>
=
%)
14
Ll
=
zZ
=)
o
O
o
=z
<
o
o
O
o
=z
<
oM
|
O
O
2
>
LL
@
o

PRIFYSGOL

BANGOR

UNIVERSITY

Adsorption of strontium from aqueous solution using ethyl butyl
phosphonate (EBP) silica

Pepper, Sarah; Robshaw, Thomas; Amphlett, James; Ruder, Laura; Harwood,
Laurence; Lee, Taek Seung; Whittle, Karl; Ogden, Mark

Progress in Nuclear Energy

DOl:
10.1016/j.pnucene.2024.105458

Published: 01/12/2024

Publisher's PDF, also known as Version of record

Cyswilit i'r cyhoeddiad / Link to publication

Dyfyniad o'r fersiwn a gyhoeddwyd / Citation for published version (APA):

Pepper, S., Robshaw, T., Amphlett, J., Ruder, L., Harwood, L., Lee, T. S., Whittle, K., & Ogden,
M. (2024). Adsorption of strontium from aqueous solution using ethyl butyl phosphonate (EBP)
silica. Progress in Nuclear Energy, 177, Article 105458.
https://doi.org/10.1016/j.pnucene.2024.105458

Hawliau Cyffredinol / General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or
other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal
requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private
study or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

« You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to
the work immediately and investigate your claim.

24. Jan. 2025


https://doi.org/10.1016/j.pnucene.2024.105458
https://research.bangor.ac.uk/portal/en/researchoutputs/adsorption-of-strontium-from-aqueous-solution-using-ethyl-butyl-phosphonate-ebp-silica(2d20879a-b5f3-4a85-9e54-54c334f461d0).html
https://research.bangor.ac.uk/portal/en/researchers/mark-ogden(370c5bed-c348-4f5b-a98b-3924265566c2).html
https://research.bangor.ac.uk/portal/en/researchers/mark-ogden(370c5bed-c348-4f5b-a98b-3924265566c2).html
https://research.bangor.ac.uk/portal/en/researchoutputs/adsorption-of-strontium-from-aqueous-solution-using-ethyl-butyl-phosphonate-ebp-silica(2d20879a-b5f3-4a85-9e54-54c334f461d0).html
https://research.bangor.ac.uk/portal/en/researchoutputs/adsorption-of-strontium-from-aqueous-solution-using-ethyl-butyl-phosphonate-ebp-silica(2d20879a-b5f3-4a85-9e54-54c334f461d0).html
https://doi.org/10.1016/j.pnucene.2024.105458

Progress in Nuclear Energy 177 (2024) 105458

ELSEVIER

Contents lists available at ScienceDirect
Progress in Nuclear Energy

journal homepage: www.elsevier.com/locate/pnucene ==

L))

Check for

Adsorption of strontium from aqueous solution using ethyl butyl | e

phosphonate (EBP) silica

Sarah E. Pepper ", Thomas J. Robshaw ", James T.M. Amphlett “, Laura R. Ruder?,
Laurence M. Harwood ¢, Taek Seung Lee ', Karl R. Whittle #, Mark D. Ogden *"

& Separation and Nuclear Chemical Engineering Research (SNUCER), Department of Chemical and Biological Engineering, University of Sheffield, Sir Robert Hadfield

Building, Sheffield, S1 3JD, United Kingdom

Y Department of Materials Science and Engineering, University of Sheffield, Sheffield, United Kingdom
¢ Nuclear Engineering Group, School of Chemical and Process Engineering, University of Leeds, Woodhouse, Leeds, LS2 9JT, United Kingdom

d Seaborg Technologies, Titangade 11, 2200, Copenhagen N, Denmark
€ Department of Chemistry, University of Reading, Reading, RG6 6AH, United Kingdom

f Organic and Optoelectronic Materials Laboratory, Department of Organic Materials Engineering, Chungnam National University, Daejeon, 34134, South Korea

8 School of Engineering, University of Liverpool, Liverpool, L69 3BX, United Kingdom

 Nuclear Futures Institute, Bangor University, Dean Street, Bangor, Gwynedd, LL57 1UT, United Kingdom

ARTICLE INFO

Keywords:
Strontium-90
Ion-exchange
adsorption
functionalised silica
Active waste

1. Introduction

Strontium-90 (°°Sr) is one of the most abundant radionuclides
released routinely or accidently into the environment (Steinhauser,
2014; Povinec et al., 2012). gy is hazardous, due to its relatively long
half-life (~28.8 years) and toxicity to humans. Strontium behaves bio-
chemically in a very similar way to calcium and therefore accumulates
in bone tissue and teeth (Vajda and Kim, 2010). Furthermore, there is
the potential for accumulation in the bodies of infants, due to presence
in breast milk (Shagina et al., 2015). °°Sr undergoes p~ decay to *°Y,
with a decay energy of 0.546 MeV. The daughter nuclide in turn un-
dergoes further p~ decay where t; 5 = 64 h and Q = 2.28 MeV. Human
exposure causes damage to bone marrow, leading to an increase risk of
leukaemia (Morisawa et al., 2000). °°Sr-contaminated materials are
often referred to as “high-level waste” (Potera, 2011), although the
descriptor is not actually dependant on the radionuclide in question and
the definitions of high-, medium- and low-level radioactive waste vary
between countries and institutions (Lennemann, 1978). This does
however, illustrate the level of general concern in managing the fate of

this isotope effectively.

