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H I G H L I G H T S

• Demonstration of flotation to separate
cesium (Cs) contaminated clays.

• EDAB surface decoration of CS-MMT
modifying particle size and wett-
ability.

• Increased Cs contamination led to in-
creased Cs-MMT recovery.

• Selective separation of Cs-MMT when
blended with pristine-MMT.

G R A P H I C A L A B S T R A C T

A B S T R A C T

The ongoing boom of industrialization is conflicted by concerns regarding increased levels of environmental contamination, in particular the uncontrolled release of
heavy metal ions and radionuclides into soils and groundwater systems. The extent of contamination can be substantial, hence ways to remediate and reduce the
volume of waste for further treatment and ultimate disposal are highly desired. In the current study, flotation has been considered as an engineering solution to
rapidly separate cesium contaminated clays from low-level contaminated and pristine clays. Cesium (Cs+) sorption by montmorillonite clay particles was considered
over a range of ionic concentrations (0.01–500mM), showing a multistage sorption isotherm that can be interpreted using a two-site model, which considers both
interlayer ion-exchange and specific ion sorption on the clay basal planes at higher cesium concentrations. Assessment by X-ray photoelectron spectroscopy (XPS) and
zeta potential confirmed the increased surface contamination with increasing Cs+ concentration, with the surface enrichment sufficiently altering the surface
chemistry of the contaminated clays for them to favourably interact with the flotation collector, ethylhexadecyldimethyl-ammonium-bromide (EDAB). Within a
critical concentration range of EDAB, the cesium contaminated clays were separated from pristine clays using flotation, with recovery efficiencies of ∼75% for the
contaminated clays, compared to< 25% for the pristine clays. When contaminated and pristine clays were blended, separation by flotation once again demonstrated
excellent selectivity for the contaminated clays. The current study highlights the potential for flotation to rapidly treat contaminated clay rich soils and significantly
reduce the volume of contaminated solids for further treatment or ultimate disposal.

1. Introduction

Rapid industrial growth and the historical impact of mining, coal
and the petrochemical industries, along with fertilizer, pesticide, ga-
soline, paint production and their use, have inadvertently contaminated

the environment [1]. The level of heavy metal ion contamination in
soils and groundwater systems has been reported to be as high as a few
thousand mg/kg [2], and several thousand ppm [3], respectively.
Moreover, the potential for radioactive contamination from the un-
controlled release of effluent or following a nuclear accident, has led to
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new methods being proposed to accelerate the process of environment
decontamination [4–8]. The amount of contaminated land to be re-
mediated can be vast; for example, following the incident at Fukushima
in 2011, approximately 2× 107 m3 of soil is now classified as con-
taminated, which accounts for ∼20% of the total waste (non-radio-
active) in Japan [9]. Among the radionuclides, 137Cs, being a high yield
fission product of nuclear fuel, is relatively abundant in the con-
taminated soils and poses a substantial risk and environmental concern
due to its catastrophic hazard to the biosphere and significant half-life
(t1/2∼ 30.1 years)[10].

At present, the strategy for decontamination includes the collection
of contaminated materials (e.g. surface soils, fallen leaves and bran-
ches) from inhabited areas and storage at an Interim Storage Facility
(ISF). In Fukushima, by the end of 2016, approximately 230,000m3 of
contaminated soil had been transported to the ISF. Clearly, it would be
desirable to reduce the volume of waste and more importantly reduce
the amount of classified contaminated waste [11]. Several methods to
treat contaminated soils have been considered including i) thermal
cesium removal technology [12], ii) soil washing and separation [13],
and iii) decontamination of cesium contaminated soil using super-
conducting magnets [14], to name just a few of the piloted methods.
While these studies have shown promise to decontaminate soils, it
would be desirable to first reduce the volume of waste to be deconta-
minated by separating waste that can be classified as non-active.

While the top-soil is retrieved (approximately 80% of the deposited
radionuclides were captured in the upper 2 cm of soil [15]) and stored
at an ISF, it is commonly known that cesium preferentially adsorbs on
clays, especially fine clays which exhibit large surface areas and a high
density of charged surface sites [16–20]. It has been shown that Cs-
contaminated materials collected from around Fukushima were mostly
clay of partially-vermiculitized biotite termed ‘weathered biotite’ (WB),
and aluminous smectite which was found in abundance [21,22].
Moreover, it was reported that clays account for approximately 7% of
the top-soil (depth < 10 cm), as sampled near to the Fukushima site,
with most of the remaining soil components being silt and sands that
are poor sorbers of radionuclides [15]. Hence, methods to recover and
separate contaminated clays from the remaining materials are highly
desired.

