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Sustainable separation processes are crucial for industries like chemicals and pharmaceuticals and mem-
brane technology stands out for its low energy consumption. However, membrane fabrication typically
involves large amounts of solvents, which are facing tighter scrutiny due to environmental regulations.
This work tackles the quest to replace toxic solvents and proposes thymol and its mixtures with other
natural components as green solvents. Thymol, despite being solid at room temperature, forms homo-
geneous liquid solutions with a high-performance polyetherimide, exhibiting behavior analogous to deep
eutectic mixtures observed for small molecules. Through spectroscopic, thermal, and rheological ana-
lyses, we elucidate the role of hydrogen bonding between carbonyl and hydroxyl groups in these solu-
tions. We utilized the findings for membrane fabrication. Hollow fibers were spun in continuous machines
using the green solvent dope solutions. These fibers coated with polyphenols were assessed for air dehu-
midification, showcasing the successful translation of fundamental investigation into membrane pro-

rsc.li/greenchem duction and application.

Introduction

The chemical industry must be more sustainable, minimizing
the negative environmental and health impacts of its processes
and product manufacturing, preventing toxic discharge and
the exposure of staff and final users to concerning substances.
This is expected to happen while keeping or enhancing econ-
omic competitiveness. The need for changes drives opportu-
nities and the search for sustainable solutions might enable
new technologies and access to products not available today.
However, fulfilling all requirements for sustainability is highly
challenging. To propel the implementation of several sustain-
ability goals, Europe has been a pioneer in regulations for the
use of chemicals, which eventually gets adopted in other parts
of the world. The Registration, Evaluation, Authorization and
Restriction of Chemicals regulations by the European
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Chemicals Agency protect human health and the environment
by identifying hazardous chemicals. These restrictions are per-
colating to all chemical-based manufacturing sectors. The fab-
rication of membranes for water, biomedical, food and chemi-
cal separations is heavily based on organic solvents, such as
N,N-dimethylformamide (DMF) or N-methyl-2-pyrrolidone
(NMP). Due to increasing concerns about the carcinogenic,
toxic to reproduction, and respiratory sensitizing effects of
DMF," the European Union has recently raised restrictions on
its use requiring stricter risk management and operational
condition control.> NMP has been marked to be used only if
strict exposure limits are ensured. The industry must be pre-
pared to substitute their processes and use more sustainable
solvents in the future.>* Additionally, in the last few years, the
United States Environmental Protection Agency and the
Occupational Safety and Health Administration agency are
spearheading to impose a ban on toxic substances.”®

This work tackles the quest for finding alternative sustain-
able solvents for polymers with particular interest for the fabri-
cation of membranes for sustainable separations. Synthetic
membranes are produced as flat sheets and hollow fibers.
Their complex morphology, essential for membrane perform-
ance, is highly influenced by the thermodynamics of polymer-
solvent interactions and by the kinetics of phase separation
processes induced during the fabrication process by exposure
to a non-solvent. Therefore, the challenge is not only the
polymer solubilization, but also the full control of thermo-
dynamic and rheological aspects leading to the required pore
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structure morphology when a traditional solvent is substituted
by an alternative.

The best solutions come from nature. Hydrogen bonds are
essential for functions and processes in living organisms,
driving the formation of biological structures, recognition, and
association of biomolecules like proteins. Hydrogen bonds are
formed by the donation of electron-deficient hydrogen atoms
to lone electron pair-containing groups as Lewis acids and
bases. Carbonyl and hydroxyl groups are major hydrogen bond
acceptors. Hydrogen bonds are strongly connected to the solu-
bilization of highly concentrated substances in plants, which
in many times exceed the expected solubility levels in water
under comparable thermodynamic conditions of temperature
and pressure.” Examples are honey and maple syrup, which
have low water content.® In several examples, natural liquid
systems have a significantly lower solid-liquid phase transition
temperature compared to those of the single components, jus-
tifying their classification as deep eutectic solvents (DESs).
They are fundamental to maintain important metabolic func-
tions even in extreme conditions of drought, high salinity, and
low temperature. They have been linked to the preservation of
enzyme conformations, preventing denaturation, enabling the
retention of water and tuning the viscosity for the mobility and
transport of biomolecules like nucleic acids.’

The solubility of proteins, polysaccharides and phenolic
metabolites has been demonstrated to be higher in DESs than
in water, stimulating expectations for their potential as green
solvents for extraction of bioactive compounds and other appli-
cations.’® We have been inspired by the observations in
natural biological systems in the search for new green solvents
for polymer membrane fabrication. Many of the mixtures
classified as DESs are purely natural with advantages of low
vapor pressure, low flammability, high bio-based content, bio-
compatibility, and low cost."* ™ Previous research using DESs
for polymer systems could be exemplified by five different
approaches. The most explored is the use of hydrophilic DESs
to dissolve hydrophilic polymers such as cellulose and enable
chemical modifications such as conversion into carbamate
fibers.'® Another approach involves the synthesis of polymeric
materials, formed by a strong interaction between hydrogen
bond donors like polyphenols and an ionic hydrogen bond
acceptor (e.g., ammonium)."” The next two examples explore
the self-polymerization ability of monomers (as gelators)
without any initiators, forming analogues of iongels termed
‘eutectogels’,'®'® and the in situ polymerization of DES com-
ponents to form conducting materials.”>*' A final example is a
block copolymerization conducted in DES medium as a
solvent and induced self-assembly.*?