The behaviour of *°Sr, upon release to the environment, has been
widely studied; often alongside 3*Cs and '3”Cs (Paasikallio et al., 1994;
Mason et al., 2000; Pioch and Madozescande, 1995). Radiocaesium is
more volatile and a greater concern for aerial release, but °°Sr is often
implicated in the contamination of water (Kim et al., 2018; Surman
et al., 2014; Oji et al., 2009). For example, it often contaminates sedi-
ment in coastal regions and estuaries (Surman et al., 2014), as a result of
controlled historical release from nuclear fuel reprocessing (Harrison
et al.,, 2023), residue from nuclear weapon-testing (Rapaport et al.,
2022), and unintentional release from nuclear accident (Paasikallio
et al., 1994). 90sr was found at high activities (<29.13 mBq-L’l) in
Japanese coastal waters in 2013, following the 2011 Fukushima Daiichi
disaster (Tazoe et al., 2019). Analysis of samples of foodcrops collected
in Ukraine demonstrated that as late as 2019, the levels of °°Sr in these
products were above legal limits, resulting from the Chernobyl incident
of 1986 (Labunska et al., 2021).

Therefore, treatment of aqueous waste streams is necessary to
remove and contain *°Sr to prevent and/or minimise its environmental
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release. Various techniques have been employed; including solvent
extraction (Dhami et al., 2013), precipitation (Tan et al., 2010) and
ion-exchange (Chiarizia et al., 1998; Dyer et al., 1999; Bortun et al.,
1997). Solvent-extraction is generally the process of choice when the ion
of interest is present in the target wastestream at concentrations >2 g
L~!. However, this is highly unlikely in environmental applications for
905y capture. Conventional precipitation generally cannot achieve the
decontamination factor (DF) required for the removal of such a haz-
ardous species and so requires a tandem process, such as microfiltration
to be effective, which adds cost and complexity (Wu et al., 2014).
Ion-exchange involves contacting a contaminated feed solution with a
solid material that has been modified to adsorb the species of interest.
Solid materials can be modified to target problematic species and the
resulting active waste can then be easily dewatered, prior to conversion
to a wasteform.

The agreed United Kingdom strategy for the safe containment of
nuclear waste is a deep geological facility (DGF) (Management, 2023),
which is in alignment with the sector-wide goals for “Near Zero” release
of radioactive effluent to the environment (Agency, 2018). As such, for
any radionuclide capture process where the goal is disposal, rather than
recycling, it is critical that: (a) the resulting active material is amenable
to a wasteform-conversion process; (b) the active species is sufficiently
concentrated to minimise the volume of generated waste (Asmussen
et al., 2022). An adsorption or ion-exchange process generally achieves
the second goal. However, the first is problematic; contaminated spent
ion-exchange resins are a well-known ‘orphan’ wastestream within the
industry, with the bulk of this waste currently in intermediate storage,
pending treatment, which is unsustainable going forward (Doudou et al.,
2013).

In a recent technical assessment of potential wasteform conversion
routes for IX resins, vitrification was found to be the most promising;
scoring highly in engineering, economic and environmental criteria
(Guo et al., 2022). Borosilicate glass has been used to contain fission
products and minor actinides remaining after reprocessing of SNF.
However, the ability of glass to retain these species is an issue that
continues to be explored. It is difficult to address, due to complexity of
the system. Glass undergoes dissolution and irreversible transformation
into more stable phases (Gin et al., 2013). The rate at which this occurs
depends strongly on factors such as pH, temperature and solution
composition. Additionally, the glass and the contained problematic
species must be retained for geological timescales. International Simple
Glass (ISG) was developed to aid the international nuclear glass com-
munity in understanding glass corrosion mechanisms and kinetics
(Kaspar et al., 2019). It is a six-oxide borosilicate glass.

Although vitrification of conventional IX resins is feasible and
demonstrable, a high organic content can be problematic for the vitri-
fication process. This is because oxygen fugacities during the melt
require controlling carefully; otherwise there is a risk that transition
metals present in the glass could precipitate during processing (Jantzen
et al., 1995). One alternative that has been rarely investigated is the use
of a functionalised silica as an adsorbent matrix. This offers the advan-
tages of (relatively) low organic content, plus chemical similarity with
ISG. Silica-materials also offer advantages to the adsorption step in
general, compared to polymeric materials, as they do not swell, have
better resistance to organic solvents and can tolerate higher tempera-
tures (Da’'na, 2017).

Functionalised silicas are commercially available, although not at
the scale of conventional polymeric resins. Such materials are generally
mesoporous and good quality control is possible over pore volume dis-
tribution, as for an IX resin. The unfunctionalized silica is generally
synthesised from polycondensation of alkoxysilanes and the resulting
particles, possessing the correct physical characteristics is commonly
reacted with a further alkoxysilane, containing a labile functional group,
which becomes the basis of constructing an appropriate ligand (Vidal
et al., 2012). For information on readily available starting functional-
ities, the reader is directed to the PhosphonicS range (https://www.ph
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osphonics.com/shop/). Such materials have been reviewed for their
capabilities in removal of metals (Da’na, 2017), and dyes (Al-Amrani
et al., 2022) from water as well as desalination (Flma et al., 2012). The
phosphonic acid group is an attractive target for investigation, being
used extensively for the capture of various divalent cations, including Sr
(Lanxess). Phosphonic acid-functionalised silica has been demonstrated
for the separation of various metals relevant to the nuclear industry,
including uranium (Zhou et al., 2016), americium (Zhang et al., 2014)
and lanthanum (Wu et al., 2013). However, to the best of our knowl-
edge, no such studies exist demonstrating the same for strontium.

