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A B S T R A C T   

The development of membranes for nanofiltration applications requires not only selective layers but also suitable 
supports to control their synthesis as well as to enable efficient and competitive membrane performances. Single- 
walled carbon nanotube free-standing films (denoted as buckypaper) have been used as supports for the prep
aration of polyamide (PA) layers by interfacial polymerization (IP) and tested for dead-end nanofiltration for 
dyes removal (265–1017 Da) from water and organic solvents. The arrangement of the phases during the IP is 
essential, thus impregnation on the buckypaper support, first with the organic phase and then with the aqueous 
phase (denoted as inverse IP, iIP) leads to permeances (of up to 28.0 and 31.4 L m− 2 h− 1 bar− 1 for water and 
methanol, respectively) and rejection values (>96%) that exceed those of the membranes prepared by reversing 
the impregnation order. Secondly, a double layer PA/zeolitic imidazolate framework (ZIF-8 or ZIF-93) was 
prepared on the buckypaper (bp). The design of this double layer led to superior membrane performance, in 
particular for the hydrophilic ZIF-93, as it changes the PA layer properties (increasing both hydrophilicity and 
surface roughness) providing higher permeances (up to 59.3 and 76.0 L m− 2 h− 1 bar− 1 for water and methanol, 
respectively) and dye rejections (>98.5%) than the bare PA layer prepared by iIP. This attractive performance of 
the PA/ZIF-93/bp membrane has been corroborated with experiments in cross-flow nanofiltration and dead-end 
nanofiltration of aqueous salt solutions, long-term stability nanofiltration and the study the membrane separa
tion performance after a chlorine treatment. The results reported here therefore show the enormous potential of 
these membrane architectures for a variety of selective separation processes.   

1. Introduction 

Nanofiltration (NF) is a membrane separation process of solutes with 
molecular weights ranging between 200 and 1000 Da [1]. NF is gaining 
great importance in chemical industry, food industry, pharmaceutical, 
wastewater treatment, solvent recovery and desalination, since it is a 
flexible, low-cost and energy efficient process for the treatment of 
aqueous and organic solvent feeds [1,2]. The most common and 
competitive membranes in both water nanofiltration and organic sol
vent nanofiltration (OSN) are the so-called thin film composite (TFC) 
membranes [3] where the selective layer is a polyamide (PA) thin film 
synthesized via interfacial polymerization (IP) [4,5]. IP is usually 

carried out by a polycondensation reaction between m-phenylenedi
amine (MPD) in water and trimesoyl chloride (TMC) in hexane, forming 
a thin PA layer at the interface of the immiscible solutions [6]. Alter
natively, IP can be carried out supplying the TMC from the vapor phase, 
without any organic solvent [7]. 

An improvement in membrane performance can be achieved with 
fillers inside the TFC membrane resulting in thin film nanocomposite 
(TFN) membranes [8]. Several nanoparticles can be used for such pur
pose: zeolites [8], TiO2 [9], silica [10], graphene oxide (GO) [11], car
bon nanotubes (CNTs) [12], covalent organic frameworks (COFs) [13] 
and metal organic frameworks (MOFs) [14]. In the TFN membrane, the 
lack of control in the incorporation of the filler can cause agglomerations 
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and defects. 
Other strategy to improve the performance of TFC membranes con

sists of the application of an interlayer of a porous material between the 
support and the PA layer, such as PA/MOF on polyimide supports [15, 
16] or PA/2D MOF on poly(ether sulfone) (PES) [17] or PA/base CNTs 
on PES [18,19]. The improvements achieved with such strategies are 
related to changes in the PA layer properties (thickness, surface 
roughness, hydrophilicity or crosslinking), a gutter layer effect 
(increased permeation avoiding geometric restrictions of the support 
due to its porosity and pore size) [20] and better control of the IP 
process. 

The manufacture of efficient membranes requires a support that, in 
addition to the necessary mechanical robustness, has the suitable porous 
structure and surface properties since both affect the structural features 
and the quality of the selective layer to be grown on top [21]. Typically, 
TFC membranes for NF and OSN processes comprise a non-woven sup
port at the bottom and a polymeric (e.g. polysulfone, polyethersulfone 
or polyimide) asymmetric porous layer where the PA thin film is sup
ported. These supports have low porosity, rough surface and high tor
tuosity, which limits the achievement of selective thin layers by IP as 
well as their performance in nanofiltration processes [22]. These hin
drances can be addressed with the use of a support or the commented 
intermediate layer based on nanomaterials. In particular, the high 
porosity, low surface roughness, low tortuosity, and uniform pore size 
distribution that result from the use of nanofibrous structures such as 
CNTs in the fabrication of supports, together with the intrinsic 
remarkable mechanical strength and chemical inertness of CNTs [18,21, 
23], favor the controlled interaction of the phases involved in the IP and 
lead to improved nanofiltration performances. 

