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Abstract

Europium(lll), i.e., Eu(lll), is chemically analogs to the trivalent lanthanides (Ln)
and actinides (An). A good understanding of theogutton behaviour of Eu(lll) on
mica group minerals is critical to the safety ewtibn of the radioactive
contamination. Nevertheless, the structural compledf micaceous minerals makes
it difficult to draw a consistent conclusion in teudy of Eu(lll) migration. In this
work, we contrastively studied Eu(lll) adsorptiom dioctahedral muscovite and
trioctahedral phlogopite as functions of pH, iostcength, background electrolytes,
interaction sequence, and fulvic acid (FA). Bateipeziments showed that Eu(lll)
adsorption on both micas was strongly dependenptbrbut quite independent on
ionic strength that is determined by N&lanar sites are available on both muscovite
and phlogopite while interlayer sites only on plupige under N& and C&"
electrolytes (not for Kand C3). An interlayer expansion of phlogopite, as intich
by a newly appeared diffraction peak at’-Btheta, occurred along with Eu(lll)
adsorption, which was also confirmed by transmissielectron microscopy.
Furthermore, the initial Eu(lll) concentrationse ttoncentration ratios between Eu(lll)
and C3, and the reaction sequences of Eu(ll)-electrei&a affected both the
adsorption behaviour of Eu(lll) and reversely theictural alteration of phlogopite.
The sequential extraction showed that the adsombe(ll) was mainly in the
ion-exchangeable form while the addition of FA @buhcrease the portion of
coordinative species. The currently proposed Euédlsorption mechanism can shed

new light on predicting the migration of Ln/An(llat the mica-rich solid-liquid
2



39 interface on a molecular scale.
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1 Introduction

The retention of radionuclides by the natural géesg, in particular in the vicinity of
nuclear waste temporary storage or repositories;oissidered a critical and last
pathway of radionuclides stabilization and also @mgoing concern for safety
assessment of the repository and environmentahrels€Ma et al., 2020; Niu et al.,
2009; Sun et al., 2020; Zhang et al., 2020). Tradoggcal fate of radionuclides in the
environment greatly depends on the interactiondh viibst rocks and prevalent
minerals. Surface adsorption and transformatiorclting redox and nonredox
processes) occurring during the interactions coute greatly to the immobilization
of radionuclides (Chen et al., 2020; Jin et al1£0Pan et al., 2017). The adsorption
behaviour at the solid-liquid interface is fickle anvironmental conditions varying,
such as pH, background electrolytes, coexistingnkity, natural organic matters

(NOMs) (Fukushi and Fukiage, 2015; P. Li et al.120Tan et al., 2018).

Immobilization of trivalent actinides is criticab tenvironmental protection due to
their long half-life and strong radioactivity. Egiam(lll), i.e., Eu(lll), is commonly
considered as a chemical analogue for trivalerthiamdes (Ln) and actinides (An)
due to the similar electronic and bonding propsrt{@akahashi et al., 1998a;
Bradbury et al., 2002; Stumpf et al., 2002; P.tlale 2017; Pan et al., 2017). As such,
the retention of Eu(lll) on various potential barg has been extensively investigated
to provide fundamental data concerning the perfocaaassessment of HLW

repositories and the remediation of radioactivetammmations (Fan et al., 2015;
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Fukushi et al., 2013; Jin et al., 2014; Pan eR8l17; Qiu et al., 2018). It was reported
that pH, ionic strength and NOMs largely influend&ag(IIl) adsorption on muscovite,
bentonite, illite, montmorillonite, granite, sodtc. (Bradbury and Baeyens, 2009; Fan
et al., 2013; Jin et al., 2014; Pan et al., 20P7¢vious studies of Eu(lll) adsorption
on granite showed that Eu-enriched areas of biatdenmonly contained less
potassium, indicating that ionic exchange was thenrprocess for Eu(lll) adsorption
on biotite (Fukushi et al., 2013). It has been reggbthat the influence of cations
(mainly alkali and alkaline earth ones) on the coexchange process of mica group
minerals is not only the competition on adsorptsites but also the steric effects on
specific sites (Fan et al., 2014; Tamura et all420For instance, frayed edge sites
(FESs) can be collapsed by cations having smajldratted ionic radii (K, Cs and
NH;"), and unavailable interlayer sites can be exparmjedations that have larger
hydrated ionic radii (C& and Md"). NOMs exist ubiquitously in the aquatic
environment, affecting the adsorption of radiondes mainly through complexing
with radionuclides and further enhancing the sditybof radionuclides especially at
pH 3-10 (Takahashi et al., 1998a; Tan et al., 2018 combination of X-ray
photoelectron spectroscopy (XPS) and extended Xatgorption fine structure
(EXAFS) approaches indicated that complexation isgeavere different for the
different reaction sequences of fulvic acid (FAgd&u(lll) (Fan et al., 2008). More
notably, it was confirmed that organic matters doahter and stably stay in the
interlayers of expandable clay minerals (Dubbialgt2014; Park et al., 2017).