Because Sr-90 is a significant problem in the context of spent nuclear
fuel reprocessing waste treatment (Aguila et al., 2016) and also envi-
ronmental remediation in the event of intentional or accidental release
of radionuclides (James et al., 2019). Thus, there are a multitude of
different aqueous wastestreams from which Sr removal might be desir-
able. As such, given the lack of existing basic data, we have chosen in
this work to investigate fundamentals of aqueous adsorption behaviour
of Sr, with respect to a commercially-available phosphonic
acid-functionalised silica. These are the first data of this nature to be
reported, as far as we are aware, and will hopefully catalyse further
research in this important area.

2. Experimental
2.1. Chemical reagents and equipment

All chemicals used were analytical grade or better and purchased
from Sigma-Aldrich unless stated otherwise. Ethyl/butyl phosphonate
silica (EBP-Si) was purchased as the Na form directly from PhosphonicS
Ltd. Prior to use, EBP-Si was converted to the protonated form by con-
tacting with 1 M hydrochloric acid for 24 h, before washing 3 x 100
times the sample mass, with deionised water. The resulting suspension
was stored under deionised water.

Stock solutions of Sr were prepared by dissolving strontium (II) ni-
trate in deionised water. Sr analysis was carried out using a PerkinElmer
Atomic Absorption Spectrometer AAnalyst 400. Calibration was per-
formed using a standard Sr®* solution of 1000 + 3 mg L~! (Fisher Sci-
entific) diluted with 1% nitric acid (spectroscopic grade). All analysis
was performed in triplicate.

2.2. Effect of pH, metal concentration and ionic strength

The adsorption of Sr by EBP-Si as a function of pH was studied by
equilibrating 1.6 mL of wet settled resin with 30 mL solution containing
100 ppm strontium (as strontium nitrate) for a period of 12-16 h. Sus-
pensions were shaken on a mechanical shaker at ambient temperature.
The pH was altered using 1.0 M solutions of hydrochloric acid or sodium
hydroxide as necessary to alter the pH in the range 0.3-5. After contact,
the suspension was allowed to settle under gravity, a process which took
around 5 min. The pH of the solution was measured and a portion
removed for dilution with 1% nitric acid prior to analysis by atomic
absorption spectroscopy.

Extraction efficiency (E) and the Sr uptake capacity of the silica at
equilibrium (qe, mmol g~ 1), were calculated as follows:

E%— (C"C;Cf) x100% )
0

co—¢C 1%
qe:(—° f)x— @
Cf m

Where ¢y and ¢y represent the initial (pre-contact) and final (post-con-
tact) concentrations, respectively, V represents the volume of solution in
contact with the EBP-Si and m represents the mass of the resin. The mass
of EBP-Si was calculated by converting the volume of wet settled silica,
to a dry mass equivalent. This was experimentally determined by drying
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5x 10.0 mL samples of the conditioned, protonated silicas, in an air-flow
oven at 80 °C, for 24 h. Accurate mass measurements were taken before
and after drying, using a an analytical balance, with a precision of
0.0001 g and an average retention of mass and standard deviation were
calculated. The determined adsorbent density, calculated in this way
was 0.498 + 0.007 g mL~".

The effect of ionic strength, using 2 different salts with non-
competing cations, was investigated using a constant Sr(II) concentra-
tion (100 mg L’l) at a set initial pH value of 3.0 &+ 0.1. The ionic
strength was increased from 0.010 to 2.0 M using NaCl or (NH4)2SO4.
Contact and analysis took place as previously described.

The effect of metal concentration was studied via isotherms, which
were performed in a similar fashion to other equilibrium experiments.
The pH was again set at 3.0 + 0.1 and the concentration of St varied
from 10 to 5000 mg L. Contact and analysis took place as previously
described. The data were fitted with the two-parameter isotherm models
Langmuir (Eqn. (3)), Freundlich (Eqn. (4)), Temkin (Eqn. (5)) and
Dubinin-Radushkevich (Eqn. (6)). The fitting was carried out by non-
linear least-squares analysis using the SOLVER function within Micro-
soft Excel (Billo, 2004).

