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Abstract

As a new separation technology, organic solvent nanofiltration (OSN) membrane technology has been increasingly applied
in the separation of small molecular compounds in various organic solvents due to its energy saving and high efficiency.
Dimethyl sulfoxide (DMSO) is an important solvent in pharmaceutical and catalytic industries, and its recovery has attracted
more and more attention. An OSN membrane is firstly constructed by orcinol (OL) and trimesoyl chloride (TMC) via
interfacial polymerization (IP). The prepared OSN membrane achieves a crystal violet (CV, 407.99 g/mol) rejection of higher
than 92% and a DMSO permeance of 3.0 L m? h bar. The chemical characterization methods such as X-ray photoelectron
spectroscopy and attenuated total reflectance Fourier transform infrared spectroscopy are used to indicate that the composite
membrane is composed of a polyarylester top layer. To enhance the permeance while maintaining its superior rejection toward
CV in DMSO, urea is used as a modifier during IP process. As consequence, the hydrophobicity of the membrane surface is
improved, the contact angle increases from 62° to 85°, and the modified poly(amide-co-ester) structure on the top layer is
formed. The permeance of urea modified membrane reaches 4.7 L m? h™* bar. The long-term OSN filtration shows that the
membrane has a DMSO permeance of 4.6 L m?h bar?, with CV rejections over 90%. The architecture of the poly(amide-co-
ester) top-layer provides a new route for the fabrication of OSN membranes.
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1. Introduction

As an important chemical raw material, dimethyl sulfoxide
is widely used in chloroaniline, acrylic acid, aromatic
extraction, esterification accelerator, capacitor, paint remover,
wax refining, pesticide synergist, etc. Membrane separation
technology can be used for dimethyl sulfoxide recovery,
which is better than distillation in terms of investment,
energy consumption and environmental protection,
extraction, and other traditional methods [1-3]. Solvent-
resistant nanofiltration membrane technology can be used for
separating small molecular compounds in organic solvents,
which is a green technology to solve energy-saving and
environmental problems and to the national development

strategy. The biggest challenge facing its preparation
technology is to achieve effective regulation of the functional
top-layer of the composite membrane during the preparation
process [4-10].

Interfacial polymerization technology is the main method
to prepare OSN membrane at present. For instance, Gohain
et al. synthesized a membrane using piperazine aqueous
monomer solution incorporating a composite of a mixture of
hectorite and UiO-66-NH, reacted with TMC. The prepared
TFN membrane showed a permeance of 80.68 L/m*h in
humic acid [11]. Polyamide solvent-resistant composite
membrane is currently the most developed solvent-resistant
composite membrane by IP method. He et al. synthesized
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an OSN membrane using the mixture of ethylenediamine
and p-xylylenediamine and 1,2,4,5-benzene tetracarbonyl
chloride as reactive monomers, the membrane shows a
permeance of 0.6.1 L m~h™ bar'in DMF [12]. Almijbilee
et al. used 4,4'-oxydianiline to react with TMC to fabricate
an OSN membrane. The prepared membrane showed a THF
permeance of 0.45 L mh™ bar™! [4]. Recently, preparing
solvent-resistant polyester composite membrane has gradually
become one of the research hotspots [13,14]. Solomon et
al. used contorted phenols TTSBI reacted with TMC by IP
reaction, and the membrane showed a permeance of 4.01 L
m~>h™'bar in THF [15]. Abdellah et al. prepared a polyester
membrane using catechin and terephthaloyl chloride as
reactive monomers, the prepared membrane exhibited a
permeance of 1.2 L m~?h™'bar™ in DMF [16].

A novel trend is the development of ultrathin free-standing
membranes with rigidly intrinsic pores for rapid and precise
molecular separation. Zhu et al. regulated the thickness of
the membrane from 32.3 to 5.6 nm by using glycerol as an
additive [17]. Zhai et al. constructed a polyarylate film from
Noria, a porous organic cage, and terephthaloyl chloride
(TPC) through interfacial polymerization. the Noria-TPC
membrane showed a permeance of 18 L m™ h™' bar™ in
methanol [18].

Bio-nanocomposite polymer materials and membranes have
attracted much attention [19,20]. Lignin and its derivatives,
such as vanilla alcohol and vanillin, are natural polymers,
which are reported to exhibit low solubility in organic
solvents [21-23]. In our previous research, lignin and its
model compounds have strong solvent resistance as aqueous
monomers. These compounds have highly reactive phenolic
hydroxyl groups to prepare solvent-resistant composite
membrane [24-26].

