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The development of high flux and solvent-stable thin-film composite (TFC) organic solvent nanofiltration (OSN) mem-
branes was reported. A novel cross-linked polyimide substrate, consisting of a thin skin layer with minimum solvent
transport resistance and a sponge-like sublayer structure that could withstand membrane compaction under high-
pressure was first fabricated. Then the solvent flux was significantly enhanced without compromising the solute rejection
by the coupling effects of (1) the addition of triethylamine/camphorsulfonic acid into the monomer solution, and (2) the
combined post-treatments of glycerol/sodium dodecyl sulphate immersion and dimethyl sulfoxide (DMSO) filtration.
Finally, the long-term stability of the TFC membrane in aprotic solvents such as DMSO was improved by post-crosslink
thermal annealing. The novel TFC OSN membrane developed was found to have superior rejection to tetracycline (MW:
444 g/mol) but was very permeable to alcohols such as methanol (5.12 Im 2h™'bar™") and aprotic solvents such as
dimethylformamide (3.92 Im 2h™'bar™") and DMSO (3.34 Im *h™'bar~!). © 2014 American Institute of Chemical
Engineers AIChE J, 60: 3623-3633, 2014
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nanofiltration membrane is of particular importance to the
pharmaceutical industry because most pharmaceuticals have
molecular weights ranging from 300 to 1000 Da and the syn-

Introduction

Nanofiltration (NF) is a pressure-driven membrane separa-

tion process. The NF membrane has a pore size of about
0.5-2.0 nm with a nominal molecular weight cutoff
(MWCO) of 200 to 1000 Daltons.! The MWCO is defined
as the molecular weight of the solute that is 90% rejected by
the membrane. NF offers advantages of higher retention than
ultrafiltration (UF) and lower pressure requirement than
reverse osmosis (RO). Therefore, the application of NF has
grown rapidly to become an important separation and purifi-
cation technique in aqueous applications.2

Over the last decade, there is growing interest to develop
NF membranes with high solvent resistance.> The so-called
organic solvent nanofiltration (OSN) or solvent resistant
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theses of active pharmaceutical ingredients occur in organic
solvents through multiple steps of reactions and separations.
GlaxoSmithKline researchers have estimated that 85% of the
total mass of chemicals used in pharmaceutical manufacture
consists of solvents, while their recovery rates are typically
at only 50-80%.° The majority of waste is sent for on-site
incineration partly because of the high energy consumption
of conventional methods such as distillation. However, with
stricter environmental legislation and increasing prices of
organic solvents, solvent recovery is essential and becomes a
competitive alternative to incineration. The OSN process not
only recovers and reuses the organic solvent but also purifies
and concentrates the high-value pharmaceuticals.” "
However, the extension of use of NF membranes from
aqueous media to organic solvents is still at its infant stage.
The major hurdle is that conventional polymers such as
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Table 1. Dope Composition, Viscosity, Mean Pore Size, Standard Deviation, MWCO, and PWP of Matrimid® Flat-Sheet

Substrates
Dope Composition Dope dy PWP at 1 bar PWP at 10 bar
D (Wt %) Viscosity (Pa s) (nm) o MWCO (KDa) (Im*h ™ "bar™ ") (Im~*h ™ 'bar™ ")
M1 Matrimid®/NMP = 20/80 23.6 4.3 2.1 30.9 193.84 9.2
M2 Matrimid®/THF/DG/ 24.2 11 1.4 76.7 253.26 39.1

NMP = 17/10/10/63

polyethersulfone and polyacrylonitrile are not stable in
organic solvents, thus limiting their applications in organic
solvent media. Polyimide membranes fabricated from phase
inversion show improved solvent resistance compared to the
conventional polymeric membranes mentioned above, but
they possess limited applications in harsh organic solvents
such as dimethylacetamide (DMAc), dimethylformamide
(DMF), dimethyl sulfoxide (DMSO) and so on. Cross-
linking of polyimide membranes with diamines was initially
developed for nonporous membranes such as gas separation
and pervaporation.lz_16 Later, it was reported to improve the
solvent stability of nanoporous membranes and allow the
cross-linked membranes to be stable in harsh organic sol-
vents.!”20 However, to obtain a membrane with surface
pore size small enough to reject pharmaceutical solutes with
low molecular weights, the resultant bulk substrate is often
dense.2""*? Therefore, the resulting cross-linked OSN mem-
brane generally possesses low solvent permeability.

