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The membrane process concept coupled with phase inversion technique has been successfully applied for

the first time for the preparation of ionic liquid (IL) encapsulated microspheres using polyetheretherke-

tone with card group (PEEKWC), trihexyl(tetradecyl)phosphonium chloride[CYPHOS IL 101] in N,N-

dimethylformamide (DMF) as dispersing phase and dodecane, ethanol and water as continuous phases.

The technique yields porous, spongy, spheres with smooth surface and diameter around 1000 lm, with

morphology and chemical composition strongly affected by preparative conditions. IL loading capacity

and subsequent surface topography has been investigated using optical microscopy, FT-IR, SEM, EDX,

TGA and SDT.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The term ‘‘ionic liquids’’ (ILs), defines organic salts which are

liquid at temperature <100 �C. Being composed entirely of ions,

ILs are now viewed as a pre-organized medium that can modify

molecular reactivity of molecular guest, upon formation of ‘‘inclu-

sion complexes’’ within ionic ‘‘host’’ networks. Discovery of ILs

goes back to 1914 with the synthesis of ethyl ammonium nitrate

and, later, of acidic chloroaluminate based ILs, that are now

referred to as ‘‘first generation ILs’’. Such ILs usually displayed

strong coordination power and high viscosity, thus requiring air

and moisture free operating conditions [1,2]. The synthesis of air

and water stable ILs, based on inert anions (such as halides), led

to the development of ‘‘second generation ILs’’. Among the differ-

ent fields of application, ILs were employed as an extraction media.

Huddleston and Rogers were the first to report ILs based extrac-

tions [3–5]. Details on the extraction potential of ILs have been

already reported in several reviews published in late 90s [6,7].

ILs display a unique array of tunable chemico-physical properties,

such as density, viscosity, liquid range, air and moisture stability,

electrochemical window and extremely low vapor pressure, all of

which can be tuned by a tailored choice of cation/anion combina-

tions. In particular, their negligible vapor pressure in standard con-

ditions make them excellent reusable extraction solvents and can

be exploited for the immobilization of ILs into membranes.

Trihexyl(tetradecyl)phosphonium chloride [CYPHOS IL 101] is a

commercially available phosphonium-based IL with known

liquid–liquid extraction applications, from mass transport to sepa-

ration methods, such as solvent extraction and liquid membranes

(e.g. emulsion, supported liquid membrane, pervaporation, nano-

filtration, and chromatography) [8]. The high values of viscosity

and density of most ILs, however, restrict the great potential of

ILs to achieve acceptable mass transfer rate, membrane stability

and separation efficiency. Moreover, the high synthetic costs asso-

ciated to the synthesis of these solvents, justifies their micro scale

utilization. In order to overcome this, the encapsulation of CYPHOS

IL 101 in a polymer matrix is herein suggested.

Encapsulation of ionic liquids into polymeric microspheres rep-

resents a powerful strategy to confine such valuable solvents. This

can be convenient for the preparation of Supported Ionic Liquid

Phases (SILP): i.e. thin layers of IL, immobilized through non-cova-

lent interactions, featuring increased mass transfer rate. The appli-

cations of the ILMCs are the same of bulk ionic liquids and SILP:

support of catalyst, separation, removal of hazardous chemicals

and microextraction of pollutants: (i) pesticides, (ii) aromatic mol-

ecules (iii) heavy metals (iv) other inorganic pollutants such as

Arsenic. The integration of ionic liquid in a polymeric sphere with

membrane-like surface allows to select the compounds with

higher affinity for the solid phase [9–14]. Micro-encapsulation is

a widely accepted method to embed or encapsulate micron- to

nanosized three dimensional structures inside a polymeric shell

[15]. In addition, it may be viewed as a preservation technique

for substances that are chemically valuable and/or environmen-

tally sensitive. Engineering microencapsulation processes like

pan coating, air-suspension coating, centrifugal extrusion, vibra-

tional nozzle, spray-drying, as well as chemical methods such as

interfacial polymerization, in situ polymerization, and interfacial
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polycondensation matrix polymerization have already been re-

ported in the literature [16–19]. The characteristic benefits of

microspheres (MCs) are their small size, bulk total interfacial area,

large inner volume, spherical shape and suitability for IL loading.

