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Abstract

Crystallisation at or near interfaces plays an important role in many environmental, biological and
industrial processes. In this study, crystallisation was investigated at the interface between two
immiscible solutions undergoing spontaneous transfer of ions. Using barium sulfate (BaSOgs) as a
model system, crystallisation at the aqueous-organic interface was investigated in cases where barium
ions were placed in either the aqueous phase or the organic phase, and the co-reactant sulfate in the
adjoining phase, respectively. Formation of precipitated solids was found in both cases, resulting from
the spontaneous transfer of ions from the organic phase to the aqueous phase where precipitation
occurred. Characterisation of precipitated solids was performed by Raman spectroscopy, scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and transmission electron
microscopy (TEM), confirming the crystallisation of BaSQO; at or close to the interface. The influence
of a neutral ionophore in the organic phase on spontaneous formation of BaSO4 was also studied,
demonstrating the capability to impede the transfer of ions and hence the precipitation process. Overall,
these results provide a proof-of-principle demonstration of the ability to form ionic crystalline

materials by exploiting ion transfer processes at the interface between immiscible liquids.

1. Introduction

Crystallisation of solids from solution plays a critical role in many industrial processes, whether
beneficial, such as for pharmaceutical manufacturing,®® minerals recovery and water treatment,* or
detrimental, for example in the deposition of inorganic scale within oil and gas production processes.*
% Nucleation and crystal growth is also important in biomedical fields. For example, the crystallisation
of haemoglobin C and haemoglobin S reduces the flexibility of red blood cells and causes sickle cell

anemia,” & while phase transformation of proteins in the retina leads to the formation of cataracts.’
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Scale is defined as an undesirable crystallisation product which can have many unwanted
consequences such as loss of production, loss of product purity, and maintenance issues. 4 Barium
sulfate (BaSOg) is a well-characterised inorganic scale, known as both a synthetic and mineral (barite)
compound with a rich morphology,’®?1” excellent physical properties and good chemical stability.8
According to the group of Putnis,® crystallisation of BaSO4 occurs through a non-classical mechanism,
whereby smaller particles grow through oriented attachment. Homogenous nucleation and growth of
BaSO; has been investigated by morphological and chemical structural analysis.?® Prevention of
BaSO4 scale formation from supersaturated solutions was achieved by different additives or inhibitors.
In particular, polyphosphonates'* 2! and polyelectrolytes? are popular classes of inhibitors due to their

high efficiencies.

Although intentional crystallisation of BaSOs is useful in some biomedical applications, such as
imaging or radiation protection,? 24 its formation in oil production, either within rock pores or in
pipelines, limits the speed and extent of oil recovery.?® In this situation, crystallisation occurs within a
heterogeneous system. Heterogeneous nucleation processes often are considered to be the most
practically important problems in crystallisation science.?® Furthermore barite crystallisation is often
used as a model process for understanding of more complex scenarios.?” Although homogeneous
BaSOs nucleation and growth has been extensively studied, few investigations have been reported on
heterogeneous BaSOjs crystallisation. One example is the heterogeneous nucleation and growth of
BaSO; at organic/water interfaces based on self-assembled monolayers of thiolated hydrocarbons with
different functional groups at the end of the hydrocarbon chain.?® 2° In that study, investigations were
undertaken into the impact of interfacial interactions on heterogeneous nucleation and growth
processes to substrates with controlled hydrophobicity. In another example of BaSOj crystallisation at
aqueous-organic interfaces, crystallisation at water-chloroform interfaces modified by a film of fatty
acid was studied.®® 3! In this case the liquid-liquid interface was formed and modified by the fatty acid
and then the BaSO4 crystals were formed with both reactants present in the aqueous phase. Despite
reports of BaSO4 and other inorganic depositions based on precipitation when the reacting ions are in
the same aqueous phase,?® 303233 formation of inorganic crystals at oil-water (liquid-liquid) interfaces
with one of the reactants initially present in the adjoining immiscible phase remains relatively
unknown. In one example, calcium sulfate hydrates were grown at liquid-liquid interfaces formed
between hydrocarbon phases containing surfactant-stabilised calcium carbonate particles and aqueous

sulfuric acid.?

