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Abstract

Nonwaoven carbon nanotube (CNT) laminates were characterized as support-free membranes for
water filtration in terms of structural morphology, water permeability, selectivity and chemical
resistance. Nominal pore rating (12-23 nm) estimated by rejection of globular proteins and
fluorescence beads fall within the selectivity range of tight ultrafiltration (UF) membranes
applied for wastewater treatment. The membranes displayed high permeability (120-400
LMH/bar). High selectivity regardless of high permeability seems to be due to tortuosity and
pore structure of the membranes (25-50 pum thickness). The chemical stability of the membranes
was tested towards common chemicals used for membrane cleaning (HCI, NaOH, NaClO) but at
much severe conditions (24 h exposure at 4-10 fold higher concentrations). High resolution-X-
ray photoelectron spectroscopy (XPS) was applied to evaluate chemical resistance. The relative
C/O-carbon to oxygen ratio and typical deconvolution curves of C1s lines of the membranes
after 24 h exposure depicted no significant changes compared to the reference samples,
confirming resistance to chemical oxidation. This combination of features, added to simplicity of
fabrication and post-synthesis modification and support-free configuration that enhances
chemical stability, offer a worthwhile opportunity of application of these dense-array outer-
walled CNT membranes in the UF range, especially at harsh conditions such as wastewater

treatment.

Keywords: Support-free membrane; Carbon nanotube laminates; High flux-membranes;

Chemical resistance; Wastewater treatment
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1. Introduction

Carbon nanotubes (CNT)-based membranes either standalone or embedded into a polymeric
composite matrix, is an emerging area of research and development. Intrinsic properties of CNT
comprise high physical properties and resistance to chemicals, combined with electrical
conductivity and ductility [1-3]. The importance as well as impact of application of CNT
membranes in water and especially wastewater treatment is tremendous [4]. Recent reports show
that CNT membranes have good antibacterial activity as well, which is dependent on the CNT
size structure and additional attached groups [5-7]. A few works review the molecular modeling
and experimental aspects of CNT membrane fabrication and functionalization and also proper
manufacturing methods of CNT composite membranes for the desalination of sea and brackish
water [8, 9]. Performances of CNT composite membranes were evaluated with different
polymers such as polyvinylidine fluoride (PVDF) [10] and novel type of polyelectrolyte complex
[11]. Also multi-walled carbon nanotubes (MWCNT) incorporated in ceramic composite
membranes strongly inhibited the propagation of bacteria on the filters with an antibacterial rate
of almost 98% [12]. In addition to antibacterial and antifouling properties, the overall
performance of CNT composite membranes was also increased when mixing with other
nanoparticles such as graphene oxide (GO) [13] and silver nanoparticles [14, 15].

In general terms four different kind of CNT membranes have been reported for water separation
(or purification) [4]: (i) Template synthesized CNT membranes, consisting on deposition of
carbonaceous materials inside preexisting ordered porous templates, e.g., anodized alumina; (ii)
Dense-array outer-wall CNT membranes, based on the interstice between nanotubes in a vertical
or random array distribution of CNTs; (iii) Open-ended CNT membranes based on encapsulation

of as-grown vertically aligned CNTs by a space-filling inert polymer or ceramic matrix; (iv)
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Mixed-matrix membranes composed of nanotubes as fillers in a polymer matrix. Water
molecules move through CNT pores orders of magnitude faster than through other pores of
comparable size. Many features seem to influence water transport along and/or across CNTSs,
such as molecularly smooth hydrophobic graphitic walls, nanoscale inner diameters, diameter to
length ratio of CNTSs, etc. Water molecules were occasionally observed to move along the
nanotube axis via bursts of hydrogen-bonded clusters of molecules [16, 17]. In CNTs with
smaller diameters, however, water molecules have been shown to assemble into diameter-
dependent one-dimensional structures [4]. Nevertheless, the mechanism of separation is complex
and not yet completely defined. Srivastava et al. [17] attributed the filtration process driven by
gravity of a membrane made of dense-array outer-wall CNTSs to the geometry of the nanotubes,
their nanoporosity and the selective adsorption of the nanotube surfaces. Since the inter-tubular
spaces dominated the porosity in the membrane, they concluded that most of the filtering occurs
in the interstitial spaces, although some transport through the inner hollow channels of the tubes
cannot be ignored.

