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Thanks to the characteristic hollow cavity structure and sustainable and nontoxic macrocycle molecule
feature, cyclodextrins have been used as building block to fabricate organic solvent nanofiltration (OSN)
membranes with enhanced permeability and selectivity. Herein, hydroxypropyl-B-cyclodextrin (HP-B-
CD) was incorporated into a poly(ether-block-amide) (Pebax) layer on a polysulfone support, followed by
crosslinking with toluene 2,4-diisocyanate to prepare a crosslinked HP-B-CD/Pebax (CHP) membrane.
By adjusting the initial HP-B-CD concentration (x) and crosslinking reaction time (y), the microporous
structure and surface morphology of CHP,_, (x = 0, 0.25, 0.5, 0.75; y = 5, 10, 15) membranes could be
manipulated. The OSN performances of the CHP,_, membranes were evaluated by the removal of dyes
in methanol solution. The results revealed that the optimal CHPgs5_;0 membrane exhibited a high

methanol permeance of 87 L m=2 h™* bar %, high dye rejection (>96%), and high running stability (at
Received 7th March 2022 least 336 h), due to the intrinsically mi tructure and surf hology. This work would
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inspire the further development of cyclodextrins and other macrocyclic molecules in the preparation of

DOI: 10.1039/d2ra01491b OSN membranes and provide a promising strategy to fabricate state-of-the-art membranes for the
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1 Introduction

The chemical and pharmaceutical industries usually face issues
with the utilization and recovery or disposal of numerous
organic solvents.'* With increasingly stringent environmental
laws, the reasonable separation, recovery, and treatment of
organic solvents used have become a key focus of attention. In
conventional chemical engineering processes, the separation
and purification of chemical mixtures are often performed by
extraction and distillation technologies based on the chemical
properties of the materials,” which are often high-energy-
consumption, high time-cost, and expensive approaches.
Hence, it is very necessary to develop efficient and cheaper ways
regardless of heat and phase transition to separate chemical
mixtures. Based on these facts and industrial requirements,
economical and sustainable membrane-based separation tech-
nologies are being widely explored and applied in the chemical,
petrochemical, pharmaceutical, textile, printing, and dyeing
industries.

“Faculty of Materials and Manufacturing, Beijing University of Technology, Beijing
100124, P. R. China. E-mail: hxguo@bjut.edu.cn

*Institut fiir Anorganische Chemie, Eberhard Karls Universitit Tiibingen, Auf der
Morgenstelle 18, 72076 Tiibingen, Germany. E-mail: yucang.liang@uni-tuebingen.de
(ESI) available. See

T Electronic supplementary information

https://doi.org/10.1039/d2ra01491b

© 2022 The Author(s). Published by the Royal Society of Chemistry

efficient separation of organic solvent reclamation and removal of organic pollutants.

Organic solvent nanofiltration (OSN), a pressure-driven
membrane process to separate liquid organic solvents from
the mixture at the end of the process,*” is a promising tech-
nology that represents an energy-saving and high-efficiency
separation process. Many polymers with higher chemical
resistance have been used to fabricate OSN membranes for their
applications. For instance, polysulfone (PS) was used as an
aromatic polymer network to prepare a solvent-resistant nano-
filtration membrane via the phase-inversion process employing
immersion precipitation for the separation of isopropanol and
rose Bengal.® The OSN membranes composed of poly(ether-
ether-ketone) with/without surface modification exhibited
excellent resistance towards polar aprotic solvents, acids, and
bases,” as well as rose Bengal in isopropanol and acetone.™
Polyimide-based OSN membranes with or without polyethylene
glycol (PEG) modification or inorganic fillers performed excep-
tionally well in the polar aprotic solvents, such as dichloro-
methane (DCM), isopropanol (IPA), tetrahydrofuran (THF), n-
methyl pyrrolidone (NMP), dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO)."*** In addition, polyamide-based
thin film polyethylene OSN membranes,” zeolite-filled poly-
dimethylsiloxane (PDMS),*® fluoropolymers (e.g. PVDF),"” poly-
acrylonitrile (PAN),"*2° polybenzimidazole,>*** and poly(ether-
block-amide) (Pebax) OSN membranes with or without surface
decoration*** have also been widely developed and showed
high OSN performances. These results indicate that high OSN
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performances depend upon not only the intrinsic chemical
stability of the membrane polymer itself but also the solvent
stability relevant to the chemical structure of the polymer and
the presence of certain structural elements, like aromatic
groups, ether bonds, or imide bonds.” Among these polymers,
Pebax is a promising membrane material due to the combina-
tion of rigid polyamide (PA) segments as the “bone” and flexible
polyether (PE) segments as the “muscle” giving it high
mechanical strength, swelling resistance, thermal stability, and
high permeability**** as well as a good solvent affinity.*® Lots of
membranes based on Pebax polymer have been reported and
utilized in pervaporation,®** gas,**** and other membrane-
based pressure-driven separation processes.
previous work, Pebax was coated on a PS ultrafiltration
substrate to form a PS/Pebax thin film composite (TFC)
membrane, which showed high rejection and good permeance
in the OSN separation of Evans blue from methanol solution.”
The thin film composite membrane was prepared via the
deposition of Pebax on a PAN support and then crosslinked by
toluene diisocyanate (TDI) for the retention of brilliant blue
from ethanol or DMF solution. However, despite the incorpo-
ration of graphene oxide (GO) nanosheets into the Pebax
coating to enhance the membrane permeance,*® the optimal
GO-loaded Pebax membrane exhibited an ethanol permeance of
just .9 Lm > h ' bar .