The interface formed between two immiscible electrolyte solutions (ITIES),* comprised of aqueous

and organic electrolyte phases of low mutual miscibilities, offers a defect-free, repairable surface for



nucleation and growth and is a basis to explore new behaviours. Selective cocrystallisation at the
ITIES, for instance, was achieved recently by controlling chemically the polarisation of the interface.®
It was found that the imposition of electrical potential differences at the ITIES enabled control over
the formation of caffeine cocrystal polymorphs. The aim of the work reported here was to investigate
crystallisation of an inorganic material at or near the ITIES under conditions where one of the reactants
arrives by spontaneous ion transfer from the adjoining phase and to identify ways that such
spontaneous crystallisation may be controlled. Barium sulfate was chosen as a model system as it is
well-known and characterised,'® 2’ its crystallisation is understood and it does not have added
complexity such as the formation of hydrates as does calcium sulfate crystallisation. It is also relatively
straightforward to place either reactant into the organic phase. lonophores®’ are available which are
known to bind to barium,*® which provides a means to control the transfer of barium cations to the
aqueous phase. Moreover, BaSO4 crystallisation at liquid-liquid interfaces with either reactant arriving
from the adjoining phase has not been reported. To achieve our aims, Ba?* ions were placed in either
the aqueous or the organic phase and brought into contact with an adjoining liquid phase containing
SO4% (Schemes 1 and 2). The solids formed upon contact between these immiscible phases were
characterised by various techniques, notably Raman spectroscopy, scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM) in
order to identify and verify the formation of barium sulfate. The impact of added ionophore was also
assessed, as a strategy to control the spontaneous crystallisation. Control of crystallisation at the ITIES
opens new ways to study and understand interfacial growth processes important in biomedical®® “°
(e.g. crystals in synovial fluids) and geological?®’ (e.g. crystal growth within rock formations) fields

where soft interfaces are omnipresent.

2. Experimental

2.1 Chemicals

All reagents were of analytical grade. 1,2-dichloroethane (DCE) (Merck, 99.5% G.C. Grade) was
employed as the organic solvent in all experiments. Ultra-pure water (18.2 MQ.cm resistivity) was
obtained freshly from a Milli-Q system (Millipore). Barium chloride, lithium chloride, barium sulfate,
sodium sulfate, bis(triphenylphosphoranylidene)ammonium chloride (BTPPACI, 98 %), potassium
tetrakis(4-chlorophenyl)borate (KTPBCI, 98 %), tetrabutylammonium hydrogensulfate (TBUAHSOa,
97%), chlorotrimethylsilane (99%) and Calcium lonophore IV were purchased from Sigma Aldrich
Chemical Co., Australia. Bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate
(BTPPATPBCI) was synthesized according to published procedures,*' %> and used as supporting



electrolyte in the DCE phase. Barium tetrakis(4-chlorophenyl)borate (Ba(TPBCI)2) was prepared
according to the published procedure®® and confirmed by EDS and CHN analyses (Fig. S1,
Supplementary Information). Ferric chloride hexahydrate (FeCls.6H20, 99% Fluka) was used to
prepare silver/silver chloride electrodes from silver wire (purity 99.99%, Advent Research Materials).

2.2 Apparatus

Two different experimental set-ups were used. The first involved a capillary glass tube to support the
interface at its mouth and to visualise BaSO4 crystallisation at the interface. The second set-up was an
electrochemical cell with a microporous array glass membrane so that interfaces were formed at the

individual micropore mouths.
2.2.1 Glass capillary

Precipitation of barium sulfate formed by spontaneous transfer of ions between two immiscible
solutions was carried out in borosilicate glass capillaries having 0.58 mm inner diameter (ID), 1 mm
outer diameter (OD) and 10 cm length (Sutter Instrument Co., USA). The inner walls of these
capillaries were silanized with chlorotrimethylsilane (99%) to make them hydrophobic so that the
inside was easily filled with the organic solution; the aqueous phase was placed outside the pipette

(Figure 1(a)). The capillaries were filled from the back with organic solution using a 10 pL syringe.
2.2.2 Microporous array glass membranes

