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Among current separation processes, nanofiltration (NF), besides its easy scalability, exhibits low energy con-
sumption, environmental impact and footprint, being widely used for water treatment and solvent recovery. The
development of membranes for NF involves perfecting the skin selective layer, the sublayers and the support. In
this work, a multilayer structure membrane is presented where a selective layer of polyamide (PA, thickness
40-60 nm) was interfacially polymerized on a sub-layer of MOF ZIF-93 (thickness ~ 50 nm) grown on another
sub-layer of single-walled carbon nanotubes (SWCNT, thickness ~ 400 nm) vacuum filtrated on an asymmetric
polyimide P84® support (thickness ~ 200 pm). The membrane with structure PA/ZIF-93/SWCNT/P84 showed
excellent results in water NF and methanol organic solvent NF of different dyes (with the highest values of water
and methanol permeances of up to 57.6 and 84.5 L-m~2-h~L.bar~!, respectively, with rejections usually greater
than 99%). By means of a wide range of characterization techniques (contact angle, AFM, XRD, ATR-FTIR and
FIB-SEM) the role of every component in the membrane was elucidated. In fact, the presence of the sublayer of
ZIF-93 increased the roughness and hydrophilicity as well as decreased the thickness of the PA layer. These
effects are related to the fact that the sublayers subordinate the interfacial polymerization as well as influence the
properties of the PA film and therefore its NF performance, even showing chlorine resistance as well as ten-day

cross-flow NF stability.

1. Introduction

Membrane technology is a process that, with respect to the classic
separation processes (e.g. distillation, absorption, liquid-liquid extrac-
tion), can be considered more energy efficient, smaller in footprint and
more environment friendly, being also a continuous modular process,
which can operate easily and is easy to scale [1]. Nanofiltration is a
pressure-driven membrane process that present higher fluxes with
respect to reverse osmosis membranes, low rejection of monovalent
salts, high rejection of divalent salts, molecular weight cut-off (smallest
molecular size of the solute in which the membrane has a rejection equal
to or greater than 90%) in the 150-2000 Da range, pore size less than 2
nm and working pressures in the 5-35 bar range [2-5].

Nanofiltration has been applied in the treatment of water and
wastewater as well as in desalination and in industries related to the
recovery or obtaining of biotechnology products, food additives, fla-
vours or pharmaceutical products, among other fine chemicals [6,7].

When the solvent is an organic compound, organic solvent nano-
filtration (OSN) has been defined, which has a great application in the
industries mentioned above for the recovery of the solvents used in
organic synthesis or in washing processes [4].

Nanofiltration membranes can be classified in two main types: the
so-called integrally skinned asymmetric (ISA) membranes prepared by
phase inversion and the called thin film composite (TFC) membranes
where a selective thin layer is typically placed on top of an asymmetric
porous support. Compared to ISA membranes, TFC membranes have the
advantages of lower cost on the polymer of the selective layer, allow
optimization of the composition and structure of the selective layer and
the support independently, in order to obtain the best separation prop-
erties under stable operating conditions, and have fewer mechanical
limitations [8]. TFC membranes can be prepared by interfacial poly-
merization (IP) [9], probably the most used method since it allows to
control the formation of ultra-thin layers. In the IP, the selective layer is
usually a polyamide (PA) thin film formed by a reaction at the interface
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between two immiscible liquids (water-organic). Usually, the support is
first impregnated with a diamine (m-phenylenediamine (MPD) and
piperazine (PIP) being the most used) in aqueous phase and then
impregnated with an acyl halide (most used trimesoyl chloride, TMC) in
an organic solvent. There are different approaches to improve the per-
formance (permeance/rejection), the antifouling properties and the
chlorine resistant of TFC membranes prepared by IP [5,9,10]. Alterna-
tive strategies have also been carried out such as vapour phase interfa-
cial polymerization or inverse IP (iIP) where the order of impregnation
of the phases during IP is changed [5,9,11].

It is evident that the sublayer where the PA is formed affects, on the
one hand, the layer formation process during the IP, changing the
properties of the PA layer such as thickness, surface roughness, hydro-
philicity or crosslinking. On the other hand, the porous structure and the
hydrophilicity/hydrophobicity of the sublayer can play an important
role in the nanofiltration performance [10,12]. Therefore, a method to
improve TFC membranes consists of the use of a nanostructured material
as an interlayer between the PA and the support: PA/MOF on polyimide
(PI) [13,14] or poly(ether sulfone) (PES) supports [15], PA/2D MOF on
PES support [16], PA/COF on polyacrylonitrile (PAN) [17] or PI [18]
supports and PA/based CNTs on PES support [19-23].