Cyclodextrins (CDs), as cyclic oligomers of glucose, are
composed of a hydrophilic external surface and hydrophobic
cavity. The hydrophobic cavity of CDs is often used as a pathway
for nonpolar organic solvents and the adjustment of the cavity
size can effectively enhance the permeation ability. Moreover,
the external surface of CDs can be functionalized by diverse
pendant groups or by reaction of the external hydroxyl group
with other molecules. It was reported that nanofilms prepared
by the reaction of CDs and trimesoyl chloride (TMC) exhibited
exceptionally high permeance for both polar and nonpolar
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polyethyleneimine (PEI) to form a thin film nanocomposite
membrane, showing enhanced OSN performance.* In addition,
the interfacial polymerization of B-CD with a hydrocarbon-
based terephtaloyl chloride (TC) on top of PAN porous
supports formed a B-CD membrane, which showed fast solvent
transport and shape-selective permeability in OSN applications
and salt/dyes nanofiltration.*®*” Nonetheless, due to the large
molecular structure, easy agglomeration, low activity of
hydroxyl groups, and low solubility of f-CD in neutral aqueous
solution, its dissolution is required under a strong alkaline
environment.*” Considering these drawbacks of B-CD as
a membrane material, the derivatives of hydroxypropyl p-CD
(HP-B-CD) with hydroxyl groups in the side chain could achieve
various mass ratios in an aqueous solution. Hence, HP-3-CD
was incorporated into a polyamide skin layer by the interfacial
polymerization of piperazine and trimesoyl chloride, endowing
the resultant composite NF membrane nanocavity with
enhanced permeability and divalent to monovalent ion selec-
tivity.*®* However, the separation performance of the OSN
membranes incorporated with nanocavities of HP-B-CD is still
unknown.

Consequently, in this work, HP-B-CD was incorporated into
the Pebax layers on PS substrate and then crosslinked by TDI to
form a nanocavity-contained HP-B-CD/Pebax (CHP) OSN
membrane (Scheme 1). By adjusting the initial concentration (x)
of HP-B-CD and the crosslinking reaction time (y), the
composite, intrinsically microporous structure and surface
morphology of CHP,, (x = 0, 0.25, 0.5, 0.75; y = 5, 10, 15)
membranes could be manipulated. By measuring the OSN
performance of CHP,_, membranes for Evans blue and other
dyes in methanol solution, CHP, 5_;, membrane was found to
be the optimal membrane and displayed a high methanol per-
meance of 8.7 L per (m” h bar), high dye rejection (>96%), and
high stability (336 h continuous running), due to its intrinsically
microporous structure and surface morphology. This work has

solvents.* CDs were embedded into hydrophilic inspired our further exploration of cyclodextrins and other
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Scheme 1 Schematic of the preparation of the crosslinked CHP mem
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macrocyclic molecules in the preparation of OSN membranes.
The present work also provides a promising strategy to fabricate
state-of-the-art membranes for the efficient separation of
organic solvent for reclamation and for the removal of organic
pollutants.

2 Experimental section
2.1 Materials and reagents

HP-B-CD was purchased from Shandong Binzhou Zhiyuan
Biotechnology Co. Ltd. (Shandong, China). Pebax 2533 was
commercially supplied by Arkema Inc. (France). TDI and n-
heptane were obtained from Fuchen Chemical Reagent Co. Ltd.
(Tianjin, China). Evans blue (EB), methyl blue (MB), Congo red
(CR), acid fuchsin (AF), Eriochrome black T (EBT), and rhoda-
mine B (RB) were purchased from Sigma-Aldrich (USA). Abso-
lute ethanol, methanol, n-butanol, cyclohexane, and n-hexane
were provided by Tianjin Kermel Chemistry Co., Ltd. (Tianjin,
China). The commercial PS ultrafiltration membrane with
a molecular weight cut-off (MWCO) of 2 x 10° kDa was provided
by Beijing Separate Equipment Co. Ltd. (Beijing, China) and
used as a substrate membrane to fabricate the OSN membranes.
Before being used, the PS substrate membrane was soaked in
anhydrous ethanol for 24 h and dried naturally at room
temperature. Deionized (DI) water (18.25 MQ cm) was used
throughout all the experiments.