Experiments were performed using a glass microporous array membrane, consisting of 100 (10 x 10
square array) pores in 130 um thick borosilicate glass substrates. The pores were formed by laser
ablation.* The fabrication process produced conical pores, with a radius of 26.5 um at the laser entry
side and a radius of 11.5 um at the laser exit side. The laser exit side of the glass membrane and the
internal pore walls were functionalised with trichloro-(1H,1H,2H,2H-perfluorooctyl)silane to make
them hydrophobic. All membrane fabrication and functionalisation took place at the Australian
National Fabrication Facility. The hydrophobic side of the membrane was glued to a glass tube
(~5.3 mm internal diameter) with silicone adhesive (Selley, Australia and New Zealand).*® The
silicone was allowed to cure for 24 h, and the assembled glass tube-membrane was rinsed with
acetone/methanol and dried in air. The organic solution was placed into the tube-membrane assembly
and then the organic reference solution was added on top. This assembly were then inserted into the
aqueous phase and two AQ/AgCI electrodes (one in each phase) were inserted to enable

electrochemical measurements (Schemes 1 and 2).



Ag|AgCl [1 mM BTPPACI 10 mM BTPPATPBC1 + 0.5 mM Ba(TPBCl); | 10mM NaySO4 | AgCl| Ag
in 10 mM LiCl in DCE in 20 mM LiCl

Organic reference solution Organic solution Aqueous solution

Scheme 1. Electrochemical cell composition used for investigating crystallisation following spontaneous barium ion
transfer from organic to aqueous phase.

Ag|AgCl |1 mM BTPPACI 10mM BTPPATPBCI + 0.1M TBuAHS O, 10mM BaCl, | AgCl| Ag
in 10 mM LiCl in DCE
Organic reference solution Organic solution Aqueous solution

Scheme 2. Electrochemical cell composition used in investigating crystallisation following spontaneous transfer of
hydrogen sulfate ions from organic to aqueous phase to form barium sulfate crystals.

2.3 Characterization

Raman Spectroscopy

Confocal Raman spectra and optical images were collected at room temperature using a WiTec alpha

300SAR, equipped with a frequency doubled NdYAG laser (wavelength 532 nm (green) or 633nm

(red), power 50 mW). Each Raman spectrum consists of 100 accumulations at an integration time of

0.1 s and grating of 600 g/mm. Analysis was performed using WITec Project Four software.

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDS)

The glass microporous array membrane on which crystals were formed was placed onto a double-sided

carbon tape fixed to an SEM stub. The samples were then dried in a desiccator and coated with

platinum (~4 nm) before analysing with a Tescan Mira3 SEM. Energy dispersive X-ray spectroscopy

(EDS) was also employed to determine the elemental composition of samples. SEM-EDS results were

processed using Oxford AZtec software to obtain information from selected particle areas.

Transmission Electron Microscopy (TEM)



High resolution TEM (HRTEM), TEM, high angle annular dark field TEM (HAADF-TEM),
elemental mapping images from EDS, and fast Fourier transform (FFT) patterns were obtained on a
FEI Talos F200X FEG-TEM. To prepare the samples for TEM, after crystal growth, the glass
membrane was sonicated in ethanol to remove precipitated particles from the membrane surface. This

ethanol slurry was used to prepare a TEM grid with the particles.
Electrochemical measurements

Open-circuit potential (OCP) experiments were conducted with an Autolab PGSTAT302N (Metrohm,
The Netherlands) operated with the supplied NOVA software (Version 1.11). All measurements were
performed at room temperature (22°C) with the glass membrane-based UITIES array prepared as
described above. Measurements of pH were made with a polypropylene bodied combination pH
electrode (1J-40A, lonode, Australia) with an ElImetron CP-511 digital pH meter (lonode, Australia).