So far, no mature model is available for descriliimg adsorption of Ln(lII)/An(lll)
5
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under a wide range of chemical conditions, paytidilecause of the lack of
comprehensive study on mica group minerals. Faamte, 2:1 phyllosilicate has
shown strong decontamination ability, whereas tifiects of the various structures
and compositions on the adsorption of Eu(lll) aely investigated on the molecular
scale. Mica group minerals, like illite, muscovileotite, phlogopite, etc., serving as
effective scavengers under either ambient air ¢mmdi or the geologic repository
environment, always received extensive attentionk@i et al., 2018; Pan et al., 2017;
Wu et al., 2020). This is because mica group misease (i) widespread in the
environment, (ii) the parent materials of clay nnaie (smectite, vermiculite and their
mixed-layer mineral, etc.), and (iii) the main campnts in the host rocks (both
granite and clay) that inhibit the migration of i@tuclides (Fukushi et al., 2013; H.
Li et al., 2019; Wu et al., 2018b). According tcetlialence of filling ions in the
octahedron, micaceous minerals can be divided ditotahedral and trioctahedral
types. The main adsorption sites on dioctahedrehrare planar sites (accounting for
~80% of cation exchange capacity) while its intgglasites are unavailable (Bradbury
and Baeyens, 2000; Fan et al., 2014). On the bidred, the proportion of planar sites
on trioctahedral mica (easily weathered) can berdow~50% with the increase of
interlayer sites (the interlayer distance can iaseeto ~14-20 A) (Fan et al., 2014;
Fan and Takahashi, 2017; Park et al., 2017). Tageft edge site is one kind of
specific site on micas that has been confirmed Ipigblective to Cs Although its
fraction is less than ~1%, it is very important tbe further availability of interlayer

sites (Fan et al., 2014; Wu et al., 2018b; Zackaa., 2002). The octahedron of mica
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is usually a mixture of both dioctahedron and tabedron in varying degrees in the
environment. Therefore, it is very important toriflathe roles of pure dioctahedral
and trioctahedral endmember structures in the geooéradionuclides adsorption on

mica group minerals.

In this work, dioctahedral muscovite and trioctaiaéghlogopite were employed to
interact with Eu(lll) under various conditions oHpionic strength, background
electrolyte, and fulvic acid. We expected a bettederstanding of the adsorption
processes of trivalent actinides on micas as wellaacritical reference for the

predictive model.

2 Materials and methods

2.1 Materials

Muscovite and phlogopite powders (passed throu@2%mesh sieve) used in this
work were purchased from the Shikan industrial asedingshou County (Hebei

Province, China), which have been characterizedetail (Wu et al., 2020). Cation
exchange capacities (CECs) of muscovite and phitgape 4.01 and 11.15 meqg/100
g, respectively. The XRD patterns, formulas andazpobtentials of micas are
summarized in Fig. S1. According to the valence antunt of filling cations in

octahedrons, muscovite (96.55% trivalent catiomg) phlogopite (99.63% divalent
cations) can be considered as pure dioctahedratreatithedral micas, respectively.

The characteristic (001) and (003) diffraction peakboth muscovite and phlogopite
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are at 8 and 26 2-theta, respectively. All chemical reagents ddlgiical grade were
purchased and used without any further purificatidih the solutions, including the
Eu(lll) stock solution that was prepared by dissajvan appropriate amount of
Eu(NGs)3-6HO (Aladdin, 99.9%), were made with ultrapure wate8.2 MQ-cm,
Millipore Co.). Salts of NaCl, CsCl and CaChere used to prepare background
electrolytes. The FA extracted from natural soitl Heeen characterized previously

(Fan et al., 2008).

2.2 Batch adsorption experiments

Batch adsorption experiments with single variabkrevcarried out to compare the
adsorption behaviours of Eu(lll) onto muscovite gidogopite. The effects of pH,
ionic strength ), background electrolytes, initial Eu(lll) conceatton, and FA were

investigated, and the adsorption behaviours andesg@l extraction were used to

unravel the adsorption procedures, forms and mesiman

All batch experiments were conducted under ambiaint conditions. 1.0 g/L
muscovite or phlogopite with different backgrouni@cérolytes in the absence or
presence of 50.0 mg/L FA was introduced into 10pulyethylene test tubes followed
by a pre-equilibrium duration of 24 h without pH j@tment. Afterwards, an
appropriate amount of Eu(lll) stock solution wasded to achieve the target
concentrations. The pH values were then adjusteadidjng a negligible volume of a
HCl and/or NaOH solution (0.1 mol/L). After shakinip an air-bath shaker

(BSD-TX270, Shanghai Boxun Medical Biological Instrent Corp.) at 298+1 K for

8
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48 hours, the solid and liquid phases were semhrhte centrifuging (Thermo
Scientific Sorvall ST16R, ThermoFisher scientifat) 10,000 rpm for 10 min. The
solid was kept for further characterizations arelsbpernatant was further filtered by
0.22um pore size membrane filters (Polycarbonate, Ad@niThe aqueous Eu(lll)
concentrations after equilibriumC¢{ mol/L) were analyzed by the Inductively
Coupled Plasma Optical Emission Spectrometer (IEGS0Agilent Technologies
5100) at 420.504 nm wavelength. The concentratdA in the supernatant (mg/L)
were analyzed at 200 nm by spectrophotometry metfiodbbin et al., 2014). It has
been verified that the presence of FA had an iedisble effect on Eu(lll)
determination. Meanwhile, the pH values of the saspns were measured by a pH
electrode (LE422, METTLER TOLEDO). The adsorptiogrgentage (%) of Eu(lll)
and FA, and the adsorption quantit®, (mol/g) and the solid-liquid distribution

coefficient Kq, L/g) of Eu(lll) were calculated using Egs. (1):(3

Adsorption (%) = Co—C¢) / Co x 100% Q)
Q=(Co—-Cq /) (2)
Ke=Q/Ce (3

whereCy andC, are the initial Eu(lll) or FA concentration (molr mg/L) and the
equilibrium concentration in the filtrate (mol/L ang/L), respectively;s/l (g/L)
represents the solid-to-liquid ratio. All the expegntal data were the averages of

duplicate or triplicate experiments with a relatereor of less than 5.0%.
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2.3 Sequential extraction

