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Graphical abstract

Natural clinoptilolite, of relatively low-grade, was investigated for its capability to remove
cesium and strontium ions from water and simulated seawater. To improve its capacity, the

A

material was pre-activated with concentrated NaCl and HCl solutions. Additionally, it was
milled to a number of < 300 m size fractions, to expose exchange sites. Electron microscopy

was used to characterise the naturally occurring impurities, where regions of high iron and
potassium content was shown to correlate to lower levels of cesium adsorption. Adsorption

kinetics for natural and activated resins with 5, 300 and 1500 ppm salt solutions were fitted
with the Pseudo-Second Order (PSO) rate model. Activation led to clear increases in initial
adsorption rate for both Cs+ and Sr2+, but only enhanced the overall rate constant for Cs+, due

to the weaker interaction of the Sr2+. Equilibrium isotherms were compared with Langmuir and
Freundlich monolayer models, where the adsorption capacity (Qc) for Cs+ was 67 mg/g which
increased by over 100% with NaCl activation to 140 mg/g. Values for Sr2+ were significantly
lower at 35 mg/g, with a considerably smaller enhancement with activation to 52 mg/g. Milling
of the natural clinoptilolite was found to increase Cs+ uptake to similar levels as activation, in
a linear correlation with specific surface area; although, improvements for Sr2+ were again
lower, due to its weaker interaction with surface sites. In simulated seawater solutions, all

PT

materials gave considerably reduced performance due to K+ ion competition, with Sr2+ uptake
decreased more extensively compared to Cs+. Overall, this work highlights that pre-activation

RI

and milling of clinoptilolite can be used to significantly enhance the grade of the ore for nuclear

SC

effluent treatment in low-salinity conditions.

1. Introduction

U

Clinoptilolite is a common ion-exchange media used within the nuclear industry [1], and

N

many research studies have investigated its use to prevent the free release of radionuclides from

A

operational effluents, in particular, cesium and strontium ions [1–26]. Clinoptilolite ores are

M

naturally present in large numbers of deposits around the world, and it does not generally

ED

require complicated pre-treatment processes for use, while it has good resistance to radiation
exposure [1,16,27]. For example, in the United Kingdom (UK), clinoptilolite is used as an ion137

Cs and

90

Sr removal from nuclear fuel cooling ponds, such as at the

PT

exchange resin for

Sellafield site in Cumbria [28–32]. The particular materials used in these operations are
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obtained from a single deposit in California, which has good selectivity for 137Cs and 90Sr, and
contains a low level of impurities [28,30–32]. Indeed, while clinoptilolite is relatively

A

abundant, ores with high exchange capacity for both strontium and cesium are far more limited,
and there are probable supply issues of nuclear-grade ores for current and future treatment
operations worldwide.
Various methods have been used to improve the exchange capacity of natural and synthetic
clinoptilolite, as well as many other related materials, for the removal of a number of heavy

metals and radionuclides [18,32–35]. One of the most cost effective pre-treatments, is
‘activation’ of the ion-exchange sites through the addition of chemicals such as salts or acids
in order to get better ion uptake performance [12,18,27,36–38]. Of particular importance for
nuclear effluent treatment, which has not been previously studied in detail, is the effect of preactivation on increasing the uptake of strontium in clinoptilolite, as generally, strontium

PT

adsorption capacities are much lower than for cesium [1]. Additionally, it is important to

RI

consider the role of pre-activation on adsorption kinetics, as well as equilibrium behaviour.
Another technique that may potentially be used to increase natural ion capacity, is to expose

SC

additional exchange sites through increasing the surface area to volume ratio by milling

U

[39,40]. While fine milled particles would not be practically used in traditional ion-exchange

N

columns, there has been increasing interest in combining batch adsorption contact tanks with

A

flotation, giving highly efficient uptake and rapid de-watering of nuclear effluents [41–44].

M

To further understand the extent to which pre-activation and milling can optimise ionexchange materials, this paper details investigations using relatively low-grade natural

ED

clinoptilolite ore, pre-activated with concentrated sodium salt and acid solutions. While
clinoptilolite is a well-researched ion-exchange material for a variety of heavy metals, as

PT

highlighted, it is vital for applications in nuclear effluent treatment and other related industries,
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to study the use of natural ores with relatively high levels of impurities, in order to assess the
potential for future supply issues. In particular, the use of cheap ion pre-treatments combined
with the use of finer milled fractions may provide important engineering solutions to critically

A

expand usable sources for effluent treatments.
To date, there has been no comprehensive study to quantitatively link clinoptilolite

contamination to cesium and strontium exchange reduction, which may aid in understanding
mechanisms for pre-activation to enhance both the kinetics and equilibrium up-take of these
two key radio ions in low-grade ores. Therefore, for this study, characterisation of the zeolite

using elemental mapping from scanning transmission electron microscopy is firstly completed,
to indicate naturally occurring contaminants, and their potential impact on adsorption. The
influence of activation on both the removal of cesium and strontium are measured, where rate
kinetics and equilibrium adsorption behaviour are quantified for various systems. In addition,
the performance of various milled sieve fractions are also compared against the un-milled ore.

PT

Adsorption reduction in simulated seawater solutions is lastly examined, as clinoptilolite and

RI

similar zeolites are known to be significantly affected by high saline effluents [27,30,45,46],
which has been a critical issue in the processing of emergency cooling waters at Fukushima,

SC

for example [47–49]. Previous studies have highlighted that a number of ions may reduce the
exchange process between media and radioactive waste, especially larger monovalent ions such

N

U

as potassium (K+) [27,45,50], and it is of interest to examine whether activation mitigates or

M

A

extenuates these effects.