Separation and treatment of contaminated materials has sig-
nificance during site remediation, for example, large decommissioning
programs such as that at the Sellafield site (UK), where Cs levels in a
number of site wastes are reported to be in the concentration range of
0.01 and 20mM [18,23]. A wide range of contamination concentrations
have been considered (up to 1000mM Cs+ solution for 1 y to predict
long-term effects) [18,24], with different strategies ensuring con-
tamination of the clay frayed edge, Type II and clay surface planar sites.
For illite, contamination of the planar sites has been reported for Cs
concentrations as low as 10−6 mol/L [15].

Froth flotation, an engineering solution frequently adopted by the
mining industry to separate target minerals from waste gangue [25], is
being considered to separate contaminated clays from uncontaminated
materials to facilitate significant waste volume reduction. Flotation has
previously been used to separate fines contaminated by plutonium,
uranium or heavy metals from clean, larger soil-particles, resulting in
good separation efficiencies [26,27]. Furthermore, flotation has been
used to treat trace elements directly from aqueous wastes with the aid
of an ionic surfactant to concentrate and extract non-active ions of
opposite charge at the liquid/gas interface [28]. The process has been
combined with a pre-precipitation step to enable flotation of the poorly
soluble Cs complexes. For example, sodium tetraphenylborate (NaTPB)
is added to form cesium tetraphenyl-borate(CsTPB) which is floated to
decontaminate the aqueous phase [29].

Based on those previous demonstrations, flotation is being con-
sidered in the current study to selectively separate Cs-loaded (con-
taminated) clays (Cs-MMT) from uncontaminated clays (MMT). Natural
grade montmorillonite (MMT) was used throughout the study and was

chosen due to its high cation exchange capacity (CEC) and high ion
adsorption site density, both contributing to substantial Cs sorption
[30,31]. Flotation has been considered for MMTs of varying Cs con-
tamination levels. Cs sorption by MMT was studied across a range Cs+

concentrations (0.01–500mM), with two-site modelling and a range of
analytical techniques used to verify the sorption mechanism(s). Flota-
tion in the presence of a collector (ethylhexadecyldimethyl-ammonium-
bromide [EDAB]) has been demonstrated with the mechanism for se-
lective separation understood from the physicochemical characteriza-
tion of MMT and Cs-MMTs.

2. Experimental

2.1. Materials

Naturally occurring MMT of ∼200 mesh (< 74 µm) was purchased
from Alfa Aesar and used without washing. Cesium chloride (CsCl) and
methyl isobutyl carbinol (MIBC) of analytical grade were purchased
from Sigma-Aldrich. Ethylhexadecyldimethyl-ammonium-bromide
(EDAB, Mw 378.5 g/mol, purity> 98.0%) was purchased from Merck
Millipore. Ultrapure Milli-Q water with a resistivity of 18.2MΩ·cm was
used throughout the study.

The cation exchange capacity (CEC) of MMT was measured to be
90meq./100 g solids, using 0.01M Cu(II)-triethylenetetramine complex
[Cu Trien]2+ as the index adsorption cation, and the complex con-
centration measured at 577 nm by UV spectroscopy (UV-1800,
Shimadzu, Japan)[8]. The BET specific surface area of MMT was
29.85m2/g, determined by N2 adsorption analyzer (TriStar 3000, Mi-
cromeritics, US). The chemical composition of MMT was determined by
X-ray fluorescence (XRF) spectrometry (Primus II, Rigaku, Japan) and
found to be 2.20 wt% Na2O, 2.39 wt% MgO, 20.80 wt% Al2O3, 66.86 wt
% SiO2, 0.06 wt% P2O5, 0.40 wt% SO3, 0.70 wt% K2O, 1.66 wt% CaO,
0.16 wt% TiO2, 0.05 wt% MnO, 4.57 wt% Fe2O3, 0.03 wt% CuO,
0.01 wt% ZnO, 0.06 wt% SrO and 0.05 wt% ZrO2.