In our earlier study [24], self-standing single walled carbon nano-
tubes buckypapers (SWCNT-bp) were used as support due their chemical
stability and mechanical strength. This support was used to grow a PA
layer by iIP or a bilayer membrane in which the PA layer was formed via
iIP on top of a MOF layer (Fig. 1A) obtaining in both cases outstanding
results in NF and OSN of dyes and salts. The improved separation per-
formance was related to a more accurate control of the polyamide layer
synthesis during the IP and, in consequence, to changes in the properties
of the PA, especially roughness and hydrophilicity. The MOF that gave
the best results was ZIF-93, which belongs to the zeolitic imidazole
framework (ZIF) family of MOFs with zeolitic topologies. The hydro-
philic ZIF-93 (Zn(4-methyl-5-imidazolatecarboxaldehyde);) has a
framework with RHO zeolitic topology (Fig. 1C) and also has the
interesting properties of MOFs: high specific surface area, high pore
volume, control in the synthesis of particle size, adsorption properties
and organic-inorganic character, which makes them simultaneously
compatible with both polymers and inorganic materials.

Herein, we report a four layer complex membrane structure (PA/ZIF-
93/SWCNT/P84, Fig. 1B) which improves our previous work (PA/ZIF-
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93/SWCNT-bp, Fig. 1A) since the amount of SWCNT is notably reduced
by 99.5% with the use of the polymeric support (polyimide P84®)
increasing the mechanical robustness and processability of the final
membrane without lessen its separation performance. As an example of
the removal of pollutants from water and OSN, nanofiltration of water
and methanol with dyes in the range of 265-1017 Da of molecular
weight will be carried out. In addition, nanofiltration of divalent and
monovalent salts and the resistance to chlorine will be verified. Finally,
with the characterization of the samples, the function of the interme-
diate layers will be established. The main role of the SWCNT layer is to
provide an effect of gutter layer for the ZIF-93 synthesis and the role of
ZIF-93 layer is to control the IP changing the properties of the polyamide
layer.

2. Experimental
2.1. Preparation of polyimide P84® supports

P84® (HP Polymer GmbH) with crosslinking is chosen as support
since it is going to be used for both water and organic solvent treatment.
This support were prepared following a method adapted from the
literature [27]. Briefly, a solution of P84® at 24 wt% was prepared in
dimethylsulfoxide (DMSO, 99.2%, PanReac AppliChem®) by stirring
overnight at room temperature. The solution was cast on a poly-
propylene non-woven backing material with an automatic film appli-
cator (Elcometer 4340) at 0.04 m-s~! and selecting a thickness of 250
um. The film was promptly immersed in a bath of deionized water for the
phase inversion for 10 min. Then it was transferred to a fresh water bath
and left for 1 h. The film was immersed in two consecutive baths of 2-
propanol (IPA, HPLC grade, >99.9%, PanReac AppliChem®) for 1 h
each to remove the residual DMSO and water. P84® supports were
posteriorly cross-linked by immersion in a 120 gL hexanediamine
(HDA, 98%, Sigma-Aldrich) solution in IPA for 16 h under stirring. Then
the supports were washed with fresh IPA four times for 1 h each to
remove excess HDA. P84® supports were immersed in a 2/3 (v/v) IPA/
polyethylene glycol (PEG, synthesis grade, PanReac AppliChem®) so-
lution overnight to prevent from pore collapse. Finally, the supports
were wiped with tissue paper.
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Fig. 1. A) Scheme of membranes used in our previous work [24]. B) Scheme of membranes used in this work. C) ZIF-93 representation corresponding to the RHO
type structure, made with ZIF-93 CIF file [25] using Diamond 3.2 [26]. ZnN, tetrahedral clusters are shown in blue, C atoms in black, O atoms in red and the yellow

sphere is the cavity. H atoms have been omitted for clarity.
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2.2. Preparation of SWCNT/P84 membrane

