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Abstract: (PIL) were fabricated

self-polymerization of 2-vinyl pyridine and 4-vinyl pyridine followed by dopamine triggered

Poly(ionic) liquid augmented membranes through
polymerization and bridging with inert polyamide support. The resulting membranes acquired a
positive surface charge with a high degree of hydrophilicity. Fourier transformed Infra-red (FTIR)
and Energy dispersive X-ray (EDX) spectroscopic investigation revealed the successful augmenta-
tion of PIL surface layer, whereas surface morphology was investigated through scanning electron
microscopy (SEM) imaging. This manuscript demonstrates pi electron-induced separation of dyes
with the trend in permeability: Coomassie Brilliant Blue G (CBBHG)> Remazol Brilliant Blue R
(RBBR)>Eichrome Black T (EBT)> Congo Red (CR). CBBG exhibited extended conjugation over
large aromatic domain. RBBR and EBT were associated withtheelectron-donating -NH: group and
electron-withdrawing -NO2 group, respectively, hence pi electron density on aromatic ring varied.
The steric repulsion between two pairs of ortho hydrogens (Hs) in biphenyl moieties of CR resulted
in deviation of planarity and hence aromaticity leading to the lowest permeability. The sugar frac-
tionation followed the trend: Galactose > Mannose > Fructose > Glucose > Xylose. More hydroxyl
(-OH) groups in sugars and their conformational alignment in the same direction, exhibited more
lone pair of electrons leading to more interaction with PIL and hence better permeability. Pentose

showed poorer permeation than hexose, whereas aldose showed better permeation than ketose.

Keywords: poly(ionic liquids); membrane; mass transfer; sugar fractionation; dyes

1. Introduction

Ionic liquids (ILs) have been a subject of interest in recent decades due to their very
low volatility, non-flammability, high heat capacity, solvating power, polarizing ability,
high ionic conductivity, chemical, radiolytic and thermal stability [1-4]. ILs are organic
salts, which gained a reputation as an environmentally friendly or novel “green” solvent
to potentially replace volatile organic diluents [4-6]. Moreover, the uniqueness of ionic
liquids prompt advancement in the fields of synthesis, catalysis, separations, electro-
chemistry, energy, nuclear science, hydrometallurgy, biotechnology, water treatment
and biomass processing [7-11]. Their customizability of chemical and physical properties
through different combinations of cations and anions are also advantageous [11]. Small
adjustments to the composition of ILs can cause a great change in physiochemical prop-
erties and in turn provides room for refinement [12,13]. Common IL cations include im-
idazolium, pyridinium, alkylammonium and alkylphosphonium; to be paired with in-
organic anions such as halides, mineral acids, polyatomic inorganic, etc. [14]. A major
economic drawback for the use of ionic liquids istheir high synthesis cost [15]. Another
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challenge is developing equally “green” processes for solute recovery as large amounts of
energy are needed [16]. However, the implementation of ionic liquid membranes should
reduce cost drawbacks. As per recovery, extraction with carbon dioxide and pervapora-
tion have shown promising results [17]. The supported ionic liquid membranes (SILMs)
are unstable due to vaporization, dissolution and/or shifting of the solvent embedded in
the supporting membrane [18]. The issue of long-term performance and stability of SLMs
has affected industrial applications [19]. ILMs are favorable in a variety of applications
for their tunable properties, high selectivity and negligible loss of ionic liquid [19]. SILMs
were reported to effectively separate organic compounds based on 7 electron density
[20-22]. The SILM stability is primarily affected by preparatory methods, properties of
the support material, and IL to support membrane compatibility. Ionic liquid loss is due
mainly to pore extrusion and compression [23]. Furthermore, the critical concern of IL
water solubility still remains and their toxicity toward a range of organisms and enzymes
can limit their use in extractions during fermentation [24,25].

Polymers of ionic liquids, which contain repetitive polymer chain units, are known
as poly(ionic liquid)s (PILs) [26]. These polymeric absorbents have shown to be promis-
ing alternatives to organic liquids and ionic liquids, owing to their viscoelastic solid
properties and ability to be tuned for water insolubility [27]. PILs are synthesized
through polymerization of IL monomers or chemical modification of polymeric precur-
sors. Their properties can be controlled provided the simplicity of ion-exchange reactions
[28]. Uniquely, PIL should combined property effects of their monomeric counterpart.
Primary applications of PILs thus far include gas capture, sorption, wastewater treat-
ment, catalysis, hydrogen energetic, electrochemistry, bio- and membrane technology
[29-32]. Further research and implementation of polyionic liquids as novel antibacterial
agents can decrease antibiotic drug resistance [33,34]. Grafting PIL brushes on the mem-
brane surface was reported to exhibit the electrical response in presence of external os-
cillating electric field [35,36]. A pressure-assisted self-assembly method was used to de-
posit the selective poly(ionic) liquid layer onto the polyimide support [37]. Concerns re-
garding the stability of the PIL membrane in aqueous and polar media arose after tests
revealed that the conductivity increased rapidly in the presence of water, demonstrating
the detachment of the PIL surface coat [37]. In the present research, polyimide support
membranes have been augmented with poly(ionic liquid) using a dopamine triggered
polymerization and co-deposition method to provide a selective surface layer [38]. Do-
pamine or polydopamine chemistry has introduced the fabrication of high-performance
membranes with improved fouling resistance and increased hydrophilicity [39-41]. The
basis of separation proposed is the pi electron cloud affinity between the PIL and chem-
ical species in the feed. This paper will focus on the PIL membrane applications in sugar
and dye fractionation/separation.

Membrane technology for sugar fractionation is important in the food industry and
in the recovery of saccharides from fermentation, hydrolysis, chemical and biofuel pro-
duction [42]. However, difficulty to fractionate mono- and di- saccharides with a separa-
tion factor greater than 3 has been faced [43]. Increasing sugar concentration in bioreac-
tors is desired during fermentation processes for a greater product yield [43,44]. New
economic processes are required for lignocellulosic biomass hydrolysis during the pro-
duction of 2nd generation bio-fuels and chemical intermediates [45-48]. All sugars tested
in present investigation were monosaccharides including glucose, fructose, mannose,
galactose and xylose with the exception of sucrose being an oligosaccharide. Dye removal
is of great interest to the textile industry, being one of the few large industries that con-
sume significant volumes of water [49-54]. Membrane separation is employed as the ter-
tiary stage in the wastewater treatment. Commercial dying processes mainly use reactive
dyes and some amounts of water soluble and insoluble organic dyes [55]. Common
synthetic dyes which are utilized in current research include Congo Red, Eichrome Black
T, Coomassie Brilliant Blue G and Remazol Blue R. These dyes are low in cost and high in
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color longevity [56]. The possession of complex molecular structures by the synthetic
dyes urges the necessity for inexpensive water treatment solutions [56].

