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I Abstract

In this paper, the dehydration and purification of a deep eutectic solvent choline chloride-urea (ChCl-urea) by pervaporation is presented. The stability of polymeric pervaporation
membranes was first studied by exposing the membranes to ChCl-urea for 5 days at 40 °C and 60 °C. The results showed that the membranes were stable when in contact with ChCI-
urea and no membrane material was dissolved. In the dehydration experiments, the permeate fluxes were highest with the polydimethylsiloxane (PDMS) membrane: 267.65 g m™ h!
at 50 °C and 413.39 g m? h! at 60 °C. Raman spectroscopy was employed in the analysis of the samples. The results also showed the decomposition of ChCl-urea, and the presence
of the decomposition products, i.e., ammonia and carbamate, in the PDMS and PDMS-PVA-TiO, permeates. With the highest permeate fluxes and simultaneous removal of water and
decomposition products, PDMS appeared to be the most promising membrane for the purification and dehydration of ChCl-urea.
© 2022 FIMTEC & MPRL. All rights reserved.
1. Introduction

is choline chloride [2,4]. Choline chloride is an inexpensive, biodegradable,
and non-toxic quaternary ammonium salt, which acts as a hydrogen bond
acceptor [1,2,4]. Moreover, choline chloride can form a well-known DES in

In this research, dehydration of a class of solvents called deep eutectic
solvents (DESs) is investigated. They are relatively new and green media that
can be used in biomass processing, for instance. DESs are easy to synthesize,

based on readily available bulk chemicals, and biodegradable. [1] The DES combination Wlt,h hydrogep band don'ors, such as urea. .. ..
system consists of two or more substances that form a eutectic mixture, The economic and environmental importance of the recyclability of ionic

which has a significantly lower melting point than that of any of its individual liquids (ILs) and DESs has already been addressed in s'everal publications
components, mainly due to the generation of intermolecular hydrogen bonds '[5713]..‘H0wever, the reuse of the H,‘S and DESs requires the removal. of
[2,3]. One of the most widespread chemicals used for the formation of a DES impurities and excess water. Conventional methods for achieving separation
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between water and ILs or DESs have included (vacuum) evaporation [8,9,14
16], salting out [17-19], low-pressure COj-induced separation [20],
crystallization [21], or lyophilization [22]. Dehydration of ionic liquids by
pervaporation has been performed in several studies, e.g., dehydration of 1-
allyl-3-methylimidazolium  chloride [AMIM]CI [5], 1-butyl-3-
methylimidazolium boric tetrafluoride [BMIM]BF, during an enzymatic
esterification process [23-25], 1-butyl-3-methylimidazolium phosphor
hexafluoride [BMIM]PFs [25,26], 1-methyl-3-nonylimidazolium phosphor
hexafluoride  [NMIM]PFg [25], 1-hexyl-3-methylimidazolium  boric
tetrafluoride [HMIM]BF, [25], and 1-ethyl-3-methylimidazolium acetate
[EMIM]OACc [27]. However, relatively low permeate fluxes have often been
reported [5,26,27].

In contrast, the dehydration of deep eutectic solvents by membrane
technologies has only been reported in a few papers. For example. Haerens et
al. [10] studied the recovery of ethaline (choline chloride-ethylene glycol) by
nanofiltration, reverse osmosis, and pervaporation. They found that, in the
pressure-driven membrane processes, the osmotic pressure of the
concentrated DES limited the removal of water, whereas pervaporation with a
PERVAP 2201 membrane showed a low flux and also allowed the permeation
of ethylene glycol [10]. To the best knowledge of the authors, the dehydration
of ChCl-urea by pervaporation has not been reported before.

This research aimed to find membranes that tolerate ChCl-urea and
dehydrate ChCl-urea from residual water to improve its recyclability in the
pre-treatment of lignocellulosic materials. This paper reports on the
dehydration of ChCl-urea with three different thin-film composite
pervaporation membranes and analysis of the samples by Raman
spectroscopy. In addition, the resistance of the membranes towards ChCl-urea
was tested and evaluated using *H Nuclear Magnetic Resonance (NMR)
measurements, contact angle measurements, Field Emission Scanning
Electron Microscopy (FESEM), and Focused lon Beam-Scanning Electron
Microscopy (FIB-SEM).

