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ABSTRACT

The impact of the synthesis conditions on the structure and the radionuclide adsorption

capacity of silylated clay minerals were evaluated in this study. Two green solvents were

selected in this work, Phenoxypropanol and Glycerol respectively, and various synthesis

temperatures (30, 60 and 90°C) were tested for the preparation of 3-

aminopropyltriethoxysilane (APTES) functionalized Laponites®. The resulted adsorbents

exhibit various extent and location of the grafting reaction as a function of the used solvent

and temperature. These modifications of the reactivity of the materials also impact

adsorption and desorption properties of Co?* and Sr2*. Whereas the two ions are well-

adsorbed whatever the synthesis conditions and even in bi-solute experiments, the

adsorption capacity is not systematically proportional to the amount of loaded APTES,

highlighting the specific impact of the synthesis conditions. Finally, the very limited

desorption in saline solutions suggests that the synthetized adsorbents display suitable

properties for the removal of radionuclides from aqueous solutions.

ACS Paragon Plus Environment

Page 2 of 42



Page 3 of 42

oNOYTULT D WN =

Industrial & Engineering Chemistry Research

INTRODUCTION

Clay minerals are renowned for a while as appropriate materials for the adsorption of

various contaminants such as pharmaceuticals, pesticides, inorganic cations and

radionuclides.'® However, raw clay minerals may present a limited selectivity and

capacity for several adsorbates, especially non cationic ones.® To overcome these

limitations, the use of organic moieties such as surfactants and silylating agents was

suggested for the organo-modification of clay minerals.®-12

Specifically, the silylation of clay minerals through the grafting of organoalkoxysilanes

has raised the interest of the scientific community due to the potential of the resulted

compounds for the removal of various contaminants.’®'7 One of the main advantage of

such treatment is the durable immobilization of organic moieties after the grafting reaction

(i.e. covalent bonding), resulted in stable adsorbents in a wide range of applications unlike

surfactant modified clay minerals.®1® Moreover, the use of silylated clay minerals (or

organic-inorganic hybrids having a saponite or a talc like-structure) for the removal of

inorganic cations such as heavy metals and radionuclides was successfully tested.20-24
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As the ion-exchange properties of clay minerals are maintained during the grafting

process, multi-functional compounds are therefore formed enabling the removal of

pollutants both by ion-exchange and through binding or chelating with the organic

moieties.

Among these contaminants, radionuclides such as 6°Co and °°Sr are considered as

particularly hazardous due to their important solubility, long half-lives (5.27 and 28.8

years, respectively) and significant occurrences in radioactive wastes.?%26 Currently, the

decontamination of these wastes, mostly generated by nuclear power plant operations,

is of high concern due to their chemical hazard and complexity.?”28 Hence, a suitable

removal solution should be specific, capacitive and irreversible for the targeted

contaminants. A particular interest of such hybrid materials concerns the fact that they

are easy to entrap in glass (possibility to form Si-O-Si covalent bonds). It means that they

are good candidates for radionuclide immobilization in conventional matrix used for

radioactive waste conditioning.

Adsorption represents an appropriate way for the management of radionuclides from

radioactive wastes if the selected adsorbent displays appropriate adsorption properties

ACS Paragon Plus Environment
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and reasonable synthesis cost.?%30 Moreover, the synthesis of the adsorbent should be

both cheap and sustainable by using a new generation of alternative solvents,3 fulfilling

the criteria of “green chemistry”,32 and optimizing the synthesis temperature in order to

maximize the adsorption properties of the resulted adsorbents.33.34

In this context, the main objective of this work is to investigate the influence of the

synthesis conditions (i.e. solvent and temperature) on the structure of silylated clay

minerals and their removal properties of Sr* and Co?*. The starting clay minerals used

in this study was a synthetic hectorite (Laponite® RD), grafted with 3-

aminopropyltriethoxysilane in two biomass derived solvents, Glycerol (Gly) and

Phenoxypropanol (Phe), at three different temperatures (i.e., 30, 60 and 90°C). The

adsorption isotherms of stable isotopes of °Co and °°Sr (i e. °°Co and 88Sr, respectively)

were performed in single solute and binary mixtures, as well as desorption experiments

which were conducted in various types of saline solutions.