The preparation of the single-walled carbon nanotubes (SWCNT,
diameter 1.2-2 nm, 5 um in length, >93% carbon content, Sigma-
Aldrich) layer was performed by vacuum filtration on the previously
prepared P84® support. The method was basically the one previously
used to prepare SWCNT buckypapers [24] with the exception that lower
concentrations and amounts of the carbon nanotubes were used here.
The SWCNT loading was varied until finding the minimum amount of
SWCNT that, after carrying out the IP of the PA layer, gave satisfactory
results in nanofiltration. In order to have a better control of the con-
centrations, 100 mg of SWCNT was dispersed in 100 mL of a water so-
lution containing 1 wt% of Triton X-100 (Sigma-Aldrich) surfactant
using an ultrasonic probe sonicator (GEX750 ultrasonic processor, 750
W, 20 kHz) for 1 h. Then a 500 pL aliquot of the SWCNT dispersion was
diluted with 50 mL of deionized water and dispersed with the probe
sonicator for 10 min. This dispersion was then vacuum filtered through
the P84® support placed in a glass filtration holder with a cellulose
membrane filter (pore size 7 to 9 pm, diameter of 90 mm and 290 pm
thickness, Prat Dumas). After filtration, the membrane was washed with
a mixture of solvents IPA and acetone (99%, PanReac AppliChem®)
[28].

2.3. Preparation of ZIF-93/SWCNT/P84 membrane

The synthesis of ZIF-93 on the SWCNT/P84 membrane was carried
out following our optimized reported method on SWCNT-bp support at
room temperature. [24]. The SWCNT/P84 membrane was placed
vertically between a metallic ring and a metallic disc, avoiding the
synthesis of the MOF on the side where the carbon nanotubes were not
deposited. The following consecutive steps were performed twice: 1)
immersion in 10 mM zinc nitrate (Zn(NOs)2-6H20, reagent grade,
Scharlau) methanolic solution for 30 min; 2) rinsed in pure methanol
(MeOH, HPLC grade, >99.9%, PanReac AppliChem®) for 1 min; 3)
immersion in a 20 mM 4-methyl-5-imidazolecarboxaldehyde (4-m-5-ica,
99%, Acros Organics) ligand solution in MeOH for 24 h; 4) rinsed again
in pure MeOH for 1 min. After completing the four steps twice, the
membrane with the MOF layer was washed with methanol for 10 min
and dried overnight at room temperature. To discern the effect of the
SWCNT layer, a ZIF-93/P84 membrane was prepared using the same
steps indicated above for the synthesis of ZIF-93, but in this case directly
on the P84® support.

2.4. Preparation of PA/SWCNT/P84 and PA/ZIF-93/SWCNT/P84
membranes

The PA layers were prepared by inverse interfacial polymerization
(iIP) following a previously reported method [24] with the SWCNT/P84
and the ZIF-93/SWCNT/P84 membranes. In that previous work, mem-
branes prepared by iIP showed higher nanofiltration yields than mem-
branes prepared by conventional IP. With the membrane placed in a
glass holder, the following steps were performed consecutively at room
temperature: 1) soaked in fresh n-hexane (extra pure, Scharlau) for 10
min; 2) addition of 20 mL of a 0.1 wt% 1,3,5-benzenetricabonyl tri-
chloride (TMC 98%, Sigma-Aldrich) solution in hexane for 5 min; 3)
removal of organic solution with tissue paper; 4) IP with 20 mL of a 2 wt
% m-phenylenediamine (MPD, 99%, Sigma-Aldrich) solution in water
for 2 min; 5) to stop the reaction, removal of the aqueous solution and
washing successively with fresh n-hexane and deionized water. After all
the previous steps, the membrane with the PA layer was stored in
deionized water in a refrigerator to be tested within the next 48 h.

2.5. Characterization

Various characterization techniques were used such as water contact
angle (WCA), atomic force microscopy (AFM), X-ray diffraction (XRD),
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attenuated total reflection - Fourier transform infrared spectroscopy
(ATR-FTIR) and scanning electron microscopy (SEM) coupled with focus
ion beam (FIB). The equipment used to perform these characterization of
the membrane samples and some of their most relevant features can be
found in Table S1.

2.6. Nanofiltration experiments

Nanofiltration experiments were carried out in the two different set-
ups described previously [24]: a stirred dead-end membrane filtration
cell (Sterlitech HP4750) filled with 250 mL of solution and a cross-flow
nanofiltration unit with a feed flow of 1 L-min. In both set-ups, the
experiments were carried out at room temperature and 10 bar feed
pressure using aqueous or methanolic feeds of 20 mg-L™! of rose Bengal
(RB, 95% dye content, Sigma Aldrich), sunset yellow (SY, 90% dye
content, Sigma Aldrich) or acridine orange (AO, 55% dye content, Acros
Organics). These dyes would simulate the wastewater produced in
various industries (textile, rubber, packaging, leather tanning, phar-
maceutical products, paper and plastic, among others)[29].

