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Abstract

Background: This work addresses the use of self-supported single-wall carbon nanotube (SWCNT) buckypapers as filters or
membranes to treat air or water streams to reduce the concentration of pollutants.

Results: The fabrication of the buckypapers was carried out by a facile filtrationmethod. The performance of the buckypaper as
an air filter was tested with a NaCl aerosol obtaining a permeance of 241 m3 m−2 h−1 bar−1 and a filtration efficiency of
99.9991%. The performance of the buckypaper as a water ultrafiltration (UF) membrane was studied separating ZIF-8 nanopar-
ticles of 30, 50 and 120 nm in diameter, achieving a permeance of 124 L·m−2 h−1 bar−1 and a rejection of 99.99%.

Conclusions: A simple technique is described for the rapid fabrication of self-supported SWCNT buckypaper membranes with a
filtrationmethod resulting in an excellent performance in both air andwater filtration. In addition, because of the acquired con-
trol of ZIF-8 crystallization, particles of different sizes of this material were synthesized ad hoc to serve as a reference solute of
UF separation.
© 2022 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
Nowadays, the presence of colloidal particles, particularly in
the form of nanoplastics,1 as water pollutants and the aerosol
pollution caused by road traffic and industries have become a
serious concern due the impact on living environment2-6 and
public health.7 In fact, among the various types of air pollution,
particulate matter (PM) is one of the most serious threats to
human health because it can affect the lungs and even alveolar
cells.8 The size of this PM determines the hazards of its respira-
tion and can be categorized according to its aerodynamic
diameter in PM10 (≤10 μm), PM2.5 (≤2.5 μm) and PM0.1

(≤0.1 μm).9,10 One of the most effective ways to decrease the
concentration of PM is with filters. While the larger particles
(PM10) can be easily removed with air cleaners like cyclones
and sedimentation tanks, the more dangerous fine (PM2.5)
and ultrafine (PM0.1) particles require a high-efficiency particu-
late air filter which must reach an efficiency of 99.97% for
0.3 μm particles.11 The most important parameters for asses-
sing the performance of a gas filter are the filtration efficiency
and the pressure drop.12,13 A good filter is expected to show a
low pressure drop and a high filtration efficiency. The filtering
efficiency (E) is calculated with Eqn (1):

E=100× 1−
Cp

Cu

� �
ð1Þ

where Cp and Cu are the particle concentrations downstream and
upstream of the filter, respectively, and where the ratio Cp/Cu cor-
responds to P (see Eqn (2)).
The performance of a filter is mainly characterized by the quality

factor (QF) which is calculated with Eqn (2)14,15:

QF=
ln Cu=Cp
� �
Δp

=
ln 1=Pð Þ
Δp

ð2Þ
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where P is the penetration rate of particles, that is, the ratio
between the concentration of particles downstream (Cp) of the fil-
ter and the concentration of particles upstream (Cu), andΔp is the
pressure drop across the filter. The higher the QF value the better
the expected filter performance.
Filters are usually composed of fibers rendering high porosity

and inter-fiber distances larger than the size of the particles to
be filtered that causes clogging of the filter. This results in a high
increase of pressure drop and the filters have to be disposed of
due to their limited service life. Recently, nanofibers have become
of interest for the manufacture of air filters due to their high spe-
cific surface area and a diameter comparable to that of the mean
free path of air molecules (66 nm).16 This means that theoretically
they will have a high efficiency, a low tendency to clogging and
thus a low pressure drop overcoming the trade-off between effi-
ciency and pressure drop parameters. Usually these nanofibers
are polymer-based; however, carbon nanotubes (CNTs) are very
promising materials for building air filters because of their regular
diameters in the nanometer range, high porosity and specific sur-
face area, hydrophobicity, inertness and potential functionaliza-
tion. CNTs are one type of the variety of carbon materials that
already exist for water and air applications (activated carbon, gra-
phene, carbon nanofiber, biochar, carbon aerogel). Carbon mate-
rials are used as adsorbents for the removal of dangerous and
hazardous compounds.17,18 Besides, CNTs have numerous appli-
cations in medicine (carrier for drug delivery, lubricant in tablet
manufacturing), artificial implants, preservatives (antioxidant
nature), diagnostics (biosensors) and catalysis.19 In particular,
single-walled CNTs (SWCNTs) have attracted interest for this pur-
pose due to their adequate properties in line with those just men-
tioned. Their high porosity and specific surface area20 make them
a good choice for air21 and water22 pollution filtration. The com-
mon fabrication method for CNT-based air filters includes coating
CNT films on microfiber filters13 or in situ growth of CNTs on filter
supports.23 These supports would have much higher porosity
than those generated from the CNTs.
Along with air pollution, the abatement of water pollution is