2. Material and methods

2.1. Materials

In this research, thin-film composite pervaporation membranes were
studied. PERVAP 4155-80 membranes were purchased from DeltaMem AG.
Polydimethylsiloxane (PDMS) and titanium dioxide (TiO;) reinforced
polyvinyl alcohol (PVA) membranes with a PDMS protective layer was
provided by Helmholtz-Zentrum Hereon, Hereon (Geesthacht, Germany). The
characteristics of the membranes are presented in Table 1.

Urea (97%) and choline chloride (>98%) for the DES were purchased
from Borealis (Austria) and Algry Qu Mica (Spain), respectively. The ChCI-
urea DES was produced by oven heating 1620 g of choline chloride and 1223
g of urea in a 5-L beaker at 100 °C until the mixture melted. [28] Then, the
mixture was placed into a water bath (100 °C) under constant stirring for 30
minutes to obtain a clear, colorless liquid. DMSO-dg (99.80% D + 0.03%
TMS) was purchased from Eurisotop and used as a solvent for the 'H NMR
samples.

2.2. *H NMR analysis

The aim of the *H NMR analysis was to detect the possible presence of
dissolved membrane layer materials in the ChCl-urea after the exposure. To
obtain reference NMR spectra for the pure membranes, fresh membrane
pieces (30 mg) were immersed into (~800 pL) DMSO-dg to dissolve any
soluble organic materials. Similarly, a fresh ChCl-urea sample was dissolved
into DMSO-ds to obtain a reference NMR spectrum for the ChCl-urea. The
protocol of the exposure studies was modified from the method presented in
Garcia et al. 2013 [5]. Two pieces were cut from each membrane and were
submerged in ChCl-urea; one for five days at 40 °C and the other at 60 °C,
and the collected ChCl-urea samples were dissolved in DMSO-ds. The
prepared samples were placed in 5 mm NMR tubes and the *H NMR spectra
were recorded using a Bruker Ascend 400 MHz spectrometer and standard
proton parameters at ambient temperature.

2.3. Raman spectroscopy

The feed and permeate samples were analyzed using a Timegated® Pico
Raman spectrometer. Pico Raman uses a pulsed 532 nm laser source and a
CMOS-SPAD detector and is able to measure Raman spectra at 100 ps
timescales, minimizing the possible fluorescence background. The Raman
spectra were measured in a Raman shift range of 100-2300 cm™. For
quantitative analysis of ChCl and urea, the areas of the peaks at 714.97 cm*
and 1002.51 cm™ were used, representing the symmetric stretching vibration
of the four C—N bonds of the gauche conformation of choline (v4CN gauche)

and symmetric CN stretching vibrations (vm CN) of urea, respectively. The
peak areas were determined using the Gauss peak function of Origin 2020b
software. For the calibration, 18 ChCl-urea samples with concentrations of
0.05, 0.1, 0.25, 0.5, 1.0, 1.25, 2.5, 5.0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 wt.% were prepared and analyzed five times. The calibration line was
determined using the known ChCl-urea concentrations and an average of the
determined peak areas of five repeated analyses. The standard deviation of the
analysis varied from 0.0025 for the low concentrations to 3.15 for the high
concentrations. The limit of quantification (LOQ) and the limit of detection
(LOD) of the analysis method were defined as 0.1 wt.% and 0.05 wt.%,
respectively.

ChCl-urea is known to be hygroscopic; however, in the pre-treatment of
lignocellulosic materials and in the pervaporation experiments it is impossible
to avoid contact with ambient air, and thus it will always contain some water.
Therefore, the calibration samples were prepared only by using fresh DES
without further drying but with minimal exposure to ambient air. Hence, these
results are closer to the real process where the DES is used in the pre-
treatment of lignocellulosic materials, but they still allow the determination of
the relative changes in the compositions of the feed and permeate streams.