Our motivation in this work is the full substitution of
chemicals like DMF and NMP by natural compounds, provid-
ing a sustainable process for membrane fabrication. Almost all
previous attempts to use DESs for this purpose have focused
on hydrophilic mixtures as additives, pore-forming agents, and
co-solvents.>* > Ismail et al.>® synthesized N-methylacetamide-
based hydrophilic DESs with the aim of solubilizing poly(viny-
lidene fluoride) (PVDF) to produce PVDF membranes, adding
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polyvinylpyrrolidone (PVP) as a pore-forming agent. We
recently used a hydrophilic DES constituted by a mixture of
urea and propionic acid to dissolve lignin for membrane
preparation.”® The solubilization of other polymers by hydro-
philic DESs has been so far restricted to low concentrations
insufficient for membrane casting. Mixtures of hydrophobic
natural components with deep eutectic properties have been
more recently identified and evaluated for applications mainly
centered around (micro) extraction, therapeutics, chemical
and environmental purposes.”’*' Their consideration for
membrane related purposes has been restricted as additives or
as extractive pore-filling compounds in liquid membranes.*?

Herein, we innovate first by exploring green solvents for
high-performance polymers and for membrane fabrication
fully based on hydrophobic natural components that are solid
at room temperature. We focus on a series of natural hydro-
phobic mixtures containing thymol along with aroma com-
pounds.*® We demonstrate and compare the selected solvent
mixtures applied to Ultem®, a polyetherimide whose industrial
solvents have been DMF and NMP. Secondly, we contribute to
the fundamental understanding of the interactions between
the solid compounds and with the polymer through compre-
hensive chemical characterization employing Nuclear
Magnetic Resonance (NMR) and other methods. Our investi-
gation leads to the first report of a binary liquid solution in
which one component is a polymer and the other is a single
hydrophobic natural solvent, both solid at room temperature.
We use the polymer solutions to fabricate hollow fibers, which
were scaled up using a dry-jet wet spinning unit, dip-coated
with a natural polyphenol layer and tested for air
dehumidification.

Results and discussion
Thymol-based solvents for Ultem®

We explored a series of natural compounds and their mixture
for the solubilization of Ultem®. The mixtures were consti-
tuted by thymol and as a secondary component pr-menthol,
raspberry  ketone  (4-(4-hydroxyphenyl)-2-butanone), and
p-camphor at various molar compositions (1:1, 4:1 and 1:4)
prepared and stored at 25 °C. All single components are solid
at room temperature. The melting temperature of thymol is
49-50 °C. The physicochemical properties of the mixture com-
ponents are detailed in Table S1.f The glass transition temp-
erature of Ultem® is 207 °C. We initially targeted a dope solu-
tion concentration of at least 13 wt% polymer with viscosity
adequate for hollow fiber fabrication. As shown in Table S2
and Fig. S1,T all mixtures with a high thymol ratio were able to
dissolve the polymer at 70 °C, as well as thymol as a single
solvent. As the temperature decreased to 25 °C, only solutions
in thymol/raspberry ketone (4:1) and pure thymol did not
demix. The dope solutions containing bpr-menthol and
camphor became unstable below 50 °C and 70 °C, respectively.
Thus, we selected the mixture 4:1 thymol/raspberry ketone
which could be used to prepare dope solutions for convenient
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hollow fiber spinning close to room temperature. We also
observed that pure thymol can conveniently dissolve Ultem®,
forming a stable dope solution at room temperature.

The thymol/raspberry ketone solutions were investigated by
differential scanning calorimetry (DSC) and NMR spectroscopy
to understand the reasons for their behavior as deep eutectic
solvents. Hydrogen bonding is expected to play a key role. Fig. 1
shows the characterization of the pure components and their
mixtures. Well-defined melting and crystallization peaks for the
single components are shown in Fig. 1a, but no peak is seen for
the mixture in the investigated range between —70 and 100 °C.
1t reflects the fact that the mixture is liquid in this temperature
range. The molecular arrangement of thymol and raspberry
ketone is disrupted in the mixture with the formation of hydro-
gen bonds between the two components without the possibility
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Fig. 1 Thermal and spectroscopic characterization of thymol/raspberry
ketone mixtures. (a) Differential scanning calorimetry (DSC) of single
components and a 4:1 mixture ratio. (b) Diagram depicting hydrogen
bond formation. (c) *"H NMR and *C NMR spectra of mixtures with
different thymol/raspberry ketone ratios as evidence of chemical shifts
of the carbonyl and hydroxyl ketone peaks and the hydroxyl peak of
thymol. (d) 2D *H NMR NOESY overlap spectra of thymol and a 4:1
thymol/raspberry ketone mixture.
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of regular packing required for crystallization. The result is the
absence of the melting peaks in the DSC curves.