ED

2. Experimental
2.1. Materials

PT

The natural clinoptilolite used was supplied from Holistic Valley as a ± 300 µm powder.
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Cesium chloride (CsCl) and strontium chloride (SrCl2) were Analytical Grade with purity
99.0% and supplied by Sigma-Aldrich and Fisher Scientific, respectively. Meanwhile for the
pre-activation, sodium chloride (NaCl) Analytical Grade with purity

99.0% from Fisher

A

Scientific and Hydrochloride Acid (HCl) ACS reagent 37% from Fluka were used. For ion
competition, potassium chloride (KCl), sodium chloride (NaCl) and calcium chloride (CaCl2)
analytical grade with purity 99.0% were supplied by Fisher Scientific.
It is noted that the sourced clinoptilolite is a relatively low-grade product used as a health
supplement. While the grade was not pre-tested specifically, it assumed it was not of a

sufficient grade to be used currently for specific nuclear effluent treatment. However, it is
representative of readily available natural ore. Prior to the experiments, the clinoptilolite was
rinsed several times with distilled water at neutral pH, with the supernatant being removed in
order to get a homogeneous particle size with reduced fines, and to remove any naturally
present ions. After every rinse, the supernatant was measured using a conductivity meter until

PT

an equilibrium value was reached. The rinsed clinoptilolite was then dried at 100 ºC [1].

RI

2.2. Particle characterisation

The crystal structure of the clinoptilolite was characterised using X-ray diffraction (XRD)

SC

with a Bruker D8. Results were analysed using X’Pert HighScore to identify the elemental

U

structure. The zeta potential of clinoptilolite was measured using a Colloidal Dynamics Zeta

N

Probe, in order to determine the change in surface charge between natural and pre-activated

A

clinoptilolite, and through adsorption of different concentrations of cesium and strontium salts.

M

A Hitachi TM3030 Bench Top scanning electron microscope (SEM) was used to image

ED

and analyse the clinoptilolite at low magnification. Further, High Angle Annular Dark Field
(HAADF) Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray

PT

(EDX) spectroscopy was used to analyse elements present in the natural clinoptilolite.
HAADF-STEM was conducted on an FEI Titan3 Themis G2 operating at 300 kV fitted with 4
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EDX silicon drift detectors, and a Gatan One-View CCD. EDX spectroscopy and mapping was
undertaken using the Bruker Esprit v1.9 software. STEM samples were prepared by dispersing
the powder in methanol, with a drop placed on a holey carbon coated copper grid. STEM-EDX

A

additionally characterised the location of adsorbed cesium, through measurement of samples
mixed with 5000 ppm of cesium chloride for 24 h (using an identical procedure to that outlined
in the proceeding section). Samples were then rinsed a number of times to remove excess salt
and dried before measurement. Additionally, in order to study the cationic exchange capacity
in different pH conditions, 20 g/l dispersions of clinoptilolite were stirred at 300 rpm for 3

hours. The pH changes were measured using a pH meter. 0.1 M of HNO3 and KOH were used
to adjust the pH.
2.3. Salt and acid pre-activation
Clinoptilolite was pre-activated using concentrated sodium chloride salt (denoted ‘NaClclinopilolite’) and hydrochloric acid (denoted ‘HCl-clinopilolite’). For NaCl-clinopilolite, 100

PT

g/L solid – liquid ratio of rinsed clinoptilolite was mixed with 1 M NaCl solution at room

RI

temperature for 24 h in a rotary carousel. The mixture was then centrifuged, filtered and the

SC

suspension rinsed with 300 mL of Milli-Q water, with the washing process repeated several
times until conductivity reached an equilibrium value. Figure S1 in the Supplementary

U

Materials presents the conductivity of acid and salt activated samples after a number of washes.

N

The conductivity is observed to reach a baseline, correlating to the natural material, after four

A

washes, which was taken as a minimum for all activation tests. The final suspension was then

M

mixed with 25 mL of methanol for 1 h, before being filtered and dried at 50 ºC for 3 h [18].
The same overall process was repeated for acid activation, with the use of 1 M HCl in place of

ED

the sodium salt [37,38,51].

PT

2.4. Batch adsorption experiments

All the batch adsorption experiments were conducted in polypropylene conical centrifuge

CC
E

tubes in order to prevent Si contamination from glassware and also potential Cs+ adsorption
onto glassware, as evidenced in an earlier study by Chorover et al.[52]. Cesium (Cs+) and
strontium (Sr2+) ion solutions were measured separately to analyse each individually during

A

adsorption experiments.
To measure adsorption kinetics, cesium chloride (CsCl) and strontium chloride (SrCl2)
stock solutions (1 M) were diluted with Milli-Q water at neutral pH (which tends to ~6.5, and
close to buffered pH values encountered in industry [32]) to a nominal initial concentration of

5 ppm, which is similar to the concentration range used in previous research [1,18], and of
relevance for nuclear effluent treatment [18,27]. Then, 0.4 g of clinoptilolite was dispersed in
20 mL samples of the CsCl/SrCl2 solutions, giving a solid/liquid ratio fixed at 20 g/L for
different shaking times [12]. Suspensions were placed on an orbital shaker at 150 rpm (at room
temperature) for 30 min, 1 h, 2 h, 4 h, 6 h, 12 h, 24 h and 48 h respectively [1]. The dispersions

PT

were then centrifuged using a Megafuge 16R for 10 min at 7000 rpm, and the separated

RI

supernatants were decanted using a 20 mL syringe with 0.3 µm filter. Natural clinoptilolite
dispersions containing higher initial salt levels of 300 ppm and 1500 ppm were also prepared

SC

and kinetic concentration differences measured, to understand the effect of initial ion level on

U

dynamic adsorption.

N

The amount of Cs+ and Sr2+ adsorbed by both natural and activated clinoptilolites at each

A

specific time was determined as qt (mg/g) and removal percent, using the methodologies

M

described in the Appendix (see Eq. A.1-A.2). Adsorption kinetic fits were determined using
Pseudo First Order (PFO) and Pseudo Second Order (PSO) rate models to derive the adsorption

PT

A.4).[1,20,53–58].

ED

rate constant (k1 and k2) and initial rate of adsorption (h) (see Appendix Eq. A.3 and Eq.