EXPERIMENTAL METHODS

Chemical Reagents
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Laponite® RD (Lap) was purchased from BYK company and was used without further

modification. Grafting agent, 3-aminopropyltriethoxysilane (labeled as APTES) was

supplied by Sigma-Aldrich Company assuming a purity grade up to 99%. General

information about APTES are presented in Table S1. Strontium hexahydrated chloride

(SrCl,16H,0, >99%) and Cobalt hexahydrated chloride (CoCl,[16H,0O, >98%) were

supplied by Carl Roth company.

Chemical reagents and solvents such as HCI, NaOH, absolute ethanol, glycerol and

phenoxypropanol, NaCl and CaCl, were supplied by Sigma-Aldrich company at analytical

grade.

Synthesis of sylilated Laponites®

The protocol for the grafting of Lap can be detailed as follows. Six grams of Lap were

mixed with 3.414 mL of APTES (i.e. 3.229 g) in a 200 mL solution of glycerol (Gly) or

phenoxypropanol (Phe). After the addition of APTES, the solution was continuously

stirred with a magnetic stirrer at 200 rpm during 24 hours, at 30, 60 or 90°C under Ar

atmosphere.

ACS Paragon Plus Environment
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The solid was then recovered by centrifugation at 8,000 rpm during 10 minutes before

being rinsed two times with absolute ethanol and then two times with pure water (i.e. 2 g

of adsorbent / 50 mL of solvent at each step) and being recovered between each rinse

step by centrifugation at 8,000 rom during 10 minutes. Then, the solid was dried in an

oven at 60°C during 72 hours.

Silylated-Laps are hereafter labeled according to the synthesis solvent (i.e. Gly or Phe)

and temperature (i.e. 30, 60 or 90°C) to be easily identified (e.g. Gly30, Phe60).

Experimental techniques

The experimental techniques allowing the fine characterization of Lap and Silylated-

Laps (i.e. X-Ray Diffraction, Fourier transformed infra-red spectroscopy, Zeta potential,

Thermogravimetric analyses and Nuclear Magnetic Resonance Spectroscopy) are

detailed in Supplementary Information.

The concentrations of the different cations (Co?* and Sr?*) remaining in the adsorption

of desorption solutions (water as solvent) were quantified with atomic absorption

spectroscopy (AAS - Varian AA 240 FS), using the absorption mode and acetylene as

fuel.
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Adsorption experiments

Adsorption experiments were carried out both in single and mixed solutions both Sr2*

and Co?* cations. Typically, the adsorbent mass was 100 mg in 100 mL of solution spiked

with various concentrations of contaminant. The concentration of each contaminant

ranged from 4.2 to 4,200 uM for Co?* and 3.7 to 3,700 uM for Sr?* in single-solute and

from 4.2 to 2,100 uyM for Co?* and 3.7 to 1,350 pM for Sr2* in mixed solutions (7

concentrations). The final solution was spiked at 0.1 mM of NaCl and let in interaction

during 24 hours. This duration was previously determined on kinetic experiments (data

not shown), in which the adsorption was completed after 5 minutes of interaction. The pH

value of each solution was native and controlled at the beginning and at the end of

interaction (i.e. pH values ranged between 6 and 6.5). Solutions were then centrifuged at

8,000 rpm during 10 minutes and the contaminant concentration in supernatant was

analyzed by AAS.

Desorption experiments

After interaction with contaminants in the highest concentrated mixed experiment (i.e.

the second highest concentration for single-solute experiment), adsorbents were

ACS Paragon Plus Environment

Page 8 of 42



Page 9 of 42

oNOYTULT D WN =

Industrial & Engineering Chemistry Research

recovered by centrifugation at 8,000 rpm during 10 minutes. The recovered material was

then dried at 60°C during 72 hours. 20 mg of dried adsorbent were then mixed with 20

mL of three different saline solutions; Pure water, 1 mM of CaCl, or 2 mM of NaCl. The

solution was then gently stirred during one week at room temperature. Solutions were

then centrifuged at 8,000 rpm during 10 minutes and the contaminant concentration in

supernatant was analyzed by AAS.