2. Materials and Methods
2.1. Materials

The following reagents were of analytical grade purity, unless noted otherwise.
The2-vinyl imidazole, 4-vinyl imidazole, allyl bromide, Dopamine Hydrochloride, Con-
go Red (CR), Coomassie Brilliant Blue G (CBBG), Remazol Brilliant Blue R (RBBR), Ei-
chrome Black T (EBT), D(+)-Glucose, D(+)-Xylose, D(+)-Mannose, D(+)-Galactose,
D(+)-Sucrose and D(-)-Fructose were acquired from Sigma Aldrich (Munich, Germany).
A summary of physiochemical properties is included in Table 1.
Tris(hydroxymethyl)aminomethane (Tris)-HCl was procured from Amresco Inc. (Solon,
OH, USA). Polyimide ((P84) was provided by HP Polymer GmbH (Lenzing, Austria).
Remaining reagents such as Dimethylsulfoxide (DMSO), 1-6-Hexamethylenediamine
(HMD), Polyethylene Glycol 400 (PEG400), Isopropyl Alcohol, Hydrochloric acid (HCL)
and Ethanol were obtained from Seastar Chemicals Inc. (Sidney, DC, Canada).

Table 1. Summary of the physiochemical properties of the dyes studied.

Properties EBT RBBR CR CBBG
Chemical Formula C20H12N2NaO7S C22H16N2Na20115s C32H22N6Na206S2 C47H41sN3NaO7S2
Molecular Weight 461.38 g/mol 626.53 g/mol 696.66 g/mol 854.05 g/mol

Solubility Water (g/L) 50 980 ~30 50
Maximum Wavelength Ab- 503 590 490 167
sorbance (nm)
Topological Polar SA (A?) 173 255 233 153
Color Black Dark Blue Red-Brown Dark Red-Blue

2.2. Instrumentations

Deionized water used in experiments was produced with a Thermo Fisher 18MQ
Barnstead Smart2Pure system (Schwerte, Germany). Membrane casting was performed
with a 200 pm non-woven knife provided by the Membrane Science Inc. (Hsinchu, Tai-
wan). The membranes were dried using a414004-580 VWR Symphony Vacuum Oven
procured from VWR (Radnor, PA, USA). Water contact angle measurements utilized a
sessile drop contact angle goniometer (Model 100) purchased from Rame-Hart Instru-
ment Company (Netcong, NJ, USA). Dead-end nanofiltration experiments were con-
ducted using a HP4750 Sterlitech Stirred Cell procured from SterlitechCooperation(Kent,
WA). Permeate flux data wererecorded at 30 s intervals using the Balinx Flux Program
and a JL1502 Mettler Toledo balance (Columbus, OH, USA). Conductivity was measured
using a conductivity meter procured from VWR, (Radnor, PA, USA). Scanning electron
microscopy (SEM) Images were taken using a Nova Nanolab 200 Duo-Beam Workstation
procured from FEI Company (Hillsboro, OR, USA). The same instrument was used for
Energy Dispersive X-ray (EDX) spectroscopic analysis. Fourier transform infrared (FTIR)
spectroscopic data wereobtained from IR Affinity with a wavenumber range of
7800-350cmand a horizontal ATR ZnSe accessory, acquired from Shimadzu (Columbia,
MD, USA). UV-Vis analysis of the dye compounds was assessed using the GENESYS 105
UV-Vis Spectrophotometer obtained from Thermo Fisher Scientific (Waltham, MA,
USA).

2.3. Fabrication of the PIL Augmented Membranes
2.3.1. Synthesis of Poly(ionic) Liquid

One pot synthesis of the PILs were carried out as described in the previous literature
[34]. A mixture containing 2-vinyl pyridine (2.5 mol) and allyl bromide (2.5 mol) was
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stirred on a temperature-controlled shaker at 333K. A stirring speed of 100rpm was
maintained for30 min. Separation resulted in a yellow polymeric solid. The solid was
then washed three times with ethyl acetate for the removal of any unreacted precursors.
The mixture of 4-vinyl pyridine (50mmol) and allyl bromide (50 mmol) was prepared in a
similar method but stirred for 2.5 h at 100rpm. The polymeric solid obtained from 4-vinyl
pyridine was light pink in comparison. Both solids were dried and scraped with a spatula
until a powdered texture was obtained. Finally, the powders were stored in a sealed glass
container till use for preparation of a liquid solution.

2.3.2. PIL augmentation

Synthesis of Polyimide Support: A 24% (w/w) solution of polyimide (P84) was stirred
and degassed in DMSO for 24 h. The solution was then cast on polyester using a
non-woven casting knife. Post casting, the membrane was placed in a water bath to un-
dergo phase inversion. Iso-propanol was used to wash the membrane and remove re-
sidual water. Cross-linking was carried out using HMD in isopropyl alcohol for 16 h at
room temperature. The membrane was then immersed in iso-propanol for 3 h to re-
moveexcess cross-linking agent. Thereafter, the membrane was immediately submerged
in a 3:2 ratio of polyethylene glycol 400 to iso-propanol [57]. Lastly, the resulting polyi-
mide support was wiped with tissue paper and left to dry overnight.

Fabrication of PIL augmented membranes: The fabrication of PIL augmented mem-
branes was carried out in two steps. The first step involved the preparation of porous
inert polyimide support. The second step was to synthesize and incorporate the PIL
through covalently bonded dopamine. The polyimide support membranes were dried
with tissue paper and each separately placed, with the active side facing upward, into a
250 mL conical flask along with the deposition solution. The flask was set on an orbital
shaker for 20 h at 24°C [34]. During shaking, a color change from orange to brown then
black was observed. Thereafter, the membrane was gently removed from the flask. The
membrane was rinsed thrice with DI water and thrice with 50% ethanol water. Finally,
the PIL modified membrane was stored in DI water until further use. This method was
repeated for each membrane modification using 4-vinyl pyridine or 2-vinyl pyridine PIL
[37]. Over time the conductivity of the DI water, in which the membranes were stored,
was measured using a conductivity meter from VWR and no significant increase was
shown.

2.4. Characterization
2.4.1. Water Contact Angle

Prior to contact angle measurement, the membranes were dried in a VWR sym-
phony vacuum oven, procured from VWR, at 60°C for 3 h. The drop shape analysis sys-
tem was utilized for contact angle measurement of the membrane. First, a micropipette
was filled with water and clamped to the device. Adjustments to the focus and illumina-
tion were performed using the analysis software. A drop of water (20 uL) was deposited
onto the membrane at room temperature and the contact angle was measured by the
camera. The software automatically analyzed the water drop as a function of time.

2.4.2. FTIR

Surface modification of the membranes were assessed using FTIR spectra to identify
key functional groups. Using the Shimadzu IR spectrophotometer, data wereobtained
from approximately 884 scans which covered a range of 598 to 4000 cm™'. Spectra of the
base membrane, 2-vinyl PIL and 4-vinyl PIL were compared.

2.4.3. SEM

Scanning electron microscopy images of the modified and unmodified membranes
were captured to visualize the pores filled with poly(ionic) liquid. The samples were
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immersed in ethanol/water mixtures to remove contaminants, rinsed with DI water, then
dried prior to analysis. Membrane samples were further prepared by cutting out small
squares. The samples were then attached to a zinc-selenium plate and sputtered with
gold molecules.