NMR spectroscopy elucidates the intermolecular inter-
actions between the mixtures of thymol and raspberry ketone.
'H NMR spectroscopy (Fig. 1c) demonstrates shifts of peaks
relative to the hydroxyl groups of thymol and raspberry ketone
when mixed in different ratios. "H NMR chemical shifts (5,)
are closely related to the molecular electronic structure and
intermolecular hydrogen bonding will result in a decrease in
the diamagnetic shielding around the hydrogen nucleus. It
leads to the resonance of the proton concerned to be shifted to
low field. This is referred to as the deshielding effect on the
bridging hydrogen atom and "H &, can be used for identifying
and characterizing hydrogen bonding.>* In general, a conven-
tional hydrogen bonding will lead to a chemical shift of the
bridging proton to move downfield by 1-4 ppm.

The hydrogen bond interactions between the hydroxyl
groups of the two compounds also lead to shifts in the 2D "H
NMR NOESY (Nuclear Overhauser Effect Spectroscopy) spectra
(Fig. 1d). NOESY is a proton-proton through space correlation
spectroscopy technique, where the transfer of magnetization
among the spins can be detected through dipolar coupling.
The NOESY spectrum presents diagonal and cross peaks, and
the latter represent the nuclei that are close in space rather
than coupled with each other via covalent bonds.

'H and "*C NMR spectra in CDCl; for the components are
individually shown in Fig. S2-S5.7 The spectra of thymol/rasp-
berry ketone mixtures are shown in Fig. S6 and S7.7 The differ-
ence in chemical shifts (A§) between thymol and raspberry
ketone signals in individual solutions in CDCl;, and their
signals in the mixtures diluted in CDCl;, are shown in
Table S3.f When hydrogen atoms are drawn by electron-with-
drawing elements or groups to form hydrogen bonds, they
exhibit downfield chemical shift variations. As depicted in the
Fig. 1c and Table S37 for spectra of mixtures with thymol/rasp-
berry ketone with different molar ratios, a downfield shift of the
proton peak relative to the thymol OH group occurs as the con-
centration of raspberry ketone increases. These results indicate
the formation of hydrogen bonding, and the interaction scheme
is proposed in Fig. 1b, with thymol being a hydrogen bonding
donor. The proton signals relative to the raspberry ketone -OH
follow a mixed behavior. When comparing raspberry ketone and
the 1:1 mixture, a downfield shift is seen, indicating that the
raspberry ketone hydroxyl oxygen is acting as an H-bond donor.
However, as the ratio of thymol increases, the shift inverts to
upfield indicating that the oxygen acts as an acceptor as the
amount of thymol becomes preponderant. The strongest inter-
action happens between the proton of the thymol hydroxyl
group and the carbonyl group of raspberry ketone, which can be
detected by >C NMR spectroscopy (Fig. 1c and Fig. S71). The
peak shifts from 209.57 ppm to a maximum of 210.37 ppm in
the presence of thymol.

The quantification of H-bond accepting or donating ability
can be evaluated using *'P NMR spectroscopy, following a pro-
cedure reported by Franz and co-workers.*>® We used a
triethyl phosphine oxide probe in a solution together with

This journal is © The Royal Society of Chemistry 2024
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thymol, raspberry ketone or Ultem®. The results are shown in
Fig. S8.1 Raspberry ketone binding to the probe resulted in the
largest shift downfield AS (*'P) value (AS = 4.95 ppm) upon
binding to the probe. The A§(*'P) value for thymol was A§ =
3.89 ppm. This indicates that raspberry ketone has a higher
H-bond donating ability than thymol, if we consider only the
—-OH group. This can be explained by comparing these two phe-
nolic compounds regarding their electron-withdrawing or
donating groups in ortho-, meta- and para-positions. Thymol has
ortho-isopropyl and meta-methyl weak electron-donating groups,
while raspberry ketone has a para-aliphatic ketone weak elec-
tron-withdrawing group. It is reported that within a phenol
series, electron-withdrawing groups result in greater A§(*'P)
values upon TEPO binding than electron-donating groups, as
observed here. The H-bond donating ability of raspberry ketone
explains the downfield shift observed for the 1:1 thymol/rasp-
berry ketone mixture (Fig. 1c). However, the carbonyl group of
raspberry ketone makes it a strong proton acceptor.
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In contrast to thymol and raspberry ketone, Ultem® shifts
the phosphine oxide probe *'P peak upfield. No hydroxyl
group is available in this case and it itself is a proton acceptor,
as discussed later and the carbonyl groups are expected to act
similarly to the carbonyl in raspberry ketone. We confirmed
that the 4:1 thymol/raspberry ketone mixture was able to dis-
solve Ultem®, and observed that, when heated above its
melting temperature, thymol alone could act as a solvent for
Ultem®. In both cases, when the temperature is dropped to
25 °C, the solutions remain stable.

Physical characterization of Ultem® dope solutions

Fig. 2 illustrates the solubilization of Ultem® in thymol along
with the thermal and rheological properties of these polymeric
dope solutions, compared to classical organic solvents like
NMP and DMF. Fig. 2b shows the DSC profile of different solu-
tions. Thymol’s strong melting peak is visible at 50 °C. For
Ultem® solutions in pure thymol, the thymol melting tempera-
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Fig. 2 Physical properties of Ultem® solutions in different solvents. (a) Photograph of thymol, raspberry ketone and a 4 : 1 solution of both. (b) DSC
analysis of thymol and Ultem® solutions in thymol and 4 :1 thymol/raspberry ketone mixtures. (c) Reduced viscosity measured at 25 °C in DMF,
NMP and a solution comprising 4 : 1 thymol/raspberry (TR) ketone and at 50 °C in thymol; calculated critical entanglement concentrations C*. (d)
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ture is still clearly observed, slightly shifted to 48 °C.
Crystallization peaks appear between —10 and 20 °C. While
strong hydrogen bonds between thymol and the carbonyl
groups of Ultem® enable its solubilization and partially
disrupt the packing of thymol molecules, some order remains
and is enough to induce crystallization. However, for solutions
in 4 : 1 thymol/raspberry ketone, no peak is seen, indicating no
crystallization, or melting at least until —70 °C.