_ KC

=17 qc, ®
RT

qe= b In(ArC,) (€©))
T

e = apC 5)

1 2
q. =qp €xp (—BD {RTln(l +E)] > (6)

For all these models, g, denotes the equilibrium adsorbent metal ion
concentration (mg-g~1) and C, is the equilibrium solution phase metal
ion concentration (mg-L’l). The Langmuir model describes a monolayer
chemisorption processes and assumes that all binding sites are of ho-
mogeneous energy, where a; and K; are isotherm constants. The
Dubinin-Radushkevich isotherm assumes that the energy of binding sites
follows a Gaussian distribution. The Bp term is an isotherm constant and
qp is the maximum surface loading capacity, R is the universal gas
constant (8.314 J mol ! °’K™1) and T is the absolute temperature (°K).
Both models have previously been used to describe the adsorption of
metals by EBP silica (Pepper et al., 2018). The Freundlich isotherm is an
empirical model, commonly used to describe physisorption processes,
where ap and by are constants. The Temkin isotherm assumes that the
fall in the heat of sorption is linear rather than logarithmic, as implied in
the Freundlich equation, and At and b are isotherm constants. These
last two models are generally observed to be less suitable for description
of metal-uptake by ion-exchange/chelation mechanisms (James et al.,
2019; Bezzina et al., 2020), but are useful to include as a point of
comparison.

2.3. Kinetics

Kinetic experiments were performed by contacting 20 mL wet settled
resin with a 500 mL solution of Sr(II) at an initial pH value of 3.0 & 0.1.
The suspension was agitated on an orbital shaker for up to 250 min and
aliquots were removed at various time intervals and analysed as
described in Section 2.1. The solid to solution ratio was such that sam-
ples removed over the course of the experiment were less than 10% of
the solution volume, to avoid dilution effects.

2.4. Dynamic experiments
Dynamic experiments were conducted as reverse flow experiments as

follows; a 2 mL volume polypropylene column (Supelco) was filled with
approximately 0.747 g of protonated EBP-Si, with a 3 mm Teflon frit at
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both ends. A feed solution containing 100 mg L™ Sr(II) at an initial pH
value of 3.0 + 0.1 was passed through the column using a Watson
Marlow 120S peristaltic pump, while the effluent was collected at reg-
ular intervals using a Bio Rad Model 2110 fraction collector. The
counter-flow system is useful in laboratory-scale experiments for more
unusual adsorbent matrices. Columns are typically set up with a small
void space at the top of the column, to account for any changes in vol-
ume that might occur to the adsorbent bed in the process of saturation
with the adsorbate. As such, presenting the inlet solution to the base of
the column eliminates any disturbance of the column material that could
occur (particularly at higher flow-rates), which can cause channelling
and premature partial breakthrough.

The effluent fractions were analysed for Sr(II) content as described in
Section 2.1. The samples were collected until the feed concentration was
equal to the effluent concentration, i.e. ¢y = c;, where co and ¢ represent
the feed and effluent concentrations respectively.

The fluoride breakthrough data were fitted with the empirical Dose-
Response model (Eqns. (7) and (8))

Cc 1
o= 1-—— @)
T
bC;
do="" (€))]

Where C is the concentration of adsorbate in the effluent at a given
point, C; is the concentration of adsorbate in the inlet stream, Ve is the
volume of solution eluted from the column (mL), a and b are constants of
the Dose-Response model, q is the theoretical maximum uptake ca-
pacity of the adsorbent material in a dynamic environment (mg g~ *) and
m is the dry mass of silica (g).

The data were further fitted with the Adams-Bohart model (Eqn. (9)),
which postulates that the adsorption behaviour is proportional to both
residual capacity of the adsorbent bed and the concentration of adsor-
bate (Robshaw et al., 2019a).

In <£> =kasCit — kanNoZ )
C; Y

i

where kap = Adams-Bohart kinetic constant (mL mg’1 min™1), t = time
(min), Ny = theoretical maximum uptake capacity of the hydrated resin
(mg mL’l), Z = bed depth of column (cm) and v = linear flow rate (mL
min~Y). All other terms as previously described.

3. Results and discussion

3.1. Uptake of strontium as a function of pH, for investigation of uptake
mechanism

In Fig. 1 the extraction of Sr** as a function of aqueous proton
concentration is presented. The pH was measured, post-sorbent contact
from 0.5 to 2.5 and the data are displayed in Fig. 1a as a function of the
equilibrium pH value. Below a pH of 1, extraction efficiency is very low.
However, above pH 1, the extraction increases linearly reaching a
maximum value around pH 2.3, which corresponds with ~100%. The
point at which 50% extraction of sr?t is achieved (pHs) is calculated
from linear regression and occurs at ~ pH 1.57 + 0.05.

Fig. 1B shows logig q values as a function of pH for strontium uptake
by EBP-Si. As expected, the value of q increases with increasing pH.
Because g can be measured in units of mmol g’l, these log( values can
be plotted against equilibrium pH (-log1o [H'1). A straight line gradient
indicates that the number of protons exchanged per metal ion adsorbed
is consistent throughout the adsorbate concentration range studied. The
gradient of the graph indicates the number of protons exchanged during
metal uptake. The value obtained in this case is 2.23 and corresponds
approximately to the charge on the strontium ion. This might be thought
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Fig. 1. Extraction of Sr by EBP silica as a function of equilibrium pH. 1.6 mL silica in 30 mL solution. [Sr] = 100 mg L. T = 21 °C. Contact time = 24 h. A)
Extraction efficiency (%), line added to aid the eye. B) logio qe slope analysis given by dashed line. Error bars represent 2 x standard deviation (approx. 95%
confidence intervals) from triplicate measurements. Error bars in B are too small to be observed.

