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a b s t r a c t

The conservative fission products 137Cs and 90Sr are of concern when present in groundwater, as they
present a radiological hazard to organisms and can be transported long distances from their source. To
provide an interceptive permeable reactive barrier (PRB) solution which accommodates the throughflow
of groundwater whilst removing 137Csþ and 90Sr2þ, we report the synthesis of a novel composite cryogel
which performs as a permeable hierarchical sorbent. This material incorporates the ion-exchanger
Clevasol® into a PVA-based cryogel host matrix with interconnected macropores, producing a com-
posite cryogel (Clevasol®-PVACC). Clevasol®-PVACC enables the in-situ deployment of an ion-exchanger
with rapid uptake kinetics for 137Csþ and 90Sr2þ, inside of a robust and permeable scaffold with green
chemistry. Clevasol®-PVACC has a facile, one-pot and scalable synthesis, and can possibly also be used at
other stages of the nuclear fuel cycle, such as radioactive liquor treatment. Critically, the incorporated
Clevasol® resin is vitrifiable, which is optimal for long-term storage and geological disposal if high ac-
tivities are adhered onto the resin. The effective partition coefficients (kd) and effective Langmuir uptake
capacities (qmax) of the Clevasol® resin in Sellafield groundwater simulant are respectively 105 mL/g and
298 mg/g for Csþ, and >104 mL/g and 128 mg/g for Sr2þ.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. 137Cs and 90Sr discharges

Fission products (FPs) are radionuclides resulting from splitting
of fissile nuclei in nuclear reactors and weapons. Following de-
cades of authorised discharges from nuclear facilities (e.g. Sella-
field, UK; Hanford, USA; Majak, former USSR), nuclear accidents
(e.g. Fukushima-Daïchi, Japan; Chernobyl, former USSR) and
lin).
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stratospheric fallout from atomic testing, FPs are widespread in
the environment and present an ongoing and sometimes severe
risk to health when present in elevated concentrations. Two FPs of
particular concern are 137Cs and 90Sr; both are high-energy b�-
emitters which persist in the environment in significant quantities
due to their high 235U-fission yields and ~30-year half-lives.

Cs and Sr occur in the aqueous phase as hydrated cations (Csþ

and Sr2þ), which are typically inert to pH and speciation changes
within environmental physicochemical parameters. They are pre-
sent as the free ion in environmental conditions and are highly
mobile in the aqueous phase. Water-transport pathways such as
groundwater can therefore transport 137Csþ and 90Sr2þ to the
oceans, where both FPs can bioaccumulate in seafood and can
therefore transfer to the human food chain. The presence of 137Csþ

and 90Sr2þ in groundwater is therefore of particular concern.
Removing 137Csþ and 90Sr2þ from the environment helps to limit

the long-term radiation exposure to biota; developing novel sor-
bent materials for these pollutants therefore contributes to the
long-term sustainability of otherwise-contaminated environments.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

PRB Permeable reactive barrier
PVACC Poly(vinyl alcohol)-based cryogel-composite
FP Fission Product
GA Glutaraldehyde
CHI Chitosan
SSA Specific Surface Area(s)
SEM Scanning Electron Microscopy
SGS Sellafield Groundwater Simulant
HPGe High Purity Germanium
ICP-OES Inductively Coupled Plasma Optical Emission

Spectrometry
ICP-QQQ Inductively Coupled Plasma Triple Quadrupole

Mass Spectrometry
ICP-MS Inductively Coupled Plasma Mass Spectrometry
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At Sellafield alone, there is estimated to be up to 2,000,000 m3 of
contaminated land [1], in which 90Sr has been identified in the
groundwater table [2]. At the Hanford site in the USA, 3,750,000 L of
liquid waste containing FPs has been estimated to have leaked from
corrodible storage tanks [3], and uncontrolled releases of Sr and Cs
into the Pacific from the Fukushima-Daïchi plant through ground-
water and freshwater continued for many years after the catas-
trophe [4e8]. With the rapid projected growth of nuclear power
(by up to 56% by 2030 compared to 2015 levels) [9], more nuclear
waste is produced, meaning more 137Cs and 90Sr will invariably
enter the environment. Materials that can rapidly and effectively
remediate these highly hazardous and radiotoxic pollutants are
therefore a crucial requirement.

