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Abstract: In the last few years, the use of ionic liquid-based membranes has gained importance in
a wide variety of separation processes due to the unique properties of ionic liquids. The aim of
this work is to analyze the transport of nutrients through polymer inclusion membranes based on
different concentrations of methyltrioctylammonium chloride, in order to broaden the application
range of these kinds of membranes. Calcium chloride (CaCl2) and sodium hydrogen phosphate
(Na2HPO4) nutrients were used at the concentration of 1 g·L−1 in the feeding phase. The evolution of
the concentration in the receiving phase over time (168 h) was monitored and the experimental data
fitted to a diffusion-solution transport model. The results show very low permeation values for CaCl2.
By contrast, in the case of Na2HPO4 the permeation values were higher and increase as the amount of
ionic liquid in the membrane also increases. The surface of the membranes was characterized before
and after being used in the separation process by scanning electron microscopy coupled to energy
dispersive X-Ray spectroscopy (SEM–EDX) and elemental mapping analysis. The SEM–EDX images
show that the polymer inclusion membranes studied are stable to aqueous solution contacting phases
and therefore, they might be used for the selective transport of nutrients in separation processes.

Keywords: polymer inclusion membranes; ionic liquids; nutrients; liquid membrane stability;
permeation

1. Introduction

Over the years, membrane-based processes have attracted much interest because they can be
performed under moderate conditions and their energy needs are significantly lower [1]. Reverse
osmosis, ultrafiltration, microfiltration, pervaporation, and gas permeation are a few examples of the
most common membrane-based processes. In all these cases, the performance of the separation process
might be improved by tailoring the membrane properties for the selective separation of a specific
compound. One of the current trends for improving the membranes properties involves the use of
ionic liquids (ILs) [1].

Ionic liquids are molten salts, which remain liquid at temperatures below 100 ◦C. They
usually consist of an organic cation (imidazolium, pyrrolidinium, pyridinium, etc.) and an
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inorganic (hexafluorophosphate, tetrafluoroborate, chloride, etc.) or organic anion (dicyanamide,
bistrifluoromethylsulfonylimde, tosylate, etc.). Their unique properties make them very attractive
for a wide variety of chemical processes such as separation or catalysis. They exhibit good chemical
and thermal stability along with near-zero vapor pressure. They are considered as environmentally
friendly solvents whose properties can be tailored by varying the anion and the cation of their structure
in order to be adapted to a specific process [2,3].

ILs have been successfully employed as extraction agents for metal ions, organic compounds,
and macromolecules and in liquid/liquid systems [4–7]. However, their immobilization in different
kinds of matrixes provides a dual benefit: (i) to obtain stable materials with a minimal content of IL and
(ii) the opportunity to reuse the IL at the end of the process. Other benefits of these types of membranes
are their simple synthesis process and their low energy requirements. Regarding the membrane
properties, the use of ionic liquid in its structure allows us to tailor them in order to be adapted to a
specific and selective separation process [8,9]. IL-based membranes can be mainly grouped into: (i)
supported ionic liquids membranes (SILMs), (ii) polymer ionic liquid inclusion membranes (PILIMs),
(iii) polymerized ionic liquid membranes (PyILMs), and (iv) other ionic liquid/polymer composite
materials [10]. SILMs consist of immobilizing the IL into a porous material by using capillary forces.
The main drawback of these membranes is the lack of long-term stability caused by the leakage of
the IL from the porous. To overcome this limitation, the IL can be immobilized into a polymer matrix
where it is completely retained, giving rise to PILIMs. Both the long-term stability as well as the
selectivity of this type of membranes has promoted their application in a broad domain. For instance,
IL-based membranes have shown promising results in gas separation and metal extraction [11,12].
Another recent use of PILIMs is as separators in microbial fuel cells (MFCs) [13]. Microbial fuel cells
use bacteria to convert the chemical energy stored in a specific substrate into electrical energy. Thus
far, different kinds of synthetic substrates have been explored, however, complex feedstock such as
wastewater is most interesting due to its need for treatment and availability. The main advantage
of MFCs over other technologies is that they are able to produce electricity and treat wastewater
simultaneously [14]. However, in order to facilitate the commercialization of this technology, it is
necessary to reduce the overall cost of the devices as well as improving the energy harvesting. The
use of IL-based membranes addresses both challenges by replacing the expensive and sometimes
low-efficiency commercial membranes [15]. In recent years, MFCs technology was combined with
algae as the oxygen supplier. In this case, bacteria degrade the organic matter in the anodic chamber
while algae grow in the cathodic compartment, providing the oxygen necessary for completing the
redox reaction on the cathode. Furthermore, algae are able to capture carbon dioxide and the algal
biomass produced could be used for the production of added-value compounds [16]. This novel
approach could improve the power performance and the wastewater treatment efficiency of MFCs.
Moreover, the transport of specific compounds from the anode to the cathode might also help algae
growth, reducing the nutrients added to the cathode chamber. The selective transport of nutrients
through the membrane will allow us to design a more efficient system for both bioenergy production
and wastewater treatment.

