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Abstract
Strontium-90 is a radionuclide of concern that is mobile in soil and groundwater and is a threat to life. Activated hydrogel 
biopolymer composites were fabricated for strontium remediation from groundwater. Batch uptake demonstrated a maxi-
mal stontium uptake capacity of 109 mg g−1, much higher than unactivated hydrogel controls. Activation also more than 
doubled the decontamination factor at environmentally relevant concentrations. EXAFS was used to investigate the binding 
mechanism, revealing inner sphere complexation of strontium for the first time. Biopolymer composities synthesized for 
these studies are sustainable and cheap remediation materials that exhibit good strontium uptake and inner sphere binding.
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Introduction

Radio strontium is a challenging radionuclide to remedi-
ate and continues to pose challenges at a number of waste 
processing sites and sites of accidental release. As a major 
fission product it is present in large quantities in the form 
of Sr-89 and Sr-90 in the event of accidental release to the 
environment. For example, after the Chernobyl incident an 
estimated 10 PBq is thought to have been released [1] while 
following a tank leak in 2011 at the Fukushima Daiichi 
site, an estimated 45 TBq 90Sr [2, 3] released to a drainage 
ditch. It can also be detected in soils at > 50% of the United 
States Department of Energy sites and some of these sites 
exceed safe 90Sr concentrations in groundwater by as much 
as five orders of magnitude [4]. Typical groundwater stron-
tium concentrations can vary considerably [5]. Strontium’s 
electronic similarity with bio-essential calcium means that 
it is taken up readily by organisms where it accumulates in 
bones. Of particular concern is strontium-90 with a half-life 

of 28.8 years, decaying via an energetic beta-emission and 
causing cancer [1] and leukaemia [2]. Strontium is soluble 
and relatively mobile in aqueous environments and it gener-
ally retains its hydration shell at environmentally relevant 
pH, tending to form outer sphere complexes with a range 
of inorganic materials [3–5]. Outer sphere complexation is 
characterised by a binding mediated through the hydration 
shell, which is a weak and reversible interaction. This behav-
iour makes strontium particularly challenging to immobilise. 
Inner sphere complexation by contrast, is characterised by 
partial or total loss of the hydration shell and a direct com-
plexation or binding between strontium and surface oxygen 
groups—a far stronger electrostatic interaction and highly 
desirable in a remediation material.

In addition to the challenges posed by strontium’s chem-
istry, groundwater contains a complex mixture of organics, 
inorganics and microbiota [6–9], all of which can rapidly 
foul microporous adsorbents blocking their pore structure 
and reducing their efficacy at immobilisation of strontium, in 
seawater, acidic waters and groundwater [10, 11]. Biopoly-
mers, derived via biosynthesis, contain extensive multi-scale 
porosity which is not subject to the same issues of leaching 
and fouling as some inorganic ion-exchange materials. They 
are economically sustainable, can be prepared rapidly and 
are a step closer to carbon neutral or even carbon negative 
materials.

Alginate derived from brown kelp is an anionic biopoly-
mer with abundant carboxylate and hydroxyl functionality 
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well suited for cation complexation. It also has well char-
acterised gelation properties [12], able to form monolithic 
hydrogels. Biochar is another such carbonaceous mate-
rial derived from ligno-cellulosic residues, which is well 
suited to cation immobilisation due to extensive porosity 
and surface oxygen functionality. Biochar can be activated 
by chemical or physical agents to enhance both its poros-
ity and surface functional chemistry useful for adsorp-
tive processes, further increasing it’s contaminant uptake 
capacity Due to their amorphous structure, elucidating the 
binding mechanism of strontium to biopolymers such as 
biochar is, however, challenging. Characterising the bind-
ing mechanism is crucial for proving that biopolymers are 
effective at immobilising strontium effectively. Extended 
X-ray Absorption fine Structure (EXAFS) is one such tech-
nique that has been employed to successfully elucidate 
the binding environment of a range of metals adsorbed to 
surfaces [13, 14]. While a number of EXAFS studies have 
examined strontium binding environment in a range of 
inorganic materials, very few studies show direct proof of 
inner sphere binding [15, 16], and we are unaware of any 
previous EXAFS study on biopolymer adsorbents examin-
ing the binding mechanism of strontium.