1.2. Sorbents for Cs and Sr

At present, a range of sorbents have been reported which can
effectively immobilise 137Csþ and 90Sr2þ from groundwater in
natural conditions, through extractant processes such as cation-
exchange [10,11]. These include, but are not limited to, natural
clays [12,13]; natural and synthetic zeolites [14,15] (particularly
clinoptilolite, which has been deployed practically in permeable
reactive barrier (PRB) systems [16,17] and in effluent flocculation
treatment [18]); activated organic matter [19e22]; cation-
exchange resins [15,23,24]; ferrocyanides/hexacyanoferrates
[25,26], and ammonium molybdophosphate ([NH4]3 [PMo12O40])
[27e30]. Novel sorbents with improved characteristics for prac-
tical implementation (including capacity and uptake kinetics for
their target contaminants, cost, and scalability of manufacture
etc.) are continually developed, to produce more effective and
efficient remediation solutions [31]. The selectivity of a sorbent
for its target contaminant(s) in the presence of spectator ions is a
critical trait, particularly for short-to-medium lived radionuclides
whose mass concentrations in the aqueous phase are very small.
Having a high selectivity for its target contaminant(s) ensures
that a sorbent remains effective in solutions of higher ionic
strength (groundwater, seawater, etc.). Environmental stability
and suitability for reuse, storage or geological disposal are also
important considerations for resource conservation, handling,
and waste management. We direct the reader to some recent
review articles for a comparison of the performance parameters,
including for example the partition coefficient (kd) and uptake
capacity (qmax), of a range of adsorbents employed for Csþ sorp-
tion [32e35] and Sr2þ sorption [35,36], In this work, we report
the first practical implementation of the recently developed
2

inorganic polymer resin Clevasol® to capture Csþ and Sr2þ from
simulated Sellafield site groundwater.

1.3. Host matrices for sorbents

To provide a practical solution to deploy fine-grained and
potentially mobile sorbent particles in-situ in the environment
(such as for example in the development of PRBs), various matrices
have been reported which provide a permeable host for the parti-
cles [37]. These include, but are not limited to, SiO2 [29,30], starch
[38], organic biocomposites [39], polyacrylamide [40,41] and chi-
tosan [42]. Embedding sorbent particles in materials with inter-
connected pores such as these allows for the throughflow of
contaminated solutions. In this work, we use cryogels as a
permeable host matrix for Clevasol® particles. Cryogels offer many
advantages over alternative materials; for example, their mode of
configuration is flexible (e.g. they can be manufactured with
different polymers including PVA [43] and chitosan [44e46], and in
varying shapes and sizes [47]); their manufacture is simple, low-
cost and scalable [47], and they have a high resistance to hydro-
static pressure with negligible flow resistance [47,48]. Cryogels
with embedded adsorbents have also been used to successfully
treat solutions contaminated with a variety of inorganic wastes (e.g.
As [47], Hg [49]) and organic wastes (e.g. 4-nitrophenol [50], pes-
ticides atrazine andmalathion [51]). However, the use of cryogels as
supports for PRB materials for radionuclide sorption has yet to be
explored.

1.4. Scope of this work

Herein, we report the synthesis, characterisation and imple-
mentation of a composite material which incorporates particles of
the Clevasol® resin into a poly (vinyl alcohol) (PVA)-based cryogel
host matrix. We refer to this material herein as Clevasol®-PVACC
(Clevasol®-PVA-cryogel-composite) and perform a range of testing
to assess its suitability for the intended purpose of in-situ PRB
deployment.