Sorption modeling

The fit of the resulting adsorption isotherms by using Langmuir, Freundlich and Dubinin-

Radushkevich (DR) equation models drives to numerous thermodynamic parameters

allowing one to precisely quantify the affinity of contaminants with the sorbent. The model

equations and parameters are detailed in Supporting Information.

RESULTS

Characterization of sylilated-Laponites® in various synthesis conditions

X-ray diffraction (XRD) patterns of Lap and silylated-Lap synthetized in various solvent

and/or at different temperatures are presented in Figure 1. The XRD pattern of Lap

displays broad reflections due to its low crystallinity and small particle size. The main
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reflections at 7.0, 19.4, 34.2, and 61° 20 degrees are attributed to (001), (02,11), (13,20),

and (060) reflections of the raw Lap, respectively.3> Whatever the synthesis conditions,

silylated-Laps display a shift to lower angular values of the reflection associated to (001)

plane.?* The shift extent varies both with the synthesis temperature and the solvent. The

calculated basal spacings are 16.4, 14.5 and 14.5 A at 30, 60 and 90°C respectively, for

a synthesis in Gly and 15.4, 15.9 and 16.1 A at 30, 60 and 90°C respectively for a

synthesis in Phe. Globally, increasing the synthesis temperature in Gly leads to a

decrease of the basal spacing of silylated-Laps while the adverse effect is observed in

Phe. This evolution of the basal spacing could be related to the conformation of grafting

agents (/e. the formation of poly-siloxane multi-layers), or to the possible penetration of

the interlayer space by APTES.36:37
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Figure 1. X-ray diffraction patterns of Lap and silylated-Laps for different synthesis

solvents and temperatures.

Thermogravimetric (TG) analyses allow assessing the mass loss of the adsorbent

during a gradual heating. Three main mass losses are expected during the heating of

organo-modified clay minerals; (i) the evaporation of free and adsorbed water, below

150°C; (ii) the thermal oxidation of organic moieties (i.e. grafted/intercalated/adsorbed)

between 150 and 600°C with a decomposition temperature depending on the

characteristics of organic compounds3® and; (iii) the dehydroxylation of clays beyond

600°C.3940
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The DTG curve of Lap (Figure 2) displays two main peaks at 55 and 720°C which

correspond to the evaporation of adsorbed water and dehydroxylation of Lap respectively.

DTG curves of silylated-Laps also present these two peaks, however, additional peaks

appear at 265, 380 and 550°C, for all the samples, except Phe30. The presence of these

peaks was already discussed in the literature and especially those at 265°C. Several

assumptions assigned this mass loss to the decomposition of physisorbed APTES in the

interlayer space,3® or to the initial oxidation of aminopropyl moieties.3>4' On the other

hand, the mass losses around 380 and 550°C are attributed to the thermal oxidation of

bonded APTES in the interlayer space and chemically grafted respectively.3842-44
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Figure 2. DTG curves of Lap and silylated-Laps for different synthesis solvents and

32 temperatures.

36 The organic matter (OM) content of silylated-Laps can be derived from TG curves

40 (Figure S1). These values allow to calculate the amount of adsorbed APTES that can be

43 both compared to the initial load of APTES (i.e. resulted in the grafting yield) and to the

47 exchange capacity of edge-sites of LAP (i.e. 0.36 mmol g1).%6 It is worthy to note that the

50 OM content as well as the grafting yield increase with the synthesis temperature, even if

54 this tendency is more pronounced for samples prepared in Phe. Indeed, the adsorbents

60 ACS Paragon Plus Environment
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prepared in Gly exhibit an OM content of 3.5, 3.8 and 4.3 % when synthetized at 30, 60

and 90°C respectively, whereas for the solids synthetized in Phe, OM content of 1.5, 7.2

and 7.6 % are obtained at 30, 60 and 90°C respectively (Table S2). The highest grafting

yield is obtained for Phe90 (i.e. 70.7 %) associated with an edge-sites occupation largely

over 1 (i.e. 1.72). This saturation of edge-sites underlines the possibility of other

interaction mechanisms than grafting. These samples also display the highest basal

spacings, which may be related to the intercalation of APTES within the interlayer space

of Lap.