becoming more and more worrying and challenging because
industrial and urban activities generate various types of pollution
and decrease the quality of water even if every year the regulations
for the disposal of wastewater become stricter. In consequence,
clean water is predicted to become one of the most precious
resources at the end of the century.24 Pressure-driven membrane
processes, that recently have been proposed for remediation of
pollution due to the presence of nanoplastic and microplastic
particles in water,1 can be classified in four categories according
to the size of solute regularly processed: microfiltration (MF,
100 nm–1 μm), ultrafiltration (UF, 10–100 nm), nanofiltration
(NF, 1–10 nm) and reverse osmosis (RO, ≤1 nm).25 In fact, these
dimensions are quite restrictive when compared with the size of
the so-called microplastics (in the 0.06–10 mm range).1 However,
plastic pollution may appear in the form of nanoplastics (i.e. parti-
cles in the 0.1–2 μm range)26,27 and also microplastics may evolve
by degradation into nanoplastics, sizes that may require the action
of a UF membrane separation process.
Having said the above, CNT-based membranes are also popular

for water treatment,28,29 as they combine the performance of tra-
ditional membrane materials with the special features of CNTs,
like high specific surface area, mechanical strength, chemical
inertness, hydrophobicity and water transport.30,31 Some of the
applications of these membranes are in water desalination,32,33

oil–water separation,34 removal of heavy metal ions35 and

removal of emerging pollutants36 and microplastics due the non-
polar interaction between them and the CNTs when they act as
adsorbates.29

In the work reported here, we used a feasible method to obtain
self-supported SWCNT buckypaper membranes by vacuum filtra-
tion. CNT buckypapers are free-standing sheets of entangled
CNTs forming a flexible structure that is physically and chemically
stable.37,38 Such membranes were applied to the removal of aero-
sols from air and water filtration of the metal–organic framework
(MOF) ZIF-8. MOFs are crystalline materials formed by metal clus-
ters and organic linkers which exhibit high surface area and tun-
able and flexible pore structure.39,40 Zeolitic imidazolate
frameworks (ZIFs) and in particular ZIF-8 show promising abilities
for their use in biomedicine due their high pore volume and sta-
bility, which have opened the opportunity for the encapsulation
and protection of bioactive molecules.41 ZIF-8 consists of a metal
cation of Zn2+ coordinated with 2-methylimidazolate forming a
SOD-type topology with 1.16 nm cavities connected through
0.34 nm pore windows.42 Even though MOF stability and toxicity
have been found acceptable for biomedical applications,43 there
are studies showing hematotoxicity of ZIF-8, one of the most used
MOFs for these kinds of applications.44 Also, the removal of MOFs
from water is of great interest in line with their potential environ-
mental pollution45 and toxicity due their possible degradation in
water, which would release their constituent metal ions and the
organic linkers.46 Moreover, because of the particle size control
of ZIF-8 crystallization, this material can serve as a reference UF
solute in the range of a few tens of nanometers (e.g. simulating
a nanoplastic). To the best of our knowledge, this is the first time
that aMOF has been usedwith this double purpose (pollutant and
specialized solute) in membrane filtration operations.