Among various types of CNT membranes for water purification, the feasibility of vertically
aligned (VA) CNT membranes was recently reported [18]. Two types of VA CNT membranes
has been used, one is open-ended CNT which implies opened CNT tips [19, 20] and another is
outer wall membrane [20-22], in which the interstices between nanotubes in a vertically array of
CNT were considered as pores. The pure water flux of VA CNT membrane significantly
increased approximately three times higher than the UF membrane. Additionally, the VA CNT
membrane displayed good biofouling resistance with approximately 15% less permeate flux
reduction and 2 log less bacterial attachment than the UF membrane [18]. Very high water

permeability was reported up to 30,000 LMH/bar using VA CNT wall hollow fiber membranes



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

[20]. CNT hollow fiber membranes with a water flux of 12,000£500 LMH (was fabricated by
wet spinning technology [23]. However, it is quite obvious that still significant challenges have
to be addressed to align the CNTSs, to reinforce them in a suitable host matrix without disturbing
the alignment and inhibiting the agglomeration (adoption of suitable nanocomposite fabrication
route), to open the tips preferentially and to scale up favorably [4]. Moreover, composite CNT
membranes are deprived of the strong chemical and thermal resistance of CNTs as well as a
considerable loss of electrical conductivity. Direct spinning of CNT fibers from a chemical vapor
deposition (CVD) synthesis zone of a furnace using a liquid source of carbon and an iron nano-
catalyst was reported [24]. This direct spinning from a CVD reaction zone is extendable to the
production of nonwowen laminates. CNT membranes are not yet commercialized due to lack of
high throughput fabrication technologies. To best of our knowledge, the first commercial product
using CNT rolled in a depth filter structure was launched by Seldon [25].

The objective of this study is to evaluate the performance of CNT laminates of significantly long
tubes, fabricated using the direct spinning method from the CVD processes, as support-free
microporous membranes. Very simple post-synthesis modification of the laminates allowed
control of permeability and selectivity. A detailed characterization of the CNT membranes in
terms of permeability, selectivity, resistance to the chemicals, pore rating, zeta potential, contact
angle and tortuosity is presented.

2. Materials and methods

2.1 CNT laminates and conditioning

The CNT laminates evaluated were kindly supplied by Tortech Nano Fibers (TNF) and made
using an established protocol [24]. Carbon nanotubes were fabricated using direct spinning from

the chemical vapor deposition synthesis zone of a furnace in which a continuous gas phase



91 catalytic reaction between a floating Fe-catalyst and a liquid source of carbon takes place. By
92  mechanically drawing the CNT from the gaseous reaction zone with a rotating spindle enables
93 the formation of ultra-long CNTs (~2 mm), achieving in turn the formation of a continuous and
94  robust non-woven mat. The alignment of the nanotubes and the thickness of the coatings were
95  controlled by the rotation speed and coating time.
96  Different batches of fibers were fabricated by changing the flow rate of iron catalyst. A list of the
97  laminates tested is presented in Table 1. In batch C171, the total carbon flow was 1.5 times more
98 than batch C80, and in batch C162 the catalyst total flow was 1.33 times lower than batch C80.
99  Most part of the study was carried out with C80 laminates. Three type of laminates were tested:
100 (i) unmodified; (ii) stretched (str); (iii) acetone densified (actD). Laminates modifications by
101  either stretching or acetone condensation were performed in order to increase laminate density
102  and surface homogeneity. Unmodified and stretched (10%) laminates were supplied by Tortech.
103  Acetone densification was performed by soaking pristine laminates in acetone for 5 min which
104  were immediately dried at 70°C in an oven for 10 min. Prior to their use, all membranes were
105  soaked in double distilled water (DDW) for about 12 h and then carefully washed with a 70%
106  ethanol solution to reduce any endogenous contamination (aseptic conditions). Ultimate tensile
107  strength (UTS) and strain to failure ratio of the CNT unmodified laminates were in the range of
108  70-100 MPa and approx. 15%, respectively. Stretched laminates (~10%) have an increase of
109 ~50% in UTS and a ~50% decrease in the strain ratio (Tortech Nano Fibers).
110 2.2 Permeability tests
111  Permeability tests were performed with DDW using 50 mL Amicon® stirred filtration cells

112 (Millipore) with a variable pressure between 0-1 bar, at a 0.25 bar interval. Permeate flux was
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calculated according to Eq. (1). Water temperature was measured before and after every filtration

and the permeation results were normalized to 20°C according to Eqg. (2):

=2 M
30 T M (2)
/u20

where: Q-volumetric flow rate [m3/h]; A- filtration area [m?]; JT and J?°- permeate flux at
temperature T and 20°C, respectively [L/m2.h]; " and p?°- dynamic viscosity at temperate T

and 20°C, respectively [cP].
Normalized permeability at 20°C (L}') was calculated from the slope of the plot of J2° vs. AP
according to Eq. (3):

9 =324 APx LY @3)
where LY is expressed in L/m2h.bar; J2° - intrinsic flux at AP=0 [L/m2.h]; AP- transmembrane

pressure [bar].

Permeability tests were repeated at least three times. Each permeability point was tested at least
in triplicates.