3. Results and Discussion

3.1 Interfacial barium sulfate crystallisation at a glass capillary

Initially, the formation of BaSO; at the liquid-liquid interface was investigated visually by setting up
an experiment at the interface located at the mouth of a glass capillary (Fig.1A). This would facilitate
visual inspection of any insoluble reaction products as well as providing a basis for subsequent
chemical characterisation. This experiment consisted of a glass capillary filled with an organic solution
of 0.5 mM Ba(TPBCI). and 10 mM BTPPATPBCI (background electrolyte) in DCE which was then
inserted into a vial containing 10 mM aqueous Na>SOs solution. Dissolving Ba(TPBCI). in DCE
enables placement of Ba?* into the organic phase. Upon contact of this organic phase with an aqueous
phase, spontaneous transfer of Ba®* ions to the aqueous phase is expected (Fig. 1B), due to the
hydration energy (1305 kJ mol™).¢ After standing overnight of the capillary containing Ba(TPBCI);
in DCE in an aqueous solution of Na>SOa, the formation of a new solid phase was observed at the
capillary mouth. This is attributed to the spontaneous transfer of Ba?* cations across the interface where
precipitation with SO+ occurred on the aqueous side of the interface. This experiment was repeated
in ten glass capillaries and vials. Crystals formed at the liquid-liquid interface at the mouths of the
capillaries were analysed by Raman spectroscopy. A typical Raman spectrum and optical microscope
image of crystals are shown in Fig. 2. From the Raman spectra of many crystalline sulfates, four basic
vibrational modes of SO tetrahedra have been assigned:*" %8 v is the strongest peak, near 1000 cm™,
attributable to the symmetric S—O stretching mode; v» is assigned to the symmetric O—S—O bend modes

near 460 cm™; vs is assigned to the asymmetric S—O stretch modes near 1100 cm™; and v4 is assigned
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to the asymmetric O—S—O bend modes near 630 cm™. The Raman spectrum of the collected crystals
(Fig. 2) shows all four vibrational modes of sulfate. Numerous relationships have been observed
between the shift of the peak positions and the nature of the cations in the sulfates.*® The most
noticeable feature is that metal cations affect the disorder of sulfate solids formed.*® ° The lower
symmetry due to the presence of a divalent metal cation in BaSO4 results in higher vibrational

frequencies in sulfate’s Raman spectrum and to the doublet at 640 cm™ (Fig. 2).4°
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Figure 1. BaSO,crystallisation at the liquid—liquid interface. (A) Schematic representation of the glass capillary
experimental arrangement. The glass capillary contains 0.5 mM Ba(TPBCI), and 10 mM BTPPATPBCI (organic
solution); the glass vial contains 10 mM Na,SO4 aqueous solution. (B) Schematic illustration of near-interface
crystallisation via transfer of Ba?* from the organic phase to the aqueous phase followed by BaSO, precipitation

at the capillary mouth.
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Figure 2. Confocal Raman microscopy and spectroscopic characterisation. (a) Optical image of BaSO, formed at
the glass capillary mouth, (b) Raman spectrum of the observed crystals.

3.2 Crystal formation at interfaces formed in microporous glass membranes

Spontaneous formation of barium sulfate was also studied by using microporous arrays as supports for
the liquid-liquid interface, forming arrays of microlTIES. At such an array of microscale interfaces,
the organic phase containing Ba** (0.5 mM Ba(TPBCI), and 10 mM BTPPATPBCI in DCE) was
placed on one side of a microporous glass membrane and the aqueous solution of SO4% on the other
(Scheme 1). The immiscible phases came in contact only at the mouths of the pores in the glass
membrane.** The alternative arrangement with Ba?* in the aqueous solution and sulfate species in the
organic phase (Scheme 2) was also studied. The Raman spectra in Fig. 3A show that barium sulfate
deposition occurred at the interfaces formed between an organic phase containing Ba?* (i.e. 0.5 mM
Ba(TPBCI)2) and an aqueous solution containing 10 mM NazSOas. This is attributed to the transfer of
Ba?* ions from the organic phase to the aqueous phase, driven by the large hydration energy,*® where
they reacted with sulfate anions and precipitated due to the low solubility of BaSO4 (Ksp = 10710).%°