2.4.4. EDX

Energy Dispersive X-Ray Spectroscopy (EDX) was used to examine the chemical
composition and morphological appearance. EDX facilitates identification of elements
and their percent distribution by weight. PIL membrane samples were subjected to a
focused beam of electrons and therein emit an X-ray spectrum for restricted qualitative
chemical analysis.

2.5. Performance

The filtration experiments were carried out following our earlier reported proce-
dure[37]. Similar experimental parameters were used for the filtration as given below.

2.5.1. Filtrationof Dyes

The membrane performance was tested by series of dye filtration experiments con-
ducted at 50 psi and 24°C. All dead-end filtrations were carried out in a large pressurized
HP4750 Sterlitech Stirred Cellfiltration system. A 30mL solution with equal concentra-
tions of Brilliant Blue G, Remazol Brilliant Blue R (RBBR), Coomassie Brilliant Blue G
(CBBG) and Eichrome Black T (EBT) was loaded into the cell along with the augmented
membrane. The membrane used in the present case was in the form of a circular disc
having 4.7 cm diameter with effective surface area 17.35 cm?2. The glass container was
used to collect the filtrate. For each, 2mL of three permeate solutions were collected for
determination of dyes by UV-VIS spectrometry. Dye filtrations were performed using the
2-PIL and 4-PIL membrane separately.

2.5.2. Filtration of Sugars

Similar methods were conducted for the filtration of sugars. HPLC method has been
used for the determination of sugar. Organic Acid Analysis Aminex HPX-87H ion exclu-
sion column (300 x 7.8 mm), procured from BioRad, Hercules, California, USA was used
for sugar analyses. The temperature of the column was maintained at 65 + 0.1 °C. The
mobile phase used for the present case was maintained at pH 2.28 using sulfuric acid,
while the flow rate was kept 0.65 mL/min. The solvent delivery system was a Waters 515
HPLC pump (procured from Milford, Massachusetts, United States) equipped with a
Waters 717 plus auto sampler. Refractive index of the sugars was measured using a Wa-
ters 410 differential refractometer. Sugar content was determined from the linear regres-
sion of the standard curves of glucose, fructose, and mannose which ran at 1.25, 0.625,
0.313, 0.156, 0.078, 0.039 g/100mL.

3. Results
3.1. PIL Augmentation on Polyimide Membrane and Their Characterization
3.1.1. Synthesis of Poly(ionic) Liquid

In this step, two chemical reactions occurred simultaneously in one pot. The allyl
bromide has a tendency to release bromide ion and forming allylic cation [34]. The allylic
cation is having two same canonical structure and hence highly resonance stabilized. The
lone pair of electrons on pyridine moiety is not a part of aromatic system (unlike pyrrole),
therefore relatively free for coordination. The querternization occurs by pyridine N to
allylic moieties resulting N-allyl, 2 vinyl pyridinium bromide (Menshutkin reaction) [37].
Based on our earlier literature, this compound in presence of 2 vinyl pyridine undergoes
polymerization resulting poly(ionic liquid) polymers. The molecular weight of such
polymers has been reported earlier. The similar polymerization happened for 4-vinyl
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pyridine also. The polymerization predominantly might proceed through bimolecular or
uni-molecular or a combination of both. The mechanism is not still unambiguous. There
might be a chance of self-polymerization of vinyl pyridine, however, our earlier study
demonstrated that due to the more electron density on allylic moieties in vinyl pyri-
dinium bromide, the allylic group actively took part in the polymerization [34,37]. Figure
1 schematically presented the first step of the membrane fabrication. Poly(2 vinyl pyri-
dinium) bromide poly(ionic liquid) was reported to be mono-dispersed polymer with 20
kDa molecular weight, whereas 4 vinyl pyridinium bromide poly ionic liquid was re-
ported to form 60 kDa polymer in more than 95% yield, while less than 5% poly(ionic
liquid) was reported to have less than 6 kDa molecular weight [34].

AN
N -
AN
= Ny
Ny —
\ Br
N

Polymerization of 4-vinyl pyridine
A

N |
(j\/ N NN
A~ @
F

Polymerization of 2-vinyl pyridine

Figure 1. The schematic presentation of preparation of poly(ionic liquid).

3.1.2. Fabrication of Active Surface Layer

This step is basically inclusion of dopamine moieties into the poly(ionic liquid)s.In
air atmosphere in presence of tris buffer dopamine form cyclic radical as shown in Figure
2. This radical can self-polymerize as well as can react with the vinylic or allylic pi sys-
tems through radical coupling. This would lead to the precursor of the active layer,
which can be easily attached to the poly amide support. For both the PIL polymers, a
similar reaction would occur. This inclusion of dopamine moieties has been attempted
based on the literature reports on dopamine-triggered polymerization of sulfobetaine
methacrylate monomers [57].
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Figure 2. The schematic presentation of fabrication of active surface layer.

3.1.3. Fabrication of PIL Augmented Membrane

This final fabrication of the PIL inclusion membrane basically was achieved in two
steps. In the first step, the inner supportive polyamide layer was fabricated using the
same protocol as reported earlier [37]. In the subsequent step, the dopamine incorporated
PILs were attached on the supportive layer surface. Dopamine moieties were acting as
bridging system between PIL and supportive polyamide layer. The plenty of hydroxyl
groups present in dopamine moieties were believed to be involved in coupling with the
amide moieties of supporting layer by forming ester bonds. Figure 3 schematically pre-
sented the coupling of PIL with polyamide supporting layer bridging through dopamine
moieties. Due to the formation of covalent bond between the active PIL layers and sup-
portive polyamide layer; the resulting membrane should acquire high degree of stability
even in drastic chemical environment compared to the pressure assisted deposition of
PIL layers on the same support. Since in the present case, this PIL inclusion membrane
will be utilized for water-based application, so the membrane should sustain the aqueous
feed solutions to be encountered.
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Polyamide support

1=z

Figure 3. The schematic presentation of the augmentation of poly(ionic liquid) active layer on inert
polyamide support.

3.1.4. Measurement of Water Contact Angle

The base membrane had a contact angle of 82°. The contact angle of the 2-vinyl
pyridine PIL membrane and the 4-vinyl pyridine PIL membrane was found to be 60° and
56.9°, respectively.The results primarily indicated the successful modification of the base
membrane. The modification was found to induce hydrophilicity on the modified mem-
brane surface. This hydrophilic enhancement can be explained by the induction of elec-
trostatic interaction between the water molecules and charge separation within the re-
petitive units of ionic liquids [34]. Figure 4 represents the water contact angles for virgin

and the modified membranes.

Water Contact Angle (°)

100 +

Base

2-VP PIL

4P PIL

Figure 4. Water contact angle measurements for the Base and PIL Augmented Membranes.