MOFs are crystalline materials formed by metal ionic clusters and 
organic linkers. MOFs exhibit high surface area and tunable and flexible 
pore structure, which allows affinity for polymeric chains due to their 
organic-inorganic chemical composition and excludes certain molecules 
based on their size, shape and polarity [24,25]. In this work, zeolitic 
imidazolate frameworks (ZIFs) ZIF-8 and ZIF-93 were used as MOFs. 
ZIF-8 consists of a metal cation of Zn2+ coordinated with 2-methylimida
zolate, forming a SOD type zeolitic topology with cavities of 1.16 nm 
connected through a pore window of 0.34 nm [26]. ZIF-93 is another 
Zn2+ based MOF with 4-methyl-5-imidazolatecarboxaldehyde as the 
organic linker which increases hydrophilicity compared to ZIF-8. It has 
the RHO type zeolitic topology and cavities of 1.58 nm connected by 
pore window of 0.37 nm [27]. 

In this work, a unique membrane architecture is proposed in which a 
PA layer was placed directly on a single-walled carbon nanotube self- 
standing film (denoted as SWCNT buckypaper, CNT-bp) support. This 
support offers a smooth surface as well as high chemical stability and 
mechanical robustness. In addition, it can improve the contact between 
the organic and aqueous phases that contain the monomers during IP, 
affecting the physical-chemical properties of the PA layer and, as a 
consequence, the nanofiltration performance. In this work, the CNT-bp 
support was used, for the first time, to grow a ZIF layer onto which a 
PA layer was synthesized by IP to build a complex membrane suitable for 
nanofiltration. Clarifying the question of the importance of the order in 
which the phases should be added in the IP, we reveal that the ZIF layer 
remarkably can change the PA layer properties to obtain outstanding 
improvements in the application to nanofiltration processes for dyes or 
salt removal. 

2. Experimental 

2.1. Materials 

Single-walled carbon nanotubes (SWCNT, 1.2–2 nm) ≥93 carbon 
content, non-ionic surfactant Triton™ X-100, m-phenylenediamine 
(MPD, 99%) and 1,3,5-benzenetricabonyl trichloride (TMC 98%) were 
purchased from Sigma-Aldrich. 2-Propanol (HPLC grade, ≥99.9%) and 

methanol (HPLC grade, ≥99.9%) were purchased from Panreac Appli
chem and n-hexane (extra pure) and zinc nitrate hexahydrate (reagent 
grade) were purchased from Scharlab. 4-methyl-5-imidazolecarboxalde
hyde (99%) and 2-methylimidazole (99%) are from Acros Organics. 
Acetone (99%). Cellulose membrane filter with a diameter of 90 mm and 
a 290 μm thickness were purchased from Labbox. The following dyes 
were used for NF: rose Bengal (RB, Sigma Aldrich, 95% dye content), 
sunset yellow (SY, Sigma Aldrich, 90% dye content), and acridine or
ange (AO, Acros Organics, 55% dye content). Sodium hypochlorite so
lution (6–14% active chlorine) was purchased from Merck. Sodium 
chloride (>99%), sodium sulphate (>99%), and magnesium chloride 
(>99%) were purchased from Sigma-Aldrich. All the chemicals were 
used without any purification. 

2.2. Preparation of single-walled carbon nanotube buckypaper (SWCNT- 
bp) 

Free standing single-walled CNT films (SWCNT-bp), ca. 15 μm in 
thickness, were made by a vacuum filtration method previously reported 
[28]. Typically, 100 mg of SWCNT were dispersed in 300 mL of a water 
solution containing 1 wt% of Triton X-100 surfactant. This suspension 
was prepared using an ultrasonic probe sonicator (GEX750 ultrasonic 
processor, 750 W, 20 KHz) for 1 h, then filtered through a cellulose filter 
in a 90 mm in diameter glass filtration equipment, and washed with a 
mixture of 2-propanol and acetone [29]. The film was dried overnight at 
room temperature; after what it could be peeled off from the filter 
obtaining a 15 μm thick self-standing SWCNT film. 

2.3. ZIF-8 and ZIF-93 MOF synthesis on SWCNT-bp 

This synthesis was carried out modifying a previously reported 
method [30]. The free standing SWCNT-bp was placed between two 
metal rings to prevent one of their sides from the solutions. For the ZIF-8 
synthesis (ZIF-8/SWCNT-bp), the SWCNT-bp support was placed verti
cally in a 10 mM zinc nitrate hexahydrate methanolic solution for 30 
min. Afterwards, it was rinsed in pure methanol for 1 min, then placed 
vertically in a 20 mM 2-methylimidazole methanolic solution for 24 h 
and then rinsed in pure methanol for 1 min. This procedure was per
formed twice, after what the membrane was removed from the metal 
rings and rinsed with pure methanol for 10 min and dried overnight at 
room temperature. All the synthesis steps were applied at room 
temperature. 