to indicate that ion exchange is likely to be the dominant mechanism in
this system (exchange of two protons for one Sr2* ion. However, it is
known that the phosphonic acid moiety acts as a —1 ligand and can
retain one proton even upon coordination with a metal ion (Robshaw,
2019). Thus, the calculated value being slightly greater than 2 more
likely reflects the ability of the large Sr?* ions to coordinate multiple
functional groups simultaneously, when the pore environment is suffi-
ciently sterically-crowded (Robshaw et al., 2020a). In previous experi-
ments with this adsorbent. The experimental values returned for Co and
Ni uptake were 0.94-1.32, indicating less bridging behaviour from these
smaller ions (Pepper et al., 2018). In this study, experimental conditions
(apart from the metals of interest) were equivalent to this work. As such,
it provides the most valid point of comparison to the particulars of
interaction between this specific metal and adsorbent and will be
mentioned a number of times. Spectroscopic exploration of the adsor-
bent, post-Sr-capture (for example, X-ray photoelectron spectroscopy)
would be useful in evidencing this theory.

Another objective of this experiment was to illustrate the effect of
competition with protons, on Sr uptake. Other studies have demon-
strated that the phosphonic acid moiety can extract Sr at hydroxide
concentrations of up to 1 M (Chiarizia et al., 1998). However, basic pHs
cannot be explored in this work, because of dissolution of the silica. This
is an inherent limitation of the adsorbent. As such, we were cautious in
only investigating an acidic and fairly limited pH range. It would be of
interest in subsequent work to explore a broader pH range and to
investigate the precise pH at which the adsorbent starts to hydrolyse. An
adsorbent of somewhat similar functionality, ammonium molybdo-
phosphate (AMP), was investigated for Sr affinity and found to have very
different tolerances to pH, with adsorption capacity tripling, with a pH
change from 6 to 8 (Park et al., 2010). This illustrates the fact that the
adsorbent matrix is not a non-factor in determining the fundamental
adsorption behaviour (Pepper et al., 2018; Robshaw et al., 2023).

3.2. Isotherm behaviour

The isotherm data were modelled using a variety of two parameter
models to determine strontium loading behaviour (Table 1). The Lang-
muir model returned the highest R? value and thus best describes the
uptake of Sr** onto the surface of EBP-Si (Fig. 2.), which implies binding
site homogeneity and monolayer loading (Robshaw et al., 2019b). The
monolayer saturation capacity, qm (mg-g~'), was calculated from the
Langmuir equation using Eqn. (7) (see Table 1).

qmax = aL/ KL (7)

Table 1

Parameters return from the fitting of thermodynamic Sr uptake data to a number
of two-parameter model. + 0.1, adjusted with HCL. T = 21 °C. Contact time = 24
h.

Langmuir Dubinin-Radushkevich
Ky 0.062 + 0.002 Bp (x107%) 7.2+03
ap 125 + 2 qp (mg-g™") 59.7 £ 0.6
Qmax (mg-g™") 43.7 £ 0.2 E (kJ-mol ) 83+0.1
R? 0.9971 R? 0.9909
Freundlich Temkin
bg 0.41 + 0.05 Ar (x10"3) 3.6 + 0.6
ap (x 107%) 1.5+ 0.2 by (x 10*7) 3.2+0.2
R? 0.9620 R? 0.9515
0.5
0.45
0.4
~0.35
o
5 03
£
£025
g 0.2
&,

0.15
0.1
0.05

0 T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60

[STagueous] (mmol-L-")

O Experimental —— Langmuir =~ «-eeeeeee Freundlich

Langmuir

— - = Temkin — —D-R

Fig. 2. Strontium loading isotherm for EBP silica. 1.6 mL silica in 30 mL so-
lution. pH = 3.0 + 0.1, adjusted with HCl. T = 21 °C. Contact time = 24 h.
Error bars represent 2 x standard deviation (approx. 95% confidence intervals)
from triplicate measurements. Some error bars are too small to be seen.

The maximum loading capacity for Sr** uptake on EBP-Si deter-
mined using the Langmuir model was 43.7 + 0.2 mg g~ ' (0.499 + 0.002
mmol g71). Given the high R? value, this was considered to be the most
accurate estimate of the adsorbent’s maximal capacity and we may
accept that the binding sites for EBP-Si are degenerate in nature; i.e. that
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the dominant loading mechanism is the bridging of one Sr2* ion across
two phosphonate moieties (Fig. 1). This value is rather greater than the
uptake, attained for the same adsorbent, of Cobalt and Nickel. However,
there is reason to suspect in that study that the determined qe may have
continued to increase beyond the reported experimental range (Pepper
et al., 2018). In comparison with adsorbents for Sr in general, the silica
displays a middling capacity only. In fact, commercial ion-exchange
resins are known to adsorb Sr to a capacity of >350 mg g~! (Ali et al.,
2020). Silica extractants are fundamentally restricted in capacity, due to
the limitations of how many ligands can be bonded to the surface silanol
groups per mass unit, which is observed in previous studies (Pepper
etal., 2018; Robshaw et al., 2023; Sarkar et al., 1996). The advantage of
the adsorbent is the retention of reasonable capacity, whilst hopefully
offering superior chemical compatibility with the intended wasteform.
The Dubinin-Radushkevich (D-R) isotherm model allows for the
calculation of the mean free energy of sorption (E), using Eqn. (8).