Polymers 2021, 13, 2366

9 of 20

3.1.5. Zeta Potential Measurement

Figure 5 is showing the variation in zeta potential as a function of feed acidity on the
surface of the PIL augmented membranes. At a lower pH, i.e., in acidic region the zeta
potential for 4 VP PIL membrane was found to be more positive compared to that of 2 VP
PIL membrane. The highly positive zeta potential can be attributed to release of mobile
bromide ion from PIL moieties.Since the cationic part of the PIL moieties are attached to
the membrane active layer through covalent bonds, they cannot be released from the
membrane surface by breaking of bonds. However, the bromide ions, which are electro-
statically attached with the PIL pyridinium backbone can be removed easily. At higher
acidity, the availability of H* enhanced and hence H* ions compete with pyridinium ion
in electrostatic interaction resulting in the release of bromide anion from membrane
surface making the PIL cations in bear condition. Though below pH 7, the surface charge
for 4 VP PIL membrane was found to be more than that of 2 VP PIL membrane, at pH 7,
they are either same or reverse trend was observed. This high positive charge on PIL
membranes also can result inter molecular H-bonding to a large extent when in contact
with any protic solvent. The membrane surfaces are expected to be highly hydrophilic,
which corroborates well with the water contact angles on PIL membrane surfaces.Zeta
potential values at pH 7 on membrane surfaces were found to be 11.2 mV and 9.3 mV,
respectively, which matched well with that of poly(ionic liquid) polymers [34]. This not
only indicates the successful augmentation of poly(ionic liquid) on the membrane sur-
face, but also revealed that the membrane surface characteristic would be very similar to
that of the PIL polymers.

27 4
Ah"'wlk --©--2 VP PIL membrane
24 : --A--4 VP PIL membrane
> 214 3
£ 0. A
S 18-
5 °
3 " - R
o S
I 12 O
lsl, 00
9 A N
A )
6 T T T T T T T
3 4 5 6 7 8 9

Figure 5. The zeta potential on PIL augmented membrane surfaces at various feed pH.

3.1.6. FTIR Analysis for Functionality Identification on Membrane Surface

Figure 6 shows the FTIR spectra for polyamide inert support layer and PIL aug-
mented membranes to monitor the changes in functionalities on PIL augmentation. The
polyimide base membrane and both PIL modified membranes exhibit two distinctive
peaks around 1535 cm™ to 1642cm™ which correspond to the amide moieties from pol-
yimide support and was seen in case of virgin membrane as well as PIL modified mem-
branes [36]. Kamaz et al. reported the pressure-assisted deposition PILs from 2 vinyl and
4 vinyl pyridines on same polyamide support. They have reported the similar peaks 1534
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cm™ and 1648 cm™ corresponds to polyamide moieties [37]. Yang et al. reported a series
of band at 1545 cm™, 1660 cm™, 1723 cm™ and 1778 cm™, correspond to the polyamide
moieties of the supportive layer [58]. The broad peak having lots of fine structure on it in
the range of 2831 cm™-3093 cm™ was seen in case of PIL modified membranes, which
was attributed to the characteristics of polyvinyl pyridine ion. The peaks in the range of
950-1050 cm™ was also evidencing the attachment of polyvinyl pyridinium ion on base
membrane [37]. The peaks in the range of 950-1468cm™ were attributed to the PILs of
2vinylpyridine, and peaks in the range of 1214-1468cm attributed to PIL of 4 vinyl
pyridine [58,59].Peaks in the range of 3100-3600 cm™! were attributed to pyridinium ion
and was also reported by Kamaz et al. and Rahim et al.[37,60]

Transmittance

(a) Polyamide support

| Polyamide Supportlayer

T T T T T
1000 1500 2000 2500 2000 3500

Wa {ecm™

PILof4 VP

@
£ E b \
£ Pyridine moieties| § Pyridine moieties
s 8
= (b) & (c)
Polyamide support Polyamide support

T T T T
T T T T T
e 1000 2080 2000 20 2000 1000 1500 2000 2500 3000 3500

Wavenumber {cm”) Wavenumber (cm*)

Figure 6.FTIR spectra for PIL augmented membranes and polyimide support membrane.

3.1.7. Microscopic Imaging for Surface Morphology

The appearance of dense poly(ionic liquid) active surface on inert porous polyamide
support layer was evident from SEM images. The PIL inclusion membranes exhibited
rough surface, which was attributed to conjugative presence of aromatic ring and pyri-
dine moieties from poly(ionic liquid) surface layer.The mean roughness (Ra); root mean
square of Z values (Rr) and maximum vertical distance between the highest and lowest
data points (Rmax) for PIL augmented membranes were found to be 30 nm, 45 nm and 300
nm respectively for the membrane having poly (2 vinyl pyridinium bromide) augmenta-
tion; whereas that for membrane with poly(4-vinyl pyridinium bromide) magnification
were estimated as 35 nm, 50 nm and 385 nm, respectively. Similar enhancement in
roughness on inclusion of poly(ionic liquid) was also reported in our earlier literature
[37]. The Ra, Rr and Rmax values for the pressure assisted self-assembled 2 VP and 4 VP PIL
augmented membranes were reported to 28.5 nm, 42 nm, 313 nm and 29.7 nm, 40 nm and
378 nm, respectively. Figure 7a is showing the SEM image of the supportive layer at 10
kV HV, 5.5 mm WD, 3500 magnification and 40 pm range. The image clearly indicated
the highly porous nature of the supportive layer. Figure 7b,c are showing the SEM im-
ages for PIL modified membranes at 20 um range over 5000 magnification. A dense sur-
face was observed for both the systems, indicating change in surface morphologies. Fig-
ure 7d,eare showing the AFM images for 2 and 4 VP PIL augmented membranes as sur-
face view, while the cross-sectional AFM images for both the modified membranes were
shown in Figure 7f,g. All the images reflect the rough surface of the modified mem-
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branes. Similar observation was also reported by Kamaz et al. during pressure assisted
deposition of poly(ionic liquid)s on polyamide supportive layer [37]. Figure 7f gimages
were taken in 10 x 10 um range. The grafting of PIL brushes was found to enhance the
surface roughness for hollow fiber membranes [61]. The dense and rough structures re-
vealed the successful incorporation of PIL moieties on supportive layer.

-185nm (e)

2 VP PIL membrane 4 VP PIL. membrane

Figure 7. SEM Images of (a) Polyamide support layer; (b) Membranes obtained from poly(2-Vinyl pridinium bromide)
augmentation; (c) Membranes obtained from poly(4-Vinyl pridinium bromide) augmentation; (d,f) AFM image for
membrane obtained from poly(2-Vinyl pridinium bromide) augmentation; (e,g) AFM image for membrane obtained from
poly(4-Vinyl pyridinium bromide) augmentation.

3.1.8. EDX Analysis to Understand the Appearance/Relative Concentration of Heteroa-
tom on Membrane Surface

Table 2 is showing the analytical results obtained from elemental mapping of EDX
spectroscopy for the base membrane as well as PIL modified membranes.In base mem-
brane, there was presence of C, N and O as hetero atoms in the relative composition
of~77%, 15% and 7.8%, respectively. This data agreed well with the polyimide nature of
the support layer. However, on modification, a drastic enhancement in N weight% was
observed for both the modified membranes. Almost 1.5 to 2-time enhancement N amount
can be easily correlated with incorporation of several pyridine moieties on the surface. A
reduction in C and O content was also noticed in modified membranes compared to the
base membrane. Additionally, ~14-15% of Br wt.% was found to appear for both the
modified membranes. This was arising from the bromide ion, which was an anionic part
of the poly(ionic liquid) moieties.