To find more monomers similar to lignin to prepare OSN
membranes, orcinol was selected and carried out interface
polymerization with TMC in the previous study [27]. The
results show that microwave heating can reduce the pore size
of the membrane and increase the rejection of the membrane.
The optimal membrane exhibited a rejection of 98% for crystal
violet (CV) but a low permeance of 1.8 L m? h! bar! [27]. To
prepare an orcinol solvent-resistant composite nanofiltration
with high permeance and high rejection from the perspective
of top-layer property regulation. This work focused on
changing the hydrophobicity of the membrane surface to
improve the DMSO permeance of OSN membranes. Herein,
urea is selected as a modifier to improve the hydrophobicity
of the OL-TMC membrane and form a stable polyureamide
structure to avoid the tradeoff effect and reduce membrane
rejection. The results imply the simple modification method

to increase the permeance of the membrane, which has a great
superiority for the commercialization of the OSN membrane.
This work proposed an effective post-synthetic modification
method to improve the permeance of OSN membranes
in polar aprotic solvent without reducing rejection, which
might give guidance to the fabrication of optimized high-
performance OSN membranes.

2. Experimental

2.1. Experimental Raw Materials

Ultem 1000 (Polyetherimide, PEI) was purchased from
SABIC (Saudi Arabia). Orcinol (CAS: 504-15-4) was supplied
by Lanji (Shanghai, China). Trimesoyl chloride (CAS:
4422-95-1) was purchased from Heowns (Tianjin, China).
Polypropylene non-woven was supplied by Teda (Tianjin,
China). Dimethylacetamide (DMAc),
Dimethyl (DMSO),
(THF) were purchased from Kemiou (Tianjin, China).

Ethylenediamine,
sulfoxide and Tetrahydrofuran
4-Dimethylaminopyridine was supplied by Macklin (China)
as a phase transfer catalyst for interfacial polymerization. All
reagents were not purified further.

2.2. Preparation of Nanofiltration Membrane

The preparation method of polyetherimide (PEI) support is as
follows: dissolve 23% polyetherimide solution in DMAC in a
three-neck flask with a stirring rod, the stirring temperature
is 60 °C, the stirring time is 4 hours, and the stirring speed is
500 (rad/min). Then, scrape the DMAc-PEI solution evenly
on non-woven fabric, and keep the distance at 150 um. The
membrane is then placed in 25 °C water for phase transfer
and removed after 1 hour. Then, the PEI membrane is put into
a 6% ethylenediamine methanol solution (w / V) for 1 hour
to improve the solvent resistance. The preparation process
of the orcinol composite membrane is carried out in a 25°C
incubator. The crosslinked membrane is immobilized on a
Teflon frame. First, a certain concentration of orcinol solution
mixed with 0.5% (w / V) DMAP, is poured onto the surface
of the crosslinked membrane and stood for 2 minutes. The
mixture of TMC and hexane mixture 0.1 (w / V) is poured
onto the surface of the membrane and the reaction time is set
to 1 minute. Then the membrane is put into an oven at 70 °
C for 6 minutes of heat treatment. As shown in Figure 1, the
preparation of urea modified membrane is as follows. After
the interfacial polymerization reaction of orcinol and TMC
for 1 minute, 100 ml of ethanol solution of urea was poured
onto the top layer, and the prepared membrane is named NF-
XOL-YU, where X represents the concentration of orcinol and
Y represents the mass of urea (g). One membrane was named
NE-C, which is crosslinked by EDA and then directly injected
with TMC for comparison.
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Figure 1: A possible interfacial polymerization mechanism of OL and TMC, modiflied by urea.

2.3. Characterization of the Materials

The surface and cross-section morphologies of the prepared
membranes are investigated using an LEO 1550 VP
(Germany) scanning electron microscope (SEM). X-ray
electron spectroscopy (Thermo, USA) characterizes the
chemical composition of the membrane surface. Atomic force
microscopy (Seiko, Japan), characterizing the membrane
surface morphology, is measured at least three times. The
static contact angle measuring instrument (JC2000D1,
Shanghai) is used to characterize the hydrophilicity of the
membrane. Each batch of samples is measured 5-6 times and
the average value is taken.

2.4. Characterization of Membrane Separation

Performance

The separation adopts a separation dead-end device made of
stainless steel, the effective area of the membrane is 38.5 cm?,
and the separation pressure is IMPa.