2.2. Batch sorption of Cs+

All batch sorption studies were completed using plastic containers
(polypropylene) to prevent Si contamination from glassware and po-
tential Cs+ adsorption onto glass, as highlighted in an earlier study
[32]. 0.4 g MMT was dispersed in 20mL CsCl solution (20 g/L in Milli-Q
water at neutral pH) with the Cs+ concentration ranging from 0.01 to
500mM, diluted from a 1000mM CsCl stock solution. 100mL CsCl
stock solution was prepared beforehand by dissolving 16.836 g CsCl
solid in Milli-Q water (neutral pH) at room temperature. The suspen-
sions were then placed on an orbital shaker at 150 rpm for 48 h at room
temperature before centrifuging at 7000g (relative centrifugal force) for
15min. The supernatant was decanted and passed through a 0.45 µm
syringe filter before measuring the Cs+ concentration by Atomic Ad-
sorption Spectrophotometry (AAS, Varian 240FS spectrometer, Agilent,
US) at wavelengths of 852.1 nm and 455.5 nm, based on a calibration
curve established from dilutions of the 1000mg/L CsCl standard solu-
tion. The sorbed Cs+ concentration by MMT, q (mmol/g), was de-
termined using the following equation:

=
−q C C V
m

( )e0
(1)

where C0 and Ce (both in mmol/L) are the initial and equilibrium
Cs+ concentrations, respectively (determined by AAS), V (L) the vo-
lume of the suspension, and m (g) the amount of adsorbent (MMT). All
sorption tests were repeated in triplicate with supernatants analysed
three times using AAS. Average values are reported along with error
bars to show the experimental variability.
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2.3. Sorption modelling

Cs+ sorption modelling was performed with the aid of the
PHREEQC2 code [33]. The ion exchange reaction between cation B
with charge zB that exists in the aqueous solution, and cation A with
charge zA at the cation exchange sites of the clay (MMT) is expressed as
follows [16]:

+ ↔ +z Clay(A) z B z Clay(B) z AB A A B (2)

The cation exchange reaction can be described with selectivity
coefficients, KA

B
sel, expressed as follows [34]:

=K N a
N a

( ) ( )
( ) ( )A

B
sel

B
z

A
z

A
z

B
z

A B

B A (3)

where aA and aB describe the activities of the cations A and B, and NA

and NB are the equivalent fractional occupancies, defined as the sorbed
quantities of the cations per mass of adsorbent (expressed in eq g−1)
divided by the site cation exchange capacity CEC (expressed in eq g−1).
The specific PHREEQC2 modelling input was edited based on the code
used by Fuller et al. [18]. Briefly, the two input parameters were se-
lectivity coefficient, Ksel, and sorption site capacity. The model was
executed using the wateq4f.dat thermodynamic database to generate
the aqueous activity coefficients [35] and calculate the site specific Cs+

sorbed (Fig. 1). Since the fluid was Milli-Q water with Cs+ at neutral
pH, and the MMT was assumed to contain only Na+ for simplification
purposes, only three cations, H+, Na+ and Cs+ were considered in the
modelling.

2.4. MMT characterization

Prior to all characterization studies, the Cs-loaded MMT was ex-
tensively washed with Milli-Q water to remove excess Cs+ following a
repeated procedure of vigorous agitation to disperse the MMT followed
by centrifugation (7000g for 15min) to replace the supernatant. After
each cycle, the Cs+ concentration in the supernatant was measured by
AAS. For ten wash cycles, the typical Cs+ concentrations in the su-
pernatant for MMT-Cs5mM and MMT-Cs500mM are shown in Fig. S1.

Particle/aggregate structures were visualized by depositing MMT
onto an SEM stub, dried in a desiccator for 24 h and imaged using a
Field Emission Gun Scanning Electron Microscope (FEG-SEM; LEO1530
GEMINI, Carl Zeiss Inc., Japan). Elemental mapping of the MMT was
completed using energy dispersive X-ray spectroscopy (EDX) with an
Oxford Instruments 80mm2 X-Max SD detector and INCA 350 software.
X-ray photoelectron spectroscopy (XPS, Sigma probe, Thermo Fisher
Scientific, US) was performed with a monochromated Al Kα X-ray
source. Powder X-ray diffraction (XRD) patterns were obtained using a
X-ray diffractometer (D8, Bruker, US) fitted with a LynxEye detector,
using a Cu Kα (1.54 Å) radiation source operating at 40 kV and 40mA,
calibrated against a silica standard. Each sample was scanned over a 2θ
range of 4° to 49.98° with a step size of 0.03299° at 2 s per step.