The simplest way to understand solubilization is by analyz-
ing the values of Hansen solubility parameters, as reported in
Table S4.1 The polar and H-bonding contributions to the solu-
bility parameter are closer to that of Ultem® than those of clas-
sical organic solvents. The smallest R, values were calculated
for Ultem®/thymol, Ultem®/raspberry ketone and for Ultem®
in 4:1 mixtures of thymol and raspberry ketone, menthol or
camphor. While Hansen solubility parameters are a good start-
ing point to predict potential solvents for a polymer, the
theory is based on the principle of “similia similibus solvun-
tur”. The solubility of the systems investigated in this work is
much more driven by acceptor-donor hydrogen bonding or
Lewis acid-base interactions, which are not considered by the
simplified Hansen solubility approach. A further discussion is
presented later based on spectroscopy results. An indication of
the solvent quality for a specific polymer is given by the critical
entanglement concentration, C*, which indicates how concen-
trated a solution must be to start promoting the entanglement
between polymer coils.?”

The better the solvent, the expanded is the coil in diluted
solutions. More expanded coils start to entangle at lower
polymer concentrations. C* is estimated from values of the
inverse of the intrinsic viscosity. From Fig. 1c, we see that the
largest C* values were estimated for NMP and DMF, which are
thermodynamically the weakest solvents. Ultem® solutions in
thymol and 4:1 thymol/raspberry ketone have similar values
near 2 wt%. Above this concentration, the coils entangle. In
2 wt% Ultem® solutions in DMF, the polymer coils are
compact, minimizing the polymer-solvent interaction. At the
concentrations of 13, 16 and 20 wt% the Ultem®, used in dope
solutions for hollow fiber fabrication, the polymer coils are
highly entangled. The viscosity of the polymer solutions in
different solvents is shown in Fig. 1d. The loss and storage
moduli of dope solutions in different temperatures and sol-
vents are shown in Fig. le, f and Fig. S9.7 The storage
modulus reflects the elasticity of the solution and gel-like be-
havior, which is high for 20 wt% Ultem® solutions in a 4:1
thymol/raspberry ketone mixture. In contrast, solutions in
NMP with the same polymer concentration have low viscosity
and liquid-like characteristics. The rheology of the dope solu-
tion is a key parameter for hollow fiber spinning.

Spectroscopic analysis of Ultem® and solvent interactions

The interactions between Ultem® and thymol and 4 : 1 thymol/
raspberry ketone are understood based on their acceptor/
donor character evaluated by spectroscopy, as shown in Fig. 3.
The "H and *C NMR spectra of Ultem® are shown in Fig. S10
and S11tf and those of their 20 wt% solutions in thymol and

11580 | Green Chem., 2024, 26, 11576-11586
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thymol/raspberry ketone are seen in Fig. 3 and Fig. S12-S21,7
including 2D "H NMR NOESY spectra. As discussed before, the
hydroxyl groups of both thymol and raspberry ketone are
hydrogen bond donors, while carbonyl groups are hydrogen
bond acceptors (interactions depicted in Fig. 3b). Shifts in the
thymol proton peak of thymol hydroxyl groups in the presence
of Ultem® are seen in Fig. 3a and c. Corresponding shifts in
the Ultem® carbonyl and ether peaks are observed in Fig. 3d
3C NMR spectra. A slightly smaller shift is seen in thymol/
raspberry ketone. In the latter, the carbonyl of raspberry
ketone partially competes for interaction with thymol.

'H-"H NOESY analysis of Ultem® in thymol and Ultem® in
thymol/raspberry ketone solutions confirms the intra- and
intermolecular interactions (Fig. S19-S21%). In 4:1 thymol/
raspberry ketone, cross peaks evidence the existence of C-
H---O hydrogen bonds between thymol (§ = 5.09 ppm) and
raspberry ketone (6 = 5.52 ppm) protons in the CDCl; solution
as shown in the extended region of Fig. S21.}