The formation of barium sulfate crystals at the aqueous side of the interface between an aqueous phase
containing Ba?* and an organic phase containing TBUAHSO4 (Scheme 2) is also supported by
comparing the Raman spectra of the product formed with the spectra of commercially-sourced BaSO4
and TBUAHSO4 (Fig. 3B). These spectra show that the crystallisation product includes the most
prominent peaks that are present in the reference BaSOs salt. The other peaks in the product spectra
may be due to the other organic phase components. Additionally, the fate of protons resulting from the
crystallisation when Ba?* (aqueous phase) and HSO4 (transferred from the organic phase) came in
contact was investigated by measuring the pH of the aqueous phase before and after the crystallisation
experiments. Upon crystal formation, the pH decreased from 6.8 (before) to 3.6 (after), indicating that
protons are released into the aqueous phase. This suggests that firstly, there is the transfer of HSO4™ to
the aqueous phase and then there is the dissociation of the HSO4 to SO4%". The transfer of HSO4™ to
the aqueous phase is driven by the hydration energy of sulfate (1080 kJ mol™),*® formed upon
dissociation of hydrogen sulfate to sulfate and protons. Evidence of this transfer was supported by

Raman spectroscopy (see Figs. S2 and S3).



(A) (B)
KTPBCI
: JL | TBuAHSO.

BaSO,(Reference)

- BaSOs(Reference)

_MM “ BaSOs (Crystal)

50 750 1000 1250 1500 1750 2000 50 750 1000 1250 1500 1750 2000
Raman shift (cm™) Raman shift (cm™)

Intensity
Intensity

BaSO,(Crystal)

Figure 3. Raman spectra for BaSQO, crystallisation at the ITIES: (A) formed between organic solution of Ba(TPBCI),
and aqueous solution of SO4* (Scheme 1); (B) formed between aqueous solution of Ba?* ions and organic solution of
TBUAHSO, (Scheme 2). KTPBCI is potassium tetrakis(4-chlorophenyl)borate. TBUAHSO; is tetrabutylammonium

hydrogensulfate. Reference indicates the spectrum of commercially-available material.

SEM in combination with EDS was used to examine the morphological and qualitative characteristics
of the BaSO4 products. Crystallisation occurred when Ba?* ions were placed in either the organic phase
(Fig. 4, A) or the aqueous phase (Fig. 4, B) with the corresponding co-reactant in the adjoining phase
as either SO4> or HSO4, respectively. The SEM images clearly reveal that new solid particles
precipitated at or close to the micro-interfaces. EDS single point spectra were acquired from both
products (Fig. 4 A&B) at two different positions. According to the EDS data position ‘a’ (Fig. 4),
BaSO;s crystallisation occurred with Ba2* placed in the organic phase (Ba(TPBCI). in DCE) in contact
with an aqueous solution of Na2SOs. A finding of Si with no signs of Ba or S in the matrix region (Fig.
4, position ‘b’) indicates that BaSOs has not precipitated far away from the glass membrane
micropores. Position ‘c’ (Fig. 4) shows a large area of precipitation on the membrane where the
interface between the aqueous solution containing Ba?* ions and organic solution of HSO4 was formed
(Fig. 4, image B). The EDS spectrum of position ‘c’ (large area) confirms the presence of Ba, S, and
O and their co-location clearly supports that BaSO4 was formed. The spectrum of position ‘d” shows
there is no BaSOy in this area; the Si signal results from the glass membrane. Additionally, EDS line

scans across the crystalline materials on the glass microporous membranes were performed to study



elemental distribution (Figure S4(a, b) for electrochemical cell Scheme 1 and Figure S4(c, d) for

Scheme 2). Figure S4(b, d) show the presence of Ba, S and O together where BaSO4 crystals formed

