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Abstract

:

In this work, novel hydrogel composites membranes comprising [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide as monomer, N,N-methylene bisacrylamide as cross-linker, and 1-butyl-3-methylimidazolium hexafluorophosphate as ionic liquid additive, have been developed. Ionic liquid hydrogel composite membranes (IL-HCMs) were tested for membrane contactors applications, aiming to reduce surface hydrophobicity of the polypropylene support, to reduce wetting tendency due to interaction with hydrophobic foulants, while affecting salts rejection in desalination operation, because of the entrapment of ILs inside the porous mesh-like structure of the gel layer. Transmembrane flux comparable to the sole polypropylene support was observed for IL content > 1 wt.%. Furthermore, all IL membranes presented a larger rejection to sodium chloride than the PP support or the composites without ionic liquid inside. Although the overall transmembrane flux of IL-HCMs developed in this work is comparable with that of state of the art MD membranes, this study demonstrated that the strong hydrophilic hydrogel layer, with C.A. < 50° for IL content larger than 1 wt.%, serves as a stabilization coating, by providing the new media between the feed and the hydrophobic membrane surface, thus potentially controlling the diffusion of hydrophobic foulant molecules. This would result in a decrease in the membrane wetting and fouling aptitude.
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1. Introduction


Hydrogels are soft materials consisting of a mesh-like structure with polymer chains physically or chemically cross-linked and water molecules filling the interstitial spaces [1,2]. Due to their permeable net-like consistence, hydrogels can exert separation functions based on molecular size exclusion [3]. Since the mesh size can be modulated by adapting the swelling state in response to externally applied stimuli, like temperature, pH, ionic strength, interaction with specific molecules, electric or magnetic field, transport of specific solution components through hydrogels can be controlled by a stimuli-responsive behavior [4,5,6,7,8,9,10,11,12,13,14].



Because of their unique features as separative media, hydrogels are facing notable implications in the field of membrane processes [15]. The combination of a hydrogel layer with a porous support provides favorable synergisms, resulting in composite materials with totally new separation functions with respect to the bulk hydrogel or the substrate, while affording improved mechanical stability of the supported soft gel phase.



Recently, we have developed several hydrogel composite membranes, containing a hydrophobic support and a hydrophilic surface layer, whose main application is in the field of membrane contactors. Hydrogel composite membranes (HCMs) have been developed: (1) for membrane distillation (MD) [16], with enhanced salt rejection under Donnan exclusion effect generated by the polyelectrolyte nature of the gel phase, (2) as protein crystallization environment [17,18], to produce crystals at lower supersaturation and of larger size compared to conventional crystallization methods, (3) as biomimetic mineralization platform [19], for the synthesis of calcium carbonate structures displaying multi-scale and hierarchical architecture, and (4) as antibacterial food package materials [20], due to the effect of enzyme crystals included in the hydrogel layer.



In this study, ionic liquid hydrogel composite membranes (IL-HCMs) have been prepared by layering a [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide hydrogel, cross-linked with N,N-methylene bisacrylamide in the presence of 1-butyl-3-methylimidazolium hexafluorophosphate as ionic liquid (IL) additive, and tested for MD applications. The main purpose of this work was the development of a suitable membrane functionalization strategy, that would be effective in reducing the hydrophobic interaction of the polymeric surface with potential foulants, thanks to the presence of the more hydrophilic hydrogel layer, while enforcing salts rejection due to the contribution of the ILs entrapped in the porous structure of the gel layer.



In fact, membrane fouling is particularly concerning when intrinsically hydrophobic membrane materials are used to treat feed solutions containing an abundance of organic components, due to their strong hydrophobic interactions with the polymeric surface [21,22,23]. This is particularly detrimental in MD applications, where severe fouling of the hydrophobic membrane is the starting point of pore wetting. In such cases, extensive feed pre-treatment is requested to remove the hydrophobic contaminants ahead the membrane process, with significant increases of treatment costs. Therefore, membrane surface modification is the most common method to improve membrane anti-fouling and anti-wetting properties in MD. For instance, shifting membrane surface hydrophobicity toward super hydrophobicity allows to generate an air gap between the liquid and the surface that helps to increase the admissible pore size prior to pore wetting occurrence, thus ensuring higher mass flux and membrane stability [24,25]. On the other hand, changing the membrane surface from hydrophobic to more hydrophilic behavior, imparts robust resistance to fouling [26,27,28], thanks to the formation of a hydration shell which renders the membrane surface less susceptible to interaction with the hydrophobic contaminants [29,30,31,32]. Such kind of membrane functionalization strategy is potentially suitable for membrane contactors applications, such as membrane distillation and membrane crystallization, since the hydrophilic layer protects membrane’s surface from low-surface-tension components, thus preventing feed solutions from penetrating into the pores [33,34].