Pre-adsorption experiments of Eu(lll) were perfadme 50 mL polyethylene test
tubes with total volumes of 30.0 mL as exactly déstl above. In the adsorption
systems, the initial Eu(lll) concentration was B5.0% mol/L and the pH was
maintained at 5.3. Afterwards, the supernatant is@ated to determine the amounts
of Eu(lll) adsorbed, and the Eu-loaded solid sasipdere recovered and rinsed
rapidly with ultrapure water for the subsequentraotion experiments. The
adsorption products were subsequently soaked utisos of CaCl (1.0 mol/L, pH
5.3), NH,OAc (1.0 mol/L, pH 5.3) and HNQ(pH 2). For each extraction procedure,
30.0 mL extraction solution was used; the suspensias continuously shaken for 24
h, then centrifuged and separated. The extractmauat of Eu(lll) was calculated
from the initial amount of Eu(lll) adsorption on suovite or phlogopite and the
amount of Eu(lll) in the extraction solutions. Eadted fractions were defined as
follows: (i) fraction 1 (ff) extracted by 1.0 mol/L Cag&hbolution, (ii) faction 2 (B
extracted by 1.0 mol/L N¥DAc solution, (iii) fraction 3 (k) dissolved by HN@ (pH

2), and (iv) residual fraction g

2.4 Solid characterization

Characterization was performed on the pristine Bodoaded mica powders. The
Eu-loaded micas were obtained after adsorption rexpats and then freeze-dried
under vacuum at -80 by an FD-1D-80 vacuum freeze dryer (Beijing Boyiga

Experiment Instrument Co., Ltd) for 24 h. X-rayfdittion (XRD) patterns of the

10



192 micas were collected using a powder X-ray diffravtter (X' Pert PRO, Malvern
193 PANalytical) operating at 40 kV and 30 mA with atinterval of 0.02at a rate of

194  4.0°min. Transmission electron microscopy (TEM) chégdezation was performed
195 using a Tecnai G2 F30 (FEI, U.S.) at an operatoltage of 300 kV. The samples for
196 TEM were dispersed sufficiently in ethanol undetradonic treatment. After, the
197 obtained homogeneous suspension was dropped ootpper grid coated with a

198 porous carbon support film, which was dried mildgfore the measurement.

199 3 Results and discussion

200 3.1 Effect of pH

201 Speciation calculations of 5.0x¥mol/L Eu(lll) using PHREEQC (Parkhurst and
202 Appelo, 1999) indicated that Elis the predominant species (more than 80%) below
203 pH 5.7, and aqueous complex with carbonate, hydaoxifor hydrated ligands prevail
204 at pH >5.7 (Fig. 1A) (Takahashi et al., 1999). Ab@H 5.7, ~50% of Eu(lll) forms
205 Ew(COy)33H0 (aq) in the pH ranges of 5.7-8.8, ~25% and >95%uflll) forms
206 EUOHCQ (aq) and Eu(OH) (aq) in the pH ranges of 8.8-10.3 and 10.3-12.0,
207 respectively. Meanwhile, the saturation indices Eb(COzs)s-3HO, EUOHCQ,
208 Eu(OH) are all less than zero (Fig. S2), which indicdtes Eu(lll) species are all
209 soluble under the conditions. In addition, there &iwve complexes formed with
210 chloride, hydroxyl, carbonate, and Eu(lll) (EGGI Ew(OH),*, EuOHCQ,
211 EuOH(CQ),* and Eu(OH)COs), which account for more than 1% at different pH

212 values and is expected to affect considerably thgration behaviour of Eu(lll)

11



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

especially at low Eu(lll) concentration (Kyziot-Kasinska et al., 2019).

The adsorption of Eu(lll) on muscovite and phlogepas a function of pH are
compared under 0.01 mol/L NaCl background electeolfrig. 1B). At pH <5.0,
pH-independent adsorption of Eu(lll) on muscovitaswbserved with around 35%
Eu(lll) adsorbed constantly, which should be maiobntrolled by ionic exchange
and/or outer-sphere complexation (Fan et al., 26@®; et al., 2017). With increasing
pH, the adsorption percentage of Eu(lll) (from 3&©09%) increased quickly in the
pH range of 5.0-7.0, and then maintained a highkgppercentage (>99%) above pH
7.0. According to the zeta potential of muscoviey( S1B), it decreased sharply in
pH ranged from 5.0 to 7.0. Combined with the spgemacalculation, Eu(lll) mainly
forms Eu(OH),*", Ew(COs)s- 3H:0 (aq), EUOHC®(aq) and Eu(OH)(aq) above pH
5.0 (Fig. 1A). The surface property of muscovited du(lll) species supposedly
resulted in inner-sphere complexes of Eu(lll) fodho® mica surface (Takahashi et al.,
1998b; Stumpf et al.,, 2002), which may account ttog remarkable increase of
adsorption at this pH range. This phenomenon saggdhat Eu(lll) adsorption on
muscovite enhanced the fixation of Eu(lll) at pH .5 where the strong
pH-dependent adsorption under slightly acidic agarly neutral conditions should be
mainly attributed to the adsorption of hydroxyl frdcarbonate surface complexes
on muscovite (Sun et al., 2020; Zhou et al., 20R@}e that the surface compositions
and properties of adsorbents affect largely thenite species of Eu(lll) during the
adsorption process, which may differ from the clatad species in solution. In