2.2 Fabrication of the crosslinked HP-B-CD/Pebax (CHP)
OSN membranes

The fabrication process of the CHP OSN membrane is depicted
in Scheme 1. Briefly, Pebax 2533 in n-butanol was stirred at
70 °C for 4 h to prepare 1.0 wt% Pebax 2533 n-butanol solution.
HP-B-CD powder with 0.25, 0.5, and 0.75 wt% to the total mass
was then added into the Pebax solution at 70 °C under stirring
to form a homogeneous and transparent solution. Subse-
quently, a well-cleaned PS membrane substrate was immersed
into the HP-B-CD and Pebax in n-butanol solution for 3 min.
This was then taken out and dried at room temperature to
obtain the HP-B-CD/Pebax (HP) membrane on PS substrate. For
the crosslinking reaction, the HP membrane was immersed into
a 1.0 wt% TDI of n-heptane solution at room temperature for 5-
15 min. After being taken out and dried, the crosslinked HP-B-
CD/Pebax (CHP) membrane was obtained. Depending on the
concentration (x) of HP-B-CD and the crosslinking reaction time
(») used, the obtained membranes were denoted as CHP,._,, (x =
0, 0.25, 0.5, 0.75,y = 5, 10, 15).

2.3 Characterizations

The surface chemical compositions of the as-prepared
membranes were characterized by Fourier transform infrared
(FTIR) spectroscopy (Vertex-70, Bruker, Germany) and X-ray
photoelectron spectrometry (XPS, Thermo Escalab 250, USA).
The surface and cross-sectional morphologies of the
membranes were imaged by field-emission scanning electron
microscopy (SEM, SU8020, Japan). The surface roughness of the
membranes was analyzed by atomic force microscopy (AFM,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PicoScanTM2500, Agilent, USA) at 1 x 1 um. The water contact
angle (WCA) of the membranes was measured using a contact
angle meter (DSA-100, Kruss, Germany).

2.4 OSN performance

The OSN performance was measured using self-made cross-flow
filtration equipment with an effective membrane area of 22 cm”.
During the testing process, the membranes were pre-compacted
at 4.0 bar for 3 h to reach a steady state, and then the OSN
performance was tested at every 30 min interval. The permeance
(P) and rejection rate (R) were calculated according to the
following equations.

14
P = (1)
ATAP

where Vis the permeate volume (L), A4 is the effective area of the
membrane (m?), T'is the filtration time, and AP is the operating
pressure (bar).

% x 100% )
f

R =
where Cy and C, are the concentrations of the feed and
permeate solution, respectively. The concentration of the dye
feed solution was 10 ppm, while the concentration of the
permeate solution was detected by a UV-vis spectrophotometer
(UV-3200, Mapada, Shanghai, China).

3 Results and discussion
3.1 Structure and morphologies of the membranes

The FTIR spectra of different membranes including the PS
substrate, Pebax 2533 membrane, and CHP,._4, (x = 0, 0.75) are
shown in Fig. 1 and S1.T The FTIR spectrum of the PS substrate
in Fig. 1a exhibited peaks at 1586 and 1488 cm ', which were
assigned to the stretching vibration of C=C from the aromatic
ring and the bending and scissoring of C-H bonds from
-CH(CH;), groups, respectively.** The peak at 1325 cm
belonged to the characteristic vibration of a sulfone group from
PS. The Pebax 2533 membrane on the PS substrate without TDI
crosslinking (Fig. 1b) displayed a series of peaks at 1100 cm ™"
(-C-O-C- stretching), 1538 cm™' (bending of N-H in PA),
1640 cm™' (stretching of -C=0 in H-N-C=O0), 1733 cm '
(stretching of -C=0 in PA), 2850 cm™ " and 2935 cm ' (-C-H
bending), and 3300 cm ' (stretching of N-H in PA) (inset,
Fig. 1).2¢?7%>1 Comparatively, after being crosslinked by TDI,
the FTIR spectrum of the CHP,_;, membrane without HP-3-CD
(Fig. 1c) exhibited a shift in the tiny peak of Pebax at 1640 cm ™"
in Fig. 1b to 1660 cm ", implying that the conjugation of the
benzene ring of TDI would enhance the electron-donating
ability of H-N-C=0 groups, leading to the spectral blue-shift.
The signal at 2269 cm ™" was assigned to the -N=C=0 group
of TDIL.*® After the incorporation of HP-B-CD into Pebax and
following crosslinking with TDI, the spectrum of the CHP; 75-1¢
membrane obtained (Fig. 1d) showed that the peak at
1100 cm ™! assigned to C-O-C group was intensified, due to
introduction of more C-O-C groups from HP-B-CD.**** Note
that the intensity of the peak at 1660 cm™ ' was slightly