Table 2. EDX data for polyimide support membrane and PIL augmented membranes.

Membrane Element Wt.% Error
C 77.07 11.1
O 7.83 3.5

Support layer
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N 15.10 3.7
C 49.16 13.2
o 3.79 1.7
2 VP PIL
membrane N 33.23 3.0
Br 13.82 3.96
C 55.07 13.2
o 4.46 1.2
4 VP PIL membrane 25.23 3.1
Br 15.00 42

3.2. Application
3.2.1. Separation of Dyes

Figure 8 is showing the separation factor of different dye solutions through PIL
augmented membranes. The separation factor for it component was calculated based on
the equation as follows:

Ci

(S.F.); [CRBBR+CEBT+ Ccr+ CCBBG]Permeate "

— .

] eed
CrRBBR+CEBT* CcR* CCBBG f

where, Ci is the component of interest, whose separation factor is evaluated. Crssr, Cesr,
Ccr, Ccsse are the concentration of those dyes. The separation factor is basically the rela-
tive concentration of the interested component in permeate to that in feed solution. From
the figure it is cleared that, for all the dyes, the separation factor values in 4 VP PIL
membrane are more compared to 2VP PIL membrane. This can be attributed to steric
hindrance associated with vinylic group in the 2 position of the pyridinium N. In case of
dyes, the molar mass for EBT was found to be 461.38 g mol™!, RBBR is 626.53 g mol™!, CR
is 696.66 g mol! and CBBG is 854 g mol, respectively. If the driving force for the mutual
fractionation is molar mass or molecular weight, then the trend of permeation was ex-
pected to be EBT > RBBR~CR > CBBG. However, the present trend is CBBG > RBBR > EBT
> CR, indicating the predominance of the factor other than molecular weight or molar
mass. The pi electron cloud-induced separation is proposed to be the driving force for
fractionation of dye molecules as also reported for supported ionic liquid membrane,
polyionic liquid polymeric materials and PIL membrane fabricated through pressure as-
sisted self-assembly [21]. The ionic liquid-based membranes were reported to have high
affinity towards the pi electron cloud, which was reported to be driving force for separa-
tion of hexane and benzene, fractionation of aromatics attached to either electron with-
drawing or electron-donating functional groups [37]. In present case, the separation fac-
tor for the dye molecules were found to follow the order: CBBG > RBBR> EBT> CR. Fig-
ure 9 illustrates the molecular structures of these dyes. The pi electron cloud was found
to be highly localized over large aromatic skeleton showing maximum separation factor
in CBBG. However, in biphenyl moiety of CR, the steric repulsion between two ortho
hydrogen resulted the loss of planarity between these two aromatic systems and there
would be a loss of pi delocalization between these two halves of the molecule. This re-
sulted the lowest separation factor of CR through VP PILs. In case of EBT and RBBR, the
separation factor values were found to be more for the later dye, which might be at-
tributed to the fact that, aromatic pi electron cloud in EBT was associated with electron
withdrawing nitro group, while RBBR was associated with electron-donating amino
group. Hence, pi electron density in EBT was lesser compared to RBBR and hence re-
sulted such fractionation.
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Figure 8. Separation factors for dyes using PIL augmented membranes.
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Figure 9. Molecular structures of the dyes utilized in present investigation.

3.2.2. Fractionation of Sugars
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A mixture of 10 mg mL™ of glucose, xylose, galactose, mannose and fructose were
taken and was allowed to pass through the PIL membranes. The concentration of these
sugar molecules in permeate were evaluated. The fractionation in sugar has been ob-
served. The trend in permeation was found to be Galactose > Mannose > Fructose >
Glucose > Xylose. Out of these sugars, Xylose is aldopentose type, i.e., five carbon sugar.
therefore, based on size exclusion principle, this should have maximum permeability
through any membrane as others are hexose sugar i.e., six carbon sugar. However, xylose
showed the lowest permeability indicating size exclusion was not the driving force for
the permeation. The molecular weight of aldohexose, i.e., glucose, galactose, and man-
nose and ketohexose, i.e., fructose is found to be almost same, 180.16 g mol™, while the
aldopentose, xylose is having 150.13 g mol™. If molecular weight would play the driving
role in fractionation of sugar, then xylose should show the maximum permeation, while
other sugars, i.e., glucose, galactose, mannose and fructose should show same permea-
tion and hence their mutual separation would become impossible. In reality, the trend in
permeation was found to follow: Galactose > Mannose > Fructose > Glucose > Xylose,
suggesting molecular weight cannot be the predominating factor for their fractionation.
The chair cyclic structures (Figure 10)for these sugars have been considered for explain-
ing the separation. For xylose totally, four hydroxyl groups can be interacted, while rest
of the sugar molecules, total five hydroxyl groups can participate in interaction with pi
electron cloud of poly(ionic liquid) moieties of the membranes.hence it showed the low-
est permeability through PIL augmented membranes. In case of galactose, three hydroxyl
groups in carbon number 1,2,3 are upward giving rise to six lone pairs of electrons
nearby along with one lone pair of electrons from C-O-C cyclic O. Due to the closest
proximity of these seven lone pairs of electrons, the extent of interaction with the pi
electron clouds of PIL moieties are tremendous. Hence galactose showed maximum
permeability.In case of mannose, three hydroxyl groups are upward but attached to the
ring carbon at 1,2 and 4 positions. Hence the proximity of these lone pair electrons will be
lesser compared to galactose. Hence, mannose showed 2nd highest permeability through
these PIL augmented membranes. In case of fructose, which is a ketohexose, three hy-
droxyl groups attached to carbon 1, 3 and 4 positions can be on the same side. Hence,
mannose and fructose can be expected to have similar permeation through PIL aug-
mented membranes. However, fructose showed lower permeation compared to man-
nose, which might be attributed to the less reactivity of keto carbonyl compared to the
aldehydic carbonyl. In glucose, hydroxyl groups either at 1,3 cyclic carbon or at 2,4 cyclic
carbons are in same side, hence exhibited lower permeation compared to other aldohex-
ose or ketohexose sugars used in the present investigation. Figure 11 is showing the
concentrations of these sugars in permeate.
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Figure 10. Cyclic chair structures for the sugar molecules: Glucose, Mannose, Galactose, Xylose.
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Figure 11. The concentrations for the sugar in initial feed and the permeate solutions obtained by
filtration through PIL augmented membranes.
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3.3. Stability of the PIL Membrane

Since, the main idea of the membrane fabrication in the present study was to attach
the PIL moieties, i.e., the active layer of the membrane to the supportive polyamide layer
through covalent bonding bridging by dopamine moieties. This would enhance the sta-
bility of the membrane towards aqueous application even in presence of drastic chemical
environment. A high loss of ionic liquid from supported ionic liquid membranes has
been evidenced through SEM and EDS analyses [62]. They have reported that more vis-
cous the ionic liquid is more is the stability of the supported ionic liquid membrane.
Fortunato et al. have reported that even after seven days immersion of supported ionic
liquid membrane into aqueous feed not much ionic liquid moieties came out of PVDF
supportive layer resulting in the vacant pores [63]. XPS investigation was utilized for
evidencing the above fact. Dahi et al. reported a high degree of stability of supported
ionic liquid membrane even after 71 h of continuous permeation at normal condition [64].