The same procedure was carried out for the ZIF-93 MOF (ZIF-93/ 
SWCNT-bp) preparation with the substitution of the 2-methylimidazole 
solution for a 20 mM 4-methyl-5-imidazolecarboxaldehyde methanolic 
solution. 

2.4. Preparation of TFC membranes 

The TFC membranes were prepared following two different methods 
[31,32] by the IP reaction of 2% MPD aqueous solution and 0.1% TMC 
hexane solution. First a 60 cm2 circular support was placed in a glass 
filtration holder. 

For the conventional IP reaction at room temperature (25 ◦C), 20 mL 
of the MPD aqueous solution was added, and after 2 min the solution 
was removed and the membrane dried with tissue paper. Next, 20 mL of 
the TMC n-hexane solution was added and let react for 1 min. Then 10 
mL of fresh n-hexane was added to stop the reaction and immediately 
removed from the support. Then the membrane was cleaned with fresh 
n-hexane and deionized water. The membrane was removed from the 
glass holder and stored in deionized water in the fridge for testing within 
48 h of preparation. 

For the inverse IP (iIP) reaction at room temperature (25 ◦C) the 
support was soaked in fresh n-hexane for 10 min before being placed in 
the glass holder. Then 20 mL of the TMC hexane solution was added and 
let for 5 min. Then the solution was removed and the membrane dried. 
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Then 20 mL of the MPD aqueous solution was added and let react for 2 
min. Once the solution was removed the membrane was cleaned with 
fresh n-hexane and deionized water and stored in deionized water in the 
fridge for testing within 48 h of preparation. 

These two described methods were used for the PA layer preparation 
on the SWCNT-bp. From here the membrane prepared with the con
ventional method will be labelled TFC membrane and the membrane 
prepared with the reverse procedure iIP TFC membrane. The inverse IP 
(iIP) reaction was used on the ones with the ZIFs to get PA/ZIF-8/ 
SWCNT-bp and PA/ZIF-93/SWCNT-bp. 

2.5. Characterization 

X-ray diffraction (XRD) measurements were performed with an 
Empyrean PANalytical diffractometer with a Cu–K source (λ = 1.5406 
Å). Data were collected in the 2θ range from 2.5⁰ to 40⁰ at a scanning rate 
of 0.01⁰⋅s− 1. 

XPS experiments were conducted with a Kratos Axis Ultra spec
trometer using an Al Kα (1486.6 eV) source at 8 mA and 15 kV and a 
power of 120 W. 

Scanning electron microscope (SEM) images were collected with a 
FEI-Inspect F50 microscope at a voltage of 10 kV. The samples were 
previously coated with Au/Pd under vacuum conditions. 

Attenuated total reflection - Fourier transform infrared spectroscopy 
(ATR-FTIR) was carried out in a Bruker Vertex 70 FTIR spectrometer 
with a DTGS detector and a Golden Gate diamond ATR accessory in the 
600-4000 cm− 1 wavenumber range with a resolution of 4 cm− 1. 

Atomic force microscopy (AFM) characterization was performed 
using a Veeco MultiMode 8 scanning probe microscope in tapping mode 
at a scan rate of 1 Hz and amplitude lower than 1 V under ambient 
conditions. 

Water contact angle measurements were carried out using a Krüss 
DSA 10 MK2 at 25 ◦C. Three measures of each membrane were per
formed to obtain an average water contact angle value. 

More details about the characterization techniques used in this work 
as well as their usefulness in the evaluation of membranes for filtration 
processes can be found in the literature [7,11,15,32–35]. 

2.6. Nanofiltration experiments 

The nanofiltration process was performed at room temperature 
(25 ◦C) and 10 bar feed pressure under continuous stirring in a dead-end 
membrane module (Sterlitech HP4750) and in a cross-flow filtration 
installation (see more details in [36]) with a flat membrane effective 
area of 12 cm2. The performance was evaluated using 250 mL feeds of 
20 mg L− 1 of rose Bengal (RB), sunset yellow (SY) and acridine orange 
(AO) in distilled water and 250 mL feeds of 20 mg L− 1 of the same dyes 
in MeOH for the dead-end experiments and 1 L min− 1 feed flow of a 20 
mg L− 1 of RB aqueous solution for the cross-flow experiments. In 
dead-end nanofiltration, the membranes were kept under pressure for 1 
h, when stable values were reached the measurement was performed, 
usually in about 3 h. It should be noted that when the volume of the 
dead-end module was at 20% capacity, the solution was renewed. In 
cross-flow nanofiltration the measurement was performed when stable 
values were reached, usually in about 6 h. 