2.5. Zeta potential

The MMT zeta potential was measured using the acoustic zeta probe
analyser (Colloidal Dynamics, USA). MMT suspensions were prepared
to 0.16 w/w% at near neutral pH (pH 7–8) and stirred at 300 rpm for
the duration of the test. The zeta potential of Cs-loaded MMT was
measured following the titration of 10mM EDAB. The suspension was
stirred for 5min following each EDAB titration to ensure an equilibrium
condition had been reached.

2.6. Contact angle

The droplet three-phase contact angle on pristine and Cs-loaded
MMT compressed pellets was approximated by the sessile drop tech-
nique (Attension Theta, Biolin Scientific, Sweden). Using a 2-ton load,

MMT particles were compressed into a circular pellet with a surface
area of 13mm2. A ∼10 μL droplet of 0.18mM EDAB solution was de-
posited on the MMT pellet with the time-dependent droplet contact
angle and droplet penetration into the pellet (Fig. S2) determined by
image analysis using the Attension Software.

2.7. Particle size

A FlowCam VS benchtop system (FlowCam® VS, Fluid Imaging
Technologies, USA), equipped with a 100 μm flow cell (FC-100) and a
10× magnification lens (Olympus®, Japan) was used to measure the
particle size distributions of pristine and Cs-loaded MMT. Prior to
measurement, the FlowCam system was repeatedly flushed with Milli-Q
water ensuring no debris/contamination in the flow cell. Pristine MMT
and MMT-Cs50mM particles (1 g/L) were conditioned separately with a
specified concentration of EDAB for 5min before priming the flow cell.
For analysis, a flow rate of 0.1 mL/min was chosen for suspensions with
low EDAB concentrations (c.a. < 0.5mM), while 3.0mL/min was used
for high EDAB concentrations (c.a.≥ 0.5 mM) due to the presence of
larger aggregates. Images of the particles/aggregates in the flow cell
were captured by a high-resolution digital camera at 10 fps. A
minimum of 10,000 particles/aggregates were counted for each mea-
surement and a minimum of five measurements were performed, with
representative data plotted as a histogram.

2.8. QCM-D

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D
E4, Q-Sense, Biolin Scientific, Sweden) was used to measure EDAB
adsorption onto pristine and Cs-loaded MMT. Using the spin coating
technique, a thin layer of MMT was formed on the Al2O3 sensor
(f0= 5MHz) by depositing 10 droplets of 10 ppm MMT or Cs-MMT
suspension (pH=4.0) onto the QCM sensor rotating at 1200 rpm for
2min. The particle layer was then dried at room temperature overnight
before being used for QCM-D measurement. Prior to each particle de-
position, new QCM sensors were sonicated in 50mM CTAB, rinsed with
excess ethanol, dried using compressed air, exposed to UV ozone for
10min and rinsed with Milli-Q water before drying with compressed
air. All measurements began by pumping Milli-Q water (0.4 mL/min)
through the flow cell to establish stable baselines (frequency and dis-
sipation) before 0.18mM EDAB solution was continuously pumped for
1 h. Changes in the frequency (ΔF) and dissipation (ΔD) were con-
tinuously measured across several frequency overtones with only the
third overtone used for data analysis due to its good signal-to-noise
ratio. All measurements were conducted at 22 °C.

2.9. Flotation

The washed Cs-loaded MMT was stored as a 20 g/L stock suspension
to avoid sample drying and the clumping of MMT. Flotation tests were
performed by pouring 30mL stock suspension (equivalent to 0.6 g so-
lids) into a laboratory-scale flotation cell (column diameter and height:
65mm and 97mm), with flotation bubbles generated at the column
base through a sintered glass plate with micron-sized pores. A sche-
matic of the flotation set-up is provided in our previous study [8]. Milli-
Q water was then added to the MMT suspension to increase the total
volume to 210mL. Agitation of the MMT suspension was provided by a
¾ inch, 4-blade, 45° pitched impeller rotating at 300 rpm, and the air
flowrate was fixed at 2mL/min. A specified volume of 10mM EDAB
was added to the MMT suspension and mixed for 5min. For flotation,
the stirrer speed was reduced to 100 rpm and a given volume of MIBC
frother added to the suspension. Increasing the air flowrate to 7mL/
min, MMT froth was recovered through a side-arm in the flotation cell
and collected in a 200mL beaker. Flotation tests proceeded for 10min
with the remaining froth and residual particles in the side-arm col-
lected. The foams were dried at 90 °C and weighed (md in g). Particle
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recovery (R %) was calculated using R%=md/m0×100%, where m0

is the initial particle mass in the suspension. Each experiment was re-
peated a minimum of three times.