In the dead-end NF set-up, the measurements were first carried out
with methanolic solutions, starting with the RB dye, then with SY dye
and finally with AO dye, then the same procedure was repeated with
aqueous solutions of the dyes. The measurements were at steady state,
usually reached after 3 h under stream. If the module decreased its so-
lution volume below 20% it was refilled with fresh solution. In cross-
flow nanofiltration, only the RB dye was measured in aqueous solu-
tion with a typical duration of 6 h. However, one selected membrane
was tested for up to ten days where during the night the experiment was
stopped but the membrane was kept in contact with the RB solution.

The permeance (L-m~2h Lbar ') and the rejection (%) values were
calculated by Egs. (1) and (2), respectively:

\%
P = 1
ermeance APAT (€8]
. . Cpfrmearf
Rejection(%) = | 1 — x 100 2
residue

where V (L) is the volume collected at time t (h), A (mz) is the area of the
NF membrane, AP (bar) is the pressure difference between the retentate
and permeate sides; and Cpermeate/Cresidue iS the ratio between the
permeate and residue concentrations.

The concentrations in water were measured by an UV spectrometer
(JASCO V-670 spectrophotometer) at wavelengths of 549, 480 and 490
nm for RB, SY and AO, respectively. In the case of the methanolic so-
lutions, methanol was evaporated and replaced by deionized water.

In addition to the NF experiments with dyes, dead-end NF was tested
with 1.0 g~L'1 NaySO4 (>99%, Sigma-Aldrich) or NaCl (>99%, Sigma-
Aldrich) aqueous solutions. SevenMulti™ pH/conductivity meter
(Mettler Toledo) was used to measure the concentrations. The concen-
tration of dyes and salts were chosen so that the results are comparable
to our previous work [24].

Finally, to study the stability in chlorine, the membranes were
immersed in 1000 ppm sodium hypochlorite solution (Merck, 6-14%
active chlorine) for 1 h and subsequently thoroughly washed with water.

3. Results and discussion
3.1. Characterization of the membranes structure

As shown in Fig. 1B, two different membrane structures were pre-
pared in this work, using in both cases the polyimide P84® support. In
the first case, single walled carbon nanotubes (SWCNT) were used as an
interlayer between the P84® and the polyamide (PA) selective layer
(PA/SWCNT/P84 membrane). Whilst in the other type, a ZIF-93
continuous layer was grown on top of the SWCNT layer before the
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synthesis of the PA (PA/ZIF-93/SWCNT/P84 membrane).

During the filtration process of SWCNT, ropes (bundles) of 30-50 nm
were assembled by van der Waals forces to form a uniform porous and
entangled network (see Fig. 2A which corresponds to the SWCNT/P84
membrane), in agreement with the preparation of buckypaper supports
[30,31]. The amount of SWCNTs applied is estimated in 0.08 g-m~2 in
contrast with the 15.72 g~m’2 used in our previous work [24], which is
among the lowest values used by other researchers (0.03-0.36 g-m™2)
[19,21]. Fig. 2C shows a cross section of the ZIF-93/SWCNT/P84
membrane where the triple layer structure can be observed in the
absence of the top PA film. The thickness of the ZIF-93 layer is about 50
nm. Moreover, the SWCNT exhibit a preferential vertical alignment
probably provoked by the shear force and mechanical stretch applied
during the preparation for the SEM characterization giving rise to some
expansion of the SWCNT structure. This would indicate a good inter-
action of the carbon nanotubes both with the polymeric support and the
MOF layer, which undoubtedly confers stability to the prepared multi-
layer structure. In fact, shear and mechanical force have been used to
favour the horizontal alignment of carbon nanotubes on a polymer
support [32]. An example dealing with vertical alignment with simi-
larities to the observed here is the preparation of a sandwich of SWCNT
layer between two polymer layers, that creates a vertical alignment
when separated by peeling [33]. Fig. 2B shows the surface of the ZIF-93
layer, which is formed by well intergrown crystals, continuous and
without apparent defects, of a size of approximately 80-100 nm. This
continuous layer was not obtained in the case of the ZIF-93 synthesis
over the bare P84® support (Fig. S1) which is in concordance with
previous work on flat P84® support [34].