The dyes removal is of interest for the treatment of wastewater from 
textile, paint, leather and paper processing industries where large vol
umes of polluted effluents are produced [37]. In methanol, these dyes 
allow for an easy comparison of their performance in an organic solvent. 
They also serve as model for testing the behavior of these membranes in 
OSN [38], being used for the recovery of organic solvents especially in 
pharmaceutical industries. 

The same membrane was used for the three colorants in the order RB, 
SY and AO first in methanol and then in water. All the experiments were 
carried out at a feed pressure of 10 bar. The rejection and the permeance 
were calculated by equations (1) and (2): 

Rejection(%)=

(

1 −
Cpermeate

Cresidue

)

x100 (1)  

Permeance=
V

ΔP⋅A⋅t
(2)  

where, A is the area of the membrane (m2), t is the time for permeate 
collection (h), V is the volume collected at time t (L) and ΔP is the 
pressure difference (bar) used in the experiments between the retentate 
and permeate. 

The concentration of both the permeate (Cpermeate) and the residue 
(Cresidue) were measured by an UV spectroscopy (JASCO V-670 spec
trophotometer) using water as a solvent at a wavelength of 549 nm for 
RB, 480 nm for SY and 490 nm for AO. In the case of the MeOH feed, 3 
mL of the permeate and the residue were evaporated and replaced with 
3 mL of deionized water. 

Salt rejection was also studied in the dead-end membrane module 
with 250 mL feeds of 1.0 g L− 1 solutions of Na2SO4, NaCl and MgCl2. The 
concentration of both the permeate and the residue were determined by 
electric conductivity meter (Mettler Toledo Seven Multi) and its salt 
rejection and permeance calculated with equations (1) and (2). 

The chlorine resistance of membrane was studied. As reported in 
literature, short time exposure of membranes to high concentrations of 
chlorine are similar to long time exposure to low concentrations of 
chlorine [39]. The membrane performances were tested with the 
dead-end membrane module at room temperature (25 ◦C), 10 bar feed 
pressure and 250 mL feeds of 1.0 g L− 1 Na2SO4 solution or 20 mg L− 1 of 
RB aqueous solution, then immersed into a 1000 ppm sodium hypo
chlorite (NaOCl, pH 4) solution for 1 h. After washing thoroughly with 
distilled water, the separation performance was measured again. 

The long-term filtration performance was evaluated for the PA/ZIF- 
93/SWCNT-bp membrane in the cross-flow filtration installation for 80 
h with a 1 L min− 1 feed flow of 20 mg L− 1 RB aqueous solution. 

3. Results and discussion 

3.1. PA Layer on SWCNT-bp supports: effect of the arrangement of the 
aqueous and organic phases during IP 

TFC membranes without MOF layers were prepared on top of 
SWCNT-bp supports following two different procedures as described in 
the experimental section. The conventional IP where the support is 
impregnated first with the aqueous solution of the MPD monomer, and 
then with the organic phase containing the TMC monomer. Alterna
tively, inverse IP (iIP) was carried out by impregnation in a TMC hexane 
solution, followed by impregnation in a MPD aqueous solution. SEM 
characterization indicates that the synthesized PA layers exhibit the 
rough surface morphologies typical of PA TFC membranes as shown in 
Fig. 1 [40]. 

Regarding the characterization, bands at 1619 cm− 1 (C––O), 1546 
cm− 1 (C–N) and 1453 and 1410 cm− 1 (–NHCO–) in ATR-FTIR spectra 
(Fig. 2) further confirms the growth of PA layers. In Fig. 3, the water 
contact angle (CA) is not very different for the two TFC membranes (CA 
= 70◦ and CA = 67◦ for the membranes synthesized with IP and iIP, 
respectively). Nevertheless, both TFC membranes show more hydro
philic surface than the SWCNT-bp support (CA = 83◦). 