3. Results and discussion

3.1. Cs+ sorption by MMT

Fig. 1 shows the Cs+ sorption isotherm for MMT with the sorbed
amount q (mmol/g) given as a function of the equilibrium solution

concentration Ce (mM). For discussion, the sorbed isotherm is also
shown as a function of the initial solution concentration C0 (mM) as
shown inset. Multistage Cs+ sorption was observed with q gradually
increasing with increasing C0 (low C0 c.a.≤ 10mM), reaching a
pseudo-plateau at intermediate C0 (c.a. 10–100mM), before increasing
once again at high C0 (c.a.≥ 100mM). As previously reported [18,36],
those changes in the sorption isotherm indicate the existence of two or
more sorption sites with distinctive exchange energies. For MMT, the
multi-site sorption includes the high affinity sites such as the Frayed
Edge (FE) and ‘Type II’ sites related to the interlayer and the high ca-
pacity planar site [16,18,37]. A two-site model was proposed to de-
scribe the observed multistage sorption behaviour. Site I describes the
ion-exchange within the MMT interlayer, high affinity with a site ad-
sorption capacity assumed to be comparable to the CEC of MMT (i.e.
90meq/100 g, ∼0.90mmol Cs+/g), and Site II describes the surface
adsorption relating to Cs+ interaction with surface silanol or alumino
groups (i.e. –SOH+Cs+=SOCs+H+), with a site adsorption capa-
city, for modelling purposes, simplified to be the maximum sorption
capacity measured within the studied concentration range, that is,
∼7.52mmol Cs+/g, and a selectivity coefficient comparable to the
surface complexation[38], log Ksel∼−1.0. The model parameters are
provided in Table 1.

Fig. 1 shows reasonable agreement between the experimental data
and the simplistic two-site (Sites I and II) model, with Cs+ sorption at
low C0 (or Ce) dominated by Site I (interlayer), and sorption at Site II
(surface) becoming more prevalent with increasing C0 (or Ce), espe-
cially when C0 exceeds 10mM (i.e. Ce > ∼1.60mM). Further im-
provement to the model is needed to provide greater accuracy when
predicting the complex sorption behaviour at high C0.

For low C0 when Cs+ sorption predominantly occurs via MMT in-
terlayer, Cs+ sorption can be well described by the Langmuir model,
which assumes a monolayer sorption, finite number of binding sites and
uniform sorption energies (Fig. 1), and is given by

=
+

q
bq C

bC1
m e

e (4)

where the fitting parameter b is the Langmuir constant and relates to
the affinity of the binding sites (L mmol−1), and qm the maximum
sorption capacity that describes the efficiency of Cs+ removal from
solution at or near saturation. The equilibrium concentration, Ce (mmol
L−1), is the Cs+ concentration remaining in solution following sorption.
The Langmuir model gives qm=0.775mmol/g and b=0.6911L
mmol−1 with a coefficient of determination (R2) of 0.91.

The washed Cs-contaminated MMTs (i.e. Cs-MMT) were character-
ized by XPS. In the survey spectra (Fig. 2a), peaks of Cs 3d5/2 at

Fig. 1. Cs+ sorption by MMT (q) as a function of the equilibrium Cs con-
centration (Ce) (open symbol: experimental data). The solid line represents the
theoretical Cs+ sorbed using the two-site model which is a function of the site
specific sorption, Site I – interlayer and Site II – surface (dash lines). The red
dot-dash line is the Langmuir model fit. Inset: Cs+ sorption by MMT as a
function of the initial Cs concentration (C0).

Table 1
Parameters used for the two-site model.

Site capacity (mmol Cs+/g) Selectivity coefficient log Ksel
a

H+ Cs+

Site I 0.90 1.8b 1.8 [39]
Site II 7.52 2.5 [18] −1 [38]

a log Ksel is a relative value of the exchange ion normalized against Na+.
b equivalent to Cs+ as described in reference [18].

Fig. 2. a) XPS spectra of pristine MMT and Cs-MMTs (C0 labelled for each spectra); b) corresponding Cs/Si ratio quantified from the XPS peak area; c) zeta potential
of Cs-MMTs. Solid line: zeta potential of pristine MMT.
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∼725.5 eV and Cs 3d3/2 at ∼740.0 eV were identified for Cs-MMT
when prepared in solutions of C0≥ 5mM, contrasting the absence of
such peaks at lower C0. Additionally, from the Cs/Si ratio (which was
quantified based on the peak areas of Cs 3d5/2 and Si 2p (Fig. 2b)) the
increased intensity of the Cs characteristic peaks corresponded to in-
creasing C0, with such behavior in excellent agreement with the two-
site model (Fig. 1), confirming significant surface adsorption when
C0 > 10mM. It is worth noting that the adsorbed Cs was very stable to
washing in Milli-Q water with negligible Cs+ released from Cs-MMT
following 10 consecutive washes (Fig. S1).

