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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Hybrid organiceinorganic material:
nanocrystals of BaSO4 in ionic liquid
matrix.

� Functionalized BaSO4 with enhanced
affinity to lipophilic media.

� Solid-supported water-immiscible
ionic liquids (ILs) dispersed in
aqueous solution.

� Molecular-scale mixing of ILs and
crystal building units at the solid/IL
interface.
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a b s t r a c t

A hybrid organiceinorganic material composed of barium sulfate (BaSO4) crystals embedded within a
hydrophobic ionic liquid (ILs) matrix has been synthesized. The contact between the inorganic solid and
the organic coating is created by chemical interactions between the crystal surface and the ionic liquid.
The material exhibits higher affinity to lipophilic media than the non-modified BaSO4. Increased hy-
drophobicity is a property often sought for inorganic particles to be applied in non-polar formulations.
Immobilization of water-immiscible ILs on a hydrophilic solid carrier enables their application in aqueous
solutions and the creation of appreciable hydrophobic-IL/water interfaces on the dispersion of solid-like
material in aqueous media.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Barium sulfate (BaSO4) is an industrially important mineral that
finds wide range of applications due to its whiteness, inertness and
high density [1]. It is used as an additive in painting, coating,

plastics and medicines fibres [2,3]. BaSO4 (barite) is one of the most
important inorganic fillers. Presently polymers filled with nano-
scale inorganic particles are gaining increasing scientific interest. It
is because inorganic fillers are expected to enhance stiffness and
impact properties of the polymer matrix [1,4,5]. Nevertheless, the
surface of inorganic particles (such as that of BaSO4) is hydrophilic.
This fact poses difficulties in their dispersion in a lipophilic media
[5]. Therefore, surface modification of inorganic fillers is crucial, for
instance, in the formation of inorganic/polymer composites. In this
context, appropriate functionalization of BaSO4 is an important and
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still challenging task. Some scientific reports in this field have been
published [5,6] and new materials have been patented and find
their application in industry [7].

From the perspective of particle functionalization the concern is
about novel properties added to the solid. Nevertheless, the
surface-modifying agent may also gain new characteristics upon its
attachment to the solid support. Functionalizing agents used in this
work are ionic liquids. Ionic liquids (ILs e substances composed
almost exclusively of ions that are usually liquid at room temper-
ature [8]) are synthesized chemicals which ions tend self-organize
(in a neat liquid or in solution and at the interfaces) to present
distinct nano-domains (like polar and non-polar) [9]. Their corre-
sponding properties can be tailored to fit specific applications. One
of those is the extraction of amphiphilic components (such as
proteins) from aqueous media. This can be done e. g with the use of
IL-based aqueous biphasic systems [10]. On the other hand, com-
ponents of predominantly hydrophobic character can be solubi-
lized in water with the aid of emulsions that can contain ILs as a
dispersed phase [11,-12]. Yet, unless spontaneously created at
specific conditions [13], the emulsion formulation usually requires
application of high mechanical force and high concentration of
stabilizing agents. Stabilizing agents hinder direct contact of the
dispersed and dispersing phase. Nonetheless, for the processes that
take place at the liquid/liquid interface, the creation of undisturbed
extensive liquid/liquid contacts is required. In this context, hydro-
phobic IL/water interfaces have been examined for example as
biphasic reaction fields for enzyme-catalysed reactions [14].

In this work, we explore the possibility of modifying the surface
properties of inorganic crystals of barium sulfate using hydropho-
bic ionic liquids. On the other hand, we show that the use of a
hydrophilic solid carrier may extend applications of hydrophobic
ILs in aqueous media.

2. Materials and methods

2.1. Synthesis of barium sulfate

Barium sulfate (BaSO4) crystals were prepared by a precipita-
tion method by mixing aqueous solutions of 1 M of Na2SO4 and
0.1 M BaCl2 in proportions of 2:1 (by volume). The precipitate
(BaSO4) was separated from the solution by filtration (filter pore
diameter of 0.45 mm) and washed with a copious amount of Milli-
Q water. BaSO4 was either dried for 48 h at 60 �C (dry BaSO4) or
used wet as prepared (wet BaSO4) for its further functionalization
with ionic liquids (ILs): 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide [C2mim][NTf2] (Iolitec), 1-hexyl-3-
methylimidazoliumbis(trifluoro methylsulfonyl) imide [C6mim]
[NTf2] (Iolitec), 1-dodecyl-3-methyl imidazolium bis(tri-
fluoromethylsulfonyl)imide [C12mim][NTf2] (Iolitec), or 2-
hydroxyethyltrimethyl ammonium bis(trifluoro methylsulfonyl)
imide [Ch][NTf2] (synthesized) (Fig. 1).