Dead-end nanofiltration performance (permeance and dye rejection) 
was evaluated filtering solutions of three dyes of different molecular 
weight: namely RB (1017 Da), SY (452 Da) and AO (265 Da) in water for 
nanofiltration (NF) and in methanol for organic solvent nanofiltration 
(OSN). The SWCNT-bp support has a permeance higher than 1000 L 
m− 2 h− 1 bar− 1 with no observable rejection. Fig. 4 A, B shows the per
formance comparison between the two different syntheses of the PA 
layer over the bare SWCNT-bp support. These results show a clear 
improvement in the permeance of the iIP PA layer in the water dead-end 
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NF and also in the dead-end OSN with maximum permeances of 28.0 ±
3.3 L m− 2 h− 1 bar− 1 (water) and 32.2 ± 5.1 L m− 2 h− 1 bar− 1 (methanol), 
respectively, when compared to the 3 ± 1.4 L m− 2 h− 1 bar− 1 (water) and 
8 ± 3 L m− 2 h− 1 bar− 1 (methanol) obtained with the conventional IP 
method. Regarding permeances, the experiments carried out in cross- 
flow nanofiltration of RB aqueous solution (Fig. 4A) and dead-end NF 
of aqueous solutions of salts (Fig. 4C) show similar trends to the dead- 
end nanofiltration experiments with dyes (Fig. 4A and B). The dyes re
jections were similar in water dead-end NF for the two synthesis 
methods with more than 96% rejection for all the three dyes, whilst in 
dead-end OSN there is again a noteworthy improvement with the iIP 
synthesis method increasing the rejections from 88.0 ± 2.5% (RB), 85.5 
± 3.5% (SY) and 86.7 ± 1.3% (AO) to 98.5 ± 2.8% (RB), 97.0 ± 3.5% 
(SY) and 96.9 ± 2.9% (AO). These nanofiltration results clearly indicate 
the higher quality of the PA layer synthesized by iIP, revealing a mo
lecular weight cut-off (MWCO, solute of lower molecular weight in 
which 90% of the solute is retained by the membrane) of at least 265 Da 
in both methanol and water nanofiltrations. The above MWCO value 
must be taken with caution since the interaction of the dyes may 
compromise its correct determination. 

The comparison of these two procedures (conventional and iIP) has 
already been reported for other membrane supports with frequently 
contradictory results given their diverse nature in terms of structure and 
hydrophobic/hydrophilic character [41]. These results are commonly 
explained in terms of the growth of dense PA layers formed at the 
water-hexane interface and loose or less cross-linking PA layers that 
grow in the organic phase [42]. To unravel it, the XPS characterization 
of the surface of the TFC and iIP TFC membranes has been carried out. 
Table 1 shows an increase in the C/N and O/N ratios for the iIP TFC 
membrane with respect to the conventional TFC membrane which 
would indicate the XPS analysis penetration into the SWCNT-bp support 
and a lower degree of cross-linking of the PA layer, respectively. It 
should be noted that the O/N ratio can be influenced by the support and 
therefore cross-linking considerations should be taken with caution, 
furthermore, the O/N value below one in the conventional TFC mem
brane may be related to the fact that more MPD participates in the IP to 
form the PA layer [43]. The noted trends can be related to the fact that 
the dense PA layer on the support is thinner with good quality in the iIP 
TFC membrane respect the TFC membrane where the PA layer would be 
thicker and of lower quality due to the worse contact of the hydrophobic 
SWCNT-bp support with the aqueous solution which is added first in this 
case. In addition, the PA is growing loosely inside the support of iIP TFC 
membrane where is the hexane phase. This agrees with the observation 
done by Wang et al. [44] who performed a analogous study on a 250 nm 
cellulose nanofiber layer, with a surface structure that resembles that of 
the SWCNT-bp supports used here. On the other hand, the TMC solution 
is more diluted thus the amount stored in the support and available for 
reaction after impregnation with first solution of TMC (iIP) must be 

Fig. 1. SEM images of surface membranes: A) TFC. B) iIP TFC.  

Fig. 2. Normalized ATR-FTIR spectra of MOFs and different membranes sub
tracting the SWCNT-bp support spectrum. 

Fig. 3. Water contact angle of the synthetized membranes.  
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much smaller than for MPD impregnated first (conventional IP). This 
will undoubtedly decrease the IP reaction rate and thus the thickness of 
the polyamide layer in the iIP, in agreement with similar reactant con
centration effects previously reported [45]. All commented factors favor 
dye rejection and permeance in the iIP TFC membrane. 

3.2. Double layer polyamide/zeolitic imidazolate framework 

The crystallization of ZIF layers prior to IP on SWCNT-bp support 
was carried out modifying a previously reported method as described in 
the experimental section. SEM images of ZIF8/SWCNT-bp and ZIF-93/ 
SWCNT-bp (Fig. 5A, C) show intergrown layers with both ZIF-8 and 
ZIF-93 with an estimated thickness of ca. 50 nm. For this type of 
membranes where a PA layer is synthetized on top of a MOF layer, the 
MOF layer could be rather loose (as evaluated by gas permeation testing) 
[16], modifying the support surface but not hindering the permeation. 
XRD pattern of the ZIF-8 and ZIF-93 layers show the majority of the 
characteristic peaks of the MOF (Fig. 6). MOF characteristic FTIR bands 
(Table S5) shown in Fig. 2 further confirm the growth of ZIF-8 and 
ZIF-93 layers. 