2. Material and methods

2.1. Material synthesis

All reagents used were of analytical grade. To manufacture
Clevasol®-PVACC, we prepared 10 g of a mixture constituting
10 wt% Clevasol® particles (200 ± 100 mm diameter), 5 wt% PVA
(Sigma-Aldrich), 0.25 wt% glutaraldehyde (GA, 50% aqueous, Fisher
Scientific) and 84.75 wt% Milli-Q H2O. The pH was adjusted to �2
with dropwise addition of 2 M HCl during magnetic stirring to
promote homogenous particle distribution. This mixture was
dispersed in an ultrasonic bath for 10 s then immediately trans-
ferred into pre-cooled glass tubes in a cryostat at �12 �C. This
process freezes the H2O, forming porogenic ice crystals in the
polymer structure [52e54]. The mixture froze within seconds,
avoiding significant particle settling. Tubes were left in the cryo-
stat for 48 h before thawing, allowing the formation of a highly
cross-linked polymer with a continuous system of interconnected
macropores (Fig. SI III of the Supporting Information). Additionally,
two batches of blank cryogel were manufactured without any
Clevasol® particles: a) PVA and GA-based (as above), and b) chi-
tosan (CHI) and GA (1 wt% CHI, 0.25 wt% GA). This allowed PVA
and CHI to be compared as the cryogel polymer, in regard to the
effects on the specific surface area (SSA) and structural integrity of
the cryogels. All cryogels were stored saturated in Milli-Q H2O and
refrigerated at 4 �C.
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2.2. Sellafield groundwater simulant (SGS)

SGS was prepared as per Table SI II in the Supporting Informa-
tion and used in all experiments at pH 7.1 and room temperature
(25 �C).

2.3. SEM

1 mm-thick slices of the cryogels and composite cryogels were
cut using a blade and washed with Milli-Q H2O. The cryogel slices
were fixed in 5% GA solution overnight and washed again with
Milli-Q H2O. Wet cryogels were frozen at �80 �C for 3 h before
being placed into a Christ ALPHA 2e4 freeze-dryer for 24 h. For SEM
study, the freeze-dried samples were coated with a layer of Pt using
a Quorum (Q150TES) coater and scanned using a Zeiss Sigma field
emission gun SEM (Zeiss NTS). A Carl Zeiss Leo 1450VP SEM with
Oxford Instruments Energy Dispersive Spectrometer was also used
to analyse vacuum-filtered non-bound Clevasol® particles, before
and after 48 h of exposure to 1000 ppm Sr or Cs in Milli-Q H2O.

2.4. N2 adsorption-desorption

SSA data were produced using a Quantachrome ASiQwinGAS
instrument, following outgassing of samples at 200 �C for 3 h. N2-
adsorption and desorption tests were performed at relative pres-
sures and temperature of 77.4 K. SSA was estimated applying the
BET method and the pore size distributions of the materials were
estimated using both BJH and DFT methods [52].

2.5. Mechanical properties

Stress-strain regimes and Young's moduli were determined
with a TA-XT2 instrument (Stable Micro Systems, Surrey, UK), using
a 0.05 mm/s velocity 50 mm diameter plunger at up to 35e40%
sample compression. Young's modulus (EY , Pa) was determined
from the gradient of the linear region of the stress-strain regime
that the materials demonstrated at <2.5% compression, per Eq. (1)
[44]:

EY ¼
ðFhÞ
ðADhÞ 1

Here, F is the applied force (N), A is the sample area (m2), and Dh is
the difference in height (m) under compression from h, the initial
height (m) of the sample.

2.6. Batch-mode testing

Equilibration testing was performed in batch mode at room
temperature (25 �C). Clevasol® particles or slices of Clevasol®-
PVACC were placed in glass vials containing 18.2 MU cm-1 Milli-Q
H2O (pH 7) or SGS (pH 7.1). These were then spiked with
137Cs þ or 85Sr2þ (used as a g-emitting surrogate for the environ-
mentally relevant 90Sr2þ, for ease of analysis as 90Sr is a pure b�-
emitter) and equilibrated on amixing table for various time periods
for the determination of the partition coefficient (kd, mL/g) as per
Eq. (2).

kd ¼
mAq:AS

AAq:mS
2

Here, AS is the activity (Bq) adhered to the sorbent particles; AAq is
the activity (Bq) of the aqueous phase filtered from the particles;
mAq is the total mass (g) of the aqueous phase andmS is the sorbent
mass (g).
3