Various bands are visible on the Fourier transformed infra-red (FTIR) spectrum of Lap

at 1002, 693 and 662 cm™', and can be assigned to Si-O, Si-O-Si and Mg;-OH respectively

(Figure S2).4% The spectrum of Lap also displays a small shoulder at 3680 cm-', assigned

to surface hydroxyls groups. FTIR spectra of silylated-Laps show typical absorption bands

of the organic compounds at 2880-2940 cm-' relative to the symmetric and antisymmetric

-CH; stretching vibrations of APTES, as well as the absorption bands between 1350 and

1600 cm-! which are related to -CH, vibrations.344! These specific bands testify the proper

interaction between APTES and Lap. Some specific absorption bands are visible for the

ACS Paragon Plus Environment
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samples synthetized in Phe, at 1250 and 2960 cm-' respectively. The former is associated

with C-O vibrations bands and the latter to -CHs vibration bands.#6 These two specific

bands could be related to Phe itself or to APTES. An assumption can be made that either

the grafting of APTES failed or was not complete either that Phe is associated with Lap.

Solid-state 'H and 2° Si nuclear magnetic resonance (NMR) are powerful tools to gather

information on the relative proportion of each type of protons as well as on the degree of

condensation of APTES. As exhibited on the Lap 'H magic angle spinning (MAS) solid

state spectrum, three resonances are observed with chemical shifts equal to 4.5 ppm, 0.3

ppm and -0.5 ppm (Figure 3). The first one is assigned to adsorbed water molecules and

the others are related to the structural —-OH of LAP (ie. -0.5 and 0.3 ppm).*” After

treatment with APTES, new resonances appear on the spectra of silylated-Laps prepared

in Gly and in Phe (Figure 3). Thanks to the ACD/ ChemSketch 9.04 software, the

assignment of each resonance due to APTES can be performed and is reported on the

corresponding spectra according to the atom numbering of the organic group given in the

inset of Figure 4. The presence of the protons assigned to aminopropyl group (labeled 4

and 5 in Figure 3) and related to triethoxy moieties (labeled 1 and 2 in Figure 3) is clearly

ACS Paragon Plus Environment
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evidenced. A relative increase of the intensity of the resonances attributed to the protons

from the aminopropyl moieties is observed for silylated-Laps prepared in Phe, especially

between 30°C and higher temperatures, although the opposite pattern is displayed for

sample prepared in Gly with a decrease between 30°C and higher temperatures (Figure

3).

5
Chemical Shift (ppm)

Figure 3. Solid-state '"H NMR spectra of Lap and silylated-Laps for different synthesis

solvents and temperatures.

ACS Paragon Plus Environment

16

Page 16 of 42



Page 17 of 42

oNOYTULT D WN =

Industrial & Engineering Chemistry Research

It therefore confirms that increasing the temperature treatment does not lead to a

significant increase of APTES content when Gly is used as solvent, whereas a significant

increase is observed in Phe. In the same way, by increasing the synthesis temperature,

the condensation of APTES is better performed in Phe, whereas non-significant impact

is displayed in Gly. Finally, the "TH NMR spectra of the silylated Lap in Phe also exhibit

two specific resonances at 6.7 and 7.3 ppm. These signals can be assigned to C-H

protons of Phe himself. This contribution of 'H NMR spectra allows to confirm that the

additional absorption bands observed in FTIR for the materials synthetized in Phe are

generated by the association of Phe with the formed solids (Figure S2). This presence

can be explained either by the washing process or by a specific interaction of Phe with

silylated Lap, probably caused by its specific structure when compared to Gly.