2.3 Selectivity tests

Selectivity tests aimed at defining the pore rating of the membranes were performed with
globular protein markers and fluorescent polystyrene beads. The tests were performed using 50
mL Amicon (Millipore) stirred cells described above, applying a pressure of 1 bar following
ASTM E1343-90 [26] with some modifications.

2.3.1. Rejection of protein markers
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Selectivity tests were mainly performed by measuring the rejection of a protein mix standard of
known molecular size (AL0-3042, Phenomenex) supplemented with bovine serum albumin
(BSA) and blue dextran (BD) (Sigma-Aldrich) and assayed by gel filtration chromatography
(GFC). BD was used as void volume marker for the GFC. Markers solution was prepared in
filtered (0.22 um filter, Millipore) DDW. The components, concentration and molecular size of
each marker in the whole mixture are shown in Table S1 (supplementary information).

Prior to start of the experiments all tested membranes were profusely rinsed with double distilled
water (DDW) and soaked in a 1 g/L BSA solution in order to prevent adsorption of the proteins
markers onto the membranes [27]. The samples collected from the Amicon cells were filtered
once again using a 0.2 um Teflon syringe filter (17 mm, National Scientific) and analyzed by

GFC on UV-HPLC.

The hydrodynamic diameter (d,, ) of the proteins, all globular, was calculated as spherical model
[28] as presented in Eq. (4):

d, =0.132x MW ** (4)

and for blue dextran was calculated based on the model of a linear molecule [28] as presented in
Eq. (5):

d,, =0.11x MW (5)

where MW is the molecular weight in Da and d, is given in nm.

2.3.2. Rejection of fluorescent beads

Membrane rejection in the size range of 40-900 nm was also tested using polystyrene fluorescent
beads (Spherotech) with different fluorophores, each color representing a different size. The
beads specifications are presented in Table S2 (supplementary information). Beads concentration

in all stock suspensions was 1% w/v. The experimental setup consisted of two solutions, the first

8



156  one contained three colors, blue (diluted 1:100), pink and yellow (both diluted 1:200). The

157  second solution contained the nile red color- diluted 1:200 also. The nile red color was masked
158 by the other colors so it had to be used separately. The final volume of each solution was 10 ml.
159  Each membrane was tested with this solution using the Amicon stirred cells at a 1 bar pressure as
160  described above. A sample of 150 pL was taken from the permeate of each membrane and

161  placed in a FluoroNanc 96 wells white plate (Nunclon, Thermo Scientific). The fluorescence

162  bands were measured by an Infinite M200 Pro multimode reader (Tecan). DDW was used as

163  blank.

164  2.3.3. Pore rating determination

165  The pore rating for a spherical molecule was calculated from the Ferry-Renkin equation [29], Eq.

166 (6):

2 4 3 5
167 R=|1-2[1-9 | (129 | || 2.104] 9o |_200[ du | s005[ Y| | d, <d.  (6)
dm dm dm dm dm

168  where R [dimensionless] is the rejection of a spherical particle (either globular proteins or

169  polystyrene beads) and dm [nm] is the membrane pore diameter (or absolute pore rating).

170  The term on the right-hand side of Eq. (6) describes the rejection of spherical particles due to
171  steric screening at membrane pore entrance; the second term is associated with hindered

172 convection of particles inside membrane pores. R=1 for any dv>dm. Nominal pore rating and
173 molecular weight cut off (MWCQ) were drawn at 90% rejection from the semi-logarithmic plot
174 of rejection vs. hydrodynamic rate or molecular weight, respectively.

175  2.4. Chemical resistance tests

176  Inorder to evaluate the chemical resistance of the CNT membranes, experiments were carried

177  out applying solutions of common chemicals used for chemical cleaning and cleaning in place



178  (CIP) during typical membranes operation, but at harsher conditions (higher concentrations

179  and/or longer exposure time): 2 N HCI, 2 N NaOH and a 0.5-2 g/L NaOCI. Exposure lasted for
180 24 hours and samples were taken at time 0, 1 and 24 hours. The effect of the chemical treatment
181  onthe CNT membranes was tracked by permeability measurement with DDW and X-ray

182  photoelectron spectroscopy (XPS) characterization (relative C and O content) to determine the
183  possible changes in chemical composition. For the C-80 membranes, selectivity was also tested
184  following the chemical resistance tests in order to estimate the potential effect on chemical

185  cleaning on the overall membrane performance (permeability and selectivity).

186  The exposure to the cleaning chemicals was performed as follows. Several coupons (replicates)
187  of each membrane were soaked in the indicated solution for the indicated time in Petri dishes.
188  Then coupons were sampled, thoroughly washed in DDW and tested for permeability, selectivity
189  and XPS. Tests were repeated at least three times. Permeability was tested with DDW in the
190  stirred cells mentioned above water under pressure of 1 bar (see section 2.2). Selectivity was
191  performed using the protein markers as described in section 2.3.1.