In order to evaluate the stability of the PIL augmented membranes, the membranes
were allowed to keep in contact with the water (immersed in water) for long period of
time and the conductivity of the supernatant was measured with different time interval.
If the PIL moieties are fragmented and come to the water, then the conductivity of the
supernatant would increase as they are ionic in nature. Figure 12 is showing the experi-
mental results. This showed that within initial 1-2 h, there were 5-10% enhancement in
the conductivity of the supernatant solutions. This can be attributed to the release of
some of the mobile bromide ions into the medium. This result corroborates with that
obtained in zeta potential measurement of the membrane surfaces. It was also to be no-
ticed that for both the membranes the conductivity values reached up to 60 uSv cm™ and
then almost no change in conductivity for up to 200 h. This revealed that no ionic frag-
ment from PIL augmented membranes came to the medium for such long time. This re-
vealed that these PIL augmented membranes exhibit sufficient stability towards aqueous
phase application. The PIL augmented membranes formed by pressure-assisted
self-assembly of 2 and 4 VP OILs showed very good stability towards non-polar and
aprotic solvents. However. in aqueous medium or highly polar solvents, some of the PIL
fragments were found to get dissolve into the aqueous feed solution as a result, en-
hancement in conductivity was noticed for such cases [37]. However, the covalent bonds
between the supportive polyamide layer and PIL active layers through polydopamide
bridge removed such aqueous phase instability of the membranes. Hence in the present
case, PIL augmented membranes were found to be suitable for long-term application.



Polymers 2021, 13, 2366

17 of 20

---O--2 VP PIL membrane
-4 VP PIL membrane

45 -

Conductivity (uSv cm'1)

40 - T T T T T T T T
0 50 100 150 200

Time of contact with membrane (h)

Figure 12. Monitoring of the conductivity of the supernatant solutions where PIL augmented
membranes were immersed at various time interval.

4. Conclusions

Novel poly(ionic liquid) based membranes were fabricated on polyamide support
layer by bridging through dopamine. The PIL augmentation was found to enhance the
hydrophilicity of the membrane surface. In presence of aqueous environment, the mobile
bromide ions were found to get released into the medium, resulting in highly positive
surface charge as revealed by zeta potential measurement. The appearance of pyridinium
peaks in FTIR revealed the attachment of pyridinium based PIL on membrane surface.
The appearance of bromide atom and enhancement of nitrogen relative concentration in
EDX spectra also indicated the successful augmentation. These membranes were utilized
for the fractionation of dye molecules based on the pi-pi interaction. Dye molecules with
more extended delocalization of aromaticity or more pi electron density was found to
interact strongly with the aromatic pi electron clouds from PILs and hence was perme-
ated to a greater extent. The trend in dye permeation followed the order: CBBG> RBBR>
EBT> CR. A clear fractionation in sugar molecules were also demonstrated based on pi
electron interaction. The aldohexoses with six hydroxyl groups were found to be perme-
ated higher extent compared to aldopentose with five hydroxyl groups, even though the
former is six carbon molecules, while later is five carbon molecules.More hydroxyl
groups in same side of the chair structure of sugar molecules were found to interact
strongly with PIL moieties resulting in more permeability of those sugars. Between sim-
ilar configuration, aldohexose showed stronger interaction and hence better permeability
compared to ketohexose type of sugars.

Author Contributions: Conceptualization, A.S. and S.R.W.; methodology, S.D.; validation, Y.-H.C,,
investigation, S5.D.; writing—original draft preparation, A.S.; writing—review and editing, SR.W.;
supervision, A.S. and S.R.W.; project administration, S.R.W.; funding acquisition, S R.W. All au-
thors have read and agreed to the published version of the manuscript.

Funding: Financial support from Arkansas Research Alliance.



Polymers 2021, 13, 2366 18 of 20

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge the financial support from Arkansas Re-
search Alliance. The author (AS) wishes to acknowledge P.K.Pujari, Director, RC andI G and Head,
Radiochemistry Division, BARC, India and Dr. R. Acharya, Head, Actinide Spectroscopy Section,
Radiochemistry Division, BARC, India.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brennecke, J.F.; Maginn, E. Ionic liquids: Innovative fluids for chemical processing. AICHE ].2001, 47, 2384-2389,
doi:10.1002/aic.690471102.

2. Bonhéte, P; Dias, A.-P.; Armand, M.; Papageorgiou, N.; Kalyanasundaram, K.; Gratzel, M. Hydrophobic, Highly Conductive
Ambient-Temperature Molten Salts. [norg. Chem.1998, 37, 166, doi:10.1021/ic971286k.

3. Brennecke, ].F.; GurkanBurcu, E. Ionic Liquids for CO2 Capture and Emission Reduction. . Phys. Chem. Lett.2010, 1, 3459-3464.

4. Welton, T. Room-temperature ionic liquids. Solvents for synthesis and catalysis. Chem. Rev.1999, 99, 2071-2084.

5. Zhao, H.; Xia, S.; Ma, P. Use of ionic liquids as ‘green” solvents for extractions. . Chem. Technol. Biotechnol.2005, 80, 1089-1096.

6.  Fortunato, R.; Afonso, C.A.M.; Reis, M.A.; Crespo, ].G. Supported liquid membranes using ionic liquids: Study of stability and
transport mechanisms. J. Membr. 5ci.2004, 242, 197-209, doi:10.1016/j.memsci.2003.07.028.

7.  Dupont, J.; de Souza, R.F.; Suarez, P.A.Z. Ionic Liquid (Molten Salt) Phase Organometallic Catalysis. Chem. Rev.2002, 102,
3667-3692, d0i:10.1021/cr010338r.

8.  Sheldon, R.A.; Lau, R.M.; Sorgedrager, M.J.; Van Rantwijk, F.; Seddon, K.R. Biocatalysis in ionic liquids. Green Chem.2002, 4,
147-151, d0i:10.1039/b110008b.

9.  Plechkova, N.V.; Seddon, K.R. Applications of ionic liquids in the chemical industry. Chem. Soc. Rev.2008, 37, 123-150,
doi:10.1039/b006677j.

10. Holbrey, J.; Turner, M.B.; Rogers, R.D. Selection of Ionic Liquids for Green Chemical Applications. ACS Symp. Ser. 2003, 2-12,
doi:10.1021/bk-2003-0856.ch001.

11. Yuan, J; Mecerreyes, D.; Antonietti M. Poly(ionic liquid)s: An update. Prog. Polym. S5ci.2013, 38, 1009-1036,
doi:10.1016/j.progpolymsci.2013.04.002.