Solid-state 2°Si NMR spectroscopy is a powerful tool to gather information on the

different silicon species which are assigned based on conventional Q”, T” and M”

notations. Q, T and M are designated as tetra-, tri- and mono-functional units respectively,

and nis the number of oxygen atoms further bonded to another silicon atom.# In the case

of sylilated clay minerals, two types of silicon species are expected: Q” species for the

ACS Paragon Plus Environment
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silicon atoms belonging to structure (i.e. the tetrahedral sheet at the edges and from the

silanol groups) and T” species induced by the grafting of silane. These T” species are

usually written as following: R-Si(OSi),(OH),.3 where R stands for aminopropyl group in

our case.

Two resonances at -95 and -85 ppm are displayed in the 2°Si NMR spectrum of Lap.

The first one is attributed to Q7 species within the tertrahedral sheets whereas the second

one indicates the presence of QZ species, i.e. silanol groups at the edges of the Lap

sheets or due to defects within the clay structure. It is worthy to note that the treatment

with APTES leads to the decrease of the intensity of this latter resonance, indicating a

decrease of the number of isolated edge-sites (Figure 4).4° Concomitantly, two new

resonances appear at -66 and -57 ppm, proving the grafting.5°

ACS Paragon Plus Environment
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Figure 4. Solid state 2°Si NMR spectra of Lap and silylated-Laps for different synthesis

The resonance at -66 ppm demonstrating the presence of T2 (R Si(OSi); units) and

accompanying a reduction of the intensity of the resonance at -85 ppm confirms that a

condensation reaction occurred between APTES and the silanol groups located at the

edge and on the surface of the layers. On the other side, the resonance at -57 ppm is

attributed to T2type environment, indicating a partial condensation of silicon species. The
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T3/T? ratio increases with the synthesis temperature in Phe although it remains

unchanged whatever the temperature in Gly (Table S3). As well, the Q3/Q? ratio also

increases with the increase of the synthesis temperature in both Phe and Gly (Figure 4),

indicating a lower number of silanol groups. This can be assigned to the grafting of

APTES. The relative amount of Tn type species increases for the samples prepared in

Phe as the temperature of the experiment is increased (especially between 30°C and

higher synthesis temperatures), whereas the opposite pattern is observed in Gly. Hence,

the grafting of APTES on edge-sites is favored in Phe whereas the interaction with surface

sites is favored in Gly at 60 and 90°C.

Sorption Experiments

The single-solute adsorption isotherms of Sr?* onto silylated-Laps are presented in

Figure 5. The adsorption capacities range between 0.37 and 0.68 mmol.g-' for Phe30 and

Phe60 respectively. Whatever the adsorbent, the adsorption isotherms exhibit a similar

pattern with an increase of the adsorbed amount followed by a steady-state in the

adsorption capacity for the highest starting concentrations.
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Figure 5. Single-solute adsorption isotherms of Sr?* onto silylated-Laps synthetized in
different conditions, dashed dark lines mark the Langmuir fits, with C¢y the equilibrium

concentration and q.qs the adsorbed amount.

The adsorption isotherms of Sr2* were properly fitted with the three used equations
(Eq.1-Eq3, SI). Among them, the Langmuir equation produces the best fits with the
experimental data (i.e. between 0.961 and 1.000, Table S4), allowing to assume that the
adsorption may be limited to a monolayer. Both the solvent and the synthesis temperature
impact the adsorption capacity of Sr2*. Hence, the adsorbents synthetized at the lowest
temperature display the lowest adsorption capacities (Figure 5). Conversely, the highest
adsorption capacities among the three tested synthesis temperatures are noticed at 60°C

(Table S4). This trend is confirmed whatever the synthesis solvent, even if the adsorption
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capacities are higher for silylated-Laps synthetized in Phe than in Gly (i.e. if we except

the lowest tested temperature).