192  2.5. Flow-through experiments

193 A flow-through cells system with internal recirculation operating in continuous mode was used
194  to test permeability and antibacterial activity of the C-80 CNT membranes. Flow conditions and
195  experimental set-up were as described in our previous works [3, 30]. Antibacterial tests were
196  performed comparatively to polysulfone (Psf) 200 KDa UF membranes (ymersp3001, GE

197  Osmonics) under conditions encouraging biofouling. Permeability were monitored until Psf
198 membrane reached baseline. At the end of the experiments, the membranes were removed and
199  visualized by HRSEM microscopy.

200  2.6. Analytical techniques
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Established analytical techniques were applied for characterization of the membrane surface and
properties, comprising HR-SEM microscopy and tortuosity estimation [31, 32], atomic force
microscopy (AFM) [33], contact angle analysis, zeta potential analysis, gel filtration
chromatography and X-ray photoelectron spectroscopy. Detailed information is supplied in the
supplementary information (Section S1).

3. Results and discussion

3.1. Water permeability and selectivity

The normalized water permeability values of the different CNT membranes tested in this
research are shown in Fig. 1. A summary of the average normalized permeability is presented in
Table 1. As shown in the data presented all unmodified membranes displayed very high
permeability which was somewhat reduced upon modification by either stretching or acetone
densification. Although the unmodified membranes displayed higher permeability, they also
showed a higher variation denoting the lack of uniformity of the membranes, which was reduced
by post-synthesis modification. Overall, a water permeability higher than most commercially
available polymeric UF membranes applicable for water/wastewater treatment was observed in
all the CNT membranes. This high permeability is most probably due to the inherent morphology
of the CNT membranes and the pore geometry determined by the dense-array of the smooth
graphitic outer-wall of the tubes, granting a high nanoporosity, in line with previous observations
[17]. Although some water transport through the inner hollow channels of the tubes via
hydrogen-bonded clusters cannot be ignored, most of the filtration seems to occur through the
inter-tubular spaces dominating the porosity in the membrane [4].

As seen in the data presented, the linear fit does not crossed the axis intersection indicating that

water may permeate through these membranes even without applied pressure (i.e., intrinsic flux).
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Intrinsic flux or seepage phenomena in dense-array outer-wall CNT membranes is common [17].
In order to hinder this behavior, two modifications were performed to the membranes i.e., 10%
mechanical stretching and acetone densification (Figs. 1B and 1C, respectively). The modified
CNT membranes displayed reduced intrinsic flux by 1-2 folds. In addition, these modifications
enhanced selectivity and decreased tortuosity (see below). Even though modifications decreased
permeability compared to the unmodified membranes, it still remained high compared with most
commercial polymeric UF membranes in line with previous reports [10, 18, 23]. Permeability of
C-80 unmodified membranes was also tested in cross-flow regime in bench scale flow-through
cells. The average steady state permeability was 416+62 LMH/bar for six independent replicates,
in line with the values in dead-end mode.

The selectivity of all membranes studied, characterized by nominal pore rating using a mixture
of fluorescent polystyrene beads (40-860 nm) and globular protein markers (17-2,000 kDa), are
presented in Tables 1 and 2. It can be seen that all the membranes displayed a nominal pore
rating in the range of highly selective ultrafiltration membranes applied for water/wastewater
treatment (12-23 nm). As an example, the MWCO plot for the unmodified C-80 membrane is
presented in Fig. 2. As shown in the graph, C-80 membrane displays complete rejection of
proteins larger than 150 kDa (1Gg) with a MWCO at 65 kDa corresponding to a nominal pore
rating of 23 nm calculated according to Ferry-Renkin equation [29]. This pore size fits well in
the tightest UF membrane range applied for water/wastewater treatment. When considering the
permeability of the membranes ranging from 120-400 LMH/bar (see Fig. 1), the CNT
membranes present a worthwhile combination of high permeability and high selectivity,
compared to most commercial UF membranes. The MWCO plots for the modified C-80

membranes are presented in Fig. S1. This high selectivity regardless of the high permeability can
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be most probably regarded to adsorption and intrinsic tortuosity across the whole thickness of the
non-woven membranes (by average 25-50 um), acting as self-supporting membranes, in line
with previous reports [4].