SEM images of the surface of the PA/SWCNT/P84 and PA/ZIF-93/
SWCNT/P84 membranes can be observed in Fig. 3A and C, both
showing typical rough surface the so-called ridge and valley structures
[35], as well as the presence of nodular forms that seem to predominate
more in the sample with the ZIF layer. If Fig. 3C and Fig. S2, both, with
the ZIF-93 layer is observed in more detail, many of the commented
nodules are annular, placed in various positions with respect to the
membrane surface, ranging from parallel to orthogonal to the support
surface. These annular nodules will be discussed later. To observe the
thickness of the membranes, the FIB technique was used to obtain cross
section images (Fig. 3B, D) of both PA/SWCNT/P84 and PA/ZIF-93/
SWCNT/P84 membranes. The images confirm in both cases thick-
nesses of around 400 nm for the SWCNT coating (similar to or below
those found in previous works where carbon nanotubes were applied as
a gutter layer element) [12,36]. In these images, no vertical alignment of
the carbon nanotubes can be seen, confirming that the aforementioned
alignment probably occurred during the preparation of the sample for its
observation by SEM. In addition, a certain porosity of the SWCNT layer
is observed, which may be beneficial for its flow through. SEM images of
PA/SWCNT/P84 membrane (Fig. 3B) allow to estimate a 40-60 nm
thickness for the PA layer. In the PA/ZIF-93/SWCNT/P84 membrane,
the PA layer is difficult to distinguish from that of the ZIF. The PA/ZIF-
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93 assembly has a thickness of 60-80 nm. This suggests the penetration
of the polyamide in the layer of ZIF-93 to give a well interpenetrated
area suggesting for the PA film a lower thickness value of ca. 10-30 nm
in contrast to the layer directly synthesized on the SWCNT. This lower
thickness would again result in a greater flow as well as the absence of
defects would favour rejections. Besides, the aldehyde group of this MOF
can help establish a stronger chemical interaction with the polyamide,
through the formation of hydrogen bondings, than the expected on the
bare carbon nanotube surface.

XRD (Fig. 4A) studies confirm the presence of the highly crystalline
ZIF-93 on ZIF-93/SWCNT/P84 membrane with the presence of the most
intense peak of ZIF-93 at 2 theta = 7.46°, while the absence of the rest of
the peaks is due to the small thickness of the ZIF layer (=50 nm). The
presence of relatively intense peaks (14°, 17°, 18.6°, 21.7° and 24°)
correspond to the partially crystalline polypropylene non-woven sup-
port [37] on which the P84® film was prepared by phase inversion as
described in the experimental section. The SWCNT layer could not be
detected by this technique in the membranes due to its low crystallinity
[38]. Finally, once the polyamide was placed on top of the complex
membrane, ZIF-93 could not be detected by XRD (not shown) due to the
shielding generated.

ATR-FTIR spectra (Fig. 4B) further confirms the growth of the ZIF
layer due to the appearance of the characteristic bands at 1630 and
1659 cm ™ related to the aldehyde group CHO [40] and the band 1493
cm ! related to the C = C bond [14]. These bands are clearly visible on
samples ZIF-93/SWCNT/P84 and PA/ZIF-93/SWCNT/P84. Other bands
related to ZIF-93 (between 1600 cm ! and 800 cm ™! [41]) are visible
only on sample ZIF-93/SWCNT/P84. The FTIR absorbance bands that
may be related to PA overlap with those of the P84® support, so their
clear detection was not possible. In the same way, no characteristic
bands of carbon nanotubes were detected, which are probably masked
by the support.

Water contact angle measurements (Fig. 5) show an increment in the
hydrophobicity when the carbon nanotubes are deposited on top of the
polyimide support from WCA = 25.8° to WCA = 80.1°, which is slightly
lower angle than the observed for the carbon nanotube buckypapers
used in our previous work (WCA = 83.0°) [24]. It must be taken into
account that in that work the SWCNT buckypapers were self-supported
with a thickness of 15 pm while here they are supported on P84® and
with a thickness of 400 nm, even so both contact angles are very similar.
However, the hydrophilicity increases when the PA layer was synthe-
sized on top of the SWCNT (WCA = 69.5° for PA/SWCNT/P84 mem-
brane) and more when ZIF-93 was used as intermediate layer (WCA =
56.0° for PA/ZIF-93/SWCNT/P84 membrane). The latter is undoubtedly
due to the hydrophilic character of ZIF-93, the membrane with ZIF-93
and without PA being the one that shows the lowest value of WCA
(43.0°).