contrast to muscovite, the pH-dependent adsorppencentage of Eu(lll) on
12
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phlogopite increased from 80% at pH 2.0 to 97%Ht>45.0, which is much higher
than the case of muscovite. The stronger adsorptigohlogopite can be attributed to
the higher CEC and more negative zeta potentig. (61B) than that on muscovite.
And the pH-dependent adsorption on phlogopite iedplithat the adsorption
mechanism of Eu(lll) was more complex than thatmofscovite. Above pH 7.0, the
adsorption behaviours of Eu(lll) on phlogopite was similar as muscovite
(adsorption percentage >99%). Further confirmatioh adsorption forms on
muscovite and phlogopite above pH 7.0 was conduayetthie XRD results (Fig. S3).
It cannot be observed clearly that Eu(lll) precps generated at pH 8.4. This
opinion was also supported by the saturation ird{€&g. S2) and the evidence from
Takahashi et al. (1998b) and Stumpf et al. (20@2)hough the structures (2:1
phyllosilicates) and compositions (Fig. S1A) of moogte and phlogopite are
relatively close, an obvious difference in Eu(Bijsorption especially below pH 5.0.
It is speculated that this phenomenon is due toamdy the more negative zeta
potential of phlogopite (Fig. S1B) but also theustural difference between

dioctahedral and trioctahedral micas.

According to the calculation of CEC, the capacitbésnuscovite and phlogopite were
4.01x10° and 1.165x18 eq/L respectively, which were equal to 26.7% add’%

initial Eu(ll) concentration (1.5xI$ eq/L). Accordingly, Eu(lll) adsorption under
acidic conditions was not only controlled by iongxchange and outer-sphere
complexation, but also by inner-sphere complexatwimch has been confirmed by

laser fluorescence spectroscopy (Takahashi e1298b; Stumpf et al., 2002). Thus,
13
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the effect of high concentration of Eu(lll) can mmored, and the experimental
system can be closer to the real environment, wivigh similar to the systems using

radioisotope tracers (Fairhurst et al., 1995; Takahet al., 1998a).

3.2 Effect of ionic strength

As shown in Fig. 1B, the ionic strength manifestesignificant difference in Eu(lll)
adsorption between muscovite and phlogopite, wtermore obvious effect on
muscovite. In the pH range of 2.0-7.0 with incraegsionic strength, the adsorption
percentage of Eu(lll) by muscovite decreased (frem 0.01 to 0.1 mol/L NacCl),
whereas it increased in the case of phlogopite. fdsult confirmed that ionic
exchange and outer-sphere complexation contribiatede Eu(lll) adsorption below
pH 7.0. At pH >7.0, the effect of ionic strengtlksd ko a negligible difference between
muscovite and phlogopite with respect to Eu(llis@gbtion (Pan et al., 2017), where

the inner-sphere complexation controlled Eu(lli3@gbtion.

Typically, the higher ionic strength is, the wealku(lll) adsorption is when the
chemical interactions were controlled by ionic exuofje and/or outer-sphere
complexation (Fan et al., 2009; Pan et al., 20t €an be seen that Eu(lll) adsorption
on muscovite was consistent with that on illite g@oury and Baeyens, 2009) and
granite (Jin et al.,, 2014), where weaker adsorptimder higher ionic strength
resulting from the competition between cations Badlll) on the adsorption sites was
observed (Zhang et al., 2020; Zhou et al., 202@amvhile, the inhibitory effect of

ionic strength on Eu(lll) adsorption decreased wihik increase in pH. It can be
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concluded that Eu(lll) adsorption on muscovite veastrolled by ionic exchange
and/or outer-sphere complexation under acidic d¢mwd while inner-sphere
complexation predominated under slightly acidic ardtral conditions (Stumpf et al.,
2002; P. Li et al.,, 2017; Pan et al., 2017). Howetke opposite tendency for
phlogopite in the pH range of 2.0-7.0 implies diffiet mechanisms. Compared with
muscovite, the dissolution of phlogopite releaséarger number of cations (e.g.; K
Mg**, and C&', etc.). Meanwhile, the densities of dissolvedaratiare proportional
to the solution acidity (Kalinowski and Schweda9@p As a result, phlogopite can
provide more available sites and more negativetrelgi@atic attraction for Eu(lll),
indicating that the availability of the sites omgtahedral mica is higher than that of
dioctahedral mica during the adsorption process €ivai., 2020). On the other hand,
the release of cations (including’KMg?* and C&', etc.) from phlogopite was
reduced by a higher Naconcentration (Fig. S4), which weakened the coitipet
between cations and Eu(lll) and thus enhanced Bu@dsorption. Similar
observations were reported by previous works (Walgt2020; Yamaguchi et al.,

2018).

3.3 Effect of cations

The influence of cations on Eu(lll) adsorption bysoovite and phlogopite is shown
in Fig. 2. The presence of KCs and C&" inhibited Eu(lll) adsorption in different
degrees in the pH range of 2.0-7.0 compared with Rar muscovite, the effects of

K*, Cs and C& on Eu(lll) adsorption were comparable, where tmecentage

15
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increased slowly from ~5% at pH 2.0 to ~35% at pbl Sharply to ~99% until pH
7.0, and maintained at ~99% at pH >7.0 (Fig. 2A@dns€idering that the ionic
exchange and/or outer-sphere complexation contrtie adsorption in the pH range
of 2.0-5.5, it was proved that'KCs and C&" are more competitive than Néor
Eu(lll) adsorption on muscovite. However, ionic kange on planar sites alone
cannot completely explain the experimental dateeuratidic conditions, which has
been supported by the potentiometric and Eu(lI§oapition results on illite (Sinitsyn
et al., 2000). The adsorption sites for @sovided by clay minerals can be divided
into four types, of which the planar sites preaB0% of the adsorption capacity)
and frayed edge sites, edge sites and interlayes should not be neglected.
(Bradbury and Baeyens, 2000; Fan et al., 2014; Yal.£2018b). According to the
log K, K*, Cs" and C&" have stronger affinities towards planar sites dtas

compared to Na(Onodera et al., 2017; Park et al., 2017).