EXPERIMENTAL
Materials
SWCNTs (≥93% carbon content, 1.2–2 nm in diameter) and non-
ionic surfactant Triton X-100 were purchased from Sigma-Aldrich.
2-Propanol was purchased from Panreac AppliChem. Nylon filter
with a diameter of 47 mm and 0.22 μm pore size was purchased
from Labbox. Zinc nitrate hexahydrate (reagent grade) and meth-
anol (MeOH; HPLC grade, ≥99.9%) were purchased from Scharlab
and 2-methylimidazole (mIm) (99%) from Acros Organics.

CNT buckypaper preparation
The preparation of free-standing SWCNT films via a vacuum filtra-
tion method was achieved adapting a previously reported
method.47,48 Typically, 10 mg of SWCNTs was dispersed into
1 wt% of Triton X-100 surfactant in 60 mL of distilled water. The
obtained suspension was treated by ultrasound using a probe
sonicator (Sonics Materials VC-750-220, 750 W, 20 kHz) for 1 h.
The sonicated suspension was then filtered through a porous
Nylon filter placed in a 47 mm diameter glass filtration funnel
and washed with a mixture of acetone and 2-propanol.47 Under
such conditions, a 15 μm thick, self-standing SWCNT buckypaper
was obtained. This was dried overnight at room temperature after
which it could be peeled off from the Nylon filter.

Synthesis of ZIF-8 nanoparticles
ZIF-8 nanoparticles with various sizes (30, 50 and 120 nm)
were synthesized by previously reported methods.49,50 Briefly,
two solutions, one of the metal salt and another of the ligand,
were prepared with half of the total MeOH for each solution.
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Then the two solutions were mixed resulting in final molar com-
positions of 500:1:8 MeOH:Zn2+:mIm (120 nm), 1000:1:8 MeOH:
Zn2+:mIm (50 nm) and 1500:1:8 MeOH:Zn2+:mIm (30 nm). The
resulting solutions were stirred for 30 min at room temperature
and then centrifuged at 10 000 rpm andwashed with fresh MeOH
three times. The ZIF-8 products were dried overnight at 100 °C in
an oven.

Characterization
X-ray diffraction (XRD) measurements were performed using
an Empyrean PANalytical diffractometer with a Cu-K⊍ radiation
source (⊗ = 1.5406 Å). Data were collected in the 2⊔ range
from 2.5° to 40° and at a scanning rate of 0.01° s−1. Thermogra-
vimetric analysis (TGA) was carried out with a Mettler Toledo
DSC-1 Star System at a heating rate of 10 °C min−1 up to
800 °C under an airflow of 80 cm3(STP) min−1. Scanning electron
microscopy (SEM) images of the buckypapers were obtained
with an FEI-Inspect F50 microscope operating at a voltage of
10 kV. SEM was also applied to evaluate the morphology and
particle size distribution of ZIF-8 particles using ImageJ software.
All samples were coated with Au/Pd under vacuum conditions
prior to analysis. Raman analysis was performed using a WiTec
Alpha300 confocal Raman microscope with a 488 nm laser exci-
tation beam. The intensities of the characteristic bands (D and G)
were used to evaluate the SWCNTs. Mercury porosimetry was

performed with a Micromeritics Autopore IV porosimeter (oper-
ating in the 28–60 000 psia range) at room temperature.
Brunauer–Emmett–Teller (BET) specific surface area, specific
pore volumes and Barrett–Joyner–Halenda (BJH) pore size distri-
bution were obtained from N2 adsorption data acquired at
−196 °C using a Micromeritics Tristar 3000 after outgassing the
samples at 200 °C for 9 h.
The curve of pressure drop versus air flow rate was obtained