In this work, the transport of two nutrients, specifically calcium chloride (CaCl2) and sodium
hydrogen phosphate (Na2HPO4), through polymer inclusion membranes, based on ammonium-type
ionic liquid, was evaluated. The effect of the ionic liquid membrane composition and the nature of the
nutrient on the permeability of the membrane was analyzed in-depth. Although the main objective of
this work is the application of the results to the design of a double-chamber MFC, the conclusions of
the present work might be applied to any field in which the recovery or selective separation of the
studied nutrients are of interest.



Processes 2019, 7, 544 3 of 11

2. Materials and Methods

2.1. Preparation of Polymer Inclusion Membranes Based on Ionic Liquids

Casting method was used in order to prepare polymer inclusion membranes, based on
methyltrioctylammonium chloride, [MTOA+][Cl−]. This ionic liquid was purchased from
Sigma-Aldrich-Fluka (purity > 97%). This technique allows us to immobilize the ionic liquid in
a polymeric matrix, in this case, polyvinyl chloride (PVC) (Sigma-Aldrich-Fluka, St. Louis, MO, USA).
The method consists of preparing a mixture based on the selected ionic liquid, the polymer, and an
adequate amount of tetrahydrofuran (THF). The solution is stirred until the polymer is totally dissolved.
Then, it is poured on a glass ring overnight in order to allow the solvent to evaporate. The final weight
of the membranes was fixed at 0.3 g and two different amounts of ionic liquids were used (70% w/w
and 30% w/w) [17]. Table 1 depicts the chemical structure of the ammonium-based ionic as well as the
polymer used to synthesize the membranes.

Table 1. Structure of both the ionic liquid and the polymer used to prepare the membranes.

Compound Structure

Methyltrioctylammonium
Chloride
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2.2. SEM–EDX and Elemental Mapping Characterization

The morphological appearance and the chemical composition of the membranes were analyzed,
as well as the distribution of the elements of interest on their surface by using a scanning electron
microscope (SEM) Hitachi S-3500N (Tokyo, Japan) and a Bruker AXS (MA, USA) for energy-dispersive
X-ray (EDX).

The ionic liquid-based membranes were characterized by SEM–EDX and elemental mapping
before and after being used for the selective transport of the nutrients.

2.3. Ion Transport Studies

The transport of CaCl2 and Na2HPO4 through the PILIMs was evaluated. The transport studies
were performed at 25 ◦C by using a glass diffusion cell with two independent compartments of 250 mL
each and separated by the PILIMs (see Figure 1). In each experiment, pure CaCl2 and Na2HPO4

were used in order to prepare two different feeding solutions with a final concentration of 1 g·L−1.
Pure water was used as the receiving solution in both cases. Substrates, solvents, and other chemicals
were purchased with the highest purity available from Sigma-Aldrich-Fluka. Both compartments
were mechanically stirred to avoid concentration polarization conditions at the membrane interface.
The transport of the anions and cations contained in the feeding phase across the IL-based membranes
was analyzed during 168 h. Samples were taken at different time intervals during the operating time
and their composition was analyzed by ionic chromatography (850 Professional IC, Metrohm).
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Figure 1. Scheme of the glass diffusion cell set-up used for the nutrient analysis through ionic liquid
(IL)-based membranes.

2.4. Ionic Chromatography

Ion detection was performed by using an 861 Advanced Compact IC module. Cations Na+ and
Ca+2 were determined by a Metrosep C4-250 column, whereas Cl− and HPO4

−2 anions were detected
by a Metrosep A Supp 5-250 column.