For phlogopite, results of pH effects showed thafllj adsorption was inhibited
following the order of Cs> K* =~ C&* > N&'(Fig. 2B). In the pH range of 2.0-5.5, the
adsorption percentages of Eu(lll) in the preserfdé’cand C$ were pH-independent
and maintained at ~60% and ~35%, respectively, hvBiowed a similar shape with
that on muscovite under 0.01 mol/L NéFig. 2A). Combined with previous works
(Mukai et al., 2018; Wu et al., 2018a), it can peaulated that the inhibition of Eu(lll)
adsorption was due to the occupation of frayed esitgs by K and C3$, which
interrupted the interlayer expansion under acidmeditions. On the other hand, Eu(lll)

adsorption on phlogopite under Caelectrolyte was pH-dependent and increased
16
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stepwise from ~60% to 99% in the pH range of 2M-Fig. 2B). The results
supported that the decrease ifi #&nd C&' concentrations could weaken Eu(lll)

adsorption on phlogopite under higher ionic strer(@t1 mol/L N&) (Fig. 1B).

The different adsorption behaviours of Eu(lll) orusnovite and phlogopite can be
further interpreted by their XRD patterns at pH §8y. 3). After interacting with
Eu(lll) under different electrolytes, the main cheteristic peaks remained for the
muscovite such as (001) and (003) at’&Bd 26.22-theta respectively (Fig. 3A),
which were consistent with that of the pristine enals (Fig. S1A). It suggested that
the muscovite structure was almost unchanged. Astiomed above, planar sites
contributed mainly to the retention of Eu(lll) byustovite whereas it was not the
case for phlogopite. As reported previously, therayer K of phlogopite tended to
be replaced by cations with larger ionic potentiatssmaller hydrated ionic radii,
leading to an interlayer expansion or collapse (Ti@met al., 2014). The XRD
patterns of phlogopite (Fig. 3B) can be classifiet two kinds: one is consistent
with the pristine phlogopite (Fig. S1A) undef nd CS electrolytes, the other shows
new features at°62-theta under Naand C&" electrolytes. Without the interlayer
expansion, Eu(lll) adsorption on phlogopite undéraikd C$ electrolytes confirmed
the main contribution from planar sites. Considgmo obvious difference in XRD
patterns was observed after contacting with &=l K™ electrolyte, the ~30% gap for
Eu(lll) adsorption on phlogopite (Fig. 2B) demoaséis that Csis more competitive
than K on planar sites of phlogopite (Bradbury and Basy@000; Fan et al., 2014).

Moreover, the same proportion of pH-independentliBuédsorption was kept
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between phlogopite under 0.01 mol/L*Cand muscovite under 0.01 mol/L Na
which indicates the important contribution of itéger sites and planar sites of
phlogopite. On the contrary, a new (001) diffractiseak at %2-theta (indicating an
interlayer distance of 15 A) caused by Eu(lll) agi$ion suggested that the interlayer
sites of phlogopite largely contributed to Eu(bétention (Kyziot-Komosgiska et al.,
2019). Compared to Nathe stronger diffraction peak & B-theta in the case of €a
(Fig. 3B) should result from the stronger competitability of divalent C& towards
the interlayer sites of phlogopite. As illustratiedFig. 2B, the percentage of Eu(lll)
adsorption with C4 is smaller than the Na&ase at pH 5.3, confirming that the strong
adsorption competition between®and EG" should be responsible for the interlayer
expansion of phlogopite. Moreover, the pH-dependsgansions have been also
observed during the adsorption of Th(IV) and Sr¢i) phlogopite (Wu et al., 2020;

2018a).

The selected area electron diffraction (SAED) patteand the TEM images of
Eu(ll)-loaded muscovite and phlogopite were showhig. 4. The typical hexagonal
structure of muscovite after Eu(lll) adsorptiongHA) was confirmed by the SAED
pattern (Yu et al., 2006), demonstrating that Bu@dsorption did not change the
structure of muscovite. In contrast, the layerghanedge of phlogopite powder were
thinner than the central part after adsorbing Eu((Fig. 4B). Besides, the
corresponding diffraction rings (Fig. 4C) and orterdiffraction spots (Fig. 4D)
confirmed that the crystallinity degree of phlogepespecially of its layer edge, was

decreasing (L. Wang et al., 2016). This is in gagdeement with its weakly diffuse
18
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XRD peaks and the appearance of new diffractiod’attheta (Fig. S5), suggesting
that phlogopite vermiculized during Eu(lll) adsogot (L. Wang et al., 2016).
Therefore, the synergistic adsorption and struttitaration could play key roles in
the retardation of radionuclides on trioctahedratas rather than dioctahedral ones

under real environmental conditions.