To determine the equilibrium adsorption behaviour, both Cs+ and Sr2+ from 1 M stock

CC
E

solutions were diluted with Milli-Q water at neutral pH in order to get various initial
concentrations from 5 ppm up to 4000 ppm, and again mixed with natural and activated
clinoptilolite with a solid/liquid ratio fixed at 20 g/L. All suspensions were then placed on an

A

orbital shaker for 48 h, and supernatants separated as described above. Equilibrium data was
fitted with both Langmuir and Freundlich isotherm monolayer adsorption models (see
Appendix, Eqs. A.5-A.6).

All supernatants were measured and analysed using an Atomic Absorption
Spectrophotometer (AAS) Varian 240fs machine, in which the cesium data were collected
using a cesium lamp with wavelength and optimum working range of 459. 3 nm and 5 - 4000
ppm respectively. For strontium, dilutions were required for every Sr2+ solution in which the
initial concentration was higher than 10 ppm, in order to ensure levels were within the

PT

concentration threshold of the AAS. A strontium lamp was used with wavelength and optimum

RI

working range set at 460.7 nm and 0.02 - 10 ppm respectively.

SC

2.5. Effect of ion competition on adsorption

To consider the potential impact on cesium and strontium removal in saline conditions,

U

ion competition between K+, Na+ and Ca2+ ions (as mixed chloride solutions) was analysed, to

N

represent the most significant portion of seawater ions [59]. Cs+ and Sr2+ were firstly fixed at

A

5 ppm while K+, Na+ and Ca2+ were fixed at 380 ppm, 10556 ppm and 400 ppm, respectively

M

(as a seawater simulant). Additionally, tests were undertaken with Cs+ and Sr2+ fixed at 5 ppm,
while K+, Na+ and Ca2+ were varied from 5 ppm up to 4000 ppm (with a ratio of 1:1:1) in order

ED

to study Cs+ and Sr2+ adsorption in different saline conditions. Sample preparation and analysis

PT

with AAS were completed as described above.
2.6. Particle milling and surface area analysis

CC
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The effect of particle milling was investigated to study the influence of surface area on the
adsorption of cesium and strontium. Clinoptilolite was milled using a PM 100 ball mill at 550
rpm for 20 min [60]. The milled particles were then sieved in different fraction sizes from 103

A

µm down to less than 53 µm, using a Sieve Shaker AS 200 Control for 10 min. To prove the

dispersion homogeneity, all samples were analysed using a Malvern Mastersizer 2000E laser
diffractometer, and the particle size distributions of different sieve fractions is shown Figure 1.
Figure 1. insert

This figure indicates that the particle size distribution of natural clinoptilolite is within 180
- γ00 m size range. Additionally, the median d50 size of natural clinoptilolite, sieve >103 µm,
sieve 53 – 103 µm and sieve <53 µm are 246.04 µm, 120.56 µm, 55.65 µm and 23.15 µm,
respectively, with relatively good separation between the fractions. Decreasing the d50 from
milling should increase the adsorption of ions, because of the greater surface area to volume

PT

ratio of each fraction [60–62].

RI

Each of the sieved particle fractions were measured using the Micromeritics Tristar 3000

SC

to determine the Brunauer–Emmett–Teller (BET) surface area. Before active measurements,
each sample was degassed using a Micromeritics FlowPrep 060 gradually under N2 at variable

U

temperatures. The temperature was set at 80°C for 30 min, then increased to 120°C for another

N

30 min, before finally being degassed at 300°C for 5 h. For the active measurements, the dead

A

volume was initially measured with the He gas as before being removed under vacuum. N2 gas

M

was then injected and adsorption isotherms recorded, where the amount of adsorbed gas per

monolayer coverage.

ED

mass of particle sample is correlated to the total surface area of the particles, assuming

PT

The measured surface area of the natural clinoptilolite was 10.812 m2/g, while the sieve
fractions gave 30.949 m2/g (sieve >103 µm), 42.719 m2/g (sieve 53 – 103 µm) and 43.606 m2/g

CC
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(sieve <53 µm). The surface areas of the acid and salt activated materials were similarly
measured, giving 46.521 m2/g and 47.111 m2/g for the HCl and NaCl activated respectively. It
is noted that an equivalent spherical area for a non-porous particle of β50 m would be only

A

~0.01 m2/g. Hence, the actual specific surface area values (being almost 3 orders of magnitude
greater) highlight the influence of the interstitial exchange sites on significantly increasing the
material ionic porosity, a critical feature in the ion-exchange performance of zeolites. The
increase in BET surface area on activation, also indicates the role of initial charge loading on
accessing these porous sites, and gives initial confidence in the success of the activation

processes. Measured surface areas are also broadly consistent with previous work on activated
zeolites [24].

3. Results and discussion

PT

3.1. Characterisation of clinoptilolite
Images from the high angle annular dark field (HAADF) scanning transmission electron

RI

microscopy (STEM) used to analyse the natural clinoptilolite with adsorbed cesium are shown

SC

in Figure 2, with associated elemental mapping. Supplementary Materials Figure S2 displays
representative images from SEM analysis at 100x and 1000x magnification, for the natural and

U

activated clinoptilolites. The morphology of the samples are irregular crystals, consistent with

N

crushed natural minerals. There were no changes evident from the pre-activation routine (see

A

Fig. S2).

M

Figure 2. insert

ED

The energy dispersive X-ray (EDX) spectroscopy analysis shown in Fig. 2, was used to
understand both the extent of naturally present surface contamination and its influence on

PT

cesium adsorption. In addition to the expected aluminium and silicon peaks (as clinoptilolite is
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an aluminosilicate zeolite) cesium from adsorption was also detected, as well as several other
elements (Fig. 2b-c). EDX spectra from different areas suggested relatively high concentrations
of elements such as iron and potassium. Area 1 (Fig. 2d-g) highlighted the presence of iron

A

based contaminants, which also appeared to reduce cesium adsorption, from the low density
cesium element map of this area (Fig. 2f). Area 2 suggested additionally, large regions of
potassium ions are also present in the natural mineral. This area also had high levels of cesium
adsorption, but notably less so in the region of high potassium density. Given that potassium is
a strongly competing ion, this is perhaps not surprising, and such adsorbed ionic impurities

could considerably contribute to low adsorption uptake of cesium and strontium [21].
Additionally, mineral impurities (such as those potentially leading to the presence of the iron)
may also affect the clinoptilolite performance [1,27].
In order to study the importance of the observed impurities, and also the influence of the
sodium and acid activation, XRD patterns of the powder samples were measured and compared