Yang et al. have studied the encapsulation of IL([BMIM][PF6], in

polysulfone microsphere by microfluidic method [20]. Xiang

et al. have prepared microcapsules by solvent extraction technique,

encapsulating three different ILs ([BMIM][PF6], [BMIM][BF4] and

[HMIM][BF4]) [21]. Impregnated resins, prepared by the immobili-

zation of CYPHOS IL 101 into a composite biopolymer matrix made

of gelatin and alginate, have been tested to recover Bi(III) from

acidic solutions. Immobilization of ILs by a simple spray suspen-

sion dispersion technique has also been studied [22–26]. Recently,

Figoli et al. combined the Non-solvent Induced Phase Separation

(NIPS) and membrane process to produce polymeric microspheres

of uniform size, well-defined spherical shape and morphology for

adsorption and catalytic applications [27–29]. In this work, phase

inversion coupled with membrane processing is reported to pre-

pare Ionic Liquid Microspheres (ILMCs) using PEEKWC, as polymer,

to encapsulate CYPHOS IL 101.

2. Experimental

2.1. Reagents and materials

Trihexyl(tetradecyl)phosphonium chloride (CYPHOS IL 101, CAS

No. 258864-9)was kindly supplied byCYTECcorporation. Analytical

grade polyetheretherketone with Card (PEEKWC, MW = 224 kDa),

purchased from Institute of Applied Chemistry, Changchun, PR

China, was dissolved in N,N-dimethylformamide (DMF, Fluka) and

employed as polymer feed solution phase. Dodecane (Sigma–

Aldrich, Carlo Erba) was used as an oil phase. Ethanol (EtOH,

Sigma–Aldrich, Carlo Erba) and distilled water were used as non-

solvent phase. Double distilled water was used throughout the

study. ILs absorb moisture from air, therefore they have been dried

and stored in a glove box prior to use.

2.2. Microsphere preparation

A homogenous polymer stock solution was first prepared by dis-

solving PEEKWC (10% w/w) in DMF under stirring. Concentrations

of 2.5–10% w/w of CYPHOS IL 101 (IL) was dissolved in polymer

stock solution using a mixing vibrator. The IL/PEEKWC mixture in

DMF (Phase I) was used as the casting solution phase to form the

microspheres. Dodecane was chosen as the oil phase (Phase II)

whereas the coagulation bath (Phase III) contained a 1:1 (v/v) mix-

ture of ethanol and double distilled water. Conventional phase

inversion technique has been reported in the literature for a large

number of polymer/solvent/non-solvent combinations, mainly for

membrane preparation [30,31]. Upon immersion of the casting

solution into a coagulation bath, the solvent in the polymer solution

exchanges with a non-solvent across the interface, and induces

phase inversion followed by solidification of the polymer-rich

phase. Size, shape, symmetry and morphology of the membranes,

depend on a number of thermodynamic factors as well as solvent/

non-solvent exchange rates. The various processing steps involved

in the preparation of microspheres using phase inversion were

listed as flow-sheet in Fig. 1.

In this experimental work, the polymeric solution was poured

in the module containing a polyethylene film (PE) mono-pore of

size 600–800 lm. The casting solution, moved slowly down the

monopore film by gravitational forces, forming spherical droplets

at the pore borders of dodecane (Phase II), these droplets retained

their spherical shape during the drop formation. Then, when in

contact with the non-solvent Phase III (H2O/EtOH 1:1 v/v), the

transparent PEEKWC/CYPHOS IL 101/DMF solution immediately

coagulated by phase inversion.

A rotating system (DE S.r.l, Italy), containing phases II and III as

shown in Fig. 2a, was employed to produce larger quantity and

continuously the microspheres without creating an increase of

solvent polymer concentration (DMF) at the interface of phases II

and III (oil (dodecane)/coagulation bath (water/EtOH)). In fact, a

change of solvent composition (higher DMF concentration) at the

interface could vary the rate of exchange between solvent and

non-solvent modifying the structure and uniform spherical shape

of the microsphere produced.