3.4 Effects of Eu(lll) concentration

The concentration of Eu(lll) is often a key factadfecting the adsorption behaviour.
Considering that no significant difference was obsé in the XRD patterns of
muscovite samples in Fig. 3B, this section maiolguses on the structural change of
phlogopite potentially related to the initial Ed)Itoncentration. At pH 5.3, the values
of Kq at different initial concentrations of Eu(lll) grhlogopite were 4.3, 29.9 and
180.8 L/g, respectively (Fig. S5A). The correspoigdKRD patterns are shown in Fig.
S5B, illustrating that the larger they is, the higher the relative intensity of the
diffraction peak at $2-theta is. Nevertheless, tKg value is determined not only by
the interlayer sites that can be reflected by th&tipn and intensity of the diffraction
peaks along the (001) direction, but also by tingelaontribution of the planar sites.
Since the contributions from the two types of sigge hard to be separated, the
quantitative relation between the relative intgneftdiffraction peak at 2-thetd @nd

the capacity of interlayer sites cannot be estabtigirectly.

As discussed above, the addition of @euld hinder significantly the interaction

between Eu(lll) and phlogopite. Thus, it is critita investigate the effect of the
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addition order of Csand Eu(lll) on the adsorption capacity and theicitral
alteration of phlogopite. Fig. 5A shows the effeftthe reaction sequence on the
interaction between Eu(lll) and phlogopite. Thrggid¢al cases were investigated: (i)
adding C$ after Eu(lll) interacting with phlogopite for 24 and then reacting
together for 24 h; (ii) adding Eu(lll) and Cogether into the phlogopite suspension
and reacting for 48 h; (i) adding Eu(lll) afteisCequilibrating with phlogopite for
24 h and then reacting together for 48 h. Accoigingll the three adsorption
behaviours of Eu(lll) at pH 2.0-7.0 showed diffdresmapes: (i) Eu(lll) adsorption
increases from ~45% at pH 2.0 to ~97% at pH 7.0ichwis similar to that of
phlogopite under Na background (Fig. 1B); (ii) the adsorption of Ei)llon
phlogopite under Csbackground, as discussed above, is nearly the sdtinghat of
muscovite under Nabackground (Fig. 2A); (iii) the percentage of Ei)(adsorption
firstly increases from ~5% at pH 2.0 to ~40% at4xBl and maintains at ~40% in the

pH range of 4.0-6.0, and then rises steeply to ~av7p# 7.0.

It can be seen that the pre-equilibrium of phlogwpiith C$ led to a very low
adsorption percentage of Eu(lll) at pH < 4.07 €an prevent the interlayer expansion,
occupy the effective sites of phlogopite, and wealtee electrostatic attraction of
phlogopite to Et (Fan et al., 2014; Mukai et al., 2018). Subsedwyefu(lll)
adsorption at pH 4.0-7.0 shows that the competiggs of Eu(lll) on the available
sites of phlogopite becomes stronger with increagH. Previous works on Th(IV)
(less than 5.0xId mol/L) also showed a strong affinity towards pldpige via

occupying the interlayer sites (Fan et al., 2014, &val., 2020; 2018a). Likewise, this
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process can be inhibited by Crough collapsing frayed edge sites of phlogopite

(Fan et al., 2014; Wu et al., 2020; 2018a).

In addition to the reaction sequence, the conctotraatio of Eu(lll) to C$ (Eu/Cs
ratio) also affects the structure of phlogopiteg. B shows the XRD patterns of
phlogopite after Eu(lll) adsorption under ‘Qsackground with two different Eu/Cs
ratios. At Eu/Cs ratio of 100 (1.0xf0mol/L Eu(lll) to 1.0x1¢° mol/L CS) the
relative intensity of the diffraction peak at B-theta is nearly 100%. Whereas, this
diffraction peak is almost invisible with an Eu/@atio of 0.005 (5.0x18® mol/L
Eu(lll) to 0.01 mol/L C9%), indicating that the interlayer of phlogopite wast
enlarged. It is commonly known that the capacityrafed edge sites is ~10nol/g
(Bradbury and Baeyens, 2000; Fan et al., 2014% @giwith a higher concentration
than the site capacity can collapse the frayed sdgs. In this work, we found that
the interlayer sites could be also affected andcaedpd significantly at high Eu/Cs

ratios.

3.5 Effects of FA

The effect of FA (one of the common NOMSs) is als&key factor that is worth
investigating thoroughly (Stockdale and Bryan, 20L&n et al., 2018; Zhang et al.,
2020). The purification and preparation of the ratuFA in this work have been
described in detail in previous work (Fan et al00&), and the major element
composition (mass%) is C (50.15), H (4.42), N (5.38 (39.56) and S (0.49). The

effects of FA on Eu(lll) adsorption under differdsgckground electrolytes are shown
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429 in Figs. 6A (muscovite) and 6B (phlogopite). In firesence of FA, the adsorption of
430 Eu(lll) on muscovite (Fig. 6A) was suppressed (esky above pH 6.0) and showed
431 a similar trend under both Nand C$ background from pH 2.0 to 11.0. It gradually
432 increased from ~5% at pH 2.0 to ~60% at pH 6.5,thed decreased gradually to less
433 than 5% at pH 11.0 (Fairhurst et al., 1995; Takahast al., 1999; X. Wang et al.,
434 2016). An opposite phenomenon occurred on phlogdutow pH 6.5, that is Eu(lll)
435 adsorption was enhanced by FA (Fig. 6B) charaadrizith a sharp increase under
436 Cs' background and a slight increase undef background. Above pH 6.5, Eu(lll)
437 adsorption under both Nand C$ electrolytes decreased in the presence of FA (a
438 subsequent decrease from ~98% at pH 6.5 to ~4@H &i..0). Generally, NOMs and
439 lanthanide ions have strong binding abilities aodmf thermodynamically stable
440 species via sharing oxygen atoms (Takahashi etl8R9; Tan et al., 2018), i.e.
441 Ln-NOMs hybrids. The strong complexation strengtisaoluble Eu-FA hybrids results

442 in significant changes in the adsorption behaviadisu(lll).