For smectite minerals such as MMT, isomorphic substitutions occur
in both the tetrahedral (Al3+ for Si4+) and octahedral (Mg2+ for Al3+)
sheets. Substitution in the octahedral sheet results in a delocalized
permanent charge [40], while the presence of compensating ions on the
tetrahedral sheet weaken the interlayer binding, such that the com-
pensating ions become available for ion exchange, thus MMT exhibits a
high ion exchange capacity. The 2:1 structure leads to surface charge
anisotropy with a negative silica basal plane, and a pH dependent
alumina edge (positive for pH < 8) [40].

As shown in Fig. 2c, the apparent zeta potential (ζ) of pristine MMT

was −43mV. Following Cs+ sorption (C0≥ 5mM) and Cs-MMT
washing, the zeta potential of Cs-MMT progressively decreased, almost
neutralizing when C0 > 100mM. Such behavior validates the Site II
sorption mechanism at higher C0. Any influence of the electrolyte
concentration is considered to be negligible since all Cs-MMTs were
extensively washed in Milli-Q water.

The Cs-MMT powder XRD patterns are shown in Fig. 3. For pristine
MMT, the peak observed at 7.0° corresponds to the (0 0 1) basal plane
with an interlayer spacing of 1.26 nm. The interlayer spacing of Cs-
MMT was greatly reduced when MMT was contaminated by high Cs
levels (C0 50mM and C0 500mM), with the (0 0 1) basal plane peak
shifted to 2θ∼ 7.6°, corresponding to a basal plane spacing of
∼1.16 nm. Following saturation with Cs+, the MMT interlayer col-
lapsed, due to Cs+ shedding its hydration shell upon entering the MMT
interlayer [41,42]. Such mechanism was also confirmed by the in-
creasing intensity of the 2θ peak observed at 9.1° which corresponds to
a d-spacing of 0.97 nm, characteristic of a fully collapsed interlayer of
smectite [43].

3.2. Interaction between MMT/Cs-MMT and EDAB

Cationic surfactants adsorb onto MMT via electrostatic interaction,
decorating the particle to modify surface charge and wettability [44]. In
the current study, EDAB, an alkylammonium cationic surfactant (C16
hydrocarbon chain), was selected following an optimization study.
When adding a surfactant to Cs-MMT, some Cs+ is likely desorbed, i.e.
surfactant washing. At the surfactant concentration used in the flotation
study (see below), the total Cs+ removed was<15% and thus con-
sidered insignificant, see Fig. S3.

To determine collector-particle interaction the zeta potential of Cs-
MMTs was measured as a function of the EDAB concentration (0 mM to
1.0 mM, relative to 1 g/L MMT), as shown in Fig. 4a. As expected, ad-
dition of EDAB led to charge neutralization of Cs-MMTs and in most
cases charge reversal at higher EDAB concentrations, the one exception
being pristine MMT. As previously shown (XPS, zeta potential, EDX),
surface contamination of MMT by Cs was measurable when C0 ≥ 5mM,
with the extent of contamination a function of C0. The critical EDAB
concentration for charge neutralization decreased with increasing Cs
contamination. For all Cs-MMTs, the zeta potentials were bounded by
two plateau regions at low and high EDAB concentrations. The low
concentration plateau would be indicative of EDAB adsorption via the
MMT interlayer [31,45], and then surface adsorption following inter-
layer site saturation, an effect which is enhanced in the presence of
increased Cs contamination. EDAB progressively saturates the surface

Fig. 3. XRD spectra of pristine MMT and Cs-MMTs.

Fig. 4. a) Zeta potentials of pristine MMT and Cs-MMTs as a function of the added EDAB concentration; b) QCM-D data confirming adsorption of EDAB (0.18mM)
onto surfaces of pristine MMT and MMT-Cs50mM; c) initial droplet (0.18 mM EDAB) contact angle and liquid penetration time as a function of Cs contamination level
(Cs-MMT pellet).
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sites leading to charge neutralization/ reversal with a second plateau
due to the formation of a bilayer.