on the glass membranes.
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Figure 4. SEM and EDS analysis of barium sulfate solids precipitated at liquid-liquid interfaces supported on a glass
microporous membrane. (A) SEM micrograph of BaSO, crystal deposited between an aqueous solution containing
sulfate ions and an organic solution containing barium ions (Scheme 1) and EDS spectra for positions ‘a’ and ‘b’ shown
in the SEM. (B) SEM micrograph of BaSO, crystal deposited between an aqueous solution containing BaCl, and an
organic solution containing TBUAHSO, (Scheme 2) and EDS spectra at position ‘¢’ and ‘d’ shown in the SEM
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Further analysis of the particles formed at or close to the interface was undertaken using TEM, to
determine the morphology of the particles and confirm their elemental compositions. The precipitated
particles formed at the micro-interfaces were removed from the glass membrane surface by sonication
and transferred to a TEM grid. Fig. 5a presents the TEM images of BaSO4 precipitated at the interface
between 0.5 mM Ba(TPBCI). (plus 10 mM BTPPATPBCI) organic phase and 10 mM Na>SO4 aqueous
phase (Scheme 1). The morphology shown in this figure is irregular in shape and appears to be
composed of smaller particles. Crystallinity was confirmed by HRTEM and Fast Fourier Transform
(FFT) patterns which displayed clear spots that were assigned to Miller planes of barium sulfate (inset,
Fig. 5b). BaSOs crystallisation also occurred at the interface between 10 mM aqueous BaCl, and 0.1
M TBUAHSO4 organic phase (Scheme 2). From the TEM images of crystalline BaSO4 (Figure 5c) it
can be seen that the morphology is also irregular and consists of smaller particles. Crystallinity was
confirmed by HRTEM and FFT patterns were assigned to Miller planes of barium sulfate (inset, Fig.
5d). In addition, the lack of rings in the FFT patterns means that, at least in the area the FFTs were
taken, the smaller particles were aligned. Crystallisation of barium sulfate at the ITIES by spontaneous
transfer of either reactant from organic to aqueous phase was also confirmed by HAADF-TEM images
with corresponding elemental particle maps (Figures S5 and S6). The homogeneous distributions of

Ba and S in these maps indicates the formation of ionic crystalline materials.
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Figure 5. Representative TEM and HRTEM images and corresponding FFT patterns of BaSO, formed at the interface of
Ba?* in the organic phase and SO.* in the aqueous phase (a,b) or Ba?* in the aqueous solution and HSO4 in the organic
phase (c,d).

3.3. Impact of ionophore as an organic phase dopant

The impact of organic-phase ionophore on the crystallisation of barium sulfate was investigated. By
addition of a suitable ionophore to the organic phase containing Ba?* cations, it was anticipated that
the Ba?* would be stabilised in the organic phase and show less tendency to transfer to a contacting
aqueous phase — the net result would be less or no crystallisation. When such an experiment was
undertaken in the glass capillary set-up, no precipitate was observed. Likewise, the Raman spectra
recorded at the capillary mouth (Fig. 6) show that in the presence of organic phase Calcium lonophore
IV (1 mM), BaSO4 formation was not detected at the interface located at the mouth of a glass capillary.
In this case, the ionophore complexed the Ba?* cations in the organic phase, which is consistent with
selectivity data for calcium ion-selective electrodes®® using this ionophore, which show that Ba?*
cations are complexed by this neutral ionophore. Hence, the presence of the ionophore inhibited
spontaneous ion transfer from the organic phase to the aqueous phase, i.e. stabilising the cation in the
organic phase, and hence no precipitation was observed. This observation confirms that ions from the
organic phase transfer across the interface to react on the aqueous side of the interface, and not vice
versa. As the role of ionophores are to enable stability of ions within less polar phases than water, they
achieve this by altering the solvation in that less polar phase. In this case, with ionophore Calcium
lonophore 1V, it complexes Ba?* cations and shields them from the solvent, i.e. the complex is solvated
rather than the inorganic ion. This improves the stability of barium within the organic phase and

12



renders it less likely to be driven to the aqueous phase by its hydration energy. In effect the
concentration of the available Ba®* ions are minimised, so that no resultant precipitation of BaSOy is
seen. Ultimately, the presence of ionophore suggests an approach to control the crystallisation of barium
sulfate at the ITIES.
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Figure 6. Raman spectra for BaSO, crystallisation, in the absence of organic phase ionophore (solid line) and in the
presence of organic phase ionophore (dashed line), indicating no formation of BaSQ4 in the latter. Raman spectra were
taken from the mouth of the capillary in each case.