443 The adsorption behaviours of FA on muscovite arldgupite (Fig. 6C) are expected
444  to provide more clues for understanding the efdédtA on Eu(lll) adsorption and the
445 relevant mechanisms. FA showed a stronger affitatyards phlogopite compared
446  with muscovite. With increasing pH, the removal gestage of FA on phlogopite
447 increased slowly from ~90% to ~95% while that onsoavite maintained around 60%
448 followed by an obvious decrease to ~40% at pH aldd¥@. As can be seen, the
449 stronger adsorption capacity of phlogopite compated muscovite, which is

450 determined by the differences in surface charges faimctional groups of the
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dioctahedral and trioctahedral micas (Kitayamal.et2820), is also effective for FA.

In the ternary systems, the adsorption percenth§A gradually decreased from ~60%
(for muscovite) and ~90% (for phlogopite) at pH 2d ~5% at pH 11.0. The
enhancement of Eu(lll) adsorption on phlogopiteolsepH 6.5 can be explained by
taking into account the high proportion of FA adet to the mica surface (Fig. 6C)
in the presence of Eu(lll). Combined with inhibitiby FA on Eu(lll) adsorption on
both muscovite and phlogopite under alkaline coows (Figs. 6A and 6B), it
suggested that soluble Eu-FA hybrids preferredmigig in the liquid phase (Fairhurst
et al., 1995; Takahashi et al., 1998a and 1999;i &t al., 2019; Tan et al., 2018),

especially in the case of muscovite.

Remarkably, although FA reduced Eu(lll) adsorptmm both micas under alkaline
conditions, under acidic conditions it enhanced Euglll) adsorption on phlogopite
but inhibited that on muscovite. Besides, the enbarent effect of FA in the case of
phlogopite was more apparent undef €gctrolyte (Fig. 6B). Previous work reported
that NOMs could hinder the adsorption of'Gm frayed edge sites, thus further
reduce the availability of interlayer sites (Famakt 2014). XRD patterns in Fig. 6D
suggested that Eu(lll) adsorption on phlogopité thas pre-equilibrated with the FA
would not induce interlayer expansion (0.01 mol/&"Nat pH 5.3). On the contrary,
the interlayer expansion of phlogopite occurred nvae(lll) was introduced prior to
the FA. The relative intensity of diffraction peak6 2-theta is stronger than that in
the absence of FA (Fig. 3B). This phenomenon insplieat FA might facilitate the

interlayer expansion of phlogopite after Eu(lll)capied the interlayer sites, whereas
23
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it may block the access and restrain the furthpaesgion of phlogopite before adding
Eu(lll) (Dubbin et al., 2014; Wu et al., 2018a).€féfore, the enhancement of Eu(lIl)
adsorption by FA when using Css the background was mainly attributed to the
formation of Eu-FA hybrids on the planar sites diggopite (Fan et al., 2009; X.
Wang et al., 2016). These results confirmed thaid@an significantly influence the
mobility and bioavailability of Eu(lll), and alsohé¢ interlayer expansion of

trioctahedral micas.

3.6 Sequential extraction

Sequential extraction was performed to identify #usorption forms of Eu(lll) on
muscovite and phlogopite based on the well-develapethod (Martin et al., 1998;
Rauret et al., 1999). As shown in Fig. 7, the tssoil Eu(lll) extracted yield (%) from
Eu-loaded muscovite and phlogopite under diffebamkground electrolytes (Nand
Cs) in the absence or presence of FA were compargdaRBulation, the percentages
of residual fraction (f are less than 5%, suggesting that almost allatitsorbed
Eu(lll) was extracted by three-step sequential Brpnts. Regents of Gaand NH*
were used to extract the adsorbed Eu(lll) spedig¢benionic exchange forms and/or
outer-sphere complexation, while HMNGpH 2) was employed to dissolve the
inner-sphere complexes and/or surface precipitateuglll) (Martin et al., 1998;
Rauret et al., 1999). Fig. 7A showed that more tB@% of Eu(lll) on muscovite
under Na electrolyte was in the exchangeable form, wheredscreased to ~80%

and ~50% in the presence of Gsd FA, respectively. For phlogopite, ~80% of By(l
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was in the exchangeable form under both electrslgte Na and C$ (Fig. 7B),
suggesting that phlogopite had a stronger affitéyards Eu(lll) than muscovite.
Meanwhile, i accounted for 4%-20% under Nand C$ electrolytes supported the
view of adsorption mechanism below pH 6.5, thatiniser-sphere complexation
participated in Eu(lll) adsorption. In addition,ettpresence of FA increased the
percentage of inner-sphere Eu(lll) complexes to%AWhich was slightly higher
than that on muscovite. It can be concluded thatniobility of Eu(lll) was largely
controlled by the structure configurations of micésckground electrolytes and
NOMs. It can be concluded that trioctahedral phppgpois an effective adsorbent to
inhibit the migration and bioavailability of Eu()|lespecially in the presence of FA in

the pH range of 2.0-7.0.