To determine the uptake capacity (qmax, mg/g), solutions with
varied concentrations of stable CsCl or SrCl2 were equilibrated on a
mixing table for 48 h to ensure sorbent equilibration; stable Cs and
Sr salts were used for this testing to avoid having to work with
large radioactivities. The aqueous phase in all experiments was
separated using a 0.45 mm borosilicate syringe filter and prepared
for counting by HPGe g-spectrometry, ICP-OES or ICP-QQQ as
appropriate.

mS for experiments with Clevasol®-PVACC slices refers to the
mass of the Clevasol® resin within the slice and not the mass of
the functionalised cryogel; this was estimated according to the
saturated mass of the slice and by assuming a homogenous
particle distribution throughout the material. kd values are
defined by the system having reached sorbent equilibrium. The
time-integrated kd, calculated in the same manner using Eq. (2)
but prior to the system being sorbent equilibrium, is defined
herein as ktðxÞ with the equilibration period (in batch mode)
specified as x minutes. Combined method uncertainties were
calculated with coverage factor (k) ¼ 2, as per Section II of the SI.
The cation-exchange efficiency (CEC) at equilibrium was
calculated by Eq (3):

CEC ½%� ¼
�ðA0 � AeÞ

A0

�
x100 3

where A0 and Ae are the initial and equilibrium aqueous phase
activities respectively.
2.7. Isotherm modelling

Uptake testing data were fitted to linearised Langmuir,
Freundlich, Dubinin-Radushkevich and Temkin isothermmodels to
determine the mode of sorption.
2.7.1. Linear Langmuir isotherm model
The linear expression of the Langmuir isotherm model is out-

lined by Eq. (4).

ce
qe

¼ 1
KL qmax

þ ce
qmax

4

ce
qe

versus ce was plotted, whereby ce is the equilibrium concentra-

tion of adsorbate on the Clevasol®; qe is the ratio of Cs or Sr
adsorbed per mass of the sorbent at equilibrium (mg/g); KL is a
constant related to the sorption capacity (mg/g); and qmax is the
maximum sorption capacity (mg/g). The gradient and y-intercept of
the linear graphs are used to calculate the unknowns.
2.7.2. Linear Freundlich isotherm model
The linear Freundlich isotherm model is expressed by Eq. (5),

where parameters KF and n are constants calculated from a plot of
lnðqeÞ versus lnðceÞ.

logðqeÞ¼ logðKFÞ þ
1
n
logðceÞ 5
2.7.3. Linear Dubinin-Radushkevich isotherm model
The linear Dubinin-Radushkevich isotherm model is expressed

by Eq. (6), introducing the activity coefficient b (mol2. kJ-2) and the
Polanyi potential ε (kJ/mol).
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lnðqeÞ¼ lnðqmaxÞ � b:ε2 6

ε is derived from Eq. (7).

ε¼RT ln
�
1þ 1

ce

�
7

Here, R is the universal gas constant (8.314 J mol-1/K) and T is the
absolute temperature in Kelvin, K, where the experiments were
performed at room temperature (298.15 K). lnðqeÞ was plotted
versus ε

2. The mean free energy of sorption, E (kJ/mol), can be
determined using the b parameter of the Dubinin-Radushkevich
isotherm, using Eq. (8).

E¼1
. ffiffiffiffiffiffi

2b
p

8

E is used to best indicate the sorption type. E < 8 kJ/mol would
denote physisorption of the Cs or Sr onto the Clevasol; 8 kJ/mol < E
< 16 kJ/mol would indicate the prevalence of ion-exchange, whilst a
much higher E > 40 kJ/mol would reflect chemisorption [55,56].
2.7.4. Linear Temkin isotherm model
The linear Temkin isotherm model is expressed by Eq. (9).

qe ¼B lnðAÞ þ B lnðceÞ 9

Here, B (J mol-1) is a heat-of-sorption constant related via Eq.
(10) to the Temkin constant b, which is related to the sorption
energy. A (L.mg-1) is the equilibrium binding constant.

B¼
�
RT
b

�
10

lnðceÞ versus qe was plotted to obtain the Temkin parameters.
Table 1
SSA and Young's modulus for blank (non-Clevasol®-loaded) cryogels (PVA-based
and CHI-based) versus Clevasol®-PVACC.