with a controlled flow of air (Bronkhorst MV104) forced through
various samples of the membrane placed between two perfo-
rated metallic discs with inner diameter of 13.3 mm. The pressure
drop was measured with a digital pressure meter (Digitron 2088P,
0–100 kPa). The flow was progressively increased until the bucky-
paper filter broke, which occurred at pressures of ca 35 kPa.
The efficiency of the buckypaper as a particle gas filter was

determined at room temperature with a condensation particle
counter (TSI 3782; this allows a particle count from 0 to
≥5 × 104 cm−3 with a limit of detection of 10 nm particle size)
and a chamber in which a constant concentration of a polydis-
perse NaCl aerosol was maintained (mean particle diameter ca
85 nm in number, ca 270 nm in mass, ca 6 × 104 cm−3). The aero-
sol was generated with a TOPAS ATM 226 coupled to a large dry-
air stream. The air flow rate through the filter was 0.6 L(STP) min−1.
The filter had in this case a greater active area (40 mm in diame-
ter) to allow the flow/absolute pressure conditions required by

Figure 1. SWCNT basic characterization: XRD patterns (A), SEM image with inset showing cross-section (B), TEM image of a single SWCNT (C) and Raman
spectrum (D).
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the condensation particle counter. It was supported by a porous
sintered steel disc to avoid the breakage of the membrane at
the working pressure drop.
The liquid-phase membrane filtration performance was deter-

mined at room temperature using a dead-endmembranemodule
(Sterlitech HP4750) working at a pressure drop of 2.5 bar and with
nanoparticles of ZIF-8, with sizes of 30, 50 and 120 nm, suspended
in water in a concentration of 10 mg L−1. The effective area of the
membrane was 12 cm2 and the feed volume was 250 mL. Three
different membrane samples were used in the same conditions
to calculate the error bars shown in the results. In these condi-
tions, the membrane water permeance and rejection parameters
were calculated according to Eqns (3) and (4):

Permeance=
V

ΔPAt
ð3Þ

Rejection %ð Þ= 1−
Cpermeate

Cretentate

� �
×100 ð4Þ

where V is the permeate volume (L), A is themembrane area (m2),
t is the time for permeate collection (h), Cpermeate and Cretentate the
concentrations in the permeate and the retentate, respectively,
and ΔP is the pressure across the membrane (bar). The ZIF-8 con-
centrations of retentate and permeate were measured using a UV
spectrophotometer (Jasco V-670) at a wavelength of 203 nm.

RESULTS AND DISCUSSION
SWCNT, ZIF-8 and membrane characterization
The SWCNTs were used as received, but they were characterized to
confirm the specifications given by the supplier. TGA (Fig. S1)

shows thermal stability up to 500 °C which corresponds with the
data provided by the supplier. Figure 1(A) depicts the characteristic
XRD peaks at 2⊔ values of 20.8°, 38.6° and 40.5° corresponding to
the (002), (100) and (101) crystal planes typical of the material.51

SEM images (Fig. 1(B)) show a wide CNT distribution with a
mean diameter of ca 30 nm forming a homogeneous layer ca
15 μm thick (inset in Fig. 1(B)). This CNT diameter differs from
the supplier data (diameter of 1.2–2.0 nm by optical absorption
and 5 μm length). This significant difference is attributed to
agglomeration of SWCNTs linked to the thickness added by the
metal coating used for SEM sample preparation. In fact, transmis-
sion electron microscopy (TEM) characterization (Fig. 1(C)) allows
confirming a mean diameter of ca 6 nm that is more similar to
the expected diameter aforesaid, but SWCNT bundles still can
be observed which can explain the verified discrepancy.
The Raman spectrum (Fig. 1(D)) shows the radial breathing

mode (RBM) at 177 cm−1. The graphene band (G band) was
observed at 1600 cm−1 and its broadening is related to the small
diameter of the SWCNTs. The low intensity of the D band at
1350 cm−1 signifies a low number of defects.52 Also can be seen
is the second-order G band (G0 band) at 2675 cm−1. The RBMband
is sensitive to the nanotube diameter according to Eqn (5)53:

ωRBM=
A
d
+B ð5Þ

where ωRBM is the vibration frequency of the RBM band in cm−1,
d is the nanotube diameter in nm and A and B are constants with
values of 234 cm−1 nm and 10 cm−1, respectively. With this
expression a diameter of 1.4 nm was obtained, which better
agrees with the 1.2–2.0 nm specified by the supplier.