PT

to the X’Pert HighScore database, as shown in Supplementary Materials Figure Sγ. The natural

RI

clinoptilolite, as well as both the sodium and acid activated materials, were all matched to

SC

calcium type clinoptilolite, with no evidence for a significant presence of other minerals. Such
a result would infer that the elemental impurities evident in the STEM-EDX (Fig. 2) are largely

U

from adsorbed surface ionic contaminants, rather than bulk mineral differences. The pre-

N

activation currently does not change the structure of clinoptilolite significantly, but only affects

A

the concentration of exchangeable ions which can increase the surface reactivity [37,63].

M

The influence of pre-activation on the zeta potential of clinoptilolite is presented in Figure

ED

3, where the potential of the natural clinoptilolite is compared to NaCl-Clinoptilolite and HClClinoptilolite samples. The clinoptilolite is naturally highly negatively charged, which reduces

PT

with the activation treatments. These changes indicate that activation not only results in ionexchange with existing charge groups, but adsorption of sodium and hydrogen ions into
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interstitial or surface sites with no ions naturally present (thus reducing the net surface negative
charge). Such changes are also consistent with the increase in measured specific surface areas
on activation. Additionally, the sodium and hydrogen ions will be electrostatically attracted to

A

the negatively charge surface of the clinoptilolite, leading to further adsorption. For highly
expandable clays, electrostatic surface interactions can lead to a distinct two layer adsorption
model, where firstly, inter-layer ion-exchange sites control interaction, before secondly,
surface interactions dominate [44]. While clinoptilolite and zeolites more generally, do not

normally exhibit explicit two site adsorption behaviour, previous studies using other ions, such
as lead, have found both monolayer adsorption and heterogeneous surface conditions exist [64].
Figure 3. insert
The influence of electrostatic attraction is also evident from the changes to natural

PT

clinoptilolite zeta potential in solutions of increasing cesium and strontium, as shown in Figure
4. Both cesium and strontium adsorption leads to a monotonic decrease in the magnitude of the

RI

measured zeta potentials (less negative values) and approach steady-state values, which likely

SC

corresponds to the ion adsorption capacity. Again, such changes to zeta potential values
indicate that not only ion-exchange, but electrostatic surface adsorption of ions occur. Whether

U

such multiple adsorption site interactions occur through largely homogeneous or heterogeneous

N

exchanges during surface adsorption can be determined from Langmuir and Freundlich fittings

A

(see Section 3.3). However, the monotonic change in zeta potential would also infer there is no

M

direct evidence for a separated dual-site adsorption mechanism, but rather ion-exchange and

ED

electrostatic surface adsorption occur collectively. Additionally, the similar magnitudes for the
potential changes for both strontium and cesium adsorption would indicate much lower number

PT

density of strontium (as it is divalent).
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Figure 4. insert

3.2. Adsorption kinetics modelling
The adsorption kinetics of Cs+ and Sr2+ on natural and pre-activated clinoptilolite (NaCl-

A

Clinoptilolite and HCl-Clinoptilolite) are compared for 5 ppm salt solutions in Figure 5 a) and
b), where adsorption is shown in terms of qt (the adsorption ratio, in mg/g) and the percentage

removal of the initial 5 ppm ion dose. Additionally, the Cs+ and Sr2+ adsorption kinetics for the
natural clinoptilolite at two further initial ion concentrations of 300 ppm and 1500 ppm are
shown in the Supplementary Materials (Figure S4). For all cases at 5 ppm presented in Fig. 5,

cesium and strontium ions are observed to reach equilibrium within around 360 min (6 h),
which is consistent with previous studies on similar systems [1,18,20,25,65–67]. For the natural
clinoptilolite at higher salt levels, equilibrium adsorption occurs at a slightly greater time of
500 min (or ~8 h).

PT

Figure 5. insert
It is noted that in the case of cesium at 5 ppm, the influence of pre-activations does not

RI

appear to be significant, in terms of improving adsorption amount (see Fig. 5a). However, this

SC

result is likely from the relatively low concentration of cesium used and high removal
percentages in all cases, even for the natural non-activated material. It would be expected that

U

for higher cesium dosages, enhancement from activation would become more evident (as

N

discussed in reference to Figure 6a following). Nevertheless, pre-activation does appear to

A

considerably improve adsorbed amounts of strontium (Fig. 5b) with both NaCl and HCl

M

activation similarly enhancing removal from ~60% to almost 100% in the 5 ppm dose [68].

ED

Pseudo-First Order (PFO) and Pseudo-Second Order (PSO) rate analysis (as described
within the Appendix, Eq. A.3-A.4) were used to generate equilibrium rate constants and initial

PT

adsorption rate values from natural clinoptilolite kinetic adsorption data at 5, 300 and 1500
ppm, as well as the activated clinoptilolites at 5 ppm. The equilibrium rate constant (k2,
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g/mg.min) and the initial adsorption rate (h, mg/g.min) derived from the PSO model for all
systems are shown in Table 2. The PFO and PSO plots used to fit model values are shown in

A

the Supplementary Materials (Figure S5 and S6) where the R2 values from PSO values from
all experiment were close to 1 and significantly higher than R2 values from the PFO model.
The preference for PSO rate modelling, indicates that the rate-limiting step is the surface
chemisorption (PSO), where the removal from a solution is due to physicochemical interactions
between the two phases (solid and liquid) [2,20,54,69].

Table 1. insert
Based on results shown in Table 1 for 5 ppm salt concentrations, the pseudo-second order
constants (k2) for Cs+ are slightly larger through activation with sodium or acid (indicative of
the enhanced kinetic interactions) although Sr2+ rate constants are not significantly altered
(perhaps as ion-surface interaction is weaker in all cases). However, the initial adsorption rate

PT

(h) is enhanced considerably for both Cs+ and Sr2+ with clinoptilolite activation. Additionally

RI

overall, initial adsorption rate values (mg/g.min) are about twice as large for Cs+ than with Sr2+,

SC

in all cases.