The microspheres obtained were filtered and washed with dis-

tilled water in order to remove the excess solvents and surfactant

molecules from the surface. Microspheres were then dried in vacuo

for 24 h at 50 �C. Reference IL-free PEEKWC microspheres were

prepared in an analogous manner.

2.3. Microspheres characterizations

PEEKWC microspheres, with and without CYPHOS IL 101, were

characterized by different techniques, as follows:

a. Viscosity of the polymeric solutions was measured with

Brookfield DV-III Ultra rheometer, at 25 �C.

b. Microsphere size was examined with a CarlMahr D 7300

Esslingen A.N digital micrometer.

c. Dimensions and morphological features were examined by

Scanning Electron Microscopy (SEM), using a Cambridge

Steroscan 360 instrument, operating at 20 kV, including

the observation of freeze fractured spheres.

d. Chemical compositions of PEEKWC capsule loaded with

CYPHOS IL 101, was determined for the bulk as well as on

the surface by Energy Dispersive X-ray – EDX, using a Philips

EDAX system. Qualitative confirmation of the encapsulation

of CYPHOS IL 101 and its distribution were also measured.

e. Reflectance IR spectra were recorded with a Nicolet 5700

Thermo FT-IR Instrument, equipped with Smart Performer

ATR accessory with a Ge window to detect functional groups

of CYPHOS IL 101 and PEEKWC.

f. Thermogravimetric Analysis (TGA) were recorded with a

TGA Q5000 Thermal Analysis instrument, under a N2 flow

at a heating rate of 10 �C/min.

g. Simultaneous differential thermal (SDT) analysis were per-

formed with a Thermal Analysis 2960 SDT instrument, under

a N2 flow, at an heating rate of 10 �C/min.

h. Differential Scanning Calorimetry (DSC) analysis was

recorded with a Thermal Analysis 2920 DSC instrument,

under a N2 flow at a heating rate of 10 �C/min.

3. Results and discussions

3.1. Microsphere preparation

The polymer and IL concentration are the two main parameters

that influenced microsphere formation: the polymer concentration

affects the morphology of the resulting capsules (shape and

defects), while the concentration of IL in the dispersing solution

affects its viscosity. Initially, the capsules were formed by using

different PEEKWC concentrations (7.5–15% w/w), obtaining spher-

ical and uniform spheres, only with a 10% w/w PEEKWC composi-

tion. At concentrations of PEEKWC lower than 7.5% w/w, the

casting solution was not viscous enough to retain the spherical

shape of the microspheres, whereas, for concentration higher than

10% w/w, it was difficult to solubilize the IL in the casting solution.

The presence of the IL affects the viscosity of the resulting

casting solution dramatically. Indeed, increasing CYPHOS IL 101
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concentration in the casting solution, e.g. from 2.5% to 10% w/w,

led to an increase in viscosity from 23cP to 77cP, requiring an high-

er feed pressure to compensate the slower flow-rate through the

mono pore film. Moreover, at higher IL concentration, it was not

possible to produce the capsules due to the formation of a non-

homogeneous solution. Microsphere preparation setup, with the

rotating module employed, is shown in Fig. 2a while the dried

microspheres obtained are displayed in Fig. 2b.

3.2. Microsphere characterization

3.2.1. Microsphere size

Size distributions of the PEEKWC microspheres diameter, with

and without CYPHOS IL 101, have been calculated. For the refer-

ence PEEKWC microspheres, the diameter size ranged from 0.3 to

1.5 mm, with a maximum at about 1.0 mm, while in the case of

IL containing PEEKWC microspheres a narrower distribution was

observed, ranging from 0.6 to 1.5 mm, with a maximum at about

1.1 mm (Fig. 3). The presence of CYPHOS IL 101 in the micro-

spheres seems to narrow the size dispersion of PEEKWC spheres,

in agreement with the SEM interpretation (vide supra).