The AFM images of Fig. 6 and Fig. S3, where larger sections of all the
membranes are shown, corroborate the appearance of the surfaces as
well as the sizes observed by SEM. Bundles of SWCNTs with diameters of

Fig. 2. SEM images of: A) Surface of the SWCNT/P84. B) Surface of ZIF-93/SWCNT/P84. C) Cross section of ZIF-93/SWCNT/P84.
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Fig. 3. SEM images: A) Surface of the PA/SWCNT/P84. C) Surface of PA/ZIF-93/SWCNT/P84. FIB-SEM images: B) PA/SWCNT/P84. D) PA/ZIF-93/SWCNT/P84.
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Fig. 4. A) XRD patterns. B) ATR-FTIR spectra. The simulated ZIF-93 XRD pattern was obtained using the corresponding CIF file [39].

30-50 nm and intergrown MOF crystals of size 80-100 nm were
observed by AFM on the SWCNT/P84 (Fig. 6A) and on the ZIF-93/
SWCNT/P84 (Fig. 6C) membranes, respectively. The surfaces of the
membranes with the PA layer (Fig. 6B,D) show the presence of nodules
that in the PA layer synthesized on MOF are more abundant and mostly
annular with 80-100 nm in size. The formation of the morphology of the
polyamide layer has been explained by various hypotheses, sometimes

contradictories, ranging from local heating, “volcano-like” model,
diffusion rate of the reagents and generation of nanobubbles[42,43].
Therefore, the morphology of the PA layer can be influenced by the
order of the phases in the IP [44], the properties (porosity, pore size and
hydrophilicity/hydrophobicity) of the sublayer[42] and the concentra-
tions of the monomers have been reported [45]. Specifically, it has been
argued that at very low concentrations of TMC annular nodules can be
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formed [46]. This can explain the morphology of our PA skin layers,
since the complex support was first impregnated with the organic phase
with TMC in low concentration (0.2 wt%) and then impregnated with
the aqueous phase with MPD in a higher concentration (2 wt%). In
addition, the local concentration of TMC would be lower with the hy-
drophilic ZIF-93, which would retain less organic phase and therefore

favouring the formation of annular nodules. Finally, the low monomers
concentrations would decrease the IP kinetic giving rise to thinner
layers, implying higher permeances [47].

Average roughness (Ra) and root mean square roughness (RMS)
values were calculated from AFM images (Fig. 6). The results (Fig. 5)
show an increase in the roughness of the membrane surface in the
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following order: SWCNT/P84 ~SWCNT-bp < PA/SWCNT/P84 < ZIF-
93/SWCNT/P84 < PA/ZIF-93/SWCNT/P84. The roughness of the
SWCNT layer on the polyimide support (SWCNT/P84) has a value very
similar to that of the self-supported SWCNTs (SWCNT-bp). This agrees
with the previous characterizations showing that there are no relevant
physicochemical differences between both SWCNT surfaces. The poly-
amide layer and, to a greater extent, the ZIF layer increase the roughness
with respect to the support, this effect being greater when the two layers
are present, in agreement with previous works [13,24]. An increment in
the surface roughness is associated with a higher effective area,
enhancing the permeance in concordance with the nanofiltration results
shown below. Also, according to the Wenzel equation [48], for the same
hydrophilic material and increase of roughness generates a decrease of
WCA.

3.2. Nanofiltration performance of PA/SWCNT/P84 and PA/ZIF-93/
SWCNT/P84 membranes

Both the P84® support and SWCNT/P84 membrane have per-
meances higher than 1000 L-m~2h~!-bar~! with no appreciable rejec-
tion to any of the solutes studied. For the PA/SWCNT/P84 and PA/ZIF-
93/SWCNT/P84 membranes, Fig. 7 shows permeance (Fig. 7A) and
rejection (Fig. 7B) values obtained in a dead-end nanofiltration module
filtering solutions of three different dyes (RB (1017 Da), SY (452 Da) and
AO (265 Da)) in water (nanofiltration, NF) and methanol (organic sol-
vent nanofiltration, OSN). The PA/SWCNT/P84 membrane shows
interesting permeances and rejections but the PA/ZIF-93/SWCNT/P84
outperforms it in all cases with maximum permeance values of 57.6
+ 5.2 L-m 2h lbar ! and 84.5 + 5.9 L-m 2h ! .bar ! for water and
methanol, respectively, and rejections of 99.9 + 3.3% (RB), 99.7 + 3.5%
(SY) and 99.6 + 3.8% (AO) for NF experiments, and 99.8 + 4.1% (RB),
99.5 + 3.8% (SY) and 98.8 + 3.5% (AO) for OSN experiments. These
results show that the membrane can reject molecules with a molecular
size as small as 265 Da with high solvent permeances. Therefore, these
membranes would basically cover the range that is usually established
for the nanofiltration application. With the dyes measured, the “mo-
lecular weight cut-off” of the membranes can be around 265 Da; how-
ever, the interactions established by the dyes make advisable to take this
value with caution. It should be noted that the results given in Fig. 7
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correspond to the average of the measurements of at least three different
membranes prepared in the same conditions. The values do not have a
very high standard deviation, indicating a good reproducibility of both
the membrane preparation procedures and separation measurements
carried out.