2.1.1. Functionalization
For each type of non-modified precipitate (dry BaSO4 and wet

BaSO4) was added one of the following modifying agents: H2O,
0.7 M aqueous solution of NaCl (surface etching), [C2mim][NTf2],
[C6mim][NTf2], [C12mim][NTf2], or [Ch][NTf2] (200 ml of liquid to
approx. 20 mg of solid BaSO4). Samples were vigorously mixed (by
vortex) and left overnight. Subsequently 1 ml of Milli-Q water was
mixed with each sample. Samples were transferred onto a filter
(0.45 mmpore diameter) and washed with copious amount of Milli-
Q water (approx. 45 ml). These functionalized precipitates were
dried for 48 h at 60 �C and used for further characterization. These
surface-modified precipitates are designated in this work as dry (or
wet) BaSO4 þ modifying agent (IL, H2O, NaCl).

2.1.2. Functionalization with surface etching
The hydrated BaSO4 precipitate (wet BaSO4) was soaked over-

night in 0.7 M aqueous solution of NaCl. After this etching step,
samples were filtered, washed with Milli-Q water and either dried
for 48 h at 60 �C, (BaSO4 þ NaCl)dry, or further used without
dehydration, (BaSO4 þ NaCl). Each type of etched (treated with
NaCl) precipitate was further functionalized by ILs ([C2mim][NTf2],
[C6mim][NTf2], [C12mim][NTf2], or [Ch][NTf2]) following the same
procedure as described above: to the etched BaSO4 was added one
of the ILs (or H2O), mixed and left overnight, then the sample was
filtered, washed and dried before analysis. This material is desig-
nated in this work as (BaSO4 þ NaCl) or (BaSO4 þ NaCl)
dry þ modifying agent (IL or H2O). A schematic representation of
the BaSO4 synthesis and functionalization can be found in
Supplementary data.

2.2. Characterization

2.2.1. FTIR
Fourier transform infrared attenuated total reflectance (FTIR e

ATR) spectroscopy was used to access information about in-
teractions of the modifying agents with barium sulfate crystals as
well as to verify if the surface attached-ILs are being released to the
aqueous solution. Therefore, functionalized and reference pre-
cipitates were analysed as prepared or, for the latter purpose,
samples were soaked for 24 h inwater or in 0.1 M aqueous solution
of NaCl (approx. 20 mg of BaSO4 þ ILs in 200 ml of solution). The
aqueous phasewas then sampled, filtered through a filter with pore
diameter of 0.2 mm and analysed. Measurements were performed
on a IFS-66/S FTIR spectrometer from Bruker (Bruker Daltonics, MA,
USA) using a single reflection ATR cell (DuraDisk). Acquisition was
accomplished in the DTGS-detection mode using an accumulation
rate of 258 scans at a resolution of 8 cm�1 at room temperature in
the spectral range of 4000e600 cm�1 and was processed using the
Opus software package (Bruker) with a wavenumber accuracy of
0.1 cm�1.

2.2.2. UVevis
UVevis measurements were performed in order to demonstrate

the ability of the IL-functionalized BaSO4 to scavenge amphiphilic
molecules from solution. Additionally UVevis experiments enabled
verifying the possibility of mobilization of the solid-supported ILs
into aqueous media at lower detection limits than those provided
by FTIR. For those purposes to 10 mg of each type of precipitate was
added 1300 ml of Milli-Q water or to 10 mg of (BaSO4þNaCl)
dry þ [C12mim][NTf2] and to 10 mg of (BaSO4þNaCl)dry þ H2O was
added 1300 ml of aqueous solution of 0.2 mg/ml of protein

Fig. 1. Structural chemical formulas of the IL ions, n ¼ 2, 6, 12. Square brackets indicate
adjustable length of the cation alkyl chain.
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