The adsorption isotherms of Co?* are gathered in Figure 6. As previously observed with

Sr2*, the adsorption isotherms display two distinct regimes with a strong increase of the

adsorbed amount followed by a steady state for the highest starting concentration.

However, the adsorption of Co?* appears to be more favorable than that of Sr2*, with

insignificant equilibrium concentrations in a wider range of starting concentrations (Figure

6).
_____________ & ___
,_-:_":C"__ ——————————————— o
;- —-- m---
_____________ A
’l_:‘: o=y TR = :::‘_—_&'
30°C 60°C 90°C
Gy A ¢ B
Phe A ¢ N

2 3 4
-1
Ceq (mmol.L7)

Figure 6. Single-solute adsorption isotherms of Co?* onto silylated-Laps synthetized in
different conditions, dashed dark lines marks the Langmuir fits, with Cq the equilibrium

concentration and q.qs the adsorbed amount.
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The adsorption capacities ranged from 0.48 and 0.89 mmol.g-! for Gly90 and Phe60

respectively. The adsorption isotherms are properly fitted by the Langmuir model, except

for the two adsorbents synthetized at 30°C, for which the Freundlich equation displays

better fits with experimental data. These two latter isotherms exhibit the lowest K values

among the tested adsorbents, indicating a lower affinity with Co?* (Table S4). It can be

concluded that the synthesis temperature strongly influences the affinity between Co?*

and silylated-Laps, and as observed before with Sr?*, the highest adsorption capacities

are noticed at 60°C. The solvent appears to be less significant in the adsorbed amount of

Co?*, except at 90°C, for which the adsorption capacity is significantly higher for the

silylated-Lap prepared in Phe than in Gly.

Bi-solute experiments were conducted in the same conditions and the adsorption

isotherms are presented in Figure S3 and S4. The competition between Sr?* and Co?*

impacts the adsorption capacities in the same extent whatever the adsorbent. It is worthy

to note that the adsorption capacities of Co?* are moderately affected with a decrease

around 25% although the adsorption capacities of Sr2* decrease in a more significant

extent around 40% (Figure S3 and S4). In parallel to these modifications, no significant
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variation is observed on the thermodynamic constants, indicating similar interaction

mechanisms in single and bi-solute experiments (Table S4).

Desorption Experiments

The desorption experiments were conducted in three different solutions (i.e. pure water,

2 mM NaCl and 1 mM CacCl,) with silylated-Laps prepared in various conditions. The

desorption yields of Sr?* and Co?* are presented in Figure 7 and 8, respectively. The

desorption yields of Sr?* (i.e. between 1 and 32 %) are higher than that of Co?* (i.e.

between 0.1 and 4.2 %). Moreover, the desorption yield of Sr?* generally increases for

the same sample from pure water to the solution containing 1 mM CaCl, (Figure 7).

Hence, the presence of an inorganic cation with the same valence as Sr?* increases its

desorption. The same pattern is visible on the desorbed amount of Co?*, even if the whole

desorption remains lower than that of Sr2*.
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Figure 7. Desorption yield of Sr?* as a function of the synthesis temperature of the

adsorbent and the releasing solution with samples labeled according to the synthesis

solvent (Gly or Phe) and the type of adsorption experiment (S for single-solute and B for

bi-solute).

The composition of the solution during the adsorption experiment also impacts the

desorption yield. Hence, the desorbed amount is systematically lower when both Sr2* and

Co?* were previously adsorbed than in single-solute experiment. This result can be

understood through the equilibrium processes between solid and liquid phase that would

happen in a different extent in two cations were previously adsorbed.%’
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For a same releasing solution, the desorption yield of Sr?* is systematically higher in

Gly in comparison with Phe at 60°C and 90°C (Figure 7). Concerning Co?* desorption,

the opposite pattern is observed (except for synthesis performed at 90°C, Figure 8). This

result suggests that the conformation of the grafting agent, which is different after

synthesis in Phe or Gly also impacts the adsorption mechanisms of Sr?* and Co?* onto

the adsorbents. Hence, the stronger release of Co?* from silylated-Laps synthetized in