RSC Adv, 2022, 12, 16893-16902 | 16895
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Fig.1 FTIR spectra for the (a) PS substrate, (b) Pebax 2533 membrane,
(c) CHPg_10 membrane and (d) CHPq 75_10 membrane.

increased, but the peak at 2269 cm™ " attributed to -N=C=0
bond of TDI was decreased, indicating the further crosslinking
reaction between TDI and both Pebax as well as HP-B-CD. These
results confirmed the formation of the crosslinked HP-B-CD/
Pebax (CHP) layer on the PS substrate.

In addition, FTIR spectra on the reverse side of CHP 54
membrane were also measured. As shown in Fig. S2 (ESI),T it
was clear that the IR spectrum of CHP, 5_;, was consistent with
the PS substrate. The characteristic absorption peaks of C-O-C
at 1100 cm ™" from HP-B-CD and H-N-C=0 at 1640 cm ™" from
Pebax 2533 could not be found in the FTIR spectra of the reverse
side of the CHP, 5_1, membrane, clearly verifying that a selective
layer mainly existed on the front side of the PS substrate.

To further explicate the elemental compositions of the
CHP,_,o and CHP, 5_;, membranes, XPS analysis was performed
as shown in Fig. 2. As can be seen in Fig. 2a, both membranes
presented three peaks at 531.92 (O 1s), 399.17 (N 1s), and
284.94 eV (C 1s). The elemental atomic percentages of carbon
(C), oxygen (O), and nitrogen (N) on the membrane surface

(a)

(b)
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Table 1 XPS results of the CHPg_10 and CHPg 5_10 membranes

Membrane C (%) O (%) N (%) O/N (%)
CHPy_10 77.63 17.86 4.51 3.96
CHP,5-10 76.26 19.22 4.52 4.25

listed in Table 1 show that the O/N ratio increased from 3.96%
for the CHP,,, membrane to 4.25% for the CHPy5_4o
membrane. The increase in the O/N ratio of the HP-B-CD-
incorporated membranes can be attributed to the high oxygen
content of HP-B-CD (45.4 wt%). This indicated that HP-B-CD
had been successfully incorporated into the Pebax selective
layer. According to the high-resolution C 1s XPS spectra of the
membranes (Fig. 2b, ¢ and Table S1t), the proportion of
O-C=0 from polyurethane was remarkably increased from
3.37% to 5.54%. Also, the high-resolution N 1s and O 1s XPS
spectra were further analyzed. As can be seen in Fig. S3a and b,
the N 1s peak from the high-resolution XPS was deconvoluted
into three peaks at 397.5, 399.4, and 399.8 eV, which were
attributed to the corresponding -N=C=0 and Cg;;;-NH-C=0
and Cpen,y~NH-C=O0 groups, respectively.”® It is obvious that
the N atom was bonded to three different C centres from the
benzene ring, carbonyl, and saturated alkyl groups, respectively,
showing slightly different binding energies. The proportion of
Chbenzyi"NH-C=0 from polyurethane increased from 53.99% in
the CHP,_;, membrane to 72.14% in the CHP, 5_,, membrane.
Similarly, the high-resolution O 1s XPS spectra (Fig. S3c and dt)
clearly showed two peaks at 533.0 and 534.7 eV, which were
attributed to the binding energy of C=0 and C-O, respectively.
Due to the addition of HP-B-CD, the proportion of C=0 bonds
formed by the crosslinking reaction of TDI with hydroxyl groups
on the membrane surface increased from 6.12% for the CHP,_,,
membranes to 10.74% for the CHP, 5_;, membranes. All these
results show that more TDI molecules participated in the
crosslinking reaction to form the polyurethane structure with
the incorporation of HP-B-CD, further verifying the successful
crosslinking of TDI with HP-B-CD and Pebax.