While the development of membranes with (super) hydrophilic skin layer has allowed the applications of MD to desalinate more challenging feed waters [22,35], little studies have been proposed so far on the development of hydrogel-functionalized membranes for membrane contactors. In a previous study, a thin layer of agarose hydrogel was positioned on the surface of a Teflon membrane, providing good anti-wetting behavior in the presence of surfactant in MD desalination [36]. In another study [37], composite membranes including poly(diallyldimethylammonium chloride)/poly acrylic acid semi-interpenetrating hydrogel on a polyvinylidene fluoride support, showed long-term robustness with 3 wt.% NaCl solution containing cationic, ionic and non-ionic surfactants in direct contact MD experiments. Here, we show that, in addition to potentially improved membrane resistance to wetting due to the protective hydrophilic hydrogel layer, larger rejection to sodium chloride than the PP membrane can be generated under the effect of ionic liquid entrapped in the polyelectrolyte layer, with the resulting increase in charge density in the gel network that rejects ions at the solution/hydrogel interface by the Donnan exclusion potential.




2. Experimental Section


2.1. Materials


Polypropylene (PP) flat membranes (Accurel PP 2E HF, nominal pore size 0.2 µm) were purchased from Membrana GmbH (Germany). [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (monomer, SPE, cod. 537284), N,N-methylene bisacrylamide (cross-linker, MBA, cod. 146062), 2-hydroxy-2-methyl propiophenone (photoinitiator, cod. 1001451059), and 1-Butyl-3-methylimidazolium hexafluoro phosphate (ionic liquid, IL, cod. 18122) (Figure 1) were from Sigma-Aldrich (Italy). Sodium chloride (NaCl, cod. 131659.1211) was from Panreac (Italy). Methanol (CH3OH, HPLC grade, cod. 20844.320) was from VWR (Italy). All chemicals were used without any further purification. Milli-Q water was used for all solutions and as condensing fluid in MD tests.




2.2. Preparation of Hydrogel Composite Membranes


Polypropylene membranes, used as support for hydrogel composites, were conditioned by soaking in methanol for 24 h at room temperature and then dried with tissue paper immediately before use. The monomer SPE was dissolved in water by magnetic stirring (50 rpm) at 50 °C. The cross-linker MBA was then added to the monomer solution under stirring until complete dissolution. Subsequently, the photoinitiator was added to the solution together with the proper amount of IL additives (see Table 1). The solutions were then left to stir for 1 h at room temperature. The pre-polymer solutions were then cast onto the conditioned PP substrate by a micrometric film applicator (Elcometer 3570) at a selected thickness of the liquid film (100, 350, or 600 µm). Photo-initiated graft polymerization was then performed under the UV/Vis irradiation lamp (GR.E, 500 W) in a vented exposition chamber (Helios Italquartz, Italy), for 20 min. Composite membranes without IL were also prepared as reference samples. After that, composite membranes were washed and stored in water at room temperature for characterization and MD tests.




2.3. Membrane Morphology Examination


Morphological analyses of membranes top and cross section were performed by a Quanta 200 F FEI Philips scanning electron microscope (SEM). Samples were attached with carbon conductive tape to steal stubs and sputtered with chromium. The accelerating voltage was 12.0–15.0 kV under high vacuum. Samples were cryo-fractured with liquid nitrogen prior to examine membrane cross-section.




2.4. Water Contact Angle


Static contact angle was measured by a goniometer (Nordtest, Italy) at ambient temperature. A 5 µL drop of water was put onto the membrane sample by a micro-syringe and measurements were carried out by setting the tangents on both visible edges of the droplet. The average value of five measurements at different detection positions for each sample is reported in Table 2.




2.5. Chemical Surface Analysis


Surface chemical analysis of HCMs was carried out by Fourier transform infrared spectroscopy (Nicolet iS10 FT-IR spectrometer, Thermo Scientific, USA). Spectra were recorded in the range of 650–4000 cm−1 using an ATR (attenuated total reflectance) device, with a resolution of 1 cm−1, and averaged over 30 scans.




2.6. Direct Contact Membrane Distillation Experiments


Figure 2 shows the direct contact membrane distillation (DCMD) equipment used in this work. Technical details are reported elsewhere [16]. The starting feed and condensing water volumes were 3 L each. The temperature of the feed and the distillate was 60 °C and 20 °C, respectively. Co-current solutions circulation flow rate was 12 L·h−1. Active membrane was 3.5 × 10−3 m2. Tests were performed with pure water or NaCl solution (1 g·L−1) as feed. Each test lasted 6 h.