An ideal OSN membrane should possess the following
characteristics: (1) a support layer with high porosity and
high mechanical strength allowing low solvent transport
resistance during high-pressure operations; (2) a selective
layer with a high solvent permeability and a small pore size
for high solute rejection; (3) both layers should be resistant
to organic solvents.”> > A promising candidate is the thin-
film composite (TFC) membrane that consists of a cross-
linked polyimide substrate with an UF pore size and an
ultrathin polyamide selective layer (<300 nm) formed by
interfacial polymerization. The interfacial polymerization
technique for fabricating TFC membranes for RO, NF, and
other aqueous applications have matured over the past deca-
des.2%3% Nevertheless, the development of TFC membranes
for OSN was recent.”*3'? Efforts have been made to
enhance the flux while maintaining the high solute rejection
through polyethylene glycol pretreatment, solvent activa-
tion,>’ hydrophobic modification,>* and incorporation of
nanoparticles such as metal-organic framework particles and
graphite oxide.*** However, as integrity, both the TFC layer
and the polyimide substrate must meet the requirements of
the OSN membrane which possesses high flux, high rejec-
tion, and long-term stability.

Therefore, the objective of this article is to develop supe-
rior solvent stable Matrimid® membranes from interfacial
polymerization for OSN applications through the structural
design of both the polyimide substrate and the TFC layer.
First, a sponge-like Matrimid® substrate was developed via
the polymer/solvent/cosolvent/nonsolvent system by adding
tetrahydrofuran (THF) and diethylene glycol (DG) into the
dope solution. Their effects on flux, rejection, and membrane
compaction under high-pressure operations were compared
with the finger-like substrate. Second, a novel protocol for
interfacial polymerization that could modulate the nanostruc-
ture of the TFC layer was developed to enhance solvent flux
and retain solute rejection. The novel combined post-
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treatment method differed from those reported earlier as it
involved glycerol/sodium dodecyl sulphate (SDS) immersion
followed by DMSO filtration. Another enhancement was
achieved by the addition of triethylamine (TEA)/camphorsul-
fonic acid (CSA) into the monomer solution. A systematic
analysis of the surface morphology by atomic force micro-
scope (AFM) was performed to correlate the performance
enhancement with the morphological changes of the mem-
brane. Finally, the effects of post cross-link thermal anneal-
ing of the substrate layer on the flux and long-term stability
of the TFC membrane were explored. This could lead to a
new approach for the fabrication of high-performance OSN
membranes.

Experimental
Materials

A commercially available polyimide polymer, Matrimid®
5218 (Vantico Inc.) was used to prepare the membrane sup-
ports. N-methyl-2-pyrrolidinone (NMP, >99.5%, Merck) was
used as solvent, while diethylene glycol (DG, 99%, Alfa-
Aesar) and tetrahydrofuran (THF, 99.99%, Fisher Chemical)
were acquired as additives of dope solutions for fabricating
the membrane substrate. 1,6-Hexanediamine (HDA, >98%,
Alfa-Aesar) was utilized to cross-link the substrate. Polye-
thyleneglycol 400 (PEG 400, Merck) and isopropanol (IPA,
99.96%, Fisher Chemical) were used to pre-wet the substrate
before interfacial polymerization. M-phenylenediamine
(MPD, >99%, Sigma), trimesoyl chloride (TMC, 98%, Alfa-
Aesar), sodium dodecyl sulphate (SDS, 99%, Alfa-Aesar),
triethylamine (TEA, >99%, Sigma), camphorsulfonic acid
(98%, Sigma), n-hexane (>99.9%, Fisher Chemical) were
used to perform interfacial polymerization. PEG 2K, PEG
10K, PEG 20K, and PEG 35K were purchased from Merck
to measure the pore size distribution of the substrate. Metha-
nol (99.99%, Fisher Chemical), ethanol (96%, QRec),
dimethyl sulfoxide (DMSO, 99.98%, Fisher Scientific),
dimethylformamide (DMF, 99.8%, Sigma), dimethylaceta-
mide (DMAc, 99.5%, VWR) were used as the solvents for
NF experiments. Tetracycline (>98%, C,,H,4N,Og, MW:
444.435 g/mol) was used as a model pharmaceutical to test
the performance of the NF membrane.