2.5. Calculation of Permeability

The transport of the nutrients through the IL-based membranes was analyzed in terms of
permeability. The average permeability (P) was calculated from the slope of Equation (1), which was
derived from the application of the solution-diffusion model (see Figure 2) to the transport of nutrients
through PILIMs [18].

ln
(

C0 − 2Cr

C0

)
=
−2PA

V
t (1)

where C0 is the initial solute concentration in the feeding phase (mol·L−1), Cr the solute concentration in
the receiving phase (mol·L−1), A the membrane area (cm2), V is the volume of the compartments (mL)
and t the run time (h). All experiments were carried out in duplicate and the mean values are reported.
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In order to evaluate the ability of the different membranes to separate the target compounds,
another parameter named average permselectivity of the membrane is defined as follows:
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rP =

∑n
i rPi

n
with rPi>1 (2)

where rPi is the membrane permselectivity between two compounds and n is the number of the
possible combinations of compounds. rPi can be rewritten as follows:

rPi =
PA
PB

(3)

The average permselectivity (rP) of the membranes indicates its efficiency for the separation of a
specific compound [18].

3. Results and Discussion

3.1. Polymer Ionic Liquid Inclusion Membrane Characterization before and after Being Used as Separators

Before the preparation of the PILIMs (30% and 70% w/w), their respective morphology was
studied by SEM. SEM micrographs (see Figure 3A,B) showed a smooth surface. Figure 3A’,B’ show
the characterization of the membranes by elemental mapping, demonstrating the homogeneous
distribution of the N (in green) and Cl (in red) along the membrane surface. Figure 3A,B also show
some stains on the external surface of the membranes. These stains might be an excess of IL since they
are highlighted in green color in the mapping images. This color represents the nitrogen and it is only
present in the IL structure and not in the PVC (see Figure 3A’,B’). The EDX spectra of the membranes
(see Figure 4A,B) presented the characteristic peaks assigned to chlorine (Cl) and nitrogen (N) [19].
The presence of these chemical elements corresponds to the chemical formulation of PVC (Cl) and
[MTOA+][Cl−] (N and Cl), respectively.
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Figures 5–8 show the SEM–EDX and elemental mapping of the membranes containing 30
and 70% w/w of ionic liquid after being used as separators for each feeding solution (CaCl2 and
Na2HPO4, respectively).



Processes 2019, 7, 544 6 of 11
Processes 2018, 6, x FOR PEER REVIEW  6 of 11 

 

 
Figure 4. Energy-dispersive X-ray (EDX) analysis of membranes containing 70% w/w (A) and 30% w/w 
of IL (B) before being used. 

Figures 5–8 show the SEM–EDX and elemental mapping of the membranes containing 30 and 
70% w/w of ionic liquid after being used as separators for each feeding solution (CaCl2 and Na2HPO4, 
respectively). 

As can be seen in Figures 6 and 8, the characteristic peaks of the membrane (N for [MTOA+][Cl−] 
and Cl for PVC) appeared after using it as separator, which indicates the adequate stability of the 
membrane. In addition to the characteristic peaks of the membranes, other signals belonging to the 
nutrients studied are also observed. Those are calcium (Ca) and chlorine (Cl) when the nutrient studied 
is CaCl2 (see Figures 5A’–8A’) and sodium (Na), phosphorus (P), and oxygen (O) in the case of the 
nutrient Na2HPO4 (see Figures 5B’–8B’). These results might be due to that the transported compounds 
are absorbed in the membrane structure. The SEM images of the PILIMs, after being used in the 
diffusion cell, are shown in Figures 5 and 7 (30% w/w and 70% w/w of ionic liquid, respectively). In 
general, it is observed that the smooth surface of the membranes is kept after being used in the diffusion 
cell. However, as previously commented, the mapping analysis shows some salt deposits such as CaCl2 
when the transport of this nutrient was studied through the membrane with 30% w/w and 70% of ionic 
liquid (see Figures 5A’ and 7A’, respectively). 

 
Figure 5. SEM of membranes containing 30% w/w of IL after being used as separators for each feeding 
solution: CaCl2 (A) and Na2HPO4 (B), and elemental mapping: CaCl2 (A’) and Na2HPO4 (B’). 

1 2 3 4 5 6 7 8 9
keV

0

10

20

30

40

50

60

 cps/eV

  N   Cl 
Cl 

1 2 3 4 5 6 7 8 9
keV

0

10

20

30

40

50

60

70

 cps/eV

  Cl Cl 
  N 

A B

Figure 4. Energy-dispersive X-ray (EDX) analysis of membranes containing 70% w/w (A) and 30% w/w
of IL (B) before being used.
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Figure 5. SEM of membranes containing 30% w/w of IL after being used as separators for each feeding
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Figure 6. EDX analysis of membranes containing 30% w/w of IL after being used as separators for each
feeding solution: CaCl2 (A) and Na2HPO4 (B).
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Figure 7. SEM of membranes containing 70% w/w of IL after being used as separators for each feeding
solution: CaCl2 (A) and Na2HPO4 (B), and elemental mapping: CaCl2 (A’) and Na2HPO4 (B’).
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Figure 8. EDX analysis of membranes containing 70% w/w of IL after being used as separators for each
feeding solution: CaCl2 (A) and Na2HPO4 (B).