When compared to CNT-composites, the CNT membranes showed two to four folds higher
permeability. For instance, about 53 LMH/bar pure water flux were reported in PES/NH-
MWCNT nanocomposite UF membrane [34]. Many works reported flux values of composite
membranes in the range of ultrafiltration, for example, flux of 205 LMH/bar for
Ag/MWCNT/PAN hollow fiber composite membrane with pore size in the range of 2-5 nm [15]
and 109 LMH/bar for a composite hollow fiber membrane with 7.1 to 8.4 nm of pore size [35].
In contrast, quite higher flux of about 5700 LMH was reported in the composite hollow
membrane in the range of tight ultrafiltration (capable of complete removal of 10 nm particles)
[36]. Nevertheless, the simplicity of fabrication and easy of post-synthesis modification of the
dense-array outer-wall CNT membranes presented here, added to support-free configuration that
enhances chemical and temperature stability owning high electrical conductivity [3], make them
especially suited for harsh application conditions in wastewater treatment and purification
(effluents filtration, membrane bioreactor-MBR).

3.2. Morphology of CNT membranes

Detailed structural characterization of the C-80 membranes is presented in Figs. S1 and S2
(supplementary information) and Table 2. HR-SEM micrographs of both top layer-surface (Fig.
S2 A-C) and cross section (Fig. S2 D-F) of well-aligned unmodified C80 membranes at different
magnifications ranging from 5 to 300 kX are shown. As seen from these micrographs, dense
CNT fibers entangled multi-directionally, consisting of curved tubes could be noticed.

Comparative HR-SEM micrographs of unmodified, stretched and acetone densified C-80

13
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membranes at a magnification of 30kX are presented in Fig. S3 A-C. Hence, a thin section of the
top layer was carefully peeled off from the membranes and imaged (Fig. S3 D-F), depicting the
shape of the CNT fibers. The curvature of the fibers is indicative of the tortuosity of the pores.
The tortuosity factor (lo/le), defined as the ratio of the length of the curved line between two
points-lo (red lines in Fig. S3 D-F) to the linear distance between the two points-le (white lines in
Fig. S3 D-F), was evaluated according to Zhou et al. [31]. The tortuosity of the each layer was
measured at least in six different places summing 20 independent replicates. The calculated
tortuosity factor of unmodified membranes exhibited larger values (2.8+1.4) than the modified
membranes, 2.4+1.5 for stretched and 1.8+0.5 for acetone densified (Table 2). As seen for these
results, the tortuosity can be altered and manipulated by either chemical or mechanical
densification, in line with previous reports [20, 32]. Tortuosity seems correlated to permeability,
probably related to the densification of the membranes, which decreased tortuosity and in turn
permeability. Indeed, unmodified C-80 which displayed the highest tortuosity resulted in the
highest permeability (352+60 LMH) (see Table 1).

The AFM topography of CNT membranes is presented in Fig. S4. It can be seen that all these
CNT membranes exhibited a uniform structure (Fig. S4-top). The measured electrostatic force
curves of the three CNT membranes are shown in Fig. S4-bottom. The calculated repulsive
forces of C-80, C-80 str and C-80 actD at a distance of 2 um were greater than 21 nN, 54 nN and
35 nN respectively and converged less than the 9 nN at 600 um. Indeed, repulsive forces are
very short-range forces and display an exponential or inverse power decaying profile with
distance. The average roughness and root mean square (RMS) are shown in Table 2. In
agreement with the repulsive forces, both roughness (34.2+3.0) and RMS (43.5+3.5) of C-80 str

displayed the largest values. In general, the roughness of the CNT membranes was slightly
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higher than reported values for VA CNT membranes [18], as was the tortuosity factor.
Remarkably, AFM data inversely correlated contact angle, selectivity (see Table 2) and thickness
(see Table 1) of the membranes. The lowest contact angle was observed for C-80% str
(78.3+7.12 °0) corresponding to a highest roughness and better selectivity (MWCO at 18 kDa)
and smallest thickness (25 um), compared to unmodified C-80 (102.2+6.7 °0) and C-80 actD
(118.1+9.1°6). The more hydrophilic C-80 membranes, unmodified and actD, displayed a
somewhat lower selectivity (MWCO at 65 and 26 kDa, respectively) in correspondence to a
smaller roughness. Noticeable, the more hydrophilic unmodified C-80 displayed the highest
permeability. The measured zeta potential of the unmodified C-80 membrane was -43.5+4.9 mV
at pH 7, this negative charge might be influence strongly on the rejection of negatively charged
species. The intrinsic hydrophobic nature of CNT membranes is attributed to the low surface
energy of CNT [34], which could benefit the mitigation of membrane fouling in the cross-flow
filtration mode. The adsorption of foulants on a low-energy surface is normally weak and can be
easily rinsed-off by the shearing forces of the cross-flowing feed solution.