Dope preparation and viscosity measurements

The Matrimid® polymer was first dried overnight in a vac-
uum oven at 120°C to remove moisture, and then dissolved
in NMP. The mixture was stirred for 24 h to form a homo-
geneous polymer solution, which was then set aside for 2
days to eliminate air bubbles that may have been trapped in
the solution. The viscosities of the polymer solutions were
measured by an ARES Rheometric Scientific Rheometer at
25°C. Table 1 depicts the dope solutions compositions and
the viscosities of various Matrimid® polymeric solutions.
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Preparation of the cross-linked polyimide substrates

The polyimide substrate was prepared by casting the
Matrimid® polymer solution on a polyester nonwoven fabric
with a 250 pm-thick casting knife at a casting speed of
0.025 ms~'. The substrate was then immersed in a 10 L
water coagulant bath (23°C) for 2 days to accomplish phase
separation.

After phase separation, the substrate was first transferred
to a methanol bath for 1 day to remove water and other
residual solvents. Then the substrate was cross-linked in a 10
wt % HDA/methanol solution for 24 h. In order to improve
the stability of the cross-linked substrate in polar aprotic sol-
vents such as DMSO and DMAc, the substrate was further
heat-treated at 85°C for 30 min in a vacuum oven. Following
which, the substrate was immersed in a PEG/IPA:3/2 v/v%
solution overnight and finally dried in air before interfacial
polymerization.

Preparation of the thin-film composite membranes

The substrate, with the skin layer facing upwards, was
assembled into a reaction module such that only the skin
layer would contact the monomer solutions. The edge of
the substrate was clipped tightly between two glass plates.
The hollow square in the centre of the top plate was used as
the reservoir for the monomer solutions. An aqueous solution
of 2 % w/w MPD was loaded into this reservoir for 2 min.
Then the solution was drained and the top plate was
removed. The excess water droplet was removed by a rubber
roller. After reassembling the top plate, the skin layer was
immersed in a solution of 0.1 w/v% TMC in hexane for 1
min. The membrane was then dissembled from the module
and subjected to 100°C heat treatment for 5 min. Finally, the
membrane was stored in distilled water prior to further
testing.

The membranes were then subjected to one of the three
post-treatment methods: (1) following the contact of the
membrane with the TMC/hexane solution, it was first placed
in a 1.0/0.3 w/w% glycerol/SDS aqueous solution for 10
min. Then after the 100°C heat treatment for 5 min, it was
again immersed in the glycerol/SDS solution; (2) The inter-
facial polymerized membranes was filtered with pure DMSO
in the dead-end permeation cell at 10 bar for 10 min; (3)
Both post-treatment methods (1) and (2) were used.

Characterizations of the membranes

The morphology of the membranes was examined under a
field emission scanning electron microscope (FESEM JEOL
JSM-6700F) after the dried membranes were immersed in
liquid nitrogen, fractured and then coated with platinum
using a JEOL JFC-1300 Platinum coater.

ATR-FTIR (Perkin-Elmer FT-IR spectrometer, Norwalk,
CT) was used to confirm the interfacial polymerization and
cross-linking mechanisms. The spectra were obtained with
an average of 64 scans at a resolution of 6 cm”~'. Fourier
Transform Infrared Spectroscopy (FTIR) was used to confirm
the interfacial polymerization and cross-linking mechanisms.
An attenuated total reflectance (ATR) mode was applied
using Bio-Rad FTIR FTS135 over the range of 400-
4000 cm ™" with the total 64 scans for each sample.

The membrane surface topology was examined using a
Nanoscope IIla AFM from Digital Instruments Inc. A tap-
ping mode (Acoustic AC) was applied to the membrane sam-
ples at room temperature in air. For each membrane, an area
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of 5 X 5 um was scanned at a rate of 1 Hz using the tapping
mode. The mean roughness (R,) was used to quantify the
surface roughness of the membranes.

Pure water permeability, mean effective pore size, pore
size distribution, and molecular weight cutoff of the
polyimide substrates

Pore structural parameters including pure water permeabil-
ity, MWCO, pore size, pore size distribution of the polyi-
mide substrate were determined through a dead-end
permeation cell under rapid stirring (700 rpm) to minimize
the concentration polarization effect. Each membrane was
found to have an effective area of approximately 10.75 cm?.
Firstly, DI water was pressurized under 1 bar to test the pure
water permeability, pure water permeability (PWP; Im 2
bar~' h™'), which was calculated using the equation

Q

PWP=
AP - Ay,

ey

where Q is the water permeation volumetric flow rate (L/h),
A, is the effective filtration area (m?), and AP is the trans-
membrane pressure drop (bar).