The iIP PA synthesis was then chosen for the synthesis of a PA layer 
on top of ZIF-8/SWCNT-bp and ZIF93/SWCNT-bp membranes. The 
surface of both PA/ZIF/SWCNT-bp membranes (Fig. 5B, D) is very 
similar to that of the TFC membranes (Fig. 1). The amorphous layer of 
PA masks the characteristic X-ray diffraction peaks (not shown) of the 
ZIFs. On the other hand, the ATR-FTIR spectra of both membranes 
(Fig. 2) show the characteristic peaks of PA bands mentioned above, as 
well as most of the bands corresponding to each ZIF. 

Regarding XPS characterization of PA/ZIF/SWCNT-bp membranes 
(Table 1), the C/N ratio and the presence of Zn indicate that the analysis 
penetrates both ZIF layers. The C/N ratios are slightly lower than in the 
iIP-TFC membrane, due to the presence of nitrogen in the ZIF structure 
where the polyamide layer grows. MOF containing membranes showed 
a slightly decreased of O/N ratio which could indicate an increase in the 
cross-linking of the PA layer with respect to de iIP TFC. Even though we 
see an increase in permeance, as will be shown later, this is in agreement 
with previously studies where this increase in crosslinking does not have 
to mean a decrease in permeance as indicated by Van Goethem et al. 
[46], who discussed that the HCl released during the PA condensation 
could degrade part of the MOF structure releasing Zn2+. These Zn ions 
produce a permeance enhancement even though the cross-linking 
increased. In any case, the C/N and O/N ratios in the two ZIF mem
branes are very similar, their performance in NF being very different as 
will be seen below, which seems to indicate that there are another effects 
that influence the separation ability of the membranes. 

A marked difference between the characterized membranes lies on 
their hydrophilicity, as shown in Fig. 3. The CA of the pristine SWCNT- 
bp support decreases by the addition of the ZIF layer. The ZIF-8/SWCNT- 
bp membrane fully reflects the inherent hydrophilic nature of ZIF-8 and 
thus exhibits the highest CA value of all the coated membranes. On the 
other hand, the hydrophilic character of ZIF-93 leads to the membrane 
with the lowest CA value. When the PA layer is synthetized, the CA 
values for both PA/ZIF-8/SWCNT-bp and PA/ZIF-93/SWCNT-bp mem
branes lie between those of their respective ZIF/SWCNT-bp and TFC 
membranes. Therefore, ZIF-93-containing membranes exhibited higher 
hydrophilicity, that leads to enhanced water or methanol permeance, as 
it will be discussed later. 

AFM images (Fig. 7) and derived average roughness (Ra) and root 
mean square roughness (RMS) (Table S6) show an increase in the 
roughness of the surface in the order SWCNT-bp < iIP TFC < ZIF-93/ 
SWCNT-bp < PA/ZIF-93/SWCNT-bp. The increase in roughness when 
the ZIF-93 is used to synthesize the PA layer (Ra =±297) compared with 

Fig. 4. Permeance (bars) and dye rejection (dots) comparison of membranes: 
A) Dead-end (DE) and cross-flow (CF) NF of dye aqueous solutions. B) Dead-end 
(DE) OSN of dye solutions in methanol. C) Dead-end (DE) NF of aqueous so
lutions of salts. Values are in Tables S1, S2, S3 and S4. Conditions: 25 ◦C and 10 
bar feed pressure. Dyes: AO, SY an RB. The error bars come from the mea
surement of three different membrane samples. 

Table 1 
C/N and O/N atomic ratios obtained through the quantification of C, N and O 
elements from XPS analysis.  

Membrane % Zn C/N O/N 

TFC 0 5.1 ± 0.1 0.6 ± 0.1 
iIP TFC 0 15.0 ± 1.7 1.3 ± 0.1 
PA/ZIF-8/SWCNT-bp 0.8 ± 0.2 11.2 ± 0.6 1.1 ± 0.1 
PA/ZIF-93/SWCNT-bp 0.4 ± 0.1 11.3 ± 0.7 1.0 ± 0.1  
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the one of iIP TFC (Ra = ±192) is in agreement with the literature [15]. 
Greater roughness is often associated with higher effective surface area, 
which plays a key role increasing the permeance and, therefore, it is 
consistent with the permeance results achieved for the 
ZIF-93-containing membranes tested here. 