2.4. Contact angle measurements

Contact angle measurements were made for both fresh and exposed
membranes to detect the possible differences in the hydrophilicity before and
after contact with ChCl-urea. The interactions between water and membranes
were analyzed by using a static contact angle measurement system — the
Kruss DSA100 (Germany). The system was equipped with a high-speed
camera (64 fps) and designated Kruss analyzing software. The experiments
were conducted at room temperature, using deionized water. To extract the
value of the contact angle, a height-width method was used, where the shape
of the sessile drop describes a circular arc on the surface. The value of the
contact angle was calculated from the height and width of the rectangle which
encloses the circular arc. For each membrane, three separate measurements
were conducted at different locations, the results were averaged, and the
standard deviation was calculated.

2.5. Field emission scanning electron microscope imaging

Field emission scanning electron microscopy (FESEM) was performed to
observe whether the ChCl-urea exposure had changed the membrane surface
or detached the active layer. FESEM images of fresh and exposed membranes
were taken with a Zeiss Ultra Plus device. Prior to imaging, the membrane
surface was coated by platinum sputtering for 30 s at 40 mA.

2.6. Focused ion beam-scanning electron microscope measurements

Focused ion beam-scanning electron microscope (FIB-SEM)
measurements were performed on the fresh and exposed membranes to
observe any possible changes in the thickness of the membrane active layer.
Prior to the measurements, the membrane surface was coated by platinum
sputtering for 60 s at 40 mA. The FIB-SEM measurements were performed
with dual-beam FEI Helios NanoLab 600 equipment. The thicknesses of the
membrane active layers were measured from several different locations, the
results were averaged, and the standard deviation was calculated.

Table 1
Studied pervaporation membranes and their characteristics as given by the
manufacturers.

Membrane Manufacturer Active layer Suppqrt
material
PERVAP Cross-linked copolymers
4155-80 DeltaMem AG with PVA
PDMS Hereon PDMS PAN on PES
non-woven
PDMS-PVA- Hereon TiO2 reinforced PVA with PPSU on PPS
TiO2 PDMS protection layer non-woven

2.7 Pervaporation experiments

The dehydration experiments were performed with a laboratory-scale P28
cross-flow  membrane unit (CM-CELFA Membrantrenntechnik AG,
Switzerland) (Fig. 1). The effective membrane area is 2.8 x 10° m? and the
maximum feed volume is 500 mL. The equipment operates in batch mode,
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i.e., the retentate is circulated to the feed tank while the permeate is removed
from the system. The temperature of the feed solution was maintained at 50,
55, or 60 °C using a Lauda Ecoline Staredition E 103 thermostatic unit. The
feed stream was circulated with a Scherzinger 3000 3B/M gear pump
equipped with a frequency converter. The ChCl-urea feed flow rates at the
experimental temperatures of 50, 55, and 60 °C were 0.25, 0.28, and 0.31
L/min, respectively. The permeate side pressure was maintained at 1 mbar
with a rotary-vane Varian DS 302 vacuum pump. The permeate was removed
and condensed in liquid nitrogen cryo traps. The feed stream contained 90
wt.% ChCl-urea and 10 wt.% water. To achieve the desired conditions, the
system was conditioned for 1 hour prior to each experiment. Each experiment
lasted for 4 hours. Samples were taken from the initial feed solution, regularly
from the feed and permeate during the experiment, and eventually from the
remaining feed solution. The pH was measured from the initial and the
remaining feed samples with a VWR pHenomenal pH 1000 L pH meter.

The experimental plan was created using MODDE 12.1 Pro software
(Sartorius Stedim Data Analytics AB). The variables of the screening model
were membrane and temperature (T) and the responses were the total
permeate flux (Jr) and permeate water concentration (Cup).

2.8 Calculations of membrane performance

The mass transfer in pervaporation is described by the solution-diffusion
model, and the driving force can be expressed as a gradient in the vapor
pressure between the liquid feed and the permeate vapor. The flux of
compound i through the membrane can be defined as Ji = Qi (pis - pip), where
Qi is the membrane permeance. The partial vapor pressures pis and p;, of the

Cryo traps

Vacuum
pump

compound i in the feed and permeate side can be defined by the extended
Raoult’s law: pir = 7 Xir pi°, Where y is the activity coefficient of the
compound i, xi¢ is the mole fraction of the compound i in the feed, and p! is
the vapor pressure of the pure compound i. The vapor pressure of compound i
on the permeate side can be defined as pi, = yip p°, where vy, is the mole
fraction of the compound i in the permeate, and pP is the permeate side
pressure.