The substrates were then characterized by solute separa-
tion experiments with 200 ppm neutral organic solutes, i.e.,
PEG 2K, PEG 10K, PEG 20K, PEG 35K, at pH 5.75 to esti-
mate pore size, pore size distribution, and MWCO according
to the solute transport method described previously.***® Gen-
erally, the rejections of the substrates against various PEG
polymers were tested under a hydraulic pressure of 1.0 bar.
Concentrations of neutral solute solutions were measured by
a total organic carbon analyzer (TOC, ASI-5000A, Shimazu,
Japan). The solute rejection Rt (%) was calculated using the
equation

Ry (%)= (1—f> )

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

The solute radius rg is related to the molecular weight M
of the polymer as described in the following equations

rs=16.73%10" 2 x M7 3)

When the solute rejection Ry is plotted vs. r; on a lognor-
mal probability paper, a straight line is yielded and the mean
effective pore radius r, is found at Ry = 50%, and the geo-
metric standard deviation o, is found as the ratio of ry at
Rt =284.13% and 50%. Then the pore size distribution of the
membrane can be expressed as following

dRy(rp) 1 (Inr,—In yp)z
= exp | — 210 )
Tp rplno,y2n 2(Inay)

Organic solvent nanofiltration experiments with the
TFC membranes

Solutes dissolved in various organic solvents were sub-
jected to NF experiments in stainless steel permeation cells
at 10 bar and rapid stirring (700 rpm). Solvent flux was
obtained from the following equation

Oy

Jv:A—m (6))
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Figure 1. FTIR of the plain substrate, the cross-linked
substrate, and the TFC membrane on the
cross-linked substrate.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

where Q, is the solvent permeation volumetric flow rate (L/
h), A, is the effective filtration area (m?).

Solute rejection, Rt, was obtained from Eq. 2. The con-
centration of tetracycline in various organic solvents was
measured by a UV-Vis spectrometer (Pharo 300, Merck) at a
wavelength of 360 nm. The permeate flow rate, Q (L/h) and
solute rejection were measured after 20 ml solvent was per-
meated through the membrane. Three consecutive data with
the same volume were measured to ensure the variation is
within 2%.

Results and Discussion
Characterizations

Figure 1 shows the ATR-FTIR spectra of the plain polyi-
mide (PI) substrate, the cross-linked substrate and the cross-
linked TFC membrane. The imide peaks at 1371, 1723, and
1781 cm™ ' on the plain substrate’s spectrum disappeared in
the cross-linked substrate. The amide peaks at 1542 and
1635 cm ™! also appeared on the cross-linked substrate, indi-

Cross-section

Top layer

cating the polyimide substrate was successfully cross-linked
by HDA. These peaks agree well with previous reports.'*'®
After interfacial polymerization, the amide peaks at 1542
and 1635 cm ™' became stronger than the cross-linked TFC
membrane. The peaks at 1464 cm™ ' (aromatic ring breath-
ing) also appeared, indicating formation of the —NHCO-
bond.

Effects of substrate properties on the OSN
performance

Two dope compositions, as listed in Table 1, were
designed to fabricate the substrate for interfacial polymeriza-
tion. Figure 2 shows the morphology of both substrates,
while their pore structural parameters are listed in Table 1.
The first substrate, denoted as “M1,” was prepared from a
dope solution of Matrimid®/NMP = 20/80 w/w%. From Fig-
ure 2, it is obvious that the cross-section of M1 is full of
finger-like macrovoids. There is a thick skin layer on the top
of the substrate. The finger-like macrovoids, caused by water
intrusion, are typical of polymer/solvent dope solutions at
low polymer concentration. Macrovoids are considered as
weak points at high-pressure filtration with likelihood of
defects and compaction over extended operation. When the
polymer concentration was increased beyond its critical con-
centration, there were fewer macrovoids but decreased mem-
brane flux.>’~®