Figure 2. XRD patterns of ZIF-8 particles (A). SEM images of ZIF-8 particles: 30 nm (B), 50 nm (C) and 120 nm (D), with insets showing higher magnifica-
tion images. SEM images of SWCNT buckypaper before (E) and after filtration (F).
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The XRD patterns (Fig. 2(A)) of the ZIF-8 particles prepared
reveal their purity and crystalline structure. The ZIF-8 nanosized
crystals, prepared under different synthesis conditions, show the
expected rombododecahedral morphology via SEM with narrow
particle size distributions of ca 30 ± 8, 50 ± 5 and 120 ± 12 nm
(Figs 2(B)–(D)). A smaller particle size is obtained at a higher dilu-
tion of the metal salt and the ligand as previously observed,54

which may be related to a lower crystallization rate. These nano-
particles will be used as reference solutes for the subsequent UF
experiments. As far as we know, this is the first time that a MOF
has been used as solute to characterize membrane performance.
In fact, ZIF-8, as well as other MOFs, can be synthesized at a given
narrow particle size distribution by controlling the synthesis con-
ditions, as demonstrated above.
The self-supported SWCNT buckypaper membranes were

applied to aerosol/air filtration. In this context, porosity and
pore size distribution are important characteristics that affect
the filter performance. In consequence, the characterization
of the buckypapers by mercury porosimetry and nitrogen
adsorption was carried out to determine the presence of
macro-, meso- and micropores.
In the pore size distribution obtained with mercury porosimetry

(Fig. 3(A)), a broad peak can be observed that ranges pore sizes
from 20 to 1000 nm, with macroporous (larger than 50 nm) and
mesoporous (in the 2–50 nm range) peaks at 100, 15 and 5 nm.
These pores are mainly due to the empty spaces created by the
agglomerates of SWCNTs. The calculated porosity is about 49%.

The nitrogen adsorption and desorption curves of the buckypa-
pers show a characteristic appearance of a type IV isotherm, accord-
ing to the IUPAC classification, with a hysteresis at high relative
pressures related to capillary condensation inside the 5–15 nm
mesopores and the relatively small 100 nm macropores, both
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Figure 3. SWCNT buckypapers: mercury porosimetry analysis at room temperature (A) and nitrogen adsorption and desorption isotherms measured at
−196 °C (B).

Table 1. Air performance comparison with CNT and SWCNT filters

Structure
Thickness of
filter (μm) Pressure drop (kPa) Filtration efficiency (%)

Quality
factor (kPa−1) Ref.

MWNT-coated filter 202 2.99 99.9976 (50–100 nm) 3.56 13
Free-standing SWCNT film 0.12 1.5 99.997 (44 nm) 147 58
Aligned CNT sheet 25 0.147 99.98 (0.01–0.3 μm) 57.9 59
CNT/metallic fiber filter - 0.115 93.8 (130 nm) 24.18 23
Three-dimensional CNT scaffolds 500 25 99 (0.3–2 μm) 0.18 60
CNT-coated glass fiber filter 200 0.080 33.3 (100–120 nm) 5.06 61
CNT/quartz-fiber filter 450 0.84 99.974 (100–300 nm) 9.89 62
CNT/quartz fiber filter nanostructured 430 0.435 99.9959 (64–88 nm) 23.21 63
CNF/sintered nickel microfibrous matrix 430 0.7 79–80 (90–7500 nm) 2–4 64
SWCNT buckypaper 15 34.2 99.9991 0.34 This work
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Figure 4. Evolution of the total concentration of NaCl particles down-
stream of the membrane in two independent tests carried out with the
SWCNT buckypaper sample after commutation of sampling lines.