Cryogel composition
(% wt)

SSA
(m2.g-1)

Young's Modulus
(EY , kPa)

PVA 5%/GA 0.25% 131.730 34.0 ± 3.3
CHI 1% GA 0.25% 7.720 543 ± 54
PVA 5%/GA 0.25%/Clevasol® 10% 32.898 55.4 ± 17.6
2.8. Throughflow testing

Column experiments were performed to determine break-
through curves for Cs and Sr in a simulated in-situ scenario,
whereby contaminated groundwater would flow through the
Clevasol®-PVACC in one direction. A closed system was assembled
as per Fig. SI IV in the Supporting Information, whereby a Gilson
Minipuls 3 peristaltic pump set to 0.09 rpm delivered the stable Cs
or Sr influent solution constantly at 1.60e1.65 cm3/h through the
column. This flow is within the range of the Quaternary Upper
aquifer at Sellafield [57]. Samples were collected at the base of the
column throughout the experiment by a modified Redirac LKB 2112
fraction collector. The column (7 mm diameter x 58 mm length)
was wet packed with Fisher Chemicals Extra Pure sand. System
flow was visually verified using Bromocresol green, and the
absence of Cs and Sr sorption onto the sand was confirmed by
passing influent through the column when only packed with sand.
The experiment was then run with a 1 mm layer of Clevasol®, of
mass between 37.4 and 39.6 mg, at the base below the sand.
Influent solutions contained stable Sr or Cs at a concentration of
20 ppm, made by dissolving CsCl or SrCl2$6H2O in Milli-Q H2O or
SGS. Sr samples weremeasured using a Thermo Scientific CAP 6000
series ICP-OES. Cs samples were measured with an Agilent 8800
Triple Quad ICP-MS, with samples diluted in 2.5% HNO3 with a
5 ppb internal Re standard and using a peristaltic pump at 1 mL/
min.
4

2.9. Desorption testing

Following loading with 137Cs and 85Sr during batch equilibration
tests, Clevasol®-PVACC slices were leached in 10 ml 0.1 M HCl and
agitated on a mixing table for 72 h. This was performed to simulate
the response of the material to mild acidity in the environment
which could readily occur in scenarios such as chemical leaks and
acid rain infiltration. Aliquots of the filtratewere then extracted and
prepared for HPGe g-spectrometry to quantify recovery of adsor-
bed 137Cs or 85Sr back into the aqueous phase.
3. Results and discussion

3.1. Material characterisation

Clevasol®-PVACC's structure displays the intended inter-
connected microporous structure following its synthesis (Fig. SI V
of the Supporting Information). A tentatively identified embedded
Clevasol® particle appears partially coated by the cryogel polymer.

The incorporation of Clevasol® particles in the Clevasol®-
PVACC significantly reduces SSA relative to blank PVA-based
cryogel without particles (Table 1). Using the reported materials
and methodology herein, we found the blank PVA-based cryogel
to have a significantly higher SSA than previously reported (~130
vs ~60 m2/g [53]); we attribute this most probably to variations in
molecular weight and deacetylation levels between PVA brands
[58]. Previously, we reported cryogels based on CHI-
polyelectrolyte complexes which also possess an internal meso-
porous structure [59]; SSA of the cryogels presented in Table 1 are
comparable to CHI-based functionalised cryogels based on CHI-GA
with Pd or Au nanoparticles [50,52]. Clevasol®-PVACC had a
higher Young's modulus (Table 1) and demonstrated better
resistance to strain (Fig. SI VI in the Supporting Information) than
the blank PVA cryogel, demonstrating that the incorporation of
the Clevasol® particles into the PVA-based cryogel significantly
increased the durability of the material. This is a beneficial trait for
practical environmental application within PRBs. Functionalising
a PVA-based cryogel with other fine-grained sorbent particles
could possibly therefore also potentially enhance the structural
integrity of the composite material relative to the blank material,
which is promising for future research using PVA-based cryogels
as a host matrix. Our additional testing to investigate the potential
of CHI as an alternative polymer to PVA showed that the blank
CHI-based cryogel had a higher rigidity than the PVA-based cry-
ogel (i.e. undergoing lower strain at higher stresses, Fig. SI VI in
the Supporting Information), indicating that it likely has a much
higher resistance to hydrostatic pressure. However, this could
equally indicate that CHI-based cryogels may be more brittle than
PVA-based cryogels. Further research could therefore focus on the
optimisation of the synthesis of cryogel-sorbent composites,
including exploring the effects of particle incorporation into CHI-
based cryogels.