Throughput screening of hollow fiber fabrication conditions

Membrane technology offers a low energy solution for separ-
ations in many industry sectors. The core components are flat
sheet membranes configured as plate and frame or spiral
wound modules and hollow fiber membrane modules. Hollow
fibers are highly utilized for hemodialysis, water desalination,
bioreactors, gas separation, dehumidifiers, etc. They have a
gradient porous morphology customized to suit specific appli-
cations. The principle of pore formation is based on a non-
solvent-induced phase separation (NIPS) method. A dope solu-
tion is spun and coagulated in a non-solvent bath. Several
factors affect their fabrication. Among them are the polymer
dope concentration, solvent composition, spinning tempera-
ture, composition of the coagulation bath and bore fluid, spin-
neret geometry, gap between spinneret and bath, fiber speed
and collecting force. The conditions screening and optimiz-
ation are material- and time-consuming. A high-throughput
automated manipulator was designed to facilitate screening
steps. The set-up is depicted in Fig. S22.f Initially, 13 wt%
Ultem® solutions in pure thymol and in a 4:1 molar thymol
mixture with pr-menthol, raspberry ketone, and p-camphor
were used as dope solutions for fiber fabrication in the auto-
mated manipulator. The temperature was fixed at 70 °C to
guarantee that all solutions would be thermodynamically
stable and compared under similar conditions. Instead of
being spun through a spinneret, a needle was coated by
sequential immersion in the dope solution and the coagu-
lation bath, which consisted of 100% ethanol. The morphology
of the resulting fibers imaged by field emission scanning elec-
tron microscopy (FESEM) is shown in Fig. $23.1 Hollow fibers
prepared using thymol mixtures with menthol and camphor
were fully sponge-like, while those with pure thymol or a
mixture with raspberry ketone had finger-like structures. The
speed of solvent and non-solvent exchange during the pore for-
mation is highly relevant for the morphology. The kinetics of
solvent exchange depends on the viscosity of the dope solution
and on the thermodynamic interaction between the solvent

This journal is © The Royal Society of Chemistry 2024
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spectra of Ultem® and its solutions in thymol and in 4 : 1 thymol/raspberry ketone.

and non-solvent. Ethanol was used as the non-solvent in the
coagulation bath. The ethanol Hansen solubility parameters
are 84 = 15.80, 6, = 8.80, 6, = 19.40. p-Camphor (6, = 4.7) is the
solvent with the lowest similarity to ethanol, at least in terms
of &, value expecting a lower driving force for exchange. More
relevant are the differences in viscosity at the temperatures of
fiber formation. High viscosities promote a slow exchange and
a sponge-like structure. Low viscosity in contrast facilitates a
rapid intrusion of the non-solvent and the consequent finger-
like structures (as in the case of thymol 6}, = 10.8).

Large-scale hollow fiber fabrication by dry-jet wet spinning

When the industrial fabrication is targeted, processes close to
room temperature are preferred. Therefore, Ultem® dope solu-

This journal is © The Royal Society of Chemistry 2024

tions in pure thymol or thymol/raspberry ketone were selected
for hollow fiber fabrication upscale in a pilot continuous dry-
jet wet machine depicted in Fig. S24.7 In this case, unlike in
the automated manipulator, the dope solution is extruded
through a spinneret into the coagulation bath and a bore fluid
is injected into the lumen of the incipient fiber. The solvent-
non-solvent exchange and phase separation process simul-
taneously start from the lumen and the shell side of the fiber.
Ethanol and a mixture of 50% ethanol/water were used as the
non-solvents in the coagulation bath. The coagulation baths
were re-used in the entire study. The conditions for spinning
hollow fibers are detailed in Table S5.F

The FESEM images (cross-sectional and surface images of
the lumen and shell side) of the fibers are shown in Fig. 4a

Green Chem., 2024, 26, 11576-11586 | 11581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc01961j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 August 2024. Downloaded on 2/11/2026 4:09:11 AM.

(cc)

Paper

16 wt% Ultem®

a
[

140

120 4 16 wt% Ultem® r=7 in Thymol
% 'Emo in 4:1 Thymol/
g5 Raspberry Ketone
gE %
« = 60 4
B3
= 40

20 4

0
Coagulation: Ethanol Ethanol/  Ethancl Ethanol/
Waler Waler
e
=" 30,000 5
S Ultem® (Thymol) uncoated
§ 20000 » Ultem® (NMP) uncoated
g o Ultem® (4:1 TR) uncoated
o
‘g_ 10000 TA coating
> TA/PEI coating
& _27\,,—3-—0 Vacuum
© Sweep
=
20 25 30 35 40

Temperature (°C)

View Article Online

Green Chemistry

8
6
&
=4
&2 -
Hd —— Thymol
o ¥ . i —— Thymol
0 5 10 15 20
Strain (%)
d
100 -

L

— 4:1TR 100% Ethanol
~— 41TR 50% Ethanol
— Thymol 100% Ethanol
— Thymol 50% Ethanol

v

Rejection (%)
o 8 8 8 &

0 20000 40000 60000 80000 100000

Molecular Weight (g mol-)
f
250000 7\5\ Vacuum
= 4, A
40,000 2 A sw
‘% TAJPEI coating oep
S 30,000
8 20,000
S
& 10000 Ultem® uncoated
2 0 TA coating
20 25 30 35 40
Temperature (°C)

Fig. 4 Characterization of hollow fibers. (a) FESEM cross-sectional images of hollow fibers fabricated from 16 wt% Ultem® solutions in thymol and
in 4:1 thymol/raspberry ketone coagulated in ethanol. (b) Stress—strain curves of hollow fibers prepared from different dope solutions. (c) Water
permeance of hollow fibers prepared from 16 wt% Ultem® solutions in thymol and in 4 : 1 thymol/raspberry ketone coagulated in ethanoland in 1:1
ethanol/water. (d) Rejection of polyethylene glycol with different molecular weights. (e) Water vapor permeance and (f) water vapor/N, selectivity of
uncoated hollow fibers prepared from solutions in different solvents before and after coating with tannic acid (TA) and TA/hyperbranched polyethyl-
eneimine (PEI) as a function of temperature. Experiments were performed under vacuum and sweep gas.

and Fig. S25, S26.1 The 16 wt% Ultem® dope solution with
4:1 thymol/raspberry ketone has a viscosity of 11.0 Pa s while
with pure thymol, the viscosity is 4.0 Pa s at 45 °C. Symmetric
finger-like cavities are formed. When the polymer concen-
tration is increased to 20 wt%, the viscosity rises to 56 and 20
Pa s, respectively, leading to slower phase separation and
higher resistance for intrusion of the non-solvent. A sponge-
like structure is then favored.