The surface morphologies of the CHP,_,, (x = 0, 0.25, 0.5,
0.75) OSN membranes are shown in Fig. 3a. It was noted that

(©)

~— CHP; 5, membrane CHP,_,, membrane c-C CHP, 5 ,, membrane c-C
—— CHP,_,, membrane
Cls
Ols
Nls
800 600 400 200 292 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 2
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(a) XPS survey spectra, (b and c) high-resolution C 1s spectra of the CHPy_19 and CHPg 5_10 membranes, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the CHP,_;, membrane displayed a uniform textured surface,
due to the nanoscale arrangement between the “soft” phase
(polyether) and the glassy phase (polyamide) of Pebax caused by
the crosslinking.>® After the incorporation of 0.25 wt% HP-B-CD,
the textural morphology of the CHP, ,5_10 membrane surface
became more obvious. The texture image then became more
compact with further increasing the HP-B-CD content to 0.50
and 0.75 wt% (Fig. 3a). The corresponding cross-sectional SEM
images (Fig. 3b) indicated that the thickness of the CHP, 4,
membrane without HP-B-CD was ~0.27 pum; however, with
increasing the HP-B-CD content from 0.25 to 0.75 wt%, the
thickness of the CHP,_;, (x = 0.25, 0.5, 0.75) membranes was
gradually elevated to ~0.97, ~3.92, and ~3.99 um, respectively.
This result was mainly attributed to the host-guest interaction
of HP-B-CD with the polyether chains and hydrogen bond
interaction with Pebax.® This would lead to an increased
microphase separation, leading to a more obvious texture
morphology (Fig. 3a).*® In addition, the crosslinking reaction
would occur not only between TDI and Pebax but also between
TDI and HP-B-CD, which was verified by the FTIR spectra in
Fig. 1 and XPS results in Fig. 2. With increasing the HP-B-CD
content, strong hydrogen bond interactions and crosslinking
reactions induced the formation of a more compact layer of
membranes (Fig. 3a). Hence, the thickness of the membranes

R,=3.2 nm

R,=3.3 nm
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(a) Surface and (b) cross-sectional SEM images of the CHPq_19, CHPg 25_10, CHPg 5_10, and CHPq 75_10 membranes.

CHP, 4, (x = 0.25, 0.5, 0.75) increased with the corresponding
increase in the HP-B-CD concentration in the casting solution.

The three-dimensional (3D) topology of the CHP, 4, (x = 0,
0.25, 0.5, 0.75) membrane surface was further probed by AFM to
detect the surface roughness (R,). As shown in Fig. 4, the surface
roughness displayed an initial increase and then decreased with
the variation in the HP-B-CD amount. With increasing HP-B-CD
from 0 to 0.50 wt%, the R, value of the CHP,_;, (x = 0, 0.25, 0.5)
membranes increased from 3.2 to 3.7 nm due to the promoted
microphase separation between the Pebax segments and HP-3-
CD crosslinked by TDI. When the HP-B-CD content was
increased to 0.75%, the R, value of the CHP, 5_;, membrane
dropped sharply to 2.7 nm. This was probably due to HP-3-CD
being relatively compatible with polyether chains and having
a strong interaction with Pebax via hydrogen bonds, which
drove the local regular arrangement of polymer chains,
leading to the formation of a more smooth surface with reduced
roughness.

The surface wettability and electrical charges of the fabri-
cated membranes were respectively characterized by their water
contact angles (WCA) and zeta potential. As shown in Fig. 5, the
WCA of the CHP,_;, membrane was around 88.0° due to the
fewer hydroxyl groups on the membrane surface through the
crosslinking. However, with increasing the HP-B-CD amount,

R, =3.7 nm

Fig. 4 AFM images of the: (a) CHPg_10, (b) CHPg 25_10, () CHPg5_10, and (d) CHPg 7510 membranes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Surface wettability and zeta potential of the CHP,_io
membranes (x = 0, 0.25, 0.5, 0.75).

the WCA decreased from 80.4° for the CHP,, ,5_1, membrane to
76.0° for the CHP, 5_;, membrane, and to 64.4° for the CHP,, ;5_
10 membrane, indicating the significant improvement of the
hydrophilicity of the CHP,_;, membrane, due to the existence of
a great number of hydroxyl groups from HP-B-CD in the
membrane. Moreover, with increasing the HP-B-CD content, the
zeta potential of the membranes in Fig. 5 also gradually
decreased from —16.8 mV for the CHP,_,, membrane to
—18.6 mV for the CHP, 5., membrane and —20.6 mV for the
CHP, 55_1, membrane, due to the introduction of more HP-B-
CD, which would introduce more hydroxy groups into the
membrane, leading to a more hydrophilic and more negative
surface. Note that even when the crosslinking degree increased
(TDI simultaneously reacted with hydroxyl groups from HP-f-
CD and Pebax 2533), all the hydroxyl groups from HP-B-CD
could not be completely consumed, and a great number of
hydroxyl groups were still preserved in the membrane surface.
As a result, the improvements in the hydrophilicity and surface
electronegativity of the CHP, 5o membrane directly led to
a remarkably declined WCA and a low negative zeta potential.
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3.2 Optimization of the CHP membranes