For natural clinoptilolite at the higher initial ion concentrations of 300 and 1500 ppm, there

U

is a distinct drop in the PSO rate constants for both cesium and strontium ions, owing to the

N

increased influence of ion competition on the interaction with adsorption sites, which correlates

A

to the longer times required to reach equilibrium adsorption (see Fig. S4). This behaviour

M

means that adsorption kinetics are more optimal for low initial concentrations of ions, which is
consistent with previous work [1,20]. Conversely, the initial adsorption rates (h) increase in a

ED

close to linear trend with concentration, owing to the higher initial number density of ions,

PT

again in agreement with previous research [1,21,33,55].
3.3. Equilibrium adsorption profiles

CC
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The relationship between the equilibrium concentration (Ce) versus final adsorbed amounts
of Cs+ and Sr2+ (mg/g clino and adsorbed percentage) are shown in Figure 6 a) and b),
respectively. The uptake (qe) of both ions is increased along with the final concentration (Ce)

A

monotonically as expected for a monolayer coverage [1,18,20,21,70,71]. The percentage of
initial ions removed as the equilibrium concentration is increased actually decreases quite
considerably with Ce, as all available ion-exchange sites become occupied at relatively low
concentrations for both cesium and strontium ion solutions.

Figure 6. insert
It is evident from Fig. 6 that Cs+ displays much stronger adsorption behaviour compared
to Sr2+, with a factor of 2 to 3 in relative adsorbed amount for a given concentration. Such
differences compare well to previous literature on cesium and strontium uptake in

PT

clinoptilolites and other zeolites [1,10,20,33,72,73]. The reason for the enhanced affinity of the
cesium, is the general low energy state of adsorption for large monovalent ions in zeolite ion-

RI

exchange sites. The effect of ion valency is significant, where the divalent strontium will be at

SC

a higher free energy state than the monovalent cesium [18,74,75]. Additionally on a mass basis
(as given) divalent ions have to exchange with two monovalent ions for electron neutrality, and

U

thus total loadings will be lower.

N

It is also evident that activated clinoptilolite gives pointedly better performance compared

A

to the natural material for both cesium and strontium systems. While differences were not as

M

evident for the 5 ppm kinetic trials (shown in Fig. 4), as the removal percentage was higher in

ED

all cases, enhancements in ion exchange capacity are increased with Ce. By initial activation
with small monovalent salts such sodium (or acid groups), which are weakly bound compared

PT

to other alkali and earth metals, exchange with larger ions including both cesium and strontium
are highly energetically favourable [37,76,77]. There is a relatively small difference between

CC
E

salt and acid activated systems, although sodium activation performed best for both cesium and
strontium removal overall.

A

While all reported adsorption tests were completed at neutral pH (correlating with pH

values encountered during radionuclide removal in industry [32]), the influence of pH on the
cation exchange capacity was correlated by observing changes in pH from H+ uptake for
dispersions at different initial pHs. Given in the Supplementary Materials, Fig. S7 shows the
percentage removal of H+ for systems at initial pHs from 3 – 9. All systems, apart from pH 9

resulted in removal percentages > 99%, highlighting similar strong cation exchange behaviour
over a broad pH range, whereas removal was reduced to < 80% for the pH 9 system, and was
negligible for higher pH systems (data not shown). Overall performance is consistent with
expectations of a significant reduction in performance for high pH conditions, due to partial

PT

degradation of the clinoptilolite [32].
Langmuir and Freundlich theoretical models were applied to the equilibrium adsorption

RI

data for both the natural and activated clinoptilolite. The Langmuir model is based on the

SC

assumption that each active site of the homogenous surface is occupied by only one molecule,
where the energy of adsorption is constant and independent of surface coverage

U

[1,12,21,22,72,78]. Meanwhile, the Freundlich model considers that adsorption takes place on

N

a heterogeneous surface with non-uniform distribution of adsorption energy, which decreases

A

logarithmically with increasing coverage [12,36,64,70,72,79,80]. The results of the Langmuir

M

model fits are presented in Figure 7, in the linear form (where Ce/qe is plotted against Ce) for
a) cesium and b) strontium adsorption. Similarly, the Freundlich fits are presented in Figure 8

ED

(logqe versus logCe). Additionally, resulting adsorption coefficients from Cs+ and Sr2+ data are

Figure 7. insert
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Figure 8. insert

PT

given in Tables 2 and 3, for Langmuir and Freundlich models respectively.

Table 2. insert

A

Table 3. insert

From Table 3, the adsorption capacity (Qc) is more than double for cesium adsorption
between natural clinoptilolite and NaCl-Clinoptilolite (from ~67 to 140 mg/g). Values for
strontium are considerably smaller and show a reduced enhancement with activation (from ~35
to ~52 mg/g). Additionally, activation energies were calculated for cesium and strontium

adsorption on the natural and pre-activated materials using the derived Langmuir constants for
the affinity of adsorption (as detailed in the Supplementary Materials, Table S1 and Eq. S1)
where energies were higher for Sr2+ adsorption, as expected, with significant reductions to both
Cs+ and Sr2+ values upon activation. Generally, these results are well within performance
requirements for ongoing nuclear effluent treatment, and suggest simple sodium salt pre-

RI

plants, greatly expanding the potential supply sites for future procurement.

PT

activation will enable many lower grade natural clinoptilolite ores to be used in nuclear process

SC

The Freundlich adsorption affinity constants (Kf, from Table 4) are relatively low in all
systems, although again consistent with previous research on cesium removal from

U

clinoptilolite [69]. Proportionally though, activation leads to an even larger increase in

N

performance than for the adsorption capacity (increasing Kf by almost a factor of five in all

A

cases). The low concentration performance assessment from Freundlich fits must be made with

M

some caution however, as R2 values are lower than for the Langmuir model (although still >
0.9 in most cases). Such differences are similar to trends previously observed, and indicates

ED

monolayer coverage of the adsorbent occurs with similar chemical interaction forces across the

PT

ion concentration range [1,43,81].