The high permeances and rejections that occur with the PA/SWCNT/
P84 membrane have already been explained in our previous work [24]
and are due to the fact that the SWCNT layer is able to control the
monomers concentration during the IP process, so that a thinner, dense
and defect-free PA layer is obtained. The characterization discussed
above delves into these explanations as supported by the microscopy
images and also in agreement with other works in the literature where
an intermediate carbon nanotubes layer between the asymmetric sup-
port and the PA layer improves the filtration processes [12,36,49-51].

The improvement in the nanofiltration that occurs with the ZIF-93
layer seems to be related to several factors. a) The enhanced hydro-
philicity of the membrane measured by WCA. b) Its greater roughness
estimated by AFM. c¢) The microporous structure of ZIF-93 favoring the
transport of the small solvent molecules. d) The porosity of the SWCNT
layer observed by SEM. e) The gutter layer effect of the SWCNTs
allowing the control of the synthesis of the MOF and indirectly that of
the PA layer giving rise a thinner layer but of good quality to increase
not only the flow but also the rejection. Besides, the characterizations
done and results achieved with this PA/MOF layers are in agreement
with previous works [24,34]. In fact, it is worth mentioning from the
comparisons done in Fig. 7, that the current results based on the use of
the polyimide supports (PA/ZIF-93/SWCNT/P84 membranes) even
improve our previous results achieved with a support based only on
SWCNTs (PA/ZIF-93/SWCNT-bp membranes [24]), the former
consuming a 0.5% of the expensive SWCTs applied to prepare the
SWCNT-bp support of the same area. The slight improvements in the
water and methanol permeances could be due to the rigidity of the
polypropylene/polyimide support as compared to the flexibility of the
SWCNT-bp (suggested by the expansion of the SWCNT structure shown
in Fig. 2C), whose contribution to the transport resistance would in-
crease more upon compression. In any event, it should be noted that the
results of our previous work were clearly among the best results in the
literature, therefore the membranes prepared here are at the same level.

Salt rejection experiments with Na;SO4 and NaCl solutions were also
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Fig. 7. Nanofiltration experiments on PA/SWCNT/P84 (blue) and PA/ZIF-93/SWCNT/P84 (red) membranes compared with the results of our previous work [24]
(pointed lines) with PA/SWCNT (blue) and PA/ZIF-93/SWCNT (red) membranes: A) Permeances. B) Rejections. Values for both NF and OSN can be found in

Tables S3 and S4.



V. Berned-Samatdn et al.

performed in the dead-end nanofiltration module (Fig. 8) reaching re-
jections of 94.0 + 3.9% and 17.9 + 4.1% and permeances of 33.5 £ 3.1
L-m 2h lbar ! for the PA/SWCNT/P84 membrane and rejections of
94.8 + 4.8% and 21.9 + 3.6% with permeances of 55.7 + 3.3
L-m~2h 1 -bar™! for the PA/ZIF-93/SWCNT/P84. Very similar rejection
results for both types of membranes, but with a clear water permeance
increase in the membrane with the ZIF layer. These results are in
concordance with the tendency observed in literature [52] related to the
Donnan effect [53] leading to the better exclusion for high valence an-
ions and lower rejections for monovalent anions, which is a typical
behavior of a nanofiltration membrane.

Chlorine stability experiments were performed measuring the
NaySO4 rejection (Fig. 8) in the dead-end nanofiltration module for both
types of membranes after being exposed to a NaOCl 1000 ppm solution
for 1 h at room temperature [24]. The results show a slight decrease in
rejection and a slight increase in permeation, which indicate that the
stability of the membranes was not affected by the treatment, making
them suitable for wastewater and desalination treatment applications
were chlorine resistance is a major drawback for PA membranes [54].
Therefore, the presence of the ZIF-93 layer, that gives a better perfor-
mance in nanofiltration, does not compromise the chlorine stability of
the membrane.