3.2.2. Morphology

SEM images confirm the formation of spherical sphere with

smooth dense outer surface and, just below this skin layer, straight

PEEK WC/DMF, PEEK WC / 

DMF/ [CYPHOS IL 101 ] 

microspheres

Interface 1-2

Interface 2-3

Phase 1

Phase 3

PE mono-pore film

Phase 2

Phase 1: Polymer solution (PEEK WC/ [CYPHOS IL 101] /DMF)

Phase 2: Dodecane

Phase 3: Coagulation bath (Water/Ethanol)

Fig. 1. Process flow chart for the encapsulation of CYPHOS IL 101 into PEEKWC microspheres.

Fig. 2. (a) ILMC preparation set-up; (b) picture of the CYPHOS IL 101 + PEEKWC microspheres.
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Fig. 3. Size distribution of PEEKWC microsphere with and without CYPHOS IL 101.
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finger like inner channels. The external, inner surface and cross sec-

tional morphologies of the synthesized PEEKWC microsphere are

reported in Fig. 4a–c, respectively. Images were quite similar to

the ones obtained for asymmetric flat sheet PEEKWC membranes,

where the skin layer is responsible for permeation/rejection of

solutes and porous bulk at the bottomprovidesmechanical support.

According to nucleation and growth mechanism, if the affinity

between solvent (DMF) and non-solvent (H2O/EtOH) is strong

enough, and the system is under conditions in which the outer-

diffusion rate of solvent is much higher than the in-diffusion rate

of non-solvent, a dense skin layer is formed, further lowering the

diffusion rate of the non-solvent into the sublayer. As a result of such

behavior, fewer nuclei are present in the sublayer and possibly form

a fingerlike structure [32,33].

The microsphere formation mechanism and morphology are

related to the diffusion rate of the solvent (DMF) and non-solvent

mixture (H2O/EtOH), as well as the presence of hydrophobic

CYPHOS IL 101. The presence of the IL in the dispersing phase

affects both the driving force and the demixing rate of DMF and

H2O/EtOH solutions, reduces the affinity between the solvent and

the non-solvent, increases the in-diffusion rate of non-solvent

(delay demixing), resulting in a reduction of the channelled struc-

ture. This is in agreement with: (a) a phase inversion mechanism,

in which instantaneous demixing leads to a macrovoid structure,

while delayed demixing affects the structure formation; (b) the

nucleation and growth mechanism, already described above, in

which the reduction in non-solvent diffusion rate into the sublay-

ers, generates fewer nuclei and forms a fingerlike structure at low-

er IL concentration, similar to pure PEEKWC spheres. Fig. 5 shows

two major types (dense skin layer, channeled interior) of morpho-

logical changes of ILMCs, observed by SEM microscopy. However,

for IL loadings up to 10% w/w, the microsphere cross-section, ob-

served at higher magnification, still reveals an asymmetric struc-

ture, made of a thin dense skin layer supported by fingerlike

macro voids.

3.2.3. EDX analysis

The chemical composition of the microspheres, from the surface

to bulk, has been verified using EDX analysis. In particular, the

Fig. 4. SEM micrographs of PEEKWC 10% w/w/DMF microspheres, prepared by phase inversion technique: (a) surface (100�), (b) cross section (100�), (c) magnified cross

section (500�).

Fig. 5. SEM micrographs of PEEKWC/CYPHOS IL 105 (10 w/w) microspheres, prepared by phase inversion technique: (a) surface (100�), (b) cross section (100�),

(c) magnified cross section (500�).
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Fig. 6. EDX analysis of PEEKWC–CYPHOS IL 101 shell surface.
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presence of Phosphorus atoms was a clear indication that the CY-

PHOS IL 101 was loaded in the capsules, as shown in Fig. 6. It is

clearly visible from EDX analysis, that the IL is well dispersed with-

in the microsphere surface as well cross sections.