Ezl/\/ﬂ (8)

It is often stated in the literature that E value below 8 kJ mol !
corresponds to a physisorption uptake mechanism, whereas values
above 8 kJ mol™? correspond to a chemisorption, or ion-exchange up-
take mechanism (Pepper et al., 2018; Ogden et al., 2017). Although the
D-R model does not describe uptake behaviour quite as well as the
Langmuir model, the mean free energy of sorption value obtained
(Table 1) would suggest chemisorption, consistent with the expected
uptake mechanism here. The value of 8.3 & 0.1 kJ mol ! is nonetheless
rather lower than that exhibited for other adsorbents for Sr uptake. For
example, a sulfonic acid-functionalised hypercrosslinked polymer
recorded a value of 18.2 + 1.3 kJ mol~ ' (James et al., 2019). This
supports the point made in 3.1. regarding the adsorbent matrix effect.
However, the adsorption affinity is stronger than for inorganic adsor-
bents with non-chelating functionality. A number of metal oxide/hydr-
oxide materials were studied for Sr uptake, with the recorded E values
being ~4-6 kJ mol~! (Bezhin et al., 2021). We were unable to find any
examples in the literature of application of the D-R isotherm to the
adsorption of Sr onto a phosphonic acid-functionalised resin, for a more
direct comparison. The closest example was a graphene oxide material,
functionalised with aminomethylphosphonic acid groups (Alamdarlo
et al., 2021). These experiments yielded E values of 5.5-6.1 kJ rnol’lg
lower than for our work. The binding was also stronger than for Co and
Ni, using the same adsorbent (7.2-7.6 kJ mol™H) (Pepper et al., 2018).
This supports the theory that Sry, ions bridge between two phosphonate
groups and are therefore chelated more strongly.

The maximum loading capacity predicted from the D-R isotherm
model is 59.7 + 0.6 mg g~ which is approximately 30% greater than the
value predicted by the Langmuir model. Because the D-R model ac-
counts for surface heterogeneity, it allows for weaker adsorption sites to
become occupied by adsorbate ions, at higher adsorbate concentrations,
therefore increasing the maximum uptake capacity. As such the qp
values calculated by this model are generally higher than the equivalent
Langmuir qmax values. Previous application of the D-R isotherm model
has given qp predictions far in excess of the Langmuir model (Ogden
et al., 2017; Robshaw et al., 2020b).

The Freundlich and Temkin correlation coefficients demonstrate
poorer model fits than Langmuir and D-R, which is expected, as multi-
layer adsorption would not be predicted for this adsorbent. The
Freundlich model parameter of 1/brp which can be correlated to
adsorption intensity is 2.44 + 0.05 which is indicative of a favourable
absorption process (Bezzina et al., 2020).

It is notable that the Langmuir model provides the best description of
the adsorption process in this case; whereas in most previous studies of
ion adsorption via chelating polymeric resins, the D-R model is usually
superior (Ogden et al., 2017; Barton et al., 2019; Amphlett et al., 2018a).
This is possibly because of the lower extent of functionalisation that is
achievable with a silica matrix (Pepper et al., 2018). Ion-exchange
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resins, while enjoying better capacity, tend to exhibit more steric
crowding of functional groups. This leads to non-degenerate binding
sites, as adsorbate ions can become coordinated to multiple ligands
(Robshaw et al., 2019b, 2020a). As such, the D-R model provides a
better fit to the data, as it accounts for surface heterogeneity.

3.3. Effect of ionic strength

The effects of varying ionic strength, from 0 to 2 mol L™}, on Sr
adsorption are shown in Fig. 3. As expected, increasing ionic strength
decreases the amount of Sr uptaken and it is well known that, as a
general principle, increasing ionic strength has a negative effect on the
distribution coefficients for alkali earth metals achievable by resins
which operate via chelation (Luttrell et al., 1971). It can be seen than C1™
has a markedly greater suppressive effect than SOF . It is mentioned in
technical publications that elevated Cl~ is known to slightly decrease the
selectivity of AMPA resins, though no explanation is given for this
behaviour (Meyers, 1998).

The formation constants for the aqueous complexes SrCl" and SrSO4
are similarly small, having been determined as 2.73 (Hasegawa et al.,
1967) and 5.25 (Arcis et al., 2014). The lesser effect of addition of SO4
may be due to precipitation on the silica surface, because SrSOj4 is only
sparingly soluble in water (~125 mg L~! at ambient temperature. It is
known that the presence of an adsorbent surface can promote precipi-
tation of adsorbate salt on the surface, due to an increase in potential
nucleation sites (Robshaw et al., 2020Db).

Should be noted that the adsorbent was operating here at a lower pH
than is recommended industrially for the phosphonic acid group to
retain its selectivity (Meyers, 1998). The adsorption was intentionally
being tested here under aggressive conditions, which would test its
limits. It is notable that the adsorption is still significant at a [Cl]
equivalent to that of seawater (~19 g L’l).