NaCl rejection was calculated by using Equation (1) by measuring the electrical conductivity (Jenway, Bibby Scientific, UK) of the distillate. Salt rejection R is defined as:


R=(1−CdistillateCfeed)×100



(1)




where Cfeed and Cdistillate are NaCl concentrations in the feed and in the distillate, respectively. R is quantified by mass balance after properly considering the electrical conductivity of the overall distillate with the time and the transmembrane flux under opportune calibration. Transmembrane flux J was taken as the average value detected under steady conditions (normally occurring during the last three hours of the test) and it is calculated as:


J=MΔt⋅A



(2)




with M the mass of liquid passed through the membrane in the time interval Δt, and A the effective membrane area.





3. Results and Discussion


Figure 3 shows an SEM cross-section image of an SPE-MBA ionic liquid hydrogel composite membrane (IL 10 wt.%) prepared by casting the pre-polymerization solution at 100-µm thickness. It is evident the homogeneous hydrogel layer, typically around 20 ± 5 µm thick, was well linked to the PP support. For the same pre-polymerization solution composition, changing the casing thickness of solution layer (100, 350, or 600 µm) resulted in different width of the final hydrogel layer upon polymerization under UV irradiation. Normally, 350 and 600 µm-thick liquid layers load on the support lead to hydrogel layers of 80 ± 20 µm and 150 ± 30 µm, respectively, after polymerization. No significant effect of the amount of IL on the final hydrogel layer thickness was observed during membrane preparation (variation less than 10%). In the case of IL > 10 wt.%, pre-polymerization solution presented some persistent phase separation upon mixing of the components.



Figure 4 displays ATR-FTIR spectra of IL-HCMs prepared with an increasing amount of IL. The growth of the peak around 840 cm−1, assigned to the asymmetric stretching of the PF6 ion and bending of the imidazolium ring [38,39], with rising amounts of IL in the pre-polymerization solution can be observed. The strong electrostatic interactions between IL and SPE components provide stability of the hydrogel phase against the possible release of the IL from the composite membrane. The cationic part of the imidazolium group of the IL (Figure 1) interacts well with the sulfonic group of the SPE, while the ammonium part of SPE has an affinity for the hexafluorophosphate ion, thus keeping electroneutrality of the system.



Table 2 reports the water contact angles for IL-HCMs prepared at 350-µm thickness of the casting solution. As observed, the strong hydrophobic nature of the polypropylene support (138°) turns into hydrophilic (C.A. ~68°) with the functional hydrogel layered on the PP surface, while it becomes even more hydrophilic (C.A. < 50°) when introducing IL > 1 wt.% in the hydrogel layer.



Composite membranes were tested for membrane distillation application by using the experimental equipment of Figure 2 with pure water or NaCl solution at 1 g·L−1 as feed. Figure 5 displays observed transmembrane fluxes J and salt rejections R performances. Despite the change of the nature of the membrane layer facing the feed from strongly hydrophobic to hydrophilic, all composite membranes demonstrated salt rejection > 99% over 6 h operation, indicating no occurrence of wetting, thus making them suitable for MD applications.



The first two bars of Figure 5 display the flux observed for the PP support alone with pure water (PP-H2O) and with the saline solution (PP-NaCl) as feed, respectively. As noted, the slight decline in transmembrane flux (around to 7%) for NaCl feed solution compared to pure water, is due to the reduction of water vapour pressure under the effect of the dissolved salt, that decreases the driving force Δp (the vapour pressure gradient evaluated at the membrane surfaces) for mass-transfer in MD [40]. The observed rejection of NaCl for PP membrane support is 99.7%.



The consistent reduction of J is observed in Figure 5 for the membrane SPE-100, dropping by almost 30% (from 12.8 Kg·h−1·m−2 for pristine PP to 9.4 Kg·h−1·m−2), when the hydrogel phase is layered on the surface of the PP support in the resulting HCM. This can be explained by the additional resistance to mass transfer, compared to untreated PP membranes, generated by the presence of the hydrogel. In the case of HCMs prepared by casting the pre-polymerization solution at 350 µm (SPE-350) and 600 µm (SPE-600), J was observed to scale almost linearly with the thickness of the casted solution. At 600 µm thickness, the reduction in J is almost 40% compared to the transmembrane flux registered for PP alone, dropping to 7.7 Kg·h−1·m−2.