3.3. Chemical resistance of CNT membranes

Chemical resistance tests were performed in order to evaluate the behavior of the membranes to
chemical treatments applied for routine cleaning and CIP during membrane operation, but under
extreme conditions (higher concentrations and/or longer exposure time). The relative
permeability values of all membranes after the treatment with 2 N NaOH, 2 N HCI and 500-2000
mg/L of NaOCI are presented in Table 3. The results indicate that permeability of all the
membranes was only slightly influenced by long terms exposure to the concentrated chemicals
(up to 5%). Some membranes exhibited a decrease in the permeability as a result of a specific

treatment, for example C-171 str displayed a decrease in the permeability after the treatment with
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2 g/L NaClO. In most of the cases though, an increase in the permeability was observed,
especially after 24 h of exposure to the chemicals, as in the case of C-162 actD after the
treatment with 2 N HCI. Interestingly, the treatment of 2 N NaOH caused the steadiest increase
of permeability to all the membranes.

A more comprehensive evaluation of chemical resistance was performed for the C-80
membranes. The relative permeability data is presented in the three bottom rows of Table 3, the
effect on the nominal pore rating in Fig. 3 and XPS data in Fig. 4 and Tables 4 and 5. As seem
from the results presented, no significant changes in the permeability were found among the
treatments, although some increase in the permeability was observed especially after 24 h of
exposure to HCI and NaOH (see Table 3). Regarding selectivity, in most of the cases the
treatments improved the nominal pore rating that resulted in better rejection of the markers (see
Fig. 3). This behavior might be explained by increased van der Waals interaction between CNT
fibers upon treatment (similar to the acetone densification that was made as pretreatment)
resulting in a higher rejection, thus increasing selectivity.

XPS is one of the crucial surface analytical techniques to provide useful information on the
nature of the functional groups and also on the presence of structural defects on the CNT
membrane surface. From the XPS results presented Table 4, it appears that in spite of small
variations in the relative C/C+0O-carbon to carbon with oxygen ratio (change was in the order of
+0.2), the membranes displayed a good resistance to oxidant chemicals as well as acid and base.
For NaOClI treatment, which displayed an only slight change in permeability, only slight
decrease on C/C+0 ratio was observed in XPS at 2000 mg/L. On the other hand, the NaOH
treatment, which resulted in the steadiest increase in the permeability, corresponded to almost no

change in C/C+O ratio. The treatment with HCI had mild effect on the permeability and
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displayed a slight increase in the C/C+QO ratio. These results reflect that in spite of the harsh
conditions the membranes displayed a slight surface modification. For hydrochloric acid
treatment, a sp? hybridized carbon enrichment was reported to take place at the surface, thus
forming a protective barrier against chlorine degradation and fouling [37]. Taking into account
that whole membranes display some natural irregularities (assays were performed in 44.5 mm
coupons, the size of a 50 mL Amicon stirred cells, although multiple replicates were analyzed for
each case), it can be concluded that these surface changes are minor. Furthermore, one should
consider than in practice membranes will be subjected to considerable milder conditions.

High Resolution-XPS was further performed for evaluating chemical environment of C1s line of
the unmodified C80 membranes after exposing membranes to different chemical treatments.
Typical deconvolution curves of the HR-XPS C1s lines of the membranes after 24 h exposure to
chemicals are shown in Fig. 4 and the different peak attributions are summarized in Table 5.
After deconvolution, the C1s line showed a main peak at 284.1 eV (peak#A) that was attributed
to the graphitic structure (sp? hybridized). The peak at 285.5 eV (peak#B) was either attributed to
sp?- hybridized carbon or defects due to carbon atom that are no longer in the original tubular
structure, whereas following peaks 286.7 eV (peak#C), and 288.3 eV (peak#D) are indicative of
different oxygen based functionalities at the chemical environment of the carbon atoms. Finally
the peak#E (at 290.4 eV) is related to ©t- 7w+ transition loss peak. HR-XPS data are summarized in
Table 5 with the different peak attributions and the proportional peak area ratios. After the
membrane was exposed to 2N HCI no significant changes could be observed comparing to the
reference sample. Similar results were observed for membranes after exposure to NaOCI or

NaOH. XPS results and peak attribution are in good agreement [37].
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Overall, results of the chemical resistance tests indicate that CNT membranes are very resistant,
even to harsh conditions. It should be noted that the fact that the membranes are monolithic, all
made of CNTSs, presents the advantage of uniform and high overall chemical resistance and
electrical conductivity. Although some slight sign of oxidation appear upon prolonged exposure
to excessively high chemicals dose, one may expect from these membranes to be very resistant to
chemical cleaning and cleaning-in-place treatments that are common in industrial applications.
These results further indicate that exposure to harsh chemical conditions did not modify the
performance of the membranes, neither in terms of permeability nor in terms of selectivity.