4  Conclusions

This work mainly investigated the adsorption andchamism of Eu(lll) on

dioctahedral muscovite and trioctahedral phlogopitder weakly acidic conditions,
in the terms of the corresponding alteration inamstructures and the influence of
background electrolytes, interaction sequence akdThe adsorption quantity of
Eu(lll) on micas ranged from 8.83x10to 4.9x10° mol/kg, where the result of trace
concentration was significant to the real environmeResults showed that
trioctahedral phlogopite provided superior adsorpticapacity for Eu(lll) than

dioctahedral muscovite, especially at pH 2.0-7rOn(f ~80% to ~97% adsorption).

Limited by the fixed amount of planar sites and threavailable interlayer sites,
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515 dioctahedral muscovite showed a quite weak affitotyards Eu(lll) and resulted in
516 ~30% removal in the pH range of 2.0-5.0. The Eu@disorption on dioctahedral
517 muscovite was strongly pH-dependent but weakly deget on ionic strength (N
518 while on trioctahedral phlogopite it was nearly epéndent on both pH and ionic
519 strength (N&. High ionic strength (N3 enhanced Eu(lll) adsorption on phlogopite
520 slightly, which supported the inhibition of adséopt by other cations (¢4 K* and
521 Cs"). The XRD analysis also verified that Eu(lll) ciamercalate into the interlayer of
522 phlogopite under Naand C&" background electrolytes, whereas it cannot leati¢o
523 interlayer expansion under'kand C$ backgrounds but the collapse of the frayed
524 edge sites. The comparison among SAED patternsicdsiurther confirmed that
525 Eu(lll) adsorption occurred on the planar sitesnoiscovite and both planar sites and
526 interlayer sites of phlogopite. Moreover, the exgpan extent of phlogopite interlayer
527 was positively correlated to thi€y of Eu(lll) under 0.01 mol/L NaCl; 180.8 L/g
528 Eu(lll)-loaded phlogopite resulted in the maximushative intensity of the diffraction
529 peak (at B 2-theta) corresponding to the enlarged interlapacing. Eu/Cs ratio is
530 also a key factor to control the interlayer expansof phlogopite. The relative
531 intensities of XRD peaks of the expanded interlayeere found to be nearly 100%
532 and 0% at Eu/Cs ratios of 100 and 0.005, respdgtivgart from the electrolyte
533 cations and Eu(lll) concentrations, FA can influen€u(lll) adsorption and the
534 expansion of trioctahedral phlogopite simultanepuBhe soluble Eu-FA hybrids are
535 expected to be more stable than the surface coewplex Eu(lll) under alkaline
536 conditions. The subsequent addition of the FA itite pre-equilibrated system of
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Eu(lll) and phlogopite enhanced the interlayer exg@n, suggesting that NOMs were
able to occupy interlayer sites of trioctahedrataniThe pseudocolloid composed of
Eu(lll) and FA is expected to be immobilization wridy trioctahedral phlogopite
below pH 6.0 in the environment. The comprehenang systematic study on Eu(lll)
adsorption at micas/water interfaces addressecemlyr could provide important
insights into a reliable prediction of Ln/An(lll) igration behaviours in dioctahedral

or trioctahedral mica-rich environments.
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Fig. 1. (A) The dominant species of 5.0%1fol/L Eu(lll) calculated by PHREEQC,
1-EW*, 2-EuCf*, 3-Ew(OH),*", 4-EuOH', 5-EuCQ', 6-EuOHCQ,
7-Ew(COs)3:3H,0  (ag), 8-EUOH(CE),>, 9-Eu(OHYCOs;, 10-EUOHCQ (aq),
11-Eu(OH} (aq) T = 298+1 K,I = 0.01 mol/L NaCIP(CO,) = 10°** atm) and (B)
Effects of pH and ionic strength on Eu(lll) adsavptby muscovite and phlogopité (

=25+101, ¢l = 1.0 g/L, [Eu(Il)}niias = 5.0x10° mol/L, 48 h).
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733 Fig. 3. Effect of the background electrolyte on #iaictures of Eu(lll)-loaded (A)
734 muscovite and (B) phlogopitel (= 25+1 (1, &/l = 1.0 g/L, [Eu(IN}nitas = 5.0x10°

735 mol/L, pH =5.3+0.1, 48 h).
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737 Fig. 4. The TEM images of Eu(lll)-loaded micas. (K)e SAED of muscovite and (B)
738 TEM of phlogopite with (C and D) the magnified Fikages (SAED) indicated by
739 the white square.T(= 25+1 (], ¢l = 1.0 g/L,1 = 0.01 mol/L NaCl, [Eu(IIDhita =

740  1.0x10" moliL, pH = 5.3£0.1, 48 h)
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743  (A) Eu(lll) adsorption in different reaction seques ([Eu(Il)}niia = 5.0x10° mol/L,
744 | = 0.01 mol/L CsCl) and (B) XRD patterns of the H){oaded phlogopite in

745  different [Eu(ll)]-to-[CS] ratio at pH 5.3.
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754  Fig. 7. Sequential extraction of Eu(lll) from (AuHoaded muscovite (Ms) samples
755 and (B) Eu-loaded phlogopite (Phl) samplés=25+11], ¢/l = 1.0 g/L,l = 0.01
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Highlights

Dioctahedral and trioctahedral endmember micas were comparatively studied

Cs" could decrease Eu adsorption capacity of phlogopite to the level of muscovite
Eu(l1l) intercalated into interlayer sites of trioctahedral phlogopite

The extent of interlayer expansion was positively correlated with Eu(l11) loadings

FA occupied interlayer sites of phlogopite and competed with interlayer Eu(l11)