Self-supported SWCNT buckypaper membranes applied to filtration www.soci.org

J Chem Technol Biotechnol 2022 © 2022 The Authors.
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

wileyonlinelibrary.com/jctb

5
 10974660, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/jctb.7231 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [11/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/jctb


present between the SWCNTs (Fig. 3(B)). In addition, the isotherm
has a filling of pores at lowpressures (P/P0 < 0.1), indicating the pres-
ence of micropores that have been attributed to channels between
individual nanotubes within CNT bundles.55 A BET specific surface
area value of 362 ± 3 m2 g−1 was achieved, lower than those previ-
ously reportedwhen using Triton X-100 to prepare SWCNT buckypa-
pers (642–790 m2 g−1),56 but within the wide range reported for this
material (i.e. 96–790 m2 g−1).13,57,56 A pore volume of 0.50 cm3 g−1

was measured at P/P0 < 0.987. The t-plot analysis of nitrogen
isothermgives amicropore volume of 0.04 cm3 g−1 and amicropore
specific area of 97 m2 g−1, confirming the presence of micropores.
BJH analysis shows awide range ofmesopores in the 2–50 nm range
(Fig. S2).
The air permeation characterization resulted in a permeance of

241 ± 40 m3 m−2 h−1 bar−1 at a pressure drops of 34.2 kPa
(Fig. S3). This pressure drop significantly overpasses those
previously reported giving rise to a lower QF value of 0.34 kPa−1.
However, the filtration efficiency (99.9991%) is higher than those
obtained with other CNT and multiwall CNT filters (Table 1).
The large thickness of the SWCNT membrane prepared here
(ca 15 μm) is the predominant cause of the increase in the

pressure drop value, since in our case all the thickness corre-
sponds to SWCNTs, whilst in the others the CNTs constitute a
thin layer over the very permeable support which provides the
majority of the thickness.
During air filtration testing (Fig. 4), the gas in the chamber was

alternately sampled through the membrane and bypassed to
monitor the particle concentration in the feed stream. In these
conditions, the efficiency was calculated as the ratio of the
measured concentrations. The test started with the continuous
measurement of the chamber concentration, and after 2 min of
constant concentration the lines were switched. After a transient
period, the concentration downstream of the membrane oscil-
lated between 0.2 and 0.5 cm−3, which resulted in the efficiency
above mentioned of around 99.9991 ± 0.0001% (the error com-
ing from the averaging of the two independent experiments
shown in Fig. 4). Note that this efficiency is essentially determined
by the initial concentration allowed by the instrument, rather than
by the final one, which in fact is averaged in time (intermittent
signal). Finally, the sampling lines were again switched to
check the stability of the chamber concentration throughout
the test. The low concentration downstream of the membrane
prevented the measurement of the particle size distribution and
thus the dependence of the efficiency versus diameter.

Water filtration performance
UF corresponds to the filtration of particles with sizes in the
20–100 nm range,25 which can be of interest when nanoplastics
are the targeted type of pollutant.1 Thus the water-phase semi-
continuous experiments carried out herewith suspensions contain-
ing ZIF-8 nanoparticles of 30 to 120 nm fall approximately in the
field of UF.Moreover, trying tominimize any eventual fouling effect
on the membrane with the smallest MOFs, the experiments were
performedwith the same sample startingwith the largest ZIF-8 par-
ticles and ending with the smallest ones. Figure 5 shows similar
values of water permeance of 241.2 ± 3.3 L m−2 h−1 bar−1 and
rejections of 99.99% with all the ZIF-8 particle sizes tested here.
These high values are in general larger than those previously
reported, as presented in Table 2. They are in agreement with the
SEM images in Figs 2(E) and (F) illustrating the great capability of
the membranes to reject nanometric solutes. Interestingly, the UF
conditions applied did not seem to create large ZIF-8 agglomerates
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Figure 5. Permeance and rejection of the SWCNT buckypaper when sep-
arating MOF suspensions with ZIF-8 of 30, 50 and 120 nm in size. The error
bars shown correspond to averaging results coming from three different
membranes.