The experimental permeate flux was calculated using the equation J =
m/(tA), where m is the mass of a permeate sample during time t and A is the
effective membrane area. The separation factor of water and ChCl-urea was
calculated as follows:

_C,/(-C) @)
PoCa-c,

where c;, is the concentration of the compound i in the permeate and cis is
the concentration of the compound i in the feed. The vapor pressure of ChCl-
urea on the feed side was calculated using the Antoine equation:

h, @

Inpi‘fzhl_-r_'_h

3

where p; ¢ is the vapor pressure (mmHg), T is the temperature (K), and
hi’s are parameters presented by Wu et al. [29].

Feed tank|

>
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Membrane
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Thermostate

/

Retentate
discharge

Fig. 1. Experimental setup of the pervaporation unit.

3. Results and discussion

3.1 Effect of ChCl-urea on membrane properties

3.1.1 NMR analysis

The *H NMR spectra of the fresh ChCl-urea and the ChCl-urea samples
after the exposure tests along with PERVAP 4155-80 in DMSO-ds are
presented in Fig. 2. The assignment of the ChCl-urea spectrum (i in Fig. 2) in
DMSO-ds was based on the previous assignment presented by Delso et al.
[30]. The trace water signal was assigned to around 3.36 ppm, based on the
NMR chemical shifts of trace impurities reported by Fulmer et al. [31]. The
IH NMR spectrum of PERVAP 4155-80 (iv in Fig. 2) shows weak signals of
the PVA polymer. The peak of CH, protons of PVA appears at around 1.38
ppm, CH at 3.83 ppm, and the trace peaks of OH proton appear at 4.22, 4.46,
and 4.65 ppm [32]. The unidentified component of PERVAP 4155-80 shows
the main peaks at 2.03 and 3.14 ppm. The exposed ChCl-urea samples (ii and
iii in Fig. 2) show only signals corresponding to ChCl-urea. Similar analyses
were carried out for the PDMS and PDMS-PVA-TIiO, membranes; the
comparisons of *H NMR spectra are presented in Figs. A.1 and A.2. Based on
the *H NMR analyses, all three membranes seem to be stable under the
studied exposure conditions.

3.1.2 Field emission scanning electron microscope imaging

The FESEM images of the fresh and exposed membranes are presented in
Fig. 3. No changes were observed in the PERVAP 4155-80 membrane surface
after exposure. However, the surface of the PDMS-PVA-TiO, membrane
became wrinkled after exposure at 60 °C. At some locations, the surface of
the PDMS membrane after the exposure looked slightly more porous than the
fresh membrane, especially when several images were taken sequentially at
the 5,000x-10,000x magnifications. One reason for these changes might be
swelling caused by the dissolved ChCl-urea inside the membrane structure.
On the other hand, the PDMS membrane was very sensitive towards the
electron beam in SEM. In addition, some samples (Fig. A.3) appeared to
contain a higher amount of residual ChCl-urea in the membrane. However, it
cannot be concluded from these FESEM images whether the ChCl-urea exists
on the top or bottom surface or inside the membrane structure, and if the
latter, in which membrane layer in particular it exists. Additionally, in the
exposure studies, the whole membrane samples were immersed in ChCl-urea,
whereas during the pervaporation experiments, only the membrane active
layer was in contact with the ChCl-urea feed stream.
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(iv) PERVAP 4155-80 in DMSO-d,

(iii) DES (PERVAP 4155-80 exposure at 60 °C) in DMSO-d, L u
(ii) DES (PERVAP 4155-80 exposure at 40 °C) in DMSO-d, U U
v
€4 /d «— DMsO

o]
HN— e
® NH,

(i) DES in DMSO-d,

Fig. 2. *H NMR spectra of fresh DES (i), exposed DES samples (i and iii), and PERVAP 4155-80 (iv) in DMSO-ds.