In addition to the chemical stability, the intrinsic antibacterial ability of CNT membranes was
estimated in cross-flow filtration under conditions encouraging biofouling with a pure culture of
a model bacterium and compared with a commercial Psf UF membrane. HRSEM micrographs
after approx. 72 h filtration and corresponding permeability data suggest relatively good
antibacterial response (Fig. S5). Indeed, only sporadic attached bacteria with no biofilm layer
developed on the CNT surface in contrast to a well-developed biofilm on the Psf surface, in line
with previous studies [18, 20]. The effect on membrane permeability during biofouling test,
although somewhat less impressive, was still considerable, especially considering the different
MWCO of both membranes (65 and 200 kDa for CNT and Psf, respectively). The most marked
difference could be seen after the first 24 h, once biofilm developed. Although the intrinsic
antibacterial activity of CNTs in a mat or fabric is not yet fully understood, physicochemical
interactions between the surface and the microorganism, i.e., electron transfer, may lead to
generation of reduced oxygen species placing the cell under oxidative stress. These interactions
are thought to be emanated from the graphitic-like structure, i.e., sp? carbon atoms lattice,

influenced by several factors such as length, residual catalyst, electronic structure, etc. [38].
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Nevertheless, active biofouling control through application of low voltage-electrical field taking
advantage of the high electrical conductivity of these membranes (>40,000 S/m) can be
successfully manipulated, as we recently reported [3].

4. Conclusions

The filtration capabilities, hydraulic properties and chemical resistance of support-free CNT
membranes were characterized. The molecular weight cut-off of the membranes correspond to
the selectivity range of tight UF membranes (nominal pore rating about 12-23 nm). The CNT
membranes tested displayed outstanding properties comprising very high permeability of 120-
400 LMHy/bar, one order of magnitude higher for the same separation selectivity of most existing
commercial polymeric UF membranes. It appears that this high selectivity regardless of the high
permeability may be due to hindered convection of particles, i.e., adsorption and tortuosity,
across the whole thickness of the non-woven membranes (by average 25-50 um). The physical
(stretching) and chemical modification (acetone densification) improved intrinsic percolation,
selectivity and tortuosity. This is probably due to the increased van der Waals interaction
between CNT fibers upon treatment, resulting in a higher rejection thus increasing selectivity.
Post-synthesis modification of the laminates, either chemical or physical, can be manipulated to
improve permeability and tortuosity, and to certain extent also selectivity. Membranes displayed
the added benefit of high chemical resistance to typical chemicals used for membrane cleaning in
filtration, including HCI, NaOH and NaClO at long-term exposure and high concentration. This
combination of features offers a worthwhile opportunity of application in the UF range, and
especially at harsh conditions such as wastewater treatment and purification (effluents filtration,
MBR). Moreover, these CNT membranes display intrinsic antibacterial properties and high

electrical conductivity that can be applicable for biofouling control. Considering in addition to all
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the aforementioned properties, the simplicity of fabrication and easy of post-synthesis
modification of the dense-array of tubes, these CNT membranes have the potential to tackle the

present and future challenges in water and wastewater treatment and purification.
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Figure Legends

Figure 1. Normalized permeability at 20°C of CNT membranes. Left: Unmodified;
Middle:Stretched; Right: Acetone densified. Symbols are experimental data and lines represent
linear fit. J°: normalized permeate flux at 20°C; AP: transmembrane pressure. See Table 1 for
linear fit parameters. Data represent averagezstandard deviation of at least three-six independent
experiments.

Figure 2. Semi-logarithmic plot of rejection vs. molecular weight for the C-80 unmodified
membrane using globular proteins (17-670 kDa), blue dextran (2,000 kDa) and fluorescent beads
(40-900 nm) markers. ®: empirical data; —: fit to Ferry-Renkin equation (Eq. 6). Data represent
averagezxstandard deviation of at least three replicates.

Figure 3. Relative change in pore rating of C-80 membranes before and after chemical resistance
tests. Values represent relative values towards the control (untreated). Pore rating was calculated
according to Egs. 4-6. Pore rating of untreated (control) membranes are given in Table 1.

Figure 4. Typical deconvolution of the XPS C1s lines of the CNT unmodified C-80 membranes
after 24 h exposure to chemicals. (a) Control (untreated), (b) 2N HCI, ¢) 2000 ppm NaOCl, d)
2N NaOH. See Table 5 for details of relative ratio of the peak surface area and transition loss

peak mt- T peak.
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Table 1. Properties of CNT membranes tested in the research.

Thickness Avelfa_ge . Nomingl
Membrane (um) Permeablllty@:" C | pore ra'f)lng
(LMH/bar) (nm)
C-171 50 45877 na
C-171 str 45 379+43 20
C-171 actD 50 281+26 20
C-162 str 50 163+23 23
C-162 actD 65 120+11 14
C-80 60 352+60 23
C-80 str 25 330+41 12
C-80 actD 51 2407 19

Calculated according to Eq. 1-3 at 20°C. Values represent averagexstandard
deviation of at least 3 replicates.
bCalculated according to Egs. 4-6 for 90% rejection. na: not analyzed.

str: Stretched; actD: Acetone densified.