Experimental

Sample preparation

Oakwood chips (d < 3 mm) were rinsed in de-ionized water 
before being dried overnight at 90 °C. They were pyrolised 
at 450 °C (ramp = 5 °C min−1, dwell 1 h) before being 
ball milled and sieved to < 50 μm in diameter. Unactivated 
control biochar was labelled ‘OK’.

Activation followed a previously described and opti-
mized procedure [17] briefly, milled biochar was treated 
with 8 M HNO3 solution at 80 °C for three hours, then 
filtered, washed and dried at 105 °C overnight. Activated 
biochar was labelled ‘OK-A’.

Hydrogel alginate-biochar beads were fabricated using 
previously described procedure [18]. Briefly, sodium algi-
nate was dissolved in 99 mL of ultrapure water before 
biochar was added in a 1:0.25 ratio and the mixture was 
stirred for a further 24 h at 25 °C. The biochar-alginate 
slurry was added dropwise to a slowly stirring solution of 
a 0.1 M calcium chloride solution (500 mL). The result-
ing Biochar-alginate hydrogel beads were left to equili-
brate for overnight before being rinsed thoroughly with 
ultrapure water and freeze-dried for 24 h. Samples were 
labelled ‘HG’ for hydrogel from unactivated biochar and 
‘HG-A’ for hydrogel with activated biochar.

Uptake experiments

0.2 g of adsorbent was precisely weighed into a sterile 
50 mL centrifuge tube, before 2 mL of a 0.2 M MOPS 
(3-(N-morpholino)propanesulfonic acid) buffer was added 
and the system left to equilibrate for 12 h. Aliquots of a 
1000 mg L−1 Sr2+ stock solution (from SrCl2·6H2O) were 
added before each tube was made up to 25 mL using a 0.2 
MOPS buffer solution (pH 7). Initial concentrations were 
between 5 and 500 mg L−1 Sr2+ in a 0.2 M MOPS buffered 
solution. Samples were shaken at 150 rpm (24 h) before 
being filtered through a 0.45 µm cellulose syringe filter. The 
remaining solution was acidified to 2% nitric acid and the 
remaining Sr2+ concentration measured via ICP-MS.

Equilibrium loading qe was derived using Eq. 1, where 
Ci and Ce are solution initial and equilibrium concentration 
(mg L−1), V is volume of solution (L) and m is mass of 
adsorbent (g).

The non-linear versions of the Langmuir (Eq. 2) and Fre-
undlich (Eq. 3) isotherm models were employed and com-
pared. The Langmuir equation takes the form:

where qe and qm describe the adsorption capacity at equilib-
rium and adsorption capacity respectively (mg g−1), KL is 
the Langmuir constant and Ce the equilibrium solution con-
centration (mg L−1) [19]. The Freundlich equation describes 
heterogeneous sites of differing affinity:

where kF is the Freundlich constant and 1/n is the hetero-
geneity factor.

The decontamination factor, DF is derived by eqn the 
initial strontium concentration divided by the final strontium 
concentration.

X‑ray absorption spectroscopy

Strontium-loaded samples were retained from batch uptake 
experiments. Samples were rinsed in 15 mL UHQ on filter 
paper to remove any surface precipitated strontium. Samples 
were then dried overnight at 105 °C before being milled 
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and pressed into pellets using 20% cereox binder. EXAFS 
spectra were collected at B18, Diamond Light Source, UK. 
The strontium K-edge (16,105 eV) was measured at 77 K 
using a Si(111) monochromator. X-ray energy was calibrated 
using an yttrium foil. The Demeter package was used for 
data reduction & background removal before fitting of the 
Fourier trasnform. A shell-by-shell approach to fitting was 
undertaken in order to examine the degree of inner or outer 
sphere complexation [15]. Fitting of standards yielded an 
optimum value of S0

2 to be 1.0 ± 0.03.