Fig. 4b and Fig. S271 showcase the mechanical pro-
perties of the hollow fibers prepared from dope solutions
in thymol, 4:1 thymol/raspberry ketone and N,N-methyl
pyrrolidone. The fibers produced from solutions in the
newly proposed green solvents are mechanically stronger
than those prepared in NMP and can withstand higher
stress. The viscosity and the loss modulus of dope solu-
tions in NMP are lower (see Fig. 2d and Fig. S9f). The

1582 | Green Chem., 2024, 26, 11576-11586

Young’s modulus, toughness, tensile strength, and elonga-
tion at break values are similar for fibers prepared from
dope solutions in thymol and in 4:1 thymol/raspberry
ketone at concentrations 16 wt% and 20 wt% Ultem®.
Fig. S28t confirms that thymol is not present in the fibers
after fabrication.

Fig. 4c and d show the pure water permeance and
molecular weight cut-off estimation curves for hollow fibers
fabricated from 16 wt% Ultem® dope solutions in thymol
and 4:1 thymol/raspberry ketone. The latter have per-
meances of 60.5 and 79.3 L m~> h™' bar™, as the bore
fluid shifted from 100% ethanol to 1:1 ethanol/water. The
permeances were higher for membranes produced from
thymol, with permeance values of 126 and 112 L m™> h™*
bar™' when coagulated in 100% ethanol and 1:1 ethanol/
water, respectively.

This journal is © The Royal Society of Chemistry 2024
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Coating and characterization of hollow fibers for air
dehumidification

We recently prepared Ultem® hollow fibers from dope solu-
tions in NMP.***® We have explored diethyleneglycol as a
pore-forming agent, along with different spinning parameters,
to obtain various supports which were successfully used for
gas dehydration applications with specialized coatings. These
fibers have a porosity of around 72.3% with a water vapor per-
meance of 20353 + 833 GPU and a selectivity of 9.0 + 0.9 for
water vapor over nitrogen.*® We have coated the fibers with a
green polyphenol (tannic acid) that has a high-water vapor
transport rate, ranging from 4900 to 13 000 GPU. This coating
has the potential to be used for air dehydration applications in
areas such as air conditioning, food packaging, space appli-
cations, and flue/syngas dehydration. The coated fibers were
then treated with hyperbranched polyethyleneimine (PEI),
which increased the water/N, selectivity from 356 to 47 300
based on coating time.

The hollow fibers prepared in this work with greener sol-
vents were coated with the same procedure, and the perform-
ance is plotted in Fig. 4e. The uncoated spun fibers exhibited a
water vapor transport rate of 16 453 GPU and 28 633 GPU when
using 16 wt% Ultem® dope solutions in 4 : 1 thymol/raspberry
ketone and in pure thymol, respectively. A 41% increase in
water vapor flux was achieved compared to fibers prepared
from solutions in NMP with similar selectivity for water vapor
over nitrogen. Fig. 4e and f show the membrane performance
for polyphenol coating at different temperatures and modes of
operation (applying vacuum or sweep gas on the permeate
side). The water vapor permeance rate between 4000 and
12500 GPU (Table S67) similar to results obtained with fibers
prepared from dope solutions in NMP and coated with poly-
phenol. The membranes had a water/N, selectivity up to
49 000 after coating, proving to be a greener replacement for
traditional supports as well as for solvents in membrane
fabrication.

Conclusions

Thymol is proposed as a green solvent for polyetherimide
leading to liquid homogeneous solutions, which could be suc-
cessfully applied for the fabrication of hollow fibers for air
dehumidification. The peculiar liquid solution constituted by
a high molecular polymer and a natural terpene, both solid as
single compounds at room temperature, have analogy to what
has been previously observed for pairs of small molecules.
Hence, we classify it as a “deep eutectic polymer system”
(DEPS). The solutions were fully characterized by NMR spec-
troscopy, thermal analysis and rheological methods. The evi-
dence confirmed that hydrogen bonding is the major factor
for solubilization. Mixtures of thymol and other natural pro-
ducts were also successfully evaluated as solvents. The quality
of the proposed green solvents is thermodynamically superior
to classical organic solvents like DMF or NMP.

This journal is © The Royal Society of Chemistry 2024
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The solutions were applied for hollow fiber spinning which
were tested for ultrafiltration. When coated with polyphenols,
the fibers were tested for water vapor transport for dehumidifi-
cation. The results provide solutions for membrane production
under increasingly stricter environmental rules for the use of
chemicals. Long-term separation applications for membranes
include biorefineries and the pharmaceutical and petrochem-
ical industries.