The second substrate, designated as “M2,” was fabricated
from a modified dope solution of Matrimid®/THF/DG/
NMP = 17/10/10/63 w/w%. THF is a volatile cosolvent of
Matrimid®. It has a higher mass transfer rate with water than
that of NMP so as to form a thinner defect-free skin layer.
DG, a nonsolvent additive that brings the dope composition
closer to the binodal curve, facilitates relatively uniform spi-
nodal decomposition across the membranes during the phase
inversion process. The macrovoid formation was suppressed
with the formation of a more open-cell structure. With the
modified dope formulation, M2 exhibited a macrovoid free
and sponge-like cross-section structure. The skin layer of M2
was thinner than M1 without additional transport resistance
added by the substrate. Large pores were absent from the
membrane surface and this facilitated the formation of the
thin film through interfacial polymerization. The pores
beneath the skin were porous and interconnected. And the

Top surface Bottom surface

Figure 2. Morphology of Matrimid® membranes with various dope formulations.
(a) Matrimid®/NMP = 20/80 wt %; (b) Matrimid®/THF/DG/NMP = 17/10/10/63 wt %.
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Figure 3. Pore size distributions of the supports M1
and M2.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

bottom surface was also fully porous, compared to that of
Ml.

As shown in Table 1, the thinner skin layer of M2 led to
a 1.5-time larger pore size and MWCO than those of MI.
However, the macrovoid free structure of M2 without skin
defects meant that it had a higher standard deviation and
more uniform pore size distribution as shown in Figure 3.
The PWP values of M2 were 30% and 325% higher than
those of M1 under hydraulic pressures of 1 bar and 10 bar,
respectively. This indicates that the M2 membrane with the
sponge-like structure would compact less than M1 under
high-pressure.

Both substrates were used to fabricate OSN membranes
by interfacial polymerization as described in the experimen-
tal section. Table 2 compares their OSN performance. At 10
bar, the TFC1 membrane (substrate M1) presented a rela-
tively low methanol flux (0.41 Im2>h™") though the rejec-
tion of tetracycline (93.29 %) was quite high. The substrate
M2 has a thin skin layer with less solvent transport resist-
ance. Its sponge-like sublayer structure is less inclined to
membrane compaction while its larger pore size provides
more channels for solvent transport. Therefore, TFC2 yielded
a 2-fold increase in methanol flux (1.34 Im 2 h™!) and a
less but still reasonable high solute rejection (90.79 %).
Therefore, M2, the substrate, was subjected to further
studies.

Effects of interfacial polymerization conditions on the
OSN performance

The effects of two important conditions in the interfacial
polymerization process were investigated. First, the follow-
ing two MPD solutions were compared. One solution, a 2
w/w% of MPD aqueous solution, was denoted as “MPD1”
and the other aqueous solution containing MPD/SDS/TEA/
CSA =2.0/0.1/0.5/1.03 w/w%, was designated as “MPD2.”

Table 2. The Effects of Substrates on OSN Performance

Substrate Methanol Flux Tetracycline Rejection
D D (Im—*h™") (%)
TFC1 Ml 0.41 93.29
TFC2 M2 1.34 90.18

The tests were carried out at 10 bar.
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Figure 4. Effects of TEA/CSA in the MPD solution and
post-treatment methods on OSN perform-
ance.

“Combined treatment” denotes glycerol/SDS immersion
followed by DMSO filtration. The tests were carried out

at 10 bar. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Next, the effects of three post-treatment methods were stud-
ied, as detailed in the experimental section. As shown in Fig-
ure 4, both DMSO filtration and glycerol/SDS immersion
enhanced the methanol flux irrespective of the choice of the
MPD solution used. The membranes which were immersed
in the glycerol/SDS solution exhibited a higher flux than the
ones filtered by pure DMSO. However, the tetracycline
rejection was sacrificed with the glycerol/SDS immersion.
When the two post-treatment methods were combined, the
resultant membranes possessed a significant enhancement of
both methanol flux and tetracycline rejection. Furthermore, it
is obviously observed that the addition of SDS surfactant
and TEA/CSA salts in the MPD solution has a dramatic
increase on both flux and rejection. Therefore, in order to
achieve high solvent flux and high solute rejection, the
MPD2  solution (MPD/TEA/CSA/SDS = 2.0/0.1/0.5/1.03
w/w%) was recommended as the monomer solution. A com-
bined post-treatment method, that is, glycerol/SDS immer-
sion followed by DMSO filtration, should be applied after
the interfacial polymerization.