The permeance could be calculated by Eq. (1):

|4

p=—-—
AXtXAP (1)

P—Permeance of Membrane, L-m>h"'bar’;
V—The fractionated filter volume, L;
A—Separation area, m%

T—Eftective separation time, h;
AP—Trans-membrane pressure difference, bar.

The rejection rate can be calculated according to the
concentration of mother liquor and penetrating liquor, which
can be calculated by Eq. (2):

Cp
R=[1- —]x100
Cr

R—Rejection rate, %;

)
C,—Concentration of solute in the permeate fraction, g-L'';
C, —Concentration of raw material liquid, g-L".

Swelling experiments in organic solvents are used to test
the stability of the membranes After being weighed, dry

membranes were soaked in the solvent for 7 days. Then
membranes were wiped dry with filter paper. The swelling was

calculated as Eq. (3):

()

Ps (3)

Where S, m,, m; and p_represent the permeated swelling
degree, the weight of several swollen membranes and dry

membranes, and the solvent density, respectively.

3. Results and Discussion

3.1. Analysis of the Surface Chemical Properties

Figure 2 displays the ATR-FTIR characteristic spectra of
the membranes including NF-C, NF-10L, and NF-20L. The
spectra of NF-C are located at 1540 cm™,1640 cm™(amide),
1793 cm™ (imide group), and 3343 cm™ (amine group), which
are the characteristic peaks of polyamide [28]. Compared
with NF-C, the peaks of NF-10Land NF-20L at 1050cm™
and 1230cm! gradually increase (ester group). According to
literature reports, the absorption intensity of peaks can be

calculated [25]. In contrast, the strength of I increase

1230/11643
and NF-20L (0.35) > NF-10L (0.14). It is illustrated that the
monomers TMC and OL can occur IP reaction to generate
the ester groups, and the structure of poly(amide-co-ester)

membrane consists of more fractions of ester groups as the

orcinol concentration increases.
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Figure 2: ATR-FTIR characteristic spectra of the membranes

including NF-C, NE-10L, and NF-20L.

Figure 3 displays the XPS peak spectra of carbon, nitrogen, and
oxygen of the NF-10L membrane: the carbon characteristic
peaks are at 285.9 ev (-C-N) 284.9 ev (-C-O), and 284.3 ev
(-C-C-), respectively. The nitrogen characteristic peaks are at
400.9 ev (-N-H), 399.9 ev (-N-C = O), and 399.2 ev (-N-C),
respectively. The oxygen characteristic peaks are at 533.5 eV
(-0=C-0*),532.3 ev (- OH), 531.5 ev (-C = O), and 530.7 ev
(-ph-O-), respectively [26,29].

3.2. Separation Properties of the Membrane

Figure 4 displays the performance of the membrane prepared
from different OL concentrations while keeping the TMC
concentration unchanged in the separation of DMSO solution
containing dye CV. NF-C exhibits the permeance of 0.11 m™
h' bar' and CV rejection of 50%. NF-10L achieves a CV
rejection and a DMSO permeance of higher than 91% and of
3.0 L m? h™' bar”, respectively. When the OL concentration
increases to 3g (w/V), the rejection reaches 92%. Then, the
permeance of the NF-30L decreased by 2.65 L m™ h™ bar
L. The top layer of NF-C is composed of polyamide formed
by the reaction of TMC with the terminal amino group of
EDA and a thick polyamide top layer is formed on the surface
of the membrane and inside the pores of the membrane.
Therefore, NF-C has a low rejection rate and low permeability.
For the membrane prepared with OL, the rejection increases
with the increase of the concentration of OL. During the
presence of OL, the IP process occurs among TMC and OL
on the crosslinked PEI surfaces. The concentration of OL
monomer on the surfaces is the key limiting factor that affects
the formation of the top layer, however, the possible cost of
high rejection is lower flux due to the trade-off effect. With
a much higher OL concentration, the top layer formed via IP
becomes a little denser, consequently making the permeance
lower. Besides, the study on the relationship between the
membrane permeance and microwave heating post-treatment
method is performed as shown in Figure S1. It’s indicated that

microwave heating can reduce the pore size of the membrane
but the permeance of the membrane decreases greatly.