When including IL at 1 wt.% in the casting solution (SPE-IL1%-100), the transmembrane flux of the hydrogel-coated membrane is almost completely recovered (only 3% less) with respect to the PP, while it grows regularly up to 13.8 Kg·h−1·m−2 (i.e., larger than for the sole PP support) by increasing the amount of IL up to 10 wt.% (SPE-IL10%-100). In the latter case, rejection of NaCl reaches 99.99%.



Compared to a previous study, where transmembrane flux reduced by 71% when an agarose hydrogel layer was attached on the surface of a Teflon membrane [36], we found that including the IL additive in the hydrogel layer of HCMs allows almost complete salt rejection without affecting productivity.



The similar increasing trend of J is observed for HCMs prepared at 350 and 600 µm of casting solution, although the beneficial contribution of the IL to J at lower content (1 wt.%) is less effective than in the former case. Interestingly, increasing the amount of ionic liquid in the pre-polymerization solution, salt rejection increases regularly for all samples. For all the IL-HCMs, NaCl rejection overruns the observed value for the pristine PP support. Regardless of the gel layer thickness, the increase of ILs > 10 wt.% is associated with a slight decrease of both transmembrane flux and salt rejection. This behavior, in combination with the visual observation of liquid-liquid phase separation occurring in the pre-polymerization solution for the largest amount of ILs (15 wt.%), indicates that this solution composition is unsuitable for the preparation of IL-HCMs.



The singular response of IL-HCMs in MD testing, depending on the gel layer composition, is due to the synergistic interaction of the hydrogel phase and the ionic liquid dispersed in the mesh-like structure. According to experiments, it is clear that the presence of mobile ionic species in the polyelectrolyte gel network is responsible for the increased NaCl rejection. Figure 5, in fact, reveals that salt rejection for composite membranes without IL is always lower than that observed for the PP support. In the case of NaCl as a feed solution, polarized groups existing in the gel network affect mobile ions distribution at the hydrogel/feed interface by interacting with Na+ cations and Cl− anions. The overall flux of ions (both Na+ and Cl−) from the bulk solution to the hydrogel phase is sustained by the diffusive transport under concentration gradient, which is also affected by the osmotic pressure generated by the attraction of water molecules by the strongly hydrophilic gel phase. In the absence of IL, the enhanced mobile charges density in the hydrogel network is responsible for the lower salt rejection. On the other hand, the increase of salt rejection observed for the membranes doped with IL can be rationalized considering the electrostatic repulsion (Donnan effect [41,42,43]) of either cationic or anionic species with charged moieties IL. Obviously, the mechanism of the Donnan exclusion in the case of ILs is more complex than simpler charged species, because of their unique molecular structure, polarity, and charge distribution [44]. SPE contains quaternary amminic and sulphonic groups (Figure 1) that may interact strongly with both cation and anion part of the IL. It is possible to speculate that the hydrophilic micro-channels formed by the interactions between the polyelectrolyte gel network and the IL (Figure 4) exert higher resistance to the transport of ionic species: Na+ cations are rejected by the imidazolium component of the IL and Cl− anions are rejected by the phosphate ion. At the same time, the resistance to the water transport is reduced with respect to a hydrogel layer without IL, thanks to the well-interconnected network of hydrogen bonds formed between the two components (IL and polyelectrolyte).




4. Conclusions


In this work, ionic liquid hydrogel composite membranes were successfully prepared and tested for membrane contactors applications. Namely, [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide hydrogel, cross-linked with N,N-methylene bisacrylamide, and containing 1-butyl-3-methylimidazolium hexafluorophosphate as ionic liquid additive, have been demonstrated suitable for membrane distillation applications. Overall, water transport through IL-HCMs is not negatively affected by the presence of the hydrogel when the IL is included in the gel network. Complete recovery, and even improvement, of the transmembrane flux, compared to the sole hydrophobic support, was observed for IL content > 1 wt.%. Furthermore, all IL membranes presented a larger rejection of sodium chloride than the PP membrane or the composite without ionic liquid inside. This is due to the effect of the ionic liquid entrapped inside the polyelectrolyte layer with the resulting increase in charge density in the gel network that rejects ions at the feed/hydrogel interface under the effect of the Donnan exclusion potential. This effect brings salt rejection as high as 99.99% for composite membranes containing IL up to 10 wt.%. Increasing further the amount of IL induces phase separation in the pre-polymerization solution, thus making this composition unsuitable for IL-HCMs preparation.