Date :12 Jun 2020 =SE2 EHT= 500k Signal A= SE2 Date :9 Jun 2020
PERVAP 4155-80 BifreshB-11. Mag= 1000KX  PERVAP 4155-80_Sdd0c-1 W= 4.1 mm Mag= 1000KX  PERVAP 4165-80_5460a-08

‘Signal A= SE2 Dato :19 Apr 2021 Signal A= SE2 Date 110 Feb 2021 . EHT = 600k ‘Signal A= SE2
WD = 50mm Mag= 1000KX  3_TiO2_fresh_a- 04r H WD = 50mm Mag= 1000KX  4_TiO240C148f W= 49mm Msg= 1000KX  Tio2_60C_a-058f

Signal A= SE2 EHT= 500k Signal A= SE2 5 EHT = 5,00k Signal A= SE2
WD= 47 mm Mag® 1000KX  POMS._frosh_uusinta-108 WD =108 mm Mag= 1000KX  PDMS_40C_b-09.sf WD = 49 mm Mag= 1000KX  POMS_60C_a21 8f

Fig. 3. FESEM images at 10,000 x magnification of a) PERVAP 4155-80, b) PDMS-PVA-TiOz, and c) PDMS membranes before (left), after exposure to ChCl-urea at 40 °C
(middle), and after exposure at 60 °C (right).
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3.1.3. Focused ion beam-scanning electron microscope measurements

The results from the FIB-SEM measurements are presented in Table 2
and Figs. A.4-A.6.

The results show that the thicknesses of the membrane active layers did
not decrease during the exposure to ChCl-urea, confirming the 'H NMR
results that no membrane material was dissolved. On the contrary, the
thicknesses of the active layer of each membrane increased, indicating
swelling, i.e., an increase in the volume of the membrane caused by the
dissolution of solutes into the membrane polymer. Severe swelling, while
increasing permeability, may decrease the selectivity of the membrane or, at
worst, even change the nature of the mass transfer from diffusive towards
convective [33]. The presence of ChCl-urea inside the membrane active layer
can be best observed in Fig. A.6.b-d, after the contact of the PDMS-PVA-
TiO, membrane with ChCl-urea. These FIB-SEM images complement the
FESEM images, verifying the existence of ChCl-urea, particularly inside the
active layer. As a comparison, the thicknesses of the membranes used in the
pervaporation experiments were measured. The average thicknesses of the
PDMS-PVA-TIO, and PDMS active layers after the pervaporation
experiments were between the thicknesses after the exposures at 40 °C and 60
°C. In contrast, the active layer of the PERVAP 4155-80 was thicker than in
the exposure tests, and 83% thicker than that of the fresh membrane, hence
indicating an even higher degree of swelling during the pervaporation
experiments. This may be due to the 10% water concentration in the basic
ChCl-urea feed stream which may have increased the degree of swelling of
the hydrophilic PERVAP 4155-80 membrane, whereas it did not have an
effect on the hydrophobic PDMS-PVA-TIO, and PDMS membranes. This
suggestion is supported by observations by Angelini et al. [34]. According to
their observations, an increase in the water concentration of a basic feed
stream increased the swelling of the hydrophilic PERVAP 4155-30 and
PERVAP 4155-70 membranes, which are similar to the PERVAP 4155-80
membrane used in this study, apart from different ratios of PVA and the
copolymers [34]. In their swelling studies with ionic liquids, 1zak et al. [35]
also observed that the degree of swelling of a Nafion membrane was higher in
a binary mixture of IL and H,O than with each component separately. The
FIB-SEM results also show the combined effect of both ChCl-urea and water
on the swelling of hydrophilic membranes.

3.1.4 Contact angle measurements

The contact angle results are presented in Table 3. The relatively low
values of standard deviation indicate the stable behavior of the samples and
homogeneity of the treatments.

Table 3 shows a decrease in the water contact angles of the PV
membranes: 78% for PERVAP 4155-80 and around 6% for PDMS and
PDMS-PVA-TIO,, caused by the exposure to ChCl-urea, indicating an
increase in hydrophilicity or a decrease in hydrophobicity, respectively. The
increase in hydrophilicity may predict higher selectivity towards the water.
Table 3 also shows that higher temperatures produced a higher increase in
hydrophilicity. The water contact angles of the fresh membranes are in good
correlation with other reported values of 45.3° [36] and 105.5-128° [37-40]
for the PERVAP 4155 (different amounts of PVA and copolymer) and PDMS
materials, respectively. Since the PDMS-PVA-TIO, has a PDMS protection
layer on its surface, its contact angle was compared to the PDMS and not to
the PVA and TiO, materials.