Fig. 1. of Clevasol® particles and Clevasol®-PVACC for 137Csþ and 85Sr2þ in Milli-Q H2O
and SGS. Complete removal reflects that the activity in the aqueous phase was below
the limit of detection.

Fig. 2. Sorption kinetics (ktðxÞ) of Clevasol® particles for 85Sr2þ in Milli-Q H2O and SGS.
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3.2. Batch testing

The CEC of the non-bound Clevasol® resin particles in Milli-Q
H2O was 99.98% for 137Csþ and 99.80% for 85Sr2þ. The corre-
sponding kd were respectively 3.3 x 107 mL/g and 2.1 x 107 mL/
g, demonstrating Clevasol® has an excellent affinity for both
cations. This is amongst the highest kd reported in the literature
(see values reported in review articles highlighted in introduc-
tion section 1.2). The uptake kinetics and capacity were also
excellent in SGS, with the ktð90Þ (effective kd in SGS after 90 min
of equilibration) of the non-bound Clevasol® particles at 2.0 x
105 mL/g for 137Csþ and 1.2 x 104 mL/g for 85Sr2þ (Fig. 1 and
Fig. 2). kd values are often presented in associated literature to
provide normalised values for the affinity of a sorbent material
for its target contaminants, with effective kd of �103e104 mL/g
generally being considered excellent [60,61]. The high ktð90Þ of
Clevasol® for Cs and Sr demonstrate its rapid sorption kinetics
(Fig. 1), whilst the effective kd values at sorbent equilibrium in
SGS would most probably be higher still if considering that the
system was most likely not at equilibrium after 90 min. This is a
critical trait for the intended deployment of our material in
PRBs, where groundwater requires rapid decontamination during
its passage through a material such as Clevasol®-PVACC.

ktð90Þ of Clevasol®-PVACC slices were also calculated in batch
mode as 1.4 x 104 for 137Csþ and 1.6 x 103 for 85Sr2þ in SGS (Fig. 1).
The lower ktð90Þ of Clevasol®-PVACC compared to ktð90Þ of the non-
cryogel-bound Clevasol® particles is logical, representing the time
taken for diffusion of the radionuclides through the polymer walls
of the cryogel to the bound Clevasol® particles. Further
5

unpublished results from our lab incorporating a metal-organic
framework into a PVA-based cryogel have shown that kd of the
sorbent material and the sorbentmaterial boundwithin the cryogel
is equal after 24 h. This shows that the uptake capacity of the resin
was not hindered by its inclusion within our PVA-based cryogel,
despite a slightly reduced rate of uptake.

We also note, based on elemental mapping, an even distribution
of Cs and Sr adsorbed onto loaded Clevasol® particles which follows
the particle topography (Fig. 3).
3.3. Isotherm parameters

Having established that Clevasol® and Clevasol®-PVACC have an
excellent affinity for Csþ and Sr2þ, we then investigated the sorp-
tion mechanism. Langmuir, Freundlich, Dubinin-Radushkevich and
Temkin parameters from our testing are shown in Table 2. Csþ and
Sr2þ both demonstrated the closest fit in every case (R2 > 0.97) to
the Langmuir isotherm model in both Milli-Q H2O and SGS, indi-
catingmonolayer coverage of Csþ and Sr2þ adsorbed onto Clevasol®

particles. The Langmuir uptake capacity (qmax) of Clevasol® for Csþ

and Sr2þ is competitive with other top-performing sorbents (see
review articles mentioned in introduction Section 1.2), even when
qmax is reduced in SGS for both elements relative to in Milli-Q H2O.
This effect is expected, as SGS contains spectator ions (e.g. Mg2þ,
Ca2þ etc.). This nonetheless demonstrates a high effectiveness of
Clevasol® for Csþ and Sr2þ removal from the more complex SGS
solution. The values obtained for the mean free energy of sorption
(EÞ obtained through applying the Dubinin-Radushkevich isotherm
(Table 2) in every case indicated that chemisorption was the
sorption type of the Csþ and Sr2þ onto the Clevasol® in each the
Milli-Q H2O and SGS solutions [55,56]. The positive B values ob-
tained through applying the Temkin isotherm indicate that the
adsorption process is exothermic.