Although the overall transmembrane flux of IL-HCMs developed in this work is comparable with that of state-of-the-art MD membranes, this study demonstrated that a hydrophobic macroporous membrane could be functionalized by a hydrogel layer comprising IL. The strong hydrophilic hydrogel, in addition to the increased transmembrane flux and salt rejection, serves as a stabilization layer, by providing the new media between the feed and the hydrophobic membrane surface, thus potentially controlling the diffusion of hydrophobic foulant molecules. This would result in a decrease in the membrane wetting and fouling aptitude.
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Figure 1. Structural formula of hydrogel components used in this work. 
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Figure 2. Membrane distillation plant used in direct contact configuration. 
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Figure 3. Typical scanning electron microscope (SEM) cross-section image of an SPE-MBA ionic liquid (IL 10 wt.%) hydrogel composite membrane (HCM) prepared by casting the pre-polymerization solution at 100-µm thickness. 
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Figure 4. (a) ATR-FTIR spectra of ionic liquid hydrogel composite membranes (IL-HCMs) prepared with an increasing amount of IL (see Table 1): (A) SPE, (B) SPE-IL1%, (C) SPE-IL5%, (D) SPE-IL10%, (E) SPE-IL15%. (b) Schematic illustrating the effect of interaction between the fixed polyelectrolyte charges and mobile ionic liquid charges. White region denotes the hydrogel mesh structure with polymer chains and cross-linking points, blue spaces represent voids. The polymer mesh structure drawn here does not necessarily represent the effective system. The size of the ions relative to the mesh size is not drawn to scale. 






Figure 4. (a) ATR-FTIR spectra of ionic liquid hydrogel composite membranes (IL-HCMs) prepared with an increasing amount of IL (see Table 1): (A) SPE, (B) SPE-IL1%, (C) SPE-IL5%, (D) SPE-IL10%, (E) SPE-IL15%. (b) Schematic illustrating the effect of interaction between the fixed polyelectrolyte charges and mobile ionic liquid charges. White region denotes the hydrogel mesh structure with polymer chains and cross-linking points, blue spaces represent voids. The polymer mesh structure drawn here does not necessarily represent the effective system. The size of the ions relative to the mesh size is not drawn to scale.



[image: Chemengineering 03 00047 g004]







[image: Chemengineering 03 00047 g005 550]





Figure 5. Observed transmembrane fluxes J and NaCl rejections R for tested membranes. Horizontal line is a guide for readers and refers to the rejection of NaCl salt of unfunctionalized PP support. 
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Table 1. Hydrogel composite membrane sample codes, compositions of the pre-polymerization solution and thickness of the casted film layer.






Table 1. Hydrogel composite membrane sample codes, compositions of the pre-polymerization solution and thickness of the casted film layer.





	Membrane Sample Code
	Monomer (wt.%)
	Crosslinker (wt.%)
	Photoinitiator (wt.%)
	H2O (wt.%)
	IL (wt.%)
	Casting Thickness (µm)





	SPE-100
	10.0
	1.0
	0.3
	88.7
	0
	100



	SPE-IL1%-100
	10.0
	1.0
	0.3
	88.6
	0.1
	100



	SPE-IL5%-100
	10.0
	1.0
	0.3
	88.2
	0.5
	100



	SPE-IL10%-100
	10.0
	1.0
	0.3
	87.7
	1.0
	100



	SPE-IL15%-100
	10.0
	1.0
	0.3
	87.2
	1.5
	100



	SPE-350
	10.0
	1.0
	0.3
	88.7
	0
	350



	SPE-IL1%-350
	10.0
	1.0
	0.3
	88.7
	0.1
	350



	SPE-IL5%-350
	10.0
	1.0
	0.3
	88.6
	0.5
	350



	SPE-IL10%-350
	10.0
	1.0
	0.3
	88.2
	1.0
	350



	SPE-IL15%-350
	10.0
	1.0
	0.3
	87.7
	1.5
	350



	SPE-600
	10.0
	1.0
	0.3
	88.7
	0
	600



	SPE-IL1%-600
	10.0
	1.0
	0.3
	88.7
	0.1
	600



	SPE-IL5%-600
	10.0
	1.0
	0.3
	88.6
	0.5
	600



	SPE-IL10%-600
	10.0
	1.0
	0.3
	88.2
	1.0
	600



	SPE-IL15%-600
	10.0
	1.0
	0.3
	87.7
	1.5
	600
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Table 2. Water contact angles for IL-HCMs prepared at 350-µm film solution with different amounts of IL.
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	Membrane Sample Code
	Water Contact Angle (°)





	PP support
	138.0 ± 1.0



	SPE-350
	67.9 ± 3.4



	SPE-IL1%-350
	61.1 ± 0.9



	SPE-IL5%-350
	45.6 ± 1.9



	SPE-IL10%-350
	44.5 ± 2.0



	SPE-IL15%-350
	40.8 ± 1.0
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