The HP-B-CD concentration (x) and crosslinking time (y) of TDI
were investigated to optimize the OSN performances of the CHP
membranes. When the crosslinking reaction time was 10 min,
the separation properties of the CHP,_;, membranes prepared
with different HP-B-CD concentrations were tested using
10 ppm EB methanol solution at 20 °C under 4.0 bar. As shown
in Fig. 6a, the methanol permeance of the CHP,_,, membrane
was 5.1 L per (m® h bar), with a rejection of 93%. When the mass
ratio of HP-B-CD was 0.5 wt%, the CHP,; ., membrane
exhibited a 96% rejection rate accompanied with the highest
methanol permeance of 8.9 L per (m> h bar). These results
indicated that the incorporation of HP-B-CD into Pebax was
conducive to the enhancement of the membrane rejection and
methanol permeance. However, when further increasing the
HP-B-CD mass ratio to 0.75 wt%, the methanol permeance of
the CHP, 510 membrane decreased and the corresponding
rejection rate increased. The reason for this was probably due to
the more compact selective layer (Fig. 3a) and less rough
membrane surface (Fig. 4d), leading to a decreased methanol
permeability. The enhanced rejection of the CHP,
membranes could be assigned to the increased surface nega-
tively charge (Fig. 5), which correspondingly increased the
electrostatic repulsion between the solute and the membrane
surface. In other words, the Donnan exclusion effects between
the surface and the charged molecule played an important role.
The high permeability of the as-prepared CHP,_;, membranes
could be ascribed to the surface properties of the top selective
layer and the inner cavity size of the membrane formed by the
appropriate incorporation of HP-B-CD. First, the improvement
of the surface hydrophilicity with increasing the HP-B-CD
content, as shown in Fig. 5, was beneficial for polar solvent
transport through the membrane.*® Second, the inner cavity size
of HP-B-CD as a nanochannel on the membrane directly influ-
enced the transport of methanol in the active layer.** Third,
increasing the surface roughness further increased the meth-
anol permeance; thus, an increase in the methanol permeance
was achieved. Though the increase in the thickness of the active
layer, as shown in Fig. 4b, will increase the transport resistance,
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the limited increment was insufficient to hinder the permeance
improvement. Therefore, the permeance of the CHP,
membranes showed an improvement under the combined
effects of roughness, hydrophilicity, and the HP-B-CD content.
When the mass ratio of HP-B-CD was fixed at 0.5 wt%, a series
of CHP, 5, membranes were prepared by controlling the cross-
linking reaction times from 5 min to 15 min. The OSN perfor-
mances of the resulting CHP, 5, membranes were investigated as
shown in Fig. 6b. It was found that a longer reaction time led to
a high rejection rate with a low permeance, possibly due to a high
crosslinking degree on the membrane.*® XPS spectroscopy was
used to demonstrate the variation of the crosslinking degree of
the CHP, 5_s and CHP, 5_;5 membranes.”> As shown in Fig. S4,1
the high-resolution C 1s XPS spectra clearly showed that the
proportion (5.97%) of O-C=O species in the CHPgs.15
membrane was higher than 3.40% in the CHP,s_s membrane,
indicating a gradual increase in the degree of crosslinking with
increasing the crosslinking time. Therefore, when the cross-
linking time increased from 5 to 15 min, the methanol permeance
of the membrane markedly decreased from 9.5 to 8.2 L per (m”> h
bar), while the rejection rate increased from 89.76% to 96.87%.
Based on the above-mentioned results, HP-B-CD concentration of
0.5 wt% and the crosslinking time of 10 min were optimal
conditions for the preparation of the CHP, 5_;, membrane.