3.2.4. ATR-IR spectral analysis

ATR-IR spectra were recorded for the samples A–D (Table 1),

with CYPHOS IL 101 concentration ranging from 2.5% to 10% w/

w, and normalized with respect to the band at 1768 cm�1 (C@O

of the lactone functional group). Other PEEKWC bands can be

found at 1593 and 1499 cm�1 (phenyl ring vibrations) and at

1241 cm�1 (mas CAOAC). The intensity variation of the aliphatic

CAH vibrational bands at 2926 (mas CAH) and 2855 (ms CAH) cm�1,

can be used as reference to evaluate the relative amount of CY-

PHOS IL 101 in the microcapsules. As shown in Fig. 7, such bands

present a trend which approximately reflects the expected IL/

PEEKWC ratio, in agreement with preparation conditions. In addi-

tion, no significant shift of PEEKWC bands has been observed upon

addition of IL, thus suggesting that lack of specific interaction be-

tween the two components [34,35].

Table 1

IL loading on microsphere calculated by TGA analysis.

Sample code Composition IL loading (%)

PEEKWC blank 10% w/w PEEKWC/DMF –

A 10% w/w PEEKWC/2.5% w/w CYPHOS IL 101/DMF 9.4

B 10% w/w PEEKWC/5% w/w CYPHOS IL 101/DMF 16.1

C 10% w/w PEEKWC/7.5% w/w CYPHOS IL 101/DMF 16.2

D 10% w/w PEEKWC/10% w/w CYPHOS IL 101/DMF 18.1
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Fig. 7. ATR spectra of PEEKWC/CYPHOS IL 101 ILMCs, samples A–D samples (see Table 1).

Fig. 8. PEEKWC/CYPHOS IL 101 ILMCs-TGA plot of samples A–D (see Table 1),

heating rate, 10 �C/min, under N2 flow.
Fig. 9. SDT analysis – PEEKWC/CYPHOS IL 101 ILMCs (sample D, 10% w/w), heating

rate, 10 �C/min, under N2 flow.
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3.2.5. Thermal analysis

The loading of CYPHOS IL 101 in the PEEKWC microsphere, was

calculated by thermogravimetric analysis (TGA). TG curves of the

samples A–D are reported in Fig. 8. IL loadings were determined

from the weight loss observed between 200 and 400 �C (Table 1).

An SDT analysis was performed on sample D. The decomposi-

tion pattern shows three distinct weight losses: a 15.0% weight loss

between 215 and 406 �C, corresponding to the decomposition of

the adsorbed IL, a 19.4% weight loss between 406 and 515 �C and

a 17.0% weight loss between 515 and 693 �C; where the latter

two are likely due to the decomposition of the polymeric backbone

(Fig. 9). Above 692 �C, minor weight losses were observed (2.3%

weight loss between 693 and 816 �C and 2.2% between 816 and

937 �C). In the DSC pattern a marked endothermic peak was ob-

served between 51 and 323 �C, probably due to the residual sol-

vents present in the sample (the samples were not pre-treated

before the analysis), with a less pronounced endothermic peak be-

tween 323 and 423 �C (decomposition of the IL), and another small

endothermic peak between 548 and 619 �C (polymer decomposi-

tion region). The thermal stability of IL loaded PEEKWC capsule,

was also studied between �40 and 250 �C, by DSC measurements

(Fig. 10). Due to the wide liquiduus range of CYPHOS IL 101, it

was not possible to observe its phase transitions nor to reach its

Tg (glass transition temperature), however, the presence of a PEEK-

WC backbone is evidenced by its Tg = 156 �C [36–38].

4. Conclusions

Phase inversion combined with a membrane process technique

was explored to prepare IL containing microspheres (ILMCs). With

this simple and effective combined technique, spherical smooth

and spongy capsules, that can encapsulate significantly large vol-

umes of ILs, were obtained. CYPHOS IL 101 was successfully encap-

sulated in PEEKWC polymer up to about 10% w/w. The influence of

the IL on the capsule morphology, size and uniformity were inves-

tigated. The IL containing capsules were characterized by a smaller

size, with a mean diameter value of 1.1 mm, and showed a higher

uniformity if compared to those without IL. IL encapsulation was

further evidenced by several characterization techniques, includ-

ing ATR and TGA analysis. These novel composite materials may of-

fer interesting opportunities for the preparation of extraction

capsules and microreactors, thus, their sorbent capabilities will

be investigated for analytical and catalytic purposes.
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