Similarly to TFC membranes, PA/ZIF-8/SWCNT-bp and PA/ZIF-93/ 
SWCNT-bp membranes were tested using dead-end nanofiltration for 
RB, SY and AO dye solutions in water and methanol. Fig. 4A and B shows 
that the PA/ZIF-8/SWCNT-bp membrane provides maximum 

permeances of 21.0 ± 2.2 L m− 2 h− 1 bar− 1 and 35.4 ± 4.5 L m− 2 h− 1 

bar− 1 for water and methanol solutions, respectively, these values being 
very close to those achieved with the TFC membrane synthesized by iIP. 
This could be related to the similar hydrophilic nature exhibited by both 
the SWCNT-bp support (CA = 83◦) and the ZIF-8/SWCNT-bp membrane 
(CA = 78◦), which leads to similar contact of the organic and aqueous 
phases during the synthesis of the PA layer. On the other hand, when the 
PA layer is synthetized on ZIF-93/SWCNT-bp (more hydrophilic with 
CA = 43◦), the PA/ZIF-93/SWCNT-bp membrane shows remarkable 
permeance improvements in comparison to the bare iIP TFC membrane 
with maximum permeances of 59.3 ± 4.4 L m− 2 h− 1 bar− 1 and 76.0 ±
6.8 L m− 2 h− 1 bar− 1 for water and methanol solutions, respectively. The 
more hydrophilic character of the PA/ZIF-93/SWCNT-bp membrane 
(CA = 56◦) also favours the transport of polar solvents more than the 
PA/ZIF-8/SWCNT-bp membrane (CA = 73◦). In any event, the ZIF-93 
layer has a gutter layer effect avoiding the penetration of the IP re
actants into the SWCNT-bp support during the synthesis and thus 
generating a thin and permeable selective skin layer that in turn is more 
hydrophilic. 

In comparison with iIP TFC membrane, rejections also show an in
crease with the PA/ZIF-93/SWCNT-bp membrane reaching 99.9 ± 2.2% 
(RB), 99.6 ± 2.3% (SY), 99.5 ± 2.4% (AO) for NF and 99.7 ± 2.8% (RB), 
99.1 ± 3.5% (SY) and 98.6 ± 2.9% (AO) for OSN. These increases may 
be related to a higher degree of crosslinking related to the presence of 
the MOF layer that also has the indicated gutter layer effect, as previ
ously reported [17]. It should be noted that the rejection for SY dye 
(82.3 ± 3.8 for NF and 80.0 ± 3.2 for OSN) with the 
PA/ZIF-8/SWCNT-bp membrane is lower than that of the AO dye (99.4 
± 3.3 for NF and 98.7 ± 4.0 for OSN) which has a smaller molecular 
weight. This effect is not observed in iIP TFC and PA/ZIF-93/SWCNT-bp 
membranes where rejections are usually always greater than 97%. This 
suggests that the ZIF-8 layer may affect the surface charge of the PA 
layer giving rise to a better rejection of the cationic dyes such as AO as 

Fig. 5. SEM images of membranes: A) Cross-section of ZIF-8/SWCNT-bp with inset of surface. B) Surface of PA/ZIF-8/SWCNT-bp. C) Cross-section of ZIF-93/SWCNT- 
bp with inset of surface. D) Surface of PA/ZIF-93/SWCNT-bp. 

Fig. 6. Normalized XRD patterns of MOF layers together with its simu
lated patterns. 
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compared to the anionic dyes such as SY and RB regardless of their 
molecular size. In case of the PA/ZIF-93/SWCNT-bp membrane, the dye 
rejection is related to the molecular weight of the dye which is in 
accordance with different properties of the PA layer on ZIF-93 than on 
ZIF-8. In any case, the PA/ZIF-93/SWCNT-bp membrane shows re
jections greater than 98.5% for the AO molecule. This indicates, with the 
precautions noted above, that this membrane has a MWCO of at least 
265 Da in both methanol and water. 

Cross-flow nanofiltration was also carried out filtering RB aqueous 
solution until the results were stable which resulted in a duration of the 
experiment of 6 h. Fig. 4A shows that the RB nanofiltration results are 
almost identical with dead-end and cross-flow, which confirms the 
reliability of the observed trends and results. 

Salt rejection experiments were also carried out in the dead-end 
filtration installation (Fig. 4C). The permeance values and the trends 
with the type of membrane are very similar to those obtained in the 
nanofiltration of the dyes. Membranes show a good performance for the 
nanofiltration of Na2SO4 always reaching salt rejection values greater 
than 94%. The best values are located again with the PA/ZIF-93/ 
SWCNT-bp membrane reaching a permeance of 52.5 ± 2.8 L m− 2 h− 1 

bar− 1 and a Na2SO4 rejection of 95.0 ± 4.9%. For the rest of the salts, a 
noticeable drop in the rejection can be observed with values of 24.3 ±
2.9% for the NaCl and 35.4 ± 3.7% for the MgCl2 in the ZIF-93 con
taining membrane. In the literature it has been reported that Donnan 
exclusion and size exclusion mechanisms may play a role in nano
filtration performance [47]. Our results agree with the tendency 
observed in literature for salt rejection (Na2SO4 ≥ MgCl2 ≥ NaCl) that 
can be related to the Donnan effect, leading to a greater rejection for 
high valent anions like Na2SO4 [48]. 