Cross-flow experiments were performed with RB in water for 6 h
(Fig. 9 and Table S6) until stabilization of the membrane at a permeance
of 30 & 2.9 L-m~2h!-bar™! and rejection of 99.1 + 2.5% for the PA/
SWCNT/P84 membrane and 50.9 + 3.3 L.m 2h l.bar ! and 99.9 +
1.9% for the PA/ZIF-93/SWCNT/P84. Almost identical results to those
provided by the dead-end experiments confirming the reliability of the
membranes. Additionally, for the PA/ZIF-93/SWCNT/P84 a long-term
experiment was performed in the cross-flow nanofiltration module for
a total duration of 10 days (Fig. 9). This experiment showed a great
stability of the membrane over time with a minor drop (less than 2%) in
permeance in the first 24 h of the experiment but maintaining it at 50
L-m~2h 1 -bar! for the rest of the experiment. The initial decrease in
permeance could be related to a compression of the membrane at the
beginning of the filtration when the membrane is exposed for the first
time to the high operation pressure. It can be seen that the result is very
similar to that of the 6 h experiments carried out with the other mem-
branes, indicating once more the high reproducibility of the experi-
mental methodology. The rejection was almost constant during the
experiment duration (99.9%). Furthermore, the stability of the nano-
filtration results seem to indicate that under working conditions the
adsorption of the dye is not appreciable and the rejection mechanism is
related to the size exclusion without ruling out the possibility of ag-
gregation or charge of the dyes.
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Fig. 8. Salt rejection nanofiltration experiments showing the permeance (bars)
and rejection (square symbols) for both types of membranes for Na,SO4 (blue)
and NaCl (red). Na,SO,4 rejection experiments after chlorine treatment of the
membranes are shown in dark blue. Values can be found in Table S5.
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of 10 days (negligible error bars come from different measurements for the
same membrane).

4. Conclusions

The synthesis of a PA film by interfacial polymerization on a SWCNT
layer deposited by filtration on a polymeric support of polyimide P84®
allows one to obtain a multi-layer membrane architecture, which can be
further improved by the crystallization of ZIF-93 on top of the carbon
nanotubes before the formation of the PA layer. As compared to our
previous work, where the support for the ZIF-93 and PA was made only
of SWCNTs, the polyimide reduces the SWCNT layer thickness to only
400 nm meaning in turn a 99.5% decrease of the use of SWCNTs to
prepare the same membrane area. This would reduce tremendously the
fabrication cost of the membrane due to the high price of CNTs.

The PA/ZIF-93/SWCNT/P84 membrane depicts the best results for
both NF and OSN showing permeances of 57.6 + 5.2 L-m~2h~!.bar !
and 84.5 & 5.9 L-m~2h'-bar"! for water and methanol, respectively,
with rejections of 99.9 + 3.3% (RB), 99.7 + 3.5% (SY) and 99.6 + 3.8%
(AO) for water nanofiltration experiments, and 99.8 + 4.1% (RB), 99.5
+ 3.8% (SY) and 98.8 + 3.5% (AO) for methanol nanofiltration exper-
iments. The improvement observed with the ZIF-93 layer seems to be
related to the coupling of several factors which are: higher hydrophi-
licity of the membrane, higher surface roughness, the microporous
structure of ZIF-93, the porosity of the carbon nanotubes layer and the
control in the PA synthesis achieving a thinner layer thanks to the gutter
layer effect that the SWCNTs exert on the MOF ZIF-93 synthesis and
indirectly on the PA polymerization.

All these unique features yield also good separation performance in
nanofiltration experiments dealing with desalination, achieving good
rejections for divalent anions (94.8 + 4.8%) and lower rejections for
monovalent anions (21.9 4 3.6%). Moreover, the membrane is stable
once submitted to extreme conditions upon exposition to chlorine
treatment, maintaining a high nanofiltration performance, which is a
fundamental property in case of desalination applications.

The obtained results with the PA/ZIF-93/SWCNT/P84 complex
membrane architecture, where the amount of the expensive component
SWCNT is minimized, are among the best reported in the bibliography
opening the door to highly efficient water treatment with organic pol-
lutants and desalination, as well as to solvent recovery applications.
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