Fig. 3. a) SEM photomicrograph of Cs-loaded Clevasol® particle. b) Elemental mapping of Cs-distribution across the particle shown in a). c) SEM photomicrograph of Sr-loaded
Clevasol® particle. d) Elemental mapping of Sr-distribution across the particle shown in c).
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3.4. Desorption testing

We examined the retention of Cs and Sr within Clevasol®-
PVACC, to detect how easily they may be desorbed under certain
conditions once bound. To simulate the contamination of a
Clevasol®-PVACC PRB with an acidic plume, which is a possibility
at nuclear sites (e.g. Hanford site tank leaks can produce extremes
of pH [62]), we immersed slices of radionuclide-loaded Clevasol®-
PVACC (which had been loaded with 137Cs and 85Sr during batch
testing) in 0.1 M HCl on a mixing table for 3 days. Here, we
detected no 137Cs in the leachate from the Clevasol®-PVACC,
however 2e3% of the 85Sr activity was recovered (relative to the
activity ASAS calculated to have been captured on the material
during the relevant batch uptake experiment). We attribute this to
a small degree of 85Sr leaching from the Clevasol® resin, or
perhaps non-bound 85Sr residing in either the polymer structure
or any solution remaining in the cryogel pores following filtration.
Overall, the fact we detected no 137Cs and a very small quantity of
85Sr after this time demonstrates that Clevasol®-PVACC strongly
retains both FPs at pH 1, which we consider in any case should be
beyond the range of groundwater plumes acidified from on-site
tank leaks.
Table 2
Uptake capacity testing data fit to Langmuir, Freundlich, Dubinin-Radushkevich and Tem

Analyte Host Solution Langmuir ParametersKL (mL/g)

qmax (mg/g)

Csþ Milli-Q 3.05 x 104 520
SGS 4.10 x 104 298

Sr2þ Milli-Q 1.80 x 105 145
SGS 5.13 x 104 128

Analyte Host Solution Dubinin-Radushkevich Pqmax

b E

Csþ Milli-Q 533 1.91 x 10-6 5
SGS 123 1.50 x 10-5 1

Sr2þ Milli-Q 124 5.72 x 10-7 1
SGS 47 1.23 x 10-6 6
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3.5. Throughflow testing

Fig. 4 demonstrates that Csþ is more strongly bound to the
Clevasol® resin than Sr2þ, as Csþ was only detected once ~40 g of
effluent had passed through the column, compared to ~10 g for Sr2þ

inMilli-Q and 20 g in SGS (Fig. 4). These data are consistent with the
higher kd of Clevasol® for Cs þ than for Sr2þ, in addition to the acid
leaching desorption tests where Csþ was not detected in the
effluent. Secondly, the breakthrough for Sr2þ in Milli-Q water is
faster than that for SGS, which is an unexpected result given that
our other data demonstrates Clevasol® has a higher affinity for Sr in
Milli-Q water (Figs. 1 and 2). Although we cannot objectively
identify the reason for this, we rule out pH changes between the
Milli-Qwater (pH¼ 7.0) and SGS (pH¼ 7.1) as onlyminor quantities
of Sr2þ were detected in leachates from the acid leaching test.
3.6. Considerations for practical deployment

To examine the potential use of a Clevasol®-PVACC PRB at scale,
several factors must be considered to advance from the laboratory-
to pilot-scale. Firstly, a scalable synthesis is required to produce
adequate amounts of Clevasol®-PVACC for PRBs at the multi-kg
kin isotherm parameters.