In order to assess the action of the ionophore, preliminary open-circuit potential (OCP) measurements
of the cells depicted in Schemes 1 and 2 were performed. The OCP was measured in cases where
barium ions were placed in either the organic (Fig.7A) or aqueous phases (Fig.7B) and the co-reactant
sulfate in the adjoining phase, respectively. After 4000 s, the potential difference between the organic
solution containing 0.5 mM Ba(TPBCI). and 10 mM BTPPATPBCI in DCE and aqueous solution of
10 mM Na2SO4 (Scheme 1) was about -0.1 V, while between the aqueous solution of 10 mM BaCl»
and organic solution of 0.1 M TBUAHSO4 (Scheme 2) this value was ca. 0.03 V. From Fig.7C it can
be found that the potential difference between the two immiscible solutions was -0.1 V in the presence
of 1 mM calcium ionophore IV with Ba?* in the organic phase, however, a stable value was not reached
within the duration studied (4000 s). More importantly, the trends in OCP with time indicate changes
occurring within the cell during the course of the experiments. Fig. 7A shows a high initial potential,
consistent with Ba2* transfer from the organic to the aqueous phase. This high potential drops gradually

in the initial period, before suddenly dropping to a stable value of ca. -0.1 V. This may indicate the
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gradual formation of precipitate at the interfaces which blocks the pores so that no further ion transfer
occurs. In contrast, in the presence of ionophore (Fig. 7C), the initial potential is positive but not as
high as in the absence of ionophore, which is consistent with transfer of less Ba®* cations to the aqueous
phase. In this situation, there is a continued steady decline in the OCP with time, indicating that some
changes occur, perhaps transfer of very small amounts of Ba?* to the aqueous phase, but no blockage
of the interface occurs as there is no sudden drop in OCP. Blockage and no blockage of the interfaces
in these experiments is supported by subsequent SEM imaging of the glass membranes. The images in
Figure 7(a, b) show that crystals were formed when either organic or aqueous solutions containing
barium ion were present, but no BaSO4 crystallisation was seen in the presence of ionophore (Fig. 7c).

From EDS data, only Si, O and Na were found on the microporous membrane when ionophore was

present.
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Figure 7. Open-circuit potential measurements of barium sulfate formation at liquid-liquid interfaces located at
glass microporous membranes. (A) Sulfate ions in the aqueous phase and barium ions in the organic phase
(Scheme 1). (B) Sulfate ions in the organic phase, as hydrogen sulfate, and barium ions in the aqueous phase. (C)
Organic solution containing barium ions with Calcium lonophore 1V (1 mM) present and an aqueous phase of
sulfate solution. (a) and (b) SEM images show barium sulfate precipitated in absence of ionophore according to
(A) and (B) conditions, respectively. (¢) SEM shows no barium sulfate precipitation in presence of Calcium
lonophore 1V, based on (C).

4. Conclusion

Interfacial formation of crystalline BaSO4 occurred upon ion transfer across the interface between two

immiscible electrolyte solutions. Transfer of Ba?* ions from the organic phase to the aqueous phase
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containing SO4* lead to barium sulfate crystallisation at the interface in both glass capillary and
microporous membrane array experiments. Raman spectroscopy confirmed that the collected product
at the interface was barium sulfate. Spontaneous ion transfer and interfacial formation of BaSO4 were
also investigated with aqueous solutions of BaCl, and an organic phase containing TBUAHSO4. Based
on Raman spectroscopy, SEM-EDS and TEM, it is clearly seen that liquid-liquid interfacial barium
sulfate crystallisation occurred upon spontaneous ion transfer from the organic phase to the aqueous

phase.

The spontaneous transfer of barium ions across organic/aqueous interface coupled with subsequent
crystal formation was inhibited by the presence of an ionophore in the organic phase. This ionophore
stabilises barium cations in the organic phase, decreasing their drive to transfer to the adjoining water
phase. Based on Raman spectroscopy, it was clearly observed that contact of the organic phase
containing Ba?* with the aqueous phase of sodium sulfate did not result in the spontaneous formation
of barium sulfate when calcium ionophore IV was present in the organic solution. Accordingly, these
results provide a basis to control the spontaneous transfer and crystallisation at liquid-liquid interfaces
by addition of suitable ion-binding materials.
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