Interaction between EDAB and MMT/Cs-MMT was also verified by
QCM-D. As shown in Fig. 4b, EDAB deposits on both pristine MMT and
Cs-MMT (C0= 50mM) with negligible changes in sensor dissipation,
hence the deposited layer is very thin. The EDAB deposited mass can be
approximated by the Sauerbrey [46] equation = −m c f n(Δ Δ / ), where c
is the mass sensitivity constant (18 ng.cm−2.Hz−1 at 5MHz), n the
overtone number (n=3), and fΔ the change in sensor resonance fre-
quency (Hz). Based on the frequency shifts (MMT, fΔ =−5.3 Hz; Cs-
MMT, fΔ =−1.2 Hz) the Sauerbrey mass equalled 31.8 ng/cm2 and
7.2 ng/cm2 for the pristine MMT and Cs-MMT, respectively. A lower
EDAB deposited mass on Cs-MMT was measured indicating a charge
screening by Cs+, inhibiting adsorption of the cationic molecule.
However, even when the MMT surface was highly contaminated the
flotation collector still interacted with Cs-MMT.

For flotation the target particles must be sufficiently hydrophobic to
interact with the rising air bubbles. While it is challenging to measure
the wettability of an individual particle, various methods have been
proposed for pseudo-quantitative assessment of particle wettability
[47]. Fig. 4c shows the initial contact angle and the droplet penetration
time measured using the compressed disc method. Due to issues asso-
ciated with MMT swelling, the data should only be used as a qualitative
measure of wettability changes. A general trend of droplet contact angle
and droplet penetration time increasing with Cs contamination of MMT
was observed. Increasing droplet contact angle would suggest surface
decoration of Cs-MMT by EDAB, in good agreement with the zeta po-
tential data. As such the Cs-MMT should be more favourable to float
than MMT.

Particle/aggregate sizes of pristine MMT and Cs-MMT (Fig. 5) in the
presence of EDAB (0 to 0.5mM) were measured using the FlowCam VS.
In the absence of EDAB, the average particle sizes were
2.47 ± 0.47 µm and 2.56 ± 0.16 µm for pristine MMT and Cs-MMT
(C0=50mM), respectively, and showed very similar polydispersity
indexes (PDIs). Such similarity confirmed that the MMT particles were
not affected by Cs contamination and washing protocol, also supported
by the SEM images in Fig. S4. Fig. 5 provides an assessment of the
number of particles per mL of liquid and the equivalent spherical dia-
meter (ESD). When considering MMT, it is readily evident that EDAB
has minimal effect on the particle/aggregate sizes until an EDAB con-
centration of 0.5mM. At the highest EDAB concentration, the size
distribution was broadened and the number of particle counts de-
creased which confirmed the formation of larger aggregates. For Cs-
MMT, the addition of 0.05mM EDAB began to aggregate the fines as

shown by the slight broadening at ESD > 3 µm. Further increases in
the EDAB concentration led to larger aggregates with typical structures
shown in the FlowCam images, see Fig. S5.

3.3. Flotation of MMT and Cs-MMT

The flotation of MMT and Cs-MMT (C0= 50mM) was compared for
an equivalent collector dosage (0.18mM EDAB relative to 1 g/L solids)
and increasing frother (MIBC) volume, see Fig. 6a. Both samples
showed improved recovery with increasing frother volume, yet the Cs-
MMT recovery always exceeded that of MMT. Superior flotation of Cs-
MMT was underlined by complete recovery of Cs-MMT at a frother vol./
solids ratio of 250 µL/g. The result validates flotation as a method to
separate highly contaminated clays from pristine clays. However, it is
unlikely that such separation would be so discrete and a gradient of
contaminated particles would more likely be encountered. For Cs-MMT
of varying contaminations, the flotation method was repeated at a fixed
frother amount (116.67 µL/g solids) and EDAB concentration
(0.18 mM), and the recovery of Cs-loaded MMTs compared in Fig. 6b.
While the recovery of pristine MMT was ∼25%, particle recovery was
observed to increase as the particle contamination level increased.
Particle recovery plateaued at ∼75% when the degree of Cs con-
tamination was greater than ∼0.74mmol/g (i.e. C0≥ 50mM), with
the three Cs-MMTs (highest levels of contamination) demonstrating
similar levels of surface contamination as shown in Figs. 2b and c.
Following 10min flotation, the suspensions were visually compared
(Fig. 6c), with the suspension turbidity observed to decrease with in-
creasing levels of Cs contamination, validating the flotation perfor-
mance. The particle dispersion at low Cs levels (0 and 1mM) appeared
finer with larger aggregates formed when Cs-MMT ≥5mM, in good
agreement with the particle size data (Fig. 5). These findings suggest
that the mechanism for enhanced recovery results from the combined
effects of increased hydrophobicity and aggregate size (i.e. akin to floc-
float [44,48])