In order to illustrate the above findings, the surfaces of
TFC membranes after each step post-treatment were exam-
ined. Figures 5 and 6 show their FESEM images and AFM
analyses, respectively. The mean roughness, R,, and the sur-
face area in the 5 X 5 um area are listed in Table 3. It is
clear from the FESEM and AFM images that the pristine
TFC membranes exhibited the standard ridge-and-valley top
surface which was formed by MPD diffusion from the sub-
strate pores into the oil phase where MPD reacted with
TMC and formed the cross-linked polyamide struc-
ture.”®313%4% Heat treatment is a proven method to densify
the cross-linked polyamide structure and tightens the mem-
brane pores.*****! If the heat treatment is applied without
other post-treatment methods, both the roughness and the
surface area were reduced after heat treatment, as shown in
Table 3. As roughness, surface area and polyamide mobility
are proportional to membrane flux, it is crucial to maintain
these parameters during the drying step.42_47 When the glyc-
erol/SDS immersion was applied before and after the heat
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Pristine TFC surface Only heat treat

Glycerol/SDS +
heat treat

Glycerol/SDS + heat treat
+DMSO filtration

Figure 5. Effects of TEA/CSA in the MPD solution and post-treatment methods on the morphology of the TFC

layer.

(a) MPD1 (2 wt % MPD solution); (b) MPD2 (MPD/SDS/TEA/CSA=2.0/0.1/0.5/1.03 wt %).

treatment, the porosity and the wettability of the membrane
was preserved by glycerol and SDS, respectively.41 There-
fore, more ridges appeared on the surface of the membrane
compared to the one without post-treatment. The mean
roughness and surface area also increased, leading to a
higher flux. In our recent work, positron annihilation spec-
troscopy was applied to demonstrate that the free volume of
the TFC membrane was improved after the glycerol/SDS
immersion. This indicates that glycerol and SDS assist in

(a) MPD1

200nm

Pristine TFC

Only heat treat

preserving the pores during the drying. The free volume of
the TFC membrane is released once glycerol and SDS are
washed away (Ong et al., Submitted). Another method to
preserve the porosity and wettability of the membrane was
reported by Prof. Livingston group who used diamines con-
taining polyethyleglycol, such as Jeffamine 400, to cross-link
the polyimide substrate prior to the membrane drying.48
Finally, the pure DMSO filtration of the membrane dissolved
the loosely cross-linked polyamide fragments causing the

Glycerol/SDS + heat treat
+ DMSO filtration

Glycerol/SDS + heat treat

Figure 6. The AFM images of the TFC membrane after each post-treatment method, scanned in a5 x 5 um area.
(a) MPD1 (2 wt % MPD solution); (b) MPD2 (MPD/SDS/TEA/CSA = 2.0/0.1/0.5/1.03 wt %). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Table 3. The Mean Roughness (R,) and Surface Area of the TFC Membrane After Each Post-Treatment Method, Measured
inal5 X 5 um Area

Pristine TFC Only Heat-Treat

Glycerol/SDS Immersion

Glycerol/SDS Immersion+ DMSO Filtration

MPD1
R,, (nm) 32.8+2.7 19.7x34 244 +0.8 297+ 1.7
Surface area (,umz) 30.7*+1.6 26.8+2.3 27.5+1.7 282+1.2
MPD2
R,, (nm) 433*33 25925 314+1.1 414 *37
Surface area (umz) 38.6 0.4 29.5+2.1 347+1.6 359+09
100 . o —— 100 100 g—p—— - 100
- g~ =
= 80 - 80 g - 80 4 - 80 =
= s £ c
& -e—Flux 6 7 o
E o | = E -o-Flux =
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Figure 7. Effects of post-crosslink thermal annealing time on solvent flux and tetracycline rejection in (a) methanol

and (b) DMSO solutions.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

swelling of the TFC layer and thus increasing the free vol-
ume.>'* At the same time, more small ridges appeared, as
shown in Figures 5 and 6. As a result, both roughness and
surface area increased, which accounted for flux enhance-
ment as shown in Figure 4.