12. Binnemans, K. Lanthanides and Actinides in Ionic Liquids. Compr. Inorq. Chem.112013, II, 641-673,
doi:10.1016/b978-0-08-097774-4.00228-x.

13. Binnemans, K. Ionic Liquid Crystals. Chem. Rev.2005, 105, 4148-4204, d0i:10.1021/cr0400919.

14. Huddleston, J.G.; Visser, A.E.; Reichert, W.; Willauer, H.D.; Broker, G.A.; Rogers, R.D. Characterization and comparison of
hydrophilic and hydrophobic room temperature ionic liquids incorporating the imidazolium cation. Green Chem.2001, 3,
156-164, doi:10.1039/b103275p.

15. George, A,; Brandt, A.; Tran, K.; Zahari, S.M.N.S.; Klein-Marcuschamer, D.; Sun, N.; Sathitsuksanoh, N.; Shi, J.; Stavila, V.;
Tran, K.; et al. Design of low-cost ionic liquids for lignocellulosic biomass pretreatment. Green Chem. 2015, 17, 1728-1734.

16. Schiéfer, T.; Rodrigues, C. M.; Afonso, C.A.; Crespo, ].G. Selective recovery of solutes from ionic liquids by pervaporation—A
novel approach for purification and green processing. Chem. Commun. 2001, 17, 1622.

17.  Blanchard, L.A.; Brennecke, ].F. Recovery of organic products from ionic liquids using supercritical carbon dioxide. Ind. Eng.
Chem. Res. 2001, 20, 287.

18. Takeuchi, H.; Takahashi, K.; Goto, W. Some observations on the stability of supported liquid membranes. |. Membr. 5ci.1987, 34,
19-31.

19. Kemperman, A ; Bargeman, D.; Boomgaard, T.V.D.; Strathmann, H. Stability of Supported Liquid Membranes: State of the Art.
Sep. Sci. Technol.1996, 31, 2733-2762, doi:10.1080/01496399608000824.

20. Kamaz, M.; Vogler, R.; Jebur, M.; Sengupta, A.; Wickramasinghe, R. m Electron induced separation of organic compounds
using supported ionic liquid membranes. Sep. Purif. Technol.2020, 236, 116237, d0i:10.1016/j.seppur.2019.116237.

21. Hernandez-Fernandez, F.; Rios, A.P.D.L.; Tomas-Alonso, F.; Palacios, J.; Villora, G. Preparation of supported ionic liquid
membranes: Influence of the ionic liquid immobilization method on their operational stability. J. Membr. Sci.2009, 341, 172-177,
doi:10.1016/j.memsci.2009.06.003.

22. Wang, J.; Luo, J.; Feng, S.; Li, H.; Wan, Y,; Zhang, X. Recent development of ionic liquid membranes. Green. Energy Environ.
2016, 1, 43-61.

23. Zhao, W.; He, G.; Nie, F.; Zhang, L.; Feng, H.; Liu, H. Membrane liquid loss mechanism of supported ionic liquid membrane
for gas separation. J. Membr. Sci. 2012, 411, 73-80.

24. Quijano, G.; Couvert, A.; Amrane, A. Ionic Liquids: Applications and future trends in bioreactor technology. Bioresour.Technol.

2010, 101, 8923-8930.



Polymers 2021, 13, 2366 19 of 20

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Matsumoto, M.; Mochiduki, K.; Kondo, K. Toxicity of ionic liquids and organic solvents to lactic acid-producing bacteria. J.
Biosci. Bioengin.2004, 98, 344-347.

Kamaz, M.; Sengupta, A.; Gutierrez, A.; Chiao, Y.-H.; Wickramasinghe, R. Surface Modification of PVDF Membranes for
Treating Produced Waters by Direct Contact Membrane Distillation. Int. |. Environ. Res. Public Health2019, 16, 685,
doi:10.3390/ijerph16050685.

Bacon, S.; Ross, R.; Daugulis, A.; Parent, J. Imidazolium-based Polyionic Liquid Absorbents for Bioproduct Recovery.Green
Chem.2017, 19, 5203-5213.

Shaplov, A.; D Ponkratov, Y.S.V. Poly (ionic liquid)s: Synthesis, Properties, and Application. Polym. Sci. Ser. 2016, 58, 73-142.
Yuan, J.; Schlaad, H.; Giordano, C.; Antonietti, M. Double hydrophilic diblock copolymers containing a poly(ionic liquid)
segment: Controlled synthesis, solution property, and application as carbon precursor, Eur. Polym. ]. 2011, 47, 772-781.
PrabhuCharan, K.T.; Pothanagandhi, N.; Vijayakrishna, K.; Sivaramakrishna, A.; Mecerreyes, D.; Sreedhar, B. Poly (ionic lig-
uids) as ““smart” stabilizers for metal nanoparticles. Euro Polym. ].2014 ,60, 114-122.

Mori, H.; Ebina, Y.; Kambara, R.; Nakabayashi, K. Temperature-responsive self-assembly of star block copolymers with
poly(ionic liquid) segments. Polym. ].2012, 44, 550-560, d0i:10.1038/pj.2012.35.

Zhanga, J.; Zhanga, S.; Hana, J.; Hub, Y.; Yana, R. Uniform acid poly ionic liquid-based large particle and its catalytic applica-
tion in esterification reaction. Chem. Engin. ].2015, 271, 269- 275.

Guo, J.; Xu, Q.; Zheng, Z.; Zhou, S.; Mao, H.; Wang, B.; Yan, F. Intrinsically Antibacterial Poly (ionic liquid) Membranes: The
Synergistic Effect of Anions. ACS Macro Lett.2015, 4, 10941098, doi:10.1021/acsmacrolett.5b00609.

Ethirajan, S.K.; Sengupta, A.; Jebur, M.; Kamaz, M.; Qian, X.; Wickramasinghe, R. Single-Step Synthesis of Novel Polyionic
Liquids Having Antibacterial Activity and Showing m-Electron Mediated Selectivity in Separation of Aromatics. Chemis-
try2018, 3, 4959-4968, doi:10.1002/s1ct.201800101.

Tripathi, T.; Kamaz, M.; Wickramasinghe, S.R.; Sengupta, A. Designing Electric Field Responsive Ultrafiltration Membranes by
Controlled Grafting of Poly (Ionic Liquid) Brush. Int. J. Environ. Res. Public Health2019, 17, 271, d0i:10.3390/ijerph17010271.
Gobara, M.; Saleh, A.; Naeem,I. Synthesis, characterization and application of acrylate-based poly ionic liquid for corrosion
protection of C1020 steel In hydrochloric acid solution, Mater. Res. Express, 2020, 7, 016517

Kamaz, M.; Sengupta, A.; DePaz, S.; Wickramasinghe, S.R. Poly(ionic liquid) augmented membranes for 7 electron induced
separation/fractionation of aromatics. J. Membr. 5¢i.2019, 579, 102-110.

Zhang, C.; Ma, M.-Q.; Chen, T.-T.; Zhang, H.; Hu, D.-F.; Wu, B.-H.; Ji, J.; Xu, Z.-K. Dopamine-Triggered One-Step Polymeriza-
tion and Codeposition of Acrylate Monomers for Functional Coatings. ACS Appl. Mater. Interfaces2017, 9, 34356-34366,
doi:10.1021/acsami.7b11092.