The effect of particle milling on the performance of clinoptilolite was observed by
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E

measuring the percentage removal of cesium and strontium salt solutions at initial
concentrations of 300 and 1500 ppm. The results are presented in Figure 9, for the natural unmilled material, as well as the salt and acid activated material (also un-milled) in comparison

A

to natural milled particles at three sieve fractions i) < 53 m, ii) 53-103 m and iii) > 103 m
mesh.
Figure 9. Insert

It is clear that milling strongly enhances the uptake of cesium, with percentage removal
increasing for both initial salt concentrations to around the capacity of the activated materials.
Uptake also follows the change in size, with higher removal for smaller sieve fractions, and is
in agreement with the understanding that increasing the specific surface area leads to a
corresponding increase in adsorption sites, promoting enhanced ion exchange with the cations

PT

[60–62]. To quantify the effect of surface area to a greater degree, the adsorption data for the

RI

milled fractions was reanalysed, giving the adsorbed percentage for the same initial salt

concentrations of 300 and 1500 ppm, in terms of the calculated specific surface areas, for each

SC

fraction, as given in Figure 10. Data for the salt activated clinoptilolite is also presented in

U

terms of its associated specific surface area.

N

Figure 10 insert

A

It is evident from Figure 10a that, as expected, there is a similar linear increase in adsorbed

M

amount of cesium with the surface area of the clinoptilolite, at both concentrations.

ED

Interestingly also, this relationship appears to hold for the activated clinoptilolite, which has a
slightly larger surface area than the smallest milled fraction with corresponding increase in

PT

adsorption for the 1500 ppm solution (for the 300 ppm solution, both the smallest sieve fraction
and activated sample achieve 100% removal). This trend highlights that for cesium, both

CC
E

milling and pre-activation may lead to significant increases in adsorption sites with similar
enhancements to material performance.

A

For strontium adsorption (Figure 10b), the increase in adsorption with surface area of the

milled fractions is much less pronounced. Indeed, for the 1500 ppm concentration (which is
well beyond concentrations relating to the maximum equilibrium adsorption) almost no
increase in capacity is observed until the very highest milled surface area. It is clear also that
the effect of pre-activation on adsorption is greater than milling, for equivalent specific surface

areas. As clinoptilolite has interstitial ion-exchange sites, making it ionically porous to some
degree, decreasing particle size through milling will lead to an increase in the number of these
exposed interstitial sites, as well as the external surface area [82]. However for strontium, the
influence of contamination present in the non-activated samples dominates interaction
behaviour, and it is clear that milling the material, while increasing the active surface area, does

PT

not remove the influence of these contaminants. For example, it appears that the potassium and

RI

iron minerals observed with EDX (Fig. 2) may be prevalent throughout the clinoptilolite, and

while they will not influence the adsorption of cesium to a high degree (as cesium has higher

SC

relative affinity) they appear to continue to disrupt the adsorption of strontium. Thus, the

U

number of available adsorption sites remains low [14,82], and the effect of pre-activation is
much more pronounced (as it will lead to the removal of the ionic contaminants, such as the

A

N

potassium). Therefore, in order to increase the Sr2+ adsorption performance, it would be

M

suggested to couple particle milling with salt or acid activation. It is further noted, that the
milled clinoptilolite would be too small for a vertical column ion-exchange, as decreasing the

ED

particle size will lead to high pressure loss and reduce column performance [70,83,84].
Nevertheless, it would be extremely useful for batch adsorption in a rapid contact mixing tank,

PT

where the waste could then be easily dewatered using flotation, for example [41–44,85–87].
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3.4. Effect of ion competition on adsorption
The effect of simulated seawater (containing K+ at 380 ppm, Na+ at 10556 ppm and Ca2+

at 400 ppm) on the adsorption of Cs+ and Sr2+ with natural and pre-activated clinoptilolite is

A

presented in Figure 11. Here, ion removal performance is shown in terms of the distribution
coefficient (Kd) as defined in Eq. A.7 within the Appendix.

Figure 11. insert
The influence of salinity on reducing the adsorption of Cs+ and Sr2+ is important for
ongoing processing of nuclear effluents from seawater cooling, such as occurring currently at

Fukushima. It is evident from Fig. 11 that the Kd of cesium and strontium from all systems
reduces significantly in seawater conditions. Given the relatively low affinity of Na+ and Ca2+
to clinoptilolite [28], it is assumed the major reason for the reduced performance is ion
competition from the K+ ions [1,73]. As potassium is assumed to have a higher affinity than
strontium [28], its influence on strontium adsorption in seawater is comparatively greater (with

PT

Sr2+ distribution coefficients for activated clinoptilolite reducing by two orders of magnitude,

RI

in comparison to one order for Cs+).

SC

To further investigate the reduction of Cs+ and Sr2+ adsorption due to ion competition,
distribution coefficients were measured for natural and activated clinoptilolite materials, in

U

solutions of increasing competing ion concentration from 5 up to 4000 ppm (using mixtures of

N

K+, Na+ and Ca2+ ions in a 1:1:1 ratio) with Cs+ and Sr2+ held at 5 ppm. Results, given in terms

A

of the concentration of competing ions, are shown in Figure 12. Similar to Fig. 11, clear

M

reductions to the distribution coefficient Kd are observed for both cesium and strontium
systems, in a power law relationship with competing ion concentration. Indeed, direct

ED

measurement of K+, Na+ and Ca2+ uptake from the saline solution could also be measured
simultaneously with the AAS technique, and are reported in the Supplementary Materials, Fig

PT

S8. It is observed that ionic affinity follows the expected trend at all solution concentrations of
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Cs+ > K+ >Sr2+ > Na+ > Ca2+, and while the general affinity for cesium to clinoptilolite is still
above that of potassium [28], the much larger concentration of the latter will dominate surface
interactions as the saline solution concentration increases. Interestingly, the exponent gradients

A

for all activated clinoptilolite with cesium and strontium are similar, as interactions are
dominated by the competing potassium ions, due to the low 5 ppm level of Cs+ and Sr2+.