When blending MMT and Cs-MMT (C0=50mM) the flotation re-
covery showed good agreement with the linear additive rule (Fig. 7),
where the relative recovery of the pristine MMT and Cs-MMT were
taken as the linear extremes, thus confirming the preferential flotation
of Cs-MMT. Preferential recovery was further validated by EDX map-
ping the floated particles for the Cs element (inset Fig. 7). The increased
color intensity and Cs/Si ratio confirmed the recovered particles to be
Cs-MMT.

Fig. 5. Histogram of particles per mL and equivalent spherical diameter (ESD) for pristine MMT and Cs-MMT (C0=50mM) as a function of the EDAB concentration,
from bottom to top: 0 mM, 0.05mM, 0.18mM and 0.5mM. Multiplication factors indicate the relative change in particles per mL.
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4. Conclusion

Uncontrolled release of heavy metal ions and radionuclides and
their gradual accumulation in soils and groundwater systems can lead
to an environmental hazard. Much effort has been dedicated to the
treatment and clean-up of water systems with wide-ranging extraction
methods adopted. Treatment of soils has been less considered, and the
problem to successfully remediate is often thought to be more chal-
lenging. One complexity relates to the “targeting” and separation of
contaminated solids, with the aim to significantly reduce the volume of
waste needed to undergo further treatment and preparation for ultimate

disposal.
Cs+ sorption by MMT can be described using both Langmuir and

two-site models, with the Langmuir model more applicable at lower C0

when interlayer Cs+ sorption predominates, and the two-site model
better describing Cs+ sorption on the planar sites of MMT. XPS analysis
confirmed detectable levels of Cs surface contamination at C0= 5mM,
with the Cs/Si ratio asymptotically limiting when C0≥ 50mM. MMT
contamination was shown to be stable with Cs levels remaining after 10
consecutive washes. While the particle size and size distribution were
unaffected by the Cs levels, the apparent surface charge of MMT de-
creased with increasing Cs. EDAB was chosen as an appropriate flota-
tion collector for Cs-MMT. Cs-MMTs required a lower concentration of
EDAB to neutralize the apparent surface charge. The EDAB concentra-
tion dependence was exploited to preferentially float Cs-MMT. Dosing
the particle suspensions with 0.18mM EDAB and 116.67 µL MIBC/g
solids, flotation recoveries of pristine and Cs-MMT (C0=50mM) were
∼25% and ∼75%, respectively, showing a clear preference to recover
Cs-MMT. Even at low Cs contamination levels (C0= 1mM) the particle
recovery exceeded that of pristine MMT. Flotation of blended (MMT
and Cs-MMT) samples confirmed the preferential flotation of Cs-MMT
with flotation recoveries in good agreement with the linear additive
rule.

Methods to recover contaminated solids using high-throughput en-
gineering solutions are highly desired. By favorable modification of
aggregate size and particle wettability, the current study has provided
proof-of-concept demonstration to preferentially separate Cs-MMTs
from pristine MMT. With easy deployment and high throughputs, flo-
tation columns may prove advantageous to accelerate some of the large
scale remediation programs and minimize the volume of waste sent for
ultimate disposal.
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taminated clays from pristine clays by flotation' University of Leeds.
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under a Creative Commons Attribution licence (CC-BY).

Fig. 6. Flotation recovery of pristine MMT and Cs-MMT in the presence of 0.18 mM EDAB and as a function of a) added frother (µL/g solids), b) Cs contamination of
MMT (frother/solids ratio, 116.67 µL/g) (corresponding C0 of Cs from left to right: 0, 1, 5, 10, 50, 100 and 500mM), and c) images of the particle suspension
following 10min flotation, C0 labelled inset (images correspond to Fig. 6b).

Fig. 7. Flotation recovery from a blend of pristine MMT and Cs-MMTs
(C0=50mM, 0.18 mM EDAB, frother= 116.67 µL/g solids). Dash line re-
presents the linear additive rule based on the flotation performance of pristine
MMT and Cs-MMT. Inset: SEM images of the floated particles with EDX map-
ping of the Cs element shown inset. All scale bars= 10 µm.
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