As can be seen in Figures 6 and 8, the characteristic peaks of the membrane (N for [MTOA+][Cl−]
and Cl for PVC) appeared after using it as separator, which indicates the adequate stability of the
membrane. In addition to the characteristic peaks of the membranes, other signals belonging to the
nutrients studied are also observed. Those are calcium (Ca) and chlorine (Cl) when the nutrient studied
is CaCl2 (see Figure 5A’, Figure 6A’, Figure 7A’ and Figure 8A’) and sodium (Na), phosphorus (P), and
oxygen (O) in the case of the nutrient Na2HPO4 (see Figure 5B’, Figure 6B’, Figure 7B’ and Figure 8B’).
These results might be due to that the transported compounds are absorbed in the membrane structure.
The SEM images of the PILIMs, after being used in the diffusion cell, are shown in Figures 5 and 7
(30% w/w and 70% w/w of ionic liquid, respectively). In general, it is observed that the smooth
surface of the membranes is kept after being used in the diffusion cell. However, as previously
commented, the mapping analysis shows some salt deposits such as CaCl2 when the transport of this
nutrient was studied through the membrane with 30% w/w and 70% of ionic liquid (see Figure 5A’ and
Figure 7A’, respectively).

3.2. Transport Studies of CaCl2 and Na2HPO4 through Polymer Inclusion Ionic Liquid Membranes

The permeability of CaCl2 and Na2HPO4 through polymer inclusion membranes, based on
[MTOA+][Cl−], was determined. The experimental concentration of the anions and cations in the
feeding and receiving phases as a function of the time was monitored, and the permeability of the
species was calculated by using the concentrations in the receiving phase (see Figure 9). In this way, the
permeability values were calculated from the slopes of the plot of ln[(C0−2Cr)/C0] for each compound
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versus time using Equation (1). As an example, Figure 10 shows the plots used to calculate the
permeability of each compound through the membrane based on 70% w/w of [MTOA+][Cl−]. Neither
Figure 9 nor Figure 10 indicate the correlation coefficients of Ca+2 and Cl− due to the very low values of
permeability exhibited by both ions through the membranes studied. Moreover, in the case of the Cl−,
the possible release of IL from the membrane could also affect the application of the model selected
to the ions’ concentration found. The permeability values for each compound through the different
PILIMs are shown in Table 2.
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Table 2. Permeability values of the polymer inclusion membranes based on the liquid [MTOA+][Cl−]
on the transport of CaCl2 and Na2HPO4.

Permeability (×106 cm.s−1)

Membrane Na+ HPO42− Ca+2 Cl−

70% w/w [MTOA+][Cl−] 25.671 18.463 0.000 2.669
30% w/w [MTOA+][Cl−] 4.216 5.351 0.000 1.573

Regarding the permeability values (see Table 2), all ions studied permeated through the membranes,
except Ca+2 for which non-permeation was found for both ionic liquid-based membranes (30% w/w
and 70% w/w of IL). Significant differences in terms of permeation between ions and between the
same ion through the different membranes (30% w/w and 70% w/w of IL) were found. As can be
seen in Table 2, the permeation increases as the amount of IL in the membrane also increases. These
results might confirm that the IL is the active phase of the membrane allowing the transport of a
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specific ion. By contrast, in the case of chloride, anion low permeability values were obtained while
non-permeability of Ca+2 was observed. For minimizing that difference, an assay without nutrient
in the feeding phase was carried out. This assay was considered as “zero” when the permeation of
chloride was calculated. Regarding the permselectivity of the membranes, the average permselectivity
was higher in the case of membranes containing 70% of IL. This result indicates that the higher amount
of IL in the membrane structure, the better selective separation capacity (see Table 3). Comparing
by pairs, higher values of selectivity were achieved for membranes containing 70% of IL than for
those prepared with 30%. These results indicate the important role of the ionic liquid in the selective
separation of the target ions. The selectivity which involves the ion Ca+2 has not been calculated since
its permeability was near zero.