Table 2

3.2. Dehydration of ChCl-urea

The permeate fluxes were lowest with the PERVAP 4155-80 membrane
and highest with the PDMS membrane (Table 4). As expected, the increase in
the experimental temperature increased the fluxes. All these fluxes are higher
than the reported fluxes of ~30 g m2nh in the dehydration of Ethaline [10]
and 3.39 g m2h? in the dehydration of [AMIM]CI at 60 °C [5] from a
feedwater concentration of 10 %; however, the experimental temperatures
were not reported in [10]. Schéfer et al. obtained a flux of ~ 18 g m?ht in the
dehydration of [BMIM]PFswith a feed water concentration of 17 g/L at 50 °C
[26]. Sun et al. [27], reported permeate fluxes of 400-500 g m2h? in
dehydration of 20% [EMIM]OACc at 50 °C. Nevertheless, any comparisons
are only indicative due to differences in the experimental setups, membranes,
feed compositions, and operating conditions.

The measured Raman spectrum of ChCl-urea is presented in Fig. A.7.
The highest Raman band at 1002.51 cm™ is assigned to the symmetric CN
stretching vibrations (vsym CN) of urea. The second highest peak at 714.97 cm”
1 is assigned to the symmetric stretching vibration of the four C—N bonds of
the gauche conformation of choline (vs:CN gauche). [41-44] These two bands
were monitored in the quantification. Other characteristic peaks were also
monitored, and they are assigned in Table A.1. The calibration line is
presented in Fig. A.8.

The characteristic bands of choline and urea were not detected in any of
the permeate samples, and the PERVAP 4155-80 permeate Raman spectra
were identical to those of pure water samples. Therefore, it can be concluded
that swelling did not have a detrimental effect on the selectivity of the
membrane. However, extra peaks (Fig. 4) were detected in the permeate
samples in the experiments with PDMS and PDMS-PVA-TiO,, most likely
due to the decomposition of ChCl-urea into carbachol (bands 1036 and 1070
cm™: NH, wag of H,NCOO", (v NH,) [45], and symmetric CO stretching
vibration (vsm CO) [46], respectively) and ammonia (band 1117 cm™). Also,
the CN stretching vibration of H,NCOO" (v CN) can appear at 1120 cm* [45].
Due to the absence of the choline and urea bands, Fig. 4 shows permeation of
only water, ammonia, and carbamate, which can further react to carbonate in
presence of ammonia [47]. The presence of ammonia was verified by
recording the Raman spectra of 1, 5, 10, and 25% ammonia solutions and
comparing the resulting spectra with the permeate spectra; however, the
concentrations were not quantified. These observations indicate the
decomposition of ChCl-urea already at the experimental temperature range of
50-60 °C, but they may also originate from the preparation of ChCl-urea DES
at 100 °C. In the presence of impurities/other compounds, ChCl-urea has been
reported to partially decompose at 80 °C [48,49]; however, no systematic
studies of the decomposition of ChCl-urea were found. The decomposition
products could not be detected in any of the feed samples, or at least their
concentrations may have been so small that they were overpowered by the
strong ChCl and urea bands.

Vapor pressures of water, ChCl-urea, ammonia, and carbachol are
collected in Table 5. Since the data for the vapor pressure calculations of the
mixture (pir’s) was found only for 80 wt.% ChCl-urea solutions from [29], the
numbers are only indicative. The vapor pressures of water and ammonia are
significantly higher than that of ChCl-urea, and hence their permeation is
more favorable. This verifies the observations about the presence of water and
ammonia in the permeate Raman spectra.

Thicknesses (um) of the membrane active layers before and after exposure to ChCl-urea and after the pervaporation experiments.

PERVAP 4155-80 PDMS PDMS-PVA-TIO;
Fresh 40°C  60°C PV experiment Fresh 40°C 60°C PV experiment Fresh 40°C  60°C PV experiment
Average 1.30 2.12 1.89 2.38 1.92 2.49 2.08 2.05 2.66 2.66 3.06 2.79
St. Dev. 0.10 0.09 0.04 0.13 0.32 0.36 0.09 0.18 0.64 0.19 0.23 0.10

Table 3

Contact angles (°) of the pervaporation membranes before and after exposure to ChCl-urea at 40 °C and 60 °C.