The formulation of the MPD monomer solution was also
found to significantly influence the resulting TFC surface.
Compared to the MPDI solution with only a 2 w/w% MPD,
the MPD2 monomer solution also had 0.1 w/w% SDS, 0.5
w/w% TEA, and 1.03 w/w% CSA. SDS is a surfactant that
preserves the wettability of the membrane as well as
improves the adsorption of MPD in the substrate.”® TEA is
the acid acceptor that increases the reaction rate and thus
promotes the formation of small ridges. It also forms organic
salts between its amine group and the sulfonic group of
CSA. The resultant water soluble salts may increase the
porosity of the TFC layer after being washed out after inter-

ae
T

Before cross-link

After cross-link

facial polymerization.'”' As a result of these coupling
effects, more small ridges were observed on the TFC mem-
brane made from the MPD?2 solution compares to those from
the MPDI1 solution during each post-treatment step, as
shown in Figure 5. Table 3 also confirmed that both the
roughness and surface area of the TFC membrane prepared
from the MPD2 solution are much higher than the one from
the MPD1 solution.

Effects of post-crosslink thermal annealing on the OSN
performance of the TFC membranes

The duration for post-crosslink thermal annealing ranged
from O to 30 min. Its effects on tetracycline rejection and
solvent flux of the TFC membranes in various solvents are
shown in Figure 7. The tetracycline rejection was over 95%
in both methanol and DMSO solvents which improved
slightly as annealing duration increased. However, the

After 30 min thermal
annealing

Figure 8. Effects of cross-link and thermal annealing on the morphology of the substrate.
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Figure 9. Effects of post-crosslink thermal annealing
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[Color figure can be viewed in the online issue, which is
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solvent fluxes for both methanol and DMSO decreased grad-
ually as the annealing time increased from 0 to 15 min. It
plateaued off when the annealing time increased further.
Figure 8 presents the morphological changes of the polyi-
mide substrate after cross-linking and thermal annealing.
Before cross-linking, the pristine polyimide substrate exhib-
ited a nodule like structure with many small voids for sol-
vent transport. After cross-linking, the nodules tightened and
the voids decreased significantly in number. After the 30
min thermal annealing, the surface became denser. Figure 9
shows the effects of annealing time on methanol flux and tet-
racycline rejection of the polyimide substrate. The solvent
flux decreased gradually as the annealing time increased,
which is consistent with the morphological changes. How-
ever, it is interesting to observe that the thermal annealing
time had a significant impact on tetracycline rejection. When
the annealing time was only 5 min, the rejection was less
than 10%, which is similar to the one without thermal
annealing. However, the rejection dramatically increased to
over 70% when the annealing time increased to 15 min. The
findings here agree with those of previous reports that heat
treatment after cross-linking may facilitate the formation of
charge transfer complexes within the polymer matrix. It not
only facilitated the packing of polymeric chains and their

DMF
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@Anneal Omin
(a) T T T T
0 10 20 30 40 50
Solvent flux (Im2h)
DMF
DMAc
DMSO
NMP e
(b) T T T T T
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Figure 10. Effects of post-crosslink thermal annealing
time on (a) flux and (b) rejection in various
solvents.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

rigidification but also increased the degree of cross-link-
ing."*?5 The enhanced cross-linking led to a high solute
rejection by the substrate instead of the TFC layer, which is
unnecessary and also the sacrifice of solvent flux. Neverthe-
less, a certain period of thermal annealing of the as-cross-
linked substrate might be necessary to improve the solvent
stability, which will be discussed later.

Figure 10 illustrates the effects of post cross-link thermal
annealing on the flux and rejection in various aprotic sol-
vents, which are commonly used in pharmaceutical synthe-
ses. It is still challenging for current OSN membranes to

Table 4. Intrinsic Properties of the Aprotic Solvents Tested in the Work

Aprotic Molecular Density Molecular Molar Volume Boiling Point Surface Tension Viscosity
Solvent Structure (g/cm3) Weight (g/mol) (cm®/mol) [§©) (mN/m) (mPa s)
DMF o} 0.944 73.09 77.43 153 37.1 0.802
AN~
I
DMAc O 0.936 87.12 92.68 165 36.7 0.927
J .
DMSO O 1.100 78.13 71.00 189 435 1.996
S
7N
NMP 1.026 99.13 96.62 202 40.8 1.666
N 0
|
3630 DOI 10.1002/aic Published on behalf of the AIChE October 2014 Vol. 60, No. 10 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