Freundlich Parameters

R2 KF (mL/g) 1/n n R2

0.9762 2.54 x 10-4 0.511 1.956 0.6674
0.9932 2.10 x 10-1 0.495 2.021 0.7825
0.9992 2.58 x 10-2 0.377 2.650 0.6738
0.9919 3.55 x 10-2 0.491 2.037 0.8558

arameters Temkin Parameters

R2 A B R2

12 0.8746 1.38 81.3 0.9412
83 0.6564 0.88 418 0.8506
322 0.9860 9.01 16.5 0.8478
38 0.7020 4.25 x 10-4 20.5 0.9384



Fig. 4. Breakthrough curves of Csþ and Sr2þ through Clevasol®-loaded sand columns.
Blue represents Sr (left y-axis), orange represents Cs (right y-axis). Circles represent
Milli-Q water as the aqueous phase, triangles represent SGS as the aqueous phase.
No Cs data in Milli-Q presented as no Cs was detected in the column effluent,
indicating essentially complete removal in the column.
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scale. PVA and glutaraldehyde are both readily available commer-
cial products which are made on industrial scales and relatively
cheap. Although scaling up the manufacture of a material can lead
to a reduction in the quality of its essential characteristics (e.g. in
the case of functionalised cryogels, the pore size and particle dis-
tribution), recent work on scalable functionalised cryogels reported
by Busquets et al. [51] demonstrated the expected uniform pore
sizes and particle distributions. In their systems, material proper-
ties were easily controlled and were reported to be homogeneous
at scales �400 mL, with multi-kg quantities being easily syn-
thesised within several days [51].

A significant advantage that the Clevasol® resin itself has over
other inorganic ion-exchange resins is that it is vitrifiable. Once a
Clevasol®-PVACC PRB has reached the end of its life cycle, the resin
could therefore be extracted and vitrified if it has captured signif-
icant activities. This is a desirable trait for long-term storage or
disposal in geological nuclear waste repositories if large activities
are captured at a contaminated site, to ensure that otherwise mo-
bile radionuclides remain immobile in the repository. There also
remains scope to explore the possibility that Clevasol®-PVACC
could be reused after regeneration by stronger acid treatment, as
has been demonstrated successfully with other functionalised
cryogels for heavy metal capture [49,63]. This raises the prospect
that systems such as Clevasol®-PVACC could possibly be installed
on site and recycled as appropriate with periodic acid washing.
Vitrification and the potential to explore the capability of the ma-
terial for reuse demonstrate that there is a clear disposal path and a
potential recycling path for the radionuclide-loaded material
following its deployment, which has clear ‘green chemistry’/sus-
tainability benefits.

4. Conclusion

We have demonstrated that Clevasol® resin particles can be
embedded into a PVA-based cryogel, producing a cheap composite
material (Clevasol®-PVACC) with a facile and replicable synthesis.
Our data demonstrates that Clevasol® resin particles have excep-
tionally high kd for Csþ and Sr2þ, whilst the composite material
Clevasol®-PVACC is also highly effective for the removal of Csþ and
Sr2þ under the groundwater conditions at the Sellafield nuclear
site, demonstrating a strong potential for effective in-situ applica-
tion. There remains additional potential to explore the recyclability
of Clevasol and Clevasol®-PVACC, by testing the ability of both
Clevasol and Clevasol®-PVACC to be regenerated for future appli-
cation after elution of the adsorbed radionuclides. Additionally,
exploring the selectivity of Clevasol and Clevasol®-PVACC for Csþ

and Sr2þ in different concentrations of various other spectator ions
7

could also provide an assessment of the capabilities of thematerials
to be employed in other environments, including for example in
seawater and spent fuel storage pools. We consider that the scaled-
up field application of Clevasol®-PVACC in PRB format would likely
be most effective if employed in combination with engineered
impermeable barriers, such as concrete or frozen ground, to direct
the groundwater flow from a larger area into a smaller channel
through the PRB. Overall, we believe we have shown that
Clevasol®-PVACC shows excellent potential to be implemented as
an interceptive PRB, which could be installed in the case of a fission
product leak, or as an additional lasting ‘failsafe’ in combination
with other direct and targeted remediation methods (e.g. ground-
water pumping and treatment, electrokinetics) for groundwater
plumes contaminated with 137Cs and 90Sr.
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