3.3 Separation performance of the CHP, 5_;, membrane

The OSN permeances of polar and nonpolar solvents, including
methanol (MeOH), ethanol (EtOH), isopropanol (IPA), cyclo-
hexane, and n-hexane, were further investigated using the
CHP, 5_,, membrane at ambient conditions. As can be seen from
Fig. 7a, the membrane exhibited considerable high permeance
for nonpolar solvents, such as a cyclohexane permeance of 6.8 L
per (m? h bar) and n-hexane permeance of 13.6 L per (m? h bar),
meanwhile, for polar solvents, the permeance in order was:
MeOH (9.2 L per (m” h bar)) > EtOH (6.7 L per (m” h bar)) > IPA
(3.8 L per (m” h bar)). The difference in permeance might be
related to the solvent's intrinsic properties, such as viscosity,

~
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[ ] N = -] ] [S) N
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Fig. 7
weights through the CHPg 510 membrane.
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kinetic diameter, and solubility parameter, as shown in Table
S2.1 Generally, solvent molecules with a lower viscosity, smaller
molar diameter, and solubility parameters similar to the sepa-
ration layer can more easily penetrate through membranes. Also,
the permeance of the hydrophobic membrane increased as the
polarity of the solvent decreased, while the permeance of the
hydrophilic membrane decreased as the polarity of the solvent
decreased.*® Although the as-prepared CHP membranes were
hydrophilic (Fig. 5), the high permeance for cyclohexane and n-
hexane was mainly due to the hydrophobic inner cavity of HP-B-
CD having an excellent affinity towards cyclohexane and n-
hexane.** However, the permeance of n-hexane was higher than
that of cyclohexane, which was primarily attributed to the
viscosity of n-hexane (0.29 (107> Pa s)) being much lower than
that of cyclohexane (0.94 (10~ Pa s)). For polar solvents, the
kinetic diameters, following the trend of MeOH (0.51 nm) < EtOH
(0.57 nm) < IPA (0.62 nm), was exactly the opposite order from
their permeance. This may be due to the hydroxyl (-OH) groups
on the exterior of HP-B-CD cavities forming a relatively hydro-
philic space between HP-B-CD and Pebax with a high affinity
towards polar organic solvents. Another important reason is that
the cavity size of B-CD (0.60 nm) could allow MeOH (0.51 nm)
and EtOH (0.57 nm) to migrate across but not IPA (0.62 nm),*
resulting in a high permeance for MeOH and EtOH.
Furthermore, the separation performance of the CHPg5 40
membrane was further investigated by MeOH solutions of
different dyes, including Eriochrome black T (EBT), rhodamine B
(RB), acid fuchsin (AF), Congo red (CR), methyl blue (MB), and
Evans blue (EB). Table S3 (ESI)t illustrates the chemical struc-
tures and molecular weights of these dyes. As shown in Fig. 7b,
the rejection order of the negatively charged dyes was EB (96.0%,
M,, = 961 Da) > MB (92.9%, M,, = 800 Da) > CR (89.5%, M,, = 697
Da) > AF (79.7%, M,, = 585 Da) > EBT (36.3%, M,, = 461 Da). This
indicated that the rejection of the CHP, 5_;, membrane generally
increased with the increasing molecular weight of dyes. However,
the rejection of RB (around 2.0%) was lower than that of EBT,
although the molecular weight of RB (M,, = 479 Da) was larger
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(a) Nanofiltration performance of polar and nonpolar solvents for the CHPq 5_19 membrane. (b) Rejection of dyes with different molecular
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than that of EBT (M,, = 461 Da, 36.3%). The low rejection of RB
might be related to the positive charge of RB in methanol,>”**
which can more easily pass through the membrane. According to
the electric charges of the dyes and zeta potential of the CHP
membrane in Fig. 5, there was a Donnan effect between the
negatively charged membrane and dye molecules. Thus, the
rejection mechanism of the prepared membrane for dye mole-
cules was mainly attributed to the molecular size effect and the
Donnan effect. Fig. S51 further depicts the separation perfor-
mance of the CHP, 5_;, membrane for EB in EtOH (97.0%) and
IPA (97.1%). These high rejection rates indicated that the CHP, 5
10 membrane has excellent potential for organic solvent
nanofiltration.

The effect of the operating conditions on the OSN perfor-
mance was further investigated in Fig. 8. With increasing the
operating pressure, the permeability of the CHP,5 4
membrane increased and EB rejection was slightly changed

(Fig. 8a), due to the increment of the operating pressure rein-
forcing the driving force of the membrane and thereby
increasing the permeability.>® In general, an increase in pres-
sure will cause the pores of the OSN membrane to shrink,”** so
the basically unchanged rejection rate showed that the CHP, 5
10 membrane had excellent stability in a range of 2.0-10.0 bar.
In addition, the increasing operating temperature could also
increase the permeability (Fig. 8b). This behaviour may be
explained by an enhancement of the methanol mass transfer
coefficient,” thanks to the decrease in the temperature-
dependent viscosity of the methanol solution. Moreover, with
increasing the operating temperature, a dilatation in the pore
sizes occurred, which facilitated the transport of solutes
through the membrane and reduced the concentrations in the
membrane pores and on the membrane surfaces.®**