Despite the NF-10L membranes having excellent solvent
resistance, the permeance is relatively low. Therefore, urea
modification was adopted as a reinforcement means to
optimize the membrane structure. For a nanofiltration
membrane, the transport depends on the hydrophilicity,
porosity, top layer thickness, and solvent properties of the
membrane. Considering the weak polarity of these solvents
(such as THF and DMSO), it is expected that permeance
will not be high for hydrophilic membranes [30,31]. Urea
can form a polyamide top-layer with TMC and the amide
generated can change the hydrophobicity of the membrane.
To further investigate the role of urea in improving membrane
performance, the contact angles of membranes were separately
tested. As shown in Figure 5, the contact angle is 65°, and
49° for NF-C and NF-10L respectively. With the addition of
urea, the contact angle increases from 62° (NF-10L-1U) to
85° (NF-10L-4U). The hydrophobic surface is attributed to
the formation of amide on the membrane surface, which is
generated by the interfacial polymerization of urea and OL.

3.3. SEM and AFM Characterization

As can be seen from Figure 6, NF-C, NF-10L, and NF-
10L-2U all have asymmetric structures with finger-like pore
support layers and dense skin layers. NF-C presents the peak
valley structure that polyamides usually have. Compared with
the irregular shape of polyester NF-10L surface, NF-C surface
presents a more regular polyamide peak valley structure,
while NF-10L-2U presents a more different morphology
than NF-10L and NF-C.

Figure 7 displays the root mean square (RMS) values of
several membranes including NF-C, NF-10L, and NF-10L-
2U were 116.98 nm, 35.38 nm, and 11.25 nm, respectively. In
the process of interfacial polymerization, the diffusion rate of
an aqueous monomer towards an organic solution is faster.
This rapid migration can push and reverse the ultrathin films
formed by the initial polymerization, thus forming ridge and
valley structures. With increasing urea, the surface of NF-
10L-2U becomes smooth and dense.

Figure 8 shows the effect of urea concentration on membrane
performance. As the urea concentration increases to 2g,
the permeance increases to 4.75 L m™? h' bar’. As the
concentration of urea continues to increase, the rejection and
permeance changes are not obvious. In the presence of urea,
the IP process occurs among TMC, urea monomer, and OL.
The coverage of TMC on the surfaces is the key limiting factor
that affects the formation of the top layer, as the concentration
of urea rises further higher than 2g.



Zhou et al. | OSN Membrane Prepared from Orcinol

Intensity
Intensity

Intensity

T T T
286 284 282

B.E.(eV)

T
290 288 280

Figure 3: Deconvoluted Cls, N1s,

L 90

D
o

% uonRfoay AD

Permeance (L m'zh'lbar'l)
8

Figure 4: Performance of OL-TMC membranes with different
OLconcentration (0, 5%, 1%, 1.5%, 2%,4% (w/v)) for 10 mg-L-1 CV
DMSO solution at 1 MPa.

80

B [-2]
o o
1

Contact angle(°)

n
o
1

Figure 5: The static water contact angles including NF-C, NF-10L,
NF-10L-1U, NF-10L-2U, NF-10L-3U, and NF-10L-4U.

3.4. XPS Characterization

Figure 9 displays the XPS peak spectra of carbon, nitrogen,
and oxygen of NF-10L-2U. The carbon characteristic peaks
at 285.9 eV (C-N) and the nitrogen characteristic peaks at
399.9 ev (N-C = O) prove the formation of polyamide. The
oxygen characteristic peaks at 533.4 eV (-O=C-O *) confirm
the existence of polyarylester [32,33].

As shown in Table 1, carbon contents are 61.1%, 71.2.6% and
62.54%, nitrogen contents are 21.11%, 9.8% and 18.21%, and
oxygen contents are 17.79%, 19.04% and 19.25% for NF-C,

T , T , 7 : 7
540 538 536 534 532 530 528 526
B.E.(eV)

T
400
B.E.(eV)

and Ol1s XPS spectra for NF-10L.

NF-10L and NF-10L-2U respectively. Compared with NF-
C, the oxygen content of NF-10L increases, derived from the
formation of polyarylester. When adding urea, the nitrogen
content of the membrane surface gradually increases and the
carbon content decreases.

To further explore the effect of adding urea on interfacial
polymerization, in situ UV-Vis test is also selected to
observe the changes of carbonyl absorbance for TMC at
279 nm, the consumption rate of TMC in n-hexane can be
obtained by analyzing the absorbance change of ultraviolet
light [17,34]. As shown in Figure 10, with the progress of
interfacial polymerization, the absorption peak of carbonyl
first decreases due to consumption in reaction, and then the
absorption of TMC gradually increases due to the formation
of polyarylester. When urea is added, the changing trend of
the concentration of TMC becomes relatively smooth, which
may be due to the introduction of more carbonyl into the
system by urea. This observation may explain why the RMS
value of the modified surface by urea is smaller than that of
the OL-TMC membrane.