Results and discussion

Strontium uptake

Results show that activation of oak wood biochar enhances 
strontium uptake capacity by around 100%. This is con-
sistent with previous studies which show that activation 
enhances surface functional groups—particularly oxygen 
containing surface functional groups—that participate in 
cation complexation and immobilisation such as carboxylate 
and hydroxylate groups [20, 21]. For oxyphilic strontium, 
such functional groups play a crucial role in the uptake and 
complexation of contaminants. Encapsulation of unactivated 
biochar into hydrogel beads (HG) also enhanced uptake by 
around 50%. The alginate hydrogel provides additional bind-
ing sites for strontium thanks to it’s abundant carboxylate 
and hydroyxl functionality. It is the combination of activa-
tion and hydrogel encapsulation that produced the highest 
uptake overall (HG-A). Uptake was almost four times greater 
in the activated hydrogel over unactivated oak wood biochar 
control at an initial Sr2+ concentration of 500 mg L−1. While 
biochar encapsulation in alginate hydrogel beads has previ-
ously been demonstrated to enhance strontium uptake [6], 
the addition of an activation step prior to hydrogel encapsu-
lation, to our knowledge, has not yet been reported. Such a 
combination of activation and hydrogel formation appears 
to increase not only overall uptake capacity (Table 1) but 
also the binding affinity of binding sites, as evidenced by 
the increasing decontamination factor DF at contamination-
relevant concentration levels (Table 2).

Table  1 shows isotherm modelling parameters for 
HG- and HG-A. The maximum uptake (QMAX) values are 
108.5 mg g−1 for HG-A and 35.5 mg g−1 for HG. Uptake 
values for similar materials vary widely e.g. 120 mg g−1 for 

a rice straw biochar [22], 12 mg g−1 for an activated sewage 
biochar [23] and 82 mg g−1 for a chitosan-alginate-yeast 
bead [29]. The adsorbents in this study are comparable with 
these values.

Figure 1 shows that none of the samples reach saturation 
Sr loading by the upper initial concentration of 500 mg L−1, 
implying all have more unoccupied binding sites available.

Typically, data sets for isotherm modelling can reach as 
high as 10,000 mg L−1 initial ion concentration in order to 
reach saturation binding. It should be noted that this dataset 
is not yet optimised for uptake capacity but rather was opti-
mised in preparation for EXAFS binding mechanism stud-
ies and therefore the initial concentration range deliberately 
did not extend above 500 mg L−1 initial concentration. In 
real-world remediation scenarios, the concentration of radio 
strontium in groundwater is unlikely to reach beyond this 
level and the objective was to obtain EXAFS measurements 
that mimicked realistic potential contamination scenarios, 
while balancing the signal-to-noise of X-ray absorption 
transmission detectors. Further uptake studies are required 
which reach higher initial strontium concentration in order 
to obtain improved isotherm model fits. The source of the 
discontinutiy of HG-A (Fig. 1) at around 50 mg L−1 initial 
Sr2+ concentration is not yet fully understood and is the sub-
ject of further investigation. Control experiments indicate no 
significant instrumental deviation, therefore likely explana-
tions include a possible change in the binding mechanism 
at about 50 mg L−1.

Extended X‑ray absorption fine structure

Figure 2 shows the backscattering signals of samples HG-A, 
HG & OK-A as well as standard compounds of known crys-
tallographic structure. Unactivated biochar (OK) was not 
analysed due to its poor uptake performance. As is typical 
of strontium K-edge EXAFS, the signal is dominated by a 
large and broad first peak, corresponding to the backscat-
tering from first shell oxygen atoms surrounding strontium 

Table 1   Isotherm modelling 
parameters for hydrogel and 
activated hydrogel composites

Langmuir Freundlich

QMAX (mg/g) K (L/mg) R2 Kf (mg/g) n R2

HG-A 108.5 0.003 0.9631 0.5553 0.8099 0.9915
HG 35.5 0.004 0.9914 0.6468 0.4897 0.9796

Table 2   Decontamination 
factors (Eq. 4) for hydrogel 
composites and biochar control 
adsorbents at [Sr2+]i = 5 mg L−1