Based on the above-mentioned investigations, a comparison
of the OSN performances among the optimal CHPg5 44

Table 2 Comparison of the OSN performances among the crosslinked HP-B-CD/Pebax (CHPg5_10) membrane and some reported OSN

membranes“®?
Solvent permeance Rejection

Membrane Solvent Solute (L per m® per h per bar) (%) Reference
CHPg 5_1¢ Methanol EB 9.2 96.0 This work

Ethanol 6.7 97.0

Isopropanol 3.8 97.1
PBI/polyester support Ethanol RBB 3.69 ~100 25 and 62
Pebax 1657/GO/PAN Ethanol BB 1.9 + 0.012 95 26 and 62
Pebax 2533/PS Methanol EB 7.2 91.6 27 and 62
B-CD-TMC/Matrimid Ethanol RBB 3.1 95.7 44 and 62
PEI/B-CD/PAN Isopropanol PEG 1000 2.2 >93 45 and 62
B-CD-TC/PAN Methanol MO 5.8 93 47 and 62
PIM-1/PAN Ethanol Tetrazolium blue chloride 4.3 ~92 62 and 63
PDA/P84 Ethanol MB ~0.8-0.9 ~99 62 and 64
PDA/B-CD/P84 Ethanol MB 14.9 97.6 62 and 65
Polyamide 6 hollow fibre Methanol VB-12 0.27 96.3 62 and 66
PDA/PAN Methanol 1.58-5.4 nm Au nanoparticles ~1.3 97.5 62 and 67
TTSBI-TMC/cross-linked Methanol Crystal violet 6.0 98.7 62 and 68

P84 co-polyimide/PP support

“ EB: Evans blue; BB: brilliant blue; RBB: Remazol brilliant blue; MO: methyl orange; MB: methyl blue.
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Fig. 9 Stability performance of the CHPgys5_10 membrane for EB in
methanol solution.

membrane and the previously reported membranes® is pre-
sented in Table 2. The results indicated that the CHPy 5 40
membranes were markedly superior to those in previous
reports, revealing the outstanding effect of HP-B-CD in
preparing an OSN membrane for potential application in the
decolorization of textile dyeing industry effluent. Bruggen et al.
reported previously that when the membrane was immersed in
an organic solvent, the polymer chains might migrate on the
membrane top layer, causing a change in the size and distri-
bution of the membrane pores, thereby reducing the rejection
rate.”® Therefore, the long-term stability of the membrane was
evaluated in 10 ppm EB methanol solution for consecutive
running of 336 h. As shown in Fig. 9, the CHP, 5, membrane
still maintained a high rejection of about 96.0% and a high
permeance of about 8.7 L per (m? h bar) during the test period,
revealing the superior stability of the membrane for EB in
methanol solution.

4 Conclusions

In summary, HP-B-CD was successfully incorporated into the
Pebax layer on the PS support, and further polymerized with TDI
to prepare a crosslinked HP-B-CD/Pebax (CHP) membrane. By
adjusting the initial concentration (x) of HP-B-CD and the
crosslinking reaction time (y), the composite, structure, and
surface morphology of the CHP,., (x = 0, 0.25, 0.5, 0.75; y = 5,
10, 15) membranes obtained could be controlled, which was
performed by the competitively interfacial crosslinking poly-
merizations of TDI with both HP-B-CD and Pebax 2533. Testing
the OSN performance of the obtained CHP,, membranes
confirmed that the CHPys i, membrane was an optimal
membrane and indicated a high methanol permeance of 8.7 L
per (m” h bar), high rejection for dyes (96.0% for EB, 92.9% for
MB), and high stability (at least consecutive running for 336 h)
in methanol solution, thanks to the intrinsic microporous
structure fabricated by the incorporation of HP-B-CD into the
3D networks of the membrane. Especially, the CHP,5 1o
membrane exhibited a higher rejection rate for the negatively

© 2022 The Author(s). Published by the Royal Society of Chemistry
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charged dye EBT with a molecular weight of 461 Da compared to
that of the positively charged dye RB with a molecular weight of
479 Da, revealing the excellent rejection rate of the resulting
CHP, 510 membrane for the negatively charged solute. This
work inspires the further development of cyclodextrins and
other macrocyclic molecules for the preparation of OSN
membranes and provides a promising strategy to fabricate
state-of-the-art membranes for the efficient separation of
solvents for reclamation, as well as organic pollutants removal
and heavy metals, and drug purification.
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