Phe could suggest that a significant part of this cation is adsorbed through cation

exchange (i.e. more sensible to the presence of Ca?*). However, this pattern is obvious

at 30 and 60 °C but is not consistent at 90°C. The modification of the synthesis

temperature therefore involves such complex reaction mechanisms that could be not

linear. In this way, the desorbed amount of Co?* are the lowest for the adsorbents

synthetized at 90°C.
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Figure 8. Desorption yield of Co?* as a function of the synthesis temperature of the

adsorbent and the releasing solution.

From these results, it can be concluded that the adsorption of Co2* onto the synthetized

adsorbents is very stable with low desorbed amounts whatever the releasing solutions.

Globally, the increase of the synthesis temperature decreases the desorption yield of

Co?*, except in 1mM CacCl, solution, in which ion exchange may occur. In the same way,

the desorption yield of Sr2* is impacted by the synthesis temperature (i.e. decreasing with

increasing temperature) and by the composition of the solution, as the desorption yield is

the highest in 1 mM CacCl, solution.

DISCUSSION
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Impact of the synthesis conditions on the resulted hybrid materials

The effects of the solvent and of the temperature on the synthesis of silylated-Laps

were tested, and both of them significantly impacted the structure of the resulting solids.

According to the literature, the two main characteristics of a solvent that may impact the

grafting reaction are the polarity and the surface energy.5253 In this work, Phe and Gly

were used, with a surface energy of 37.7 and 63.4 mN.m', respectively. It is therefore

expected that the interaction between APTES and Lap could be preferentially realized

through intercalation for a synthesis in Gly than in Phe.** This assumption is partially

validated by the results, in which the mass losses associated to the intercalation of

APTES were higher in Gly than in Phe. However, the whole grafting reaction results in

higher organic matter content for hybrids prepared in Phe. This can be explained by the

presence of a significant amount of Phe (Figure 4) within silylated-Laps, despite flushing,

that increased the organic matter content without any improvement of the grafting

reaction. Yet, the grafting reaction was better performed in Phe than in Gly, as revealed

by the 2°Si NMR spectroscopy analysis (Figure 4). For the two highest tested

temperatures, the Q3/Q? ratio was higher in Phe than in Gly, indicating a better grafting
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on the edge-sites of Lap. Consistently, the grafting onto surface sites was also higher in

Phe than in Gly, exhibiting by the value of 2T (Table S3).

In parallel to the effect of the dispersing media, the impact of the temperature was also

evaluated. The organic matter content increased with the temperature in both Phe and

Gly (Table S2). This increase was more important in the former, although the lowest

organic matter content was noticed for Phe30 with 1.5 %. This sample was also the only

which did not display any characteristic mass losses of APTES (Figure 2). Beyond the

influence of the amount of grafted APTES, the increase of the temperature of the

treatment also affected the whole structure of the silylated Lap. The increase of the basal

spacings with the temperature in Phe was opposed to its decrease in Gly. As a result, it

can be concluded that the favorable intercalation in Gly at low temperature (/.e. higher

basal spacing, Figure 1) is balanced by a better achievement of the grafting reaction at

higher temperature. Conversely, in Phe, the intercalation was not favored explaining the

low organic content at 30°C, although the grafting reaction was enhanced for the highest

temperatures.3454
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Impact of the synthesis conditions on the sorption mechanisms of ions onto hybrid

materials

According to the results, the adsorption capacities of Co?* and Sr?* were systematically

higher than the CEC of Lap (i.e. 75 meq.100g™").55 Cation exchange was therefore a

potential sorption mechanism of both Co?* and Sr2* but can’'t be the sole. The lowest

adsorption capacity of Sr2* is displayed by Phe30 with 0.36 mmol.g-!, and therefore close

to the CEC of Lap. Yet, this adsorbent displayed the lowest grafted APTES amount,

emphasizing the possible adsorption of Sr2* through cation exchange on this sample

(Figure 6). The increase of the APTES content on varying the synthesis conditions was

strongly correlated with the adsorption capacity of Sr2* (Figure S5). The higher the APTES

content, the higher the adsorption capacity of Sr?*, indicating possible binding

mechanisms with grafted organic moieties.>¢ The only limitation on this correlation was

the higher adsorption capacity of Sr?* for the treatment carried out at 60°C than at 90°C.