Sample DF

HG-A 4.1 ± 0.005
HG 1.8 ± 0.074
OK-A 3.8 ± 0.008
OK 1.3 ± 0.006
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bond to the materials. At a larger distance (i.e., to the right 
of the first peak)), a smaller peak indicates the presence of 
a second backscattering signal. Well resolved two peaks in 
the magnitude of Fourier Transformed EXAFS signal could 
suggest that strontium forms direct bonds with activated 
oak wood biochar via oxygen and carbon atoms, essentially 
confirming presence of an inner sphere complexation at pH 
7. The system was buffered during uptake since the pH-
dependent nature of strontium binding is well known [6, 7, 
24]. Oftentimes other strontium adsorbents exhibit little or 
no second shell signal at circumneutral pH indicating outer 
sphere complexation [24–26] in contrast to the adsorbents 
in this study.

Derived coordination numbers and atomic distances are 
displayed in Table 3. Both activated HG-A and unactivated 
HG hydrogel show a slightly larger second shell carbon 
(Sr–C) signal compared with activated biochar OK-A, 

indicating a higher degree of inner sphere binding in both 
hydrogel bead samples. Sr–O distances are consistently 
2.57 ± 0.01 Å for the HG, HG-A and OK-A samples. This 
is marginally shorter than most Sr–O distances reported, 
yet do fall within the reported range of 2.55–2.64  Å 
[5, 7, 22, 24]. Sr–C distances reported in this study are 
intermediate within the range of organic Sr–C distances 
(3.05–3.8  Å) reported in crystallographic diffraction 
studies [24–27]. Sr–C distance in a carboxylate bidentate 
binding can be as short as 3.05 Å [24], while an oxalate 
bidentate binding mode yields Sr–C distance of around 
3.3–3.45 Å [30] and monodentate binding typically yields 
Sr–C distance above 3.4 Å [24, 25, 27]. Both hydrogels 
HG and HG-A as well as activated biochar OK-A display 
Sr–C distances 3.0–3.8 Å, suggesting the composition of 
the oxygen functional groups through which they are bind-
ing are a combination of carboxylate bidentate and mond-
entate groups such as hydroxyls, lactones and carbonyls. 
This is consistent with the egg-box model of group II bind-
ing to alginate [31], [32] which describes a penta-dentate 
binding of strontium to a combination of carboxylate and 
hydroxylate moieties. These distances are also consistent 
with known oxygen functionality the biochar component, 
which is known to contain a mix of carboxylate, hydroxyl 
and other oxygen moieties. Therefore, the binding environ-
ment of strontium in activated oak wood biochar and its 
hydrogel composites is best described by a combination of 
bidentate and monodentate binding with oxygen surface 
functional groups.

Conclusions

Activated hydrogel alginate-biochar composite beads are a 
sustainable and low-cost material for radionuclide remedia-
tion. They are effective at removal of strontium at environ-
mentally relevant pH and are compatible with use in environ-
mental systems. Strontium batch uptake experiments were 
conducted deriving a maximum strontium uptake capacity 
of 108.5 mg g−1 for activated hydrogel, significantly higher 
than an unactivated control hydrogel or activated biochar 
alone. EXAFS fitting revealed the inner sphere binding of 
strontium to all three adsorbents—activated particulate bio-
char, unactivated hydrogel and activated hydrogel compos-
ites, indicating strong and irreversible binding of strontium 
to all three of these materials. This study is the first to report 
direct evidence for an inner sphere binding of strontium on 
biopolymers. Hydrogel encapsulation of activated biochar 
combines the enhanced uptake capacity of activated biochar 
in a monolithic composite material. Further uptake studies 
are required to more accurately model uptake and binding 
bulk behaviour.

Fig. 1   Strontium batch uptake data (top) and isotherm modelling for 
hydrogel and activated hydrogel composites (bottom) buffered at pH7 
for 24 h; 0.2 g adsorbent in 25 mL. Samples are abbriviated as fol-
lowak biochar (OK), activated oak biochar (OK-A), hydrogel com-
posite (HG) and activated hydrogel composite (HG-A)
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