Experimental

Materials

Polyetherimide, Ultem® 1000, was purchased from SABIC
(USA). Thymol, pi-menthol, raspberry ketone (4-(4-hydroxyphe-
nyl)-2-butanone), and p-camphor were procured from Sigma
Aldrich (UK). The reagents for the hollow fiber coating, tannic
acid, sodium periodate (NalO,) and hyperbranched polyethyl-
eneimine (PEI) of molecular weight 25 000 ¢ mol~" were pur-
chased from Sigma Aldrich (UK). Other solvents like N-methyl-
2-pyrrolidone (NMP), N,N-dimethylformamide (DMF) and
ethanol were obtained from Fisher Scientific (UK). All solvents
and reagents were used as received.

Preparation and characterization of Ultem® solutions

Thymol, a hydrophobic monoterpene, was used as the main
solvent component. Other hydrophobic compounds with
varied melting points included pr-menthol (another monoter-
pene) and aroma compounds such as raspberry ketone and
p-camphor. The molar compositions of thymol to the second-
ary component were varied as 1:4, 1:1 and 4:1. 13 wt%,
16 wt% and 20 wt% Ultem® 1000 was dissolved in the
different solvent mixtures and in pure thymol by stirring over-
night at 250 rpm and at 85 °C.

Calorimetric characterization

The thermal transitions of the selected mixtures and thymol-
based dope solutions were measured using a differential scan-
ning calorimeter, DSC Q-200 (TA Instruments, USA). The
samples were initially weighed and placed in T,., hermetic
pans. During the analysis, the thermal history of the sample
was removed by initially heating the samples from 25 °C to
100 °C and maintaining them isothermally at 100 °C for
1 min. Subsequently, the samples were cooled at a 10 °C
min~" rate to =70 °C and maintained isothermally at —70 °C
for 5 min before being heated to 80 °C at a 10 °C min™" rate.
Following this, the samples were cooled to 25 °C.

Rheological characterization

The rheological properties of various dope solutions were
investigated on an AR-2000ex rheometer (TA Instruments Ltd,
New Castle, USA). The dynamic viscosity of the dope solutions
was measured over a temperature range of 20 °C-45 °C. The
maximum temperature of measurement corresponds to the
temperature at which the hollow fibers were fabricated by the
dry-jet wet spinning process. The viscoelastic behavior of dope

Green Chem., 2024, 26, 11576-11586 | 11583
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solutions was studied with oscillatory measurements, in which
a sinusoidal strain is applied. An amplitude sweep was used to
define the linear viscoelastic range of samples without the risk
of exceeding the strain value and destroying the structure.*'
The amplitude sweep was measured from the strain 0.01 to
1000% with an angular frequency of 10 rad s™'. The linear
viscoelastic range was identified between 0.01 and 100%. The
storage modulus G’ and the loss modulus G" of the dope solu-
tions were plotted in the temperature range of 20 °C-45 °C.

Nuclear magnetic resonance (NMR)

To investigate the intermolecular hydrogen bonding between
the components, Ultem®, the solvent mixtures and their indi-
vidual components (30-40 mg) were dissolved in CDCl;
(600 uL), and the 'H and *C NMR spectra were acquired at
25 °C on a Bruker SB Liquid 500 MHz NMR spectrometer
(respectively, operating at 500.1 and 125.7 MHz). The relax-
ation time between the repetitions (d1) was set to 4 s, and the
number of scans (NS) of 64 and 256 was applied in the 'H and
BC NMR spectrum acquisition, respectively. Additionally,
"H-'H NOESY and 'H-"*C ROESY 2D experiments were per-
formed on the same equipment. Spectra were calibrated using
the residual CHCl; proton signal at 7.28 ppm and the carbon
signal at 77.16 ppm and further analysed using the Bruker
TopSpin 4.3.0 software.

The hydrogen-bond-accepting abilities of Ultem® and
solvent components were further quantified using *'P NMR
spectroscopy with triethylphosphine oxide (TEPO) as a com-
mercially available probe. The compounds and the probe were
freeze-dried, mixed (compound : probe molar ratio = 3:1) and
dissolved in CDCIl; (600 uL). *'P NMR spectra (NS = 16) were
collected at 25 °C on a Bruker Avance III 600 MHz NMR
spectrometer operating at 242.9 MHz.

Fabrication of hollow fibers by an automated manipulator unit

To enable a quick screening of optimal conditions for rapid
preparation of hollow fibers, an automated manipulator unit
was designed and built using an advanced 3D printer (see
Fig. S227). The functioning of the unit is based on the recently
reported work that showcases the rapid fabrication of short-
length hollow fibers.*? In brief, the manipulator unit consists
of a platform with 25 glass vial holders. From the top, an
empty syringe with a needle is transfixed to the syringe holder
that can move in the x, y, and z axes. The manipulator is con-
nected to software that can set an algorithm for the speed and
direction of the movements of the syringe in all the three axes.
Particularly, the operating parameters like the speed of the
syringe to enter the glass vial filled with the dope solution, the
dwelling time, and the uptake speed of the syringe were opti-
mized. Subsequently, the needle was detached and placed in a
glass vial for precipitation up to 24 h with 2 intervals of re-
placement of the coagulation bath to ensure the complete
removal of the natural green solvent(s) from the hollow fibers.
The solvents have characteristic odors identified even in low
amounts.