Wang, Y.; Fang, Z.; Zhao, S.; Ng, D.; Zhang, J.; Xie, Z. Dopamine incorporating forward osmosis membranes with enhanced
selectivity and antifouling properties. RSC Adv. 2018, 8, 22469-22481.

McCloskey, B.; Park, H.B.; Ju, H.; Rowe, B.W.; Miller, D.J.; Chun, B.J.; Kin, K.; Freeman, B. Influence of polydopamine deposi-
tion conditions on pure water flux and foulant adhesion resistance of reverse osmosis, ultrafiltration, and microfiltration
membranes. Polymers2010, 51, 3472-3485, doi:10.1016/j.polymer.2010.05.008.

Ryu, ].H.; Messersmith, P.B.; Lee, H. Polydopamine Surface Chemistry: A Decade of Discovery. ACS Appl. Mater. Interfaces2018,
10, 7523-7540.

Catarino, I.; Minhalma, M. Assessment of saccharide fractionation by ultrafiltration and nanofiltration. J. Membr. Sci. 2008, 312,
34-40.

Malmali, M.; Wickramasinghe, R.; Tang, J.; Cong, H. Sugar Fractionation using surface-modified nanofiltration membranes.
Sep. Purif. Technol. 2016, 116, 187-195.

Asgher, M.; Ahmad, Z.; Igbal, HM.N. Alkali and enzymatic delignification of sugarcane bagasse to expose cellulose polymers
for saccharification and bio-ethanol production. Ind Crops Prod.2013, 44, 488—495.

Jonsson, L.J.; Alriksson, B.; Nilvebrant, N. Bioconversion of lignocellulose: Inhibitors and detoxificztion. Biotechnol. Biofu-
els2013, 6, 16.

Anwar, Z.; Gulfraz, M.; Irshad, M. Agro-industrial lignocellulosic biomass a key to unlock the future bio-energy. |. Radiat. Res.
Appl. Sci.2014, 7, 163-173.

Xiao, W.; Wang, Y.; Xia, S.; Ma, P. The study of factors affecting the enzymatic hydrolysis of cellulose after ionic liquid pre-
treatment. Carbohydr. Polym.2012, 87, 2019-2023.

Drioli, E.; Brunetti, A.; di Profio, G.; Barbieri, G. Process intensification strategies and membrane engineering, Green Chem.2012,
14, 1561-1572.

Hafez, A.I; Khedr, M.A.; Ali, H.; Sabry, R. Characterization and pre-treatmentof dyeing wastewater from the cotton and pol-
yester textile industry in Egypt. Desalination Water Treat. 2011, 30, 37-43.

Garg, V.K,; Kumar, R.; Gupta, R. Basic dye (methylene blue) removal from simulated wastewater by adsorption using Indian
Rosewood sawdust: A timber industry waste. Dyes Pigments2004, 62, 1-10.

Mittal, A.; Mittal, J.; Malviya, A.; Gupta, V.K. Adsorptive removal of hazardous anionic dye “Congo red” from wastewater
using waste materials and recovery by desorption. J. Colloid Interface Sci.2009, 340, 16-26.

Ahmad, M.A; Bello, O.S.; Ahmad, M.A. Adsorption studies of Remazol Brilliant Blue R dye on activated carbon prepared from
corncob. Am. . Mod. Chem. Engin.2012, 1, 1-12.



Polymers 2021, 13, 2366 20 of 20

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Vilar, V.J.; Pinho, L.; Pintor, A.M.; Boaventura, R. Treatment of textile wastewaters by solar-driven advanced oxidation pro-
cesses. Sol. Energy2011, 85, 1927-1934, d0i:10.1016/j.solener.2011.04.033.

Chidambaram, T.; Noel, M. Membrane Processes for Dye Wastewater Treatment; Recent Progress in Fouling Control. Environ.
Sci. Technol.2015, 45,1007-1040.

Bruggen, B.V.; Schaep, J.; Wilms, D.; Vandecasteele, C. Influence of molecular size, polarity and charge on the retention of
organic molecules by nanofiltration. ]. Membr. 5¢i.1999, 156, 29-41.

Kamaz, M.; Rocha, P.; Sengupta, A.; Qian, X.; Wickramasinghe, R.S. Efficient removal of chemically toxic dyes using microor-
ganism from activated sludge: Understanding sorption mechanism, kinetics, and associated thermodynamics. Sep. Sci. Technol.
2018, 53, 1760-1776.

Solomon, M.; Bhole, Y.; Livingston, A. High flux membranes for organic solvent nanofiltration (OSN)-Interfacial polymeriza-
tionwith solvent activation. J. Membr. S¢i.2012, 423, 371-382.

Yang, S.; Zhen, H.; Su, B. Polyimide thin film composite (TFC) membranes: Via interfacial polymerization on hydroyzed pol-
yacrylonitrile support for solvent resistant nanofiltration.RSC Adv. 2017, 7, 42800-42810.

Madikizela, L.M.; Mdluli, P.; Chimuka, L. Experimental and theoretical study of molecular interactions between 2-vinyl pyri-
dine and acidic pharmaceuticals used as multi-template molecules in molecularly imprinted polymer. React. Funct. Polym.2016,
103, 33-43, doi:10.1016/j.reactfunctpolym.2016.03.017.

Rahim, N.A.; Audouin, F.; Twamley, B.; Vos, J.G.; Heise, A. Synthesis of poly(4-vinylpyridine-b-methyl methacrylate) by
MAMA-SG1 initiated sequential polymerizationand formation of metal loaded block copolymer inverse micelles.Eur. Polym.
].2012, 48, 990-996.

Le Li, J.; Zhang, Y.; Zhang, S.; Liu, M.; Li, X.; Cai, T. Hyperbranched poly(ionic liquid) functionalized poly(ether sulfone)
membranes as healable antifouling coatings for osmotic power generation. J. Mater. Chem. A2019, 7, 8167-8176,
doi:10.1039/c8ta10484k.

Lozano, L.J.; Godinez, C.; de los Rios, A.P.; Hernandez-Fernandez, F.]J.; Sanchez-Segado S.; Alguacil, F.J. Recent advances in
supported ionic liquid membrane technology, ] Membr Sci., 2011, 376, 1-14 .

Fortunato, R.; Afonso, C.A.M.; Benavente, J.; Rodriguez, -C.E.; Crespo, J.G. Stability of supported ionic liquid membranes as
studied by X-ray photoelectron spectroscopy. J. Membr. Sci.2005, 256, 216-223.

Dahi, A.; Fatyeyeva, K.; Langevin, D.; Chappey, C.; Rogalsky, S.; Tarasyuk, O.; Benamor, A.; Marais, S. Supported ionic liquid
membranes for water and volatile organic compounds separation: Sorption and permeation properties. J. Membr. Sci.2014, 458,
164-178, doi:10.1016/j.memsci.2014.01.031.