Exponents are also higher for the activated clinoptilolite than the natural material, as activation
with either sodium or acid will similarly enhance adsorption of potassium, due to its high
affinity, and therefore it is apparent that activation by itself cannot reduce salinity effects in

clinoptilolite. Evidence of K+ dominancy in comparison to Na+ and Ca2+ have also been found
in previous research studies [30,45,88,89].
Figure 11. insert

4. Conclusions

PT

This study investigated the use of acid and sodium chloride activation, as well as particle
milling, to increase the performance of relatively low-grade clinoptilolite for removing cesium

RI

and strontium ions from nuclear effluents. The natural ore was characterised using STEM-EDX

SC

and XRD, where regions of high potassium ion contamination and iron based impurities were
evident that correlated to areas of lower cesium and strontium uptake. Changes to clinoptilolite

U

zeta potentials with cesium and strontium adsorption indicated heterogeneous surface

N

interactions occurring, driven both by ion-exchange from interstitial sites and electrostatic

M

A

surface attraction, although there was no evidence of separate two-site adsorption mechanisms.
Adsorption kinetics of natural and pre-activated materials in 5 ppm Cs+ and Sr2+ salts were

ED

fitted using a Pseudo-Second Order model with the average linear regression (R2) ~ 0.99 in all
cases. While activation increased the initial adsorption rate of both cesium and strontium, the

PT

overall rate constant (k2) was only enhanced in cesium systems, due to the general low affinity
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of the strontium. Equilibrium isotherms were compared with Langmuir and Freundlich
monolayer models, with the former providing closer fits. The Langmuir adsorption capacity
(Qc) for cesium was increased by over 100% in sodium activated clinoptilolite (from ~67 to

A

140 mg/g), while values for strontium were considerably smaller with a lower enhancement
with activation of ~50% (from ~35 to ~52 mg/g).
Additionally, the effect of milling was observed to give a similar increase in performance
to activation for cesium removal, with a strong linear dependency between adsorbed amount
and overall specific surface area, where a combination of these two techniques will likely to

lead to a much greater ion-exchange capacity. The influence of contaminants on strontium
removal in milled fractions was notably more significant, which reduced relative adsorption in
comparison to associated surface area increases on un-activated samples. The influence of ion
competition on adsorption was also investigated, using solution mixtures of Na+, Ca2+ and K+,
to represent seawater type solutions. The distribution coefficients (kd) of both cesium and

PT

strontium were significantly reduced, with the magnitude of reduction directly proportional to

RI

the concentration of competing ions (from power-law fits) while pre-activation actually led to
a more critical drop-off in uptake. Collectively, these results highlight that pre-activation and

SC

milling could be used to considerably extend the range of natural clinoptilolite ores suitable for

U

nuclear treatment processing of relatively fresh water effluents, but for high saline waters,

N

modern synthetic products will still be required.
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The amount of Cs+ and Sr2+ adsorbed by natural and activated clinoptilolite in kinetics

experiments, was determined at each specific time as qt (mg/g) obtained from Equation A.1.

A

Here, Co (ppm) is the initial concentration of salt ion, Ce (ppm) is final equilibrium
concentration, m (g) is the mass of adsorbent and V (l) is the volume of the suspension.

(A.1)

The percent adsorption of Cs+ and Sr2+ was determined using Equation A.2, where, Co
(ppm) and Ce (ppm) are as defined above.

(A.2)

The adsorption kinetics were analysed with Pseudo-First Order (PFO) and Pseudo-Second

PT

Order (PSO) rate models, as given in Equation A.3 and Equation A.4, respectively

RI

[18,20,53,54]. Here, qt and qe (mg/g) represent the amount of solute adsorbed per gram of

sorbent at any time and at equilibrium respectively, k2 (g/mg.min) is the observed rate constant

(A.3)

N

U

SC

of the PSO model and t is time.

A

Note, normally the initial adsorption rate is also used for comparison, h (mg/g.min), where

(A.4)

ED

M

h = k2qe2.

Many models have been developed to represent various types of adsorption processes,

PT

where Langmuir and Freundlich models are probably the most frequently used for monolayer

CC
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adsorption [12,18,72,73]. The Langmuir model assumes that the solid surfaces have uniform
sites, and no interaction between sorbed ions takes place, and thus all adsorbed species interact
only with adsorption sites [37]. The isotherm can be expressed in the linear form, as shown in

A

Equation A.5.

Here,

(A.5)

(mg/g) and

and the liquid phase,

(ppm) denote the equilibrium concentration of sorbate in the solid
(mg/g) is the maximum adsorption capacity and b (dm3/g) is the

Langmuir constant related to the energy of adsorption. A linear relationship can be obtained by
plotting

against

.

Alternatively, the empirical Freundlich model assumes an energetically heterogeneous set
of sorption sites with the sorption energy varying exponentially [27]. The linear form of this

(mg/g) and

(ppm) are as defined throughout, while and

SC

Here,

log

log

RI

log

PT

isotherm model is given by Equation A.6.

(A.6)

(mg/g) is the

U

adsorption affinity constant, which effectively gives the low concentration threshold adsorption

N

value. The proportional fitting constant n quantifies performance changes with concentration

A

variance, and is again dependent on the energy of adsorption.

M

The amount of solute adsorbed in reference to the initial solution concentration, can be

ED

represented by the distribution coefficient, Kd (ml/g), as shown in Equation A.7 [27,90], where

A
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PT

all symbols are as previously defined.