PERVAP PERVAP PERVAP PDMS- PDMS- PDMS-
4155-80 4155-80 40 4155-80 60 PDMS fresh PDMS 40 °C PDMS 60 °C PVA-TiO, PVA-TiO: PVA-TIO:
fresh “C “C fresh 40°C 60 °C
Average 43.87 13.83 9.57 112.77 107.83 105.90 109.33 103.15 102.90
St. Dev. 0.31 1.40 1.76 0.12 0.92 0.72 0.40 1.72 0.88
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Table 4
Pervaporation experiments include experimental permeate fluxes and ChCl-urea
concentrations.

vembrane (L) PRI S P Chotune
PERVAP 4155-80 50 58.04 +2.14 <0.05
PERVAP 4155-80 55 71.43 +214 <0.05
PERVAP 4155-80 55 65.18 +214 <0.05
PERVAP 4155-80 60 107.14 +214 <0.05
PDMS-PVA-TIO: 50 178.57 +2.14 <0.05
PDMS-PVA-TIO: 60 214.08 +214 <0.05
PDMS 50 267.64 +214 <0.05
PDMS 60 413.39 +214 <0.05
Table 5

Vapor pressures of water, ChCl-urea, and ammonia. pir’s were calculated for a
mixture containing 80 wt.% ChCl-urea.

Compound pi® (mbar) pif (mbar)
Water 123.44 [50] 90.64*

ChCl-urea - 2.76 **

Ammonia 287 [51] -

* Calculated using Raoult’s law, value for yw from [29].
** Calculated using Antoine equation, (Eq. 2), values for hi’s from [29].

—— NH, (25%)
—— NH, (1%)
—— Permeate
—— H,0

Intensity (a.u.)

T T T T T T T T
0 500 1000 1500 2000
Raman Shift (cm™)

Fig. 4. Comparison of the Raman spectra of PDMS permeate to 25% and 1% NH3 and
pure DI water.

4. Conclusions

This study shows that pervaporation is a promising method for the
dehydration of ChCl-urea, and stable membranes in the presence of ChCl-
urea were found. According to these results, ChCl-urea did not dissolve the
active layers of the studied membranes. However, the swelling was observed
in all membranes after being in contact with ChCl-urea and a ChCl-urea-
water solution. PERVAP 4155-80 showed high selectivity towards the water,
but the permeate fluxes were significantly lower than with the other two
membranes. The PDMS membrane showed the highest permeate fluxes; 1.5 x
higher than PDMS-PVA-TIiO; and 4 x higher than PERVAP 4155-80.

Raman spectroscopy was employed in the analysis of ChCl-urea samples
and it proved to be a promising method for this kind of application. ChCl-urea
was not detected in any of the permeate samples. On the other hand,
decomposition products of ChCl-urea were detected in the permeate samples
of PDMS and PDMS-PVA-TIO,, indicating the partial decomposition of
ChCl-urea during the preparation or pervaporation process. However, their
concentrations were relatively small. Because ChCl-urea may not be fully
stable under the experimental temperatures of 50-100 °C, mild temperatures
are recommended for actions where ChCl-urea is used.

Since the aim of this study was to enable the re-use of ChCl-urea, the
removal of the degradation products along with water is highly beneficial for
the overall process. Hence, the PDMS membrane, with the simultaneous
removal of water and the degradation products, and with the highest permeate
fluxes was the most promising membrane for the dehydration and purification
of ChCl-urea. Therefore, it could also be the most feasible membrane from
the industrial point of view. Future research should be concentrated
particularly on the performance of the membranes during a long-term
dehydration process. In addition, to avoid or minimize the decomposition of
ChCl-urea and to increase the membrane lifetime, dehydration with the
PDMS membrane at lower temperatures merits study.
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[NMIM]PFs 1-Methyl-3-nonylimidazolium phosphor hexafluoride
NMR Nuclear magnetic resonance

PAN Polyacrylo nitrile

PDMS Polydimethylsiloxane

PES Polyester

PPS Poly phenylene sulphide

PPSU Poly phenylene sulfone

PVA Polyvinyl alcohol

TiO, Titanium dioxide

TMS Tetramethyl silane
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