This can be explained by a potential locking effect for the highest contents of APTES,

limiting the availability of adsorption sites for Sr2*.5” This assumption was especially

highlighted by the lower desorption yield of Sr2* for the silylated-Laps synthetized at
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higher temperatures, indicating that the lower availability of adsorption sites during

adsorption experiments similarly impacted the desorption.

The adsorption capacities of Co?* are more difficult to understand. No significant

correlation can be indeed established with parameters such as the APTES content

(Figure S5). The two lowest adsorption capacities were noticed onto Gly30 and Gly90.

Due to the preferential intercalation of APTES rather than grafting onto the edge-sites in

this solvent, it can be assumed that the locking effect of the interlayer hinders in a

significant extent the availability of the adsorption sites of Co?* in this solvent. Reversely,

for the silylated clay minerals synthetized in Phe, the highest adsorption capacity was

noticed for a synthesis at 60°C and the lowest at 30°C, like previously observed for Sr2*.

The prime grafting onto the edge-sites in this solvent would explain the higher adsorption

capacity of Co?*, which could be both adsorbed through cation exchange and binding with

APTES moieties.*"%8 Due to its very weak desorption whatever the releasing solutions,

the latter mechanism is favored, especially for silylated-Laps synthetized at 90°C (Figure

8).

CONCLUSIONS
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In this study, silylated Laponites® were successfully prepared under various conditions.

The influence of the solvent and temperature during synthesis were assessed. From the

results, increasing the synthesis temperature appeared to be favorable in maximizing the

APTES content, whereas the solvent played a key role in the extent and location of

grafting reaction. Yet, the highest adsorption capacity of Sr?* and Co?* was not

systematically correlated with the highest APTES content. Sr2* was mostly adsorbed

through cation exchange although the main adsorption mechanism of Co?* was the strong

electrostatic interaction with APTES moieties. The competition between the two

adsorbates resulted in a better selectivity for adsorption for Co?* in comparison with Sr2*.

This better selectivity for adsorption was demonstrated during releasing experiments, in

which the desorption of Co?* was very weak, especially when the treatment was carried

out at 90°C. Finally, glycerol may be preferred due to its miscibility with water, reversely

instead of phenoxypropanol, which needs ethanol to be properly rinsed.

Even if further tests need to be conducted to validate the potential of such adsorbent

for the removal of radionuclides within real radioactive wastes, the presented results could

pave the way for the use of green solvents in order to synthetize efficient adsorbents for
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the removal of radionuclides from aqueous wastes, and this approach was patented.%°

Simultaneously, this work provides new insights on the impact of synthesis temperature

on the silylation of clay minerals. Notably, even if the increase of the synthesis

temperature increases silane content, this parameter did not systematically result in an

enhancement of the adsorption capacity.

SUPPORTING INFORMATION. The supporting include a description of the

experimental techniques used for the characterization of materials, a deeper description

of the used equations for the modeling of the adsorption isotherms, Table S1 displays

the physico-chemical properties of APTES, Table S2 shows the calculations derived

from TG curves, Table S3 shows the ratios derived from 2°Si NMR spectra, Table S4

displays the thermodynamic parameters derived from adsorption modeling, Figure S1

displays the TG curves of the materials, Figure S2 displays the FTIR spectra of the

adsorbents, Figure S3-S4 display the bi-solute adsorption isotherms of Co?* and Sr?*

onto the adsorbents and Figure S5 displays the relationship between adsorbed amount

of Co?* and Sr2* and the APTES content of the materials. The following files are
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available free of charge.
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