(A.7)
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Figure 1: Particle size distributions of natural clinoptilolite for different sieve fractions
comminuted using a ball mill.
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Figure 2: Electron microscopy analysis of natural clinoptilolite after equilibrium adsorption of
5000 ppm cesium chloride. (a) HAADF STEM image of part of the sample, with areas
indicated for further analysis. EDX spectra from these two regions are shown in (b) and (c),
with the spatial distribution of elements shown for Area 1 in (d) Al, (e) Si, (f) Cs and (g) Fe,
and for Area 2 in (h) Al, (i) Si, (j) Cs and (k) K.
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Figure 3: Zeta potential of natural and pre-activated clinoptilolite (HCl-Clinoptilolite and
NaCl-Clinoptilolite) at neutral pH.
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Figure 4: Zeta potential of natural clinoptilolite at neutral pH with different concentrations of
Cs+ and Sr2+ ions.
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Figure 5: Uptake of 5 ppm cesium and strontium chloride solutions after different adsorption
times, from 15 min to 48 h, onto natural and pre-activated clinoptilolite (HCl-Clinoptilolite and
NaCl-Clinoptilolite); a) Cs+ and b) Sr2+. Left vertical axes represent adsorption per mass of
ion-exchange, while right vertical represent total removal percentages.
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Figure 6: Equilibrium uptake per mass of ion-exchange resin (mg/g) (left, closed symbols) and
adsorption percent (right, open symbols) versus cesium and strontium salt concentration onto
natural and pre-activated clinoptilolite; a) Cs+ and b) Sr2+. Connecting dashed lines are to guide
the eye.
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Figure 7: Langmuir isotherms of equilibrium salt adsorption for a) Cs+ and b) Sr2+ onto natural
and pre-activated clinoptilolite. Dashed lines represent linear fits.
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Figure 8: Freundlich isotherms of equilibrium salt adsorption for a) Cs+ and b) Sr2+ onto natural
and pre-activated clinoptilolite. Dashed lines represent linear fits.
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Figure 9: Total adsorption percent for different clinoptilolite treatments (acid and salt
activation, as well as three milled fractions) at two different initial salt concentrations, in
comparison to the natural mineral; a) Cs+ and b) Sr2+.

a) 100

PT

80

70

10

20

30

40

A

N

Surface Area (m2/g)

50

U

60

SC

300 ppm
1500 ppm
NaCl-Clinoptilolite at 300 ppm
NaCl-Clinoptilolite at 1500 ppm

RI

Cs Adsorbed (%)

90

b) 90

M

300 ppm
1500 ppm
NaCl-Clinoptilolite at 300 ppm
NaCl-Clinoptilolite at 1500 ppm

ED

80

50

PT

60

CC
E

Sr Adsorbed (%)

70

40
30

A

20

10

20

30

40

50

2

Surface Area (m /g)

Figure 10: Adsorption percent versus specific surface area for the different mill fractions, as
well as salt activated clinoptilolite at two different initial salt concentrations; a) Cs+ and b) Sr2+.
Dashed lines represent linear fits to the milled fractions.
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Figure 11: The distribution coefficent (Kd) for 5 ppm Cs+ and Sr2+ solutions in deionised water
and in a simulated seawater, with represenative concentrations of K+ (380 ppm), Na+ (10556
ppm) and Ca2+ (400 ppm). Data shown for natural and pre-activated clinoptilolite.
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natural and pre-activated clinoptilolite. Dashed lines represent log-log fits.
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Table 1: Pseudo-second order rate constants (k2), initial adsorption rates (h) and
adsorbed solute amounts at equilibrium (qe) from dynamic uptake tests of Cs+ and Sr2+
solutions. Data shown for natural clinoptiloilite at 5 ppm, 300 ppm and 1500 ppm, as well
as sodium and acid activated clinoptilolite at 5 ppm.

k2

h

qe,cal

(g/mg.min)

(mg/g.min)

(mg/g) (mg/g)

Natural clinoptilolite (5 ppm)

0.163

0.009

0.241

Natural clinoptilolite (300 ppm)

0.003

0.353

11.532 11.185

Natural clinoptilolite (1500 ppm)

0.001

1.980

NaCl activated clinoptilolite (5 ppm) 0.383

0.024

0.250

0.248

0.472

0.029

0.250

0.249

h

qe,cal

qe,exp

(g/mg.min)

(mg/g.min)

(mg/g) (mg/g)

0.183

0.005

0.161

0.158

Natural clinoptilolite (300 ppm)

0.003

0.142

7.143

6.843

Natural clinoptilolite (1500 ppm)

0.001

0.796

30.615 29.348

NaCl activated clinoptilolite (5 ppm) 0.186

0.011

0.248

0.245

CC
E

Cs+
qe,exp

0.007

0.240

0.236

M

PT

ED

Natural clinoptilolite (5 ppm)

0.127

A

HCl activated clinoptilolite (5 ppm)
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RI

0.238

61.377 59.365
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k2
Material

N

Sr2+

U

HCl activated clinoptilolite (5 ppm)

PT

Material

Table 2: Langmuir isotherm fit parameters for equilibrium Cs+ and Sr2+ adsorption on
natural clinoptilolite, as well as salt and acid activated clinoptilolite.

Qc (mg/g)

b (dm3/g)

R2

Natural clinoptilolite

67.046

0.007

0.990

NaCl activated clinoptilolite

140.533

0.030

0.999

HCl activated clinoptilolite

128.167

0.025

0.999

Material

Qc (mg/g)

b (dm3/g)

Natural clinoptilolite

35.557

0.002

0.987

NaCl activated clinoptilolite

51.975

0.997

HCl activated clinoptilolite

47.489

0.008

0.987

0.021
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SC
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PT
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U

Cs+

Table 3: Freundlich isotherm fit parameters for equilibrium Cs+ and Sr2+ adsorption on
natural clinoptilolite, as well as salt and acid activated clinoptilolite.
Cs+
Kf (mg/g)

n

R2

Natural clinoptilolite

0.143

1.585

0.978

NaCl activated clinoptilolite

0.615

1.863

0.845

HCl activated clinoptilolite

0.730

2.125

0.924

Material

Kf (mg/g)

n

Natural clinoptilolite

0.075

NaCl activated clinoptilolite

0.354

HCl activated clinoptilolite

0.451

U

N
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M
ED
PT
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A

45

RI

SC

Sr2+

PT

Material

R2

1.342

0.969

2.222

0.932

2.218

0.966