Table 2. Structural morphology characteristics of C-80 membranes®.

. Average Mean square
Membrane 'V(Il\(/\ég)o fl:t':fas'/% Roughness | Root roughness ;Or]ﬁ%t)

0 (nm) (nm) g
Unmodified 65 2.76+1.37 18.7+£7.9 24.0£10.2 102.2+6.7
Stretched 18 2.39+1.45 34.2+3.0 43.5£3.5 78.3+7.1
Acetone 26 1.75+0.50 | 22.6+7.9 28.0+9.1 118.1+9.1
densified

&\/alues represent averagetstandard deviation of at least 3 replicates.



Table 3. Post-treatment permeability of different CNT membranes following chemical resistance tests®.

Treatment NaClO 0.5 g/L NaCIlO 1 g/L NaClO 2 g/L NaOH 2 N HCI2 N

Time (h) 1 24 1 24 1 24 1 24 1 24
C-171 0.97+0.02 1.04+0 0.88+0.11 | 1.1+0.02 | 1.01+0.02 | 0.99+0.01 | 1.00+0.02 | 1.06+0.01 | 1.03+0.04 | 1.03+0.02
C-171s 1.00+0.02 | 1.05+0.02 | 0.99+0.09 | 1.05+0.02 | 0.97+0.03 | 0.93+0.03 | 1.15+0.02 | 1.16+0.01 | 0.98+0.03 | 1.01+0.04
C-171 actD 0.98+0.01 | 1.01+0.01 | 0.99+0.01 | 1.1+0.01 | 0.95+0.03 | 0.94+0.02 | 1.12+0.01 | 1.11+0.03 | 1.06+£0.02 | 1.22+0.06
C-162 str 0.98+0.01 | 1.02+0.02 | 0.96+0.03 | 1.05+0.01 | 1.00+0.01 | 1.05+0.05 | 1.13+0.00 | 1.10+0.02 | 1.01+0.00 | 1.01+0.02
C-162 actD 1.04+0.03 | 1.06+0.01 | 1.00+0.01 | 1.03+0.00 | 1.08+0.02 | 1.07+0.02 | 1.14+0.02 | 1.12+0.01 | 1.10+0.05 | 1.09+0.00
C-80 0.96+0.03 | 1.01+0.02 | 0.92+0.03 | 0.98+0.04 | 1.03+0.02 | 1.05+0.02 | 1.17+0.02 | 1.16+0.01 | 1.15+0.01 | 1.11+0.03
C-80 str 0.97+0.03 | 1.10+0.01 | 1.00+0.04 | 1.12+0.02 | 1.00+0.03 | 0.94+0.03 | 1.14+0.01 | 1.13+0.01 | 1.06+£0.04 | 1.16+0.02
C-80 actD 0.96+0.01 | 1.02+0.01 | 1.04+0.01 | 1.08+0.02 | 0.99+0.01 | 1.05+0.02 | 0.91+0.02 | 1.13+0.02 | 1.01+.02 | 1.01+0.02

4Data represent relative permeability with regards to the initial permeability (t=0) before treatments (controls).

str: Stretched; actD: Acetone densified.




Table 4. Elemental surface composition (in %) based on XPS analysis of unmodified CNT C-80

membranes before (control) and after chemical resistance tests.

Elements C O Fe Si Na Cl C/C+0O
Control 94.46 4.73 0.32 0.49 nd nd 0.95
2NHCI 95.97 3.73 0.30 nd nd nd 0.97

2000 ppm NaOCI 91.68 6.89 0.48 nd 0.71 0.25 0.93

2N NaOH 95.22 4.49 0.29 nd nd nd 0.95

nd: not detected.




Table 5. Summarizing data of HR-XPS C1s line of peak location (hnm) and relative ratio of peak

surface area of unmodified C-80 membranes before (control) and after chemical resistance tests.

sary (S dat Peak#A Peal/B Peak#C Peak#D Peak#E
ample ata Csp3 and
C-sp2 defects C-O Carbonates - TU*

Control | Binding 284.1 285.5 286.7 288.3 290.4

Energy (eV)

Peak Area

Ratio (%) 73.8 135 6.0 25 42
oNHcl | Binding 284.0 285.2 286.9 289.7 290.4

Energy (eV)

Peak Area

Ratio (%) 735 132 6.4 3.0 3.9
Naocl | Binding 284.1 285.2 286.4 288.4 290.2

Energy (eV)

Peak Area

Ratio (%) 741 135 5.6 34 3.4
NaOH Binding 284.1 285.2 286.4 288.7 289.9

Energy (eV)

Peak Area

Ratio (%) 72.4 125 6.2 35 5.4
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