3.4. Kinetics

The kinetic experiment (Fig. 4) illustrates that the Sr uptake by EBP
silica is very rapid, with >99% metal extraction complete within 1 h. We
observed similar rapidity when the same material was assessed for Co
and Ni removal (Pepper et al., 2018). In contrast, a more conventional
phosphonic acid-bearing polymeric resin did not achieve equilibrium
update of SR within the experimental timeframe of 1 h (Chiarizia et al.,
1998), while an AMPA-functionalised graphene oxide achieved
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Fig. 3. Effect of increasing ionic strength, using NaCl and (NH4)2SO4, on Sr
adsorption by EBP silica. [Sr] = 100 mg L™ pH = 3.0 + 0.1 again. T = 21 °C.
Contact time = 24 h. Trendlines included to guide the eye. Error bars represent
2 x standard deviation (approx. 95% confidence intervals) from triplicate
measurements. Some error bars are too small to be seen.
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Fig. 4. Adsorption of Sr by EBP silica over time, with attempted modelling,
using the pseudo-first-order (PFO) and pseudo-second-order (PSO) rate equa-
tions. 10 mL silica in initial volume of 500 mL solution. [Sr] =100 mg L™*. T =
21 °C. Contact time = 250 min.

equilibrium in ~30 min (Alamdarlo et al., 2021). Also displaying rapid
kinetics (equilibrium in <40 min) was a resin impregnated with
Di-(2-ethylhexyl) phosphoric acid (Kalal et al., 2017). Where modelling
was attempted, in all these studies, it was found the PSO model gave a
better description of the data (Table 2). Clearly the phosphonic acid
functionality is not the only influential factor in kinetic behaviour. It is
well-known that the process of adsorption onto a porous medium fol-
lows 5 discrete stages: 1st, transport of the adsorbate from bulk solution
to particle surface, 2nd, diffusion through the stagnant aqueous film
surrounding the adsorbent particle, 3rd, diffusion through the
intra-particular water contained in the adsorbent pores, 4th, chemical
reaction upon the surface, 5th, transport of the exchanged species away
from the surface. Any one of these stages may be rate-limiting for the
adsorption kinetics, and can dominate at different times during
adsorption (Harland, 1994). As such, when the kinetics are not chemical
reaction-controlled, it is significant whether the adsorbent is surface, or
pore-functionalised, and the hydrophobicity of the adsorbent matrix.
For this reason, as a review has stated (Tran et al., 2017), it is unwise to
infer that agreement with the PSO model means that the adsorption
kinetics are dependent on the chemical reaction of the adsorption (Ali
et al., 2015). In this instance, the PSO model provided a superior fit to
the data, with the PFO model substantially over-estimating the equi-
librium adsorption capacity of the silica.

3.5. Dynamic experiments

Dynamic experimental data are shown in Fig. 5, with the calculated
parameters seen in Table 3. The column efficiency % was calculated
with reference to the Langmuir qpuax value from the isothermal
experiments.

At both flow rates, the breakthrough does not entirely follow the
expected sinusoidal curve and behaviour is slightly non-ideal (Fig. 5). In
both cases, breakthrough begins at ~150 min and approaches a Cy/C
value of 1. This happens much more rapidly at a faster flow rate of 12
rpm and a value of ~0.95 is reached, whereas for the flow rate of 6 rpm,

Table 2
Calculated parameters from the fitting of kinetic data from Fig. 4 to the pseudo-
first-order and pseudo-second-order models.

Calculated parameter Lagergren PFO model Blanchard PSO model

Qe (mg-g™H) 70.4 + 16.4 51.2 + 1.7

k; or k, 25.3 +12.1 1760 + 280

t1/2 (min) 0.561 + 0.298 0.0111 + 0.0017
ho (mg-g~!-min~1) 0.126 + 0.073 4.61 +0.72

R? 0.972 0.990
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Fig. 5. Dynamic Sr breakthrough curves for an EBP silica column, run at 2
different flow-rates. Column volume = 2 mL. Column mass = 0.747 g [Sr] =
100 mg L pH = 3.0 + 0.1.

Table 3
Calculated operating parameters from the breakthrough curve experiments,
with conditions as per Fig. 5.

6 rpm 12 rpm
Modified Dose-Response Model
a 4.36 + 0.37 20.8 + 2.0
b 225+ 5 172 +1
qo (mg-g™h) 31.6 + 0.7 24.1 £ 0.1
Column efficiency (%) 72.3 55.1
R? 0.934 0.963
Adams-Bohart Model
kap (mL-g~1-min~1) 3.26 + 0.40 36.0 + 3.7
qo (mg-g™h) 32.1+0.8 25.2 + 0.002
Column efficiency (%) 73.5 57.7
R? 0.905 0.961

breakthrough reaches only ~0.75, followed by a more gradual increase
of Sr effluent concentration. A two-stage breakthrough, or non-linear
breakthrough is often indicative of binding site heterogeneity,
whereby the experiment reaches a stage where weaker sites are not fully
saturated, but partial breakthrough occurs, due to their low affinity for
the target ion; though this is more common in systems with more
complex solution chemistry, where competitive and/or cooperative
adsorption takes place (Robshaw et al., 2020c, 2021). The fact that the
isothermal data follows the D-R isotherm supports the case for some
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surface heterogeneity.

As noted, breakthrough does not begin at a significantly different
effluent volume when the flow rate is increased. However, because
breakthrough is slower at 6 rpm, the calculated qp values for the
adsorbent are greater. Despite this, in an engineering application, the
column would most likely be taken offline after the early stages of
breakthrough (Harland, 1994), so there would be little practical benefit
to running at a lower rpm and it would be more advantageous in practice
to run at higher rpm and take the benefit of being able to treat a greater
volume of water per time unit.