Table 3. Permselectivity values of the polymer inclusion membranes based on the liquid [MTOA+][Cl−]
on the transport of CaCl2 and Na2HPO4.

Permselectivity (rPi) Average Permselectivity (rP)

Membrane Na+/HPO4−2 Na+/Cl− Cl−/HPO4−2

70% w/w [MTOA+][Cl−] 1.39 9.62 6.92 5.98

HPO4
−2/Na+ Na+/Cl− HPO4

−2/Cl−

30% w/w [MTOA+][Cl−] 1.27 2.68 3.4 2.45

Some research works reported in literature study the mechanism of water transport through
supported liquid membranes (SLM) and liquid membranes (LM) based on imidazolium ionic liquids
([CnMIM+][PF6

−]). They report that the transport might be regulated by the mobility of water
microenvironments inside the IL rather than by molecular diffusion through the bulk ionic liquid.
These results show a timeline in the transport through membranes caused by the time needed to reach
a critical water concentration within the ionic liquid. Water content in ionic liquids was found to be
necessary to facilitate the transport through the membrane of small ions, such as Na+ and Cl−, with a
low affinity towards the ILs. Hence, transport through the SLM could be understood as transport
through water microenvironments in the supported liquid membrane [20,21].

In this work, non-permeation was observed for Ca+2 and a higher lag of time was observed
for Cl–. As commented above, the permeation value for chloride could be affected by the loss of
chloride from the membrane. The low-permeation value of Ca+2 and Cl– might be due to their low
solubility in the ionic liquid phase of the membrane. The water solubility in ionic liquids was studied
by Freire et al. (2007) [22]. The authors found that the solubility of water follows the next sequence
[BIMIM+][PF6

−] > [HIMIM+][PF6
−] > [OIMIM+][PF6

−] > [MTOA+][Cl−]. In our case, the forming of a
water microenvironment in the ionic liquid would be more difficult because of the low water solubility
of [MTOA+][Cl−]. For that reason, low or negligible permeation of small ions such as Ca+2 and Cl– was
observed. In the case of Na2HPO4, the permeability could be explained by solvent ion-pair extraction
and ion exchange, as is it explained below.

It should also be considered that the permeability values depend on the method used for the
immobilization of the ionic liquid on the supporting material. SILMs usually allow high permeability
values, however, their stability is lower compared with polymer inclusion membranes, where the ionic
liquids are trapped in the polymer matrix, as in this case [23]. The stability of the membranes is usually
a critical factor for large-scale applications of membrane technology.

With regard to the transfer mechanism of ions through ionic liquid membranes, the ionic nature of
the ionic liquid can result in a variety of extraction mechanisms, including solvent ion-pair extraction,
ion exchange, transport through water microenvironment, and simultaneous combinations of these.
The ion-pair extraction mechanism depends on the solubilization of the salt on the ionic liquids,
whereas the ion exchange-based mechanism relies on the exchange capacity of the ionic liquid phase.
Regarding the transport through water microenvironment, as previously commented, it depends on
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the water solubility on the ionic liquids. The main mechanism will depend on the importance of this
over the rest of the mechanisms and should be studied for each pair of nutrient and ionic liquid phase.
An in-depth understanding of the transfer mechanism is of primary importance for establishing a
predictive model that might be used in practical operations. According to the preliminary results
obtained in the present work, it might be possible that the primary mechanism is by solvent ion-pair
extraction, however, other mechanisms could also be involved in the process. In order to achieve a
better understanding of the transfer mechanisms, further work is currently being carried out.

4. Conclusions

The aim of this work is to analyze the transport of nutrients such as CaCl2 and Na2HPO4 through
polymer inclusion membranes based on ammonium-based IL. To the best of the authors’ knowledge,
the existing literature that focuses on this research field is limited or non-existent. The results show
that polymer inclusion membranes containing [MTOA+][Cl−] are stable towards an aqueous solution
of the studied nutrients. In the case of CaCl2, it showed the least permeation due to its low solubility
in the ionic liquid [MTOA+][Cl−]. By contrast, Na2HPO4 was more permeable and its permeation
increased as the amount of IL in the membrane also increased. The results reported in this work could
be applied to different fields such as separation and purification of salt mixtures. This study would
allow the efficient design of a two-chamber microbial fuel cell, which involves IL-based membrane
technology and algae. The permeation values of different nutrients would also allow us to decide
whether the nutrients should be added in the same chamber that microalgae or in the opposite chamber.
Furthermore, the results obtained open new fields where polymer ionic liquid membrane might
be applied.
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