Figure 11 shows the separation performance of NF-10L-
2U in several organic solvents. The separation performance
of membranes in different solvents is very different. The
permeance in DMF is 3.31 L m? h! bar' and the rejection
is 94%. While the permeance in THF is 3.0 ] L m? h™* bar
and the rejection is only 77%. In methanol, the permeance
is as high as 6 L m? h bar' and the rejection is 40%. The
effects of pore size of the membrane, solvent viscosity, and
the magnitude of solvent play important roles in separation
performance. As shown in Table S1, the swelling ratio of NF-
10L-2U for DMSO (0.45ml/g) is much lower than that of
Methanol, which indicated high chemical stability in DMSO
and also explains that the membrane showed relatively large
permeance and relatively low rejection when separating CV
in methanol.

Table 1: C, N, O element content of NF-C, NF-10L, NF-
10L-2U determined by XPS.

Element content (atom.%)

Membranes

N ¢} C/O O/N
NE-C 61.1 21.11 17.79 3.43 0.84
NF-10L 71.19 9.8 19.04 3.74 1.94
NF-10L-2U 62.54 18.21 19.25 3.24 1.05




Membrane Science International Vol. 1, Issue 2, 2022

NF-10L NF-10L-2U

1 ﬂlm 1 10pm

b

Figure 6: SEM images of the top surface and cross-sections of the TFC NF membranes including NF-C (a-c), NF-10L (d-f),
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Figure 7: The Plan and 3D AFM images of several membranes including NF-C(a-b), NF-10L (c-d), and NF-10L-2U(e-f)
membranes.
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3.5. Test of Membrane Stability
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Figure 9: Deconvoluted Cls, N1s, and O1s XPS spectra for NF-10L-2U membranes.

Table 2: Comparison of separation performance between several solvent-resistant nanofiltration membranes reported in the

literature and self-made membrane materials in DMSO.

OSN Membrane Permeance Solute Molecular  Rejection (%) Ref.
weight
(Lm?h'bar?) (Dalton)
PMDA-MDA /TiO, 6.4 RB 1017.64 89.5 [35]
Polybenzimidazole 0.31 RB 1017.64 90 [36]
PTSC-24 2.2 Direct Red 1373 >91 [37]
DAP-TMC 4.6 RB 1017.64 91 [38]
MPD-TMC 1 Tetracycline 444 >95 [39]
Electrospun PAN 1 Fast Green 808 90 [40]
FCF

NE-10L 3.1 Crystal 407 91 This

Violet work
NE-1.50L 2.6 Crystal 407 92

Violet
NE-10L-2U 4.6 Crystal 407 91

Violet
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The separation properties of some solvent-resistant composite
membranes in DMSO reported in the literature were listed
in Table 2. It can be seen from the table that the separation
performance of the synthesized membranes including NF-
10L, NF-1.50L, and NF-10L-2U is comparable to that of the
composite membranes listed.

2.50

2.48

2.46

—a— OL+TMC
—e— OL+Urea+TMC

2.44

2.42

Absorbance

. -

2.40 ~a

2.38

2.36 T T T T T T T T T
0 2 4 6 8 0 12 14 16

Time (min)

Figure 10: UV-Vis absorption of carbonyl for TMC before and after
urea addition during IP reaction between OL and TMC.
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Figure 11: Separation performance of NF-10L-2U in several organic
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Figure 12: Characterization of membrane stability of NF-10L-2U in
DMSO for 40 hours.

4. Conclusions

Using orcinol and trimesoyl chloride as monomers, a
polyarylester solvent-resistant composite nanofiltration
membrane has been fabricated. The membrane with better
process conditions has a rejection of 92% for CV in DMSO,
and a permeance of 3.1 Lm™?h™' bar". Urea was used to modify
the properties of solvent-resistant composite membrane
for the first time, With the addition of urea, the contact
angle of OL-TMC membrane increases from 62° to 85°. The
membrane modified by urea shows a lower swelling ratio for
DMSO (0.45ml/g) and an improved permeance of 4.6 L m™
h bar! and rejection of 91% after a 40 h separation process
in DMSO. This study not only provides a useful reference
for the preparation of high-performance solvent-resistant
nanofiltration membrane materials using polyphenols as
raw materials, but also provides ideas for reducing energy
consumption, material consumption, and carbon emission.

Supplementary Materials

Table S1: lists the swelling degree of NF-10L-2U in THE
Methanol, DME DMSO, and NMP.

Figure S1: lists the effects of microwave time on membrane
properties.
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