A long-term experiment to test the stability of the membrane, Fig. 8, 
was carried out for the best performing membrane PA/ZIF-93/SWCNT- 
bp in the cross-flow filtration installation for a total duration of the 
experiment of 80 h. This experiment showed a great stability of the 
membrane over time with almost no drop in both permeance (42.7 L 

m− 2 h− 1 bar− 1) and RB rejection (99.9%). 
Chlorine stability experiments, Fig. 9, were carried out with all the 

membranes, tested for the Na2SO4 salt and the RB dye, showing a good 
stability after being in contact for 1 h with a 1000 ppm NaOCl solution. It 
can be seen a slightly increase in the permeance and a decrease in the 
rejection but always within the corresponding error values. The effect is 
a little more marked with the salt. These results are in agreement with 
the literature where the membrane chlorination leads to an increase in 
permeance while the variation in rejection depends on the properties of 
the solute [49]. In any case, the PA/ZIF-93/SWCNT-bp membrane 
shows a stability comparable to that of the TFC membranes, which opens 
the door to the practical use of these much more permeable and selective 
membranes. 

Fig. 7. AFM images of membranes: A) SWCNT-bp (Ra = 50 ± 2.0). B) iIP TFC (Ra = 133 ± 2 nm). C) ZIF-93/SWCNT-bp (Ra = 192 ± 2 nm). D) PA/ZIF-93/SWCNT- 
bp (Ra = 297 ± 3 nm). 

Fig. 8. Permeance (blue) and dye rejection (red) of the PA/ZIF-93/SWCNT-bp 
membrane for the nanofiltration of rose Bengal (RB) in water for 80 h in the 
cross-flow filtration installation. Conditions: 25 ◦C and 10 bar feed pressure. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 10 summarizes a comparison of the best membranes synthesized 
in this work with those chosen from the literature based on MOF or CNT 
and used for nanofiltration of dyes. The conditions in which the nano
filtration is carried out in the data of Table S9 vary since different sol
vents (water or methanol) are used as well as different dyes that have 
different molecular weight and charge. Considering these limitations of 
the comparison, it is important to point out that the membranes reported 
here are undoubtedly among the best reported in terms of both per
meance and dye rejection, even without the addition of a ZIF layer. 
Furthermore, whenever possible, the permeance ratio of the polyamide 
membrane with ZIF or CNT with respect to the polyamide membrane 
without ZIF or CNT is also indicated in Table S9. This relationship allows 
evaluating the permeance improvement as a result of the growth of a ZIF 
layer. For the membranes of this work, these ratios lie between 2.1 and 
2.4, which are of the same order as those corresponding to other high 
performance membranes, with the advantage that in general the per
meances and rejections are higher for the membranes reported here, 
which further highlights their potential for application in dye removal 
processes and, in general, in nanofiltration. 

4. Conclusions 

In summary, a membrane architecture is proposed here to form 
composite membranes based on the fabrication of a PA layer on SWCNT 
supports via two different methods: conventional IP and inverse IP (iIP). 
Precise control of the IP process is achieved with the iIP method which 
offers superior performances for nanofiltration for dye removal from 
both wastewater and methanol. The permeances and rejections achieved 
with this PA layer are among the best in the literature, which indicates 
the success of using CNTs as support to obtain highly permeable and 
defect-free PA layers. The best results of iIP respect to conventional IP 
are related to the good contact between the phases and the support 
during the IP and the lower thickness of the polyamide layer achieved. 

The nanofiltration results were further improved upon the growth of 
hydrophilic ZIF-93 layers on SWCNT-bp supports prior to the synthesis 
of the PA film. To discern the cause of the enhancements, membranes 
have been characterized by a number of techniques including XRD, XPS, 
ATR-FTIR, contact angle, SEM, and AFM. The ZIF-93 layer modifies the 
IP process and the properties (particularly hydrophilicity measured by 
water contact angle and surface roughness measured by AFM) of the 
resulting membrane providing narrow solvent paths giving rise to the 
highest performance in terms of permeance and rejection for dye 

removal by nanofiltration from both wastewater and solvent methanol. 
The trends and excellent behavior of the PA/ZIF-93/SWCNT-bp mem
brane have been corroborated with experiments in cross-flow and dead- 
end nanofiltration of dyes as well as dead-end nanofiltration of salts in 
water. 

The PA/ZIF-93/SWCNT-bp membrane has been shown to be stable in 
performance (permeance and dye rejection) for 80 h in a cross-flow 
nanofiltration process. In addition, the membrane was as stable to 
chlorine treatment as membranes with only polyamide supported on 
SWCNT-bp. 

The PA/MOF double layer on SWCNT-bp supports opens the door to 
progress towards highly permeable and selective membranes, choosing 
the appropriate MOF and rendering these membranes candidates for 
other separation processes such as reverse osmosis or even gas 
separation. 
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