11584 | Green Chem., 2024, 26, 11576-11586
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The dope solutions were prepared by dissolving Ultem® in
the different solvents. Various screening parameters such as
concentration of Ultem®, type of precipitation bath, tempera-
ture and duration of the experiments were considered.

Hollow fibers prepared by a dry-jet wet spinning unit

The Ultem®-in-DES and Ultem®-in-thymol based hollow fibers
were prepared by nonsolvent-induced phase separation using a
dry jet wet-spinning process.*® Fig. 241 depicts the schematic
representation of the dry-jet wet spinning unit. Detailed infor-
mation about the spinning conditions is presented in
Table S5.7

The fibers were fabricated using the free fall method with
100% ethanol as the bore fluid. The prepared solutions were
transferred to a feed tank and left untouched for 24 h to
remove any air bubbles. The feed tank was wrapped with
heating coils and connected to a temperature controller. After
24 h of residence time, spinning was initiated after applying
an upstream pressure of 1.5 to 3.3 bar, based on the viscosity
of the dope solution. After spinning, depending on the coagu-
lation bath used, the membranes were conditioned either in
ethanol or in a mixture of 50% ethanol and 50% water for two
days to facilitate solvent exchange. This also ensures the com-
plete removal of the natural green solvent(s) and any remain-
ing odor from the hollow fibers. Subsequently the hollow
fibers were dried for further use.

Coating of hollow fibers for air dehumidification

The coating and crosslinking of the selected hollow fibers for
enhanced water vapor removal were undertaken by a dip-
coating method using tannic acid, sodium periodate (NalO,)
and hyperbranched polyethyleneimine (PEI), as recently
reported by us.?® The experimental method used to assess the
performance of the composite membranes involved a combi-
nation of water vapor and nitrogen gas. The setup involves
using a sweep gas or vacuum to maintain a consistent driving
force. Humidity and temperature sensors were utilized to take
precise readings on both the feed and permeate sides.

Characterization of hollow fibers

The membrane morphology and the cross-sectional structure
of the hollow fibers were analyzed using a ZEISS Merlin
Gemini and FEI Nova Nano field-emission scanning electron
microscope. To prepare the samples for cross-sectional charac-
terization, the membrane samples were freeze-dried and frac-
tured in liquid nitrogen. The subsequent sputter-deposition
was carried out using 5 nm of Ir using a K575X Emitech
equipment.

To determine the mechanical stability of the hollow fibers,
the strain vs. stress measurements of the membranes were per-
formed on a Discovery DMAS850 instrument (TA instruments,
USA). The stress ramp was set at a rate of 1.5 N min~" from
0.05 N to 18.00 N. Subsequently, the Young’s modulus (the
slope of the linear elastic behavior), fracture strain (the
maximum value of strain just before the sample broke), tensile
strength (the maximum value of stress at which the sample

This journal is © The Royal Society of Chemistry 2024
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broke), and toughness (the area calculated under the strain vs.
stress curve) were evaluated from the strain vs. stress curve.*®
All the measurements were carried out in triplicate and the
average value was reported.

For measuring liquid water permeance, a feed solution of pure
water was circulated into the shell side, while the lumen side was
used to collect the permeate. The pure water permeance PWP (L
m~> bar ' h™') was determined by circulating water into the
module at a flow rate of 0.13 L min~" under a pressure of 1 bar.
The PWP value was then calculated using the following equation:

Q
APXA,

PWP = (1)
where Q is the water permeation volumetric flow rate (L h™"),
Ap, is the effective area (m?), and AP is the transmembrane
pressure (bar).

Experimental analysis was conducted to evaluate the rejection
profile of PEI hollow fibers. The analysis was carried out by per-
forming solute rejection experiments with 200 ppm of neutral
organic solutes, including PEG and PEO with different molecular
weights, at 1 bar. Prior to the collection of feed and permeate, the
system was stabilized for an hour. The feed and permeate were
collected three times at consecutive time intervals of 0.5 h, and
the concentrations of feed and permeate were measured by gel
permeation chromatography using the 1260 Infinity GPC/SEC
equipment from Agilent Technologies (USA). The solute rejection
Ry (%) was calculated using the following equation:

ra) =1 (2) )

where ¢, and ¢ are the solute concentrations in the permeate
and feed solutions, respectively.

The water vapor flow rate through the membrane was esti-
mated using eqn (3):

Vi
Qvapor = QNZ X¥H,0 X ( = > (3)
Mw,H;O

where Qy, (cm® s™") is the nitrogen flow rate at the permeate side,
7m0 (g m ™) is the absolute humidity, V;, (L mol™") is the volume
of 1 mol of penetrant at standard temperature and pressure, and
My11,0, (g mol™") is the molecular weight of water.

The water vapor permeance was estimated using eqn (4):

Qvapor ( 4)

Permeance =
A X AP

where A (cm?) is the area of the membrane, and AP (cmHg or
kPa) is the partial pressure difference across the membrane.
The permeance is expressed in the Gas Permeation Unit
(GPU), where 1 GPU = 10° cm® (STP) em ™ s™' cmHg ™" = 7.6 x
107° m® (STP) m > s~ " kPa™".

The selectivity of the membrane for water vapor over nitro-
gen was calculated using eqn (5):

Water vapor permeance
Nitrogen permeance

Selectivity =

(5)

This journal is © The Royal Society of Chemistry 2024
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