Table 2. Permeance and rejection compilation of different CNT-based membranes

Membrane Permeance (L m−2 h−1 bar−1) Applicationa Rejection (%) Ref.

CNTs-PES 9.7 NF 87.3 65
CNTs-PVDF 5.0 NF 50–60 66
GO coated VA CNTs 5.0 NF 44.9 67
PA coated VA CNTs 4.0 NF 64.8 67
CNTs-PP 36.8 (L m−2 h−1)b MD 99.9 68
CNTs-PTFE 69 (L m−2 h−1)b MD 93 69
CNTs-PVDF 19.1 (L m−2 h−1)b MD 93 70
CNTs-YSZ 36 MF 100 71
CNTs-PSF 47.5 UF 97.4 72
CNTs-mullite 8.1 UF 62.9 73
CNTs-Al2O3 ≥4.5 MF ≥75 74
SWCNT buckypaper 241 UF (ZIF-8 30 nm) 99.99 This work

a NF, nanofiltration; UF, ultrafiltration; MF, microfiltration; MD, membrane distillation.
b Applied pressure not available.
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on the SWCNT buckypaper. And the ZIF-8 particles did not seem to
penetrate into the membrane structure, suggesting an easy clean-
ing and reuse. In addition, this demonstrates that the use of these
membranes constitutes an efficient way to remove MOF nanopar-
ticles (and analogous polymeric pollutants such as the abovemen-
tioned nanoplastics) suspended in water down to 30 nm in
diameter. In fact, the control of ZIF-8 crystallization to produce
nanoparticles with homogeneous particle size distributions in the
30–120 range size allows the use of such nanoparticles as a refer-
ence solute for testing the application of SWCNT buckypapers to
separation by membrane UF.
Besides the separation performance in gas and liquid phases,

there are other advantages that buckypapers could provide during
UF. They can show better resistance to temperature and chemical
agents than other types of polymeric membranes,31 SWCNTs can
help to eliminate organic micropollutants by adsorption during
UF75 and CNTs in compositemembranes have shown high antibac-
terial activity so they may have a high potential for avoiding bio-
fouling and in general fouling by biomolecules.76 Finally, the
inherent conductivity of membranes containing CNTs could help
in the use of an electrochemical stimulus to reduce fouling.22

CONCLUSIONS
Wehave reported a simple technique for the rapid fabrication of self-
supported SWCNT buckypaper membranes with a filtration method
resulting in an excellent performance in both air and water filtration.
The filters exhibit an air permeation of 241 m3m−2 bar−1 h−1 and a
pressure drop of 34.2 kPa. This value, even if higher than that of
some previously reportedmembranes, is the first one obtainedwith-
out any kind of support together with a filtration efficiency of
99.9991% calculated from the ratio between the concentrations of
NaCl particles at both sides of the membrane.
The performance of the membranes was also tested in water UF

of suspensions containing 30–120 nm nanoparticles of ZIF-8
(e.g. simulating polymeric pollutants such as nanoplastics) achiev-
ing water permeances of 241 L m−2 h−1 bar−1 with rejections of
99.99% with all three particle sizes. These results suggest the use
of the SWCNT membrane in the UF range and the use of MOFs as
reference solutes of well-controlled particle sizes. Finally, the suc-
cessive experiments done with the same CNT buckypaper samples
(two sequential experiments in gas-phase application with the
same sample and three sequential experiments in liquid phasewith
each different ZIF-8 particle size with three different samples) sug-
gest that the membranes have good reliability and reproducibility,
even if long-term experiments would be desirable as future work.
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