In common with a number of previous studies (Robshaw et al.,
2019a; Barton et al., 2019; Amphlett et al., 2018b), the MDR model is
superior in describing the breakthrough behaviour. The MDR is an
empirical model and no fundamental assumptions can be drawn from
the agreement of a dataset to this model. It is chiefly valued for is its
ability to minimise deviations between the sinusoidal curve generated
and experimental data (Robshaw et al., 2020c; Tavakoli et al., 2013).
The Adams Bohart model assumes that the probability of successful
adsorption is dependent on both the concentration of binding sites
available and the concentration of adsorbate flowing through the col-
umn (i.e. a pseudo second-order reaction) (Robshaw et al., 2019a). The
agreement of the data with this model supports the findings in static
kinetic experiments. The difference in quality of model fit is negligible
for the 12 rpm experiments, but significant at 6 rpm (Table 3).

Comparing dynamic qqg values with column efficiency, it is clear that
the dynamic values are significantly lower, though still appreciable. This
is again common in dynamic experiments, where the adsorption process
does not reach equilibrium (Robshaw et al., 2020b), although, when
dealing with strong adsorption interactions, the two values have been
seen to be equivalent, or nearly equivalent, as the uptake is sufficiently
rapid for equilibrium to be reached in the active zone of the column. This
has been observed specifically in the case of Sr adsorption (Khanchi
et al., 2007).

3.6. Overall performance of the adsorbent

Table 4 shows how the thermodynamic and kinetic key variables
obtained in these experiments compare with other adsorbents reported
previously. The dynamic performance could not be compared, as
modelling of dynamic adsorption appears not to be commonly per-
formed in the literature, for reasons that are unclear. It can be seen that
EBP silica exhibits moderate performance in terms of both capacity and
kinetics. However, it must be remembered that this adsorbent has
unique capabilities in terms of synergy with a viable final wasteform,
which can be applied specifically to an active waste remit (Gin et al.,
2013; Kaspar et al., 2019). This capability would be the lynchpin of a
viable engineering process and thus, even with modest thermodynamic
and kinetic performance, it is likely that EBP silica would be progressed
in a sorbent-screening scenario, over adsorbents which have a less
feasible, or less certain, pathway to a final disposal route (Atkinson
et al., in press).

Most sources pertaining to vitrification of active waste are concerned
with the % mass loading of the spent adsorbent material as a whole,
rather than the % mass loading of the contaminant of interest. Rather,
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the dose contribution of the active species present is more important
(Cicero-Herman et al., 1998). A reasonable total waste % mass loading
for vitrification is considered to be 25-50 (Atkinson et al., in press).
However, this is based on vitrification of organic resins, for which there
is a considerable difference (<68%) in the mass of waste going in to the
process, verses the mass present in the actual wasteform (Cicero-Herman
et al., 1998). Glass wasteforms have been produced, which incorporate
<28% mass Sr-90 (Strachan and Schulz, 1977), but it was accepted that
the activity level of this wasteform was too high and generated too much
thermal energy to be viable for long-term storage. These challenges must
be addressed in ongoing work.

4. Conclusions

Silica-based materials as a Sr-capture medium merit investigation,
due to their potential synergy with a number of wasteform routes. We
have, for the first time, made a systematic investigation of fundamental
Sr adsorption parameters, using a chemically-modified silica, with
ethyl/butylphosphonic acid functional groups. The silica exhibited a
moderate maximal uptake capacity of 43.7 + 0.2 mg g, which was
nonetheless rather greater than the capacity of the same material for
transition metals. The Langmuir isotherm was the most appropriate
model for describing the uptake, although the Dubinin-Radushkevich
model was also acceptable. The uptake was determined, almost
certainly, to proceed via ion-exchange. Kinetics were rapid, with near
equilibrium reached in ~60 min. Pseudo-second-order kinetic behav-
iour was observed. In dynamic experiments, the adsorbent tolerated a
fairly rapid inlet flow-rate of 12 rpm, with ~55% retention of capacity
and breakthrough could be well-described via the modified dose-
response model. Future work will focus first on the adsorbent’s ability
to remove Sr from accurately-simulated industrial wastewater, then on
conversion of Sr-loaded silica into stable vitreous or alternate waste-
forms and the testing of their physical and chemical integrity.
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Table 4

Comparison of Removal of Sr from solution between EBP silica and other notable adsorbents reported in the literature.
Adsorbent Sr capacity- static (mg-g ™) Equilibration time (min) Reference
EBP silica (this study) 43.7 £0.2 60 (this study)
(aminomethyl) phosphonic acid-graphene oxide 142.4 30 Alamdarlo et al. (2021)
Crown ether-functionalised ion-exchange resin 7.7 £ 0.4 30 Surman et al. (2014)
Sulfonic acid-functionalised hypercrosslinked polymer 95.6 + 2.8 1 James et al. (2019)
ammonium molybdophosphate-polyacrylonitrile 15.8 Not measured Park et al. (2010)
Synthetic hydroxyapatite 2.37 Not measured Nishiyama et al. (2016)
Salvadora persica (Miswak) root powder 41.5 60 Hassan et al. (2020)
Biochar from pomelo peel 26.6 60 Guo et al. (2022)
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