromatography (yield: 5.47 g, 26.99%).

The Fourier transform infrared spectroscopy (FTIR) 
spectra of BE1 and BE2 (Fig. S1) shows the signature peaks 

associated with their functional groups confirming their suc-
cessful synthesis.
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