100 Q_H_g_g 100

<3

= 80 - —=—Flux (Anneal Omin) —ES—Rej (Anneal Omin) - 80 &
&: —+—Flux (Anneal 5min) —#—Rej. (Anneal 5 min) o
'E —o—Flux (Anneal 15 min) =—&=Re. (Anneal 15 min) ‘5
= 60 60 2
- [
> T
2 h"::ﬁ:: £
Y —
3 40 40 =
c —eo—o— >
g g
£ 20 20 &
@

= =

o @ Lo
0 1 2 3 4 5 6
Time, (day)

o

& g : 10
~&—Flux (Anneal 0min)  —=B=Rej (Anneal 0 min)

—s+—Flux (Anneal Smin) —A—Rej. (Anneal 5 min)
—&—Flux (Anneal 15 min) =—&-=Re. (Anneal 15 min)

[+4]
o
[e:]
o

[+2]
o
[+)]
o

|

Tetracycline rejection, (%)

DMSO flux, (Im2h-)
5
o

n
o
%)
o

Time, (day)

Figure 11. Effects of post-crosslink thermal annealing time on long-term separation performance and membrane
stability in (a) methanol and (b) DMSO solutions.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

exhibit excellent flux, rejection, and long-term stability in
these solvents.” As shown in Figure 10, post cross-link ther-
mal annealing improved the solute rejection while decreasing
the solvent flux. Both annealed and nonannealed TFC mem-
branes exhibited a trend of solvent flux as follows:
NMP < DMSO < DMAc < DMF. From the intrinsic proper-
ties listed in Table 4, the solvent flux was inversely propor-
tional to its viscosity except for NMP because it possesses
the highest molecular volume. As NMP is also the mem-
brane solvent, it could have caused the polymer to swell
more.

The long-term stability of the TFC membranes in both
methanol and DMSO were further investigated and the
results are shown in Figure 11. The TFC membranes showed
different behaviors in these two solvents. In methanol, the
TFC membranes yielded 95% and above solute rejections
over the 5-day testing period, regardless of the post cross-
link thermal annealing time. The flux declined slightly and
the rejection increased gradually, probably as a result of con-
centration polarization and fouling on the membrane surface.
However, the post cross-link thermal annealing appeared to
impact the performance of the TFC membrane in DMSO.
Without thermal annealing, the flux increased while the
rejection declined during the long-term tests. A 5-min ther-
mal annealing was sufficient to maintain the substrate stabil-
ity of the substrate without sacrificing the solvent flux.

Conclusions

This is a systematic investigation to enhance the flux and
stability of the polyimide TFC membranes for OSN applica-
tions and the conclusions are as follows:

1. The addition of low molecular weight cosolvent (THF)
and nonsolvent (DG) promote the formation of a thin skin
layer and a macrovoid-free sublayer that reduced the solvent
transport resistance and membrane compaction under high-
pressure.

2. The post-treatment of TFC membranes by the glycerol/
SDS immersion preserved the porosity and the wettability of
TFC membranes during the heat treatment. A further DMSO
filtration dissolved the loosely cross-linked polyamide frag-
ments and the TFC layer became swollen, thus increasing
the free volume. These combined post-treatments increased
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the surface roughness and surface area leading to an
improved solvent flux.

3. The addition of TEA and CSA in the MPD solution not
only facilitated the reaction rate of interfacial polymerization
but also formed organic salts. These coupling effects signifi-
cantly increased the surface roughness and surface area
which led to the improvement in solvent flux.

4. Post cross-link thermal annealing of the polyimide sub-
strate significantly affected the flux and long-term stability
of TFC membranes. As the time of thermal annealing
increased, the solvent flux decreased while the long-term sta-
bility improved. For alcoholic solvents such as methanol, it
was found that heat treating the cross-linked substrate was
not required. However, for aprotic solvents such as DMSO,
a 5 minute heat treatment was necessary to increase the sta-
bility of the TFC membrane.

5. The novel Matrimid® TFC OSN membrane possesses a
superior rejection of tetracycline (MW: 444 g/mol) but was
very permeable to alcoholic solvents such as methanol (5.12
lmfzhflbarfl) and aprotic solvents such as DMF (3.92
Imh ™ 'bar~ ") and DMSO (3.34 Im *h~'bar™ ). The proto-
col developed in this work may provide insights to and guid-
ance for the fabrication of high-performance OSN
membranes.
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